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Abstract. The Middle East and North Africa (MENA) re-
gion has the largest water deficit in the world. It also has the
least food self-sufficiency. Increasing food imports and de-
creasing domestic food production can contribute to water
savings and hence to increased water security. However, in-
creased domestic food production is a better way to achieve
food security, even if irrigation demands an increase in ac-
cordance with projected climate changes. Accordingly, the
trade-off between food security and the savings of water and
land through food trade is considered to be a significant fac-
tor for resource management, especially in the MENA re-
gion. Therefore, the aim of this study is to analyze the impact
of food trade on food security and water—land savings in the
MENA region. We concluded that the MENA region saved
significant amounts of national water and land based on the
import of four major crops, namely, barley, maize, rice, and
wheat, within the period from 2000 to 2012, even if the food
self-sufficiency is still at a low level. For example, Egypt im-
ported 8.3 million t yr~! of wheat that led to 7.5 billion m? of
irrigation water and 1.3 million ha of land savings. In addi-
tion, we estimated the virtual water trade (VWT) that refers
to the trade of water embedded in food products and analyzed
the structure of VWT in the MENA region using degree and
eigenvector centralities. The study revealed that the MENA
region focused more on increasing the volume of virtual wa-
ter imported during the period 2006-2012, yet little attention
was paid to the expansion of connections with country ex-
porters based on the VWT network analysis.

1 Introduction

Food security and water scarcity are urgent socioeconomic
and environmental issues in the Middle East and North
Africa (MENA) region (Saladini et al., 2018), which are
highly interlinked, and a water—energy—food (WEF) nexus
has been suggested as a proper and integrated approach for
resource management (Bazilian et al., 2011; Rasul, 2014;
Mohtar and Daher, 2014; Lee et al., 2018). For example, food
security in the MENA region has become complicated due to
increased risks owing to the geopolitical challenges and in-
ability to satisfy needs with domestic production because of
the lack of adequate arable land and water resources (Rastoin
and Cheriet, 2010). In addition, food imbalance in the MENA
region is forecast to reach 60 % in 2050 and food security in
the MENA region could be extremely compromised (Ras-
toin and Cheriet, 2010). Climate change could lead to more
frequent occurrence of extreme climatic events in Mediter-
ranean region, accompanying a 50 % decrease in agricultural
production by the end of the century (Porter et al., 2014).
In particular, water saving through food trade can be sug-
gested as a solution for mitigating groundwater depletion in
the MENA region (Lezzaik et al., 2018).

In this study, we focused on the role of food trade in the
MENA region in terms of resource management. Accord-
ingly, we applied the concept of virtual water trade (VWT),
which refers to the trade of water embedded in food products
(Allan, 1993; Aldaya et al., 2010; Antonelli et al., 2015), in
order to assess the food trade impact on water savings in the
MENA region. International trade in food commodities has
been shown to save water; thus food trade is an important
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element of both food and water security in water-scarce re-
gions (Hoekstra, 2003; Chapagain et al., 2006; Hanjra and
Qureshi, 2010; Fader et al., 2011; Konar et al., 2012). In ad-
dition, food trade could contribute to global water savings
if food is exported by countries with a higher water pro-
ductivity than the countries of import (Konar et al., 2012).
The concept and quantitative estimates of virtual water can
help to realistically assess water scarcity for each country,
projecting future water demand for food supply and thus in-
creasing public awareness on water and identifying water-
wasting processes in production (Oki and Kanae, 2004). For
water-scarce countries, achieving water security by import-
ing water-intensive products could be a more attractive op-
tion compared to producing all water-demanding products
domestically (Hoekstra and Hung, 2005). The global vol-
ume of international crop-related virtual water flows aver-
aged 695 billionm3 yr~! over the period 1995-1999, which
means that 13 % of the water used for crop production in the
world was not used for domestic consumption but rather for
export in virtual forms (Hoekstra and Hung, 2005). Falken-
mark and Lannerstad (2010) estimated that it would be nec-
essary to double the VWT by 2050 to compensate for agri-
cultural water deficits because of climatic change, population
increase, and the pattern of food supply per capita. For exam-
ple, an average of 20 % of the per capita food energy supply
was assumed to originate from animal foods to ensure suf-
ficient protein content, and additional water was required to
produce animal foods compared to other food types (Falken-
mark and Lannerstad, 2010).

The VWT could contribute to the relief of water stress
through the use of global water in a more efficient manner
in the event of an increase in the global food trade (Molden,
2007). Additionally, the VWT and the respective savings
garnered through the trade of agricultural goods have been
quantified in a number of studies. Oki and Kanae (2004) in-
vestigated that approximately 1140km? yr~! of virtual wa-
ter could be used for altering the import of food products to
domestic products, e.g., cereals, soybeans, and meat; how-
ever, 680 km? yr—! of water was used to produce these food
types in exporting areas. Yang et al. (2006) revealed that
the VWT could generate global water savings because vir-
tual water has been transferred primarily from countries of
increased-crop-water productivity to countries of low-crop-
water productivity. In their study, 336.8 km? yr—! of water
was saved globally by the international trade of major food
crops from 1997 to 2001, while 20.4 % of the total global net
virtual water import was imported by countries that have wa-
ter availability below 1700 m> per capita, such as the Arab
countries. Fader et al. (2011) calculated the VWT based on
the trade of crop products and compared it with the water
requirements for producing crop products in each country
for domestic consumption without international trade. Gen-
erally, exporters use less water for production of crop prod-
ucts than importers. Thus, the trade of crop products saves
263 km?> yr~! of water globally, thereby representing 3.5 %
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of the annual precipitation on cropland (Fader et al., 2011).
In particular, water-scarce countries, such as China and Mex-
ico, as well as land-scarce countries, such as the Netherlands
and Japan, saved large amounts of water by importing goods
that require water in the range from 25 to 73km?> yr~!, be-
cause they would otherwise need relatively large amounts of
water to produce the goods they import. According to the
study by Biewald et al. (2014), blue water, which refers to
the irrigation water supplied from artificial facilities, such
as reservoirs, groundwater pumping, or desalination stations,
was saved in importing countries by importing products in
accordance with international trade. It is expected that this
can elicit enormous benefits in water-scarce regions. For ex-
ample, 17 billion m? of blue water per year was saved by the
global food trade, and the value of blue water saving was es-
timated to be USD 2.4 billion.

Previous studies showed that the effective import of vir-
tual water may reduce water use for domestic food produc-
tion in importing countries and help alleviate water stress
in the MENA region, where the largest water deficit in the
world exists (Gleick, 2000; World Bank, 2009). The crit-
ical condition of water scarcity in the MENA region will
reach severe levels by 2025 (Tolba and Saab, 2009). In ad-
dition, if population increases rapidly and urbanization con-
tinues fast, availability of water could be reduced in the Arab
countries by approximately 50 % by the year 2025 (Abahus-
sain et al., 2002). Water shortages will certainly speed up the
rate of desertification in the Arab countries (Abahussain et
al., 2002). Agricultural water withdrawals account for over
85 % of the total water withdrawn by the various countries
of the MENA region (FAO, 2014). Irrigation systems in the
MENA region are based on pumping groundwater resources,
such as aquifers, and water security is being threatened by
the declining aquifer levels and the extraction of nonrenew-
able groundwater (Antonelli et al., 2015). In addition, Im-
merzeel et al. (2011) expected that the unfulfilled water de-
mand in the entire MENA region would increase from the
current level of 16 % to 51 % in 2040-2050 owing to cli-
mate changes. The zone of severely reduced rainfall extends
throughout the Mediterranean region and the northern Sahara
(Hennessy et al., 2007). Milly et al. (2005) estimated that cli-
mate change will cause a decrease in water runoff by 20 % to
30 % in most of the MENA region by 2050, mainly owing to
the rising temperatures and lower precipitation. In addition,
the regions that include Syria, Lebanon, Israel, and Jordan
will get drier, with significant rainfall decreases in the wet
season.

However, the high dependency on food import can be a
risk of food security, even if it can elicit domestic water, en-
ergy, and land savings in water-scarce regions. Therefore, we
should consider a trade-off between food security and re-
source savings using a holistic approach, such as a trade—
WEFL (water—food—land) nexus. Furthermore, the VWT can
be suggested as relevant to the water policy of a nation
(Schyns and Hoekstra, 2014), thus establishing a new point
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of view from which both food security and sustainable water
management are considered (Novo et al., 2009).

This study addresses three questions that relate to the role
and impact of the VWT in the MENA region, which are
raised to draw attention to the complexity of the issue and the
need for a broader view in assessment. Specifically, (1) what
are the effects of the VWT on water savings and land tenure
in the MENA region? (2) Has the structure of the virtual wa-
ter import in the MENA region been vulnerable or robust?
(3) Who are the influential importers and exporters in the
VWT network in the MENA region?

The aim of this study is to evaluate the effects on water
savings and land tenure from importing crops in 15 coun-
tries in the MENA region such as Algeria, Egypt, Iraq, Jor-
dan, Kuwait, Lebanon, Libya, Morocco, Oman, Qatar, Saudi
Arabia, Syria, Tunisia, the UAE, and Yemen. In addition, we
quantified the amount of VWT from 2000 to 2012, and we
analyzed the structure of the VWT, such as the connectivity
and influence in the MENA region using degree and eigen-
vector centralities.

2 Materials and methods
2.1 VWT based on international trade

The VWT represents the water embedded in international
trade, and it indicates the water used in the exporting country
to produce crops for export. Therefore, the VWT is calcu-
lated based on the water footprint of exporters, which indi-
cates the total amount of water used for producing crop, and
the export of virtual water in the exporting country has the
same meaning as the import of virtual water has in the im-
porting country. For example, Saudi Arabia imported wheat
from various exporters, and the virtual water import (or ex-
port) was calculated by multiplying the quantity of traded
wheat with the respective water footprint of exporters. Ac-
cordingly, the main factors for quantifying a VWT are the
trade data and water footprint, and the VWT is calculated by
multiplying the trade by its associated water footprint in the
exporting country, as follows:

VWT[ne,ni,c,t]=CT[ne,ni,c,t]XWFP[ne,c], (1)

where the variable VWT denotes the virtual water trade from
the exporting country, ne, to the importing country, n;, in
year ¢, as a result of trade in crop c; CT represents the crop
trade from the exporting country, n., to the importing coun-
try, nj, in year ¢ as a result of trade in crop c; and WFP rep-
resents the water footprint of crop c in the exporting country,
e.

The international trade data of the four major crops,
namely, barley, maize, rice, and wheat from 2000 to 2012,
were obtained from FAOSTAT (http://www.fao.org/faostat/,
last access: 15 July 2018), as shown in Table 1. The
crop with the largest amount of import was wheat, with
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27.6 million t yr—! imported by the MENA region from 2000
to 2012, followed by maize (14.4milliontyr~!), barley
(9.0 million t yr—1), and rice (3.7 million t yr—1).

Water footprint is a localized index for countries, account-
ing for the climate, productivity, and irrigation. In this study,
we considered water footprints of all countries in the world;
however, a lot of effort would be required to estimate the wa-
ter footprints of all countries and this was outside the scope
of the current study. Therefore, we applied water footprint
data of 147 countries, including those in the MENA region,
from the study executed by Mekonnen and Hoekstra (2010).
The water footprint for a crop is divided into green and blue
water footprints based on the water resources (Hoekstra and
Chapagain, 2008). The green water footprint indicates that
water supplied by precipitation is retained in the soil of the
root zone (Falkenmark, 1995), and blue water footprint is the
water stored at the surface or in the ground. Therefore, the
green water footprint is related to rain-fed agriculture and the
blue water footprint is related to irrigation water provided by
aquifers or surface bodies of water. Water saving could be
also divided into green and blue water savings through water
footprints.

2.2 Water and land savings due to international food
trade in an importing country

Food import is also related to domestic water and land sav-
ings. In particular water saving has a different meaning from
virtual water import. For example, Saudi Arabia imported
wheat from various exporters and virtual water import in-
dicates the sum of the products obtained from multiplying
the quantity of imported wheat by the respective water foot-
print of each exporter. However, water saving indicates the
amount of water needed to produce the same quantity of im-
ported products domestically. Therefore, water saving due to
wheat import in Saudi Arabia is estimated by multiplying the
quantity of imported wheat with the water footprint of wheat
in Saudi Arabia.

In this study, we applied green and blue water footprints
of crops in each country in the MENA region, as shown in
Table 1. However, the availability of water footprint data in
the MENA region was limited in some cases. For example,
the water footprint of wheat was available in all countries ex-
cept for Bahrain. Land savings have the same implication as
water savings; thus we calculated land savings using the land
footprint of each country in the MENA region, as shown in
Table 2. The land footprint indicates the land requirement for
producing 1t of crops, and it was calculated based on the har-
vest area and crop production data collected from FAOSTAT
(Table 1).

The water and land savings could be assess the impacts
of the failure of trade on domestic water and land require-
ments in the importing country. Although this assumption
about water and land savings considers an extreme trade sit-
uation, these results could be used to understand the impor-
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tance of the international crop trade in the MENA region. In
other words, the water and land savings indicated the amount
of water and land requirements for crops imported to sub-
stitute domestic production, and the water and land savings
were calculated as follows:

WEFP[ni, c] = M, )
P [nj, c]
LEP[n;, ¢] = realmi. ¢l 3)
P [nj, c]
WS |[ni, c] =Cl|ny, c] x WFP[ni, c], %)
LS[ni, c] =Cl[ni, c] x LWP[n;i, c], ®))

in which variable WFP [n;, c] (m3 t_l) is the water footprint
of crop c in the importing country nj, CWR is the crop water
requirement (m>), and P is the production (t). Equivalently,
LFP [n;, c] (hat™") is the land footprint of crop c in the im-
porting country n;, and “Area” is the cultivated area (ha). The
symbol WS (m?) or LS (ha) indicates the amount of water or
land savings in the importing country n;. CI is the import of
crop c in the importing country 7;.

2.3 Degree and eigenvector centralities for analyzing
the structure of VWT

2.3.1 Nonscaled and scaled in-degree centralities
of VWT

Understanding the VWT structure is important for quanti-
fying the amount of import and export because the VWT
structure can represent whether it would be sustainable or
vulnerable. For example, if a country imports considerable
amounts of virtual water through the food trade from just a
few exporters, the structure of VWT in this country might
be easily influenced by exporters. However, if a country is
connected with many exporters in VWT, it can have a re-
silient structure for global changes. A few studies have been
conducted on the analysis of the structure of the VWT us-
ing a network-based approach (Konar et al., 2012; Dalin et
al., 2012; Lee et al., 2016). For example, Konar et al. (2012)
analyzed the characteristics of the network change in virtual
water trade and found that a number of export trade part-
ners followed an exponential distribution in 2000. Dalin et
al. (2012) found that constant organizational features were
observed in the network of VWT even though the number of
trade connections and the volume of VWT has been grow-
ing. In addition, Lee et al. (2016) analyzed the vulnerability
of the importing countries through the characteristics of the
network in VWT.

In this study, we analyzed the links of the VWT network
for identifying the VWT structure using degree centrality,
that is, the number of degree incidents on a given node (Free-
man, 1979). In addition, the degree centrality is divided into
in- and out-degree centralities, depending on the direction.
“In-degree” is based on the number of lines (or volume) di-
rected to the node and “out-degree” is based on the number
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Table 2. Water and land footprints of four major crops in the MENA region.
Countries Water footprint (m3 =1y Land footprint (hat™ b
in the Barley Maize Wheat Rice Barley Maize Wheat Rice
MENA region Green Blue Green Blue Green Blue Green Blue
water water water water water water water water

footprint  footprint footprint  footprint footprint  footprint footprint  footprint
Algeria 2859.0 - 964.1 - 3290.0 65.2 1080.8 - 0.72 0.27 0.72 -
Egypt 619.2 1694.7 140.8 1078.2 214.8 903.5 59.0 1003.1 0.51 0.13 0.16 0.10
Iraq 3459.7 43214 587.3 1812.2 3069.2 2818.3 256.2 6574.7 1.22 0.42 0.72 0.37
Jordan 3167.8 320.3 126.6 - 2267.0 988.7 - - 1.37 0.05 0.86 -
Kuwait 929.3 2256.3 41.2 207.9 955.4 2287.7 - - 0.48 0.05 0.50 -
Lebanon 1919.9 - 507.6 14.4 1556.0 97.0 - - 0.54 0.27 0.36 -
Libya 6417.6 1808.2 1151.1 - 4360.2 1542.9 - - 2.04 0.45 1.29 -
Morocco 3692.3 - 3541.0 3182.9 2758.0 244.6 293.0 1278.0 1.13 1.43 0.69 0.16
Oman 3229 2336.2 - - 842.4 1938.5 - - 0.33 - 0.30 -
Qatar 485.6 1714.3 78.5 502.9 678.6 1626.3 - - 0.33 0.07 0.44 -
Saudi Arabia 193.6 799.8 366.6 1270.1 238.4 1093.2 - - 0.18 0.19 0.19 -
Syria 5084.0 41.6 347.3 1573.4 1454.2 440.1 273.2 - 1.61 0.25 0.42 -
Tunisia 3561.1 75.1 - - 2375.0 71.8 - - 0.94 - 0.55 -
UAE - - - - 1563.5 507.7 - - 0.13 0.05 0.24 -
Yemen 1904.6 3234.4 1726.2 2950.8 1804.4 2355.5 - - 1.22 0.71 0.64 -

@ Water footprint data were referenced by Mekonnen and Hoekstra (2010); b Jand footprint was calculated by crop production and cultivated area provided from World Bank open data (https://data.worldbank.org/,

last access: 15 July 2018).

of lines (or volume) that the node directs to. A node indicates
the country in the global trade network, and incidents mean
the trade between countries which can be amounts of prod-
ucts or number of connections; for example, if one country
exports product to five countries, that country has five inci-
dents. In this study, we focused on the in-degree centrality
because the MENA region includes representative importing
countries. An importer accompanying an increased in-degree
centrality has expanded connectivity with a large number of
exporters, meaning that this importer could cope with an ac-
cidental disconnection from a certain exporter. In addition,
the volume of products exported or imported can be applied
to incidents as the weight of links. In this study, the in-degree
centrality, based on the VWT network, is expressed accord-
ing to the nonscaled in-degree centrality (NSInDC), that is,
based on the number of links, and the scaled in-degree cen-
trality (SInDC), that is, based on the volume of links.

N
NSInDC; = > Link;; /(N — 1), ©6)
j

N
SInDC; = > Flow;; /(N — 1), 7
j

where NSInDC; is the nonscaled in-degree centrality of
country i, and Link;; is the number of links between the
ith and jth countries. The symbol SInDC; is the scaled in-
degree centrality of country i, and Flow;; is the volume of
virtual water traded between the ith and jth countries. More-
over, N is the total number of countries that trade with a
given MENA country.

Through NSInDC and SInDC, we analyzed the vulnera-
ble expansion (or reduction) and robust expansion (or reduc-
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tion) in the VWT network in the MENA region. For exam-
ple, the vulnerable expansion in the network indicates that
the amount of flow to a node increases but the number of
connections to other nodes decreases. This is represented by
high levels of SInDC and low levels of NSInDC. The im-
porter country that is associated with vulnerable expansion
has an increased quantity of products from only a few ex-
porters.

2.3.2 Eigenvector centralities of VWT

In general, connections to nodes which are themselves influ-
ential could make a node more influential than connections
to less influential nodes (Newman, 2016), and eigenvector
centrality can be used for measuring the influential connec-
tions (Ruhnau, 2000). For example, the concept of eigenvec-
tor centrality has been used by the web search engine Google
in order to rank web pages (Berry and Browne, 2005; Bryan
and Leise, 2006; Newman, 2016).

In the VWT network, the eigenvector centrality could be
used for identifying influential countries that could affect the
entire network. In other words, the entire VWT can be af-
fected by a few influential countries, and it is important to
identify these countries for understanding and estimating the
change in the entire structure of the VWT. An eigenvector
centrality can measure the influence of each country in the
entire VWT, and it is related not only to its own connection
pattern but also to the connections of other countries to it.
Therefore, a country is more influential if it is considered in
relation to the countries that are influential themselves (Ruh-
nau, 2000). The eigenvector centrality assigns relative cen-
trality to all of the countries in the VWT, based on the prin-
ciple that connections to high-level centrality countries con-
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Table 3. The annual water and land savings based on imported crops in the MENA region from 2000 to 2012.

Countries in Water savings (million m?3 yr_l)* Land savings (thousand ha yr_l)*
the MENA Barley Maize Wheat Barley Maize Wheat
region Green Blue Green Blue Green Blue

water water water water water water
Algeria 669.0 - 2037.2 - 17647.6 349.9 169.5 577.0 3844.7
Egypt 15.5 424 7143 54705 1781.9  7495.6 12.7 652.5 1297.4
Iraq 121.1 151.3 11.2 34.4 7814.1 71755 42.6 8.0 1838.2
Jordan 1545.9 156.3 48.9 - 1797.7 784.0 668.2 20.9 682.3
Kuwait 1654  401.6 55 27.9 272.3 652.0 86.0 6.6 142.9
Lebanon 94.1 0.0 147.2 4.2 571.0 35.6 26.7 76.9 131.5
Libya 14504  408.6 493.8 - 3505.6 12405 460.2 194.1 1038.1
Morocco 1451.1 - 5123.8  4605.6 8257.3 732.3 4457 2063.3 2074.8
Oman 11.6 84.1 - - 242.6 558.3 11.9 - 85.7
Qatar 16.0 56.6 0.3 2.0 32.6 78.1 11.0 0.3 21.2
Saudi Arabia  1210.5 5001.5 586.5 2032.1 167.1 766.3 1123.1 309.8 131.4
Syria 1998.0 16.3 458.1 20753 661.6 200.3 631.2 332.8 189.2
Tunisia 1449 .4 30.5 - - 3624.2 109.6 381.0 - 846.0
UAE - - - - 1663.6 540.2 27.1 19.7 258.8
Yemen 5.7 9.7 593.8 1015.1 3783.8 49394 3.7 2447 1331.7

* Water and land savings by rice import were not calculated because of the lack of data of water and land footprints in the MENA region.

tribute more to the centrality of the countries compared to
equal connections to low-level centrality countries (Ruhnau,
2000; Lee et al., 2016). Bonacich (1972) defined the central-
ity (x;) of a node i as the positive multiple of the sum of ad-
jacent centralities in links (or volume) between nodes (4;;).
Therefore, if we denote the centrality of vertex i by x; , then
we can allow for this effect by making x; proportional to the
average of the centralities of i’s network neighbors (New-
man, 2016),

l n
xi= jZ:;Aijxj» ®)

where A is a constant. Defining the vector of centralities x =
(x1, x2,...), we can rewrite this equation in matrix form as

Ax = Ax. C))

This type of equation is solved using eigenvalues and eigen-
vectors, where A is an adjacency matrix of A;;, and A is a
scalar, known as the eigenvalue associated with the eigen-
vector ¢ defined as a column vector. Eigenvector centrality is
determined by calculating the principal eigenvector that has
the largest eigenvalue among all eigenvectors. A nonnega-
tive eigenvector with the maximal eigenvalue exists. We refer
to a nonnegative eigenvector (x > 0) of the maximal eigen-
value as the principal eigenvector, and we call the entry x; the
eigenvector centrality of node (country) i (Ruhnau, 2000).
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3 Results and discussion

3.1 Trade-offs between national water-land savings
and food security through food trade in the MENA
region

This study considered trade-offs between food security and
food trade in terms of national resource management. For
example, increasing domestic food production instead of im-
porting food products could be one policy for food security,
but additional water and land for domestic products would
need to be considered at the same time. In other words, food
imports could contribute to domestic water and land man-
agement; therefore, we estimated the national water and land
savings by importing crops as shown in Table 3. In Saudi
Arabia, blue water savings by barley, maize, and wheat im-
ports were estimated to be 5.0, 2.0 and 0.8 billion m? yr—!,
respectively. In comparison to the internal water resource
of Saudi Arabia, which is 2.4 billion m3 yr_1 as shown Ta-
ble 1, the water saving through the import of barley, maize,
and wheat could be considered to be significant in Saudi
Arabia. In the case of Egypt, most of the water saving oc-
curred based on the imports of wheat and maize. Approx-
imately 7.5 billionm? yr=! of blue water was saved by im-
porting wheat. Specifically, the internal water resources in
Egypt are only 1.8 billionm? yr~! (Table 1); therefore, water
scarcity could be an issue for food security policy in Egypt.
Lebanon was strongly influenced by the impact of crop im-
port on land savings. Approximately 0.24 millionha could
be saved by crop imports, comprising 36 % of the agricul-
tural area in Lebanon, which indicates that the crop trade in
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Table 4. The amounts of green and blue water imported in the MENA region from 2000 to 2012.

Countries in the

Import of green water (million m?3 yr_l)

Import of blue water (million m3 yr— 1

MENA region Barley  Maize Wheat Rice Total Barley Maize Wheat Rice Total
Algeria 242.0 1883.6 5104.8 57.8 7288.2 7.8 76.6 371.1 33.5 489.0
Bahrain 04 7.5 62.7 44 .4 115.0 0.2 0.3 7.1 78.2 85.8
Egypt 373 37984 15254.1 584 19148.2 1.1 2956 418.6 32.5 747.8
Iraq 33.2 16.7 4645.8 1027.8 5723.5 2.2 1.3 153.9 404.8 562.2
Jordan 656.8 364.2 1483.9 81.2 2586.1 20.8 20.8 84.5 115.0 241.1
Kuwait 257.0 159.1 557.7 211.6 1185.4 9.7 2.3 10.2  138.1 160.3
Lebanon 84.7 211.0 749.5 30.0 1075.2 2.3 25.6 18.9 36.0 82.8
Libya 359.6 408.9 1245.4 56.0 2069.9 8.4 26.8 75.3 99.7 210.2
Morocco 318.6 1383.2 3345.0 8.9 5055.7 12.1 46.1 118.8 20.4 197.4
Oman 52.7 123.2 470.8 107.6 754.3 5.4 4.1 67.8 201.3 278.6
Qatar 50.9 6.4 76.4 77.6 211.3 2.4 0.3 19.1 1469 168.7
Saudi Arabia 81545 15214 974.0 12259 11875.8 324.3 68.9 70.8 696.0 1,160.0
Syria 556.4 947.3 900.0 120.8 2524.5 12.8 90.2 17.8 165.6 286.4
Tunisia 409.8 611.7 2507.7 27.8 3557.0 16.0 40.7 73.9 11.6 142.2
UAE 315.7 465.8 1671.8 859.5 3312.8 28.5 14.3 249.3  612.5 904.6
Yemen 3.1 406.1 3597.3 392.7 4399.2 1.6 8.2 2473 2208 477.9

Lebanon has significant benefits in terms of land resources
compared to water resources.

Food imports could be regarded as a negative factor in
food security, and it is obvious that food security would ac-
company water and lands for domestic food products. These
results showed that food imports could result in positive im-
pacts on numerous water and land savings in the MENA re-
gion. However, there are limitations to these results. First,
water saving estimated in this study was based on the hypo-
thetical situation that meat there was no international trade
situation, and sometimes the water saving estimate was larger
than the internal water resources in some countries, such as
Saudi Arabia and Egypt. Additionally, some crops are re-
quired for the specific type of climate but this study assumed
that MENA region was suitable for cultivating maize, wheat,
barley, and rice.

3.2 The VWT in the MENA region from 2000 to 2012
3.2.1 Virtual water import in the MENA region

The total amount of green and blue water imported by each
MENA country from 2000 to 2012, respectively, reached
921.2 and 80.5billionm? in the MENA region, as shown
in Table 4 and Fig. 1. The largest volume of green water
was imported annually by Egypt (19.1 billion m3 yr—1), fol-
lowed by Saudi Arabia (11.9billionm?yr~—!). In addition,
the largest amount of blue water was imported annually
by Saudi Arabia (1.2 billion m? yr=!), followed by the UAE
(0.9 billion m? yr=!). Over 70 % of the green water imported
annually into the MENA region based on the trade of barley
(approximately 8.5 billionm3 yr~!) was occupied by Saudi
Arabia. The amount of virtual water imported based on the
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trade of maize was 13.0 billion m? yr~!, with Egypt being the
primary importer of 31 % of the total imported amount into
the MENA region.

Generally, rice is cultivated in paddy fields, and the blue
water footprint of rice in these fields is larger than other
cereal crops in various countries. For example, the global
average of the blue water footprint of rice is 584 m3t~!
but that for wheat is 343 m3t~! (Chapagain and Hoekstra,
2011; Mekonnen and Hoekstra, 2010). Therefore, the im-
porters of rice also import a lot of water. Approximately
3.0billionm? yr~! of blue water was imported in the rice
trade from 2000 to 2012, and Saudi Arabia, the UAE, and
Iraq were the primary importers. The largest volume of vir-
tual water imported by the MENA region was due to the trade
of wheat. The annual amount of virtual water imported based
on the trade of wheat in the MENA region from 2000 to 2012
was approximately 42.6billionm? yr~!, and over 35% of
the virtual water imported through the wheat trade was im-
ported by Egypt (15.7 billion m? yr—!). However, the amount
of blue water was only 2.0 billion m? yr~! because the green
water footprint is much larger than the blue water footprint
in main exporters such the Russian Federation, Australia, and
Canada, which might indicate that wheat has been cultivated
in rain-fed areas with less irrigation.

We also estimated the amount of virtual water imported
per capita (VWIcap), as shown in Fig. 2, which shows the
differing viewpoints regarding food and water securities. If
we consider only the total amount of imported virtual water,
the UAE may not be considered to be a significant importer
because the population and area of the UAE is much smaller
than those of the other countries in the MENA region, such as
Saudi Arabia. However, the virtual water import per capita in
the UAE is larger than that of Saudi Arabia, thus indicating

Hydrol. Earth Syst. Sci., 23, 557-572, 2019
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Figure 1. The total amount of virtual water imported by each country in the MENA region from 2000 to 2012, separated into green (a) and
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Figure 2. Virtual water imported per capita in the MENA region from 2000 to 2012.

that the dependency on virtual water imported from exporters
in the UAE is much more significant than in Saudi Arabia.
For example, the VWIcap was 1266.6m3 cap~! yr~! in the
UAE, which was the largest value in the MENA region. The
UAE is strongly dependent on the import of virtual water,
even though the UAE imports only 4.2 billion m? yr~! of vir-
tual water. The VWIcap increased significantly in Saudi Ara-
bia and Libya from 2000 to 2012. For example, Saudi Arabia

Hydrol. Earth Syst. Sci., 23, 557-572, 2019

imported approximately 314 m3 cap™! yr—! of virtual water
in 2000 and it increased to 768 m3 cap~! yr~! in 2012. Saudi
Arabia was the second largest importer in the MENA region,
and its VWIcap was also the fifth highest in the MENA re-
gion.
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3.2.2 Virtual water export to the MENA region

We also focused on the volume of virtual water exported to
the MENA region by each exporter from 2000 to 2012, as
shown in Fig. 3. Based on the trade of barley, Ukraine ex-
ported 41.1 billionm? of green water to the MENA region
that amounted to 27 % of the total green water imported in
the MENA region. In terms of blue water traded through bar-
ley, five exporters (Germany, Australia, the Russian Feder-
ation, Ukraine, and India) provided 78 % of the total blue
water imported in the MENA region based on barley. Based
on the trade of maize, Argentina contributed 40 % of the total
amount of green water imported by the MENA region based
on maize, but the blue water imported by the MENA region
was primarily from the USA. Based on the trade of rice,
the major virtual water exporters to the MENA region were
India, Thailand, and Pakistan. In particular, 30.4 billion m3
of blue water was imported from these countries from 2000
to 2012, which comprised 78 % of the blue water imported by
the MENA region based on rice. Wheat was the most repre-
sentative crop imported by the MENA region. The Russian
Federation and the USA provided 25 % (140.6billion m>)
and 21 % (111.2 billion m?) of the total amount of green wa-
ter imported in the MENA region based on the trade of wheat
in 2000 to 2012, respectively, and the remaining 55 % was di-
vided among several exporters, including Australia, Canada,
France, and Ukraine.

3.3 The temporal change in VWT structure in the
MENA region

From 2000 to 2012, both the volume and connectivity of
VWT was changed. For example, the virtual water imported
in the MENA region slightly increased and the VWT was
distributed with more exporters in 2006, as shown in Fig. 4.
However, the volume of virtual water imported in the MENA
region increased more than 50 % from 2006 to 2012 but
the distribution of VWT seemed to be consistent. In the
case of Lebanon, VWT was strongly dependent on the USA,
Argentina, and Australia. However, Lebanon expended the
VWT in 2006 and the Russian Federation, Turkey, and Kaza-
khstan contributed to virtual water imports in Lebanon, as
shown in Fig. 4. Accordingly, the structure of VWT in
Lebanon approached a distributed network. However, the
VWT in 2012 showed that it was dominated by Ukraine and
the Russian Federation, though Lebanon imported more vir-
tual water in 2012 than 2006.

These changes are more related to the structure of VWT
and the MENA region should consider not only the amount
of virtual water but also the structure of VWT for sustainable
food security, subject to the condition of a strong dependency
on crop import. Therefore, we analyzed the degree centrali-
ties of NSInDC and SInDC from 2000 to 2012 in the MENA
region and identified the countries who had the vulnerable
expansion or reduction in the VWT network. Figure 5 shows
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the NSInDC and SInDC patterns in the VWT network in
accordance with each country in the MENA region. If a
specific country has both large NSInDC and small SInDC,
this country has connections with various exporters but im-
ports a small amount of virtual water. Specifically, Egypt
and Yemen showed that NSInDC was lower but SInDC was
higher than other countries, thus indicating the intensive con-
nectivity with a few exporters. In contrast, Saudi Arabia had
larger SInDC than other countries expect for Egypt, while
the NSInDC was also the highest of the MENA region. Ac-
cordingly, Saudi Arabia had a more distributed structure re-
garding VWT. The UAE and Iraq had similar SInDC in 2012
but NSInDC was quite different — 0.46 for the UAE and 0.27
for Iraq. Furthermore, SInDC in Morocco (96.45) was larger
than in the UAE (83.41) but NSInDC in Morocco (0.26)
was smaller than in the UAE (0.46). In comparison to the
UAE, Morocco had intensive connections with fewer ex-
porters compared to the UAE.

Based on the temporal changes in NSInDC and the SInDC
during two periods (2000-2006 and 2006-2012), the MENA
region countries were divided into four types (I-IV), as
shown in Fig. 6. The x axis indicates the NSInDC and the
y axis indicates the SInDC. Type I countries are located at
higher levels both in the x and y axis and show a robust ex-
pansion in the virtual water import. Additionally, the coun-
tries in this type increased the connectivity and volume of
virtual water imported, simultaneously. Type II countries in-
creased the volume of virtual water imported without expan-
sion of connectivity. Type III countries showed reductions in
the virtual water import with reduction of connectivity, and
type IV countries have established connections with more ex-
porters but have decreased virtual water imports.

In the early 2000s, most countries in the MENA region
expanded their trade structure by increasing both the connec-
tivity to the exporters and the volume of the imported vir-
tual water. In Bahrain, Omen, Qatar, Yemen, Saudi Arabia,
Lebanon, and the UAE, the NSInDC of the VWT network
increased significantly from 2000 to 2006, which means that
the trade connectivity expanded. The expanded structure of
the VWT indicates that the MENA countries were connected
to various exporters and that this structure can be a resilient
structure for global changes. In particular, the import of food
crops is an essential factor in food security in the MENA re-
gion, even if food self-sufficiency is increased by increasing
domestic production. However, Egypt had the largest SInDC
but NSInDC was ranked sixth among the MENA region
countries. In 2006, Egypt and Saudi Arabia both expanded
the connectivity in the VWT network, as shown by the in-
creasing NSInDC. However, the type of VWT structure in
many MENA countries such as Yemen, Qatar, Bahrain, and
Lebanon has moved to Type II, which means that the coun-
tries increased the volume of the imported virtual water, but
the number of exporters that linked to the MENA countries
decreased from 2006 to 2012. In particular, in 2012, most
countries kept their connectivity or reduced it, except for Al-
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to 2012.
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Figure 4. Virtual water imports at the MENA region and Lebanon in 2000, 2006, and 2012. Others indicate the countries which export less
than 100 Mm?> yr_1 to the MENA region or Lebanon.

www.hydrol-earth-syst-sci.net/23/557/2019/

Hydrol. Earth Syst. Sci., 23, 557-572, 2019



568 S.-H. Lee et al.: Assessment of food trade impacts on water, food, and land security in the MENA region

0.6

0.5

0.4

0.3

0

S}

Nonscaled in-degree centrality

Algeria Bahrain  Egypt Iraq

0.0

Jordan Kuwait Lebanon Libya Morocco Oman

m2000 2006 =2012

atar audi ria unisia emen
Saudi Syri Tunisi UAE Y
Arabia

(a) Nonscaled in-degree centrality

400

350

300

250

200

150

100

Scaled in-degree centrality

Algeria Bahrain  Egypt Iraq

m2000 2006 ®2012

N | | I
0 : | n n | | R | I I I

Jordan Kuwait Lebanon Libya Morocco Oman  Qatar Saudi Syria  Tunisia UAE  Yemen

Arabia

(b) Scaled in-degree centrality

Figure 5. Nonscaled and scaled in-degree centralities of each country in the MENA region in 2000, 2006, and 2012.

geria, Iraq, Libya, and the UAE. These results indicate that
the dependence of the MENA region on virtual water import
increased rapidly recently with the large increase in the im-
ported volume of virtual water. However, the connectivity of
the VWT in the MENA region has not increased as much as
the volume of virtual water imported increased.

The degree centrality in this study could be useful for iden-
tifying the connectivity and volume of trade of each country,
but it is limited to show the influence of each country on en-
tire trade network; thus we estimated eigenvector centrality,
as shown on Fig. 7. In 2000, Egypt and Saudi Arabia were
identified as the most influential importers in the MENA re-
gion, and the USA and Australia were the most influential
exporters. Accordingly, the entire VWT in the MENA re-
gion could be affected by these importers and exporters. This
means that the change in the trade policy or food manage-
ment in these countries could change the structure of VWT
in the MENA region. In 2006 and 2012, the influential coun-
tries in the MENA region were still Egypt and Saudi Arabia,
but the influential exporters moved to the Russian Federation,
Ukraine, and Brazil.
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3.4 Importance and limitations of water footprint and
VWT in the MENA region from a policy
perspective

Generally, the VWT is more related to resource management
in exporting countries rather than importing countries be-
cause the embedded water in food trade indicates water re-
sources that are consumed for producing food products in
the exporting country. However, VWT is also considered to
be an important issue in importing countries in terms of water
and food security. For example, the reduction of VWT might
be related to water consumption by replacing imported food
products by domestic food products.

However, the application of the concept of VWT is under
critical discussion (Wichelns, 2010). First, water footprints
formulate new concepts of water management, but we need
to realize that water footprint can be changed due to various
factors such water requirement, productivity, production sys-
tem, development of technologies, fertilizer usage, and irri-
gation scheduling and operations of the water facilities. Sec-
ond, VWT could contribute to the connection of water man-
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Figure 7. Eigenvector centralities of the virtual water trade network in the MENA region in 2000, 2006, and 2012.

agement to food security. However, food trade is affected by
the scarcity or affluence of other important resources, such as
capital, labor, and land (Biewald et al., 2014). In particular,
economic values, such as the price of food products, are the
main driver in global food trade, but there is no global value
established for virtual water. Therefore, it is difficult to apply
virtual water to trade policy in terms of the economic effi-
ciency. Therefore, policy makers or resource managers in the
MENA region should not only consider the effects of VWT

www.hydrol-earth-syst-sci.net/23/557/2019/

but also the difficulty in adapting virtual water to policies for
resource management. Third, there are spatial and temporal
issues of VWT in the study. The VWT could be affected by
geopolitical issues such as topography and distances between
importers and exporters. For example, the changes in export-
ing countries in the MENA region could be related to energy
use for transporting products; thus trade policy should con-
sider the economic benefit or cost of transportation. There-
fore, the VWT should be discussed with geopolitical issues
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such as benefit and cost of transportation. In addition, VWT
and water—land savings by food trade in this study were cal-
culated based on a historical database; thus it was difficult to
apply the results to future policy.

Despite these limitations, we believe that virtual water has
arole in the achievement of sustainable water, land, and food
security, even if there are limitations and difficulties in ap-
plying the virtual water concept. As mentioned above, the
VWT can be a major resource in the MENA region. Ac-
cordingly, vulnerable VWT, for example, low connectivity,
can be a risk element for future food security risk manage-
ment. In particular, the MENA region is strongly dependent
on food products from exporting countries, which implies a
strong dependency on water resource from exporting coun-
tries. Therefore, water shortages or low-food production in
exporting countries might cause increasing food prices in the
MENA region, but also increasing domestic water use for in-
creasing domestic food production. The primary resources of
water, energy, and food are naturally interlinked. The degree
of their interlinkages in the MENA region is exceptionally
high, thus creating a higher degree of risks and vulnerabil-
ity. Therefore, understanding these interlinkages and quanti-
fying them in an attempt to better understand this complex
system of systems is crucial. This requires the synergistic ef-
fort of multiple disciplines, including contributions from var-
ious technologies, science, policies, health, communication,
and economics, at local-process- and system-level scales. In
this study, we believe that the VWT in the MENA region can
be the key factor for bridging water and food, and it is im-
portant to quantify the influence of trade on water and food
management. In addition, this study revealed vulnerable (or
robust) expansion (or reduction) and influential traders in the
VWT network in the MENA region, based on in-degree and
eigenvector centrality indices. If a country in the MENA re-
gion has low connectivity but an increased import of virtual
water, this country should re-evaluate their vulnerable trade
structure and change their trade policy or water—food man-
agement.

4 Conclusions

The import of water in virtual form based on VWT could
develop into a major water portfolio that dominates water
management in the water-scarce countries of the MENA re-
gion. In water-deficit areas, such as the MENA region, the
VWT can offer new perspectives for understanding and solv-
ing water stress and scarcity. In summary, this study showed
that the significant water in comparison to internal water re-
sources could be saved by food trade in the MENA region,
and policy makers can benefit by considering both the quan-
titative impacts of VWT and the structural changes in VWT,
such as vulnerable expansion (or reduction) in the MENA re-
gion. For example, when a country in the MENA region sets
a plan for increasing food security, this country first should
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identify the amount of water and land savings that can be
achieved by food import and consider the trade-off between
food security and food import. In addition, the stable trade
could be a component for stable food supply in the MENA
region; thus this study contributes to the understanding of the
dependency on each trade partner for countries in the MENA
region and can help with setting the food trade policy in terms
of extension (or reduction) of trade partners and increase (or
decrease) in volume of trade.

However, this study only focused on food trade and
water—land savings; thus the energy part was not consid-
ered. The MENA region represents an extreme case glob-
ally in terms of water and energy resources; for example,
66 % of the world’s known crude oil reserves, but only 1.4 %
of the world’s fresh water supplies is attributed to the re-
gion (Khater, 2001). The increase or decrease in water with-
drawal for irrigation is related to the energy used for water
extraction such as pumping surface or groundwater. For ex-
ample, 5 % or more of the total electricity consumption can
be attributed to water pumping in Saudi Arabia (Siddiqi and
Anadon, 2011). Energy use for food production and water
supply could be the main factor in integrated resource man-
agement in the MENA region, and the lack of the energy part
was a limitation in this study.

In spite of this limitation, the intensity and connectivity
of VWT, which were analyzed in this study, can be the ma-
jor components needed for integrating resource management
in the MENA region. Accordingly, VWT is regarded as the
important factor in determining food security and water—
land management, and it can be a useful interlinking param-
eter among resources in the WEF nexus approach, which
identifies key issues in food, water, and energy securities
through the lens of sustainability, seeking to predict and pro-
tect against future risks and resource insecurities (Biggs et
al., 2015). The core of the nexus concept is that the pro-
duction, consumption, and distribution of water, energy, and
food are inextricably interlinked; thus this study would pro-
vide important information to policy makers for evaluating
scenarios about integrated resource management toward sus-
tainability in the MENA region.

Data availability. The international trade data, cultivation area, and
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