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Aims and scope 
•  We investigate the relationship between countries’ participation in 

agricultural trade and their vulnerability to external (productivity) 
shocks 
-  We study the structural features of the web of bilateral trade flows in 

agricultural goods, translated into virtual water (VW) equivalent flows 
-  We apply new insights from network analysis to the study of the 

diffusion and propagation of shocks   

! Why this research? Background questions 
•  What is the relationship between food security and international trade 

in food products?  
•  Does trade increase vulnerability to external shocks?  
•  Is there a trade-off between stability and trade openness? 
•  Has globalization of food trade made the world economy more 

fragile?  

à We contribute to the debate on the link between food security and self-
sufficiency, especially under conditions of (water) resources scarcity 
 



Vulnerability: a network perspective 
•  Complex network analysis is applied to the global network of VW (e.g., 

Konar et al 2011, Tamea et al 2013) 
-  Topological characteristics and temporal evolution 

•  The global VW trade system is both interconnected and 
interdependent 
•  Small local shocks may have a strong systemic effect, due to cascading 

failures 
•  Greater connectivity reduces the likelihood of system failure, because shocks 

are more easily dissipated (Acemoglu et al. 2012) 

•  A series of papers by Acemoglu&co-authors (2010, 2012, 2013) 
emphasize the “granularity” effect and the interplay with the shock 
-  large shocks may result from amplification of small disturbances due to network 

topology  
-  Shocks hitting central players will quickly propagate to the rest of the economy 
-  The structure of the network and the nature of the (output) shocks (that is, the 

shape of shock distributions) are not separable  



Virtual water & network analysis 
•  Our novel approach: we investigate whether the 

topological features of the VW network are such to 
favour shocks propagation 

-  we link the topological features of the VW trade network to the 
resilience of the world system to external shocks  

•  Following Acemoglu et al. (2012):  
1.  we first focus on the distribution of potential shocks, to 

study their interaction with the network à empirical 
analysis 1 

2.  we then study the topology of the virtual water network 
and how it has evolved over the last 3 decades à 
empirical analysis 2 



Empirical analysis 1: supply shocks 
•  Supply shock: agricultural production à Main purpose: detecting the 

frequency of large output losses, if there are “heavy tails” 

-  data total agricultural production in ton/yr from the FAOSTAT database (1961–
2012)  

-  fit a linear trend to account for long-run productivity improvement  
-  we focus on deviations: actual production relative to linear trend fitted to the 

data 
-  only look at cases where actual production lower than expected  

 

•  We check whether the probability distribution functions display “heavy 
tails”: à larger probability of extreme events  
•  There are some common metrics used to highlight the presence of heavy tails: 
1.  % of observations larger than mean + 2 × st.dev. 
2.  Obesity Index (Cooke et al 2014): if values are > 0.75 à fat-tailed 

distribution 
3.  Mean Excess Function (MEF, Cooke et al. 2014): if it is upward sloping and/

or the shape of the MEFs on aggregated data change significantlyà fat 
tailed distribution 



•  Very low fraction of observations out of  
“mean + 2st.dev” interval  
•  ObIn high but declines over time: relatively fat tails        
à Probability of extreme events declines over time  

•  MEF plots: upwardslowping, aggregation affects the 
shape 

! relatively heavy tails, but heaviness likely 
declines over time  

! 7 

The analysis focuses on the shape of the probability distribution of the output drops (Figure 1), with 
the aim of detecting the frequency of large output losses. Formally, this is to say that we are looking for 
the presence of heavy tails in these distributions, suggesting a probability of extreme events (e.g. a 
sizable output loss) larger than it would be under a normal or another thin-tailed distribution.4 The 
extent to which this tails have eventually become fatter over time is also checked. 
We calculate two indexes of tail heaviness, commonly used in the literature and reported in Table 1. 
Alongside the percentage of observations that stay out of the interval “mean±double standard 
deviation”, we compute the Obesity Index (Cooke and Nieboer, 2011). The latter is computed as 
!" ! = ! !! + !! > !! + !! !! ≤ !! ≤ !! ≤ !! , and is based on the heuristic that, in the case of 
heavy-tailed distributions, larger observations lie further apart than smaller observations. !!,… ,!!  are 
independent and identically distributed values randomly sampled from the data. In our application, the 
index is based on 1,000 random samples of 4 observations. Results are summarized in Table 1. 
 

Table 1. Indexes of tail heaviness. 

Year % of obs out 
of interval 

Obesity  
Index 

1986 1 0.91 

1990 1 0.91 

1995 2 0.89 

2000 5 0.89 

2005 3 0.90 

2010 2 0.88 

 
The percentage of values lying more than two standard deviations away from the mean range is 
between 1% (in 1986 and 1990) and 5% (in 2000). In these cases, deviations are mostly associated with 
some of the largest agricultural producers in the world, namely China, Russia, and India. These 
deviations are never lower than -15% of the predicted values, with only one exception (in the year 
2010, the observed value for Russia is 24% lower than the predicted one).5  The values of the Obesity 
Index are larger than the expected value for an exponential distribution (0.75) and close to those 
implied by a Zipf’s law (0.87), ranging between 0.88 and 0.91, but decrease over time. Although the 
procedure proposed by Clauset et al. (2009) to detect power-law behavior in the data does not provide 
us with clear-cut evidence, the tails of the distributions are likely to be heavy. Yet the likelihood of 
extreme events diminishes slightly over the period analyzed.  
A further method to look for fat tails in a distribution is to compare the plot of the mean excess 
function (MEF) of the data with the MEF plot obtained through aggregation of the original data set by 
k (as suggested by Cooke and Nieboer, 2011). The mean excess function of a random variable X gives 
the expected excess of the random variable over a certain threshold u, given that the random variable is 
larger than the threshold. It is defined as ! ! = ! ! − ! ! > ! . Following Cooke and Nieboer’s 
procedure, we first divide the data set randomly into groups of size k and then we sum each of these k 
values. Aggregating the sample does not have much effect on the mean excess plot of data coming 
from heavy-tailed distributions, while this is no longer valid for data coming from thin-tailed 
distributions. That is, in presence of heavy tails, the two mean excess plots should be very similar. As 
an example, Figure 2 plots the MEFs for the distribution for the years 1995 (left panel) and 2010 (right 
panel).  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 In the presence of a thin-tailed probability distribution, the upper tail declines to zero exponentially or faster. Such a distribution has a 
moment generating function, and all moments exist. A normal or a gamma distribution is an example of the thin-tailed probability 
distribution function, as is any distribution with finite supports, like a uniform distribution or a discrete-point finite distribution. On the 
contrary, a fat-tailed distribution falls to zero much more slowly. The standard example of a fat-tailed probability distribution function is 
the power law or Pareto distribution, although a Student-t or inverted-gamma distribution is also fat-tailed. 
5 1986: China -13%; 1990: China -11%; 1995: China -6%; 2000: Russia -11%; 2005: India -4%; 2010: Russia -24%. As a percentage of 
global agricultural production, these lower output volumes are respectively: -2.7%, -2.5%, -1.5%, -0.3%, -0.4%, and -0.6%. 

Table 2 summarizes some of the topological features of the VW
network, as described by the most commonly used network indica-
tors. Over time, the number of active nodes increases, as well as the
number of trade connections and the volume of water associated
with global food trade, which more than doubles in 25 years,
alongside a relatively stable maximum degree. The number of
active nodes varies over time due to geo-political changes (mainly
the dissolution of the Soviet Union), but remains otherwise stable.
This is associated with a more than proportional increase in the
number of links: network density (defined as the number of active
links over the total number of possible connections) moves from
20% to 33%, testifying to rising global trade. The maximum number
of trade partners is always smaller than the number of players,
meaning that none of the countries is connected with everybody
else. There is a large difference between the average and the max-
imum number of partners, while the variability of node degree (the
coefficient of variation) decreases over time.

The negative assortativity displayed by the VW network sug-
gests a hub-and-spoke structure whereby low-connectivity coun-
tries establish links mainly with hubs, meaning countries with
many partners. Similar results have already been found in the lit-
erature, both relative to the overall trade network (where it is,
however, much more pronounced, see Fagiolo et al., 2010) and,
more specifically, for VW trade (Konar et al., 2011). Similar to what
happens for assortativity, which declines (in absolute value) over
the years, the clustering coefficient also displays a marked reduc-
tion, moving from 0.80 to 0.64. This suggests that as the number
of players increases, the relative importance of tightly connected
cliques goes down.

The low and decreasing values of centralization are consistent
with the idea that over time the system has becomemore balanced
and homogeneous. Overall, the figures summarized in Table 2 sug-
gest that from 1986 onward, the VW trade network has been

evolving toward a less centralized and less disassortative network,
with a decreasing number of clusters and a greater density. This
qualitative picture is consistent with the results obtained in previ-
ous studies by Dalin et al. (2012) and Konar et al. (2011) and sug-
gests that peripheral countries have increased their relative
importance in terms of their number of trade partners, making
the network more interconnected and interdependent, in other
words more balanced. It is worth noting that this evolution could
be identified just by looking at the increase in the volume of trade
or in network density, but depends on the structural evolution of
the network. In particular, as shown also in Fig. 2, the data suggest
that the network becomes more symmetric over time.11

To dig deeper into the possible role of network topology in the
propagation of shocks, we consider whether the degree distribu-
tion features heavy tails, whereby the number of highly connected
nodes is larger than one would expect. A fat-tailed distribution for
node degree would imply the presence of a small core of very con-
nected countries, featuring a much larger number of links than the
rest of the nodes. Any shock affecting these central nodes would
propagate easily to the rest of the network, and would not be com-
pletely compensated by shocks in the opposite direction.

In fact, several studies highlight that large heterogeneity in con-
nectivity plays an important role in determining the fragility of a
network (see for instance Caccioli et al., 2012). In particular,
Acemoglu et al. (2012) suggest that when the degree distribution
features heavy tails, systemic failures may result from cascade
effects even in the presence of small original disturbances. We
focus on the indegree distribution because the shocks that we
are mainly interested in are supply-side disturbances, and also in

Fig. 1. MEFs of the original sample and aggregated data set. Years 1995 (left panel) and 2010 (right panel).

Table 2
Topological features and descriptive statistics of the virtual water network.

Year Active
nodes

Links Density (%) Global VW
flow (109 m3)

Max Str.Out (Str.In)
(109 m3)

Average strength
(109 m3)

Max Outd
(Ind).

Max degree
(In + Out-Bil)

Average
degreeb

St. dev./mean Assort. Clust. Centr.
index

1986 208 8644 20.08 1064.01 176.78 (89.98) 5.12 179 (164) 184 55.30 0.85 !0.43 0.80 0.16
1990 205 8643 20.67 1182.88 198.11 (98.49) 5.77 181 (161) 184 54.84 0.86 !0.47 0.72 0.16
1995 238a 11,605 20.57 1431.71 239.44 (100.10) 6.02 204 (178) 205 63.60 0.85 !0.45 0.70 0.14
2000 213 13,362 29.59 1845.18 243.77 (130.01) 8.66 191 (173) 195 81.44 0.64 !0.35 0.65 0.11
2005 211 14,432 32.57 2355.30 243.61 (179.10) 11.16 198 (171) 200 90.01 0.58 !0.32 0.65 0.11
2010 211 14,669 33.11 2769.11 298.11 (278.09) 13.12 197 (169) 202 90.63 0.59 !0.33 0.64 0.10

a This higher value is due to the dissolution of the Soviet Union.
b Both the ‘‘average degree” indicator and the ratio ‘‘standard deviation over mean” indicator are computed on the degree distribution (the sum of in- and outdegree net of

bilateral links).

11 Indeed, the network analysis allows us to appreciate that countries featuring the
same degree of trade openness (measured for instance as exports plus imports over
GDP) may have a very different position within the network.
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Empirical analysis 2: network topology 
•  VW trade depicted as a weighted network  

-  countries are nodes, VW flows are links, row countries are exporters, 
column countries identify importers 

-  each cell of the square matrix of VW captures the VW flow from 
country i to country j 

-  Here: unweighted network analysis à binary matrix (1 = flow) 
•  25 VW trade matrices (1986-2010), 253 countries covered  
•  Common network indexes and indicators:   

-  node degree: number of contacts maintained by the node 
-  node strength: sum of the linked weights of the node 
-  density: number of active links over the total number of possible 

connections 
-  centrality: captures the node’s position within the network 
-  assortativity: tendency of a highly connected node to be linked to other 

high-degree nodes 
-  clustering: tendency of nodes to form tightly connected groups 

 



•  The number of links almost double and the total volume of VW trade almost triples 
•  Network density increases, moving from 20% (1986) to 33% (2010)  
•  Negative but declining assortativity à hub-and-spoke structure  
•  Clustering and centralization also declines over time: Peripheral countries have 

increased their relative importance 
A fat-tailed distribution for node degree would imply the presence of a small core of 
very con- nected countries, featuring a much larger number of links than the rest of 
the nodes. Any shock affecting these central nodes would propagate easily to the 
rest of the network, and would not be com- pletely compensated by shocks in the 
opposite direction.  
 
à The VW network has been evolving toward a less centralized network  
à Balanced system: shocks are more quickly dissipated 

Table 2 summarizes some of the topological features of the VW
network, as described by the most commonly used network indica-
tors. Over time, the number of active nodes increases, as well as the
number of trade connections and the volume of water associated
with global food trade, which more than doubles in 25 years,
alongside a relatively stable maximum degree. The number of
active nodes varies over time due to geo-political changes (mainly
the dissolution of the Soviet Union), but remains otherwise stable.
This is associated with a more than proportional increase in the
number of links: network density (defined as the number of active
links over the total number of possible connections) moves from
20% to 33%, testifying to rising global trade. The maximum number
of trade partners is always smaller than the number of players,
meaning that none of the countries is connected with everybody
else. There is a large difference between the average and the max-
imum number of partners, while the variability of node degree (the
coefficient of variation) decreases over time.

The negative assortativity displayed by the VW network sug-
gests a hub-and-spoke structure whereby low-connectivity coun-
tries establish links mainly with hubs, meaning countries with
many partners. Similar results have already been found in the lit-
erature, both relative to the overall trade network (where it is,
however, much more pronounced, see Fagiolo et al., 2010) and,
more specifically, for VW trade (Konar et al., 2011). Similar to what
happens for assortativity, which declines (in absolute value) over
the years, the clustering coefficient also displays a marked reduc-
tion, moving from 0.80 to 0.64. This suggests that as the number
of players increases, the relative importance of tightly connected
cliques goes down.

The low and decreasing values of centralization are consistent
with the idea that over time the system has becomemore balanced
and homogeneous. Overall, the figures summarized in Table 2 sug-
gest that from 1986 onward, the VW trade network has been

evolving toward a less centralized and less disassortative network,
with a decreasing number of clusters and a greater density. This
qualitative picture is consistent with the results obtained in previ-
ous studies by Dalin et al. (2012) and Konar et al. (2011) and sug-
gests that peripheral countries have increased their relative
importance in terms of their number of trade partners, making
the network more interconnected and interdependent, in other
words more balanced. It is worth noting that this evolution could
be identified just by looking at the increase in the volume of trade
or in network density, but depends on the structural evolution of
the network. In particular, as shown also in Fig. 2, the data suggest
that the network becomes more symmetric over time.11

To dig deeper into the possible role of network topology in the
propagation of shocks, we consider whether the degree distribu-
tion features heavy tails, whereby the number of highly connected
nodes is larger than one would expect. A fat-tailed distribution for
node degree would imply the presence of a small core of very con-
nected countries, featuring a much larger number of links than the
rest of the nodes. Any shock affecting these central nodes would
propagate easily to the rest of the network, and would not be com-
pletely compensated by shocks in the opposite direction.

In fact, several studies highlight that large heterogeneity in con-
nectivity plays an important role in determining the fragility of a
network (see for instance Caccioli et al., 2012). In particular,
Acemoglu et al. (2012) suggest that when the degree distribution
features heavy tails, systemic failures may result from cascade
effects even in the presence of small original disturbances. We
focus on the indegree distribution because the shocks that we
are mainly interested in are supply-side disturbances, and also in

Fig. 1. MEFs of the original sample and aggregated data set. Years 1995 (left panel) and 2010 (right panel).

Table 2
Topological features and descriptive statistics of the virtual water network.

Year Active
nodes

Links Density (%) Global VW
flow (109 m3)

Max Str.Out (Str.In)
(109 m3)

Average strength
(109 m3)

Max Outd
(Ind).

Max degree
(In + Out-Bil)

Average
degreeb

St. dev./mean Assort. Clust. Centr.
index

1986 208 8644 20.08 1064.01 176.78 (89.98) 5.12 179 (164) 184 55.30 0.85 !0.43 0.80 0.16
1990 205 8643 20.67 1182.88 198.11 (98.49) 5.77 181 (161) 184 54.84 0.86 !0.47 0.72 0.16
1995 238a 11,605 20.57 1431.71 239.44 (100.10) 6.02 204 (178) 205 63.60 0.85 !0.45 0.70 0.14
2000 213 13,362 29.59 1845.18 243.77 (130.01) 8.66 191 (173) 195 81.44 0.64 !0.35 0.65 0.11
2005 211 14,432 32.57 2355.30 243.61 (179.10) 11.16 198 (171) 200 90.01 0.58 !0.32 0.65 0.11
2010 211 14,669 33.11 2769.11 298.11 (278.09) 13.12 197 (169) 202 90.63 0.59 !0.33 0.64 0.10

a This higher value is due to the dissolution of the Soviet Union.
b Both the ‘‘average degree” indicator and the ratio ‘‘standard deviation over mean” indicator are computed on the degree distribution (the sum of in- and outdegree net of

bilateral links).

11 Indeed, the network analysis allows us to appreciate that countries featuring the
same degree of trade openness (measured for instance as exports plus imports over
GDP) may have a very different position within the network.
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•  The search for “fat-tails”: presence of a small core of very connected 
countries, featuring a much larger number of links than the rest of the 
nodes 

•  Any shock affecting these central nodes would propagate easily to the 
rest of the network, and would not be completely compensated by shocks 
in the opposite direction  

•  We focus on the Indegree distribution (the number of edges directed to a 
node) à we are concerned about “import” of external shocks 

•  Second-order degree: captures indirect links across countries 

the food policy discourse vulnerability is mainly associated with
imports.12

Looking at the distribution of indegree (see left panel of Fig. 2, in
which normalization sets the index between 0 and 1 for all years to
enhance comparability), we can see that alongside a small fraction
of highly connected nodes, there is a large group of peripheral
countries. However, skewness decreases over time and the distri-
bution becomes more symmetric: over time the body of the distri-
bution shifts rightward, signaling an increase in the number of
trade partners to which the average country is connected. This is
consistent with results presented by Konar et al. (2011), who find
that the distribution of the number of trade connections held by
each country follows an exponential distribution, the tail of which
becomes thinner over time. Our data confirm these findings show
that they extend to 2010 as well. A Lilliefors test performed on the
indegree distribution cannot reject the null hypothesis that the dis-
tribution is exponential and thus not heavy tailed.

The same conclusion is further confirmed by the values taken
by the Obesity Index (see column 4 of Table 3), which are always
lower than the theoretical value under an exponential distribution
(0.75) and decrease over time. Similarly, the percentage of observa-
tions outside the interval ‘‘mean ± double standard deviation” (col-
umn 3 of the table) and the downward sloping shape of the MEF
plots (left panel of Fig. 3) consistently point in the same direction.

Yet, looking at first-order connectivity may not be enough. In
fact, Acemoglu et al. (2012) show that the first-order degree

distribution provides only partial information on the network
structure. In other words, examining the first-order connectivity
only, as the existing literature does, may not be enough to rule
out the possibility of cascade effects. Two networks with identical
first-order degree distribution may exhibit considerably different
levels of vulnerability. This is because country-specific idiosyn-
cratic shocks affect not only the countries immediately connected
to it, but also those indirectly connected. As we are interested in
discovering possible intrinsic features favoring network instability,
we need to explore higher-order connectivity. Following Acemoglu
et al. (2012), we compute the second-order degree vector qi of the
VW trade network by multiplying the adjacency matrix AðN " NÞ of
the VW network by the degree vector K , according to the formula
qi $

PN
j¼1aijkj, where kj is the degree distribution of node j and aij is

the element of the adjacency matrix AðN " NÞ, which assumes the
value of one if there is a link between nodes i and j.

Again, this analysis aims to test for the presence of heavy tails
and to check the extent to which the tails of the distribution have
become heavier over time.

The distribution of second-order degrees (right panel of Fig. 2),
becomes less skewed over time: the decreasing values of skewness
and kurtosis (Table 3, columns 5–6) confirm that the distribution
becomes more balanced over time and tails become thinner. In
fact, kurtosis is always lower than the reference level for a Gaus-
sian distribution, suggesting the presence of thin tails. This feature
is further confirmed by the (decreasing) values of the Obesity Index
(column 8 of Table 3) and the downward shape of the MEF plots
(right panel of Fig. 3).

By interpreting the latter findings together with the qualitative
results discussed above, we can conclude that the network struc-

Fig. 2. Normalized first-order (left panel) and second-order (right panel) indegree distribution.

Table 3
Descriptive statistics and indexes of tail-heaviness. First- and second-order indegree distributions.

Year First-order indegree Second-order indegree

(1) (2) (3) (4) (5) (6) (7) (8)
Kurtosis Skewness % out of interval Obesity Index Kurtosis Skewness % out of interval Obesity Index

1986 4.37 1.32 7.2 0.71 2.40 0.35 3.8 0.57
1990 4.29 1.35 7.3 0.72 2.42 0.40 4.4 0.59
1995 3.95 1.24 6.3 0.71 2.39 0.37 3.4 0.58
2000 2.75 0.68 4.7 0.63 2.21 0.12 1.9 0.53
2005 2.75 0.52 3.8 0.58 2.29 0.004 2.4 0.50
2010 2.55 0.44 4.2 0.57 2.21 &0.04 1.0 0.49

12 In fact, the same analysis is also carried out on the distributions of the outdegree
and total degree (the sum of the in- and outdegree net of bilateral links). The
qualitative picture is unchanged. The interested reader will find a sample of results
derived from the analysis of the outdegree in Appendix A.
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•  Decresing values of kurtosis, skewness and Obesity Index, decreasing 
shapes of the MEFs  

à distributions are more uniform over time, no sign of heavy tails 
à the number of highly connected nodes is not larger than one would expect 

the food policy discourse vulnerability is mainly associated with
imports.12

Looking at the distribution of indegree (see left panel of Fig. 2, in
which normalization sets the index between 0 and 1 for all years to
enhance comparability), we can see that alongside a small fraction
of highly connected nodes, there is a large group of peripheral
countries. However, skewness decreases over time and the distri-
bution becomes more symmetric: over time the body of the distri-
bution shifts rightward, signaling an increase in the number of
trade partners to which the average country is connected. This is
consistent with results presented by Konar et al. (2011), who find
that the distribution of the number of trade connections held by
each country follows an exponential distribution, the tail of which
becomes thinner over time. Our data confirm these findings show
that they extend to 2010 as well. A Lilliefors test performed on the
indegree distribution cannot reject the null hypothesis that the dis-
tribution is exponential and thus not heavy tailed.

The same conclusion is further confirmed by the values taken
by the Obesity Index (see column 4 of Table 3), which are always
lower than the theoretical value under an exponential distribution
(0.75) and decrease over time. Similarly, the percentage of observa-
tions outside the interval ‘‘mean ± double standard deviation” (col-
umn 3 of the table) and the downward sloping shape of the MEF
plots (left panel of Fig. 3) consistently point in the same direction.

Yet, looking at first-order connectivity may not be enough. In
fact, Acemoglu et al. (2012) show that the first-order degree

distribution provides only partial information on the network
structure. In other words, examining the first-order connectivity
only, as the existing literature does, may not be enough to rule
out the possibility of cascade effects. Two networks with identical
first-order degree distribution may exhibit considerably different
levels of vulnerability. This is because country-specific idiosyn-
cratic shocks affect not only the countries immediately connected
to it, but also those indirectly connected. As we are interested in
discovering possible intrinsic features favoring network instability,
we need to explore higher-order connectivity. Following Acemoglu
et al. (2012), we compute the second-order degree vector qi of the
VW trade network by multiplying the adjacency matrix AðN " NÞ of
the VW network by the degree vector K , according to the formula
qi $

PN
j¼1aijkj, where kj is the degree distribution of node j and aij is

the element of the adjacency matrix AðN " NÞ, which assumes the
value of one if there is a link between nodes i and j.

Again, this analysis aims to test for the presence of heavy tails
and to check the extent to which the tails of the distribution have
become heavier over time.

The distribution of second-order degrees (right panel of Fig. 2),
becomes less skewed over time: the decreasing values of skewness
and kurtosis (Table 3, columns 5–6) confirm that the distribution
becomes more balanced over time and tails become thinner. In
fact, kurtosis is always lower than the reference level for a Gaus-
sian distribution, suggesting the presence of thin tails. This feature
is further confirmed by the (decreasing) values of the Obesity Index
(column 8 of Table 3) and the downward shape of the MEF plots
(right panel of Fig. 3).

By interpreting the latter findings together with the qualitative
results discussed above, we can conclude that the network struc-

Fig. 2. Normalized first-order (left panel) and second-order (right panel) indegree distribution.

Table 3
Descriptive statistics and indexes of tail-heaviness. First- and second-order indegree distributions.

Year First-order indegree Second-order indegree

(1) (2) (3) (4) (5) (6) (7) (8)
Kurtosis Skewness % out of interval Obesity Index Kurtosis Skewness % out of interval Obesity Index

1986 4.37 1.32 7.2 0.71 2.40 0.35 3.8 0.57
1990 4.29 1.35 7.3 0.72 2.42 0.40 4.4 0.59
1995 3.95 1.24 6.3 0.71 2.39 0.37 3.4 0.58
2000 2.75 0.68 4.7 0.63 2.21 0.12 1.9 0.53
2005 2.75 0.52 3.8 0.58 2.29 0.004 2.4 0.50
2010 2.55 0.44 4.2 0.57 2.21 &0.04 1.0 0.49

12 In fact, the same analysis is also carried out on the distributions of the outdegree
and total degree (the sum of the in- and outdegree net of bilateral links). The
qualitative picture is unchanged. The interested reader will find a sample of results
derived from the analysis of the outdegree in Appendix A.
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ture is becoming more balanced over time. In fact, the data
show a reduction in the cross-country heterogeneity in both direct
(first-order) and indirect (second-order) connectivity.

This reshaping of the topological structure of the network is dri-
ven by the fact that more countries are integrating in the system
and playing a more active role in international VW trade, lessening
the importance of the dominant players and thus making the sys-
tem more balanced. This in turn suggests a reduction in systemic
vulnerability: a less asymmetric structure of the network implies
that the resilience generated by the dissipation of shocks through
the network outweighs the fragility effect that comes from the pos-
sible propagation of local crises. In other words, in a balanced net-
work disturbances are dissipated at a faster rate and are less likely
to generate extreme cascading effects (Battiston et al., 2012;
Acemoglu et al., 2012).

Overall, the topological characteristics of the global agricultural
trade network (represented by VW flows) suggest that VW trade
favors neither country’s vulnerability to external crises nor the
propagation of shocks through the system.

A further step in the analysis entails considering link weights in
the picture, in order to evaluate heterogeneity in the intensity of
trade relations, which is normally very large and should not be dis-
regarded (Fagiolo et al., 2010). In the weighted version of the VW
trade network, each link is assigned a value zij > 0, proportional
to the weight of that link. Since we are mainly interested in

inflows, the weight zij for each flow is computed as the ratio of a
country’s in-flow of VW over the country’s outstrength, such that
the row sum

P
jzij ¼ 1. Formally, zij ¼ wij=

Pn
j¼1wij. In this way,

the weighted VW trade network is fully described by its ðN # NÞ
weighted matrix Z ¼ fzijg, where zij ¼ 0 for all i ¼ j. Fig. 4 shows
the graphical representation of the weighted first-order and the
weighted second-order degree distributions for 1990, 2000, and
2010. Here as well we can see that the distributions become less
skewed and more balanced over time (in fact, both skewness and
kurtosis decline markedly): this pattern is common to first- and
second-order (weighted) indegree, and is particularly relevant
since second-order connectivity, which captures indirect links
across countries, plays an important role in determining systemic
vulnerability (Acemoglu et al., 2012, 2015).

The values of the Obesity Index reported in Table 4 are large,
well above the expected value implied by an exponential distribu-
tion (0.75), but declines over time. The MEF plots displayed in
Fig. 5 have an inverted-U shape and although the shape does not
change dramatically, we do see that upon aggregation the down-
ward sloping part of the MEF appears more evident.

With respect to their unweighted counterparts, both first- and
second-order weighted indegree distributions seem to display
heavier tails. Different indexes give conflicting results: the share
of observations in the upper tail is small but increases over time,
whereas the Obesity Index displays high values but goes down in

Fig. 3. MEF of the original sample and aggregated data set at the year 2000. First-order (left panel) and second-order (right panel) degree distribution.

Fig. 4. Weighted first- (left panel) and second-order (right panel) indegree distributions for selected years. Horizontal axis in log scale.
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Conclusion 1 
•  This work investigates the relationship between countries’ 

participation in international trade in agricultural goods and their 
vulnerability to external shocks from a network perspective 

•  Our analysis reveals that: 
1.  the probability of large supply shocks hitting the system is 

larger than one would predict under a Normal distribution, but 
has not increased over time  

2.  the structure of the VW network has become more balanced 
over time, as more countries integrate further in the world 
system  

 

à the topological characteristics of the VW network are not such 
as to favour the systemic risk associated with shock 
propagation 

à the world is more interconnected, but not necessarily less 
stable  



Conclusion 2 
• Relationship trade openness - food security: 

•  Trade helps to ensure that countries with limited (water) resources 
have access to sufficient food 

•  There are fears that openness may increase the vulnerability to 
external shocks, making countries worse off 

• Our analysis adds to this debate that: 
1.  global trade cannot be regarded as a major source of 

instability and does not threaten food security 
2.  increased globalization plays a crucial role in making 

the system more resilient to food crises 
•  an effort to reduce the remaining trade barriers would offer new 

trade opportunities: as long as this also reduces heterogeneity in 
the network, it would have a beneficial effect on global stability 
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The Obesity Index 
• Developed in Cooke, Nieboer & Misiewicz (Fat-Tailed 

Distributions: Data, Diagnostics and Dependence, 2014)  

• Based on the heuristic that, for heavy-tailed distributions, 
larger observations lie further apart than smaller 
observations  

• Obesity(x) = P(x1 +x4 >x2 +x3|x1 ≤x2 ≤x3 ≤x4) 
Ob In = 0.5 à  Normal distribution  
Ob In = 0.75 à exponential distribution 
Ob In > 0.75 à heavy tail in the distribution 



The Mean Excess Function 
•  The Mean Excess Function (MEF) of a random variable X gives 

the expected excess of X over a certain threshold u, given that 
X > u:  

MEF(u) = E [X − u|X > u] 
à a fat-tailed distribution features an upward sloping MEF  
 

•  Comparing the MEF of the original dataset with the MEF 
computed on a dataset obtained through random aggregation 
of the data into groups of size k (here 2 and 4) we can measure 
the degree of tail heaviness 

à If the distribution is fat-tailed, the MEFs of the aggregated 
data do not change so much (and are upward sloping) 



•  Weighted analysis: evaluate the heterogeneity in the intensity of trade 
relationships 

ture is becoming more balanced over time. In fact, the data
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(first-order) and indirect (second-order) connectivity.
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and playing a more active role in international VW trade, lessening
the importance of the dominant players and thus making the sys-
tem more balanced. This in turn suggests a reduction in systemic
vulnerability: a less asymmetric structure of the network implies
that the resilience generated by the dissipation of shocks through
the network outweighs the fragility effect that comes from the pos-
sible propagation of local crises. In other words, in a balanced net-
work disturbances are dissipated at a faster rate and are less likely
to generate extreme cascading effects (Battiston et al., 2012;
Acemoglu et al., 2012).

Overall, the topological characteristics of the global agricultural
trade network (represented by VW flows) suggest that VW trade
favors neither country’s vulnerability to external crises nor the
propagation of shocks through the system.

A further step in the analysis entails considering link weights in
the picture, in order to evaluate heterogeneity in the intensity of
trade relations, which is normally very large and should not be dis-
regarded (Fagiolo et al., 2010). In the weighted version of the VW
trade network, each link is assigned a value zij > 0, proportional
to the weight of that link. Since we are mainly interested in

inflows, the weight zij for each flow is computed as the ratio of a
country’s in-flow of VW over the country’s outstrength, such that
the row sum

P
jzij ¼ 1. Formally, zij ¼ wij=

Pn
j¼1wij. In this way,

the weighted VW trade network is fully described by its ðN # NÞ
weighted matrix Z ¼ fzijg, where zij ¼ 0 for all i ¼ j. Fig. 4 shows
the graphical representation of the weighted first-order and the
weighted second-order degree distributions for 1990, 2000, and
2010. Here as well we can see that the distributions become less
skewed and more balanced over time (in fact, both skewness and
kurtosis decline markedly): this pattern is common to first- and
second-order (weighted) indegree, and is particularly relevant
since second-order connectivity, which captures indirect links
across countries, plays an important role in determining systemic
vulnerability (Acemoglu et al., 2012, 2015).

The values of the Obesity Index reported in Table 4 are large,
well above the expected value implied by an exponential distribu-
tion (0.75), but declines over time. The MEF plots displayed in
Fig. 5 have an inverted-U shape and although the shape does not
change dramatically, we do see that upon aggregation the down-
ward sloping part of the MEF appears more evident.

With respect to their unweighted counterparts, both first- and
second-order weighted indegree distributions seem to display
heavier tails. Different indexes give conflicting results: the share
of observations in the upper tail is small but increases over time,
whereas the Obesity Index displays high values but goes down in

Fig. 3. MEF of the original sample and aggregated data set at the year 2000. First-order (left panel) and second-order (right panel) degree distribution.

Fig. 4. Weighted first- (left panel) and second-order (right panel) indegree distributions for selected years. Horizontal axis in log scale.
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•  Exterme values are increasing 
over time 

•  ObIn is high, but declining over 
time 

•  MEF first upward and then 
downward sloping 

! No clear evidence of fat tails, 
but we cannot exclude them 

more recent years. Also, the inverted U-shape followed by the MEF
is not fully consistent with a heavy-tail distribution. Hence, we do
not find a clear evidence of heavy tails in the distributions, but at
the same time the evidence does not allow us to exclude it
completely.

The analysis carried out so far has the merit of shedding light on
two facts: first, both the unweighted and the weighted analysis of
the same network are useful, because different characteristics may
be highlighted; second, the first-order interconnections provide
only partial information about the structure of the VW network.
The need to look at higher-order degree distributions is thus
confirmed.

Policy implications and concluding remarks

This work investigates the relationship between countries’ par-
ticipation in international trade in agricultural goods and their vul-
nerability to external shocks from a network perspective.

Our work contributes to the debate on the potential merits and
risks associated with openness to trade in agricultural and food
products. On the one hand, trade helps to ensure that even coun-
tries with limited water (and other relevant) resources have access
to sufficient food and contribute to the global saving of water. On
the other hand, there are fears that openness may increase the vul-
nerability to external shocks and thus make countries worse off.
Here we abstract from political considerations about food sover-
eignty and independence from imports and focus instead on inves-
tigatingwhether the likelihood of large output shocks has increased
over time, alongside globalization, and whether the topological fea-
tures of the network of international trade in agricultural goods
makes the world system prone to large systemic crises.

Our analysis reveals a number of interesting and relevant fea-
tures. First of all, the probability of large supply shocks hitting

the system is larger than one would predict under the Normal
(Gaussian) distribution, but has not increased over time. Second,
the structure of the VW network has become more balanced over
time, as more countries integrate further in the world system
and increase their import and export activity. As a result, the topo-
logical characteristics of the VW network, which play an important
role in the transmission of shocks, are not such as to favor the sys-
temic risk associated with shock propagation. The structure of
international trade has evolved in a way that makes the benefits
from the dissipation of shocks through the network outweigh the
potential costs of shock propagation and magnification, at least
from a systemic point of view. Yet, the high concentration of trade
flows, with a few very strong relations accounting for the bulk of
world trade, makes some of the nodes critically important. The
analysis of higher-order interconnections reveals important infor-
mation about the structure of a network: this paper represents
an interesting first step in this direction, but further research is
needed to identify critical nodes at the global and regional level.

In a nutshell, we find that the increased globalization, wit-
nessed by both the increasing number of trading countries and
the increase in total trade flows, is not associated with an increased
likelihood of adverse shocks in food production. Furthermore,
building on recent advances in network analysis, we find that the
world is more interconnected, but not necessarily less stable.
While the number of trade connections and the volume of water
associated with global food trade has almost doubled, the degree
of network asymmetry has decreased. Central players are gradually
lessening their importance as dominant-hubs, giving rise to a more
balanced topological structure and, therefore, reducing the sys-
temic vulnerability of the VW network.

From these results we derive two main implications. First, with
respect to the relationship between trade openness and food secu-
rity, we conclude that global trade cannot be regarded as a major
source of systemic instability, and policies of national self-
sufficiency in food production that progressively reduce a country’s
participation in agricultural trade may be globally defeating if they
end up increasing the heterogeneity in the network. In fact, by
highlighting the crucial role of interconnections and second-
order linkages across countries, network analysis forcefully shows
that international coordination plays a crucial role in making the
system more resilient to food crises. Moreover, as discussed by
Allouche (2011), in places where water and land are scarce, a target
of national self-sufficiency may simply not be viable or, by increas-
ing pressure on natural resources, become unsustainable in the
long-run.

Second, from a policy perspective our results suggest that the
process of globalization in food trade makes countries strongly

Table 4
Indexes of tail heaviness. Weighted first- and second-order indegree.

Year First-order indegree Second-order indegree

(1) (2) (3) (4)
% obs out of
interval

Obesity
Index

% obs out of
interval

Obesity
Index

1986 3.4 0.93 3.8 0.91
1990 3.4 0.93 4.9 0.92
1995 4.2 0.92 4.6 0.92
2000 5.2 0.89 5.2 0.89
2005 5.7 0.87 4.7 0.89
2010 6.2 0.87 5.1 0.88

Fig. 5. MEF of the original sample and aggregated data set at the year 2000. Weighted first- (left panel) and second-order (right panel) indegree distribution.

M. Sartori, S. Schiavo / Food Policy 57 (2015) 114–127 121

more recent years. Also, the inverted U-shape followed by the MEF
is not fully consistent with a heavy-tail distribution. Hence, we do
not find a clear evidence of heavy tails in the distributions, but at
the same time the evidence does not allow us to exclude it
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the same network are useful, because different characteristics may
be highlighted; second, the first-order interconnections provide
only partial information about the structure of the VW network.
The need to look at higher-order degree distributions is thus
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the other hand, there are fears that openness may increase the vul-
nerability to external shocks and thus make countries worse off.
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eignty and independence from imports and focus instead on inves-
tigatingwhether the likelihood of large output shocks has increased
over time, alongside globalization, and whether the topological fea-
tures of the network of international trade in agricultural goods
makes the world system prone to large systemic crises.

Our analysis reveals a number of interesting and relevant fea-
tures. First of all, the probability of large supply shocks hitting

the system is larger than one would predict under the Normal
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role in the transmission of shocks, are not such as to favor the sys-
temic risk associated with shock propagation. The structure of
international trade has evolved in a way that makes the benefits
from the dissipation of shocks through the network outweigh the
potential costs of shock propagation and magnification, at least
from a systemic point of view. Yet, the high concentration of trade
flows, with a few very strong relations accounting for the bulk of
world trade, makes some of the nodes critically important. The
analysis of higher-order interconnections reveals important infor-
mation about the structure of a network: this paper represents
an interesting first step in this direction, but further research is
needed to identify critical nodes at the global and regional level.

In a nutshell, we find that the increased globalization, wit-
nessed by both the increasing number of trading countries and
the increase in total trade flows, is not associated with an increased
likelihood of adverse shocks in food production. Furthermore,
building on recent advances in network analysis, we find that the
world is more interconnected, but not necessarily less stable.
While the number of trade connections and the volume of water
associated with global food trade has almost doubled, the degree
of network asymmetry has decreased. Central players are gradually
lessening their importance as dominant-hubs, giving rise to a more
balanced topological structure and, therefore, reducing the sys-
temic vulnerability of the VW network.

From these results we derive two main implications. First, with
respect to the relationship between trade openness and food secu-
rity, we conclude that global trade cannot be regarded as a major
source of systemic instability, and policies of national self-
sufficiency in food production that progressively reduce a country’s
participation in agricultural trade may be globally defeating if they
end up increasing the heterogeneity in the network. In fact, by
highlighting the crucial role of interconnections and second-
order linkages across countries, network analysis forcefully shows
that international coordination plays a crucial role in making the
system more resilient to food crises. Moreover, as discussed by
Allouche (2011), in places where water and land are scarce, a target
of national self-sufficiency may simply not be viable or, by increas-
ing pressure on natural resources, become unsustainable in the
long-run.

Second, from a policy perspective our results suggest that the
process of globalization in food trade makes countries strongly
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