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1.1  Linkage Between Food and Its Geographical Origin: 
Historical View

Historically, food products have always been linked with a specific geographical origin. 
Regional product identities have a long history. In ancient Egypt, places of origin were 
used to identify products and to signal their quality. In the Middle Ages, European guilds 
gave their products certain names to ensure consumers got consistent quality, assure 
market exclusivity, and protect producers legally (Institut National des Appellations 
d’Origine [INAO] 2005). The history of some well‐known cheeses can be traced back to 
this period, for example Parmigiano Reggiano in Italy, Stilton in the UK, and Comté in 
France. The process of establishing a regional reputation went parallel with the emer-
gence of the concept of individual brands. In both cases, producers tried to enhance their 
products’ value by associating consumers with a name: a single producer in the case of a 
brand, on a collective scale in the case of regional products (Boto et al. 2013).

Several regional products identified in the marketplace by geographical names date 
from the 19th century, including Opperdoezer Ronde potatoes (Netherlands) and 
Washington apples (USA). While such regional indications remained important, their 
significance gradually shrank with time. National and international trade evolved, and 
technical grades and standards developed and became more important in trade. During 
the 20th century, internationalization expanded rapidly. The urge for economies of 
scale meant that certain regions began to specialize in producing a few products. 
Firms  marketed their products over an ever wider area. Product specialization also 
occurred; instead of producing a broad product assortment, companies specialized in a 
few  standard products. This mass production resulted in the loss of many unique, 
 specific regional products. In time, the globalization of business and markets increased 
further (Boto et al. 2013).

By the late 1990s, a new geographical diversity of foods had emerged. While the 
 globalization of trade in food produce continues apace, Europe has experienced an 
increasing interest in foods with local and regional identities. Local food production 
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Molecular Techniques in Food Biology4

systems have indeed been characterized by various strategies to promote local/regional 
food products (Goodman 2004; Ilbery & Maye 2005; Marsden et al. 2002; Murdoch 2000).

An image of the region and regional names are often used to market products that 
may have a strong reputation associated with their place of production (INAO 2005). As 
Bérard and Marchenay (2005) point out, products do not just “come from” a region; 
they “are” from a region. This means that they convey values and culture, that is, an 
identity. In general, these products have, to a greater or lesser extent, specific qualities 
based on human expertise and the natural environment where they are produced. The 
mix of these specific qualities and the regional image creates a unique identity for the 
product, therefore raising its value (van de Kop & Sautier 2006).

Food quality and authentication are becoming of primary importance for both con-
sumers and industries, at all levels of the production process, from raw materials (farm) 
to finished products (fork). Moreover, consumers around the world have shown an 
increasing interest for typical food products with reliable indicators of geographical 
origin. Typical food products have an important economic role at both national and 
international levels, as confirmed by certifications and trademarks of quality (e.g., 
Protected Denomination of Origin, PDO; Protected Geographical Identification, PGI; 
and Traditional Specialities Guaranteed, TSG), assigned to guarantee typicity and 
 quality standards (Longobardi et al. 2015).

Figure 1.1 highlights the significant stages in determining the geographic origins of 
products through human history.

1.2  Scope and Approach

This chapter focuses on how to determine the geographical origin of food. Figure 1.2 
illustrates the scope of the chapter and the major issues related to determining the 
 geographical origin of foodstuffs. The demand to know the geographical origin of food 
has been a driving force for implementation of determining the geographic origins of 
food. Technological innovations, the benefits of using molecular techniques, and the 
drawbacks of existing approaches are reviewed below.

1.3  Definitions Related to Tracking of Food Origins

1.3.1 Geographical Area

This is the area in which the production and/or processing take place. Generally, the 
limits of the area are defined by natural and/or human factors which give the final 
 product its particular characteristics. Supporting documents, such as maps, must be 
provided (Patent Office of the Republic of Poland [PPO] 2010).

1.3.2 Regional Products

In a general sense, van de Kop and Sautier (2006) defined a regional product as a “local 
product based on a territorial identity and reputation, and/or a typical product based on 
specific mode of production and whose quality, reputation or any other characteristics 
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Figure 1.2 Analytic structure illustrating the scope of this chapter on determining the geo‐origin of food.

Figure 1.1 Developments in the history of geographical origin determination.
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Molecular Techniques in Food Biology6

are attributable essentially to its geographical origin.” The geographical origin can be a 
province, state, department or country, but also cross‐border areas that are culturally, 
naturally or climatically similar.

1.3.3 Appellation of Origin (AO)

This term is defined through the World Intellectual Property Organization (WIPO 
2013) as “The geographical name of a country, region, or locality, which serves to 
 designate a product originating therein, the quality and characteristics of which are 
due exclusively or essentially to the geographical environment, including natural and 
human factors.”

Appellation of Origin was one of the earliest forms of Geographical Indication (GI) 
recognition and protection (WIPO 1979). Although mentioned in earlier treaties, 
the 26 contracting parties to the Lisbon System in 1958 first formally recognized the 
term “Appellation of Origin” as a form of GI, by using a single registration procedure, 
effective for all the signatories (Boto et al. 2013).

1.3.4 Geographical Indication (GI)

Geographical Indication is defined by the TRIPS Agreement 1994 as “Indication which 
identifies a good as originating in the territory of a member (country), or a region or 
locality in that territory, where a given quality, reputation or other characteristic of the 
good is essentially attributable to its geographical origin” (World Trade Organization 
[WTO] 2005).

1.3.5 Protected Designation of Origin (PDO)

The Protected Designation of Origin is for products closely associated with the area 
whose name they bear (European Commission 1992, Regulation No. 2081/92). Such a 
product must meet two conditions.

 ● Quality or characteristics of the product must be connected with the particular 
 geographical environment of the place of origin; this environment includes inherent 
natural and human factors, such as climate, soil quality, and local know‐how.

 ● Production and processing of the raw materials, up to the stage of the finished 
 product, must take place in the defined geographical area whose name the 
 product bears.

The PDO covers agricultural products that are produced, processed, and prepared in a 
given geographical area using recognized know‐how. Well‐known PDO products are 
prosciutto di Parma (ham) from Italy, Kalamata (olive oil) from Greece, and Camembert 
de Normandie (cheese) from France (Drivelos & Georgiou 2012).

1.3.6 Protected Geographical Indication (PGI)

Protected Geographical Indications also designate products attached to the region 
whose name they bear but the link is different from that between a product with a PDO 
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How to Determine the Geographical Origin of Food by Molecular Techniques 7

and its geographical area of origin (European Commission 1992). To be eligible to use a 
PGI, a product must meet two conditions.

 ● It must have been produced in the geographical area whose name it bears. Unlike the 
Protected Designation of Origin, it is sufficient that one of the stages of production 
has taken place in the defined area. For example, the raw materials used in production 
may have come from another region.

 ● There must also be a link between the product and the area which gives it its name. 
However, this feature need not be essential, as in the case of a designation of origin. 
It is sufficient that a specific quality, reputation or other characteristic be attributable 
to the geographical origin of a given product.

The PGI covers agricultural products and foodstuffs closely linked to the geographical 
area. At least one of the stages of production, processing or preparation takes place 
in the area. Typical products with recognized PGIs are Scotch beef from the UK, Calcot 
de Valls (onion) from Spain, and Budějovické pivo (beer) from the Czech Republic 
(Drivelos & Georgiou 2012).

1.3.7 Generic Name

A term or sign is considered “generic” when it is so widely used that consumers see it 
as designating a class or category name for all goods or services of the same type, rather 
than as referring to a specific geographical origin (Boto et al. 2013).

1.3.8 Food Safety

Food safety is defined as the style of preparing, handling, and storing food to prevent 
infection and to help ensure that food retains enough nutrients to support a healthy 
diet. Unsafe food means that it has been exposed to pathogens or is rotten, which can 
cause diseases or infections (e.g., diarrhea, meningitis, etc.) (El Sheikha 2015a; Food 
and Agriculture Organization of the United Nations [FAO] 2004).

1.3.9 Food Quality

Quality is a measure of the degree of excellence or degree of acceptability by the 
 consumer. It can be defined as “a summary of features and characteristics of a product 
or service that bear on its ability to satisfy stated or implied needs” (FAO 2004). 
In simple words, the product should have attributes to “satisfy the wants/needs of the 
consumer or conformance with the user’s requirements.” Quality also covers safety 
and value for money.

Food quality can be considered as a complex characteristic of food that determines 
its value or acceptability to consumers. Thus it may be defined as “the composite of 
those characteristics which have significance in determining the degree of acceptabil-
ity by the buyer. These characteristics should also have the ability to differentiate 
 individual units of the product” (Leitzmann 1993). The important components of food 
quality are food safety, sensory characteristics, and nutritional value. Safety of food is 
a basic requirement of food quality.
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1.3.10 Geo‐traceability

Geo‐traceability can be defined as the result of combination of geographic information 
and traditional data used in traceability procedures (El Sheikha 2010). In the agricul-
ture‐food sector and more particularly in the field of plant production, geo‐traceability 
is concerned with the relationships between a production plot, its geographical 
 location, its environment, and cultural practices. Geo‐traceability requires the imple-
mentation of spatial analysis and information acquisition and processing tools that will 
be combined in geographic information systems (GIS) (GeoTraceAgri [GTA] 2005).

1.4  Driving Forces for Determining the Geo‐origin of Food

There are many driving forces behind the development and implementation of 
 technologies for determining the geographic origin of foodstuffs. These forces can be 
put into five different categories: why do people buy “origin” food products, safety and 
quality importance, regulatory focus, economic and social concerns.

1.4.1 Why do People Buy “Origin” Food Products?

Food consumption habits were created by the local natural resources and the social or 
cultural factors of the community (Delamont 1995). Such links between food and 
origin have disappeared over time, the main reason for this being globalization of the 
food industry, following the extensive growth in technology over the past century 
(Montanari 1994). This has led to a similarity of lifestyles across regions such that 
food consumption patterns within a region no longer necessarily reflect food produc-
tion of that area (Ritzer 1996). However, in recent years, consumers have renewed 
their interest in food strongly identified with a place of origin (Drivelos & Georgiou 
2012; El Sheikha 2015b). There are a number of reasons for this increasing interest, 
including organoleptic  qualities, health, psychology (patriotism and confidence in the 
product), media information, and concern about animal welfare and environmentally 
friendly methods of production (Gilg & Battershill 1998; Mitchell 2001).

Figure 1.3 shows the interaction between consumers, food product, and origin.

1.4.2 Food Safety, Food Quality, and Consumer Protection Linked 
to Geographic Origin

Food scares have occurred throughout history. Atkins (2008) has discussed that, in 
Europe, food scares (especially zoonotic hazards) have been present in the UK for at 
least 150 years. Saltini and Akkerman (2012) mentioned that in Europe, foodborne ill-
ness affects about 1% of the population (approximately 7 million people) each year. In 
2011, approximately 16.7% of the US population (47.8 million people) experienced 
food‐related illness (Resende‐Filho & Hurley 2012). Other types of food scare such as 
contamination with radioactive materials disturb the food supply chain. After the 
release of radioactive materials from damaged nuclear plants due to earthquake in 
Japan in 2011 (World Health Organization [WHO] 2011), many countries implemented 
intensive food control measures concerning their food trade relationship with Japan 
while some countries suspended food imports from Japan.
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How to Determine the Geographical Origin of Food by Molecular Techniques 9

In addition to the public health risk, food scares lead to economic crises due to direct 
and indirect (damage to reputation and brand name) costs of product recall. Recent 
studies in Europe and North America reported that commercial frauds range from 15% 
to 43% of total commercial seafood products, with 75% of fraud cases related to the red 
snapper (Lutjanus campechanus) (Hellberg & Morrisey 2011; Rasmussen & Morrissey 
2008). Therefore, traceability is an important component of contemporary supply 
chains in the production industry in general and the food sector in particular as the 
food sector is sensitive from a human and animal health point of view (Olsen & Aschan 
2010). Figure 1.4 represents the benefits of applying an effective traceability system.

Proof of provenance has become an important topic in the context of food safety, food 
quality, and consumer protection in accordance with national legislation and interna-
tional standards and guidelines. Provenance means being able to identify and ensure the 
origin of a commodity and thereby the region where it was produced. Incidents such as 
the outbreak of Salmonella food poisoning via contaminated peppers from Mexico, 
which occurred in the USA in 2008, have demonstrated the need for effective traceabil-
ity systems and the deficiencies in current paper‐based systems. The failure to trace the 
contaminated batch of peppers to their origin resulted in a wide‐scale, costly, and 
lengthy recall procedure involving many producers in Mexico and retail outlets in the 
USA (International Atomic Energy Agency [IAEA] 2011).

Therefore, origin of food is one of the most important criteria for ensuring food safety 
and quality. At the same time, origin is an indispensable basis in the concept of quality 
from farm to fork. In this context, origin detection tools are regarded as important 

Food Product

Speci�c quality, safety,
reputation

Consumers
Motivations and

capacity to engage in a
collective value

Geo-Origin
Local natural and human

resources: climate,
species, soil...etc.

Figure 1.3 Interaction between consumers, food product, and origin. Source: Adapted from 
Vandecandelaere et al. Linking people, places and products: a guide for promoting quality linked to 
geographical origin and sustainable geographical indications, Food and Agriculture Organization of the 
United Nations (2010). Available at: www.fao.org/docrep/013/i1760e/i1760e.pdf. Reproduced with 
permission.
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aspects of food traceability. Providing early warning systems for avoiding safety and 
quality problems and recalling effectively are some of the benefits of determining the 
geographic origin of food products.

1.4.3 Regulatory Focus

The 1883 Paris Convention was the first international multilateral treaty to include 
 provisions relating to indications of geographical origin. Article 1(2) of the Convention 
recognizes “indications of source” and “appellations of origin” as subject matter for 
industrial property (WIPO 1979). Indications of source offer a measure of protection 

IMPROVED QUALITY
CONTROL
Traceability systems
increase the standard of
product management and
quality control work by a
system of records that can
be accessed on demand.
Having access to this
information means that
a product can be easily
checked to confirm that it 
adheres to various quality
scheme criteria.

EFFICIENT
TRACEABILITY

SYSTEM

IMPROVED FOOD QUALITY
If an accident related to food
safety occurs, traceability
systems help trace the cause
quickly and easily. 
The systems help collect and
remove a problem food product
correctly and promptly.

MINIMIZE PRODUCT LOSS
Being able to reduce the
possibility of mass product
recalls in the event of products
not reaching their
specifications could save a
producer from being forced to
withdraw perhaps a whole
year’s stock. Effective
traceability systems enable the
zeroing in of the product batch
and tracing it along both
directions of the food chain.

TRANSPARENCY
Traceability systems have to
work across the full supply
chain and be easy to use
by companies operating the
system and those requiring 
access to the data.

BUSINESS EFFICIENCY
Traceability systems help
increase the efficiency of
product management and
quality control work by
managing products by ID
numbers and by storing and
offering information about the
origins and characters of
products. Ultimately it strives
to achieve the harmonisation
of all operators in the system.

INFORMATION STORE
New legislation stresses
that all traceability systems
must give easy access to
vital points of recorded data.
The primary function of a
traceability system is to
have the ability to locate
products not reaching their
specifications.

Figure 1.4 What are the benefits of applying an effective traceability system on food chain 
components? Source: El Sheikha & Montet (2016). Reproduced with permission of Taylor and Francis.
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for origin‐based product names and icons without the burdens associated with demon-
strating specificity and/or reputation, developing a binding product specification and 
instituting a system of certification control. Indications of source are particularly appli-
cable for marketing through nation branding (Boto et al. 2013).

European consumers are paying increased attention to the quality and authenticity of 
foodstuffs. European Union regulations allow food products to be distinguished by 
their specific characteristics and their geographical origin. In 1992, EU regulations 
2081/92 and 2082/92 introduced an integrated framework for the protection of 
 geographical indications and designations of origin for agricultural products and 
 foodstuffs. Furthermore, laws enforce labeling of the geographical origin of agricultural 
products in many countries due to consumer demands for more information on foods. 
EU regulations 2081/92 and 2082/92 have been replaced by regulations 510/2006 
and 509/2006, respectively, and EU regulation 1898/2006 was added (Koç et al. 2012). 
The EU regulations allow the application of the following geographical indications to a 
food product: PDO, PGI, and (TSG) (Mout 2004).

The EU has established regulations for every product available. Regulation CE 1760 
17/07/2000 made the indication of origin on meat carcasses mandatory, Commission 
Directive 2001/110/CE posed the same condition for honey, Commission Regulation 
No 2065/2001 established rules for the application of Council Regulation 104/2000 to 
inform consumers about fishery and aquaculture products (Ghidini et  al. 2006). EC 
Regulation 182/2009 has detailed rules regarding the geographical origin labeling of 
virgin and extra virgin olive oil in the European Community. As of December 2014, EU 
Council Regulation 1169/2011 EU made it obligatory that all fresh and frozen meat, as 
well as fish produce, be clearly labeled with the point of origin (Wilkes et al. 2016). This 
is also demonstrated by the existence of a European Wine Databank on authentic 
European wines (as foreseen in EC Regulation 2729/2000) (Luykx & van Ruth 2008). 
Figure 1.5 shows products with protected signature names in Europe.

In addition to regulations enabling producers to legally protect regional food special-
ties from counterfeit copycat products and name abuse, regulations also seek to achieve 
wider social and environmental objectives with respect to the rural economy.

1.4.4 Economic Concern

The market for GI food products is considerable, especially in the United States, Europe, 
and the more affluent countries. The estimated value for sales of GI products worldwide 
is well over USD 50 billion. A number of countries, ranging from Scotland to Australia 
and China to Chile, have GI exports in excess of USD 1 billion. In France, the market 
value of GI products is almost USD 24 billion, or close to 10% of the national food 
market’s total value. Products registered under Italy’s 430 GIs generate a value of some 
USD 13 billion and employ about 300 000 persons, while Spain’s 133 GI‐designated 
products generate approximately USD 4 billion (Rondot et al. 2004).

Chever et al. (2012) published a study analyzing the value of the EU name protection 
scheme for all GIs (agri‐food products, wines, and spirits). The products with GIs in EU 
countries are worth about USD 54 billion worldwide. The study also analyzes the value 
premium of products bearing a GI, that is, the premium that a GI can expect on the 
market, compared to similar non‐GI products. On average, GI products were estimated 
to achieve a price 2.23 times higher than their non‐GI counterparts.
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1.4.5 Social Concern

Increasing confidence of consumers in their food, changing lifestyles, increasing con-
sumer income, and increasing societal awareness about health are some of the social 
issues that motivate food companies to implement GI systems (El Sheikha 2017). The 
improvement in food crisis management enables concerned agencies to build capacity 
to safeguard food safety and security which in turn strengthens the social and political 
security of a nation. In contemporary food traceability systems, companies should not 
only attempt to comply with government rules but should also adequately provide 
information that consumers need to know such as a variety of food attributes, country 
of origin, animal welfare, and genetic engineering‐related issues (Golan et al. 2004).

Some origin‐linked products have been produced for a long period in the same social 
and cultural environment. They incorporate producer know‐how regarding how to 
manage a sound production process and attain high specific quality within a particular 
local environment. The link between product, people, and place often makes the origin‐
linked product an element of identity for local populations, transcending even its eco-
nomic impact. As a consequence, the social dimension of certain products has many 
aspects (Boto et al. 2013).

 ● The origin‐linked product is related to the preservation of the natural and cultural 
heritage, traditions, know‐how, and lifestyle in marginal areas.

 ● The collective dimension of the origin‐linked product strengthens social linkages 
between local actors, not only through local organizations and greater equity in the 
production sector, but also externally, as all local stakeholders are involved (for exam-
ple, public actors, stakeholders of the tourism industry, schools, etc.).

 ● The sustainable management of various local resources used for food and agriculture 
contributes to food and livelihood security, while the preservation of typical products 
offers consumers broader food diversity.

Bakery products, biscuits 4%
Fruit and vegetables 4%

Fresh meat 6%

Meat products 16%

Other 13%

Beer 20%

Cheese 37%

Figure 1.5 European food products with protected signature names. Source: Drivelos & Georgiou (2012). 
Reproduced with permission of Elsevier.
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1.5  Geo‐origin Determination … Evolution of Molecular 
Techniques

1.5.1 New and Sophisticated Techniques are Increasingly Needed … Why?

Reports on analytical methods for determining the geographical origin of agricultural 
products have been increasing since the 1980s. The initial focus was on processed agri-
cultural products such as wine (Etiévant et al. 1988; Frías et al. 2003; Latorre et al. 1994; 
Martin et al. 1999), honey (Sanz et al. 1995), teas (Fernández‐Cáceres et al. 2001; Marcos 
et al. 1998), olive oil (Angerosa et al. 1999), and orange juice (Mouly et ak, 1999), while 
later studies examined fresh products such as potatoes (Anderson et al. 1999; Chung 
et al. 2016), Welsh onions (Ariyama et al 2004a,b; Ariyama & Yasui 2006), pistachios 
(Anderson & Smith 2005), and garlic (Smith 2005), chiefly because worldwide trade in 
fresh agricultural products has increased year by year and the law now enforces labeling 
of their geographical origin.

The use of GIs allows producers to obtain market recognition and often a premium 
price. False use of GIs by unauthorized parties is detrimental to consumers and 
 legitimate producers. From this point of view, the development of new and increasingly 
sophisticated techniques for determining the geographical origin of agricultural prod-
ucts is highly desirable for consumers, agricultural farmers, retailers, and administra-
tive authorities. It is an analytically challenging problem that is currently the focus of 
much attention within Europe and the USA (Luykx & van Ruth 2008).

1.5.2 Overview of Molecular Techniques Used for Geo‐origin 
Determination of Foods

Various techniques have been studied based on organic constituents, mineral contents 
or composition, light‐ or heavy‐element isotope ratios, or combinations thereof. 
If the components have sufficient discriminatory power, the set of their concentrations 
will form a characteristic pattern or “fingerprint” relating to the geographical origin 
of the sample.

Molecular approaches that have been developed so far for determining geographical 
origin are outlined and evaluated below. For this overview, the molecular approaches 
have been subdivided into five groups: mass spectrometry techniques, spectroscopic 
techniques, separation techniques, molecular biology techniques, and other techniques. 
All techniques and abbreviations are summarized in Figure 1.6.

1.5.2.1 Mass Spectrometry Techniques (MS)
Isotope ratio mass spectrometry (IRMS) is a method that can be used to differentiate 
chemically identical compounds based on their isotopes (Brenna et al. 1997). This tech-
nique is applicable for the determination of the geographical origin of numerous food 
products. Geographical origin of food is determined also by ICP‐MS which analyzes 
inorganic elements. Furthermore, ICP‐AES (atomic emission spectroscopy) and AAS 
(atomic absorption spectroscopy) have also been successfully combined with ICP‐MS 
to classify onions (Ariyama et  al. 2004a, 2007) and tea (Moreda‐Piñeiro et  al. 2003) 
according to their regions of origin. On the other hand, qualitative and quantitative 
analysis and geographical origin determination can be administered by GC‐MS 
 technique (Luykx & van Ruth 2008).
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Generally, MS, ICP‐AES, ICP‐MS, and GC‐MS serve as traceable tools in combina-
tion with each other. Antimicrobial, antibiotic, and pesticide residues in food are 
detected by MS‐based methods (Herrero et al. 2012).

1.5.2.2 Spectroscopy Techniques
Spectroscopy‐based traceability tools are used for the analysis of semi‐solid and liquid 
food. By these techniques, finding the specific fingerprint of each food sample is 
 considered to be an easy method to trace its origin (Aarnisalo et al. 2007; Luykx & van 
Ruth 2008).

Site‐specific natural isotope fractionation (SNIF)‐NMR is often used in food analysis 
and allows determination of the geographical origin of foods based on the isotopic 
ratio of a given nucleus found in a constituent of the analyzed food (Reid et al. 2006). 
SNIF‐NMR has particularly been used for the geographical authentication of various 
wines (Martin et al. 1999; Ogrinc et al. 2001). Furthermore, this technique was success-
fully applied to identify the geographical origin of natural mustard oils (Remaud et al. 
1997). The main drawback of SNIF‐NMR is that it requires laborious sample prepara-
tion involving many purification and concentration steps (Ibañez & Cifuentes 2001).

Infrared spectroscopy is the measurement of the wavelength and intensity of the 
absorption of infrared light by a sample (Putzig et al. 1994). With respect to mid‐infrared 
(MIR), various wines (Picque et al. 2005), cheeses (Karoui et al. 2004a), olive oils (Tapp 
et al. 2003), and honey (Ruoff et al. 2006) have been differentiated on the basis of geo-
graphical origin. With near‐infrared (NIR) spectroscopy, the geographical classifications 
of grapes (Arana et al. 2005), wines (Liu et al. 2006), rice (Kim et al. 2003), soy sauce 
(Iizuka & Aishima 1997), and olive oils (Downey et al. 2003) have been accomplished.

Fluorescence spectroscopy provides information on the presence of aromatic amino 
acids and their environment in biological samples (Luykx et al. 2004). In this way, fluores-
cence spectroscopy allows determination of the geographical origin of various cheeses 
(Karoui et al. 2004a, b, 2005a), milks (Karoui et al. 2005b), and olive oils (Dupuy et al. 2005).

Via AAS, it was possible to relate the selenium content of beef to a geographical 
region (Hintze et  al. 2001) and to geographically discriminate honeys (González 
Paramás et  al. 2000) and wines (Frías et  al. 2001) by measuring various mineral 
 elements. A combination of AAS and AES allowed determination of the geographical 
origin of orange juice, nuts (Schwartz & Hecking 1991), and potatoes (Galdón et al. 
2012; Rivero et al. 2003).

Mass Spectrometry
Techniques

Spectroscopy
Techniques

Separation
Techniques

Molecular Biology
Techniques

Others

• IRMS
• ICP-MS
• PTR-MS
• GC-MS

• NMR
• IR
• Fluorescence

Spectroscopy
• Atomic

Spectroscopy

• HPLC
• GC
• CE

• ELISA
• DNA Technology

• Sensor
Technology

• Sensory
Analysis

Figure 1.6 Molecular techniques used for determining the geographical origin products. CE, capillary 
electrophoresis; ELISA, enzyme linked immunosorbent assay; GC‐MS, gas chromatography mass 
spectrometry; HPLC, high‐performance liquid chromatography; ICP‐MS, inductively coupled plasma 
mass spectrometry; IR, infrared spectroscopy; IRMS, isotope ratio mass spectrometry; NMR, nuclear 
magnetic resonance spectroscopy; PTR‐MS, proton transfer reaction mass spectrometry.
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1.5.2.3 Separation Techniques
By HPLC, GC and CE methods, sample molecules can be partitioned to mobile and 
stationary phases (Aarnisalo et al. 2007).

High‐performance liquid chromatography is a chromatographic method used for 
determining the amount of soluble and insoluble contents in the solution such as car-
bohydrate, fat, protein, vitamins, mycotoxins, and proteins (Luykx & van Ruth 2008). 
HPLC is not only an accurate and quick analysis but is also considered as an ideal 
method for determining phenolic compounds and organic acids (Aarnisalo et al. 2007). 
European wines from different geographical origins have been correctly classified on 
the basis of their chromatography profiles obtained with HPLC in combination with a 
UV‐vis and/or fluorescence detector (Luykx & van Ruth 2008). HPLC has also been 
used to geographically discriminate honey (Tomás‐Barberán et al. 1993), nuts (Gómez‐
Ariza et al. 2006), olive oil (Stefanoudaki et al. 1997), and cheese (di Cagno et al. 2003) 
based on the HPLC profiles of flavonoids, metal‐binding proteins, triglycerides, and 
peptides, respectively.

Volatile and semi‐volatile structures, flavors, and pesticides have been analyzed by GC 
(Luykx & van Ruth 2008). The contamination of sample or column is one possible limita-
tion. However, a rapid and reproducible operation and a high sensitivity on a small 
amount of sample are considered as GC advantages (Aarnisalo et al. 2007). By analyzing 
the GC profiles of various compounds (e.g., alkanes, aldehydes, alcohols, acids) present 
in wine, it is possible to classify wines according to their geographical origin (Etièvant 
et al. 1989; Shimoda et al. 1993). Determination of the fatty acid  composition and cor-
responding concentrations by GC allowed the geographical  discrimination of milk sam-
ples (Collomb et al. 2002) and olive oils (Olliver et al. 2003). Furthermore, determination 
of the geographical origin of cocoa masses (Hernández & Rutledge 1994) and orange 
juices (Ruiz del Castillo et al. 2003) was accomplished via GC analysis.

Capillary electrophoresis is an electrokinetic separation technique that separates 
components based on their different electrokinetic mobility. This method can be used 
in various analyses ranging from simple inorganic ions, small organic molecules, and 
peptides to viruses and microorganisms (Kvasnička 2005). Delgado et al. (1994) were 
the first to propose that CE be used for studying the geographical origin of a food 
product. Their study concerned the determination of flavonoids which accumulate in 
different proportions in honey depending on its geographical origin. In a similar way, 
CE has been applied to geographically discriminate Chinese fruit extracts (Peng et al. 
2006). Furthermore, CE profiles were able to differentiate herb samples based on their 
geographical origins (Wang et al. 2005).

1.5.2.4 Molecular Biology Techniques
Enzyme linked immunosorbent assay is the most commonly used enzyme‐based 
method with high sensitivity. It is economical and efficient (Ahmed 2002). Enzyme‐
based traceability tools are used in various implementations such as verifying suitability 
of meat and dairy products (Aarnisalo et al. 2007; El Sheikha et al. 2017), determining 
authenticity in fish, fish products and fruit juice and detection of GM products or aller-
gens (Ahmed 2002; Asensio et al. 2008; Sass‐Kiss & Sass 2000, 2002; Valdes et al. 2003; 
Williams et al 2004).

The characteristics of DNA make it a useful geo‐origin marker for food. DNA‐based 
techniques are more effective, and can also be applied to different food matrices 

0003309772.INDD   15 12/12/2017   4:57:04 PM



Molecular Techniques in Food Biology16

(Lockley & Bardsley 2000; Mafra et al. 2008). Furthermore, DNA is more informative 
than proteins, and can be easily extracted in the presence of small traces of organic 
material (Hellberg & Morrisey 2011). PCR‐based methods are extremely sensitive, 
often faster than other technologies, and are widely used in agriculture and zootechnol-
ogy (Doulaty Baneh et al. 2007; Grassi et al. 2006; Labra et al. 2004; Mane et al. 2006; 
Teletchea et  al. 2005). In recent years, PCR‐denaturing gradient gel electrophoresis 
(PCR‐DGGE) has been largely used in the field of food traceability and safety in order 
to characterize bacteria, yeasts, and molds in food products (Dalmacio et  al. 2011; 
El Sheikha & Xu 2017; El Sheikha et al. 2009; Rychlik et al. 2017; Zheng et al. 2012).

More details regarding DNA‐based approaches and other recent techniques which 
use innovative fingerprinting of food will be discussed in Chapter 19.

1.5.2.5 Other Techniques
Sensor technology, sometimes referred to as “electronic nose technology,” is based on 
detection by an array of semi‐selective gas sensors of the volatile compounds present in 
the headspace of a food sample (Strike et  al. 1999). The electronic nose has been 
 successfully applied to differentiate geographical origins of olive oils (Guadarrama et al. 
2001), wines (Penza & Cassano 2004), orange juices (Steine et al. 2001), and cheeses 
(Pillonel et al. 2003).

Sensory evaluation is considered as an important technique to determine product 
quality. It comprises a set of techniques for accurate measurement of human responses 
to foods (Pérez Elortondo et al. 2007). Appearance, odor, flavor, and texture properties 
are important characteristics determining the quality of food products. Sensory analy-
sis requires panels of human assessors on whom the products are tested, and recording 
of their responses. By applying statistical techniques to the results, it is possible to make 
inferences about the products under test (Luykx & van Ruth 2008). Sensory analyses 
have also been applied to geographically discriminate a spirit drink (Lachenmeier 2007), 
cheeses (Pillonel et al. 2002), and olive oils (Stefanoudaki et al. 2000).

1.6  Pros and Cons of Molecular Techniques Used  
as Geo‐Discriminative Tools of Food

Although conventional analytical approaches such as IRMS and ICP‐MS can provide a 
good indication as to the likely geographical origin of a sample, instrumentation and 
running costs, plus the requirement for highly trained analysts, and a protracted work-
flow, make their use for routine sample analysis difficult. With lower cost implications 
and an increasing number of nucleic acid‐based assays becoming available for food 
authenticity testing, DNA‐based molecular methods have experienced a rapid adoption 
by many enforcement agencies. Recent technical advances with nucleic acid‐based 
marker systems have made possible the exploitation of genetic variation, where present, 
which can be used to provide an indication as to where a product may have originated 
(Chauhan & Rajiv 2010; El Sheikha & Montet 2016; Leal et al. 2015; Lockley & Bardsley 
2000; Wilkes et al. 2016; Woolfe & Primrose 2004). A number of techniques have been, 
or are currently in the process of being evaluated for this purpose. Table 1.1 presents an 
overview of these molecular methods with their pros and cons.
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1.7  Conclusions

Consumer awareness is increasing day by day and the interest of consumers in high‐
quality foods with a clear geographical identity has grown rapidly. The concept of 
food traceability must be evaluated with total quality from farm to fork. In this context, 
food origin is the base point for ensuring the quality of the whole process. Therefore, 
participation in protected food name systems (PDO, PGI, TSG) is encouraged in the EU. 
This means that suitable techniques for determining the geographical origin of food 
products are highly desirable.

Table 1.1 Pros and cons of the molecular techniques used for determination of the geo‐origin of 
food products.

Techniques Sensitivity Simplicity Time analysis Costs
Reported 
application

Identification/
profiling

Mass spectrometry
IRMSa + b +/− c +/− − d + I * + P **
ICP‐MS + +/− + − + I + P
PTR‐MS + + + − − P
GC‐MS + + +/− − + I + P
Spectroscopy
NMR − +/− +/− − − I + P
IR +/− + + + + P
Fluorescence + + + + − P
Atomic +/− +/− +/− +/− + I + P
Separation
HPLC +/− + +/− + + P
GC + + +/− + + P
CE − + +/− + − P
Molecular biology
ELISA + + + + + I + P
DNA technology + +/− +/− + + I + P
Other
Sensor technology − + + +/− +/− P
Sensory analysis +/− +/− − − − P

a For abbreviations of the techniques, see Figure 1.6.
b (+) Favorable;
c (+/−) moderate;
d (−) unfavorable.
* Possibility of identifying;
** possibility of profiling.
Source: Adapted from Luykx and van Ruth (2008). Reproduced with permission of Elsevier.
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Unfortunately, it is difficult to develop a 100% accurate method for determining 
 geographic origin, and the techniques which have been developed usually cannot avoid 
a certain number of mistakes. In the last 25 years, molecular tools for studying food have 
become more sensitive, reliable, and faster. These methods are capable of analyzing spe-
cific characteristics of a product which are influenced by geographically specific factors. 
Current molecular methods are quick, precise, and reliable, and as a result analysis of 
genetic variation has rapidly become the method of choice for a number of applications, 
including that of food authenticity. Consequently, the development of food authenticity 
is beneficial both for raising the awareness of consumers and for ensuring food safety.
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Origin and Evolution of the Modern System of Food Safety
Management: HACCP and Prerequisite Programmes

1.1 Historical Perspectives

Food safetymanagement practices have been evolving continually in the food industries
of developed nations, particularly since the end of World War II (WWII) in 1945.
Nevertheless, despite more than 70 years of progress in the assurance of food safety,
failures sometimes occur. The intent of this introduction is to summarise the principal
events in the origin and evolution of modern food safety practices so that readers can
better understand how to improve practices and to provide even greater food safety
assurance in the future.
The beginning of WWII coincided with the end of the Great Depression that had

hindered economic progress throughout the entire world during the decade of the
1930s. Western nations mobilised their economic resources during the early 1940s
to manufacture the weapons of war. Upon the war’s end, the energised economic
and manufacturing bases were converted to the building of infrastructure and the
production of consumer goods rather than war materials. Several of the principal
innovations that impacted food safety were the development and widespread use of
mechanical refrigeration and the construction of national transportation systems, such
as the interstate highway system in the United States.
Before the widespread use of mechanical refrigeration, many perishable foodstuffs

were stored in iceboxes that required frequent replenishment of the ice supply. Ice-
boxes could not provide uniform or steady cold temperatures. As a result, perishable
foods often became unfit for consumption; consumers were forced to shop frequently
for perishable goods. Mechanical refrigeration units were able to provide relatively uni-
form and steady cold temperatures, about 4∘ to 7∘ C, thereby substantially reducing the
amount of food spoilage and potential food safety incidents.The application of mechan-
ical refrigeration was quickly extended to most homes and commercial establishments
and to road and rail vehicles for the transportation of refrigerated or frozen foods and
food ingredients.
The ability to use refrigerated transportation was greatly facilitated by the construc-

tion of modern rail and highway systems. Eventually, the production of refrigerated
ocean liners and aeroplanes permitted the shipment of perishable foodstuffs across the
oceans. These developments mean that the system of local food production and con-
sumption that was widely used several generations ago has now been largely replaced
by a massive global food supply chain in which foods and food ingredients are shipped
amongst most nations of the world.

Food Safety for the 21st Century: Managing HACCP and Food Safety Throughout the Global Supply Chain,
Second Edition. Carol A. Wallace, William H. Sperber, and Sara E. Mortimore.
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4 1 Origin and Evolution of the Modern System of Food Safety Management

Mechanical refrigeration and lengthened supply chains have enabled the concentra-
tion of food production operations into relatively few large facilities that can ship food
products to very large geographical areas. This phenomenon has occasionally been
responsible for large foodborne illness outbreaks that would have been less likely when
food production occurred in multiple smaller facilities, each of which supplied smaller
geographical areas. However, it has also given us the opportunity to improve standards
in hygiene and safety through specially designed modern food facilities.
A trend towards more convenient foods accompanied these developments. In prod-

ucts such as dried cake mixes, for example, dried eggs and dried milk were added at
the point of manufacture so that the consumer would not need to use shell eggs or fresh
milk during the preparation of the cake batter.Theuse of dried ingredients in the place of
fresh rawmaterials was quickly applied to the production of many manufactured foods.
This practice brought with it an unanticipated problem – an increase both in the inci-
dence of Salmonella contamination and in the number of outbreaks and cases of human
salmonellosis.
The reasons for these increases proved to be analogous to the reasons for larger out-

breaks of foodborne illnesses being associated with large, centralised food production
facilities. In home kitchens, the use of Salmonella-contaminated freshmilk or shell eggs
in family-sized food portions could, at most, be responsible for a few cases of salmonel-
losis. However, when Salmonella-contaminated dried eggs or dried milk were used in
foodmanufacturing facilities in the production ofmassive quantities of food,many cases
of salmonellosis could result.
The increased levels of pathogen contaminated foods and foodborne illnesses caused

great concern in the rapidly evolving and growing global food industry of the 1950s and
1960s. Government regulators and consumers demanded safer foods. These demands
were followed by intensified efforts to manage food production in order to reduce the
food safety risks. Early efforts to assure food safety attempted to use quality control
procedures that had been implemented with the modernisation of the food industry
after WWII.
Manufacturers ofmany types of products, including foods andmany household appli-

ances, used similar procedures in their efforts to control quality. These procedures typ-
ically included the collection of a predetermined number of samples from a production
shift, followed by the testing or analysis of the samples in a laboratory. Statistically based
sampling plans were used to determine the acceptability of each production lot. If the
number of defective samples exceeded the specification for a particular product, the
entire production lot would be rejected. If the number of defective samples did not
exceed the specified limit, the production lot would be accepted. The management of
quality control was based on product specifications, lot acceptance criteria, and finished
product testing.
Despite the applications of contemporary quality control procedures, foodborne ill-

nesses caused by the new food ingredients and products continued to occur. It was
discovered that food safety incidents, including foodborne illness outbreaks, were some-
times caused even when the implicated production lot of food was determined to be in
compliance with all of its specifications. Repeated incidents revealed a fundamental flaw
in quality control procedures that prevented the detection and prevention of such inci-
dents. That fundamental flaw was the inability of quality control procedures to detect
defects that occurred at low incidences.
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Table 1.1 Probability of rejecting a lot containing a known proportion of
defective units.

Percentage of defective units in lot

Number of samples tested 0.1 0.5 1.0

300 0.26 0.78 0.95
500 0.39 0.92 0.99

1000 0.63 0.99 —
2000 0.86 — —
3000 0.95 — —
5000 0.99 — —

Adapted from International Commission on Microbiological Specifications for
Foods (ICMSF) 2002.

Upon extensive investigations of production lots of food that were implicated in food-
borne illnesses, it was determined that the foods were typically contaminated with a
particular pathogen at a very low incidence. In many cases the defect rate was about
0.1%, i.e. about 1 unit of 1000 analytical units was found to be contaminated. Of course,
when many millions of analytical units are produced during a single shift, it is easy to
understand how numerous illnesses could be caused by a lot of food that was contami-
nated at the seemingly trivial rate of 0.1%.
Subsequent statistical analyses revealed that 3000 analytical units would need to be

tested and found to be negative in order to provide assurance at the 95% confidence limit
that a particular lot of foodwas free of a particular pathogen or similar foodborne hazard
(International Commission on Microbiological Specifications for Foods [ICMSF] 2002;
Table 1.1). Testing thousands of samples from each production lot of food was obviously
impractical.
Additional factors were found to contribute to the inability of product testing to detect

food safety defects.These included the uneven, or non-random, distribution ofmicroor-
ganisms in food materials, the variability between different testing procedures, and the
competence of the laboratory personnel. In those days, it was not uncommon for plant
production personnel to be promoted without training into laboratory positions.
For the reasons described above, reliance on product specifications and finished prod-

uct testing were clearly inadequate to assure food safety.

1.2 Origin and Evolution of HACCP

During this same time period of the 1960s, several entities were collaborating on the
production of foods for US military personnel and for the manned space programmes.
These were The Pillsbury Company, the US Army Laboratories at Natick, MA, and the
National Aeronautics and Space Administration (NASA). In an effort to guarantee that
astronauts would not become seriously ill during a space mission, NASA had enacted
very strict specifications on the foods that it used. All parties soon realised that a food
safety guarantee could not be provided without 100% destructive testing of a given lot of
food (Ross-Nazzal 2007). Several engineers recognised that the failuremodes and effects
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Figure 1.1 Space Food Sticks, designed for astronauts and later marketed to the public.

analysis (FMEA) used by themilitary to test the reliability of electrical components could
be adapted to assess hazards and controlmeasures in food production.The early seeds of
the hazard analysis and critical control points (HACCP) of food safetywere planted.One
of the astronaut foods developed at this time, Space Food Sticks, was briefly produced as
a consumer product (Figure 1.1). Its development included elements of both the FMEA
and HACCP systems. The sticks were designed to be non-crumbling so that they could
not contaminate and impair vital instruments in the space capsules. Additionally, they
were produced under controlled conditions that provided a high degree of food safety
assurance, both for astronauts and, later, for consumers.
Two coincidental events in 1971 hastened the development of HACCP and its use in

the food industry. Americans learned of the first eventwhen a national radio broadcaster
intoned, ‘Good morning, America, there’s glass in your baby food’. Farina produced by
The Pillsbury Company had been contaminated with shattered glass in its production
facility (The New York Times 1971). Pillsbury’s Director of Research, Dr. Howard Bau-
man, who led Pillsbury’s production of space foods for NASA, decided to apply this new
system of food safety management to all of Pillsbury’s consumer food production. In the
followingmonth, Dr. Bauman delivered a presentation at the second coincidental event,
the 1971 National Conference on Food Protection, sponsored by the American Public
Health Association (APHA 1972). His remarks, and those of his fellow panel members,
were limited to descriptions of critical control points (CCPs) and good manufacturing
practices (GMPs). The term HACCP had not yet entered the professional lexicon, but
this was to become one of the key events in the global spread and acceptance of the
HACCP system (Table 1.2).
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Table 1.2 Events that fostered HACCP development and evolution through the 20th century.

Year Event

1923 US Pasteurized Milk Ordinance first published
1960s Pillsbury, NASA, and US Army collaborations
1969 Current good manufacturing practices first published
1971 Pillsbury cereal recall

National Conference on Food Protection
Multiple canned foods recalls, Clostridium botulinum contamination

1972 Pillsbury trains US Food and Drug Administration inspectors to apply HACCP to
canned foods
Pillsbury begins application of HACCP to its consumer products

1973 Canned foods regulations first published
1975 Pillsbury internal HACCP system complete
1985 National Research Council recommends HACCP
1988 National Advisory Committee on Microbiological Criteria for Foods (NACMCF)

formed
ICMSF Book 4, the first entire book on HACCP, published

1992 NACMCF and Codex adopt seven HACCP principles
1994 HACCP: A practical approach published
1997 NACMCF and Codex HACCP documents harmonised

During the early 1970s, the US canning industry experienced a rapid succession of 12
ormore incidents of contamination of canned foods byClostridium botulinum.All were
accompanied by product recalls and disposals, including one that cost approximately
$100 million (Howard 1971). Although few illnesses and one death were associated
with these incidents, the US Food and Drug Administration (FDA) recognised that bet-
ter controls needed to be developed and required for the production of canned foods.
Having participated in the 1971 National Conference for Food Protection, the FDA,
intrigued by the concept of CCPs, contracted withThe Pillsbury Company to conduct a
training programme for its personnel responsible for the safety of canned foods.
Pillsbury presented a training programme for 10 FDA inspectors in September 1972.

Lasting 3 weeks, the programme was almost evenly split between classroom activities
and in-plant orientation and inspections at four canning companies.The accompanying
instructional materials seem to represent the first substantial use of the term HACCP
(The Pillsbury Company 1973). The newly-trained inspectors returned to Washington,
D.C., and published the canned foods regulations in 1973 (Code of Federal Regulations
[CFR] 2002). Based in significant extent upon time and temperature controls, the canned
foods regulations bear striking resemblance to the Pasteurized Milk Ordinance (PMO)
first published in 1923 (FDA 1997). It seems to the authors that the concepts of food
safety based on prevention by adequate controls had long been present, perhaps sub-
consciously, in the minds of food processors and regulators. It is somewhat daunting to
consider that our modern system of food safety management is so young.
Upon completion of the FDA training programme, Pillsbury began in earnest to apply

theHACCP system to the production of its consumer products, a goal that was achieved
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in 1975. Increasing awareness of Pillsbury’s new system of food safety management and
the obvious effectiveness of the canned food regulations in curtailing further incidents
of C. botulinum contamination led to a steady adoption of HACCP by other US food
processors. A fertile environment for food safety enhancement existed in the United
States at this time because of these regulations and because of the 1969 promulgation
by the FDA of current GMPs (CFR 1969).
The adoption of HACCP beyond the US food industry received a major impetus by

the 1985 publication of a National Research Council report, ‘An evaluation of the role of
microbiological criteria for foods and food ingredients (NRC1985).’ Completelymasked
by its title, the report included several highly influential recommendations that pro-
pelled HACCP forward. The first of these recommended that food regulatory agencies
should use proactive procedures to audit food safety compliance by records verification
rather than the customary procedures of plant inspections and product testing.
The HACCP system fitted perfectly the description of a ‘proactive procedure’. The

report further recommended that the responsible agencies form an ad-hoc Commis-
sion on Microbiological Criteria for Foods. Sponsored by four US federal government
departments – Agriculture, Health & Human Services, Commerce, and Defence – this
commission emerged in 1988 as the National Advisory Committee on Microbiologi-
cal Criteria for Foods (NACMCF). One of its first charges was to develop a report to
guide industry and regulators on the structure and implementation of the HACCP sys-
tem. At about the same time, the Codex Alimentarius Commission Committee on Food
Hygiene (Codex) began working on a similar report and further focussed attention on
HACCP came from the International Commission onMicrobiological Specifications for
Foods (ICMSF), a group established in 1962 whose objectives included, amongst other
aims on microbiological criteria, sampling and testing, to assemble, correlate, and eval-
uate evidence about the microbiological safety and quality of foods (www.icmsf.org).
The ICMSF published the first complete book devoted solely to the development and
implementation of HACCP in 1988 (ICMSF 1988).
Following an abortive NACMCF HACCP report in 1989, both NACMCF and Codex

published definitive HACCP reports in 1992 and 1993 respectively (NACMCF 1992;
Codex 1993). Because the United States serves as the permanent chair of the Codex
CFH, therewas some overlap of personnel betweenNACMCF andCodexCFH.Accord-
ingly, the two reports were quite similar. They were almost completely harmonised and
republished in 1997 (NACMCF 1998; Codex 1997).
As originally developed by Pillsbury in the 1970s, HACCP was based on three

principles:

1) Conduct a hazard analysis.
2) Determine critical control points.
3) Establish monitoring procedures.

Several food safety failures with this system after 1972 led to the gradual development
and use of additional principles to facilitate better management practices.The 1992 and
1997 reports cited previously describe the seven current HACCP principles:

1) Conduct a hazard analysis.
2) Determine the critical control points.
3) Establish critical limit(s).
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4) Establish a system to monitor control of the CCP.
5) Establish the corrective action to be taken when monitoring indicates that a partic-

ular CCP is not under control.
6) Establish procedures for verification to confirm that the HACCP system is working

effectively.
7) Establish documentation concerning all procedures and records appropriate to these

principles and their application.
The global spread of HACCP as the preeminent system of food safety management

was greatly facilitated by the Codex report of 1997. Jointly chartered by the Food and
Agriculture Organisation and the World Health Organisation of the United Nations,
the Codex Alimentarius Commission’s reports have the effect of law between United
Nations’ (UN) trading partners who are signatories to the World Trade Organisation.
Thus, the humble beginnings of HACCP as a voluntary programme within the US food
industry in 1972 evolved into an effective global system. Prominent international publi-
cations also facilitated the understanding and acceptance of the HACCP system of food
safety (ICMSF 1988; Mortimore and Wallace 1994, 1998, 2013). There is now a global
understanding and implementation of a food safetymanagement system that is the same
in almost every country. This is a remarkable achievement that can serve as a model for
international cooperation and improvement in additional areas such as animal, plant,
human, and environmental health – areas that interface with our efforts to assure food
safety.
Despite this promising history, HACCP has sometimes been misused as it was incor-

porated into regulations.Three prominent examples illustrate this unfortunate situation
in the United States (Sperber 2005a).
The first of these was a final rule published by the US Department of Agriculture

(USDA): Pathogen reduction; Hazard analysis and critical control point (HACCP)
systems (CFR 1996). Commonly known as the ‘megareg’, this very lengthy document
required no CCPs to enhance the safety of raw meat and poultry products. Rather, it
required conformance to a number of statistical sampling plans that permitted the
presence of salmonellae and certain levels of indicator microorganisms.The Salmonella
performance standards best exemplify this point (Table 1.3). The performance stan-
dards were developed from baseline surveys that were conducted in the early 1990s. In
the case of ground beef, for example, the performance standard was determined to be
7.5% Salmonella positives. To monitor compliance with this standard, a single 325-g
sample (tested as 5 × 65g subsamples) of ground beef is analysed for the presence of
salmonellae each day for 53 consecutive production days. If five or fewer samples are
found to be positive for the presence of salmonellae during this period, the production
facility is judged to be in compliance with its HACCP plan and no regulatory action
is taken. If more than five samples are found to be positive, a second 53-day round
of sampling is initiated. If a plant fails three consecutive rounds of such surveillance,
regulatory action is considered. One or more years could pass before enforcement
action was initiated. Clearly such standards, sampling procedures, and delayed or
non-existent enforcement actions are unrelated to HACCP. As most readers already
know, HACCP is a real-time food safety management programme in which immediate
corrective actions are taken when deviations occur at a CCP. Regrettably, the ‘megareg’
also institutionalised a major misuse of resources, as a great deal of money and labour is
necessary to conduct such a programme. While statistically-based sampling plans that
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Table 1.3 Salmonella performance standards in the US Department
of Agriculture ‘megareg’.

Species
Performance
standarda (%) nb cc

Broilers 20.0 51 12
Cows and bulls 2.7 58 2
Steers and heifers 1.0 82 1
Market hogs 8.7 55 6
Ground beef 7.5 53 5
Ground chicken 44.5 53 26
Ground turkey 49.9 53 29

aPercentage positive for Salmonella
bNumber of daily samples tested
cMaximum acceptable number of positive samples
(Code of Federal Regulations 1996)

monitor the effectiveness of sanitation programmes (which is a better characterisation
of the “megareg”) are meritorious, they are more practically conducted with the use of
far smaller samples and less expensive analytical methods for indicator microorganisms
and tests, such as the aerobic plate count. Moreover, the results of such a sanitation
monitoring programme would be closely linked in time to the in-plant cleaning and
sanitation procedures.
Similar criticisms can bemade of the FDAHACCP rules for the production of seafood

(CFR 1997) and juice (CFR 2001). No CCPs were identified and required for the pro-
duction of raw molluscan shellfish, the seafood category most identified with human
illnesses. Unlike the PMOdeveloped in 1923 for dairy products, nomandatory pasteuri-
sation was required for juice products. Furthermore, exemptions were granted to small
producers and retail operations, permitting the replacement of several recommended
control measures to enhance juice safety with the weekly testing of a 20 ml sample of
juice for the presence of generic Escherichia coli.
These three regulations bear no resemblance to the HACCP principles promulgated

by NACMCF and Codex. Their promulgation as ‘HACCP’ regulations served to cre-
ate confusion and undermine the well-deserved and excellent reputation of legitimate
HACCP applications.
Despite these several regulatory missteps, numerous effective HACCP rules and

regulations have been promulgated by regulators worldwide. Some of these will be
highlighted throughout this book. As one example, the USDA (creator of the notorious
“megareg”) issued an effective rule to enhance control of Listeria monocytogenes
in refrigerated ready-to-eat meat and poultry products. This rule recommends
science-based alternatives that can be put into place as CCPs, for example, the use
of post-lethality surface heat treatments or combinations of food preservatives to
inhibit listerial growth (CFR 2003). In addition, the FDA formulated two effective rules:
the Pasteurized Milk Ordinance (1923) and the Canned Foods Regulations (1973).
Containing multiple CCPs, each of these rules remains effective today.
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1.3 The Necessity of Prerequisite Programmes

The global adoption of HACCP did not proceed smoothly without the recognition of
the need for additional measures to enhance food safety protection. As a preface to
some of our discussion in later chapters, it was learned that HACCP cannot operate suc-
cessfully in a vacuum. Even with HACCP plans in place, food safety failures sometimes
occurred because of inadequate cleaning and sanitation procedures, for example. To be
successful, HACCPmust be supported by a number of prerequisite programmes (PRPs)
(Sperber et al. 1998). We learned that food safety cannot be assured by HACCP alone.
Rather, food safety can be much more effectively assured by the combined implemen-
tation of HACCP and PRPs (Wallace andWilliams 2001). Originally formed to develop
and implementHACCP plans, HACCP teams evolved into Food Safety Teams thatmust
consider and manage both HACCP and PRP responsibilities and activities. PRPs are
discussed in detail in Chapter 10.
It was also learned that HACCP does not usually work from ‘farm-to-table’, as many

had hoped (Sperber 2005b). The types of CCPs that are available in the food processing
industry, whereHACCPoriginated, are usually not available at the ‘farm’ and ‘table’ ends
of the farm-to-table spectrum. Rather than thinking about farm-to-table HACCP, we
should be thinking about farm-to-table food safety. A hazard analysis can be conducted
at every step of the farm-to-table supply chain. When no CCPs are available to control
a significant hazard at the ‘farm’ end (e.g. pathogen colonisation of live animals), PRPs
could be put into place to reduce the pathogen burden in the following links of the chain.

1.4 Recent Regulatory Developments in the United States

It has been obvious for more than four decades that, when it has been properly
implemented, HACCP works well to assure the safety of processed foods, such as meat,
dairy, and vegetable products where CCPs such as freezing, retorting, or cooking are
easily applied and controlled. This success, however, contributed to false expectations
on the part of many consumers and others unfamiliar with the food industry that all
foods could be produced and marketed without being contaminated with pathogenic
microbes. For the many foods that are consumed raw or undercooked, such as produce
and raw meats, it is both unrealistic and unscientific to assume that these can be
free of pathogens when no CCPs are available (Sperber 2005b). Simultaneously, con-
sumers and their advocacy groups unwittingly blocked the use of treatments, such as
electronic-beam radiation, that would improve the safety profile of such products with
unscientific claims such as ‘irradiated poop is still poop’.
Beginning about a decade ago, the FDA undertook a major effort to improve food

safety outcomes by developing the Food SafetyModernizationAct (FSMA) to be applied
to some of the foods it regulates. This may have been a reaction stimulated by sev-
eral major incidents during 2006–2008 (historically the game-changing improvements
to food safety and regulation have been driven by failure [Acheson 2014]), but it was
long overdue. The FDA likely was reacting to an outbreak of E. coli O157:H7 in fresh
spinach, the deliberate contamination of imported wheat gluten with melamine, and
the widespread cover-up of Salmonella in peanut paste, which was used in hundreds of
food products.



�

� �

�

12 1 Origin and Evolution of the Modern System of Food Safety Management

Today, there are a few who think that FSMA will be not only unproductive, but might
also impose extreme and counterproductivemeasures on the facilities it regulates.There
are many others however, who are keen advocates and supporters of the FSMA and in
particular, the preventive approach, as it so well marries HACCP and PRPs. One of the
reasons for food safety failure (despite having a HACCP plan) is the disconnect between
the two when undertaking a hazard analysis and establishing control measures.The gap
has demonstrated lack of real understanding in many company HACCP plans and food
safety programmes. Some operators are optimistic that the FSMA approach will help
bridge that gap.
A review of the FSMA content shows that it is based largely on what has been covered

very effectively by the food industry’s HACCPplans and PRPs for the past 40 years; how-
ever, the benefit of having FSMA has been to bring these best practices verymuch to the
fore and to require them for all the many food industries in the United States who, sur-
prisingly, were not using the approach because it was notmandated.There are a number
of regulations (rules) that have been published under the FSMA. We will not have the
space to go through the US and other countries’ food safety regulations in detail here,
and there are many other sources of that information (FDA 2011b; Neale et al. 2016).
What is relevant to note, however, is that two of the rules under FSMA, the Preventive
Controls rules for Human and Animal Feed (2015), have the goal of identifying hazards
(known or reasonably foreseeable), which may exist other than at CCPs and require
a preventive control. Experienced supporters of HACCP know that in some company
HACCPprogrammes there has long been provision for preventive control points (PCPs)
or control points (CPs); (Mortimore and Wallace 2013), but that was voluntary and the
company’s own choice to do (i.e. not standardised). The FSMA makes it an approach
that any manufacturer or importer into the United States is required to take.
Despite its lengthy time and cost of development, FSMA unfortunately has a rela-

tively small involvement in the US food supply. While the FDA regulates about 80% of
theUS food supply, these foods account for a very low percentage of foodborne illnesses.
Spread by foodhandlers in foodservice and institutional operations, norovirus is respon-
sible for 58% of all foodborne illnesses in the United States. However, the FDA does not
regulate food preparation and handling in these operations.The FDA also does not reg-
ulate meat and poultry products. These are regulated by the USDA, which account for
22% of the US food supply. The United States, perhaps along with other countries in
the same food-regulatory quandary, could benefit from the formation of a single federal
food safety agency that would bring a unified and scientific approach.

1.5 The Future of HACCP

The evolution of HACCP principles in developed countries from 1972 to 1997, a period
of 25 years, seems quite rapid in the flow of global political events. However, we are
optimistic that the continued globalisation of HACCP throughout the developing
countries will proceed much more quickly. A major reason for the more rapid imple-
mentation of HACCP in developing countries is the quickly increasing globalisation
of food trade. Global trading partners benefit by the uniform application of the most
effective food safety procedures. In particular, aided by the inherent authority of the
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Codex HACCP document, global food corporations have been largely responsible for
the globalisation of HACCP.
TheHACCP systemwas expanded from three principles in 1972 to seven principles in

1992. Whilst it may be reasonable to anticipate that additional principles will be devel-
oped and added in the future – as will be discussed in Chapter 4 – at the time of writing,
it seems unlikely. The Codex Alimentarius Committee (CAC) agreed to open up the
principles of food hygiene and HACCP for revision in 2015. The seven principles are
so well incorporated into global regulations and private standards that it seems likely to
remain at the same seven at this stage. However, there will be changes aimed at clarify-
ing a number of the more difficult areas, including hazard analysis. It will take time for
all stakeholders to agree on what the changes are.
Looking into the future, it is quite likely and appropriate that the HACCP system will

continue to evolve.There is already an emerging recognition that even the broad matter
of food safety cannot be managed in isolation from other health systems. Rather, food
safety systems of the future will likely interface more directly with animal, human, and
environmental health, and food security programmes. At the end of the 20th century,
HACCP systems were positioned as the ‘crown jewels’ of a food safety programme, sup-
ported by PRPs. This particular arrangement should persist for a very long time, but it
will likely become integrated into a much larger network that includes public health,
animal health, food security, and agricultural sustainability.

1.6 Conclusions

The reader should remain aware that almost all of the progress in the development of
HACCP as an effective food safety management programme and its global acceptance
and use has been accomplished by the voluntary efforts of global food companies, begin-
ning with The Pillsbury Company in the 1970s and continuing today with the efforts of
many dozens of responsible and progressive food companies. Except for the 1997 Codex
document that gave guidance for the use of HACCP and hygienic practices, and ongo-
ing participation in Codex committees, there has been very little contribution to this
effort by federal and intergovernmental public health and food agencies until recently.
We will propose bold recommendations for the future effective involvement of federal
and intergovernmental organisations in food safety matters in Chapter 4. Such involve-
ment will be essential in order to maintain food safety in the rapidly changing global
food supply chain.
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Introduction

Facing Global Realities

This book includes the findings of 2010 and 2014 comparative studies of 
the food safety systems of some industrialized countries entitled “Food 
Safety Performance World Ranking.” These reports were a follow‐up on 
the 2008 inaugural world ranking. The purpose of this book is to place 
that ranking in a broader context through deeper analysis and a more 
expansive discussion of new, developing, and future issues in food safety 
unaddressed by the report.

 Facing Global Realities

Global food systems connect all consumers. Food unites both global 
hemispheres through exchanges of commodities, knowledge, and tech-
nologies. The rich, the poor, farmers, and city dwellers, all are intercon-
nected within food systems for the simple reason that everyone needs to 
eat. Many rarely think about it, but these links form a reality that is 
becoming more apparent as forces such as globalization and technology 
extend and intensify.

But while food systems bring us together, they do not always do so in 
positive ways. Increasingly, perceptions of fear and risk cause food sys-
tems from around the world to integrate (Spiekermann, 2009).

In the context of food safety, 2003 was a notorious year for Canada. 
During that year, the country diagnosed its first native mad cow 
case, and, in response, 35 countries issued embargos against Canadian 
beef. For the first time, a food safety‐driven issue made headlines for 
weeks in our country. The United States did not allow Canadian beef 
in their country because of fear that it would compromise the value 
of their own beef products in lucrative markets like Japan (Lewis and 
Tyshenko, 2009).

Further major food recalls—related to spinach, peppers, and sliced 
meat—kept agriculture and the food industry in the public eye ever since. 
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The Maple Leaf recall, triggered by a listeria outbreak that caused the 
death of 22 Canadians, is undoubtedly the biggest food safety story 
Canada has seen (Goveia, 2010).

In 2008, a global food crisis made media headlines and brought the topic 
of agriculture back to the front pages. Hunger, starvation, riots, and volatile 
civil unrest in numerous countries for several months occurred at the same 
time as record‐breaking profits for Maple Leaf Foods (Pechlaner, 2010).

While the triggers of food crisis in 2008 were multifaceted and incor-
porated some environmental factors (such as climate change, droughts, 
and natural fires), many of these causes were human induced. These were 
structural and arose from societal decisions about the roles of agricul-
ture, food, health, and regulation. Agricultural trade liberalization, the 
growth of biofuels, and a preference for commercial over subsistence 
agriculture in developing countries are a few instances of practices that 
influenced the crisis.

Food systems from around the world are exposed to mounting sys-
temic pressures. In order to feed the planet, the world’s agricultural out-
put will need to increase by more than 40% in 2030 and by 70% in 2070 
(Moeller, 2010). More than half of the world’s population lives in an area 
with only a third of the world’s arable land (Kelleher, 2010). The next 
decade is likely to see a major shift in global agricultural production and 
trade, and so system interconnectivity will become more significant 
though trades, exchanges, and strategic involvement.

The world has already shown that it can dramatically increase its food 
production capacity, but the situation today is different. Unlike at any other 
stage in history, water supplies are becoming scarcer and, therefore, irriga-
tion technologies will be the key for agriculture. National governments are 
coping with shifting climate patterns that are challenging to predict and 
manage. We have recently experienced extreme climates that have affected 
crops and livestock producers from around the world. Responses and 
implemented policies vary from one country to another. In addition, inter-
est in the environment and awareness of agriculture’s carbon footprint is 
growing. Agriculture, which historically has been exempted from new 
environmental policies, is expected to undergo changes in years to come. 
Like other industries, agriculture will have to cope with environmental 
constraints that are both justifiable and a new challenge.

On the innovation front, genomics has played a significant part in aug-
menting our capacity to grow foods. This trend started many decades 
ago with arrivals of new genetically engineered crop seeds and will likely 
continue. Previously, the approach to agriculture was a linear thought 
process involving three Fs: food, feed, and fiber. However, methodologies 
such as genomics will soon change the relationships among these and 
other theoretical models.
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Bioinformatics made it possible to sequence the human genome, thus 
enabling humanity to decode the basic instructions of life. Bioinformatics, 
or synthetic genomics, is recognizing the limitations of DNA manage-
ment as DNA can break easily and becomes difficult to manipulate 
(Nicholson, 2009). The rise of bioinformatics has boosted the efforts of 
companies, most importantly in pharmaceuticals, to search for the right 
drugs and vaccines for particular diseases.

Bioinformatics will likely change our lives, but many wonder if food 
consumers and farmers are ready for these changes. We may be able 
1 day to “print” mouse hearts, or even pig skin, literally (Beachy, 2010). 
But most consumers and farmers do not know what the term bioinfor-
matics means, let alone how it will affect their daily lives.

Embracing biotechnologies can be a double‐edged sword. It may 
not increase the risks to which consumers are exposed, but it will cer-
tainly alter those risks in many ways. Most importantly, the ways in 
which consumers perceive products crafted by new technologies will 
also change.

Agriculture’s newfound prosperity, founded in part on growing con-
nections with life sciences, is here to stay. The value of farmland around 
the world has increased significantly over the past decade (Bi et al., 2010). 
Farmers have been able to leverage their position and increase capital. 
Investments in many agricultural sectors are rising at an incredible rate. 
Agricultural technology and innovative farming methods are catching 
the attention of many farmers who have the financial means to invest. Of 
course, agriculture has always played a vital part in the economic devel-
opment, but times are quickly changing. Food production may actually 
grow faster than anticipated.

The future ultimately relies on establishing a sustainable agricultural 
system and the exploration of alternative food solutions that will provide 
for all consumers. The global farming landscape has witnessed the arrival 
of new countries wanting to play a role on the worldwide stage. The path 
to a new world order is now on the horizon, yet there is no clear outcome. 
All we know for now is that, because of this influx of new wealth, the 
Western world has fewer but more efficient farms centering on the econ-
omies of scale.

Demand for food will also see its share of seismic shifts in the near 
future. The world’s population will likely exceed 11 billion people by 2050 
(Collins, 2010). It is estimated that over a billion people will reach the 
middle class by 2030 (Moeller, 2010). This will add a significant pressure 
to already‐stressed grain supplies and fragment demand for available 
foods. Half the world’s population suffers from some form of undernour-
ishment from a scarcity of food, protein or micronutrients, or a combina-
tion of these (Schade and Pimentel, 2010).
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China, India, and other emerging markets will greatly affect any food 
systems’ capacity to address food security. In these countries, more 
and more peasants are fleeing the country for a better life in large urban 
centers and cities. In effect, more farmers are quitting food production 
and becoming consumers.

Urbanization is affecting lives, policies, and most importantly, the 
future of food systems. We have already witnessed this phenomenon in 
the Western world, but it is currently spreading around the world. Over 
the last decade, the world also has seen large migrations of people trans-
ferring across countries and continents. In response, food distribution 
systems must adapt.

 Food Systems

If you consider all these factors, the ever‐increasing complex exchange 
between food supply and demand has led to a greater focus on creating 
shared values between agriculture and consumers. One of these values is 
certainly food safety, and we will address that issue later.

So what are food systems? This book applies the systems approach 
(Hughes et  al., 2008). Understanding the meaning of food systems is 
essential to appreciate their complexities. If we want to understand the 
entirety, parts of the food industry—such as production, wholesaling, 
retailing, or policy—cannot be analyzed in isolation.

By contrast, the food systems approach considers two basic and 
related components: elements of the food system and processes that 
make the system function. The elements of a food system are measur-
able things that can be linked together. For example, grocers can be 
linked to primary producers and domestic food‐related policies can 
be linked to food‐related policies found abroad. Everything is inter-
connected or interrelated. Food processes, on the other hand, change 
elements from one form to another (Morris and Reed, 2007). Food 
systems are comprised of elements and processes, a network which 
we call an ecosystem.

Systems can be open or closed. An open system is one in which exter-
nal elements and processes alter its structure or functions. A closed 
 system will always operate independently. Increasingly, it is argued that 
food systems are becoming more open than ever before. Food systems 
are open systems with respect to most elements and processes. They 
receive influences and inputs from their physical environment and, at the 
same time, cycle outputs back out of the system. They are also open to 
outside influences such as disturbances (e.g., embargoes, technology, 
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trade agreements, etc.). Adopting a systems approach involves appreciating 
the scope and scale of the food industry, which is immense, complex, and 
difficult to simplify.

Food systems are being challenged more frequently due to the com-
plexity of exchanges between elements, sometimes to the point at which 
the systems become compromised. Too often, global agrifood systems 
are characterized by the appearance of recurrent unwanted surprises.

In Canada, one such surprise occurred on May 20, 2003, when the 
country discovered its first native bovine spongiform encephalopathy 
(BSE) case, popularly known as mad cow disease. In response, many ques-
tioned the safety of our food chain. The Canadian Food Inspection Agency 
(CFIA) acknowledged that some meat from the infected farm may have in 
fact ended up on consumers’ dinner tables (Anonymous, 2005).

At the time, the CFIA reassured the public that the likelihood of multi-
ple cases among cattle of the same age is rare, and that the risk to humans 
of contracting Creutzfeldt–Jakob disease, the human variant of mad cow, 
is low. Unlike what British officials did in that country’s mad cow crisis in 
the 1990s, when they tried to control consumer fears by concealing facts, 
the CFIA tackled Canada’s mad cow scare by communicating the dis-
ease’s real risks and by maintaining a science‐based public dialogue.

However, the key to communicating intrinsic risks to consumers is not 
only to share scientific facts but also to manage systemic uncertainty. 
During the mad cow crisis, the CFIA showed its intolerance toward 
ambiguous situations, which it perceived as a threat, when it broadcasted 
to consumers information on the status of our food supply in the hope 
that information will keep a lid on ambiguity (Diekmeyer, 2008).

When people feel uncertain about the food they eat, trust is not a 
trivial issue. Regulatory officials can regain public trust only by offering 
protection and information that satisfies public uncertainty. Most 
observers agreed that government officials in Canada did not mislead 
the public during the BSE ordeal, even if uncontrollable variables 
 hindered their capacity to predict the outcome of certain strategies 
(Nikiforuk, 2005).

So how real is the risk of contracting Creutzfeldt–Jakob disease for 
consumers? Even though Canada banned the practice of rendering rumi-
nants for cattle feed in 1997, ruminant feed was still readily available on 
the market, and violations of the ban have been reported (Brooymans, 
2005). Regulators found that enforcing the ban was challenging.

Another problem at that time was the CFIA’s own assumptions about 
the disease. Some of the agency’s leading veterinarians declared that 
 animals younger than 30 months could not develop BSE. Japan, which 
has made BSE testing compulsory for all slaughtered animals, discovered 
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two cases in 21‐ and 23‐month‐old animals (Kilman, 2005). Monitoring 
standards have since changed, which provide evidence that food systems 
do and are able to cope with changes in threats over time.

Within our food system, the CFIA walks a fine line between educating 
the public and trying not to alarm it, with the public’s trust in the balance. 
Surveys over the years report that the vast majority of Canadian consumers 
unreservedly believe that our agricultural supply system is not endanger-
ing human health, and that they trust the safety of our food chain 
(Couture, 2009). But trust is fragile and can be obliterated in an instant. 
In other parts of the world, consumers were not so kind to food regula-
tors and industries facing a BSE‐driven predicament. By neglecting to 
nurture consumer confidence, industrialized nations such as Japan and 
Britain have paid a hefty price to regain the public trust their industries 
needed to regain profitability.

The Maple Leaf recall caused by a listeria outbreak in 2008 was 
another significant shock to our food system. Unlike the mad cow crisis 
in 2003, the Maple Leaf recall led to fatalities, 22 in total (Smith, 2010). 
Since the recall, the industry has changed. Certainly, Maple Leaf has 
changed: it revisited its protocols, and most industry elements were 
already following food safety practices that exceeded governmental 
regulations (Mason, 2009).

Some reports suggest that public authorities did not properly inform 
consumers about risks (Galloway, 2009). Consumers heard a confusion 
of voices and perspectives, which reduces the efficacy of every press con-
ference, website, and article, as well as public investigations more gener-
ally. Shared accountability across supply chains should be at the forefront 
of any new food safety policies.

Occurrences such as the listeria outbreak at Maple Leaf made Canada, 
to an extent, food insecure. The recall had profound implications for 
Canadian consumers. As the Maple Leaf recall reveals, it is necessary 
that modern consumers understand that these episodes and their tragic 
outcomes can be minimized only by sound policies that address the com-
plex, interlinked nature of our food economies.

Both events called for a systemic approach to food safety issues. 
Although they are very different, the Canadian mad cow crisis and the 
Maple Leaf recall are considered two pivotal incidents that changed how 
our food system operates. Since then, food safety became a common 
concern for most players within the food industry. These events, although 
they had negative consequences to consumers and organizations, depart 
from our society’s previous expectations about how food systems should 
function. Complex, transnational issues like food safety, or other public 
health issues such as obesity, are major challenges that frustrate analysis 
and management by reductive methods.
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 Food Safety Systems

The foundations of food safety systems are similar to those of food 
 systems generally. Safety—in the form of regulations, practices, and 
expectations—is conveyed from one element to another within the 
 system. Exchanges allow information and resources to be shared. Supply 
chains must work in synchronization; participants are required to work 
simultaneously to provide safe foods to consumers. But relationships are 
bidirectional in nature. Systems calibrate through sharing responsibilities 
and become more accountable to one another. Consumers, too, are asked to 
share information with the system since they are intimately involved and 
part of it. The food chain across producer, processor, retailer, and  consumer 
is highly interconnected and dynamic.

The chain of trust from suppliers to producers, to distributors, to whole-
salers, to retailers, to end consumers, is essential for a highly functioning 
food safety system. A lack of legitimate representatives within the chain, 
failures to convince important stakeholders to participate, distances between 
participants, and the length and breadth of the supply chain are factors that 
limit joint action on crucial issues like food safety and traceability.

All elements play a key role, but consumers are our system’s most cen-
tral risk assessors (Labrecque et al., 2007). Consumers are the ones who 
risk, perhaps several times a day, buying food products from grocers, 
corner stores, street stands, eating at social events, and at other more or 
less familiar places. However, systems have demonstrated that they are 
often unable to provide information to the end consumer through proper 
traceability. Accordingly, it is noted that food choice is frequently swayed 
more by psychological analysis, such as perception of the brand, rather 
than physical properties of food products, such as the likelihood of food 
carrying a disease. Perception of food safety risk is skewed by psychologi-
cal interpretations that influence attitudes and food buying patterns. 
Logic is habitually missing from consumer buying patterns. This fact can 
be explained as a result of the increasing incapacity of consumers to 
make their own assessments of the risk related to food threats and their 
dependence on public institutions to acquire strategic and suitable infor-
mation (Markovina and Caputo, 2010).

More accurate assessments can be achieved through traceability. 
Traceability is an effective safety and quality monitoring system with the 
potential to enhance safety within food chains, as well as safeguarding 
the protection of consumers. Food traceability is the architecture behind 
all food safety systems. Shared responsibility throughout the food supply 
chain can in no way be evaded. Many have accepted that the BSE and 
Maple Leaf ordeals were part of a cycle in which conditions force us to 
enhance food safety systems already in place. Food traceability offers the 
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ability to trace and track the origins of any product throughout the food 
supply chain, at any level.

When implementing a more universal traceability program, one has to 
keep in mind that food retailing is one of the most competitive industries 
in our global economy. Food retailers must manage disproportionate 
operational overhead costs, low profit margins, and demand that is rela-
tively elastic for many products. Demand price sensitivity is the key when 
a food traceability project may increase retail prices. Moreover, on the 
other side of the marketplace, farmers are often considered price takers 
and depend heavily on governmental farm subsidies in order to survive.

Despite its costs, food traceability is a vital aim that reinforces account-
ability. For government and health officials, it means having the ability to 
act quickly in a crisis situation and know where animals or products are 
in the supply chain (Rosolen, 2010). By no means it can bulletproof the 
industry from major food recalls in the future, but it may permit antici-
pation of the these types of crises and adoption of proactive attitudes 
throughout the food supply chain, adding value to Canadian commodi-
ties in the process. It will also ensure more rapid containment, potentially 
in real time, of food catastrophes that could harm consumers.

The tools and techniques of food safety are related to the discipline of 
public health emergency preparedness: protecting and securing the 
population’s health require information about food safety systems and 
consumers themselves. Like public health preparedness, food safety is 
heavily reliant on technology. The use of technology can leverage a food 
traceability system that may increase and improve the types of informa-
tion elements that the system can share.

To consider an example, the world is calling out for nanotechnology, 
particularly in agriculture, where the technology could play a significant 
role. Nanotechnology offers the opportunity to manipulate matter at the 
smallest scale possible to date and allows engineering of functional food 
products at a molecular level.

Nanotechnology may lead to advances in agricultural research in the 
decades ahead. Applications of nanotechnology in agriculture and food 
systems include improvements to reproductive technology, conversion 
of agricultural and food wastes to energy and other useful by‐products 
using enzymatic nano‐bio‐processing, disease prevention, and enhanced 
health of plants and animals. Researchers in Canada have developed 
nanofertilizers that release nutrients as plants need them (Moore, 2010).

Some predict that by 2020 the global impact of products in which 
nanotechnology plays a crucial role will be roughly $1 trillion (Canadian) 
per year with significant benefits to the food industry in food processing, 
ingredients, nutraceuticals, and delivery systems. Packaging will also 
benefit from nanotechnology, allowing for more efficient food safety 
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monitoring (Dingman, 2008). Nonetheless, some have raised ethical con-
cerns about nanotechnology and call for the contextualization of ethical 
discourse in its ontological, epistemic, and socioeconomic and political 
reflections (Ferrari, 2010). Open debate on nanotechnology is a prevalent 
topic among governments, research agencies, industry, and nongovern-
ment organizations. With consumers, though, public perceptions about 
nanotechnology vary or are unclear.

Another noteworthy technology increasingly influencing food safety 
systems is radio frequency identification, also known as RFID. This tech-
nology has proven to be effective in traceability standards. The use of 
barcodes to identify products and lots has been the preferred technology 
since the late 1970s. Barcodes, however, are a read‐only technology. RFID 
transceivers let data to be both read and written to a tag, which follows a 
product throughout the supply chain, providing stakeholders with better 
control and accuracy. Such a technology can increase the level of account-
ability for what is coming in and out of a facility. For the food industry, 
benefits from using RFID technology are higher reliability and higher 
rates of rejected products at the source.

More technologies in coming years will have a significant impact on how 
food systems assess, control, and contain food safety‐related risks. It is 
difficult to pinpoint how far technology is capable of going and how will-
ing consumers are to partake in sharing information within food systems.

The biggest challenge with large food recalls is finding the origin of the 
affected product, a task that rarely finishes as quickly as the companies 
and the public want. A food recall is often prompted by consumers reg-
istering at health clinics and hospitals after becoming ill from eating a 
contaminated product. The entire system must respond quickly upon 
recognizing these unofficial signals. Once recalled, hundreds, thousands, 
and sometimes millions of kilos of products are removed from the food 
chain, although the vast majority of it may not be unsafe. Proper tech-
nologies could trace and track products before and after process, through-
out distribution, back to the processor, and even back to the farm from 
which a product came (Mehrjerdi, 2010). Accurate recalling is then more 
feasible. Existing technologies that allow this to occur are cost prohibitive 
for most companies and are ultimately thrown away by the end consumer. 
Research continues to supply affordable methods to the industry.

 Supply Connecting with Demand

Food safety systems are influenced not only by supply‐driven factors but 
also by demand, which is more fragmented than ever before. Elements of 
food systems are challenged by changing demographics, lifestyles, tastes, 
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and attitudes. Most demand‐focused trends are shaped by the rural–urban 
divide. The roots of the rural–urban divide lie in the historical strategies of 
centrally planned systems that favored industrial development and agri-
cultural surplus largely for urban capital growth and urban‐based subsi-
dies. Residents of large cities represent well over 85% of most Western 
countries’ populations. This trend has created a significant disconnection 
between agriculture and consumers. Many consumers remain unaware of 
how and where food is made and often take it for granted. Affordable food 
prices have further widened the rural–urban divide because consumers 
can buy more food while thinking about it less.

However, consumers are becoming increasingly conscious about the 
origins and health safety of the food they consume. This shift is not to be 
taken lightly. Local foods have enjoyed a resurgence in the past two 
 decades in Canada, the United States, and elsewhere. Consumers are 
attracted to these markets by an array of environmental, social, and eco-
nomic factors, often related to the alleged benefits of local food channels. 
Many consumers seek authenticity in reaction to the increasing intensity 
of marketing channels (Smithers and Joseph, 2010). The search for 
authenticity is a radical rejection of conventional, industrialized produc-
tion methods and will significantly impact how food safety systems 
evolve. That being said, many consumers still adhere to industrialized 
systems and do not question their integrity.

The ideal food safety system aims at mitigating risks in real time. That 
of course, as stated earlier, would be an ideal. But given how public regu-
lators are challenged by budgetary constraints, it is only for the longer 
term that one country should think of real‐time food safety surveillance 
as being possible. Food safety is and will remain a challenge for all indus-
trialized countries, but what will test food safety systems is the notion of 
food authenticity and fraud.

Food fraud is not a new phenomenon; historically, it dates as far back 
as the Greek and Roman Empire. However, in recent years, better access 
to advancing technology has allowed us to quickly recognize food distri-
bution failures. As a result, contemporary food fraud has frequently 
found itself in the media spotlight. Currently, the authenticity of food in 
general and the veracity of food labels in particular are major concerns 
for many, including consumers, regulators, and the food industry at all 
levels of the food continuum. In light of the European horsemeat scandal, 
we have come to realize that failures such as mislabeling can occur at 
global scales. If you think Canada is immune to fraudulent food labels, 
think again. Chances are you have already unknowingly purchased a food 
product with an inaccurate food label.

Regulators and the food industry are beginning to realize that the 
problem is far more widespread than first supposed. For example, a 
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recent study in the United States revealed a high substitution rate of 57% 
in meat labeling.

Consequently, there has been considerable dissonance between the 
contents of the product and the information found on its label. Similar 
results were found in a study involving chicken sausages in Italy. Not a 
month goes by now without a published study acknowledging how deeply 
problematic the situation is. This of course raises significant food safety 
and consumer protection issues. Allergens alone can pose significant 
risks to vulnerable consumers with medical conditions.

There are many reasons for the boom in fraudulent labels. The remark-
able growth of food counterfeiting can be partially attributed to the 
increase in global trade, emerging new markets, and the steady increase 
in world food prices. Processors, agents, brokers, and distributors alike 
are often tempted to substitute ingredients or products to set an appro-
priate price point for a targeted market. In addition, resource scarcity, 
the potential for greater profits, and inadequate legislation have all 
encouraged, even made counterfeit labeling inevitable, the most com-
mon result of which is food fraud.

Over the years, some categories of food have been affected more than 
others. The most documented cases in the food industry have been with 
fish and seafood products, some of which have been reported in Canada. 
For example, DNA analysis of hake products commercialized in Southern 
Europe have demonstrated that more than 35% of fish packages were 
mislabeled on the basis of species substitution. However, in recent years, 
other categories have been targets: wines and olive oil, among others. 
There have been alleged cases of nonorganics being sold as organically 
grown commodities. The list, unfortunately, goes on.

The best solution for this problem is improved traceability. In the 
past, food traceability—the capacity to track food ingredients across 
supply chains—was promoted to improve food safety; it appears that 
increasing food fraud makes a case for the capacity for higher traceabil-
ity. The enhancement of tracing systems alone is insufficient, however. 
Opportunistic behavior within our food system should also be moni-
tored by food regulators. Unfortunately, the work of surveying the 
entire system regularly would be an overwhelming task. The Canadian 
food retail industry is a $120 billion business. It would be unrealistic 
and even undesirable to expect regulators to effectively monitor it. In 
addition, added public monitoring would likely result in increased 
bureaucracy and, certainly, higher food prices.

The food industry is just as concerned about food fraud as consumers; 
perhaps more so. Reported cases of inaccurate labeling can be devastat-
ing to both brand equity and the reputation of companies. The main 
driver for a reduction on food fraud cases is accountability within the 
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industry, and consumers have every right to expect it. More questions 
are being asked when goods are sold from business to business before it 
reaches consumers.

For the industry, however, the clock is ticking. Technological advances 
are making traceability more accessible, and soon consumers themselves 
will be able to self‐authenticate the origins of food products and the 
validity of ingredients. Many devices and apps to carry out this function 
are in development worldwide. It will be interesting to track the response 
of industry and regulators once consumers have access to these tools. 
Millions of citizen regulators may not be feasible today, but it is a very 
possible reality for the very near future.

The lesson is, before consumers actually become part of food trace-
ability systems in real time, industry should ensure food fraud becomes 
a problem of the past, and as soon as possible. For that, food safety 
systems ought to think about the ways to include consumers in the pro-
cess of risk mitigation, by running a much more open system, embrac-
ing a market‐based approach. This is likely the only opportunity that 
both industry and governments have to enhance systems regularly. 
That would be a long‐term goal. As food safety systems mature thought, 
it is important to recognize some important elements, which make 
regulators and the industry equally efficient. Metrics are presented in 
the next section.

 Comparing Food Safety Systems

Food safety systems from around the world evolve at different paces. 
They vary from country to country, as do methods of risk assessment, 
standards, and policies.

The Food Safety Performance World Ranking Initiative was 
designed to facilitate identification of the relative strengths and 
weaknesses in Canada’s food safety performance. The goal of this 
approach was to assist academics, practitioners, and policymakers in 
assessing food safety systems and processes in Canada. It allows for 
better risk intelligence by federal regulators around the world. Risk 
intelligence is a matter of adopting better risk assessment practices 
to monitor risks proactively.

This book is the evolutionary tale of international benchmarking in 
food safety performance. We have conducted three different surveys 
over the last few years in 2008, 2010, and 2014. We first compare results 
between the first two surveys in 2008 and 2010 (Chapters 2–6). After 
chairing a summit on regulatory food safety performance metrics in 2011 in 
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Helsinki, Finland, how we measure performances have changed. Another 
survey was conducted in 2014, and results are presented in Chapter 7 of 
this book.

Metrics were different for the first two surveys. They were established 
based on comments and recommendations made by a group of academ-
ics back in 2006 and 2007 during meetings held in Canada and Italy. For 
these surveys, in addition to measuring Canada’s food safety perfor-
mance, the report also investigated its underlying causes and highlights 
policies that could improve food safety in the future. This report com-
pared Canada’s performance with 16 peer countries across four major 
categories:

1) Consumer Affairs
2) Biosecurity
3) Governance and Recalls
4) Traceability and Management

The Consumer Affairs category measured policies and outcomes that 
assess how well countries connect with their consumers. Surveillance 
efforts, hygiene practices, and information accessibility are the main 
indicators.

The Biosecurity category concerned a country’s capacity to contain 
all relevant risks related to food safety. This included the rate of agri-
cultural chemical use and a country’s bioterrorism strategy—the latter 
being an increasingly important aspect of food safety in the twenty‐
first century.

The Governance and Recalls category looked at the effectiveness of 
domestic regulations and governance related to food safety. For example, 
the existence of risk management plans, the level of clarity of food recall 
programs, and the number of food recalls were some of the metrics 
considered.

Finally, Traceability and Management measured a country’s ability to 
identify the location of food items and its knowledge of a food item’s 
history. This evaluation included the depth of the traceability programs.

Performance in each category was measured using only the indicators 
that reflect the overarching goal of the study. Eleven indicators were con-
sidered and evaluated.

The purpose of this benchmarking framework was to identify and 
evaluate common elements among global food safety systems. Therefore, 
the primary objective of this study was not only to identify which country 
offers the safest food products to its citizens but also to recognize which 
countries employ comparatively best practices to contain risks related to 
the safety of food systems. This study analyzes the performance of 17 top 
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Organisation for Economic Co‐operation and Development (OECD) 
countries, including Canada. These countries are

Australia France Norway
Austria Germany Sweden
Belgium Ireland Switzerland
Canada Italy United Kingdom
Denmark Japan United States
Finland Netherlands

This group was used for all categories, variables, and analyses. 
Countries were awarded a grade of “superior,” “average,” or “poor” for 
each category.

Methodology for the First Two Surveys

As for the 2008 inaugural edition, the State–Pressure–Response model 
was used as the study framework. This is a useful approach to under-
stand policy reactions related to food safety. The report considered out-
comes that measure results—not effort. Indicators were divided into 
three classes based on the adaptation of the State–Pressure–Response 
approach used by the OECD to benchmark the environment. This model 
has three components:

1) State (output)—Condition of food safety performance at the time of 
the report

2) Pressure (input)—Human primary or secondary activities that impact 
the condition of food safety systems either positively or negatively

3) Response (policy and actions)—Policies and actions that the country 
has initiated or will initiate to address food safety issues

This study focuses on indicators that can be influenced by public pol-
icy. The factors that were taken into consideration are those that can be 
modified or altered by individual, organizational, or public efforts. 
Indicators may directly or indirectly influence output. For example, a 
policy that makes livestock identification mandatory may augment the 
capacity of a country to track meat products across the food chain, thus 
reducing foodborne illness.

All indicators used to measure performance within a specific category 
met the following criteria:

1) The indicator provides valuable information concerning the perfor-
mance or status of the particular food safety domain.
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2) The indicator can be affected by policy.
3) The indicator secondary data are reliable and readily available.
4) The data are sufficiently consistent to allow benchmarking over time 

and permit a valuable international comparative analysis.
5) There is general agreement that a change in the indicator in one direc-

tion is better than a movement in the other.

The data for this study were based on secondary sources, such as the 
OECD, the World Health Organization (WHO), the United Nations 
(UN), national statistical agencies, and other food safety regulatory 
organizations based on the countries under study. The most recent data 
were used for each indicator.

The choice of comparator countries was significant. This study com-
pared Canada with other OECD countries because of the greater like-
lihood that these countries have achieved high standards in food 
safety. Initially all 30 OECD countries were to be considered, but some 
were later disqualified. Luxembourg and Iceland were dropped because 
both have populations of less than 1 million. In addition, the study 
only considers countries with a gross domestic product above the 
OECD mean. Therefore, the 11 countries that fell below this mean 
were also omitted.

The inclusion of emerging economies like India and China was a pos-
sibility; however, they performed poorly on food safety indicators. 
Furthermore, countries where food security is still a significant concern 
were not appropriate candidates either.

For output indicators, a ranking system of superior, average, and poor 
was adopted—comparable to a report card. Input indicators were not 
ranked because it is difficult to determine whether a higher value reflects 
higher levels in food safety performance. Moreover, it is difficult to estab-
lish any relationships between output and input. Response indicators 
used the same overall ranking system as output indicators. However, 
instead of using superior, average, and poor, grades of “progressive,” 
“moderate,” or “regressive” were used.

For the actual world ranking, countries were ranked for each category 
and results were then aggregated to generate a world ranking. As with 
response indicators, each country was given a grade varying between 
superior, average, and poor, thus creating three tiers.

Limitations

Some limitations ought to be considered. Secondary data was not 
always available for some of the countries studied. More specifically, the 
research on non‐English countries (such as Japan) was challenging. Some 
countries are also less transparent than others, which makes the data 
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collection process more intricate. A considerable amount of data were 
processed and analyzed with some level of subjectivity.

Secondly, this study includes research published between 2002 and 
2010, which may skew results. Some agencies and countries publish 
reports every 2 years or so. In some cases, reports were only published 
once, which made it difficult to collect and consider current information 
on food safety.

Lastly, genetically engineered organisms (GEOs) are not considered in 
this study. When the project was originated, no conclusive evidence sug-
gested that GEOs posed a health threat to consumers. Out‐of‐household 
consumption was also not considered because it would have made the 
variables more difficult to measure.

The evaluation of the 17 countries in this study occurs over four dis-
tinct categories comprising 12 criteria:

 ● Consumer Affairs:
 ○ Incidence of reported illness by foodborne pathogens
 ○ Rate of inspections and audits
 ○ Food safety education programs
 ○ Labeling and indications of allergens
 ○ Ease of access to public health information

 ● Biosecurity:
 ○ Rate of use of agricultural chemicals
 ○ Bioterrorism strategy

 ● Governance and Recalls:
 ○ Existence of risk management plans
 ○ Level of clarity and stability of food recall regulations
 ○ Number of protectionist measures against trading partners
 ○ Number of recalls

 ● Traceability and Management:
 ○ Depth of traceability system in food chain

Many scholars and practitioners from around the world reviewed these 
indicators, and data were collected and compiled for each category. 
Based on these data and the subsequent State–Pressure–Response model 
analysis, countries were ranked for each category, and results were then 
aggregated to generate a world ranking. Each country was given a grade 
of superior, average, or poor.

The world ranking and overall grade were derived in two ways. First, 
based on the grades over the four sections a country was placed in an 
overall grade category (superior, average, or poor). This informed a rough 
ranking, with superior‐graded countries naturally ranking higher than 
poor‐graded ones. Second, based on a country’s average category rank-
ings (between 1st and 17th), countries were then ordered within their 
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overall grade category. For example, Belgium, France, Germany, Ireland, 
and Italy all earned overall grades of poor; however, Belgium’s world rank 
is higher than Italy’s because it has a higher category ranking average.

As illustrated by Table  1.1, Australia, Canada, Denmark, Japan, the 
United Kingdom of Great Britain and Northern Ireland (UK), and the 
United States of America (USA) all earned grades of superior, owing to 
their comparatively progressive category grades. Austria, Finland, the 
Netherlands, Norway, Sweden, and Switzerland earned average grades, 
owing to their overall moderate performance. Finally, Belgium, France, 
Germany, Ireland, and Italy all earned grades of poor for comparatively 
regressive category grades.

Table  1.2 provides the category‐specific grades and ranks for the 
17 countries.

Table 1.1 World ranking.

2008 Comparison

Rank Country Grade Grade Rank

1 Denmark Superior Superior 3
2 Australia Superior Superior 4
3 United Kingdom Superior Superior 1
4 Canada Superior Superior 5
4 United States Superior Average 7
6 Japan Superior Superior 2
7 Finland Average Average 6
8 Netherlands Average Average 12
9 Austria Average Average 14

10 Norway Average Average 9
11 Sweden Average Average 13
12 Switzerland Average Average 8
13 Belgium Poor Poor 16
14 Germany Poor Average 10
15 Ireland Poor Poor 17
16 France Poor Poor 15
16 Italy Poor Average 11

Increased grade No change Decreased grade No data
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  Comparing Food Safety Systems 19

The average rank column provides a category average rank for each 
country, which was used—inside of the overall grade category—to pro-
vide a number‐based overall world ranking.

Comparison with 2008
There were few overall grade changes in 2010 compared with 2008, as 
only Germany, Italy, and the United States moved up or down a grade 
level. Moreover, each country earned a world ranking that was close to its 
2008 result. Austria and Italy had the largest shifts (each moved five 
ranks), followed by Germany, Japan, the Netherlands, and Switzerland 
(each moved four ranks). Generally, the countries that moved the most 
did so in a downward direction: the largest shifts were negative (Italy, 
Germany, Japan, and Switzerland). This mirrors the overall grade shift, as 
the United States was the only country to increase its grade while 
Germany and Italy each fell one level.

In the 2010 study, each country received a similar grade and generally 
ranked close to its 2008 study result. This reflects two important aspects 
of this study. First, as a comparative study, a country decreasing in grade 
or rank does not necessarily mean that the country is providing poorer 
food safety systems or standards. Instead, this might simply mean that its 
performance is comparatively worse than its peers in 2010 compared 
with 2008. Second, some of the category variables (e.g., the measurement 
of the number of protectionist measures against trading partners) were 
measured using the same category standards as 2008. In these cases, 
more countries earned top‐notch scores in 2010 than in 2008, which 
reflect an absolute improvement. In other words, the 2010 grades and 
rankings, because they are similar to the 2008 grades and rankings, 
reflect the speed in which some countries are improving their food safety 
systems—surpassing the changes in other slower countries.

Because this was a comparative study, the United States was able to 
increase its overall grade without increasing any of its criteria‐specific 
grades. The United States simply scored comparatively better across all 
four categories in 2010, compared with 2008. By comparison, Germany 
and Italy both received lower grades because of their decline, compared 
with their peers, in the Biosecurity category.

Highlights

Generally, the non‐European countries (Australia, Canada, Japan, and 
the United States) tend to perform fair equally. In part, this may be a 
result of a more‐integrated agricultural and food safety system on the 
European continent. Moreover, with the exception of Japan, each of these 
countries have fairly large populations, land masses, and regional varia-
tions. It was not surprising that Japan also scored within this group as its 
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1 Introduction20

unique food requirements ensure that it creates and adopts worldwide 
best practices.

Canada continued to perform very well compared with its interna-
tional peers. Notably, Canada and the United States were tied in category 
grades, overall grade, and world ranking position. Like its continental 
neighbor and largest trading partner, Canada earned excellent grades 
and category rankings in Consumer Affairs and Governance and Recalls, 
performed decently in Biosecurity and fell short compared with the 
international average in Traceability and Management.

When Canada performed well (like in Consumer Affairs and 
Governance and Recalls), it ranked very well (earning second and first 
places, respectively). However, Canada’s performance in areas where it is 
not setting international best practices was spotty, earning the country 
ranks of 11th and 15th in its average‐graded Biosecurity and poor‐graded 
Governance and Recalls, respectively.

As a result of increasing European integration, European Union (EU) 
member countries tend to perform similarly in many of the metrics. In 
part, this is a result of identical, EU‐required national policies for several 
of the food safety criteria measured in this study.

The largest difference between EU‐member countries emerges in areas 
where EU requirements are the weakest or individual national govern-
ments are required to demonstrate individual policy leadership. Perhaps 
ironically, the largest EU countries tend to perform the weakest com-
pared with their smaller‐state peers. This size distinction is most notable 
in the category grades, when individual State–Pressure–Response con-
siderations are applied.

When applicable, Norway and Switzerland tend to perform best when 
adopting or participating in the EU or pan‐European systems or stand-
ards. This specific pressure can be partly attributed to their participation 
in the common market.

Japan represents a unique food safety model, given its distinct needs. While 
it continues to perform well overall, Japan falls four world ranks to sixth in 
2010. Special care was taken to ensure that the Japanese grades reflected its 
policies as they relate to the country’s unique needs and pressures.

The categories with the largest grade improvements were Governance 
and Recalls and Traceability and Management. Biosecurity (owing in 
part to the new bioterrorism metric) was a generally poor category for all 
countries. It is particularly notable as the only category in which no 
country improved its grade compared with 2008. More data were avail-
able for the 2010 report, which helped to fill in certain gaps from 2008.

Results from the latest survey are intriguing. Some trends are emerging 
which may very well impact how food safety systems function and inter-
act among themselves in years to come. In the next chapter, an in‐depth 
analysis on how Canada’s food safety system is performing is presented.
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A brief history of food safety

Prehistoric times

The risk of eating in prehistoric times was very much more an issue of the dangers 
of catching the beast to eat than the ill effects suffered after eating it. To survive, 
cavemen had to eat and their animal instincts dominated their behaviour with 
respect to food. These instincts, no doubt, made them avoid food they had 
learned made them sick, but their overriding instinct was ‘eat to live’. Some foods, 
however, might have been so toxic that they threatened the early man’s survival. 
Behaviour that minimised consumption of toxic food would have been selected 
in because individuals that succumbed to toxins in  their food simply did not 
survive. This is the raw material of Darwinian evolution and could be considered a 
very early manifestation of food safety issues! Whether this happened or not 
thousands of years ago is impossible to know, but we do know that modern-day 
animals avoid toxic plants in their diet. This might be because some of the toxins 
(e.g. alkaloids) have a bitter taste that warns the would-be consumer of the risk. 
Prehistoric man probably behaved in exactly this way which is why he was able to 
survive in such a harsh environment in which every day posed new and unknown 
food challenges.

Introduction
Chapter 1

Food safety is a relatively recent ‘invention’. It was introduced in the developed 
world to increase confidence in food. In our modern world it simply is not 
acceptable to have food that might make us ill. Sadly even now a good 
proportion of the world’s people are very much more concerned about get-
ting food and stemming their unrelenting hunger than they are about 
whether they might get a stomach upset as a result of eating the food. We 
must always remember these horrifying facts when we study food safety. 
Food safety and the legislation emanating from it are for the relatively rich 
countries that have the luxury of having sufficient food to allow them to make 
rules about what is safe to eat.

Introduction
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2 Food Safety

This is hardly prehistoric food safety policy, but it illustrates our inborn survival 
instinct that extends to the food we eat. We have an innate desire not to eat 
something that will make us ill. This has not changed over the millennia.

Evolution of cellular protection mechanisms

It is important to remember too that our metabolic systems (and avoidance 
strategies) evolved during the tens of thousands of years of prehistoric 
times.  Metabolism of toxins from food in order to reduce their toxicity and 
so  make the food ‘good’ developed over millions of years. There are highly 
complex metabolic systems ‘designed’ to detoxify ingested toxins that 
evolved  long before man, but the enzyme systems from the primitive cells 

Arylsulphotransferase

Excretion

Cytochrome P450

Uptake

Phenol
Toxic – water soluble

OH

Phase I

Phase II

Phenyl sulphate
Non-toxic – water soluble

Benzene
Toxic – water insoluble

OSO3
−

Figure 1.1 Phase I and II metabolism for a simple compound, benzene, showing how the 
molecule is detoxified, made water soluble and excreted (e.g. in urine).
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Introduction 3

in  which they evolved were selected into the human genome through the 
evolutionary process and were inevitably expressed by the earliest hominids. 
These detoxification systems gave man an advantage because he could eat 
food that contained chemicals which if not detoxified would make the food 
too toxic to eat. These enzyme systems are now very well understood; they 
include the cytochromes P450 mixed function oxidases (termed Phase I 
metabolism) and the conjugating enzymes (termed Phase II metabolism) 
(Figure 1.1).

There are many food toxins that are detoxified by these systems, so 
making  the food safe to eat (this will be discussed further in Chapters 7 
and  8); for example, parsnips contain bergapten, a photosensitising toxin 
that also causes cancer (see Chapter 8, Furocoumarins in parsnips, parsley 
and celery); bergapten is detoxified by Phase I and II metabolism (Figure 1.2) 

Cytochrome P450

Sulphotransferase

Phase II

HCHO

Phase I

O–

O O O

O O

O

O

OH

O

O
S

O

OO O

Figure 1.2 A proposed metabolic pathway for bergapten.
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4 Food Safety

thus making parsnips safe to eat. These metabolic processes are the 
cell’s  internal food safety mechanisms and broaden the range of foods we 
can eat without suffering the ill effects that some of their components 
would cause.

There are significant differences in the susceptibility of different animal species 
to toxic chemicals; these are due to the evolutionary selective pressures under 
which the particular species developed. This means that safe foods for some 
species might be highly toxic to others. For example, the toxin in the swan plant 
(Asclepias fruticosa), labriformidin, is very toxic to birds but harmless to the 
monarch butterfly (Danaus plexippus) (see Chapter 8, Why produce natural 
toxins?).

The monarch butterfly uses this differential toxicity as a means of protection. Its 
caterpillar eats swan plant leaves and incorporates labriformidin into its body; this 
makes it toxic and unpalatable to predatory birds. This interesting means of survival 
is by no means unique amongst animals. Indeed, some plants that are eaten by 
animals are very toxic to humans. For example, it would only take a few leaves of 
hemlock (Conium maculatum) to kill a person, but the skylark (Alauda arvensis) is 
unaffected by its toxin (Figure  1.3). Indeed, there have been cases of human 
poisoning in Italy following con sumption of skylarks which (strange as it may seem) 
are a delicacy in that country. The toxin in hemlock is coniine (Figure 1.3) – it is very 
toxic; about 200 mg would be fatal to a human. Hemlock was the poison used to 
execute Socrates in 399 bc for speaking his mind in the restrictive environment of 
ancient Greece.

Tudor England (1485–1603)

In the 1500s I doubt whether many people thought about illness being linked to 
what they had eaten, but I imagine food-borne illness was prevalent in that 
rather unhygienic society. In fact spices were introduced into Tudor England to 
mask the putrid taste of some foods particularly meat – this is a ‘head in the 
sand’ approach where masking the bad taste was thought to take away the bad 
effects. Whether the Tudors thought that masking the taste of putrefying meat 
stopped them getting ill I cannot know, but they certainly thought that masking 
the terrible smells of putrid plague-ridden London prevented them catching 
fatal diseases like the Plague. The gentry used, amongst other things, oranges 
stuck with cloves, and ornate necklaces with receptacles for sweet-smelling 
spices and resins (pomanders – derived from the French pomme d’ambre 
meaning apple of amber; ambergris, a sweet-smelling substance produced by 
sperm whales was often used to scent pomanders) to waft in front of them to 
take away the evil smells as they walked the streets. This is hardly food safety 
legislation, but it might just be the beginning of people connecting off-food 
with illness – a key step in making food safe.

The times of King George III of England (1760–1820)

The Georgian era was a time of great social division. The rich ate well, if not 
 exuberantly, and the poor just about found enough food to keep them 
alive.  The  idea that bad smells were associated with disease prevailed as 
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Introduction 5

did the naïve thought that if the smell was masked, putrid food was good to eat. 
Susannah Carter, an American cookery author, described a ‘method of destroying 
the putrid smell which meat acquires during Hot Weather’ in her book The Frugal 
Housewife, or, Complete Woman Cook, published in New York in 1803. Some people 
must have been very ill after eating food prepared under this rather naïve food 
safety philosophy; i.e. bad smell means high risk and hiding the smell minimises 
the risk. I wonder if they connected their stomach upset with the food they had 
eaten? Probably not because such illness would be the norm in the 1700s and 
people probably simply took it for granted.

N
H

CH3

Figure 1.3 Socrates (469–399 bc), coniine, the poison from hemlock used to 
execute him, and the skylark (Alauda arvensis) which is unaffected by coniine. (Pictures 
from http://en.wikipedia.org/wiki/File:Socrates_Louvre.jpg, © Sting; http://en.wikipedia.
org/wiki/File:Alauda_arvensis_2.jpg, © Daniel Pettersson; photograph of hemlock taken 
by the author.)
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6 Food Safety

The 1800s – Pasteur’s Germ Theory, Lister’s antiseptics 
and the first refrigerators

In the mid 1800s in Europe there was a significant improvement in the 
understanding of disease and, in particular, public health. This was the time that 
the connection between microorganisms and disease was beginning to be 
understood. Louis Pasteur (1822–1895; Figure 1.4) proposed the Germ Theory of 
Disease while he was working at the University of Strasbourg in France in 
the 1860s. He later extended his understanding of ‘germs’ to propose that heating 
contaminated broths to a high temperature for a short time would kill the ‘germs’. 
This is the basis of one of today’s most important methods of assuring safe food – 
pasteurisation.

Disinfectants
Joseph Lister (1827–1912) followed Pasteur’s work with his discovery of antiseptics. 
He showed that carbolic acid (phenol; Figure 1.5) killed germs and reduced post-
operative infection. This revolutionalised surgery, which was often a sentence of 
death pre-Lister. The people of Victorian England embraced scientific development 
– they were fascinated by science and were keen to understand and use it. Lister’s 
antiseptics were modified and developed and became the carbolic and creosote 
disinfectants that were used to keep Victorian (1837–1901) homes free of germs. 
There is no doubt that this ‘clean’ approach to living reduced food-borne illnesses in 
the kitchens of the Victorian upper classes. The lower classes were still scrambling 
to get enough food to feed their large families and probably knew nothing 
of  the  new-fangled theories of germs and antiseptics. A disinfectant fluid was 

Figure 1.4 Louis Pasteur (1822–1895). (Picture from http://en.wikipedia.org/wiki/
File:Louis_Pasteur.jpg.)
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Introduction 7

patented by John Jeyes in 1877 in London which was a product of the increased 
interest in ‘germs’ and antiseptics and was based on Lister’s phenol. Jeyes’ Fluid 
comprises 5% 3-methyl,4-chlorophenol (chloro m-cresol) and 5% alkylphenol 
fraction of tar acids (these were a by-product of the coal industry; Figure 1.5); it is 
still used today.

Refrigeration
It has been known for a long time that food keeps better when it is cooled. The 
Victorians equated this with suppression of the growth of spoilage germs and 
introduced complicated means of keeping their food cool. Refrigerators, as we 
know them now, were not introduced until the 1860s, but before then ‘iceboxes’ 
were used in which large chunks of ice kept the food cool. The production of ice was 
not an easy task either – this is a circular problem; without refrigeration it is difficult 
to produce ice. In the early days, ice was collected during the winter and packed 
into ice houses, then the ice houses were used for storage of perishable food. With 
good insulation the ice could be maintained for a good proportion of the year in 
temperate climates. Later ice was made using cooling chemicals and water. For 
example, when diethy l ether evaporates it takes in heat, thus cooling its surroun-
dings; the cooling property of ether was used to freeze water for iceboxes. There is no 
doubt that the increased availability of iceboxes increased the safety of mid-1800s’ 
food. In the 1860s, the Industrial Revolution was under way; the developed world 
was enthralled by mechanical devices and commercial, large-scale manufacture. 
Long-haul transport became important as a means of moving products, including 
food, around and between nations; this led to a renewed interest in cooling devices 
both to keep food cold at home, and, perhaps more importantly, to allow food to be 
transported long distances without spoiling. Since the problem of food spoilage 
was more acute in hot countries, it is perhaps not surprising that it was a man from 
Scotland living in Australia who appreciated the need to cool food. This man was 
James Harrison (1816–1893) and he developed one of the first mechanical cooling 
devices based on the compression and expansion of a volatile liquid (when liquids 
evaporate – remember the ether example above – they take up heat). Harrison 
was  granted a patent for the vapour-compression refrigerator in 1855. He used 

Phenol

OH OHOH

Cl
3-Methyl,4-chlorophenol

(chloro m-cresol)
3-Methyl,5-ethylphenol

(ethyl m-cresol)

Figure 1.5 Molecular structures of some of the components of Jeyes’ Fluid, a very effective 
disinfectant introduced in Victorian times.
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8 Food Safety

this device to manufacture ice for the first attempt to transport meat from Australia 
to England in 1873. Unfortunately the ice melted before the ship arrived in England 
and the meat spoiled. It was not until 1882 that the first successful shipment of 
cooled meat was made from the antipodes to England and it went from New 
Zealand not Australia.

Refrigeration revolutionised food safety and continues to be used as one of the 
main ways we keep our food safe in the 21st century.

It is clear that the Victorians were aware of hygiene and its link to health. Mrs 
Beeton’s Book of Household Management (published 1861) has many tips on 
hygiene; she advises suspending chloride of lime (calcium hypochlorite – Ca(ClO)2)-
soaked cloths across the room. Chloride of lime slowly liberates chlorine gas which 
is a powerful antiseptic. Such methods would have killed bacteria and therefore 
made food preparation more hygienic.

There are some good examples of the Victorians’ concern about food hygiene. 
For example, they loved intricate, delicate china to accompany afternoon tea. 
Milk was served from creamers (small jugs) sometimes shaped like cows. Cow 
creamers (Figure  1.6) disappeared in the late 1800s because of concerns 
about  hygiene – it was very difficult to clean them properly because of their 
 intricate design.

Chemical preservatives
Food spoilage and food-borne illness can also be prevented by using nat-
urally   produced chemicals to kill bacteria or significantly reduce their growth 
rate.  Some of these methods are very old. For example, fermentation; here 
‘good’   microorganisms are used to produce natural preservatives in the fer-
mented  food. Salami  manufacture relies upon fermentation. The acid prod-
ucts  of  the fermentation  process (e.g. lactic acid) preserve the meat by 
inhibiting the growth of pathogens and spoilage bacteria which do not thrive in 
acid conditions (see Chapter 11, Antimicrobial food preservatives). On the 

Figure 1.6 A cow creamer. (Photographed with permission from the collection of 
Mrs S. Drew, Christchurch, New Zealand.)
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Introduction 9

other  hand, yoghurt is simply milk infected with good bacteria (traditionally 
Lactobacillus bulgaricus and Streptococcus  thermophilus and more recently L. aci-
dophilus); these bacteria colonise the milk so effectively that they prevent harmful 
bacteria growing. Yogurt production, as a means of preserving milk, has been 
known for at least 4,500 years and probably began in Bulgaria.

Some chemical preservatives are added to food to prevent food spoilage. 
Some of these preservatives have been used for thousands of years. Vinegar 
(acetic acid; ethanoic acid) produced by fermenting ethanol (originally 
from  wine) is a good example; traces have been found in Egyptian urns from 
3,000 bc and it is still used today to pickle vegetables (e.g. onions) and make 
chutneys, etc. The acidity of  vinegar inhibits most bacterial and fungal growth, 
thus  preventing food spoilage – the principle is the same as described above for 
food preserved by fermentation, but, in this case, the acid is added to the food 
rather than being produced by  fermentation of the food (see Chapter 11, Other 
organic acids).

Sugar is also used as a preservative. If the concentration is high enough it too 
prevents bacterial and fungal growth by scavenging the water that microbes need 
to survive (sugars form hydrogen bonds with water, thus effectively removing the 
water from the system). Sugar, either in the form of refined sugar (sucrose) or 
honey (mainly fructose), has also been used for thousands of years to preserve 
food. Jam is simply fruit boiled with sugar and bottled aseptically. Sugar can also 
be used to bottle or can fruit which involves heating the fruit in a strong sugar 
solution in jars and sealing the jars aseptically. Both bottled fruits and jams will 
keep for years.

There are also many modern means of preserving food using gases (e.g. nitrogen) 
and chemicals (e.g. sodium benzoate) to inhibit microorganism growth, or using 
irradiation (see Chapter 12) to kill them. These techniques are associated with 
risks  to the consumer and therefore are often controversial; we must not forget, 
however, that the risk of harm following exposure to a food pathogen is likely to be 
greater than the risk of the method of preserving the food (this will be covered in 
detail in Chapter 11). However, there is no doubt that pickling with vinegar and 
preserving in sugar represent a negligible risk to the consumer …  unless, of course, 
you eat too much of the sugar-preserved food and your teeth decay and you 
become obese!

Sodium benzoate itself has a very low toxicity – no adverse effects have 
been  seen in humans dosed up to 850 mg/kg body weight/day. However, in 
the  presence of ascorbic acid (vitamin C) sodium benzoate can react to form 
benzene (Figure  1.7) which is a carcinogen. Since many foods that sodium 
benzoate might be used to preserve might also contain ascorbic acid, perhaps 
the risk is not worth the benefit. On the other hand, benzoic acid is present at 
low concentrations naturally in some fruits (e.g. cranberries) and they contain 
ascorbic acid too, so you cannot avoid the risk if you choose to eat these 
foods.  Sometimes ‘natural’ is not good (See Chapter 8 for many more 
examples),  but whichever way you look at it the risk is very low indeed (see 
Chapter 2).

For cats, the risk of cancer following benzene exposure via foods preserved 
with  benzoate is significant because cats have very different routes of 
metabolism  to  humans and are unable to detoxify benzoate efficiently and so 
benzoate itself is toxic to cats. For this reason, the allowable level of sodium 
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benzoate in proprietary cat foods is significantly lower than the corresponding level 
for foods intended for human consumption.

The influence of religion on food safety

Many religions are strict about what foods can be eaten and how they should 
be  prepared. There is often little rationale for this except that it was decreed 
 thousands, or more, years ago by the prophets or gods of the religion 
concerned.  It  is  tempting to speculate that the reason that the food rules were 
 originally introduced was because they constituted a simple means by which 
food  was made safer to eat. There are good examples that illustrate this from 
Judaism and Islam.

The Old Testament prohibits the Jews from eating pork:

And the swine, because it divideth the hoof, yet cheweth not the cud, it is 
unclean unto you: ye shall not eat of their flesh, nor touch their dead  carcase. 
(Deuteronomy 14:8)

Similarly the Koran forbids pork consumption:

He has only forbidden you dead meat, and blood, and the flesh of swine … .’

Banning pork was a very sensible food safety rule for a warm climate thousands 
of years ago. Pigs can be infected by the parasite Trichinella (see Chapter 5, 
Trichinella sp.) and it is likely that many more pigs were infected then than are 
infected now.

Trichinella is a roundworm (nematode) that infects pigs and spreads quickly via its 
eggs in infected animals’ faeces. Consumption of undercooked Trichinella-infected 
pork can lead to human infection which leads to severe fever, myalgia, malaise and 
oedema as the Trichinella larvae infest the host’s muscles. Modern meat production 
hygiene operated in most developed countries has reduced the incidence of human 
trichinellosis to very low levels – in the USA there were only 25 cases between 1991 
and 1996, whereas in Asia and parts of eastern Europe there are still thousands of 
cases annually. Since the animal husbandry and meat production hygiene were 
primitive in the times of Christ and Allah it is very likely that most pigs were 
Trichinella-infected and therefore the risk of disease from eating pork was great. So 
what better food safety legislation than to ban pork consumption through the 
religious statutes?

O

C

–O

BenzeneBenzoate
CO3

2−

Ascorbic acid

Figure 1.7 The oxidation of benzoate by ascorbic acid to form highly toxic benzene.
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The impact of space travel on food safety

The biggest impetus to make absolutely certain that food is safe was the 
introduction  of space travel in 1960s USA. Astronauts must eat, but they 
simply  cannot become ill while floating around in space, primarily because 
they  usually do not have a doctor on board to treat them, and if they 
did  the  ‘hospital’  facilities would be rudimentary at best. There is a rather 
more  pressing and pragmatic reason for not getting food-borne illness in 
the  confines of a space craft orbiting the earth – most food-borne illnesses 
are  associated with diarrhoea and vomiting and this is out of the question in a 
spaceship at zero gravity for obvious reasons. The developers of the US 
space  programme realised the potential problems associated with unsafe food 
in  space and therefore they formulated a series of extremely strict rules to 
ensure that the food consumed by astronauts would not make them ill. Producers 
of food for space travel had to ensure that it was sourced from reliable producers, 
that it was prepared under ultra-hygienic conditions, that it was cooked properly 
(to kill any pathogenic organisms that might be present) and packaged in a way 
that prevented later contamination (Figure  1.8). In addition, they developed a 
testing regime to check that astronauts’ food was not contaminated with potential 
human pathogens. The system worked – as far as I am aware there has not been a 
serious incident of food-borne illness on any space mission so far.

Figure 1.8 Space food used by US astronauts. It is sterilised and vacuum packed to 
prevent food-borne illness in space. (Picture from http://en.wikipedia.org/wiki/
File:ISSSpaceFoodOnATray.jpg.)
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The system that the US Space Agency formulated is the basis of modern 
food  safety principles and has been adopted as the Hazard Analysis and Critical 
Control Point (HACCP) approach to minimising food-associated risk.

It is clear that making food safe by preventing the growth of spoilage and 
pathogenic organisms has been practised for a very long time. This is important 
because it allows food to be stored for times when it is less plentiful. We still use 
ancient food preservation techniques today to make some of our finest delicacies, 
including salami, yoghurt and cheeses. The idea that ‘germs’ in food might make the 
consumer ill is a much more recent (within the last 150 years) leap in understanding 
and the concept of chemical contamination causing illness is even more recent; 
these two facets of food safety form the basis of food legislation (see Chapter 16) in 
most countries.

In the following chapters we will explore what makes food unsafe, the processes 
that are used to make food safe and the laws that are in place to make it an offence 
to sell unsafe food. Food is safer now than it has ever been. Read on and you’ll find 
out why.
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1.1 Introduction

During recent years, worldwide heavy rainfalls and floods, forest fires, occurrences, and
the spread of newdiseases, as found in the new strains of different pathogens and viruses,
abnormal bacterial growth, and higher incidences of insect pests are direct indications
of drastic environmental changes globally. It is now well established and documented
that anthropogenic greenhouse gas (GHG) emissions are the main reason for the cli-
mate change at global level. It is also well recognized that agriculture sectors are directly
affected by changes in temperature, precipitation, and carbon dioxide (CO2) concen-
tration in the atmosphere. Thus, early and bold measures are needed to minimize the
potentially drastic climate impacts on the production and productivity of various field
crops. Inmost of the developing countries inAfrica, Asia, andAsia Pacific regions, about
70% of the population depend directly or indirectly for its livelihood on the agriculture
sector and most of this population lives in arid or semiarid regions, which are already
characterized by highly volatile climate conditions (Yadav et al., 2015).
Food, from staple cereal grains to high protein legumes and oilseed crops, is central to

human development and well-being (Misselhorn et al., 2012); however, the complexity
of global food security is challenging and will be made more so under climate change.
The world continues to face huge difficulties in securing adequate food that is healthy,
safe, and of high nutritional quality for all (Redden et al., 2014a). Considering the com-
plexity of climatic change, the crop, plants, and livestock are inherently affected by too
much or too little water, too high or too low temperatures, the length of the growing
season, seasonal variation, other climatic extremes, etc.
If we consider weather extremes during 2010 – 11, in Russia there were severe heat

waves and approximately 30% of grain crops were lost due to burning, which resulted in
huge losses to the Russian economy. Likewise, in Pakistan, the worst floods in 80 years
of history occurred, and it was suggested in different media reports that one–fifth of
the country area and more than 14% of cultivated land were submerged. Considering
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2 1 Climate Change, Agriculture and Food Security

the Indian weather scenarios during recent years some parts are having good rains and
some parts are under drought and cultivation of many field crops is difficult in those
areas and crop productivity is adversely affected.
The Intergovernmental Panel on Climate Change (IPCC) defined “climate change as

any change in climate over a time period that alters the composition of the global atmo-
sphere and this change might be due to natural climate variability or a result of human
activity”. According to the United Nations Framework Convention on Climate Change
(UNFCC) climate change refers to “a change of climate which is attributed directly or
indirectly to human activity that alters the composition of the global atmosphere and
is in addition to natural climate variability observed over comparable time periods”.
Human activities, most importantly the burning of fossil fuels, natural causes, indus-
trialization, and changes in land use are modifying the concentrations of atmospheric
constituents or properties of the surface that absorb or scatter radiant energy.Themajor-
ity of the warming observed over the last 50 years was likely due to the increase in
greenhouse gas concentrations (IPCC, 2001) and future changes in climate are expected
to include additional warming, changes in the amount of rainfall and its distribution pat-
tern, rise in sea-level, and increased frequency and intensity of some climate extreme
events such as flood, drought, and temperature severity.
According to the Special Report on Emissions Scenarios (Nakic’enovic’ and Swart,

2000), the carbon dioxide concentration (CO2) in the atmosphere which was 284 ppm
in 1832will increase to approximately 550 ppmby 2050.This, in combinationwith other
changes in the atmosphere, is likely to change the Earth’s climate, making it warmer by
an average of 1.80C to 4.00C by the end of this century (IPCC, 2007). The temperature
increase is widespread over the globe, and is greater at higher northern latitudes, while
land regions have warmed faster than the oceans. This warming will increase the evap-
otranspiration of water from wet surfaces and plants, leading to increased but more
variable distribution of precipitation.The concentration of ozone (O3) will also increase
as a result of industrialization and this will have a negative impact on crop growth and
productivity. The global average sea level has risen since 1961 at an average rate of
1⋅8 mm/year and since 1993 at 3⋅1 mm/year with contributions from thermal expan-
sion, melting glaciers and ice caps, and the polar ice sheets (IPCC, 2007). The annual
average Arctic sea ice extent has shrunken by 2⋅7% per decade, with larger decreases
in summer of 7⋅4% per decade. Mountain glaciers and snow cover on an average have
declined in both hemispheres (IPCC,2007). These general features of climate change
act on natural and biological systems. The changes in climate, particularly increases in
temperature have already affected a wide range of physical and biological systems in
many aquatic, terrestrial and marine environments in various parts of the world. The
climate change will increase the risks of extinction of more vulnerable species and loss
of biodiversity. The extent of damage or loss and the number of systems affected would
increasewith themagnitude and rate of climate change.Thehuman systems that are sen-
sitive to climate changemainly include water resources, agriculture and forestry, coastal
zones and marine systems, human settlements, and human health. The extent of the
vulnerability of these systems depends on the geographical location and environmental
conditions. The projected adverse impacts of climate change on human systems (IPCC,
2001) include: i) a general reduction in potential yields of crops in most of the tropical
and sub-tropical regions for increases in atmospheric temperature; ii) a general reduc-
tion in potential crop yields in most of the regions in Mid-latitudes due to increases in
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annual average temperature of more than a few 0C; iii) decreased availability of potable
water for populations in many water-scarce regions, particularly in the Sub-tropics;
iv) increased incidences of vector-borne and water-borne diseases and an increase in
heat-stress mortality; v) increased risk of flooding for many human settlements because
of increased occurrences of heavy precipitation and also a rise in the sea-level; and vi) a
general increase in the demand for energy due to higher summer temperatures in differ-
ent parts of the world. Climate change is also known to have some beneficial effects on
the human system (IPCC, 2001). The positive impacts of climate change include: i) an
increase in the potential yields of some crops in some of the regions in Mid-altitudes
for increases in temperatures of less than a few 0C; ii) a potential increase in global
supply of timber from well managed forests; iii) an increase in the availability of water
in some water-scarce regions in some parts of Southeast Asia; iv) A decrease in the
winter-mortality in mid- and high altitudes; and v) reduced demand for energy due to
higher winter temperatures.

1.1.1 Climate Change and Agriculture

The world population will continue to grow and is expected to reach 9.1 billion by 2050
(Charles et al. 2010). The total food production will have to be increased by 70–100%,
if all these people are to be fed sufficiently (Smil, 2005; World Development Report,
2008). Increasing food production to feed this ever-increasingworld population in a sus-
tainable way is a great challenge, moreso at a time of rapid environmental change with
rising temperatures and extreme climate events threatening food production globally.
Agriculture is inherently sensitive to climate variability and change, as a result of either
natural causes or human activities (Wheeler and Braun, 2013). Climate change caused
by emissions of greenhouse gases is expected to directly influence crop production sys-
tems for food, feed, or fodder; to affect livestock health; and to alter the pattern and
balance of trade of food and food products. Climate change has already started affecting
agricultural growth and these impacts will vary with the degree of warming and associ-
ated changes in rainfall patterns, as well as from one location to another. According to
the Intergovernmental Panel on Climate Change (IPCC, 2014), climate variations affect
crop production in several regions of the world, with negative effects more common
than positive, and developing countries highly vulnerable to further negative impacts.
Climate change is estimated to have already reduced global yields of maize and wheat by
3.8% and 5.5% respectively (Lobell et al., 2011), and several researchers predicted steep
decreases in crop productivity when atmospheric temperatures exceed critical physio-
logical thresholds of agricultural crops (Battisti and Naylor, 2009; Wheeler et al., 2000).
Climate change is already happening and represents one of the greatest environmental

and societal threats facing the planet and our own existence. With the Paris Agreement
on Climate Change in force this month and the skeptics who threaten its implementa-
tion, the time for bold and unprecedented action has never been more critical. For the
livelihoods of the so-called “forgotten billion”, who live in dryland, on the margins of
environmental sustainability, and where the harshest climate change scenarios are the
fact of life, such action is vital! It is expected that drylands will expand by 11% by 2100
due to climate change. Fifteen out of 24 ecosystem services are already in decline,making
drylands increasingly unproductive. About 10% of drylands are already degraded, and
more land will continue to degrade in the upcoming years. Yet, drylands and agricul-
tural research in drylands do not receive much attention or investment from the wider
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community of scientific research, development agencies, policy makers, or the private
sector.This is in part due to huge misconceptions or oversimplifications socioeconomic
factors, and the valuable things we can learn about climate change mitigation and adap-
tation from examining the complex interactions of these factors in drylands.

1.1.2 Impact of Dioxide on Crop Productivity

An important change for agriculture system is increased concentrations of carbon diox-
ide (CO2) in the atmosphere. As per the IPCC Special Report on Emission Scenarios
(SRES), the atmospheric CO2 concentration is projected to increase to >550 ppm by
2050 and 800 ppm by 2100. Higher concentrations of CO2 will have a positive effect
on many crops resulting in enhanced accumulation of biomass and the overall yield.
However, the magnitude of this effect varies depending on type of management of crop
(e.g. irrigation and fertilization regimes) and also crop type. Experimental yield response
to elevated CO2 show that under optimal growth conditions, crop yields increase at
550 ppm CO2 in the range of 10% to 20% for C3 crops (such as wheat, rice, and soy-
bean), and only 0–10% for C4 crops such as maize and sorghum (IPCC, 2007). It has
been projected that in the next few decades, CO2 trends will be likely to increase global
crop yields approximately by 1.8% per decade. The impact of climate change on nutri-
tional quality of agricultural produce is not properly understood. However, some cereal
and forage crops, for example, show lower protein concentrations under elevated CO2
conditions (IPCC, 2001).
Some aspects of global climate change are expected to benefit agriculture. It has been

projected that in the next few decades CO2 trends will likely increase global crop yields
by roughly 1.8% per decade (IPCC, 2001). The increasing concentrations of CO2 in the
atmosphere can have a positive impact on the rate of photosynthesis, particularly in C3
plants. Rising CO2 is estimated to account for approximately 0.3% of the observed 1%
increase in global wheat production (Fischer and Edmeades, 2010). The free air carbon
dioxide enrichment (FACE) experiments have shown that the average yield increase of
C3 species was 11%, but no significant responses in case of C4 species such as maize and
sorghum (Long et al., 2005).TheCO2 affects the water use by crop plants because higher
concentrations cause partial closure of stomata, and the decrease in the aperture of
stomata reduces the rate of water consumption.The FACE experiments in potatoes have
shown thatCO2 enrichment increased tuber yield by 43%, decreasedwater consumption
by 11%, and as a result increased the water use efficiency (WUE) by about 70% (Magli-
ulo et al., 2003). In a similar experiment on sugar beet, it was found that the amount
of water consumed during the growing season reduced by 20% while yield increased by
8% (Manderscheid et, al., 2010). The magnitude of increased CO2 effects on dry matter
production depends upon the illumination conditions, water availability, N supply, and
the transport and storage of the photosynthates (Jaggard, et al., 2010). In all cases of
FACE experiments, the relative response to enriched CO2 was generally positive when
the Nitrogen amount applied was inadequate, as in the case of wheat (Kimball, et al.,
1999), rice (Kim et al., 2003). Thus, the enriched CO2 atmosphere should help to sus-
tain the crop yield even when the use of nitrogenous fertilizer is restricted to protect the
environment.
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1.1.3 Impact of Ozone on Crop Productivity

Ozone (O3) in the atmosphere is concentrated mostly in the upper layers of the atmo-
sphere (Stratosphere) where it absorbs UV radiation. It is also present in the lowest
layer of the atmosphere, called the troposphere or the Earth’s surface. Tropospheric O3
is a spatially and temporally dynamic air pollutant as well as a powerful greenhouse
gas (Ainsworth, 2017). As a result of increased industrialization and human activities
Tropospheric O3 has risen from approximately 100 ppb in the late 1800s to monthly
average daytime concentrations exceeding 40–50 ppb at present (Monks et al., 2015).
This increased concentration of O3 in the atmosphere has made it the third most potent
anthropogenic greenhouse gas after CO2 and methane (IPCC, 2013).
The distribution of O3 over the land surface is not uniform globally. It varies from

region to region and also from season to seasonwithin the region.Ozone concentrations
vary from about 20 ppb in parts of Asia, the Middle East, Europe and North America
(Gillespie et al., 2012). According to Ramankutty et al. (2008), croplands in parts of
China, India, and the USA are exposed to higher concentrations of O3 than croplands in
Australia or Brazil. In India, O3 concentrations are the highest during the spring (Rabi)
crop growing season (October – April) with 8 h daily concentrations reaching 100 ppb
(Roy et al., 2009). Unlike India, O3 concentrations in the Corn Belt of theMid-west USA
are at the maximum during the summer growing season (Huang, et al., 2007). In India,
O3 concentrations increased 20% from 1990 to 2013 and in the case of China its con-
centrations increased 13% over the same period (Brauer et al., 2016). Thus, many of the
world’s most productive crop growing regions are exposed to continuously increasing
concentrations of O3 resulting in an adverse impact on agricultural productivity and
hence food security.
Yield reductions owing to ozone pollution can start at concentrations as low as 20 ppb

(Ashmore, 2002). The higher concentrations of O3 during crop growing seasons found
to have significant negative impact on crop yields (Burney and Ramanathan, 2014). Feng
and Kobayashi (2009) found that by 2050 probable yield reductions will be 8.9%, 9% and
17.5% for barley, wheat and rice, whereas 19.0 and 7.7% for bean and soybean, respec-
tively. Globally, it is estimated that 4–15% of wheat yields, 3–4% of rice yields, 2–5% of
maize yields and 5–15% of soybean yields are lost to O3 pollution (van Dingenen et al.,
2009; Avnery et al., 2011). In the absence of stricter air pollution control, it is projected
that increased O3 will further reduce wheat yields by 8.1–9.4% in China and 5.4–7.7%
in India by 2020 (Tang et al., 2013). Tai et al. (2014) found that increased O3 pollution in
South Asia could reduce wheat production as high as 40% in 2050. Such a trend would
lead to increased demand for land area devoted to crops by as much as 8.9% in Asia in
order to meet the increasing demand for food (Chuwah et al., 2015). The magnitude of
negative impact of O3 on crop yield depends on the growing season temperature and
water availability, and during dry years yield reductions in soybean and maize ranged
from 10–20%, depending on growing season temperature (McGrath et al., 2015). Crops
can experience both high background O3 concentrations throughout the growing sea-
son (termed chronic exposure) as well as acute O3 stress when concentrations exceed
approximately 100 ppb that can lead to hypersensitive response and induction of cell
death. By 2050 the impact of rising O3 is likely to eliminate most of the beneficial effects
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of yield increase due to increasing CO2 in C3 crops and cause a yield decrease of at least
5% in C4 species (Nelson, et al., 2009). As a result of the dynamic nature of O3, theremay
be little potential for adaptation of crops to rising O3 concentrations in the atmosphere
through altered crop management practices (Teixeira et al., 2011). However, the stud-
ies with rice indicate that there is scope to select for reduced O3 sensitivity. Therefore,
recent efforts are focused on breeding and biotechnological approaches for genetically
improving crops that can tolerate and respond to higher concentrations of Tropospheric
O3 (Ainsworth, 2008; Frei, 2015).

1.1.4 Impact of Temperature and a Changed Climate on Crop Productivity

The temperature variations and changes in the amount and distribution of rainfall
associated with increased CO2 concentration and continued emissions of greenhouse
gases will bring about changes in land suitability for crop cultivation and crop yields.
According to the Intergovernmental Panel on Climate Change (IPCC, 2007), global
mean surface temperature is projected to rise in a range from 1.8∘C to 4.0∘C by 2100.
In temperate latitudes, higher temperatures are expected to be beneficial to agriculture
and as a result the area under agricultural cropping is likely to increase. The length of
the growing period will also increase at higher latitudes and because of which there
may be increased accumulation of biomass resulting in higher crop yields (Parry et al.,
2004. Fisher et al. (2005) predicted that world cereal production will increase from 1.8
Gt to between 3.7 and 4.8 Gt by 2080 and much of this increase will be the result of
cropping on an additional 320 million ha in the Northern Hemisphere. However, in low
latitudes crop yields are likely to decrease, mainly because of increased temperature
which shortens the period for grain filling and sometimes stresses the plants at the
time of flowering and seed-set. A moderate incremental warming in some humid and
temperate grasslandmay increase pasture productivity and reduce the need for housing
and for compound feed (Rosenzweig et al., 2002). There may also be reduced livestock
productivity and increased livestock mortality in semi-arid and arid pastures. In drier
areas, there may be increased evapotranspiration and lower soil moisture levels (IPCC,
2001) and because of which some existing cultivated areas may become unsuitable for
cropping and some tropical grassland may become increasingly arid. Temperature rise
will also expand the range of many agricultural pests and diseases and increase the
ability of pest populations to survive the winter and attack spring crops. In general,
warming trends are likely to reduce global yields by about 1.5% per decade in the
absence of effective adaptation. Thus, the increases in the atmospheric temperature are
likely to impact adversely against the advantages of increasing concentrations of CO2
in the atmosphere. Extreme weather events are more likely to happen in the changed
climate of the future (Gornall et al., 2010).

1.2 Climate Change and Food Security

The Food and Agriculture Organization (FAO) defines food security as a “situation
which exists when all people, at all times, have physical, social, and economic access to
sufficient, safe, and nutritious food that meets their dietary needs and food preferences
for an active and healthy life”. This definition of the FAO involves four important
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dimensions of food supplies: availability, stability, access, and utilization (Schmidhuber
and Tubiello, 2007). The “availability” refers to the availability of food of appropriate
quality in sufficient quantities, supplied either through domestic production or imports.
The “stability” relates to the stable access to food as per the demand because to be food
secure, a population, household or individuals must have access to adequate amounts
of food at all times. The third dimension, “access”, involves access by individuals to
adequate resources in order to acquire appropriate foods in sufficient quantity for a
nutritious diet. Finally, “utilization” encompasses all food safety and quality aspects of
nutrition. In other words, utilization of food through adequate diet, clean water, sani-
tation, and health care to reach a state of nutritional well-being where all physiological
needs are met.
Agriculture is not only a source of the food but also a source of income for themajority

of the population. Therefore, the critical point for food security is not whether food is
available in sufficient quantity but themonetary and non-monetary resources at the dis-
posal of the population that are sufficient to allow everyone access to adequate quantities
of quality food. Climate change will affect all four dimensions of food security such as
food availability or food production, access to food, stability of food supplies, and food
utilization (FAO, 2006). About 2 billion out of the global population of over 7 billion
is food insecure because they fall short of one or several of FAOs dimensions of food
security. However, the overall impact of climate change on food security differs from
region to region and over time, and also on the overall socioeconomic conditions of the
population (IPCC, 2001).

1.2.1 Climate Change and Food Availability

Climate change affects agriculture and food production in complex ways. It affects
food production directly through changes in agroecological conditions and indirectly
by affecting growth and distribution of incomes, and thus demand for agricultural
produce. The response of crop yield to climatic variations depend mainly on the
species, cultivar grown, soil conditions, direct effect of CO2 on plants, and other
location specific factors. The climatic changes such as atmospheric concentrations of
CO2 and O3 and temperature and rainfall pattern are projected to directly influence
the rates of improvement in agricultural productivity and food availability and thereby
global food security in the future. Rosenzweig and Parry (1994) found that enhanced
concentrations of atmospheric CO2 increase the productivity of most crops through
increasing the rate of leaf photosynthesis and improving the efficiency of water use.
According to them, there is a large degree of spatial variation in crop yields across the
globe. In general, yields increased in Northern Europe but decreased across Africa and
South America (Parry et al., 2004). Crop yields are also more negatively affected across
most tropical areas than at higher latitudes and impacts become more severe with
an increasing degree of climate change. Furthermore, large parts of the world where
crop productivity is expected to decline under climate change coincide with countries
that currently have a high burden of hunger (World Bank, 2010). Wheeler and Braun
(2013) concluded that there was a robust and coherent pattern of the impacts of climate
change on crop productivity globally and hence, on food availability. They projected
that climate change will exacerbate food insecurity in areas that already have a high
prevalence of hunger and under nutrition. A recent systematic review of changes in the
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yields of the major crops grown across Africa and South Asia under climate change
found that average crop yields may decline across both regions by 8% by the 2050s
(Knox et al., 2012). Across Africa, yields are predicted to change by –17% (wheat), –5%
(maize), –15% (sorghum), and –10% (millet) and across South Asia by –16% (maize)
and –11% (sorghum) under climate change. No mean change in yield was detected for
rice. Knox et al. (2012) concluded that evidence for the impact of climate change on
crop productivity in Africa and South Asia is robust for wheat, maize, sorghum, and
millet, and inconclusive, absent, or contradictory for rice, cassava, and sugarcane.

1.2.2 Climate Change and Stability of Food Production

The stability of food production ensures supply of food in sufficient quantity as per the
demand at all the time. Global climatic conditions are expected to becomemore variable
than at present, with increases in the frequency and severity of extreme weather events
such as cyclones, floods, hailstorms, and droughts. Such extreme weather events can
adversely affect the stability of food production and therefore food security by bringing
greater year-to-year fluctuations in crop yields. It is projected that the areas subject to
high climate variability are likely to expand in future, whereas the extent of short-term
climate variability is likely to increase across all regions globally. Droughts and floods
are the dominant causes of short term fluctuations in food production in semi-arid and
sub-humid areas of the world. If climate fluctuations become more pronounced and
more widespread, such extreme events will become more and more severe and more
frequent. In semi-arid areas, droughts can drastically reduce crop yields and livestock
numbers and their productivity (IPCC, 2001).The sub-SaharanAfrica andparts of South
Asia are more prone to such climatic variations, meaning that the poorest regions with
the highest level of chronic undernourishment in the world will also be exposed to the
highest degree of instability in food production (Bruinsma, 2003).

1.2.3 Climate Change and Access to Food

Access to food refers to the ability of individuals, communities, and countries to pur-
chase sufficient quantities of quality food as per their demand. Over the last 30 years,
falling real prices for food and rising real incomes have led to substantial improvements
in access to food in many of the developing countries. This increased purchasing power
has allowed a growing number of people to purchase not only more food, but also more
nutritious food with higher contents of protein, micronutrients and vitamins (Schmid-
huber and Shetty, 2005). East Asia and to a lesser extent the Near-East/North African
region have particularly benefited from a combination of lower real food prices and
robust income growth (FAO, 2006). In both regions, improvements in access to food
have been crucial in reducing hunger and malnutrition. Fischer et al. (2005) discussed
the impact of climate change on agricultural gross domestic product (GDP) and prices.
At global level, the impacts of climate change are likely to be very small; the estimates
range from a decline of -1.5% to an increase of +2.6% by 2080. At regional level, the
importance of agriculture as a source of income can be much more important. In these
regions, the economic output from agriculture itself will be an important contributor to
food security.The strongest impact of climate change on the economic output of agricul-
ture is expected for sub-Saharan Africa, which means that the poorest and already most
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food-insecure region is also expected to suffer the largest contraction of agricultural
incomes due to climate change. Agriculture is the main source of food as well as income
in many developing regions of the world. Climate change poses a serious threat to food
access for both rural and urban populations by reducing agricultural production and
incomes, increasing risks and disrupting markets (Olsson et al., 2014).

1.2.4 Climate Change and Food Utilization

A proper utilization of food required for attaining nutritional well-being that depends
upon water and sanitation will be affected by any impact of climate change on the health
of the environment (Wheeler and Braun, 2013). Climate change will affect the ability of
individuals to utilize food effectively by altering the conditions for food safety and chang-
ing the disease pressure from vector, water, and food-borne diseases (Schmidhuber and
Tubiello, 2007). Climate change directly affects safety of the food.The changing climatic
conditions can initiate a vicious circle where infectious disease causes or compounds
hunger, which in turn, makes the affected populations more susceptible to infectious
disease. The result can be a substantial decline in labor productivity and an increase in
poverty and even mortality. The increased frequency and severity of extreme weather
events due to climate change such as drought, higher temperatures, or heavy rainfalls
have an impact on the disease pressure, and there is growing evidence that these extreme
changes affect food safety and food security (IPCC, 2007). The report also emphasizes
that increases inmean daily temperatures will increase the frequency of food poisoning,
particularly in temperate regions. The rising temperatures are reported to be strongly
associated with increased incidences of diarrheal disease in adults and children. Simi-
larly, extreme rainfall events can increase the risk of outbreaks of water-borne diseases
particularly where traditional water management systems are insufficient to handle the
climate extremes (IPCC, 2007).The impacts of heavy precipitations and flooding will be
felt more strongly in environmentally degraded areas and where sanitation and hygiene
is lacking. All these events will raise the number of people exposed to different diseases
and thus lower their capacity to utilize food efficiently.
Wheeler and Braun (2013) proposed six general rules on the impact of climate change

on food security and actions to address hunger:
1) Climate change impacts on food security will be worst in countries already suffering

high levels of hunger and will worsen over time.
2) The consequences for global under nutrition and malnutrition of doing nothing in

response to climate change are potentially large and will increase over time.
3) Food inequalities will increase, from local to global levels, because the degree of cli-

mate change and the extent of its effects on people will differ from one part of the
world to another, from one community to the next, and between rural and urban
areas.

4) People and communities who are already vulnerable to the effects of extremeweather
now will become more vulnerable in the future and less resilient to climate shocks.

5) There is a commitment to climate change of 20 to 30 years into the future as a result
of past emissions of greenhouse gases that necessitates immediate adaptation actions
to address global food insecurity over the next two to three decades.

6) Extreme weather events are likely to become more frequent in the future and will
increase risks and uncertainties within the global food system.
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All of these general rules support the need for considerable investment in adaptation
andmitigation actions to prevent the adverse impacts of climate change on food security
and eradicating global hunger and under nutrition.

1.3 Predicted Impacts of Climate Change on Global
Agriculture, Crop Production, and Livestock

The agricultural sector is directly affected by changes in temperature, precipitation, and
CO2 concentrations in the atmosphere, but it also contributes about one-third to total
GHG emissions, mainly through livestock and rice production, nitrogen fertilization,
and tropical deforestation. Agriculture currently accounts for 5% of world economic
output, employs 22% of the global workforce, and occupies 40% of the total land area.
In the developing countries, about 70% of the population lives in rural areas, where
agriculture is the largest supporter of livelihoods. This sector accounts for 40% of gross
domestic product (GDP) in Africa and 28% in South Asia. However, in the future, agri-
culture will have to compete for scarce land and water resources with growing urban
areas and industrial production (Campen, 2011).
Creating more options for climate change adaptation and improving the adaptive

capacity in the agricultural sector will be crucial for improving food security and
preventing an increase in global inequality in living standards in the future (Smith,
2012). Droughts and floods have always occurred at local level, but they are predicted
to increase in intensity and frequency over this century. Severe events can devastate
agricultural environments, economies, and livelihoods of millions globally. Climate
change and disaster risk management are not confined to only some geographic
regions.
Wheeler and vonBraun (2013) point out that the patterns ofmodels on climate change

impacts on crop productivity and production have largely remained consistent over the
past 20 years, with crop yields expected to be most negatively affected in tropical and
subtropical regions and to overlap with countries that already carry a high burden of
malnutrition. Projections for the near term (20–30 years) predict that climate variability
and extreme weather events will increase and affect all regions with increasing negative
impacts on growth and yield, leading to increased concerns about food security, partic-
ularly in sub-Saharan Africa and South Asia (Burney et al., 2010; SREX, 2012).
Major climate change impacts by 2030 are expected for maize with a 30% yield reduc-

tion in South Africa as well as reductions in China, South, and Southeast Asia (Lobell
et al. 2008). Production of wheat, rice, millet, and Brassica crops are predicted to be
reduced in these regions, by up to 5% in SouthAsia, with severe impacts in India because
of less food per capita (Population Reference Bureau, 2007; Knox et al., 2012).
Desert encroachment is expected in theWest African Sahel with reduced production

of sorghum, although millet and cowpea production may rise. In tropical West Africa,
yields of peanuts, yams, and cassava are likely to decline. Central Africamay see reduced
production of both sorghum and millet. East Africa may have an increase in yield for
barley but a reduction for cowpea (Redden et al., 2014a)
In the Pacific Islands and other low-lying island areas, the impacts of erosion,

increased contamination of freshwater supplies by saltwater incursion, increased
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cyclones and storm surges, heat, and drought stress are all expected to have a negative
toll on food production (Barnett, 2007).
The growing season is likely to lengthen at high boreal latitudes such as in Nordic

Europe, Siberia, Greenland, and Canada.This will result in widening agricultural oppor-
tunities, albeit with possible extreme weather fluctuations. Such changes could provide
opportunities for underutilized and semi-domesticated local crops, for example, fruit
species from Siberia will have the opportunity to be more widely grown in new culti-
vation niches and also provide benefits for their health food properties (Holubec et al.,
2015). Such changesmay result in the changing or developing ofmarkets for novel crops
and new utilization.

1.3.1 Climate Change Mitigation, Adaptation, and Resilience

The following paragraphs on climate change mitigation, adaptation, and resilience has
been reproduced by the author fromChapter 1 on Impact ofClimateChange onAgricul-
ture Production, Food, and Nutritional Security (Yadav et al., 2015) in the book on Crop
Wild Relatives andClimate Change, First Edition Edited by Redden, Yadav,Maxted, et al.
© 2015 John Wiley & Sons, Inc. Published 2015 by John Wiley & Sons, Inc.
Never before in the history of humanity has there been such focus by the world

scientists and farmers on securing future food production. Poor people and farming
communities living in regions already being impacted by climate change are already
developing effective community-based adaptation strategies (Ensor and Berger, 2009;
IFAD, 2010; Conway, 2012).In other areas identified as being at high risk from the
effects of climate change, farmers communities, and villages are being assisted in
the development of Climate-Smart Villages (http://ccafs.cgiar.org/climate-smart-
villages# Uxl8JreYbcs), while yet others are working to achieve more resilient land-
scapes by strengthening technical capacities, institutions, and political support for
multi-stakeholder planning and governance for Climate-Smart Landscapes (Scher-
ret al., 2012). The challenge is to actively seek strategies to adapt to climate change
and ensure that productivity can keep pace with the demand of a growing population
within a finite natural resource base (Reynolds and Ortiz, 2010). This will require a
holistic and integrated approach, which, among other things, will benefit from the
availability of stress-tolerant germplasm. Such strategies need to be linked to more
efficient and sustainable crop and natural resource management enabled by effective
policy support. This will require a worldwide concerted effort by scientists, farmers,
development agencies, and donors, if we are to meet the growing demand for food by
ensuring resilient agricultural and food systems
Closing the yield gap and increasing crop production will play a pivotal role with

greater access to the worlds genetic resources and their enhanced utilization by farmers
and breeders of genetic methods worldwide. A better understanding of crop physiology
and genetic sequencing technology means that a more targeted approach to selection
across multiple traits is now possible, leading to the development of new crop varieties
for future challenging environments (Godfray et al., 2010). This will necessitate much
greater utilization and sharing of the plant genetic diversity that currently exists in the
more than 1700 gene banks globally by the worlds plant breeders (Guarino and Lobell,
2011; McCouch et al., 2013).
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1.3.2 Mitigation

Reynolds and Ortiz (2010) and Cribb (2010) highlight that crop production mitigation
strategies include improved soil management practices; mulch and cover cropping;
conservation tillage; more efficient N utilization, improved rice cultivation techniques,
and improved manure management practices that will reduce methane and nitrous
oxide emissions. These will require new crop varieties and different crop combinations
and management systems where agronomic practices have been modified (Hodgkin
and Bordoni, 2012). Crop production systems may be able to mitigate climate change
through the breeding of crop varieties with reduced carbon dioxide and nitrous oxide
emissions (Reynolds and Ortiz, 2010).

1.3.3 Adaptation and Resilience

The increased use of agricultural biodiversity, especially plant genetic resources, will
play an important role in improving both adaptability and resilience of agricultural
systems (Lin, 2011; Hodgkin and Bordoni, 2012). Lin (2011) highlights that crop
diversification can increase adaptation and resilience in a range of ways, including
enhanced capacity to suppress pest and disease outbreaks, as well as buffering crop
production from the impacts of greater climatic variability and extreme weather events.
Areas with greater diversity were found to be more resilient and to recover more rapidly
in Honduras following recent hurricanes (Hodgkin and Bordoni, 2012). A recent
worldwide review of 172 case studies and project reports demonstrate that agricultural
biodiversity contributes to adaptation and resilience through a range of strategies, often
integrated, that include protection and restoration of ecosystems, the sustainable use of
soil and water resources, agroforestry, diversification of farming systems, adjustments
in cultivation practices, and the use of crops with various stress tolerances and crop
improvement (Mijatovic et al., 2013).
While certain levels of adaptation will be achieved by moving new crops and crop

varieties to more favorable environments, crop improvement through plant breeding
and the incorporation of new genes will be as important (Guarino and Lobell, 2011).
Hodgkin and Bordoni (2012) highlight crop traits for adapting to changing climate and
changing production environments: pollination and the setting of seed under elevated
temperatures and enhanced resilience and adaptability in the face of increasingly vari-
able production conditions and increased frequency of extreme events.
We must make much better use of the genetic diversity that currently exists, both in

gene banks and in situ. It will require global efforts to secure and safeguard the large
amount of crop wild relatives (CWR) (and other Plant Genetic Resources (PGR)) not
already in storage and improved availability of prebreeding/germplasm enhancement
efforts that can develop novel genetic material (with resistances to changing distribu-
tions and populations of insect pests/diseases and tolerances to drought, flooding, salin-
ity, heat, and cold), with systems such as GENESYS to link gene banks and users so
information on Plant Genetic Resources (PGR) is more readily available (Guarino and
Lobell, 2011; Hodgkin and Bordoni, 2012).
Burke et al. (2009) have examined the likely future shifts in crop climates in

sub-Saharan Africa and explore what might be the priorities for crop breeding and the
conservation of crop genetic resources for agricultural adaptation. They conclude that
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most African countries will have novel climates in at least 50% of their current cropping
area by 2050. Often, there will be analog climates already existing in the current climates
of at least five other countries, this highlights the key role for international movement
of germplasm in future adaptation. However, the few existing climate analogs for some
countries were largely clustered in the Sahel. Reliance on just three cereals (rice, maize,
wheat) and a few other carbohydrate-rich staples might be sufficient to attain food
security, but if nutritional security is to be addressed as well, diverse diets that include a
range of grains, pulses, fruit, and nutrient-dense vegetables constitute a common-sense
approach to good health (Fanzo et al., 2013).
The neglected and underutilized species diversity and the range of adaptive traits

and characteristics they possess represent an important resource for climate change
adaptation. Unfortunately, they remain largely ignored by researchers and policymak-
ers. Increased efforts will be needed to secure diversity of crops and their wild relatives.
Climate change threats posed to crop diversity and CWRwill require enhanced comple-
mentary actions for both in situ and ex situ conservation, which will need to be adapted
to face the growing threats posed by environmental and climate change (Hodgkin and
Bordoni, 2012).

1.3.4 Policies, Incentives, Measures, and Mechanisms for Mitigation
and Adaptation

It is likely that future international agreements and collaborationwill become evenmore
important between countries and their genetic resources. Future climate scenarios are
likely to make countries even less reliant on their own national genetic resources and
more dependent on those of other countries. The role of the International Treaty for
Plant Genetic Resources for Food and Agriculture (ITPGRFA) and its Multilateral Sys-
tem (MLS) mechanism is therefore likely to become even more important in facilitating
this interdependence and collaboration, though a major question remains as to whether
the list of crops currently addressed by the treaty is sufficient under changing climate
(Hodgkin and Bordoni, 2012). Further, although the treaty has been in force since 2004
and has 121 contracting parties, bottlenecks to facilitated access still remain and will
need to be addressed if future access and sharing is expected to intensify (Bjornstad et al.,
2013). Regulations and financial incentives to facilitate efforts to improve land manage-
ment, maintain soil carbon content, and make more efficient use of agricultural inputs,
especially fertilizers and irrigation, will be required (Cribb, 2010; Wreford et al., 2010).
Lin (2011) points out improvements are urgently required to the policy realm if crop

diversification strategies are to be adopted more widely, stressing that to date efforts to
promote greater adoption of crop diversification has been slow and attributes this to
market incentives only for select few crops, the drive for biotechnology strategies, and a
commonly held belief that monocultures are more productive than diversified systems.
Financing mechanisms to fund the response to climate change will run into billions

of dollars requiring huge transformations in investments across many sectors (IFAD,
2010). Climate change will add dramatically to the cost of doing “development” with
betweenUS$49 billion andUS$171 billion per year, estimated as required for adaptation
alone by 2030. Carbon markets, relevant national policies, multilateral financial institu-
tions, bilateral and multilateral aid agencies all have important roles to play in helping
to mobilize the resources required (Wreford et al., 2010).
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1.4 Impact of Divergent & Associated Technologies on Food
Security under Climate Change

At global level it is not only the research organizations and governmental bodies
who are exploring various approaches to increase food production, safe storages
of argo-products, divergent utilization of food items, and quality seed production
and distribution, etc. Scientific communities are adopting different technologies for
maintaining regular and sustainable market supply for consumer satisfaction. Such
associated technologies which are in use at different levels and are under development
needs a brief discussion at this stage in this chapter. It is important to mention such
technologies viz crop rotational impact on crop productivity, sustainable quality
seed production and distribution of new varieties of different field crops, sustainable
research and development system in field crops, cereals are deficient in amino acids
which is compensated by proteins of legumes and vice-versa, seed certification system
and seeds legislation, role of improved crop varieties under climate change, role of plant
quarantine in agriculture, precision agriculture practices for quality seed production,
nutrient and weed management during crop production, etc. are vital for future
agriculture production system under climate change globally.
Moritz Reckling et al. (2015) suggested that methods are needed for the design and

evaluation of cropping systems, in order to test the effects of introducing or reintroduc-
ing crops into rotations.The interaction of legumes with other crops (rotational effects)
requires an assessment at the cropping system scale. They experimented the integra-
tion of legumes into crop rotations and to demonstrate its application. The framework
consists of a rule-based rotation generator and a set of algorithms to calculate impact
indicators. It follows a three-step approach: (i) generate rotations; (ii) evaluate crop
production activities using environmental, economic and phytosanitary indicators; and
(iii) design cropping systems and assess their impacts. It was observed that cropping sys-
tems with legumes reduced nitrous oxide emissions with comparable or slightly lower
nitrate-N leaching and had positive phytosanitary effects. In arable systems with grain
legumes, gross margins were lower than in cropping systems without legumes despite
taking pre-crop effects into account. Forage cropping systems with legumes had higher
or equivalent gross margins and at the same time higher environmental benefits than
cropping systems without legumes.
Given the negative side-effects of many current agricultural practices, along with

changes in both climate and international trade conditions, novel and resource-efficient
production methods are needed. In Europe, less than 30% of the plant-based protein
supplement fed to livestock is produced within the continent (Bouxin, 2014; Bues et al.,
2013). Moreover, rotations have become very narrow and their sustainability is often
questioned (Tilman et al., 2002). In order to design more sustainable cropping systems,
new methods are required.
Interactions between crops are an important component of how changes in cropping

systems impact on their agro-economic and environmental performance. Fertilization,
nitrogen mineralization, nitrate leaching, greenhouse-gas emissions, infestations with
pests, diseases and weeds, and eventual crop yield are all affected not only by the man-
agement of the individual crops but also by long-term processes that are influenced by
crop sequence (Bachinger and Zander, 2007; Detlefsen and Jensen, 2007; Dogliotti et al.,
2003).
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Sain Dass et al. (2017) in a personal communication observed that the paradigm shift
in global agriculture is bound to comewhen combination of crop productivity positively
linked with soil fertility including health, crop growing environment and nutritional
security. The favorable combination of all these factors during cropping season will
provide a path to sustainable agriculture production system under climate change. To
achieve the proposed shift, the role of quality seeds is extremely important to maintain
the seed replacement ratio in the agriculture production system and in achieving the
higher productivity of different field crops globally. They feel that the combined and
integrated approaches during crop cultivation system involving improved crop vari-
eties, maintenance of good soil health, favorable crop-growing environment, appropri-
ate management of plant nutritional security, and planting of quality seed by farming
communities under climate change is needed for sustainable agriculture production sys-
tem to meet the future challenges of food security.
Reardon (2016) suggested that the supply chain transformation can move the world

toward greater food security. For small-scale farmers and rural entrepreneurs, the
road to alleviating poverty and increasing incomes will increasingly run through cities.
To meet urban food needs and realize the promise of agriculture for reducing global
poverty, it is critical that the development of food systems includes small farmers and
the small rural enterprises along the supply chain.

1.4.1 Integrated Pest Management (IPM)

“a strategy which combines all practical methods of managing pests including biolog-
ical, cultural, physical and chemical methods in a manner that attains the producer’s
production goals while minimizing economic, health and environmental risks”
For example, approximately 18% crop yield loss occurs annually due to pest incidence

in India alone, and the situation at global level is not much different than India. In a
personal communication and discussion with D.B. Ahuja, Director, National Centre for
Integrated Pest Management, Indian Agricultural Research Institute, New Delhi, India,
(Email:deshbandhu4@rediffmail.comWeb: www.ncipm.org.in) such damages were dis-
cussed, which suggested that these crop yield losses are of high order but differ, however
from place to place and year to year. Under climate change such losses needs to be min-
imized so that the potential crop yield can be harvested and can be utilized to meet the
food security challenges globally.

1.4.2 Technological Options for Boosting Sustainable Agriculture Production

It is now clearly understood that under climatic change there will be a great demand for
quality and for nutritive food products to meet the challenges of food security at global
level. Thus, technological options which have been developed internationally should be
explored for public adoption globally. The major technologies involve those targeting
hybrid, quality seeds, climate smart production technologies like conservation agricul-
ture, water efficient technologies like drip/sprinkler irrigation and laser levelling, crop
intensification and diversification like cropping and farming systems, Biofortified food
like quality proteinmaize (QPM) andmicronutrient enriched food, food processing and
value chain management like silos, storage infrastructure and their maintenance, food
processing, cold chain management, etc. All such technologies are potential source for
increased agriculture production and food security under climate change.
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1.4.3 Mechanization in Agriculture Sector

The labor requirement in agriculture is a big challenge among farming communities to
carry out the various field operations during cropping season at global level.These chal-
lenges under climate change will create more and more difficulties in field operations
for increased food production. Thus, it is important to understand the nature of these
challenges for the production systems of various field crops. If these challenges worked
out scientifically and adopted at village levels systematically then food production can
be sustained successfully under climate change.Thus, farmmachineries for land prepa-
ration, planting operations, intercultural, harvesting, threshing, seed processing, seed
storages, transportation, etc. are important for small and large holding farmers sepa-
rately. With the utilization of suitable farm machineries at village levels, the labor cost
can be minimized, optimization in various field operations can be achieved, farm effi-
ciency can be increased manyfold, irrigation system can be efficiently improved, and
crop diversification can be achieved. All such activities will promote a sustainable agri-
culture production system including productivity, profitability, and stability at farm level
and will enhance the food and nutritional security under climate change.

1.4.4 Food Processing and Quality Agro-Products Processing

Under climate change it is imperative that postharvest technologies including food
processing and development of value addition chain of agro-products is important
for food security. The life style is changing globally, rapid urbanization is happening,
while increased literacy, women in the workforce, rising per capita income, etc. are
leading to rapid growth and new opportunities in the agriculture sector globally. With
these changes the challenges in the food sector are increasing day by day. Thus, it is
imperative to bring rapid transformational changes in the food processing sector and
in establishing the value addition chain of various quality agro-products globally to
meet the big challenges of food and nutritional security under climate change. The
transformational changes are more relevant during storages of such agro-products
and distribution among consumers at city and village levels throughout the world.
Additional financial obligations and resources are needed for the establishment of
new processing and storage facilities which should be ensured by the world leaders in
respective countries in each continent.This will ensure sustainable food and nutritional
security under climate change at global level in the years to come.
Judith Ann Francis and Arnold van Huis (2016) suggested that the task of achieving

sustainable intensification of agriculture is now one of the greatest intellectual, social
and economic challenges to feeding a world population that is projected to reach
9 billion by 2050. While yields can be increased using available technologies (e.g. certi-
fied seeds, irrigation and small-scale machinery) – for example cereals in Sub–Saharan
Africa (SSA) under traditional low-input production systems yield less than 1 t/ha – the
reality is that this will not be simple. Success will depend on the nature of the policy
and institutional framework, the physical and human infrastructure, as well as the
ease with which knowledge, financing and markets can be accessed, and the assurance
that remunerations for public and private investors, including smallholder farmers,
will be attractive under internationally accepted trading norms. To achieve the goal
of inclusive development, the various options (technological, social, environmental
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and economic) will have to be assessed rigorously through the active engagement of
multiple stakeholders and by embracing different perspectives.

1.4.5 Planning, Implementing and Evaluating Climate-Smart Agriculture
in Smallholder Farming Systems

Rioux et al. (2016) under mitigation of climate change in agriculture for a FAO book
series wrote on planning, implementing, and evaluating Climate Smart Agriculture
(CSA) in Smallholder Farming Systems (SFS) and suggested imported ideas. Many
smallholder farmers in developing countries are facing food insecurity, poverty, the
degradation of local land and water resources, and increasing climatic variability.These
vulnerable farmers depend on agriculture both for food and nutrition security and
as a way of coping with climate change. If agricultural systems are to meet the needs
of these farmers, they must evolve in ways that lead to sustainable increases in food
production and at the same time strengthen the resilience of farming communities
and rural livelihoods. Bringing about this evolution involves introducing productive
climate-resilient and low-emission agricultural practices in farmers’ fields and adopt-
ing a broad vision of agricultural development that directly connects farmers with
policies and programs that can provide them with suitable incentives to adopt new
practices.
The term “climate-smart agriculture” (CSA) has been coined to describe the approach

that aims to achieve global food security and chart a sustainable pathway for agricul-
tural development in a changing climate. CSA seeks to increase farm productivity in a
sustainable manner, support farming communities to adapt to climate change by build-
ing the resilience of agricultural livelihoods and ecosystems, and, wherever possible, to
deliver the co-benefit of reduced GHG emissions. CSA is an approach that encompasses
agricultural practices, policies, institutions and financing to bring tangible benefits to
smallholder farmers and provide stewardship to the landscapes that support them.
On the ground, CSA is based on a mix of climate-resilient technologies and prac-

tices for integrated farming systems and landscape management. The evidence base
and knowledge to determine the practices that work best in a given context continue
to be expanded through the testing and implementation of a broad range of practices.
This work is creating a better understanding about the trade-offs that may need to be
made when striving to meet the interconnected goals of food security, climate change
adaptation and climate change mitigation, and about the synergies that exist between
these.

1.5 The Government of India Policies and Programs for Food
Security

To achieve stable food and nutritional security in India, the government of India
has implemented various policies and options from time to time. The major poli-
cies are (i) National Food for Work Programme (NFFWP); (ii) Antyodaya Anna
Yojana (AAY); (iii) Village Grain Banks Scheme; (iv) Integrated Child Development
Scheme (ICDS); (v) Essential Commodities Act – 1955; (vi) National Food Security
Mission (NFSM) – 2007; (vii) National Food Security Mission–Rice (NFSM–Rice);



�

� �

�

18 1 Climate Change, Agriculture and Food Security

(viii) National Food Security Mission–Wheat (NFSM–Wheat); (ix) National Food
Security Mission – Pulses (NFSM Pulses); (x) minimum support price for different
field crops; (xi) grain procurement of major field crops by government of India; and
(xii) public distribution of major food grains at low cost to the public at national level,
etc. In achieving stable food & nutritional security under climate change it is suggested
that internationally such policies can be implemented by various governments at
world level.

1.6 Conclusions

Keeping in view the various situations of climatic changes and their implications on
agriculture production, food, and nutritional security at global level, it is evident that cli-
mate change will bring a major change around the world. Climate change will affect not
only the food supply and nutritional availability to humans, but also the sustainability
of crop production, standards in livestock production, and harmony of socioeconomic
environments. Future increase in agriculture production, productivity, and profitability
is extremely important to maintain harmonies among different stakeholders at village,
district, province, national, and international levels.
Utilization of available genetic diversity in general and CWR specifically has not been

used extensively and intensively to raise the genetic yield potential of different field
crops globally. Importantly, CWR possess hardy gene pools for survival in adverse and
harsh environmental conditions. CWR need to be utilized as a priority in crop breeding
improvement programs internationally.
Climate change and biodiversity are closely linked and each impacts the other. Bio-

diversity is threatened by human-induced climate change, but biodiversity reduces the
impact of climate change. The presence of healthy biodiversity builds natural resilience
to climate extremes: for example, forests are nature’s social security check in times of
disaster and crisis; they also act as a sink for harmful GHG emissions.
In years to come, it is important that the increasing world population get the suffi-

cient nutritive food for the survival of mankind. It is possible only when the genetic
yield potential of future varieties is increased significantly by crop professionals, sus-
tained by farming communities, and supported by cropping managers globally. In this
dynamic and innovative system, there is a need for strong linkages between national and
international research organizations, crop improvement managers, policy makers, crop
management specialists, national and international traders, and farming communities
at global level.
Keeping in mind the sustainability of food production the various approaches like

(i) efficient and prudent use of inputs and judicious use of pesticides, herbicides and
fertilizers may be advocated; (ii) adapting to climate change using ecological, genetic,
and socioeconomic approaches; (iii) minimizing emissions of greenhouse gases like
methane, nitrous oxide, and carbon dioxide (CO2); (iv) strengthening resilience;
(v) reducing environmental impact; and (vi) soil moisture and natural enemies of pests
shall be protected.
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 1.1 Introduction

President Obama signed the Food Safety Modernization Act of 2011 (FSMA) 
in response to Congress’ efforts to address the food safety issue demands of a 
broad coalition of stakeholders – including produce growers, food processors, 
retailers, and consumers who were disturbed by a series of illness outbreaks 
and contamination incidents. These significant foodborne illness events, which 
involved both domestic and imported foods, undermined consumer confi
dence and imposed harmful and costly disruptions on consumers and food 
producers. Many believed that these events would be largely preventable if new 
laws were developed and implemented that utilized best practices for prevent
ing food safety problems.

The bills and subsequent law was focused on making these practices the 
norm for all domestic FDA‐regulated products in the United States (U.S.) 
market. Congress and the FDA realized that a significant portion of the food 
consumed in the U.S. is produced in foreign countries. They recognized the 
need to address food safety at a global scale to address the wide range of 
food, ingredients, and commodities the U.S. imports from over 200  countries 
and territories.

For both domestic and foreign food, FSMA regulatory mandates keyed 
in  on two proven basic principles of food safety that could address the 
 concerning incidents of food safety problems and the growing diversity of 
the global food supply. The new rules were, in principle, to be a scientific 
assessment of risk and were to implement controls that would prevent 
 significant food safety problems, rather than just to react to them after 
the fact.

FSMA regulations (Fed. Reg., 2015) explicitly recognize the food safety 
role of the food industry while giving regulatory authority to the FDA. With 
that, it rests on a third core principle that empowers those who produce 

What is Modern Food Safety, and How is that 
Different from HACCP?

0002808160.indd   1 10/3/2016   2:35:25 PM

CO
PY

RI
GH

TE
D 

MAT
ER

IA
L



FSMA and Food Safety Systems2

food for the commercial market to have the responsibility and capability to 
make it safe in accordance with recognized best practices for preventing 
harmful  contamination and preventing food safety hazards.

FSMA uses a risk‐based strategy and preventive controls to achieve its broad 
goals by fundamentally changing FDA’s food safety role and redefining its rela
tionship with other participants in the food system. These broad steps toward 
modernizing food safety are fundamentally sound and inherently necessary in 
the global environment and under existing resource limitations if food safety 
goals are to be achieved.

The language of FSMA is consistent with the Hazard Analysis Critical 
Control Points (HACCP) approach. In the U.S., HACCP is required for 
many foods, including meat and poultry, seafood and juice (NACMCF, 
1997; see Appendix B). Regulations within the European Economic 
Community require HACCP plans. Likewise, the Codex Alimentarius 
Commission notes that HACCP is a tool to assess hazards and establish 
control systems that focus on prevention rather than relying mainly on end‐
product testing. The keystone of FSMA, like HACCP, is the development of 
risk‐based preventive controls for food facilities. Food facilities are required 
to develop and implement a written plan for preventive controls and a writ
ten recall plan.

This involves:

1) Evaluating the hazards that could affect food safety;
2) Specifying what preventive steps, or controls, will be put in place to signifi

cantly minimize or prevent the hazards;
3) Specifying how the facility will monitor these controls to ensure they are 

working;
4) Maintaining routine records of the monitoring, and
5) Specifying what actions the facility will take to correct problems that arise.

The final rule implements the requirements of FSMA for covered facilities to 
establish and implement a food safety system that includes sound sanitation 
programs, a hazard analysis, and risk‐based preventive controls. Specifically, 
the rule establishes requirements for:

 ● A written food safety plan;
 ● Hazard analysis;
 ● Preventive controls;
 ● Monitoring;
 ● Corrective actions and corrections;
 ● Verification;
 ● Supply‐chain program;
 ● Recall plan; and
 ● Associated records.
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However, in order for the food safety plan to be effective, it must be built on a 
strong foundation of current good manufacturing practices (cGMPs). FSMA 
addresses cGMPs in the new rules under the Subpart B provisions. The 
importance of having effective and well implemented cGMPs can’t be over
stated. Many of the problems associated with low‐moisture foods, such as 
peanut butter, that lead to foodborne illnesses were because of poor basic 
sanitation practices.

 1.2 FSMA Sanitation and cGMPs

Several steps to modernize cGMPs have been incorporated in FSMA rules. For 
a better understanding of these developments, it may be helpful to recap where 
these initiatives originated. As background, the FDA issued a white paper in 
2005, titled “Food cGMP Modernization – A Focus on Food Safety,” to address 
significant changes that had occurred both in industry and in the science and 
technology of food safety. The last time cGMPs were revised was in the mid 
1980s. As FSMA regulations were being formulated by FDA, it became appa
rent that new food safety regulations should combine this earlier cGMP effort 
with the new initiative that was focused on preventive controls. This strategy 
led to the rewrite of 21 CFR Part 110 into 21 CFR Part 117 (Subpart B). Rather 
than having FDA pursue further modernization of cGMPs as a separate task, 
almost all stakeholders agreed with incorporating those improvement activities 
within the FSMA framework. As a result, the new FSMA rules for human foods 
are titled “Current Good Manufacturing Practice, Hazard Analysis, and Risk‐
Based Preventive Controls for Human Food” to included both cGMP and 
 preventive control updates.

Under the FSMA framework, cGMPs are revised and industry 
 responsibilities are clarified. The rule states what must be done in a facility 
to control sani tation, and the language in the regulation was updated, such 
as using the term “must” instead of “shall.” As with HACCP programs, 
requirements under cGMPs are included for personnel, plant and grounds, 
sanitary operations, sanitary facilities and controls, equipment and  utensils, 
processes and controls, warehousing, and distribution. The cGMPs were 
modified to clarify that certain provisions requiring protection against con
tamination of food also require protection against allergen cross‐contact. 
Regulations also now require cleaning of non‐food‐contact surfaces as 
 frequently as necessary to protect against contamination of food and food‐
contact surfaces. Additionally, food‐contact surfaces used for manufac
turing/processing or holding low‐moisture food must be in a clean, dry, and 
sanitary condition at the time of use. The rules place emphasis on education 
and training to ensure employees have the knowledge and/or experience 
necessary to make and produce safe food.
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FSMA and Food Safety Systems4

The following is a summary of the major components of FSMA regulations 
regarding cGMPs:

 1.3 FSMA Preventive Controls

HACCP is the predecessor of FSMA. Both approaches have the goal of estab
lishing a food safety system that will provide the environment for safe food 
production. That includes cGMPs and controls to prevent the food product 
from becoming adulterated by any known or foreseeable hazards coming from 
the foods or hazards resulting from faulty manufacturing operations. 
Contamination of food products typically comes from one of three different 
sources: 1) ingredients, 2) the processing environment, including equipment, 
or 3) people. A major difference between FSMA and HACCP is that HACCP is 
focused mainly on processing controls (called critical control points) while 
FSMA expands the aspects of controls to include allergen preventive controls, 
sanitation preventive controls, and supplier controls, as well as maintaining the 
importance process controls.

FSMA focuses on identifying hazards that are then mitigated by specific 
types of preventive controls. It requires a written analysis of potential hazards 
to determine if they are known or reasonably foreseeable and if they are severe 
enough to require a preventive control to be implemented. The first part of 
hazard analysis is the identification of potential biological, chemical (including 
radiological), and physical hazards that may be associated with the facility or 
the food. These hazards may occur naturally, may be unintentionally intro
duced, or may be intentionally introduced for economic gain. Controls are 
needed to manage the hazards introduced from these sources. With the signifi
cant hazards identified, preventive controls (of the types described above) are 
assigned and managed by plant personnel through well developed and docu
mented actions and procedures. FSMA also requires a written Food Safety 

21 CFR Part 117 (Subpart B) – Current Good Manufacturing Practices

Part 117.10 Personnel
Part 117.20 Plant and grounds
Part 117.35 Sanitary operations
Part 117.37 Sanitary facilities and controls
Part 117.40 Equipment and utilities
Part 117.80 Processes and controls
Part 117.93 Warehousing and distribution
Part 117.95 Holding and distribution of human food by‐products for use as 

 animal food
Part 117.110 Defect action levels

Note: Additional regulations may be applicable, see final rules.
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Plan, and if hazards are identified that need preventive controls, they are 
included in the plan. The Food Safety Plan is the primary document that guides 
the preventive controls of the food safety system.

FSMA details the requirements and contents of the Food Safety Plan:

 1.4 Process Controls

Process controls for biological hazards depend on the organism(s) of public 
health significance, the characteristics of the food, and the process used to 
product the food. In many foods that have a high‐moisture environment, 
pathogenic vegetative cells like E. coli O157:H7 and Salmonella are fairly easily 
killed during processing by heating or cooking. In low‐moisture foods, how
ever, Salmonella has unique thermal‐resistance and durability characteristics 
that need to be carefully considered in the context of developing the food safety 
controls where Salmonella can survive. For pathogens that produce bacterial 
spores that can survive heat and outgrow, producing toxic food, a different 
control approach is necessary. If the spore‐forming organism of public health 
concern is Clostridium botulinium, FSMA recognizes that well established 
regulations already exist in 21 CFR Part 113 and an exemption allows low‐acid 
canners to control this biological hazard using those regulations (see Part 
177.5). Other toxin‐producing spore formers, such a Clostridium perfringens 
and Bacillus cereus require a different control approach, usually a cooling tem
perature control. When the hazard analysis indicates a pathogen hazard, there 
are many factors in deciding the appropriate process control. The type of 
organism (vegetative cell or spore), the nature and characteristics of the 

Part 117.126 Food Safety Plan requirements.

Prepare, or have prepared, and implement a Food Safety Plan. It must be pre-
pared, or its preparation overseen, by one or more preventive controls qualified 
individuals.

The written Food Safety Plan must include the written:

 ● Hazard analysis
 ● Preventive controls
 ● Supply‐chain program
 ● Recall plan
 ● Procedures for monitoring the implementation of the preventive controls
 ● Corrective action procedures
 ● Verification procedures, and
 ● Records

Note: Additional regulations may be applicable, see final rules.
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pathogen, the condition of the food product (e.g., moisture, pH, aw) and other 
factors need to be considered. This may not be a simple task, given all the 
 factors and variables involved. Often designing the proper process control may 
require the input from subject‐matter experts such as a microbiologist, a  process 
authority, a consultant and/or other food scientists.

In HACCP terminology, using a processing step to kill vegetative patho
gens would typically be considered a critical control point (CCP). In FSMA, 
the concept is the same, and the action is called a process control. The 
potential hazard from bacterial pathogens and the appropriate mitigating 
steps would be identified in the hazard analysis with the oversight of the 
Preventive Control Qualified Individual (PCQI). Preventive controls would 
then become part of the Food Safety Plan as a process control, if a process
ing step is used to  inactivate the pathogen. For example, a cooking process 
may be part of a high‐moisture food manufacturing operation. With proper 
validation, it could be scientifically shown that this heating step will control 
Salmonella and remove the hazard. The cooking step becomes the point of 
control to be managed to ensure a Salmonella hazard does not exist for the 
food product.

When incorporating process controls into the Food Safety Plan, the  preventive 
controls required include only those appropriate to the facility and the food, as 
determined by hazard analysis. Process controls would typically be at CCPs, 
similar to HACCP.

 1.5 Sanitation Controls

Like process controls, sanitation preventive controls are those determined 
through a hazard analysis as necessary to significantly minimize or prevent: 
1)  environmental pathogens in a ready‐to‐eat (RTE) food exposed to the 

Part 117.135 (c)(1) Process controls.

Process controls include procedures, practices, and processes to ensure the 
control of parameters during operations such as heat processing, acidifying, 
irradiating, and refrigerating foods. Process controls must be included, as 
appropriate to the nature of the applicable control and its role in the facility’s 
food safety system:

i) Parameters associated with the control of the hazard; and
ii) The maximum or minimum value, or combination of values, to which 

any  biological, chemical, or physical parameter must be controlled to 
 significantly minimize or prevent a hazard requiring a process control.

Note: Additional regulations may be applicable, see final rules.
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environment prior to packaging where the packaged food does not receive a 
treatment that would significantly minimize the pathogen; 2) biological haz
ards in a RTE food due to employee handling; and 3) food allergen hazards. 
Other aspects of routine (cGMP) sanitation such as pest control and safety of 
water and employee health do not need to be in a Food Safety Plan unless these 
programs/procedures are determined to be of a nature where hazards will 
result unless a preventive control is applied.

In all cases, effective sanitation procedures are a front‐door to back‐door 
necessity to ensure safe food production. A hazard may be re‐introduced in an 
open plant environment postprocess. Routine plant sanitation standard oper
ating procedures and specific sanitation preventive controls work together to 
ensure food safety.

FSMA identifies certain ready‐to‐eat (RTE) foods where environmental moni
toring would be appropriate as a verification tool to confirm the effectiveness of 
the sanitation control. Foods such as peanut butter, dried dairy products for use in 
RTE foods, and roasted nuts are among the products for which manufacturing 
operations would need to have an environmental monitoring program when such 
foods are exposed to the environment. However, FSMA qualifies the need for 
implementing environmental monitoring as a possible verification activity as 
being appropriate to the food, facility, nature of the preventive control, and 
the role of that control in the facility’s food safety system. Environmental moni
toring generally would be required if contamination of a RTE food with an 

Part 117.135 (c)(3) Sanitation controls.

Sanitation controls include procedures, practices, and processes to ensure that 
the facility is maintained in a sanitary condition adequate to significantly mini-
mize or prevent hazards such as environmental pathogens, biological hazards 
due to employee handling, and food allergen hazards. Sanitation controls must 
include, as appropriate to the facility and the food, procedures, practices, and 
processes for the:

i) Cleanliness of food‐contact surfaces, including food‐contact surfaces of 
utensils and equipment;

ii) Prevention of allergen cross‐contact and cross‐contamination from 
 insanitary objects and from personnel to food, food packaging material, 
and other food‐contact surfaces and from raw product to processed 
product.

Note: Additional regulations may be applicable, see final rules.
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environ mental pathogen is a hazard requiring a preventive control. If environmental 
monitoring is used as a verification tool for sanitation controls, the following 
procedures are recommended by FDA:

Environmental Monitoring Procedures

 ● Identify test microorganism
 ● Identify locations (may be guided by zoning*) and number of sites to be 

tested
 ● Identify timing and frequency for collecting and testing samples
 ● Identify test, including the analytical method
 ● Identify the laboratory conducting testing
 ● Include corrective action procedures

 *(For information about zones and environmental monitoring, see 78 Federal 
Register 3646 at 3816).

 1.6 Supplier Controls

Globalization of the food supply has brought new challenges to the food 
industry. Fortunately, many of the same practices and procedures used for 
managing foods and ingredients from domestic suppliers also apply to foreign 
suppliers. When an identified bacterial hazard is mitigated and controlled 
within the facility, the burden of controlling the pathogen is taken in‐house. 
However, when a facility relies on their supplier to control the hazard: for 
example, if the food operation does not include a thermal processing step, the 
Food Safety Plan may need to include a supplier control to prevent pathogen‐
contaminated source material from entering the plant’s operations. Also, 
when a potential pathogen is passed on to a customer, that customer needs to 
be alerted to that fact and take proper actions to control the hazard.

Supply‐chain controls, implemented through a supply‐chain program, are 
required for ingredients or raw materials for which the receiving facility’s haz
ard analysis identified a hazard requiring a supply‐chain‐applied control. Other 
preventive controls may be identified as appropriate based on the hazard 

Part 117.165 (a)(3) Verification – Environmental Monitoring

Environmental monitoring, for an environmental pathogen or for an appropri-
ate indicator organism, if contamination of a RTE food with an environmental 
pathogen is a hazard requiring a preventive control, by collecting and testing 
environmental samples.

Note: Additional regulations may be applicable, see final rules.
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analysis. FSMA has introduce a regulation for supply chain programs that are 
designed to be flexible, recognizing that many food operations have many dif
ferent suppliers both domestically and foreign. The rule mandates that a man
ufacturing/processing facility have a risk‐based supply chain program for those 
raw materials and other ingredients for which it has identified a hazard requir
ing a supply‐chain applied control. Manufacturing/processing facilities that 
control a hazard using preventive controls, or who follow applicable require
ments when relying on a customer to controls hazards, do not need to have a 
supply‐chain program for that hazard. Covered food facilities are responsible 
for ensuring that these foods are received only from approved suppliers, or on 
a temporary basis from unapproved suppliers whose materials are subject to 
verification activities before being accepted for use. If a facility identifies a haz
ard that they will not control because the hazard will be controlled by a subse
quent entity, such as a customer or other processor, the facility will have to 
disclose that the food is “not processed to control (identified hazard)” and 
obtain written assurance from its customer regarding certain actions the cus
tomer agrees to take.

Part 117.410 General requirements applicable to a supply‐chain program:

The supply‐chain program must include:

1) Using approved suppliers;
2) Determining appropriate supplier verification activities (including determin-

ing the frequency of conducting the activity);
3) Conducting supplier verification activities;
4) Documenting supplier verification activities; and
5) When applicable, verifying a supply‐chain‐applied control applied by an 

entity other than the receiving facility’s supplier and documenting that veri-
fication, or obtaining documentation of an appropriate verification activity 
from another entity, reviewing and assessing that documentation, and docu-
menting the review and assessment.

The following are appropriate supplier verification activities for raw materials 
and other ingredients:

1) Onsite audits;
2) Sampling and testing of the raw material or other ingredient;
3) Review of the supplier’s relevant food safety records; and
4) Other appropriate supplier verification activities based on supplier perfor-

mance and the risk associated with the raw material or other ingredient.

Note: Additional regulations may be applicable, see final rules.
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The following table summarizes the major differences between a Food Safety 
Plan vs. a HACCP Plan for human foods:

Food Safety Plan HACCP Plan

Hazard Analysis Hazard Analysis
Preventive Controls CCPs
Parameters, Values and Critical Limits Critical Limits
Monitoring Monitoring
Corrective Actions Corrective Actions
Verification Verification
Records Records
Recall Plan

See also (Fed. Reg., 2015): Table 29, p. 56024.
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