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Abstract  14 

Food is traded across the global markets to satisfy consumer demands, mainly from 15 

developed countries, for year-round access to a wide range of foods. This has resulted in an 16 

increasingly complex network of food trade and has made importing countries vulnerable to the 17 

spread of foodborne disease outbreaks originating from “foreign” food networks. Analysis of 18 

these networks can provide information on potential food safety risks and also on the potential 19 

spread of these risks through the food network in question. In this study, network theory has 20 

been used to analyse global trade. A mathematical model was developed enabling a simulation 21 

of the distribution of food products based on the publicly available data on international 22 

imports, exports and production provided by the Food and Agriculture Organization of the 23 

United Nations. 24 

Through numerical simulations we demonstrate, for the first time, the impact that the 25 

network structure has on the distribution of food products in terms of food safety risks. As a 26 

case study, a recent trans-national food safety incident was analysed, illustrating the potential 27 

application of the model in a foodborne pathogen outbreak. Using only the type of contaminated 28 

food and the countries where the outbreak was reported, the model was used to identify the 29 

most likely origin of the contaminated eggs, narrowing down the options to three countries 30 

(including the actual origin). Furthermore, it is used to identify those countries with significant  31 

food safety risks, due to imports of food produced in these three countries. The approach can 32 

help regulatory agencies and the food industry to design improved surveillance and risk 33 

mitigation actions against transnational food safety risks. 34 

Keywords: mathematical modelling; food safety; surveillance systems; network theory 35 
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1 Introduction 36 

Nowadays food production is an international endeavour, with primary production 37 

often located thousands of kilometres away from where it is consumed (Gilbert & Morgan, 38 

2010). Thanks to improvements in food packaging and relatively cheap transportation, global 39 

food trade has become a crucial element for feeding the population (D’Odorico, Carr, Laio, 40 

Ridolfi, & Vandoni, 2014). Indeed there has been a tendency for governments to rely more on 41 

international trade than on building and retaining national food reserves (Gilbert & Morgan, 42 

2010). In many developed countries the importation of food is also used to satisfy the 43 

demands of ever more discerning and demanding consumers who wish to have products all 44 

year round. In addition, frequent shocks to domestic production, due to natural causes, have 45 

shifted the procurement of food products toward international markets much more frequently 46 

than a few decades ago. The current highly complex structure of global food trade networks 47 

also brings about its own vulnerabilities as it can compromise food safety and contribute to 48 

the spread of potential hazards if not correctly regulated. Previous studies have shown that 49 

understanding of the global food trade networks can have major economic benefits such as 50 

availability, price and food waste reduction (Parfitt, Barthel, & Macnaughton, 2010); it can 51 

have a significant contribution towards meeting the future food demands of the population 52 

(Alamar, Falagán, Aktas, & Terry, 2018); and it can help implementing effective food control 53 

systems (Beni et al., 2012; Lakner, Szabó, Sz\Hucs, & Székács, 2017; LeBlanc et al., 2015). 54 

All these can only be accomplished by means of a comprehensive, science-based knowledge 55 

of how the structure of the global food trade network affects food distribution and costs, 56 

benefits and risks associated with each type of network.  57 

Networks are defined by Newman (Newman, 2003) as “a set of items, which we will 58 

call vertices or sometimes nodes, with connections between them called “edges”. For 59 

instance, they have been used to describe systems as diverse as the World Wide Web 60 
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(Faloutsos, Faloutsos, & Faloutsos, 1999), citations between academic papers (Egghe, 61 

Rousseau, & Ferreiro, 1991) and protein metabolic networks of bacteria (Mehta et al., 2018; 62 

Métris et al., 2017). The network theory has also been applied to the analysis of global trade 63 

characteristics (De Benedictis, Nenci, Santoni, Tajoli, & Vicarelli, 2014), as well as their 64 

evolution through time (Baskaran, Blöchl, Brück, & Theis, 2011). A network representation 65 

of international trade has been used for food safety applications in few studies (Jóźwiaka, 66 

Milkovics, & Lakner, 2016; Lakner et al., 2017; Natale et al., 2009; Verhaelen et al., 2018; 67 

Wu & Guclu, 2013). Ercsey et al. (2012) proposed a mathematical model to describe the 68 

spread of food products within the trade network, with the aim of identifying the most likely 69 

source of an item consumed in a particular country. However, these studies used aggregated 70 

data for the network construction, without differentiating between the trade of different items 71 

(i.e. considering the sum of all agri-food products, rather than building specific networks for 72 

each type of product). The problem with this approach is the loss of valuable information 73 

derived from heterogeneities of individual agri-food networks. The structure of a trade 74 

network is affected by several factors, such as restrictions on domestic production and 75 

transportation of products. Therefore, it must be expected that the structure of trade networks 76 

will differ among different agri-food products. Previous studies have already established that 77 

the network structure affects the way diseases spread within a network (Barthélemy, Barrat, 78 

Pastor-Satorras, & Vespignani, 2004; Pastor-Satorras & Vespignani, 2002). By the same 79 

token, the way different products move within the network is expected to vary among the 80 

products. 81 

Despite their potential and extensive use in other fields, food spread models, which are 82 

based on those concepts, have been rarely used in food safety assessment and construction of 83 

early warning systems for food pathogen detection. In a recent work, Verhaelen et al. (2018) 84 

developed a screening tool for anticipating food safety issues in Germany. Their approach is 85 
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based on time series analysis of food prices and import flows, seeking to identify anomalous 86 

data points that might be related to food fraud. In the present study, we follow a different 87 

approach where the analysis of trade flows can be used to improve food safety and security. 88 

In contrast to the work by Verhaelen et al. (2018), we analyse it from a global point of view 89 

(not restricted to one country). Also, our approach is not a screening tool but can be used as a 90 

response to food incidents, evaluating the risks on different geographical locations. A simple 91 

mathematical model is constructed to describe the distribution of products within particular 92 

food trade networks. The effect of the network structure on the spread of contaminated food 93 

products has been studied using two reference networks (a scale-free and a small-world one) 94 

and two different food products without loss of generality. In addition, the benefits of the 95 

proposed model in responding to a food incident through a case study is illustrated, where the 96 

possible origin of a multi-country outbreak of Salmonella Enteritidis in March 2017 in Europe 97 

was correctly identified.  98 

2. Materials and methods 99 

2.1 Mathematical model of food spread 100 

The global production, distribution and consumption of food products can be simplified 101 

as illustrated in Fig. 1. Let Π  be the amount of food (in tons) available in country i at a discrete 102 

point in time, t. Its origin can be either national production (𝑃 ) or total imports from other 103 

countries (𝐼 ). Hence, Π  equals the addition of both variables as shown in Equation (1), where 104 

every variable is measured in tons: 105 

Π 𝑃 𝐼 ;     ∀ 𝑖 (1) 
 106 

A fraction of the available food at time t will be consumed by the national population 107 

(𝐶 ) and another can be exported to other countries (𝐸 , reaching their destination at time 𝑡108 
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Δ𝑡. The remaining food is wasted at any level of the farm-to-fork cycle (e.g. losses during 109 

transport and/or processing, or spoilage), represented by variable 𝑊 . This mass balance is 110 

expressed in Equation (2), where each variable is measured in tons.  111 

Π 𝐶 𝑊 𝐸 ;     ∀ 𝑖 
 

(2) 

By equalizing equations (1) and (2), the balance equation governing the model is 112 

expressed in Equation (3). 113 

𝑃 𝐼 𝐶 𝑊 𝐸 ;     ∀ 𝑖 
 

(3) 

 114 

The goal of this study is to analyse how some particular items are distributed within the 115 

food trade network. These items are considered a threat to food safety because they are 116 

contaminated with a biological or chemical hazard and/or could have been fraudulent or 117 

adulterated. We use “contaminated” as a simplistic and pragmatic term for this study, which 118 

should be understood as a mathematical abstraction. We acknowledge that this is a very broad 119 

approximation of potential food safety issues as it does not take into account toxicity or 120 

exposure, nevertheless it is a useful term to provide a high level indication of potential food 121 

safety problems in food supply networks.  Let Π ,  be the amount of contaminated food (or 122 

fraudulent, adulterated, etc.) available for consumption in country i at time t (in tons) and 𝛼  be 123 

the fraction of contaminated food (dimensionless). Given the available data, it is not possible 124 

to determine what are the tendencies of contaminated food to be consumed, wasted or exported. 125 

As a result, for modelling purposes, we assumed that there are perfect mixing between the 126 

contaminated and non-contaminated foods within the country, meaning that the relationship 127 

between the contaminated and non-contaminated food which is consumed (𝐶 , ; tons), exported 128 

(𝐸 , ; tons) and wasted (𝑊 , ; tons) equals the fraction of contaminated food, 𝛼  (Equation 4).  129 

𝛼
Π ,

Π
C ,

C
E ,

E
W ,

W
;     ∀ 𝑖 

 

(4) 
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 130 

Let 𝜙  be the food flux (in tons) from country i to country j at time t. The total exports 131 

of country i will, then, be the summation over the output fluxes (Equation 5). In a similar 132 

fashion, the national imports are the summation over the input fluxes (Equation 6). 133 

𝐸 𝜙 ;     ∀ 𝑖 (5) 

𝐼 𝜙 ;     ∀ 𝑖 (6) 

 134 

For simplicity in modelling and traceability, we made a non-restrictive assumption that 135 

the contaminated products are homogeneously distributed among the individual exports. Hence, 136 

the relationship between the contaminated and total output flux from country i to country j 137 

(𝜙 , ) equals the fraction of contaminated exports, i.e. 𝛼  (Equation 7). 138 

𝜙 ,

𝜙
E ,

E
𝛼 ;     ∀ 𝑖, 𝑗 

 

(7) 

 139 

The fraction of imported food by country i at time t which is contaminated (𝐼 , ) depends 140 

on the level of contamination in the countries of origin at the moment the product is exported. 141 

Taking into account that there is a delay between the moment when the product departs from 142 

country j and when it reaches country i (Δ𝑡), the amount of imported food at time 𝑡 Δ𝑡 which 143 

is contaminated equals the sum of input fluxes at time t and the contamination level in country 144 

j at time t (Equation 8). 145 

𝐼 , 𝛼 𝜙 ;     ∀ 𝑖 (8) 

 146 

The contamination in country i can also be due to production within its own borders. 147 

Let 𝑃 ,  be the national production of contaminated goods of country i at time t and 𝜏 , the 148 

fraction of production, which is contaminated. Then, the amount of contaminated food available 149 
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in country i at time 𝑡 Δ𝑡 (Π , ) equals the sum of contaminated imports and national 150 

production, as shown in Equation (9). 151 

Π , 𝑃 , 𝐼 , 𝜏 𝑃 𝛼 𝜙 ;     ∀ 𝑖 (9) 

 152 

The contaminated food which is available in country i at time 𝑡 Δ𝑡 will be either 153 

consumed, exported or wasted (Equation 10). 154 

Π , 𝐶 , 𝐸 , 𝑊 ,

𝛼 𝐶 𝛼 𝐸 𝛼 𝑊 ;     ∀ 𝑖 

(10) 

 155 

By setting Equations 9 and 10 equal, the fraction of contaminated food within country i 156 

at time 𝑡 Δ𝑡 can be derived for every country using Equation (11).  157 

𝛼
𝜏 𝑃 ∑ 𝛼 𝜙

𝐶 𝐸 𝑊
;     ∀ 𝑖 

(11) 

 158 

The resolution of Equation (11) requires that the structure of the trade network (𝐸 , 159 

𝜙 , 𝐶 , 𝑊 , 𝑃 ), the contamination levels in each country at time t (𝛼 ) and the 160 

fraction of national contaminated production (𝜏 ) are known. 161 

We also assume that the trade network is stable for the time period considered (of the 162 

order of months). Hence, the variables 𝐸 , 𝑊 , 𝐶 , 𝑃  𝑎𝑛𝑑 𝜙  are considered as constants and 163 

Equation (12) is used for the simulations, thus the temporal component of the trade network 164 

structure can be omitted.  165 

𝛼
𝜏 𝑃 ∑ 𝛼 𝜙

𝐶 𝐸 𝑊
;     ∀ 𝑖 

(12) 

 166 

For computational efficiency, Equation (12) can be written in matrix form as shown in 167 

Equation (13), where 𝐶 , 𝐸 , 𝑊  and 𝑃  are column vectors whose length equals the number 168 

of countries (n). Their elements stand for national consumption, exports, waste and production 169 
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of country i respectively. The column vectors 𝛼  and 𝜏 , also of length n, describe the 170 

fraction of contaminated products consumed and produced by each country at time t. Φ is the 171 

trade matrix (dimensions nXn) whose element Φ  is the trade flow from country j to country i. 172 

𝛼
1

𝐶 𝐸 𝑊
Φ ⋅ 𝛼 𝜏 ∗ 𝑃  

(13) 

 173 

The functions for the solution of Equation (13) were written in R (R Core Team, 2016) 174 

and have been provided as supplementary material. 175 

2.2 Database used for constructing the network 176 

The Food and Agriculture Organization of the United Nations (FAO) has made available 177 

several datasets describing the global trade and consumption of a number of commodities. For 178 

the present study, the Detailed Trade matrix and the Food Balance Sheets (Food and 179 

Agriculture Organization of the United Nations, 2014) have been used to build the model for 180 

the simulations. The former reports the trade flows (in tons) among different countries between 181 

1986 and 2013, whereas the latter includes the national production and waste of food products, 182 

as well as the amount of food available for consumption. These values have been used to fill 183 

the matrix Φ in Equation (13), as well as to calculate the amount of national exports, 𝐸 . In 184 

order to extract the structure of the global trade, it has been represented using a weighted, 185 

directed, complex network with adjacency matrix Φ. Therefore, the vertices of the network 186 

represent the individual countries. An edge exists between two countries if there was any trade 187 

between them in the time frame considered. The weight of this edge equals the amount of goods 188 

traded (in tons).  189 

Once the trade matrix has been represented as a network, methods of network theory 190 

can be applied to study its structure. Several indexes are available in the literature to quantify 191 

the network structure both at a local and a global level (Newman, 2010). In this study, the 192 

following global indexes have been used: 193 
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 edge density: defined as the division between the number of edges in the network and 194 

the total number possible, 195 

 reciprocity: the number of mutual connections in a directed graph, 196 

 mutuality: the number of complete dyads within the graph, 197 

 vertex distance: the shortest path between two vertices of the network. 198 

The relevance of the vertices have been evaluated using the Hyperlink-Induced Topic 199 

Search (HITS; also known as hubs and authorities) (Kleinberg, 1999). This algorithm assigns 200 

two indices to each node: an authority and a hub index. A high authority index for a node 201 

indicates that many edges are pointing to it from nodes with high hub index. The hub index is 202 

calculated in a similar fashion, taking high values when nodes have many outbound edges 203 

connected to nodes with a high authority index. Therefore, in the case of the food trade network, 204 

nodes with a high authority index are big importers, whereas nodes with a high hub index are 205 

major exporters. All the network indexes used in this study have been calculated using the 206 

functions implemented in the igraph (Csardi & Nepusz, 2006) and sna (Butts, 2008) R packages. 207 

The Food Balance Sheets report the national production and waste of different agri-food 208 

products, as well as the amount of food available for human consumption. Other authors 209 

(Ercsey-Ravasz et al., 2012), who followed a similar procedure for constructing the network, 210 

estimated that the national consumption of items is proportional to the population. We consider 211 

that this approach has two shortcomings. First, it disregards cultural characteristics of the 212 

country. For instance, that approach would estimate an enormous beef consumption in India, 213 

where cattle are considered sacred animals among many regions of this country. Secondly, the 214 

model should define a different factor scaling consumption per capita for each commodity. For 215 

instance, the per capita consumption of black pepper is much lower than the one of rice. For 216 

these reasons, it is believed that the amount of food available reported by FAO is a better 217 

estimation of the actual consumption. Consequently, this database was used to populate the 218 
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vector 𝐶 . The Food Balance Sheets also report the national production of the goods. These 219 

values have been used to fill in the vector 𝑃 .  220 

The proposed model requires mass balance, i.e. the addition of national production and 221 

imports must be equal to the sum of consumption, exports and waste. The FAO dataset reports 222 

an estimate of the amount of food wasted. However, there are some mismatches in the dataset, 223 

where mass balancing was not reached. For this reason, the vector of food waste 𝑊  has been 224 

replaced by the vector 𝑊 , defined as 𝑊 𝑊 𝜀 where 𝜀 is a normally distributed error 225 

accounting for sampling errors and other mismatches in the FAO dataset. The elements of 𝑊  226 

have been calculated as shown in Equation (14), in order to satisfy mass balance. A Shapiro-227 

Wilk (Shapiro & Wilk, 1965) normality test has been performed to ensure that 𝑊 𝑊  is 228 

normally distributed. 229 

𝑊 𝑃 𝐼 𝐶 𝐸  (14) 
 230 

3. Results and discussion 231 

3.1 Influence of the network structure on the spread of food products 232 

Previous studies have shown how the network structure impacts the spread of disease 233 

within a social network (Barthélemy et al., 2004; Pastor‐Satorras & Vespignani, 2002). In order to 234 

assess the influence that the network structure has on the proposed model, the distribution of 235 

food products was simulated using two reference networks commonly used in the literature: a 236 

scale-free network and a small-world network. The scale-free network was constructed using 237 

the Barabasi-Albert model (Barabási & Albert, 1999), whereas the Watts-Strogatz model (Watts 238 

& Strogatz, 1998) was used for building the small-world network. One network of each type, 239 

each with 100 vertices, was built using the functions included in igraph package for R. A 240 

detailed technical description of the simulations performed is reported in the supplementary 241 
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material of this article. The results demonstrate the effects of network structure on the spread 242 

of the food products. The scale-free network has a lower “inertia” than the small-world one, 243 

with the agri-food products generated in central vertices (i.e. exporting countries) quickly 244 

reaching the peripheral ones (i.e. importing countries). Moreover, the consumption of most 245 

countries (shown by vertices) in the scale-free network is originated in the central vertices, 246 

whereas in the small-world model the consumption is better spread. 247 

The production and trade patterns of different food products depends on factors such as 248 

the geographical needs for its production and the capability to transport it safely over long 249 

distances. Consequently, different food products have a different structure within the trade 250 

matrix. One can expect that their structure will affect the spread of food products within the 251 

networks, as already observed using the scale-free and small-world networks. In order to test 252 

this hypothesis, simulations were performed for two products among the ten most traded 253 

worldwide according to the FAO dataset, but with very dissimilar network characteristics: palm 254 

oil and beer from barley. 255 

The trade of palm oil worldwide accounted for  54 million tons and 33 billion dollars in 256 

2013, whereas 190 million tons of beer for 12 billion dollars were traded during that same year. 257 

However, the global production of both goods showed clear differences, as illustrated in Fig. 2. 258 

The main producer of palm oil (i.e. Indonesia) accounts for half of the global production, 259 

whereas for beer the production of the four major producing countries account for half of the 260 

global production. Moreover, the national production of beer is closely related to the size of the 261 

population, with China and the United States of America being the major producers. The 262 

production of palm oil, on the other hand, appears to be totally uncorrelated with the size of the 263 

national population, Indonesia and Malaysia being the major producers worldwide due to their 264 

particular geographical and climatic characteristics.  265 
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Despite having a very similar number of vertices (135 for palm oil trade network versus 266 

145 for beer network), they have several differences. The current structure of the trade network 267 

is the result of several factors which have influenced trade relationships during many years, 268 

such as the requirements for the production of the food or ingredient. The cultivation of palm 269 

oil requires a tropical climate, restricting production to certain regions in the world (Basiron, 270 

2007). On the other hand, barley is a more adaptable crop, which can be grown both in temperate 271 

and tropical areas (Ullrich, 2011). Differences in trade patterns can be visualized in Figures 3 272 

and 3, where the trade networks of palm oil and beer are depicted, respectively. They are also 273 

reflected in several network attributes. The edge density of the network for beer is twice the 274 

one of palm oil (0.13 vs 0.06) and it has a lower mean distance (1.98 vs 2.69), indicating a more 275 

uniform trade. Moreover, it has a higher reciprocity (0.48 vs 0.25) and mutuality (639 vs 144), 276 

pointing out that the trade of palm oil has a stronger hierarchy, with some countries being major 277 

producers and exporters. These attributes show that the trade network for palm oil has a star-278 

like structure, with the major producers (Indonesia and Malaysia) at its core. It can, therefore, 279 

be concluded that production requirements affect the structure of the trade network for a 280 

commodity. However, the details about how the structure of the network is shaped by the 281 

requirements for the production of the goods are out of the scope of this study. 282 

The effect that the network structure has on the spread of food products has been 283 

explored through numerical simulations. From a food safety perspective, it is interesting to 284 

analyze the outreach of the major producers, understood as the number of countries it reaches, 285 

as it can be used to design more effective control systems. A numerical simulation has been 286 

undertaken considering that 10% of the production of the countries responsible for 50% of 287 

global production for palm oil (Indonesia) and beer of barley (China, the USA, Brazil and 288 

Russia) is adulterated/contaminated. Although both simulations consider that a 10% of the 289 

global production is adulterated, the results (Figure 5) show several differences. The palm oil 290 
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produced in Indonesia is distributed worldwide, resulting in high levels of contamination in 291 

most countries across every continent. On the other hand, the adulterated beer reaches only a 292 

handful of countries, due to the strong contribution of the internal production.   293 

As already described in Section 2, nodes with a high hub score correspond to major 294 

exporters, whereas high authority score indicates a major importer. The five countries with the 295 

highest hub scores within the network for trade of palm oil are Indonesia (1.00), Malaysia 296 

(0.62), Thailand (0.028), the Netherlands (0.0010) and Colombia (0.0035). Each of these 297 

countries, with the exception of the Netherlands, is one of the major producers of palm oil 298 

worldwide (Figure 2). The countries with the highest score in the network for beer trade are 299 

Mexico (1.00), the Netherlands (0.32), Canada (0.13), Belgium (0.11) and Ireland (0.0067), 300 

none of which are among the five countries with the highest national production of beer (Figure 301 

2). The calculation of the hub and authority indexes is based only on the structure of the trade 302 

matrix. Hence, this result shows an additional difference between the structure of the trade 303 

network for palm oil and beer. Whereas the biggest producers of palm oil are also the major 304 

exporters, this is not the case for beer. Fig. 6 depicts the result of a simulation where 10% of 305 

the available food in the countries with the highest hub-score is contaminated. Note the 306 

difference with the previous simulation, where national production was contaminated, whereas 307 

here a fraction of the available food in the country is contaminated. Again, the influence of the 308 

network structure is evident. The contamination in the trade network of beer is more moderate 309 

than the one of palm oil, where the contamination reaches most nations worldwide. Moreover, 310 

after three time iterations, none of the originally contaminated beer remains in the network, 311 

whereas low levels of contaminated palm oil remains after five time iterations. 312 

The results shown in Figure 5 and 6 have a strong implication in the design of effective 313 

control systems for food products. Resources available to food safety authorities for ensuring 314 

food safety and quality are often limited and therefore the regulatory bodies must manage and 315 
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prioritize these limited resources in an efficient way to maximize consumer safety. One possible 316 

approach for designing a more efficient system is to focus the control systems (i.e. sampling, 317 

testing, etc.) on the countries that have the highest production. This strategy, for instance would 318 

be very effective for palm oil, where exhaustive controls in Indonesia would result in improved 319 

quality worldwide (assuming that subsequent contamination and/or adulteration after the 320 

product leaves the country is low). However, such a strategy would fail dramatically for beer, 321 

where the production from the most central nodes reaches a small portion of the global 322 

population. For this kind of product, it would be more cost-effective to design a more uniformly 323 

distributed control system. Therefore, due to its effect on the spread of food products, the 324 

network structure also affects the efficacy of a control strategy. Consequently, this effect must 325 

be considered in order to design an efficient global or regional quality assurance system. 326 

3.2 Case study: Multi-country outbreak of Salmonella Enteritidis in Europe during March 2017 327 

In March 2017, the European Centre for Disease Prevention and Control (ECDC) and 328 

the European Food Safety Agency (EFSA) reported a multi-country outbreak of Salmonella 329 

Enteritidis phage type (PT), which was linked to eggs (EFSA & ECDC, 2017a). Outbreak cases, 330 

both confirmed and probable, were reported by Belgium, Croatia, Denmark, Finland, France, 331 

Greece, Hungary, Italy, Luxembourg, the Netherlands, Norway, Slovenia, Sweden and the 332 

United Kingdom. The origin of the contamination was later identified in poultry farms from 333 

Poland. In this section, we will demonstrate how the mathematical model developed here can 334 

be a useful tool in this type of investigation. The code for the analysis has been written in R and 335 

is available as supplementary material to this article. 336 

For this illustration, it was assumed that the outbreak has already been linked to eggs, 337 

but its origin is unknown. The model proposed here can simulate how food products spread 338 

within the trade network, so it can be used to estimate the most likely origin of a product 339 

consumed in a country. For that purpose, the network for the global egg trade has been 340 
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constructed from the FAO data set as previously described. The network has been constructed 341 

using the average fluxes of three years (2011-2013), in order to avoid outliers in any single 342 

year. Note that the year of the outbreak (2017) has not yet been reported in the FAO dataset. 343 

Nevertheless, the structure of the trade network for egg has remained stable during the last years 344 

for European countries (data not shown). Consequently, it was considered for this 345 

demonstration that the average network between 2011 and 2013 represents the trade in Europe 346 

in 2017. Moreover, this would be the case in a real outbreak scenario, where decisions have to 347 

be taken before data regarding international trade at that particular moment are available (EFSA 348 

Scientific Committee et al., 2018). 349 

The model presented here tracks the spread of selected food products through the 350 

network. Consequently, it can be used to estimate the destination of the products produced 351 

within a country. For that purpose, the variable describing the production of contaminated 352 

product within country k must be set to one (𝜏 1), whereas the rest, as well as the initial 353 

contamination of every country (𝛼 0 ), are set to zero. The stationary solution of such a 354 

simulation describes the fraction of the national consumption for each country which originates 355 

in country k. If this procedure is repeated for n producing countries, the origin of the products 356 

consumed in each country can be approximated. The results for the egg trade network are 357 

illustrated as a bar plot in Figure 7 for the countries where the outbreak was reported. The 358 

internal production has been omitted and those producers whose contribution was lower than 359 

0.25% of the national consumption have been grouped as “Other”. 360 

Some countries supply a great proportion of the consumption of one individual country. 361 

For instance, 22% of the eggs consumed in Luxembourg are produced in Belgium. However, 362 

Belgium was a likely origin country of eggs consumed in five out of fourteen countries where 363 

the contamination was detected. In order to cause an outbreak in fourteen countries, a 364 

contamination in the same food product (eggs) with the same bacterium (Salmonella Enteritidis) 365 
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must have its origin in a single country whose production reaches most of the countries where 366 

the outbreak took place. The distribution of eggs originated in each country has been simulated. 367 

Then, the origins of eggs consumed in each “outbreak country” were identified. Table 1 reports, 368 

for each producer, the number of “outbreak countries” with a high consumption of eggs 369 

originating from each producer. For instance, the production of Austria contributes to at least 370 

the 0.25% of the consumption of eggs in one “outbreak country”, 0.1% of two “outbreak 371 

countries” and 0.05% of three “outbreak countries”. The origin of the outbreak is expected to 372 

reach a high number of these countries. Accordingly, the possible origin of the outbreak can be 373 

narrowed down to three countries: Germany, Netherlands and Poland.  374 

Once the likely source of the outbreak has been narrowed down to three countries, a 375 

similar simulation can be re-performed to identify countries whose consumption is largely 376 

originated in these sources and, therefore, are at risk of consuming the contaminated eggs. 377 

Figure 8 illustrates the countries where, at least, a 0.1% of their national consumption is 378 

originated in Germany, the Netherlands and/or Poland. The countries are divided by those 379 

countries where the outbreak was identified (left) and those where the outbreak was not reported 380 

(right). Therefore, according to the results of the simulation, several countries (Switzerland, 381 

Germany and Gambia) have a high risk of consuming contaminated eggs. These findings can 382 

help to increase surveillance of imported egg products from these countries, as well as for 383 

exported eggs in the three countries identified as possible sources (Germany, the Netherlands 384 

and Poland). 385 

The validation of models for the assessment of food safety is made difficult by the 386 

significant number of outbreaks that are not reported. Indeed, the 2016 EFSA report for 387 

zoonoses and zoonotic agents states that the causing agent was identified only in 36% of the 388 

cases (European Food Safety Authority & European Centre for Disease Prevention and Control, 2017b). 389 

Consequently, it may be possible that the outbreak studied here also took place in countries that 390 
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have been identified as at risk (e.g. Switzerland) but it went unreported. Nevertheless, decisions 391 

in risk assessment usually have to be made as a result of limited and incomplete information, 392 

data collection and model selection being some of the bottlenecks (Koutsoumanis, Lianou, & 393 

Gougouli, 2016). The model presented here requires data, which are already available (the FAO 394 

dataset), thus, once the food product linked to the outbreak is identified, its application is 395 

immediate. It is important to note that this approach does not unmistakably identify the origin 396 

of the outbreak, but considerably narrows down the options and identifies countries which are 397 

at risk of suffering the contamination, aiding regulatory agencies and governments defining 398 

surveillance and correcting measures. This can shorten reaction time and focus on the most 399 

probable causes, which can save money and is critical when dealing with multi-country 400 

foodborne outbreaks. 401 

4. Conclusions 402 

In this article, an abstract mathematical model has been proposed to describe the spread 403 

of food products within a trade network. Numerical simulations have shown the relevance of 404 

the network structure, highlighting the need to consider the network structure when designing 405 

food safety control systems. Moreover, the benefits of the proposed model for the analysis of a 406 

foodborne incident has been demonstrated through a case study. The model enabled to identify 407 

the actual origin of the outbreak as one of three likely sources. The proposed methodology is 408 

also able to predict countries where the contamination is more likely to occur before it actually 409 

happens, thus, enabling regulatory bodies to be proactive rather than reactive. For instance, by 410 

taking more samples from such high-risk countries and diversifying their import portfolio to 411 

mitigate the risk.  412 

The model, however, does not take into account possible contaminations and/or 413 

adulterations that may occur by a third-party during transportation. Also, it assumes that the 414 
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contamination is homogeneous, although legal limits or differences between ports may affect 415 

this. Furthermore, the modelling approach does not take into account toxicity or exposure 416 

levels, that would be required for a quantitative microbial risk assessment. Further data would 417 

help us to refine the model and include these further factors. Nevertheless, through the case 418 

study we have demonstrated that our approach can be used to develop a quick response to 419 

foodborne outbreaks, aiding regulatory agencies and the food industry in designing more cost-420 

effective surveillance programmes and introducing corrective measures. 421 
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Figure legends 521 

Figure 1. Diagram illustrating the generation, distribution and consumption of food products. 522 

The amount of food available in country i at time t (Π ) equals the addition of national 523 

production (𝑃 ) and imports (𝐼 ). A fraction of the available food is consumed (𝐶 ), another is 524 

exported (𝐸 ), reaching its destination at time 𝑡 Δ𝑡 and the rest is wasted (𝑊 ). 525 

Figure 2. Bar plot of the global production of palm oil (A) and beer of barley (B) relative to 526 

the global production.  527 

Figure 3. Network representation of the global trade of palm oil. Edges are colored according 528 

to the amount of palm oil traded from the row country to the column country (in log tons) during 529 

2013. The position of Indonesia and Malaysia is highlighted due to their relevance for this 530 

network. 531 

Figure 4. Network representation of the global trade of beer of barley. Edges are colored 532 

according to the amount of palm oil traded from the row country to the column country (in log 533 

tons) during 2013.  534 

Fig. 5. Spread of adulterated palm oil (A) and beer of barley (B) within the food network when 535 

the production of the major producers is contaminated. The facets show the different time points 536 

of the numerical simulations. 537 

Figure 6. Spread of adulterated palm oil (A) and beer of barley (B) within the food network 538 

when a fraction of the product available in the countries with the highest hub score is 539 

contaminated. 540 

Figure 7. Origin of the national consumption of eggs in the countries affected by the outbreak 541 

studied. Note: The countries whose contribution was lower than the 0.25% of the national 542 

consumption have been grouped as others. The fraction of the consumption originated within 543 

the country has been omitted for clarity. 544 
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Figure 8. Fraction of the national consumption of eggs originated in Germany, Netherlands and 545 

Poland. Note: those countries where the fraction of the consumption originated in Germany, 546 

Netherlands or Poland is lower than the 0.1% have been omitted.  547 

Supporting information 548 

S1 Analysis of the impact that the network structure has on the spread of food products 549 

using reference networks.  550 

S2 R code used for the case study.  551 
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