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Abstract
In this study, we developed a social network model of the global trade of maize: one of the most
important food, feed, and industrial crops worldwide, and critical to food security. We used this
model to analyze patterns of maize trade among nations, and to determine where vulnerabilities in
food security might arise if maize availability were decreased due to factors such as diversion to
non-food uses, climatic factors, or plant diseases. Using data on imports and exports from the
United Nations Commodity Trade Statistics Database for each year from 2000 to 2009 inclusive,
we summarized statistics on volumes of maize trade between pairs of nations for 217 nations.
There is evidence of market segregation among clusters of nations; with three prominent clusters
representing Europe, Brazil and Argentina, and the United States. The United States is by far the
largest exporter of maize worldwide, while Japan and the Republic of Korea are the largest maize
importers. In particular, the star-shaped cluster of the network that represents US maize trade to
other nations indicates the potential for food security risks because of the lack of trade these other
nations conduct with other maize exporters. If a scenario arose in which US maize could not be
exported in as large quantities, maize supplies in many nations could be jeopardized. We discuss
this in the context of recent maize ethanol production and its attendant impacts on food prices
elsewhere worldwide.
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1. INTRODUCTION
Recent reports have documented the global concerns of food security and safety in coming
years, with increased populations and climate change among the most important
risks (1, 2, 3, 4). Even as the world population continues to grow, food supplies face an
unknown potential risk, with factors such as drought and heavy precipitation in certain
agricultural regions of the world likely to affect both the quantity and quality of cereal and
vegetable crops available. Meanwhile, increasing demands for meat in growing economies
worldwide, and the use of traditional food crops for fuel, will likely impose further demands
upon global cereal and vegetable supplies.
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Maize is at the center of global food security, as one of the most important cereal crops in
human and animal diets worldwide. Aside from providing nutrients for humans and animals,
maize serves as a basic raw material for the production of starch, oil, protein, alcoholic
beverages, food sweeteners, and fuel (5). Additionally, it is one of the most widely traded
agricultural commodities amongst nations. In many populations worldwide, maize is a
dietary staple, making up the primary portion of calories consumed in many lower income
countries (5). While some of these countries produce sufficient maize for their populations,
others rely on imports or donations of maize. Hence, it becomes a critical food security risk
if major producers/exporters of maize worldwide are unable to meet expected demands in
other parts of the world, due to plant diseases, increased domestic use of maize for a variety
of purposes, or other reasons.

The goal of this study was to examine maize trade patterns worldwide: which nations are
trading with each other, the overall volumes of trade, and whether nations tend to trade in
“clusters.” The descriptive analysis of these maize trade patterns lead to potential
implications for food security risk, which are discussed as well, although food security is not
the main focus of this work. Analysis of trade patterns has been the subject of many studies
in the literature including ones using gravity models of trade (6,7) and world-economy
systems.(8) In gravity models, which have gained empirical success in explaining
international trade, the bilateral trade flows are a log-linear function of the gross domestic
products (GDP) for different nations, and distance between trading partners is modeled
similarly to Newton’s universal gravitation law. The world-economy system is characterized
by stratification into a core, semi-periphery and a periphery. Countries owe their wealth or
poverty to their position in the world economy.

Hence, we developed a network model of maize exports and imports among nations
worldwide, to understand the patterns of maize trade among nations and how clustering
patterns of trade may have implications for food security. Social network models have been
developed in recent years to explain and predict a variety of phenomena (9), ranging from
the spread and control of infectious disease (10,11) to obesity and smoking prevalence in
social networks (12,13), and global trade in general (14). In this case, the social network model
is helpful in its visual representation of multiple actors in food trade patterns worldwide: to
provide insights into the underlying structure of trade flows, to identify key actors within the
network whose behaviors may have especially strong influences on the remainder of the
network, and to determine other descriptive factors such as whether clustering of actors in
trade occurs with implications for the relative independence (or dependence) of these actors
on the overall flow of trade in the global system.

2. METHODS
Using data from the United Nations Commodity Trade Statistics Database (15), we summed
maize exports and imports by weight, in metric tons, on a nation-by-nation basis for the
years 2000–2009. These global maize trade data were used to construct a weighted and
directed network model, with nodes representing countries and edges (depicted as arrows)
representing export/import connections between the countries with weights equal to amount
of maize traded. Weights are represented in the diagram by the thickness of the arrows, and
the direction of the arrows denotes the direction of maize trade: each arrow between two
nations emerges from the nation exporting the maize, and points to the nation importing the
maize. In total, 217 nations were represented in the original network model. A similar maize
trade model was developed in Wu and Guclu (16) but with a focus on aflatoxin regulations in
maize in different nations worldwide.
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Upon developing the network model for maize imports and exports, we analyzed clustering
patterns in the network, to examine if nations trade broadly worldwide or if certain clusters
amongst small groups of nations emerge. This may have important implications for how
food can be supplied in times of scarcity, as well as how food safety regulations may have a
broader effect than within the nation in which the regulation originates. The tendency of link
formation between neighboring nodes in a network is called clustering (or transitivity).
Social networks of friendships, for example, usually have a high degree of clustering, due to
the tendency of individuals to introduce their friends to each other. In trading patterns,
clustering is high in a group of nations if they all conduct business with each other.
Clustering is low if, in the example of our network model, many nations import maize from
one source, but hardly any other sources.

We then calculated the import or export degree of each nation: the number of other nations
with which each nation has imported and exported maize, respectively, during 2000–2009.
In a network model, the degree is the number of edges connected to a particular node. In
general, if a nation has a high export degree, then any maize production problem in that
nation could potentially affect multiple other nations. These other nations are even more
vulnerable if they are not regularly importing maize from other nations worldwide.
However, a nation that has a high import degree (importing maize from many nations
worldwide) is less at risk of jeopardized maize supplies in the event of maize shortages in
one exporting region.

For total volume of maize imports and exports per nation, as well as the import and export
degrees of each nation, we calculated descriptive statistics: mean, standard deviation (stdev),
median, skewness, kurtosis, and coefficient of variation. Additionally, probability density
functions were derived for degree of exports and imports of maize-trading nations. Because
the United States emerges as a key actor in the global maize trade network, we conducted
additional analyses on the amount of maize supplied by the US to the top maize importers
worldwide by year from 2000–2009, and the proportion of total maize traded globally
supplied by the US over the last two decades.

3. RESULTS
Table I contains data on the top 20 countries exporting or importing maize worldwide, as
well as the number of countries to which or from which it trades. In this table, the total
amount of maize traded in metric tons from 2000–2009 is included, as the basis for the
ranking. “Export degree” refers to the number of nations to which a nation exported any
maize (greater than 1 metric ton total) between 2000 and 2009. Likewise, “Import degree”
refers to the number of nations from which a nation purchased maize in a quantity exceeding
1 MT between 2000 and 2009.

The United States is by far the largest exporter of maize worldwide, with a total volume of
trade in the past decade exceeding the next largest exporter by over four-fold. Moreover, it
has exported maize to more nations than any other maize exporter: 181 nations in total
between 2000 and 2009. Argentina, France, China, and Brazil are also large maize
exporters. China is the largest of Asian maize-exporting nations; while France and Hungary,
despite their relatively smaller geographic size compared with other main exporters, also
export large quantities of maize. Indeed, despite the relatively smaller geographic area,
multiple European nations are included in the list of the top 20 maize exporters.

Of maize importers, Japan is by far the largest maize-importing nation. The Republic of
Korea, Mexico, Egypt, Taiwan, and Spain also import large quantities of maize.
Interestingly, Mexico, the third largest importer of maize worldwide, imports maize from
only 18 nations (and, as will be seen later, almost entirely from the United States) – the least
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of any of the other nations among the top 20 importers. North African and Middle Eastern
nations make up a substantial proportion of the top maize importers worldwide: Egypt, Iran,
Algeria, Israel, Saudi Arabia, and Morocco.

Several countries that are among the top 20 maize exporters are also among the top 20 maize
importers. These include the United States, Canada, The Netherlands, Mexico, and
Germany. Several explanations may exist for this seeming paradox, such as the policies of
individual agreements amongst grain companies in different nations – the aggregated data
by nation in this study does not account for trade carried out by individual companies.

Another noteworthy point in Table I is that there is a much larger difference between the
amounts of maize exported by the first and the 20th exporters (roughly 527 million MTs
from the USA vs. 3 million MTs from Bulgaria) than between the amounts of maize
imported by the first and 20th importers (roughly 170 million MTs to Japan vs. 14 million
MTs to the United Kingdom). The implication is that there is a very large discrepancy
between the nation (or nations) exporting the most maize and the rest of the world.

The specific patterns of maize trade between and among nations are shown in the social
network model in Fig. 1, with the relative size of export indicated by the size of the node. In
this network model, edges were drawn between two nations if they had traded more than
1,000,000 MTs total in 10 years (2000–2009).

Examining maize trade through a social network model reveals trends that numbers alone
may not. From Fig. 1, it is clear that certain maize trade clusters emerge; centered around
three main areas: 1) Europe, 2) Brazil and Argentina and its importers, and 3) the US and its
importers.

European nations trade much of their maize amongst each other, although several European
nations also import maize from Brazil. A small number of European nations import maize
from Argentina. However, none of these European nations imported more than 1,000,000
MTs of maize over ten years from the US, despite the extremely large maize export volume
from the USA.

Brazil and Argentina are at the hub of another maize trading cluster. Argentina, in particular,
exports maize to many countries all over the world; including in Europe, Asia, Africa, the
Americas, and the Middle East. These two nations seem to have largely segregated their
patterns of export such that Brazil trades primarily with European nations, while Argentina
trades with all other parts of the world (along with several European nations).

The US is at the hub of the third main maize-trading cluster. In Fig. 1, it is the center of a
star-shaped topology: it exports maize to a large number of nations, while these importing
nations for the most part do not import much maize from other nations. There are several
exceptions (e.g., Japan). In general, the US exports the largest volumes of maize to Asian,
Middle Eastern, and American nations. Its volume of maize trade with Europe is so small as
to not be represented in these network models (where the threshold for inclusion was trading
at least 1,000,000 MTs in ten years). Mexico and Canada, though relatively large maize
importers, import almost exclusively from the US. This is also the case with many other
nations in the Americas.

Distributions of export/import degree over the period of 2000–2009 exhibit inverse
exponential behavior, as shown in Fig. 2. This figure shows the probability distribution of
export and import degrees (out-degree and in-degree): the number of nations to, and from
which, each nation exports and imports maize, respectively. What the inverse exponential
behaviors indicate is that most nations export to, and import from, a relatively small number
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of other nations. It is rare to find countries with a high number of trading partners; such as
the USA exporting to about 180 countries and Argentina to 150 countries, and again the
USA and Germany importing from 66 different countries. The mean export degree for this
network is 19.5 (stdev = 29.2), and the mean import degree is 19.5 (stdev = 15.4). Although
the means of export degree and import degree are identical over the ten-year period, the
variation in the export degree is higher (i.e., there is greater variation among maize-
exporting nations in how many other nations import their maize). The implication for
nations on the lower end of these distributions is that, for the many nations that export maize
from only one nation or a small number of nations, the maize supplies in these nations are
vulnerable to any changes in the exporters’ ability to export maize. Additionally, the nations
that export to only one or several nations may be vulnerable to changes in demand for maize
in these importing nations.

For the total volume of maize exports across nations over the ten years, the mean amount
imported was 4.2 million MTs (stdev = 34.0 million MTs), with a median of 182,000 MTs.
Likewise, for the total volume of maize imports across nations over the ten years, the mean
amount imported was 4.2 million MTs (stdev = 14.4 million MTs), with a median of
182,000 MTs. Other descriptive statistics, including skewness, kurtosis, and coefficient of
variation, for these maize export and import volumes and total number of nations traded
with for each nation, are shown in Table II. Taken together, these statistics show that the
vast majority of nations are exporting to or importing from only one or a small number of
nations. However, there is much greater variability with respect to exporting nations: the
number of nations to whom they export, and the total amount exported. It may well be that
the US is skewing the export data because of the extremely large amount of maize exported
over ten years: 527 million MTs compared with a mean of 4.2 million MTs for maize
exporters, and 181 trading partners compared with a mean of 19.5 for maize exporters. For
importing nations, the upper bound of the range is less extreme; hence, the standard
deviations, skewness, kurtosis, and coefficients of variation are correspondingly lower.

A closer investigation into the export trade of the US to high-volume importers on a yearly
basis reveals temporal changes in trade patterns. As can be seen in Fig. 3, we have chosen
four countries - Japan, Egypt, South Korea, and Taiwan - which are high-volume maize
importers from the US. Japan is by far the largest importer in the world, and more than 90%
of its maize consistently came from the US during 2000–2009. Taiwan was in a similar
situation until 2007, after which it started exporting about 20% of its maize from other
countries. Egypt also experienced a drop in maize imported from the US in the last three
years, to 40% from 75% a few years earlier. South Korea was not a major customer for US
maize until about 2008, after which the US supplied about 85% of the maize consumed in
Korea. We did not include time-dependent maize import data for other major consumers
such as Canada and Mexico, because their sole maize provider was the US during 2000–
2009 (consistently more than 99% each year). These results suggest that, of the top five
maize importing nations worldwide, four of them are very heavily dependent upon US
maize exports, and have stayed this way or are increasingly this way over the last decade.
Hence, US maize exports play a critical role in ensuring maize security for top maize
importers.

It is also worth assessing the relationship between top producing and consuming countries to
analyze clustering. Fig. 4 displays a chart of trade volumes between different sets of
countries emphasizing the ratio of maize coming from the top 3, top 4–6, and top 7–10
producers for consumers (top panel) and ratio of maize being exported by the producers to
top 3, top 4–6, and top 7–10 consumers (bottom panel). The market for top exporters is more
diverse than that for importers. As can be seen in the top panel in Fig. 4, the US and China
are the major producers for the top 3 consumers: Japan, South Korea, and Mexico. This
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diagram also suggests that Canada exports most of its maize to specific countries in the top
7–10 importers; US, Netherlands, Malaysia and Iran, among which US has the lion’s share
for Canada’s maize. Countries such as Hungary, South Africa and Paraguay have a different
consumer base than other top exporters, namely they export most of their maize to countries
other than top ten importers. The top importers’ providers are not very diverse due to the
fact that the top three exporters (US, Argentina, and France) dominate the market. The only
exception to this is that Malaysia and Iran import maize primarily from producers other than
the top three exporters. Interestingly, the US is among both the top ten exporters and top ten
importers. As the diagram shows, the US is importing maize not from the top 3 or top 4–6
nations, but from nations further down in the list of top producers.

The annual trends in the total export and import volumes exhibit a steady picture for most
major exporting/importing nations in terms of maize trade, although significant fluctuations
are observed in a few cases, as shown in Fig. 5. For example, as can be seen in the top panel
in Fig. 5, the US, Argentina, and Brazil increased their export volumes slightly in the last
several years; but China’s export volume decreased significantly in the same period. Brazil’s
overall export capacity is largely due to a sudden and temporary increase in 2001, mostly to
the US. The same effect can be observed in the import volume of the US (bottom panel in
Fig. 5). This panel also shows a constant increase in Iran and Mexico’s maize imports over
the decade. Fig. 6 shows, however, that the proportion of total global maize exports coming
from the United States has decreased over the last decade, when compared with proportions
from the 1990s and early 2000s. Taken together, these data indicate that on the whole, maize
trade patterns are stable over time, although some steady increases and decrease have been
seen in maize imports or exports for key players in the maize trade network.

Finally, the local consumption of maize plays also an important role in the world trade. Fig.
7 displays the same network diagram as Fig. 1, but with a different representation of the
nations in which the size of the nodes are proportional to maize consumption per capita in
each of the nations. Some top exporters are also top consumers such as the US, China and
Brazil; whereas other top exporters such as Argentina, France and Hungary have much
lower local consumption. By sizing the nodes according to consumption patterns by nation,
it becomes clear which nations are relatively more dependent upon maize imports: Mexico,
Japan, and Egypt. However, Japan and Egypt import maize from multiple nations, while
Mexico relies primarily on large amounts of maize imports from the US.

4. DISCUSSION
Social network models are a general and simplistic, yet powerful, means of representing
patterns of connections or interactions between the multiple actors within a system (17). In
the case of global maize trade – its quantities and trading partners - the social network model
developed in this study provides several key insights with respect to food security
worldwide.

One insight is the critical role that the United States plays in global maize production, trade,
and supply; particularly to a certain group of nations to which it exports maize. It is by far
the largest exporter of maize worldwide, exporting over four times as much maize as the
next largest exporter (Argentina). Moreover, it is exporting to the largest number of
countries total. Critical to the point of food security is that, in the maize trading network, the
United States is at the center of a large cluster of North, Central, and Latin American
nations, which themselves are hardly connected with each other or with other nations in the
global network. If anything should affect the production or use of maize such that the US
could not export large quantities, then this portion of the global maize trading network may
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experience vulnerability to reduced food supply; and worldwide, there would be an increase
in maize prices.

Indeed, this phenomenon has occurred in recent history. From about 2005 onwards, there
was an enormous increase in the proportion of US maize production devoted to fuel ethanol.
This diversion of maize from food and feed to fuel production, coupled with higher energy
prices, attendant increases in food production costs, increased demand for grant to produce
food and feed in some parts of the world, and adverse weather conditions that affected yield,
led directly to sharp increases in food prices worldwide (18, 19, 20, 21). As described earlier,
Fig. 6 shows the decreasing proportion of US maize in total maize trade over the last decade,
when compared with proportions from the 1990s and early 2000s. Not surprisingly, Mexico
– whose maize imports come primarily from the United States – was one of the nations to
suffer the worst food security problems as a result (18, 21). Riots ensued, particularly amongst
the poor, over unaffordable tortilla prices; and President Felipe Calderon intervened with a
mandatory price cap. Aside from Mexico, other nations most affected by the US diversion of
maize to ethanol production were Japan and Saudi Arabia (21). All three of these nations, as
shown in our network model diagram, are large importers of US maize; with the bulk of
their maize imports coming from the United States.

The reduced export supply from one maize-exporting nation does not only raise maize prices
from that nation. Even if other maize-producing nations produce large crops, their prices
will also be higher if there is a supply disruption in another major producer (e.g., the US). In
such instances, nations that import maize from these other nations will still face higher
prices, hence needing either to pay more or to import less, even if those maize-exporting
nations would be able to supply any amount ordinarily demanded. Hence, maize importers
other than those importing mostly from the US may also suffer as a result of reduced US
maize supplies.

Because European nations have a more dense clustering pattern in the maize trade network,
somewhat more isolated from the rest of the maize trade globally, they are less likely to
become vulnerable to maize-related shortages if one nation were to export less in a
particular year (for example, if that nation were to divert maize to uses other than food or
feed). Even if much of Europe were to suffer from a climatic situation or maize disease that
would drastically reduce maize production in that region of the world, many European
nations also regularly import from Brazil or Argentina: two large maize producers in another
part of the world that would be unlikely suffer the same climatic conditions or plant diseases
as Europe. Hence, this part of the maize trade network is relatively more stable to potential
fluctuations in food security risks. However, if maize supply were decreased in any part of
the world (e.g., the United States), there would be a price increase that would affect all
nations worldwide, including European nations; even if these nations do not import large
amounts of maize directly from the US.

There are a number of limitations in the analyses presented here. First and foremost, these
are descriptive analyses: the social network model and the corresponding descriptive
statistics and what can be understood from them. At best, we can state what implications
may be for food security risks from the results of these analyses; we cannot state with
certainty what these risks will actually be. Additionally, these analyses are limited to maize
trade. Even if maize supply were to change from a global standpoint, the supply of other
cereal grains or legumes might allow for the recoupment of potential losses; these other
commodities are not included in this analysis.

Finally, multiple factors that are not included in this analysis can influence food security.
Trade agreements and policies among various trading parties play an important role in
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determining the social network structure of maize trade worldwide. These would affect not
only which nations trade with each other, but also whether nations may be dependent upon
exports or imports from certain other nations. Several studies (22–24) describe how Mexican
maize imports from the US increased substantially after the North American Free Trade
Agreement (NAFTA) was established; while other studies link changes in maize trade to
trade agreements in Africa (25) and South America (26). Other factors than the ones
mentioned above may also play a role in maize price spikes in recent years, such as
speculative bubbles that appear to affect wheat, maize, and rice more than other
commodities (27), depreciation of the US dollar, slower growth in agricultural productivity,
and changing economic growth and demand in low- and middle-income countries (28).

A final insight concerns “target” regions of the world in terms of food security concerns in
the future such as climate change. The implication is that the United States, Argentina,
France, China, and Brazil – the largest maize exporters - should consider potential solutions
to combat impacts of climate change on maize production, for the sake of maintaining the
global maize supply. For example, investments could be made in maize breeding to
withstand various environmental conditions: high temperatures, drought, heavy
precipitation, and insect pest and fungal resistance (29). Likewise, major importers of maize
such as Japan, Korea, Mexico, Egypt, and Taiwan should consider contingency plans for
food supplies in case of shortages from their major maize suppliers in the future. This could
include increased domestic food production where possible; or sourcing maize from multiple
different regions worldwide, to reduce the risk that climatic conditions in one part of the
world would result in a near-complete loss of maize imports. Future studies in network
modeling could focus on most efficient means by which to source maize to regions of the
world where needed, in food shortage events.
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Fig. 1.
Global maize trade network, emphasizing top exporters. The node sizes are proportional to
the square root of the amount of maize exported from 2000 to 2009.
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Fig. 2.
Probability distributions for the total import degree (kin), export degree (kout), and
logarithms of the export and import volumes for the period of 2000–2009; for all nations
importing and exporting maize.
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Fig. 3.
Maize export volume in million MTs from the USA to Japan, Egypt, South Korea and
Taiwan; from 2000 to 2009. The blue portions of the bars represent the proportion of the
total imports to Japan, Egypt, South Korea, and Taiwan coming from the United States; the
green portions of the bars represent the proportion of total imports from nations other than
the USA.
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Fig. 4.
Normalized trade volumes for top exporters (importers) to/from top importers (exporters).
Top exporters are the USA, Argentina, and France (top 3); China, Brazil, Hungary (top 4–
6); and Canada, Ukraine, S. Africa, and Paraguay (top 7–10). The top importers are Japan,
S. Korea, Mexico (top 3); Egypt, Taiwan, Spain (top 4–7); and the USA, Netherlands,
Malaysia and Iran (top 7–10).
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Fig. 5.
Total maize export and import volumes for top exporters and importers across different
years, 2000–2009.
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Fig. 6.
Proportion of total global maize exports coming from the United States, 1990–2011. Data
source: US Department of Agriculture Economic Research Service (USDA ERS).
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Fig. 7.
Network diagram of world maize trade emphasizing consumption. The threshold for the
lines is 100K MT and the size of the nodes is proportional to maize consumption in that
country. Source: faostat.fao.org.
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Table II

Descriptive statistics of total export and import amounts of maize across nations in metric tons (MTs), and
total number of nations to which each nation exports (export degree) or from which each nation imports
(import degree) maize.

Total export amount (MTs) Total import amount (MTs) Export degree (# nations) Import degree (# nations)

Mean 4.2 million 4.2 million 19.5 19.5

Standard dev. 34 million 14.4 million 29.2 15.4

Median 11,600 182,000 7.0 16.0

Skewness 13.0 7.44 2.48 1.02

Kurtosis 179 69.1 7.2 0.81

COV 8.08 3.42 1.50 0.79

COV = coefficient of variation.
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