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Changes in food systems during the last decades fostered the establishment of global food networks based on
exchanges between countries with different income levels. Recent studies explored configuration and factors
associated with trade networks of specific food items during limited periods; however, there is lack of evidence
on evolution of trade networks of foods for human consumption and its potential effects on population nutri-
tional status. We present the evolution of the global trade network of foods for human consumption from 1986 to
2020, according to country income level, and we explore potential effects of country network centrality and
globalization processes on the prevalence of overweight and obesity. Results show intensification of international

food trade and globalization processes in the period of analysis with implications for population nutritional

status worldwide.

1. Introduction

Recent transformations in food systems at local and global levels
have resulted in modifications of supply and demand conditions of in-
ternational food trade. Changes in structures of production and patterns
of food consumption throughout the last decades are linked to economic,
social, and political globalization processes, potentially leading to ho-
mogenization of diets worldwide (Hawkes, 2006; Goryakin et al., 2015;
Fox et al., 2019). In addition, fluctuations in income level have been
influencing global food trade between countries (Serrano and Pinilla,
2010), creating uncertainties in relation to food security of populations
in the long run.

Studies on international food trade have usually focused on concerns
related to macroeconomic effects arising from disruptions in world food
supply, especially regarding food security at a population level in spe-
cific periods (Gephart and Pace, 2015; Puma et al., 2015; Suweis et al.,
2015; De Winne and Peersman, 2016; Marchand et al., 2016; Fair et al.,
2017; Geyik et al., 2021). Other studies debated issues referring to re-
lationships between developed and developing countries in interna-
tional trade (Falconi et al., 2017), and problems related to food scarcity
in low-income countries (Beal et al., 2017).

Current developments in the investigation of food systems world-
wide include the use of complex networks analysis to explore patterns of

* Corresponding author.
E-mail address: flamori@usp.br (F.M. Sarti).

https://doi.org/10.1016/j.crfs.2023.100517

trade, identifying network structures (Shutters and Muneepeerakul,
2012), analyzing prices of food commodities (Lagi et al., 2012),
measuring global nutrient gaps (Geyik et al., 2021), and evaluating
interdependence between countries in relation to natural resources
required for food production (Khoury et al., 2015).

However, major part of studies using complex networks approaches
for analysis of international food trade present substantial limitations in
data analysis, particularly in relation to its connections with globaliza-
tion processes and their implications on the triple burden of malnutri-
tion (i.e., coexistence of underweight, overweight and obesity, and
micronutrient deficiency in certain populations) within countries (Erc-
sey-Ravasz et al., 2012; UNICEF, 2019).

Thus, the present study investigated the evolution of the global trade
network of foods for human consumption from 1986 to 2020, according
to country income level. In addition, we explored the effects of country
participation in the food trade network and its level of globalization in
economic, social, and political dimensions on short- and long-term in-
dicators of population nutritional status.
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2. Materials and methods
2.1. Datasets

Two separate datasets were organized for the study: the first dataset
included origin-destination matrices of global food trade between 1986
and 2020 to perform complex network analysis, and the second dataset
comprised a panel of country-level data to implement regression anal-
ysis on the effects of country participation in food trade and its global-
ization level on population nutritional status (Table S1, Supplementary
Materials).

The first dataset was based on the matrix of bilateral exchanges of
agricultural and livestock products suitable for human consumption
between countries from 1986 to 2020, latest year available of the
Detailed Trade Matrix with corresponding data on population, and do-
mestic supply-to-food ratios of the Food Balances from the Food and
Agriculture Organization on May 05, 2023 (FAOSTAT, 2023). Supple-
mentary data on bilateral trade of fisheries from the World Integrated
Trade Solution (WITS) of the World Bank (World Bank, 2022) were
incorporated into the dataset, following previous studies (Gephart and
Pace, 2015; Geyik et al., 2021). Information on country income classi-
fication obtained from the World Bank (World Bank, 2021) was incor-
porated in the first dataset to allow the construction of food trade
networks according to country income level.

The second dataset was assembled for investigation of potential ef-
fects of country participation in global food trade network and its
globalization level on the nutritional status of the population, including:

e Country network metrics per year (output of the complex network
analysis), comprising a set of metrics corresponding to country’s
position within global food trade network;

e Economic, social, and political dimensions de facto (i.e., trade,
financial, and political activities, services, etc.) and de jure (i.e.,
trade, financial, infrastructure, and political regulations) of the KOF
Globalisation Index (Gygli et al., 2019; KOF, 2023);

e Sociodemographic, economic, and geographic characteristics of the
country available in the World Development Indicators platform
(World Bank, 2021);

e Information on population and calorie supply per capita per year
from Food Balance Sheets (FAOSTAT, 2023);

o Estimated energy requirements of the population (World Bank, 2021;
FAO/WHO/UNU, 2001);
eAge-standardized prevalence of overweight and obesity from the
World Health Organization (WHO, 2022), representing health out-
comes of the analysis.

2.2. Variables

2.2.1. Complex network analysis

The first dataset encompassed food flows between countries from
1986 until 2020, considering the availability of information on bilateral
trade with corresponding data on population, domestic supply-to-food
ratios, and income level. Data referring to items inappropriate for
human food consumption were excluded from the dataset.

The information extracted from FAOSTAT and WITS platforms was
organized in the format of origin-destination matrices of import quantity
data according to year to establish the flow of food items from abroad
into food supply of the country. Values of food imports were checked to
ensure exclusion of re-exports and to verify the symmetry of the matrix
in terms of exports.

Data on food items exchanged between countries included infor-
mation registered under diverse units of measure, therefore, food trade
amounts were converted into calories per capita per day within the
country during the period from 1986 to 2020. Thus, exchanges of live
animals or whole animals registered in units were converted to tons of
food items after slaughter, using rates of live weight over dead weight,
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based on the literature on yield in the slaughter of animals for the pro-
duction of meat (FAO, 1991; Bender, 1992; USDA-ERS, 1992; FAO,
2000; FAO, 2011; Boudt and Luu, 2018).

Domestic food availability per country per year (in tons) extracted
from Food Balances was used to estimate the domestic supply-to-food
ratios and estimate the fraction of food trade corresponding to food
for human consumption in the corresponding year, based on FAO (2001)
and GSARS (2017). Food Balances assume that the domestic supply of
food products corresponds to the destinations (utilization) of the food
products within the country, therefore, the proportion of food for human
consumption corresponds to the fraction of food in relation to other uses
of the domestic food supply (FAOSTAT, 202.3).

The final amount of each food item imported for human consumption
was converted into calories, applying technical conversion factors and
nutritive factors available at FAO tables, considering only edible frac-
tions (FAO, 2000, 2020). Calories of n food items exchanged between
pairs of countries i and j during year t were aggregated and converted
into calories per capita per day by dividing total calories by the popu-
lation of the country and days of the year.

Therefore, information in the first dataset represented bilateral re-
lationships between the country of origin j and the country of destina-
tion i in exchanges of calories, comprising adjacent matrices of
international trade per year from 1986 to 2020. The adjacent matrix A,
represents bilateral trade between countries j (1, ..., p) with countries i
(1, ..., p) of calories of x (1, ..., n) food items during the period t with
main diagonal O (i.e., there are no exports to or imports from the country
itself), comprising directed relations between countries (Equation (1)):

0 T i
A, = Ayxilr e 0 Ay ipt (1)
Anplr Ay pjt 0

where: ay ;i = calories of food item x exchanged between the country of
origin j and the country of destination i in period t.

In addition, data on country income level in the year of trade was
also included in the first dataset, according to four categories proposed
by the World Bank: low-income, lower middle-income, upper middle-
income and high-income (World Bank, 2021). Countries without in-
come classification were coded separately (not determined, ND).

2.2.2. Regression analysis

The second dataset comprised a panel of country-level data assem-
bled to allow the estimation of regression models for investigation of the
effects of country participation in the global food trade network and its
globalization level on population nutritional status.

The annual country network metrics extracted from the complex
network analysis of the global food trade referred to indegree and out-
degree centrality, corresponding to the directional connections of graph
nodes (Sartori and Schiavo, 2015), according to Equation (2):

P
k=Y aj @
Jj=1

where: ki = degree of country i in year t; a;; = element of binary adja-
cency matrix A; considering that the food trade matrix comprises
directed network, indegree represents the sum of edges directed to the
reporter country i, whilst outdegree represents the sum of edges directed
to partner countries of i.

The age-sex population composition of each country obtained from
the World Bank (World Bank, 2021) was used to estimate energy re-
quirements per capita per year during the period of analysis, based on
human energy requirements (FAO/WHO/UNU, 2001). Other variables
included in the study were incorporated in the second dataset in their
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original format.

2.3. Data analysis

The complex network analysis was performed through graphic rep-
resentation of countries represented by nodes with connections between
nodes (vertices) corresponding to the calories imported for human
consumption in a certain year (w;;), using the first dataset of the study.
Information on income level classification was adopted to allow visual
identification of countries within directed graphs on bilateral food trade.

The attributes of nodes in the food trade network included income
level (represented in different colors), and weighted indegree (repre-
senting node diameter), i.e., calories per capita per day imported by the
country. The density of vertices represented the volume of calories
traded between pairs of countries connected by bilateral exchange. The
layout Frutcherman-Reingold (Fruchterman and Reingold, 1991) was
adopted for representation of global food trade networks, based on
direct force algorithm that represents nodes connected with higher in-
tensity by closeness proximity, whilst presenting uniform distribution of
network nodes that minimizes intersections between arcs.

The complex network analysis was performed using Python 3 lan-
guage in Gephi 0.9.2 software. The dynamic network was based on the
annual networks, adapted in film format, and including labels on nodes
and marks of periods through software Adobe After Effect 2020.

Finally, regression models were estimated using the second dataset
of the study to identify potential effects of changes in country partici-
pation in the international food trade network and its globalization level
on the prevalence of overweight and obesity of the population, using
software Stata version 17 with significance level p < 0.05.

Lagged variables of overweight and obesity prevalence were created
considering zero, one, and three years after the measurement of the
country network metrics and other country characteristics to allow
capturing short- and long-term effects of the changes in country
participation within the international food trade network. Considering
the absence of normal distribution in prevalence of obesity, logistic
regression models were estimated following the details of Equation (3):

L[1+x :/}0 +,H1-Giz +ﬂ2~F[L +/7)3-Tiz +/}4~Si1 +/}5»I[1 +/}6C+ € (3)

where: Ly + » = log-odds of the population of country i in the lagged
period t + x (being x = 0, 1 or 3) categorized in the highest tercile of
prevalence of obesity (0 = no; 1 = yes); G; = matrix of globalization
index in economic, social, and political dimensions/components of the
country i in period t; F;; = matrix of characteristics of food availability in
the country i in period t; T;; = matrix of metrics of the country i within
the food trade network in period t; S;; = matrix of sociodemographic and
economic characteristics of the population of country i during period t;
I;y = income level of the country i during period t.; C = matrix of control
variables referring to region, year, and interaction between region and
year; and ¢ = error term.

3. Theory

The use of complex networks approach for analysis of trade relations
(vertices) between countries (nodes) was initially proposed in the late
1970s (Snyder and Kick, 1979), being adopted for further investigation
of economic consequences of international trade and its effects in do-
mestic economies during the 1990s (Smith and White, 1992;Arnade,
Pick and Gopinath, 1998).

During the first decades of the 21%. century, there were significant
advances in the use of complex networks for analysis of international
trade of goods in general, encompassing research related to economic
complexity (Hidalgo and Hausmann, 2009; Liao and Vidmer, 2018);
international crises (Valentinyine Endresz and Skudlny, 2016); macro-
economic volatility and economic shocks (Chakrabarti, 2018); geo-
location, evolution and network simulation (Abbate et al., 2018; Tkeda
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and Iyetomi, 2018); energy flows and productive resources (Chen et al.,
2018); and topology and metrics of complex networks (Bhattacharya
et al., 2008; Fagiolo, 2010; Barigozzi et al., 2010; Peluso et al., 2016).

The majority of studies using complex networks approach to analyze
the global food trade have been published in the last decade, especially
focusing on identification of similarities or inequities in bilateral ex-
changes between countries (Haq and Meilke, 2011; Falconi et al., 2017).
Other studies focused on food safety at international level, using data on
monetary value of foods (Ercsey-Ravasz et al., 2012; Torreggiani et al.,
2018; Bentham et al., 2020) or, alternatively, volume of trade (in tons)
of certain food products (Fair et al., 2017).

In the field of food security, certain studies investigated the effects of
country interactions within the global food system on social, political,
economic, or environmental dimensions at national or regional levels
(Ericksen, 2008; Lagi et al., 2012; Shutters and Muneepeerakul, 2012;
Sartori and Schiavo, 2015; Garcia, 2019; Geyik et al., 2023), including
analysis of sustainability and interdependence of countries on natural
resources for food production (D’Odorico et al., 2014; Khoury et al.,
2015).

There was limited evidence on evolution and influence of global food
trade on food security at global and national levels. Only two studies
investigated the effects of international trade on food consumption
patterns referring to calorie and nutrient availability at a national level
(Falconi et al., 2017; Geyik et al., 2021), with only one study focusing
exclusively foods for human consumption, based on data limited to the
period between 2013 and 2015 (Geyik et al., 2021).

4. Results

The evolution of global trade of food items for human consumption
included information on approximately 570 food items suitable for
human consumption traded among 254 countries from 1986 to 2020,
resulting in 35 complex networks representing the dynamics of bilateral
exchange of calories between pairs of countries per year (Video V1,
Supplementary Materials). The trade networks of calories corresponding
to the years 1986, 2006 and 2020 are presented to show a static picture
of the evolution of global trade from the beginning to the end of the
period analyzed in the study (Fig. 1).

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.crfs.2023.100517.

There was increase in countries participating in the food trade net-
works during the period from 177 countries in 1986 to 223 countries in
2020. In terms of income level, the proportion of countries in the high-
and upper middle-income groups tended to increase from the mid-2000s
onwards (Table S2, Supplementary Materials).

There was intensification in the trade of calories for human con-
sumption between countries throughout the period, indicated by the
increase in number of connections (average degree) and volume of
calories exchanged between countries (average weighted degree), the
latter represented by the density of vertices linking nodes. In terms of
network density, there were irregular fluctuations in periods of inter-
national economic crises (1990s and late 2000s), highlighting the frailty
in connections between pairs of countries through food trade. Yet,
average clustering indicates that countries in the network tend to
establish high density neighboring (Table S3, Supplementary Materials).

The largest flows of calories occurred between pairs of high-income
(H) countries, which represented approximately 25%-40% of calories
traded worldwide, reaching only approximately 10%-15% of the global
population from 1986 to 2020. There was an increase in the proportion
of calories exported from high- (H), upper middle- (UM) and lower
middle-income (LM) countries in relation to their population, whilst
low-income countries (L) decreased the proportion of calories exported
in relation to their population (Table 1).

Although high-income countries represented a high proportion of
global trade of calories for human consumption during the period from
1986 to 2020, their participation in global food trade peaked in middle-
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Fig. 1. Evolution of trade networks of foods for human consumption between countries (in calories per capita per day), color-coded by income level. 1986-2020.
H = high-income countries; UM = upper middle-income countries; LM = lower middle-income countries; L. = low-income countries; ND = countries of undetermined
income level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

1990s. The proportion of calories imported by lower middle-income
countries decreased in comparison to their population during the
period (Table 1).

High- and upper middle-income countries generally presented higher
dependency on imports for domestic supply of calories for human con-
sumption throughout the period of analysis. In addition, major part of
high- and upper middle-income countries also showed higher avail-
ability of calorie per capita per day than the global average of calories. It
was mainly lower middle- and low-income countries that had lower
availability of calories per capita per day for their population than the
mean global calorie supply (Table 2).

There was growing prevalence of overweight and obesity in coun-
tries participating in the global food trade network, matching the in-
crease in calorie supply compared to estimated energy requirements of

populations (Tables S4 and S5, Supplementary Materials).

The KOF Globalisation Index showed occurrence of intensification in
economic, social, and political globalization, particularly from 1989
until 2006, guided by de facto political and economic dimensions (i.e.,
trade, financial, and political activities), followed by de facto political
and economic dimensions (i.e., trade, financial, and political regula-
tions), and social dimensions (i.e., activities, infrastructure and regula-
tions involving interpersonal contact, travel, services, and cultural
events) (Table S6, Supplementary Materials).

The results of logistic regression models showed that countries with
higher indegree and outdegree centrality presented lower probability of
being in the highest tercile of overweight and obesity prevalence, after
controlling for characteristics of domestic calorie supply, country in-
come level, globalization index, sociodemographic and economic
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Table 1
Exchange of calories according to income level of origin and destination countries in comparison to population in destination countries.

Trade flow 1986 1996 2006 2016 2020
(0] — Kcal* Popi Kcal* Popi Kcal* Popi Kcal* Popi Kcal* Popi
H — 29.1 15.6 40.4 11.3 27.0 10.4 26.2 11.3 24.3 11.8
H — UM 8.6 2.3 3.8 2.1 5.7 3.5 16.6 11.1 14.4 10.4
H — LM 10.5 3.7 11.4 4.3 9.5 9.4 6.0 11.1 5.6 12.7
H — L 3.7 9.9 7.1 12.1 2.3 8.1 0.9 1.7 0.6 1.5
H — ND 12.9 1.2 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.1
UM — H 3.2 9.3 4.9 6.4 6.5 7.0 7.8 9.2 8.0 8.8
UM - UM 2.0 1.1 3.8 0.9 5.0 2.2 15.4 8.8 18.2 8.4
UM — LM 1.5 1.4 3.4 1.9 9.7 5.3 8.0 7.5 8.1 7.6
UM — L 0.7 3.7 4.2 5.5 3.4 4.8 2.5 0.9 1.7 0.7
UM - ND 1.9 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.1
LM — H 8.7 16.5 7.1 13.3 6.0 9.1 4.3 8.9 4.1 9.2
LM — UM 1.5 1.6 1.4 2.0 2.3 2.8 5.1 8.5 6.5 8.1
LM — LM 1.2 2.1 2.9 3.7 4.0 7.7 4.5 7.3 6.1 7.7
LM - L 1.5 4.0 1.9 8.0 2.2 4.6 1.8 0.9 1.4 0.8
LM — ND 1.0 1.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
L — H 3.4 11.3 3.5 11.6 1.8 8.7 0.1 4.1 0.1 3.9
L - UM 0.7 0.7 0.8 1.3 11.6 2.0 0.3 3.5 0.3 2.9
L — LM 0.4 1.3 2.0 2.4 1.7 7.3 0.2 3.9 0.2 3.9
L — L 0.6 6.5 1.3 11.7 1.4 6.2 0.2 0.4 0.0 0.2
L — ND 1.9 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ND - H 0.9 2.4 0.1 1.0 0.0 0.5 0.0 0.6 0.0 0.5
ND — UM 0.3 0.3 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.3
ND — LM 0.2 0.5 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.3
ND - L 0.1 1.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
ND - ND 3.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Origin 1986 1996 2006 2016 2020

Kcal Pop Kcal Pop Kcal Pop Kcal Pop Kcal Pop
High-income 64.9 32.7 62.7 29.9 44.5 315 49.7 35.3 44.9 36.5
Upper middle-income 9.4 16.0 16.2 14.8 24.5 19.3 33.8 26.4 36.2 25.6
Lower-middle income 13.9 25.4 13.3 27.0 14.5 24.2 15.7 25.6 18.2 25.8
Low-income 7.0 20.9 7.6 27.1 16.5 24.3 0.8 11.8 0.7 11.0
Undetermined income 4.8 4.9 0.1 1.2 0.0 0.8 0.0 0.8 0.0 1.1
Destination 1986 1996 2006 2016 2020

Kcal Pop Kcal Pop Kcal Pop Kcal Pop Kcal Pop
High-income 44.4 52.7 55.8 42.6 41.3 35.2 38.4 335 36.5 33.6
Upper middle-income 12.8 5.8 9.8 6.3 24.6 10.4 37.3 31.9 39.5 29.8
Lower-middle income 13.7 8.4 19.7 12.5 24.9 29.7 18.8 29.7 20.0 31.9
Low-income 6.5 24.1 14.6 37.4 9.3 23.6 5.5 3.9 3.7 3.2
Undetermined income 21.2 4.4 0.0 0.0 0.0 0.2 0.0 0.1 0.3 0.3

Obs.: (*) Proportion of calories traded in the year; () Proportion of population in destination countries; H = high-income countries; UM = upper middle-income
countries; LM = lower middle-income countries; L. = low-income countries; ND = countries of undetermined income level.

characteristics of the population, region, year, and crossed effects of
region and year (Table 3).

The results indicate that there was inverse relation between partic-
ipation in global food trade in relation to prevalence of overweight and
obesity. In addition, economic globalization and normative aspects of
political globalization showed either negative association or lack of
statistically significant association with overweight and obesity preva-
lence. A potential explanation on the counterintuitive results refers to
the increase in competitiveness in food supply, leading to higher di-
versity and quality of foods available at national level.

Social globalization de jure and political globalization de facto pre-
sented positive associations with overweight and obesity prevalence in
countries. In addition, upper middle- and lower middle-income coun-
tries showed higher probability of being in the highest tercile of obesity
prevalence in comparison to high- and low-income countries, consistent
with recent evidence on trends of nutrition transition worldwide
(Hawkes, 2006).

5. Discussion

The study showed important changes in the structure of the global

trade network of foods for human consumption over 35 years. Food
systems worldwide became increasingly interconnected throughout
time: the dynamics of international food trade documented through
complex network analysis from 1986 until 2020 points to increased
connectedness and, simultaneously, higher interdependence of coun-
tries in the global food trade network, confirming previous evidence
(Khoury et al., 2015).

The evolution of the global food trade network showed substantial
growth in its contribution to calories for human consumption within
countries during the period. There were increases in the participation of
countries within the network in terms of exchange of calories and
diversification of trade partnerships throughout the period, except in
periods of economic crises.

The degree of participation in the global food trade network showed
statistically significant negative association with trends in overweight
and obesity prevalence, independently of country globalization level,
after controlling for characteristics of domestic calorie supply, popula-
tion sociodemographic and economic characteristics, country income
level, region, year, and crossed effects of region and year.

The findings are consistent with previous evidence showing that
global food trade and economic globalization processes may present
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Table 2

Proportion of calories from food imports (mean and standard deviation) and
proportion countries with calorie supply equal or higher than global supply of
calorie per capita per day, according to income level.

% Countries with calorie
availability equal or higher
than global mean supply of
calorie per capita per day

Year % Calories for human consumption from
food imports p (SD)

H UM LM L H UM LM L

1986  50.7 51.0 15.4 2.8 96.4 75.0 40.5 0.0
(60.6) (128.5) (24.1) (9.1

1987 41.6 30.3 16.3 2.6 929 79.2 405 23
(62.3) (40.0) (26.6) (8.6)

1988  40.2 27.0 17.7 1.7 96.4 826 333 0.0
(62.2) (38.3) 27.1) (5.8)

1989  44.2 35.4 17.7 1.6 96.7 75.0 353 4.7
(57.6) (74.6) 28.1) (5.2)

1990  39.7 34.7 21.2 2.6 93.1 70.8 37.0 22
(61.6) (42.0) (33.00 (7.3)

1991 46.5 32.8 23.1 3.7 93.3 720 449 21
(75.1) (40.3) 33.7) (9.2)

1992 49.1 34.0 11.8 6.1 90.0 69.0 444 21
(73.5) (38.0) (21.8) (13.2)

1993 51.3 39.5 13.1 3.5 90.0 786 435 5.8
(69.3) (44.0) (22.8) (8.2)

1994  56.7 36.1 15.9 4.9 97.0 783 475 7.0
(74.2) (37.2) 24.8) (9.7)

1995 54.8 32.8 14.3 5.9 97.1 72.7 475 5.4
(82.1) (37.0) (23.00 (12,9

1996 54.4 34.0 15.1 5.3 97.2 826 474 3.6
(76.6) (43.0) (21.3)  (9.6)

1997 50.8 36.2 23.0 8.2 973 679 519 73
(75.9) (43.4) (30.3) (13.8)

1998  65.7 42.1 18.7 9.8 946 714 580 53
(103.8) (38.9) (25.7) (17.2)

1999 57.3 43.9 21.8 10.4 946 733 563 1.7
(79.4) (39.3) (23.1) (16.8)

2000 62.6 49.7 26.7 11.5 949 733 553 1.8
(77.9) (38.6) (27.5) (17.5)

2001 71.2 55.9 35.0 11.7 946 742 511 1.8
(79.0) (40.9) 324) (17.0)

2002 71.6 54.5 34.3 17.3 90.2 714 531 1.8
(78.3) (40.4) (32.9) (20.5)

2003 741 63.4 29.8 15.5 89.7 677 588 1.9
(80.0) (44.2) (26.9) (21.9)

2004 67.1 60.5 33.3 12.4 925 69.7 51.0 3.8
(77.4) (50.9) (29.0) (20.4)

2005 74.8 62.0 35.6 15.3 90.2 758 434 6.4
(81.1) (42.3) (31.3) (23.6)

2006 74.6 67.6 30.6 12.0 91.1 735 469 43
(80.1) (72.4) (30.0) (20.5)

2007  80.9 63.6 32.8 18.6 89.6 722 375 47
(82.1) (75.8) (32.3)  (27.5)

2008 74.8 56.9 29.3 18.3 87.8 659 319 26
(83.7) (64.4) (31.1) (27.8)

2009 77.3 52.2 29.6 11.9 920 651 255 5.7
(80.3) (57.3) (33.8) (18.8)

2010 75.4 56.6 24.7 13.4 91.7 647 224 3.1
(82.9) (90.4) (30.1) (20.2)

2011 73.3 61.1 28.0 12.3 87.8 627 208 3.0
(84.5) (115.,5)  (32.00 (19.1)

2012  76.3 49.4 31.4 12,5 87.0 540 227 31
(83.4) (55.9) (34.5) (16.5)

2013 834 45.7 27.4 13.6 889 540 222 3.2
(83.8) (43.0) (33.4) (19.2)

2014  89.7 58.0 41.4 21.8 89.3 563 234 0.0
(81.6) (39.6) “41.4) (2.7

2015 943 58.0 38.2 25.0 90.6 569 234 0.0
(80.1) (41.8) (39.3) (24.2)

2016  97.8 57.3 44.6 29.4 90.4 58.0 204 3.6
(83.8) (43.49) (51.0) (29.49)

2017  97.8 57.4 44.5 29.7 873 560 209 6.5
(88.5) (38.5) (43.7)  (30.5)

2018  96.8 55.8 43.0 25.3 889 56.6 227 0.0
(88.1) (39.5) (50.1) (27.3)

2019  95.2 56.3 45.1 20.5 915 540 229 37

(81.4) (39.9) (49.0) (23.6)
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Table 2 (continued)

% Countries with calorie
availability equal or higher
than global mean supply of
calorie per capita per day

Year % Calories for human consumption from
food imports p (SD)

H UM LM L H UM LM L

2020 91.9 56.3 45.8 23.7 91.1 53.1 302 4.0
(84.2) (36.0) (59.1)  (32.6)

Obs.: p = mean; SD = standard deviation; H = high-income countries; UM =
upper middle-income countries; LM = lower middle-income countries; L = low-
income countries.

either absence of negative effects or occurrence of positive effects on
population wellbeing through promotion of increased food supply in
importing countries and growth in income for exporting countries
(Porkka et al., 2013; Miljkovic et al., 2015; Fox et al., 2019; Mary and
Stoler, 2021).

There are numerous potential explanations on the unexpected in-
verse associations identified between engagement in bilateral food ex-
changes and prevalence of overweight or obesity. First, the imports of
raw and unprocessed foods may play a central role in the negative as-
sociation between participation in global food trade network and
prevalence of overweight and obesity (Miljkovic et al., 2015); therefore,
fostering the sustainable production and consumption of unprocessed
foods at national level may empower local food systems and ensure food
security of the population.

Second, there is evidence that advances in global trade tend to
improve domestic food availability worldwide; yet, food self-sufficiency
of countries remains relatively unchanged throughout time (Porkka
et al., 2013). Thus, international food trade is still crucial to enable
access to wide array of essential nutrients for populations worldwide
(Wood et al., 2018), and strategies to improve local food production
should be guided to gradually incorporate additional food products that
allow increase in self-sufficiency.

Third, food trade regulations and taxation systems may comprise
important mechanisms for prevention of overweight and obesity:
countries imposing higher tariffs on foods with higher energy density
and lower nutritional value (sweets, sugar, fats, and oils) generally have
lower overweight and obesity prevalence; whilst government subsidies
to certain foods tend to increase the prevalence of overweight and
obesity (Abay et al., 2020). In fact, evidence on economic incentives
towards healthy food consumption indicate that public policies at na-
tional level should focus on the combination of taxation and subsidy on
foods/beverages according to nutritional profile (Niebylski et al., 2015).

Fourth, a major part of the literature on the link between global food
trade and obesity highlights that the economic drivers of globalization
play minor roles in obesity trends in comparison to social and political
drivers at domestic level (Hawkes, 2006; Costa-i-Font and Mas, 2016;
Goryakin et al., 2015). Consequently, programs fostering healthy life-
styles should comprise national public health strategies addressing so-
cial and political determinants of local food environments, promotion of
physical activity, and disincentives sedentarism (Melo et al., 2023).

Fifth, the results of the present study indicate that global food trade
may be an economic driver for diversification of population diets at
national level, potentially through increase in food supply competition,
contributing for improvements in diet quality and nutrient intake (Fox
et al., 2019; Miljkovic et al., 2015). Therefore, policies directed towards
promotion of competitiveness in local food systems and insertion in
international trade networks may generate structural conditions to
stimulate economic growth at national level (Hidalgo and Hausmann,
2009), whilst favoring food security for the population.

The present study conveys valuable evidence for design and imple-
mentation of public policies towards the improvement of connections of
local and global food systems, especially considering the potential role
of bilateral or regional trade agreements on food availability that fulfill
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Table 3
Coefficients of regression models regarding prevalence of overweight and obesity. 1986-2015.

Tercile of overweight prevalence Lag 0 Lag 1 Lag 3

OR OR OR Sig.
Indegree centrality 0.034 0.028 0.019 ok
Outdegree centrality 0.158 0.189 0.296 *
Economic globalization de facto 0.997 ns 0.998 ns 1.000 ns
Economic globalization de jure 0.992 ns 0.992 ns 0.988 *
Social globalization de facto 1.015 ns 1.011 ns 1.002 ns
Social globalization de jure 1.032 bl 1.034 il 1.038 il
Political globalization de facto 1.031 sk 1.031 sk 1.028 ek
Political globalization de jure 0.968 0.969 0.974
Calories in comparison to EER % 262.843 290.568 695.731
Caloric availability > global mean supply (yes=1) 1.065 ns 0.972 ns 0.715 ns
Population 0-14 years % 0.997 ns 0.997 ns 0.983 ns
Population 15-64 years % 0.890 bl 0.885 i 0.861 i
Female population % 0.954 ns 0.938 ns 0.902 o
Urban population % 1.114 sk 1.115 il 1.119 ok
High-income country (yes=1) 1.716 ns 1.733 ns 1.723 ns
Upper middle-income country (yes=1) 8.286 bl 8.330 i 9.556 wrk
Lower middle-income country (yes=1) 6.363 ok 6.435 el 6.701 el
Tercile of obesity prevalence Lag 0 Lag 1 Lag 3

OR Sig. OR Sig. OR Sig.
Indegree centrality 0.273 * 0.240 * 0.225 *
Outdegree centrality 0.414 * 0.402 * 0.356 *
Economic globalization de facto 1.000 ns 1.000 ns 1.002 ns
Economic globalization de jure 0.982 o 0.983 ekl 0.982 el
Social globalization de facto 1.015 ns 1.013 ns 1.010 ns
Social globalization de jure 1.020 1.021 * 1.022 *
Political globalization de facto 1.029 b 1.030 el 1.032 el
Political globalization de jure 0.956 ok 0.956 i 0.957 kx
Calories in comparison to EER % 109.324 ok 145.349 e 211.146 ok
Caloric availability > global mean supply (yes=1) 1.531 *H 1.453 * 1.471 *
Population 0-14 years % 0.961 ns 0.958 * 0.953 *
Population 15-64 years % 0.954 ns 0.953 ns 0.944 Ns
Female population % 1.093 el 1.089 i 1.086 *
Urban population % 1.080 bl 1.080 il 1.082 kil
High-income country (yes=1) 0.872 ns 0.801 ns 0.725 ns
Upper middle-income country (yes=1) 6.981 sk 6.702 e 7.210 ek
Lower middle-income country (yes=1) 8.244 bkl 8.692 el 10.133 b

Obs.: ***p < 0.001; **p < 0.01; *p < 0.05; ns = not significant. EER = estimated energy requirements per capita per day. Models include control for region, year, and

crossed effects for region and year.

the nutritional requirements of populations (Beal et al., 2017; Geyik
et al., 2021).

The robust analysis performed on the evolution of global food trade
network throughout 35 years allowed to identify potential frailties and
strengths in the process of globalization of food consumption patterns
(Beal et al., 2017), comprising cues with substantial policy implications
in geopolitical, sociocultural, and economic dimensions of global food
systems.

The density of the global food network showed fluctuations related
to periods of international economic crises, particularly during the
1990s and at end of the 2000s; reinforcing the role of macroeconomic
conditions on food security. In addition, the results showed that country
income was associated with participation on global food trade network
and occurrence of overweight and obesity. The influence of countries
similarity on the establishment of bilateral exchanges, i.e., Linder effect
(Haq and Meilke, 2011), indicate that the establishment of local/re-
gional trade agreements or South-South cooperation treaties may
comprise potential strategies towards increase in the centrality of
developing countries within the global food trade network.

There are certain limitations of the study. Data gathered in the pre-
sent study refers to information publicly available assembled by inter-
national organizations (FAO, WITS, World Bank, and World Health
Organization), registered by countries’ officials. Therefore, it is impor-
tant to acknowledge potential issues regarding missing information (e.
g., lack of identification of trading partners), and variations in trade
flows informed by partner countries, which may be due to errors or
confidentiality, resulting in minor asymmetry between import and

export data. However, a subsample of the data was tested to verify the
degree of deviations between import and export flows, showing that
major part of the bilateral food exchange presents substantial symmetry.

Additionally, we adopted the assumption that domestic supply-to-
food ratios estimated for food items and food groups within Food Bal-
ances correspond to the uses of foods imported through global trade;
however, domestic use of imported foods may differ from destination of
domestic production. Nevertheless, considering the absence of other
reliable sources of information referring to the proportion of food im-
ports dedicated to specific utilization, it is reasonable to assume certain
degree of similarity between uses of foods from diverse sources within
the same country in the same year.

The study limited the analysis to calorie flows; however, it is
important to highlight that nutrition is a complex phenomenon broader
than the analysis of calories. Future work should consider the flows of
other nutrients essential in the human diet, and their importance for
national nutrition security, according to the initial proposal by Geyik
et al. (2021, 2023). Moreover, the path between calorie availability/-
consumption and weight gain may be influenced by the source of calo-
ries, glycemic load, and genetics (Ludwig et al., 2021). In addition, the
study lacks exploration of economic, cultural, and social factors
involved in food choices and nutritional status at individual level,
considering the adoption of country-level information. However,
considering the available data at the population level, the present
approach represents an important contribution to understanding the
role of global food trade networks in population nutritional status.

Finally, it is important to emphasize that the information on



M.M. Silvestrini et al.

nutritional status of the population was available for major part of the
period of analysis. Therefore, the regression models with lagged vari-
ables for 0, 1 and 3 years of overweight and obesity prevalence
encompassed data corresponding to periods of 30, 29, and 27 years,
respectively. However, the robustness of results obtained in the regres-
sion models showed long lasting negative associations between country
indegree and outdegree centrality in the food trade network (i.e., cen-
trality in food imports and exports) and overweight or obesity
prevalence.

6. Conclusion

The present study illustrates comprehensively the trajectory of the
global food trade network from 1986 to 2020. The coupling of complex
network analysis with logistic regression methods comprises a powerful
tool to investigate the evolution of bilateral exchanges in international
food commerce and its short- and long-term effects on population
nutritional status, concurrently with economic, social, and political
globalization processes.

The assessment of progress in exchanges of foods for human con-
sumption throughout the last decades and their links with social, eco-
nomic, and political globalization processes convey important evidence
on the mechanisms underlying nutritional transitions worldwide.

The negative effects of participation on global food trade on over-
weight and obesity prevalence represent key evidence to support the
implementation of strategies that foster participation in the global food
trade network, independently of country income level, whilst adopting
national regulatory environment and taxation systems designed to
incentive healthy food consumption patterns and foster healthy
lifestyles.
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