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The virtual water concept has been largely applied in the study of regional, national, and
global water flows with particular emphasis on water endowment. Despite water tradi-
tionally being managed locally, certain forces (drivers) influence the local water resource
availability and hence virtual water exchanges. This study reviews available literature to
determine those drivers and their influence on virtual water exchanges. Studies show that
the drivers are numerous, and there exist several available literatures providing contro-
versial results leading to a high level of uncertainty in the determination of their relative
significance. Possible reasons for the contradicting results are discussed and suggestions
made.
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1. Introduction

Water is an important resource component, responsible for the hydrological, bio-
logical, geological, and chemical sustainability of the earth (da Silva et al. 2016).
However, the availability of this indispensable resource at such amounts to enable
sufficient food production is a challenge in several parts of the world today
(Adelodun and Choi 2020). Agriculture, which is the leading sector for water
consumption, accounts for 69% of the world’s water withdrawal, while the in-
dustries and municipalities account for 19% and 12%, respectively (FAO 2010;
Miglietta and Morrone 2018). The increasing population of the world coupled with
the increase in economic and social activities has led to the rise in water con-
sumption (Adelodun et al. 2020; Liu et al. 2015a), prompting the initiation of
technical and managerial actions aimed at establishing rational and sustainable
water policies (Hoekstra and Chapagain 2008). Moreover, various nations have
collaboratively developed virtual water flow regulations focused on commodity
and livestock products using the “virtual water” concept coined by the Geographer
Tony Allan in the early 90s. An example of the implementation of these flow
regulations is the trade activities of the Middle East and North Africa (MENA)
region where more water-intensive products are imported from water-sufficient
countries. As a water efficiency metric, virtual water defines the amount of water
expended in the course of producing goods or services (Allan 1997). It is cate-
gorized into three; namely blue, green, and gray water. Blue water comes from the
surface and groundwater sources along the supply chain of a product; green water
comes from rainfall and is contained in soils; and gray water refers to the amount
of water required to dilute contaminated water to bring it to the same quality as
ambient water resources (Lillywhite 2010). Tony Allan suggested the importation
of virtual water (linked goods or services) to reduce the pressure on the domestic
available water resources (Allan 1996), as cited in Miglietta and Morrone (2018).
By importing food from other countries, a nation imports virtual water which is
embedded virtually in the products being traded (Hoekstra 2003), as cited in Zhao
and Jackson (2016). According to Hoekstra and Hung (2005), there is a shift in
local water consumption to other countries when food is imported. Thus, the
international trade of food and industrial products can be viewed as a trade of a
country’s water resources in the virtual form (Hoekstra 2003).

The virtual water concept has been largely applied in the study of regional
(Akoto-Danso et al. 2019; Chen and Li 2015; Cui et al. 2018), national
(Bazrafshan et al. 2019; Dang et al. 2015; Zhang and Anadon 2014), and global
(Hoekstra and Chapagain 2008; Hoekstra and Hung 2005; Zhang et al. 2016)
water flows. The increasing research has prompted an increase in the reviews
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conducted over the years. da Silva et al. (2016), Ali et al. (2017), Lovarelli et al.
(2016), and Paterson et al. (2015) in their respective reviews, focused on volume,
self-sufficiency, and methodologies concerning virtual water flows. Antonelli and
Sartori (2015) also conducted a review on virtual water with a primary focus on its
critics, applications, and relationship with economic theory. In a broad sense, the
majority of the reviews related to virtual water trade (VWT) have mainly focused
on the water endowment of nations. Virtual water trade enables the externalization
of the impacts of water and countries’ dependency rate on foreign water resources
to be determined (Duarte et al. 2019). However, analyzing virtual water trade
purely from a water endowment perspective offers a partial judgment (Hoekstra
2017); hence a multidisciplinary perspective must be utilized. This involves the
integration of other natural, socioeconomic, and political indicators that affect local
and international economies. These indicators have promoted the awareness of
water issues on a global scale, revealing the effects of the different trade options on
the products consumed and on where the production of goods and services was
carried out. A considerable number of studies have analyzed virtual water trade,
considering not only water availability but also other environmental and socio-
economic indicators (Fracasso et al. 2016). As opined by Wichelns (2004), trade in
virtual water can likely come from other factors aside from water endowment. The
increasing attention on virtual water is extremely relevant since water is an im-
portant factor of sustainable development and plays a non-negligible role in the
achievement of the United Nation’s Sustainable Development Goals. Identifying
the drivers of virtual water trade is of utmost importance for the design and
evaluation of any environmental and economic policy (Duarte et al. 2019).
Likewise, analyzing virtual water trade as regards its influencing factors, coupled
with the accounting and sustainability analysis of water footprints, may support
integrated policy options formulation, addressing climate change issues or efficient
use of resources (Tamea et al. 2014). While reviews exist on the drivers of virtual
water trade across regions (D’Odorico et al. 2019), studies indicating the influence
of these drivers on virtual water trade flows, as well as the research challenges
faced, are little or non-existent. This review, therefore, seeks to explore this
loophole in the face of an existing heated discourse. Specifically, this study
identifies the various drivers of virtual water trade as observed from reviewed
literature and then discusses the influence of these drivers based on the “virtual
water concept”. The study is necessary to further add to the existing and expanding
literature on virtual water trade analysis. This is critical, especially as it concerns
the relationship between available water in a region and the environmental, social,
and economic factors influencing the design of policies.
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The rest of this research is organized as follows: Section 2 shows the studies on
drivers of virtual water trade. Section 3 discusses the influence of the drivers on
virtual water exchanges. Section 4 discusses the challenge of contrasting findings.
Section 5 discusses the virtual water concept with respect to observed studies. The
conclusions are shown in Sec. 6. The methodological process utilized in this study
is elaborated in Appendix A. Also, a summary of the explanatory variables used by
different models of virtual water trade is contained in the supplementary material.

2. Studies on the Drivers of Virtual Water Trade

The literature on the main empirical forces or drivers influencing virtual water
trade has been developing over the years. This section examines those forces as
identified by several studies under different spatio-temporal scales and accounting
boundaries.

The drivers influence virtual water flows essentially through the direct or in-
direct effect on the consumption volume and pattern, as well as the water footprint
of consumed products and processes (Chapagain and Hoekstra 2007). Yang et al.
(2003) and Yang and Zehnder (2007) conducted their studies on a global scale
using the multiple regression model, and found virtual water trade to be signifi-
cantly influenced by the GDP per capita and water availability. They discovered
that during the period of 1980-2000, the GDP significantly explained the varia-
tions in the level of cereal imports among countries with similar water resources
availability, while the reduction in per capita water resources availability
dominantly explained the increase in the import of water-intensive crops.
Ramirez-Vallejo and Rogers (2004) and Kumar and Singh (2005), who also
conducted a similar study, noted that arable land availability, GDP per capita,
population, and Human Development Index (HDI) were important considerations
in the assessment of fluxes in virtual water imports. Also, D’Odorico et al. (2012),
Fracasso (2014), Tamea et al. (2014), Duarte et al. (2016a, 2019), Fracasso et al.
(2016), Wang et al. (2016), Kopnova (2017), Tuninetti et al. (2017), and Qian
et al. (2019) conducted similar studies on a global scale using different model
analyses [Gravity Model, Stochastic Impacts by Regression on Population,
Affluence, and Technology (STIRPAT), Decomposition Analysis (DA), and Log-
arithmic Mean Divisia Index (LMDI)]. They reported that the virtual water trade
between countries was highly influenced by economic, institutional, geographical,
and environmental factors. In detail, D’Odorico et al. (2012) reported that geo-
graphical distance and water availability could adequately influence virtual water
fluxes in their study on spatial organization and drivers of the virtual water trade.
Fracasso (2014) after conducting an analysis on a gravity model of virtual water
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trade suggested that all indicators studied significantly influenced virtual water
trade (imports and exports), concluding that the flows in virtual water trade were
affected by national water endowments, classical trade determinants, and the
pressure level on water resources. Duarte et al. (2016a) also analyzed global
agricultural virtual water flows from an economic perspective where it was
reported that the availability of such natural resources as water and land, together
with the level of economic development, conditioned the volume and trajectory of
virtual water exchanges (imports and exports) among nations. They suggested the
need to analyze environmental problems at the global level since the growing
integration in international trade of many countries is essential to an understanding
of their final water consumption. Similarly, Tuninetti et al. (2017) and Duarte
et al. (2019) reported a significant influence of population, GDP per capita, geo-
graphical distance, and water availability on virtual water trade. Tamea et al.
(2014) and Fracasso et al. (2016) in their studies also reported that economic
factors and agricultural productivity were the main determining factors of virtual
water flows.

Zhao et al. (2014), Liu et al. (2010, 2015b), Chouchane et al. (2018), Schwarz
et al. (2019), Li et al. (2019), and Cai et al. (2019) conducted their studies at a
national scale. Zhao et al. (2014) reported a positive influence of population,
demand per capita, technological effect, and income on virtual water flows within
the Chinese agricultural sector. Also, Chouchane et al. (2018) who conducted a
study on the virtual water trade patterns as related to environmental and socio-
economic factors reported that population, precipitation, GDP, and irrigated area
were explanatory in the determination of the virtual water imports in Tunisia. Cai
et al. (2019) also reported in their study on drivers of virtual water flows on
regional water scarcity in China, that virtual water trade changes were mainly
explained by water scarcity and demand per capita, suggesting the consideration of
the direction changes of virtual water flows and its impact on water scarcity in the
target set of future regional water use.

Kong et al. (2019), Wang et al. (2019), Ye et al. (2019), and Garcia and Mejia
(2019) conducted their studies on a subnational scale. In their study on decoupling
analysis of water footprint and economic growth in three regions of China, Kong
et al. (2019) reported that water availability and GDP were significant decisive
factors of virtual water trade. Wang et al. (2019) reported a similar result in their
study, concluding that virtual water fluxes exist because of the uneven distribution
of water resources in time and space and the differences in economic and social
development. Also, Garcia and Mejia (2019) in their study on characterizing and
modeling subnational virtual water networks of US agricultural and industrial

2150011-5



G. Odey et al.

‘uoneziuegio
JTWOU023 [euorgal ay) pue ‘[@ad] 3dud 3y ‘dao
‘I91em ‘pue[ [BIM[NOLIZE JO JUIWMOPUI 3} AIB SAUO
9ATIESAU ) IA[IYM ‘OLM O} UOISSIIIE 3} pue ‘el
98ueydxa Y} ‘SI9PUBWIAP JO SUWIODUI I} ‘AWOU0ID
9eds rexmnouIge ay) ‘ASojoutda) ‘10qe[ [eIM[NILI
-3e JO S1010BJ 9} JO JUSWIMOPUS 3} I IPEI) IJeM
[enurA [emynoLiSe 0) paje[aliod siolde} aanisod ayL,
‘sdoId JAISUIUI-Ia1eM Jo poduur
9y ur aseandur 3y} urure[dxs U 10J0BJ JUBUTWIOP B
sem AJ[Iqe[TeAe S30IN0sal 1ajem ejided 1ad ur aurpap
ayp oym ‘ended 1d J@o Aq paurejdxa Apuedyiu
-31S 919M SIDINOSAI 19)eM IB[TWIS FUIARY SILHUNOD
Suowre surodwir [e313D JO [9AI[ A} UT SUOTIELIEA YT,
‘uonenmIs IaJem s) Aq paouanpjur
Apuedoyrugdts jou ST apexn I8jem [eMIIA S, ADUNod Y
"SDIAIdS pue spoog jo suodxa pue
QI norige pappe-anfea ‘puey pareSiul ‘uonendod
QuodUT 9FRISAR 319M S)IOdUWIT 19JeM [EMIIIA DUINJUL
Apuedoyrugis 01 punoj Sa[qeIIeA "SIUIWMOPUI IDINOS
-31 19JEM JO JUIPUIdapUl 3Ie SMO[J Spen I9Jem [eniip
‘Aniqereae A1ddns 1a1em
eyded 1ad ur aseadap e Aq paure[dxa A[oS1e] sem
sdo1d aATISUIIUI-IaJeM JO 11odwr 3y Ul ISLI Y} [TYM
‘S90IN0S3AI 13JeM JO AJIQR[IRAR IR[IUIS (PHIM SILIIUNOD
Suowre suodwr [e313D JO [9AJ[ A} UT SUOTELIEA
ayp Sururedxs ur jueoyrugrs AySry sem ended 1ad ggo

Mme[ K)iaein

uorssaigal aydnny

uorssargar spdnmiy

uorssargal aydnn

uorssaIgal aydnn

8001661

000¢—0861

6661-5661

100¢-000¢

000C—0861

[euoneN

[eqO[D

[8qO[D

[eqO[D

[8qO[D

(0102) 7P 30 NI'T

(£007) 1epuyaz pue guex

(S5002) yBurs pue tewny

(#007) sw80y
pue ols[eA-zalruey

(€002) v 30 Suex

sgurpurq JIoley

pazimn [PpoIN 1oeduig

potRd
Apms

afeas
[eneds

1deq

9peIT, 191BM [BMIMIA JO SISAMI(J UO SIIpmS °T dqeL

2150011-6



Conflicting Drivers of VWT: Review Based on the “Virtual Water Concept™

‘syupodun Ieem [enira
JO ISALIp [EONIID JSOW 3Y) 3q 0} PUNOJ SEM DUIN[PFY
“I91em [enMIA Jo suodxe 1931e]
0} ped] A[IIESS3dAU JOU Op SIUSWMOPUS 19Jem IaSIeT
"SMO[J 9peI I9jem
[enuIA Jo A10303(e1) pUB SWNJOA 3Y) UONIPUOD ‘JUIU
-do[aAdp DIWIOU0D3 JO [9A3] Y} PIM Iayago) ‘pue]
pUE I3JEM SB S3DINOS3I [BINJBU UONS JO AN[IQe[IRAR JY],
“1odwr 137em [EMIIA JO SWNJOA Y}
paousnyur Ajurew xapur 9ouid [real pue uondwnsuod
pue 110dx3 13)em [eMIIA 10] S1030e] Surduanfjul Jofew
9y a1am uonerndod [e10y pue eyded 1ad eare pajean[n)
1utidiooy
I9JeMm [eIM[NOLISe 3saUIYD) I} UT SISEAIDUT 0) FUIPeI[
92103 SurAup 1s3g1e[ ayl are azis uonendod ur sagueyD
'S90IN0Sal
I3)em U0 amssald Jo [9A3] 3y} AQ pUE ‘SJUIWMOPUD
I9)eM [RUOTIBU AQ ‘9pEI) JO SIUBUIULISIAP [EDISSE[D
3} Aq pajdafe AIe SMOJJ I9Jem [eMMIA [RIIIq AL
"S9XNJ 19JeM [ENMIA JO SI030€] SUI[[ONUOD
[BIUSWEPUN 3} dI9M SILNUNOD Ja)iodwt pue 19310d
-X3 130q Jo 3dueisip [edryderoas pue qao ‘uonemndod
‘amod
A101eUR[dX? JBYBIY SEY SILNUNOD JUIIAIP UT Jajem
[ENIIIA I0J pUBWAP pue jo AJ[Ie[IeAB 3} UO paseq
[9POIAl ANABID) B PUE 9pel) I3)eM [BMIIIA JO IMDNNS
Anunuwwod 3y surejdxa Apted Aymwrxold [eoryder3osn

[epowl IVdYULLS

Mme[ Ljiae1n)

(vas) sisdreuy
uonisodwoda( [eImPNIs

uorssargal aydnmn

[epoll TVdHILS

Mme[ Ljiae1n)

Mme[ Lyiae1n)

Mme[ Ljiae1D)

£00¢C

¥00C

010C—5961

0T0C—-1861

600C—0661

900¢

010¢—9861

800C—9861

[eqO[D

[eqo[D

[eqO[D

[euoneN

[euoneN

[e9O[D

[BqO[D

[eqO[D

(9102) "Ip 30 Suem

(9107) v 12 ossedeig

(r9107) "I 12 3uEng

(qs102) "0 32 NIy

(¥102) *Ip 32 OBYZ

(#107) ossede1g

(#102) "D 32 BOWRY,

(z102) "I 12 0210PO.A

sgurpurq 1ofeN

pazinn [9poAl 1oeduy

potRd
Apms

9[eds
[eneds

deq

(panupuop) 1 9qeL

2150011-7



G. Odey et al.

aamonns uondnpold pue ‘e1mdnns spen ‘Alsusiur
Iarem Aq pasusnpur AQUedyrugis Sem apen Iejem [enliup
*SMOJ} 19JeM [BNMIA JO SIO}
-JBJ [ENUSN[JUI JUBUIWIOP 3U] 919M PUBWSP PUE ‘9Jep
-dn ASojouyoay ‘vonendod ‘g@o ey sredIpUL SHNSIY
‘uone[ndod pue ‘q@o ‘puel [BIM[NOLIZE ‘QOUEISIP
reoyder3oa8 Aq pasuanpur AySIy ST apen JIajem [enip
‘e)rded 19d puewsp pue AJDIEDS 19JEM 3I9M 9pEI
I9]EM [emuIA ul sagueyd gurure[dxs SI01Dej urew ayJ,
‘9pen IaJem [eniIA 3JUIN[ul
SUONIPUOD [BIUSWIUOIIAUS PUBR OTWOUOCIION0S ‘[RINIEN
"3pel I9)eM [BNUIA JO SIOIDE]
9AISIDRP Jofewr 3y alem OO pue AINIGe[EAR I9]EM
'SI0]J0BJ [EIUSLIUOIIA
-9 Se [[?m se ‘[edrydergos ‘feuonmnsur ‘OTuIou0dd
9] Aq padusnpjul APUEdYTUSIS Sem Jpeln I8Jem [BNUIA
‘Ananonpoxd emymonse pue ‘qgo ‘“ANfiqerreae
Iajem ‘puef o[qele ‘uoneindod sapnpur A[PAISSIIONS
SMOJJ 19]EM [ENMIA [EUIRIX? UO SI1030e} Sunoedu ayf,
‘sdod pad9[as ayy Jo Aue Jo sorwreudp joduwr
I3JEM [BNIA 19U 3 ure[dxa Jou s30p AJDIeds Iajem anjg
"apen
I9)EM [BNIIA JO SI9DUIN[JUI Jo[ewl 3y} 319M el UONED
-1pdde 19z1[n1aj pue ‘dueisip redryder3oal ‘uonemndod
‘AN[iqeurelsns [e2130[029 Jo Sumer
I9MO] B PBY SMOJJ 9pEI) ISUIUL 10U [IM SILHUNOD YT,

IAN'T

uorssargar sapdnmin
Me[ ANARID
vdas

Xapul due[RqUI]

PUE JUIDYJI0D TUID)

IAN'T

Me[ ANARID

uorssaigar apdnnin

uorssa1ga1 ardnnA

Mme[ L)ae1D)

uorssargal a[dnnn

910¢—000¢

S10C—9661

£00¢C

¢10¢—¢00¢

S10¢—800¢

L102¢—100¢

0T0C—5961

010¢—c00¢

0101861

11029861

¢102—9661

[8qO[D

[eUOTIRUQNS

[euoneUqNS

[euoneN

[euoOnRUQNS

[euoneUQNS

[8qO[D

[euoneUqNS

TeuoneN

[BqO[D

1eqo[9

(6102) "ID 12 WRIY

(6102) 'Ip 12 3K

(6107) etloI pue eien
(6102) v 72 TBD

(6107) 'Ip 12 Buepm

(6107) I 12 Suoy|

(6107) *Iv 30 Auenq

(8107) Sueny pue uey

(8102) ‘I 72 dueydNOYD

(£T07) v 72 MPBUTUNT,

(£107) eaoudoy]

sgurpurq J1oley

pazimQ [PpoIAl 1oeduy

pord
Apmg

afeas
reneds

13deq

(panunuop) 1 IqeL

2150011-8



Conflicting Drivers of VWT: Review Based on the “Virtual Water Concept™

"IMONNS 3pen 3y} AQ UIALIP

Arewitid sem apen JI9JEM [BMIIA UL 3Sealdul 3ge] vd 01075961 [euoneN (qQ9102) 1P 12 Aueng
‘sutodwt 191eM
[ENMIA JO ISALIP [EDNLD 1SOU Y} 3q O} pUNoj sem
‘5921N0S31 19JeMUsalj JO AJ[IQe[IRAR 3} JOU ‘QDUSNPFY [Ppow IVAYLLS £00T [eqo[O (9102) D 12 Suem
"suorgal ssoioe
SMO[J 191em [emuia Jo wened ay) urdeys s9210
Urew 1) 3Ie SI0JJ9S [_IM[NDLISe-UoU pue [eIMNOLIFe SISA[RUY UOISSaIZY
u’amiaq Ayandnpoid puef Ul SIOUIISJIP [BUOIZAI YT, Ieaur] 9IBLBADINIA  ST0Z-S66T [euoneN (6102) Ip 12 oeyz
‘SMOJ} I9]EM [ENMIA
SursiI Jo 10108} SUIALIP [ENUISSI UB SEM JIMONIS IPeIL, va Se6T-6+81 [euoneN (#102) P 12 Aueng
‘syutadiooy
I9JEM [BLOSOPUL S.BUIY) SUISIEI SIBALIP A3Y 3y} Se
paynuenb are [9A9] uondwnsuod ueqin pue I[edS IPelL, vds S102-200C [euoneN (6102) 'Ip 12 1T
"S9UIN|OA 19]eM [eniIA SUISeald (vai) sisAeuy
-UI JO AP UIEW 31} 3Ie sannuenb apen Zurseanuy uonisodwods Xapu]  €T0Z-9861 [euoneN (6100) 'Ip 12 ZIRMYDS
sgurpurq J1oley pazinN [FPoIA 1oedury potsd a[eds 1deq
Apmg [eneds

(panupuop) 1 9qeL

2150011-9



G. Odey et al.

commodity flows posited that distance, agricultural land, GDP, and population
mainly controlled the subnational weighted virtual water trade networks.

Other findings related to the global, national, and subnational scales are reported
in Table 1. It is evident that several researchers have studied the relationship
between virtual water flows and product trade in an attempt to determine to what
extent water endowments among other drivers impact on trade flows. This has
resulted in contradictory findings due to certain factors discussed in the sections
that follow.

3. Influence of the Drivers on Virtual Water Exchanges

As highlighted earlier, the driving forces influence virtual water flows essentially
through the direct or indirect effect on the consumption volume and pattern.
Investigations into the association of environmental and socioeconomic factors
with virtual water fluxes show that research is ongoing toward the identification
and testing of the effect of various possible drivers on virtual water exchanges at all

Dummies

Technology

Climate change

Demand

Production structure

Trade structure
Geographical distance
Human Development Index
Population growth

Agricultural productivity

Irrigated land
Arable land
Water availabilty

|
Gross Domesic procuct

0 2 4 6 8 10 12 14 16 18 20 22
m No. of publications reporting a significant dependence m No. of publications analyzing the variable
Figure 1. Environmental and Socioeconomic Drivers of Virtual Water Trade Identified from
Reviewed Publications

Notes: The red and blue bars show the number of publications reporting a significant relevance of
each variable and the number of publications that analyzed each variable, respectively.
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spatial levels. As observed from the literature review in Sec. 2, the GDP, water
availability, population, arable land, geographical distance, and agricultural pro-
ductivity were commonly recognized drivers of virtual water trade (Figure 1).

The GDP is a major driver of virtual water fluxes at both local and international
levels. Considered as a measure of wealth, the GDP is correlated with the ability to
invest in agricultural and industrial production and trade (Dinar et al. 2011), hence
determining economic development. With continuous economic development, the
volume of water utilization increases (Wang et al. 2019), suggesting that countries
with high economic power (GDP) possess the economic strength of purchasing
real/virtual water.

Water availability (including scarcity, intensity, endowment, and precipitation)
has received considerable attention and coverage concerning its relationship with
the virtual water trade. Though existing empirical results are mixed, there is
considerable evidence that the availability of water in a region will significantly
influence trade intensity from that region. Based on the findings of Lee et al.
(2018) and Allan (2003), the pressure on water resources in water-stressed coun-
tries may partially be reduced through the importation of water-intensive products
from abroad, replacing the use of domestic water for industrial and agricultural
production with water that is imported in virtual form, and saving their water
resources that are limited for alternative domestic needs thus resulting in local (and
global) water savings. It is suggested that as trade occurs from regions with higher
water productivity, defined as water use per unit of production, to regions with
lower water productivity, there are savings in global water resources (Liu et al.
2019). The findings of Reimer (2012), that countries having constrained freshwater
resources can consume more water than what is available locally through trade,
also justify the inclusivity of water availability as a driver of virtual water flows.
However, the arguments against water as a determining factor of virtual water trade
stem from the fact that many studies have observed a great negative impact of
global trade on water resources, in that several countries with severe water
shortages like Egypt and India have exported vast amounts of virtual water, while
some (particularly developed) nations with abundant water resources have
imported more (Chen et al. 2021).

Several studies have also hugely recognized population as a driver of virtual
water trade. Population growth is one of the major determinants of increase or
decrease, as the case may be, in water demand and per capita availability of water
resources. The continuous growth of the world population may increase the
number of those living under water stress, leading to an expansion of the demand
for food import and thus virtual water exchanges (Yang et al. 2003).
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Arable land is an essential factor influencing virtual water flows, characterized
by the temporary production of crops for food or feed supply purposes. The area of
land available for food production will increase or decrease virtual water flows
between countries or regions. To understand the relative effect of resource
endowments between nations involved in trade, Kumar and Singh (2005) con-
sidered the amount of available water resources per hectare of arable land, rea-
soning that when access to arable land increases, a country’s ability to use its water
resources and raise livestock or produce crops increases thus influencing virtual
water trade. The irrigated land area also plays an important role in virtual water
exchanges. There has been a remarkable increase in crop yields on irrigated lands,
which has influenced virtual water exchanges especially from the MENA regions
characterized by severe droughts.

The distance traveled by goods in the form of virtual water to arrive at the place
of consumption is a significant measure of the globalization of virtual water trade.
Likewise, the transportation cost (determined by distance and transportation
modes) influences the extent of virtual water flows between regions. According to
Tamea et al. (2014), the closer the countries, the larger are the exchanged fluxes
and vice versa. Luo et al. (2018) in their study on transfer of virtual water of
woody forest products from China, also reported that virtual water trade among
nations was driven by geographical proximity and traffic, bearing in mind the
significant effect of transportation cost. For a better quantification of the influence
of geographical distance on global, national, and regional virtual water fluxes, the
distance value in terms of cost, determined by factors such as the length of travel
and mode of transportation, is important.

In terms of food production, agricultural productivity (defined by yield and
efficiency) is a major driving factor of virtual water exchanges. As stated by Yang
et al. (2006), virtual water flows primarily from nations of high crop water pro-
ductivity to nations of low crop water productivity, implying that nations with the
ability to produce more agricultural products with lower units of water, may have
the capacity to supply more to demanding regions.

Additionally, a good number of factors including trade structure, demand, labor,
production structure, product price level, climate change, HDI, exchange rate,
technology, government policies and international trade agreements, and income
have been recognized to influence virtual water flows.

The trade structure defines a country’s imports and exports of goods in the total
import and export trade share between trading countries in a certain period. To
respond to water crises, Qian et al. (2019) posit that more attention should be paid
to the risks resulting from water stress and other environmental implications as a
result of trade.
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Demand here refers to the volume of goods and services consumed by the
people in a region or nation. Arguments exist among scholars that virtual water
trade is a potential solution for curbing irregularities between available water
resources and demand (Antonelli and Sartori 2015; Ma et al. 2006). These argu-
ments arise from the fact that some nations have the advantage of high economic
efficiency in food production and have surplus water, but still rely on food imports.
Hence, demand for goods and services might not be influenced by the available
water resources but by the economic state of nations (Kumar and Singh 2005).

The production structure refers to the share of a certain product in the total trade
volume between trading countries. A change in production structure can cause a
relative change in the total virtual water flows of a country (Cai et al. 2019). For
example, a production structure restructuring process (involving a reduction in the
export of products requiring large amounts of water and stimulating exports of less
water-intensive products) can influence internal water consumption (Dietzenbacher
and Velazquez 2006). Accordingly, countries with improved resource-use effi-
ciency and less resource-intensive production structure tend to conserve more
water resources (Sun et al. 2019).

The HDI is a measure of the overall achievement of a country in terms of its
economic and social dimensions concerning the health of people, educational
attainment, and standard of living. Studies show that countries with relatively high
HDI generally have a high dependency on external water resources than countries
with low HDI (Allan et al. 2017). Since HDI incorporates many factors, it may
allow for a significant cross-comparison of the virtual water flows between
countries (Carr et al. 2013).

Technological advances and the associated improvement in water-use efficiency
have played an important role in bringing down the water resources threshold
(Yang et al. 2003). Technology update influences the efficiency and productivity of
water utilization in the industrial and agricultural sectors, hence the nature of
virtual water trade.

Climate change is an influential factor in the rise in water demand for domestic,
agricultural, and industrial purposes worldwide. Increasing frequencies of climate
extremes such as floods and droughts often lead to economic losses, prompting the
need for virtual water exchanges across nations. As Lenzen et al. (2013) put it,
climate change threatens to alter hydrologic cycles in the current face of increasing
water demand, thus affecting water availability.

The national income level influences the extent of virtual water trade. Studies
show that an increase in income may lead to an increase and a change in the
composition of demand for products thus influencing trade patterns (Anderson
2010).
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Government policies and international trade agreements govern agricultural
production which makes up the bulk of virtual water flows. For instance, since the
World Trade Organization (WTO) was established in 1995, there has been an
increase of preferential trade agreements that have resulted in various types of trade
creation that may not necessarily consider the resource endowments of nations but
rather bilateral ties (Saha and Kapuria 2021). These factors influence virtual water
trade patterns thus making the examination of their interaction with water
endowments a thing of great concern.

The product price level also influences the extent of virtual water trade between
trading nations. With lower foreign prices, the demand for imported goods will
likely rise, leading to an increase in the virtual water trade volume (Delbourg and
Dinar 2020). This is particularly true for countries having strong bilateral trade ties.

4. Suppressing the Challenge of Contrasting Findings

While several works of the literature are of the notion that trade in water-intensive
goods and services results in the flows of virtual water from water-endowed
(exporting) to water-scarce (importing) regions, e.g., Yang et al. (2003), Yang and
Zehnder (2007), Cai et al. (2019), D’Odorico et al. (2012), Duarte et al. (2016a),
Fracasso (2014), Kong et al. (2019), and Wang et al. (2019), many other studies
have discovered a non-significance of water endowment as a driver of virtual water
exchanges, e.g., Fracasso et al. (2016), Garcia and Mejia (2019), Kumar and Singh
(2005), Liu et al. (2015b), Schwarz et al. (2019), Tamea et al. (2014), Tuninetti
et al. (2017), Wang et al. (2016), Ye et al. (2019), and Zhao et al. (2014). The
availability of a large pool of literature providing controversial results leads to a
high level of uncertainty in the determination of virtual water flow drivers. The
possible reasons for such contrasting findings (Figure 2) as observed from the
literature include the following:

(a) Existence of several drivers: There exist several environmental and socio-
economic factors that influence goods exchange and in extension, virtual water
trade of which water availability is only one. Where several determinants are
not included in the empirical estimation of virtual water trade flows, there is a
failure in the robustness of the results, often leading to instances of “omitted-
variable bias” as the applied model attributes the effects of the missing virtual
water flow drivers to the drivers that were included. As opined by Fracasso
(2014), one needs to identify as many drivers as possible, to successfully
account for the trade dynamics of virtual water flows.
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Figure 2. Possible Reasons for Contrasting Findings

Differences in samples and adopted measures: The differences in the samples
(subnational, national, and global flows) and adopted measures (export and
import flows, bilateral and aggregated flows, and gross and net flows) of
countries’ virtual water flows contribute to the observed differences in find-
ings. This is possible because larger nations have higher trade flows as a result
of their sheer size, implying that virtual water trade does not rely solely on
water endowments. As confirmed by Kumar and Singh (2005), the amount of
arable land significantly influences the production of agricultural goods and
should be considered in relation to water endowments.

Economic state of nations: The unequal distribution of “factors and goods”
prices across nations, as well as the differences in technological prowess, leads
to possible variations in observed results. For instance, the cost (scarcity value)
of water as a factor of production is sensitive and difficult to account for in
agricultural goods in terms of pricing. This is because the majority of
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agricultural products are produced using rain (green) water which is per se
free, and where irrigation (blue) water is applied, the cost is often conditioned
by political decisions leading to price variations across nations (Fracasso
2014). This unequal distribution influences the production, consumption, and
exchanges of goods and services which, in turn, have an impact on the relative
significance of water endowment in the regions or nations involved in trade.

(d) Relative versus absolute water scarcity: The relative and absolute scarcity
concepts have been confused in several studies over the years. While the
Heckscher—Ohlin (HOV) theory relates net virtual water flows to relative water
scarcity, several available works in the literature base their studies on absolute
scarcity (Ansink 2010; Fracasso 2014), thus creating contradictory results. The
HOV theory of relative factor abundance proposes that the relative endow-
ments and factor intensities of all productive factors and products across
countries must be taken into consideration, in order to properly assess the
significance of water endowments on virtual water trade flows.

5. The “Virtual Water Concept” and Trade: Discussion from
Observed Studies

The virtual water trade is mainly viewed as a water-saving strategy, where coun-
tries having water shortages import water-intensive commodities from countries
having abundant water resources. However, several studies have shown the non-
reflectance of this strategy, especially in the international trade data. de Fraiture
et al. (2004) showed that water savings cannot always be reallocated to other
beneficial uses to offset water scarcity, hence other environmental, economic, and
social considerations can have more impact in deciding the trade strategies. Also,
since much focus is put on water resources endowment, trading strategies based on
the perspective of virtual water are not consistent with the economic principle of
comparative advantage (CA), therefore cannot be used alone as a yardstick for the
design and development of satisfactory policies (Wichelns 2010). The CA prin-
ciple introduces opportunity cost as an analysis factor in choosing between dif-
ferent production options. These production options are influenced by factor
endowments thus determining an economy’s ability to produce more of a particular
good or service than its trading partners. In other words, the CA principle entails
the benefits countries achieve from trade originating from differences in their factor
endowments (Deardorff 2011; Hartmann et al. 2017; Hidalgo and Hausmann 2009;
Zhao et al. 2019). This principle offers a compelling viewpoint on the forces that
drive trade. As also observed from Figure 1 in this study, nearly half of the studies
analyzing the influence of water availability on virtual water trade reported its non-
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significance, implying that other drivers such as the GDP, population, land avail-
ability, and geographical distance are highly relevant to trade and virtual water
flows governance. It can also be deduced that irrespective of the spatial scale
applied, trade is hugely influenced by socioeconomics and government policies
of nations rather than the differences in water endowments. As also stated by
Antonelli and Sartori (2015), the ability to engage in trade is asymmetric and is
influenced by socioeconomic growth. This implies that water scarcity issues can
most likely be solved by the economic capability of regions or nations. Since water
endowment is but a factor of production amongst several others, a region’s or
nation’s productive efficiency (i.e., total factor productivity) should be a better
explanatory factor for trade.

Is the “virtual water concept” thus a helpful perspective in the governing of
regional, national, and global trade? The answer is “yes”. Although the impact of
water on product trade patterns appears less critical, there is evidence that countries
exhibiting greater water availability do export more water-intensive products.
Debaere (2014) observed that the higher the water intensity of exported goods, the

Environmental drivers

‘Water

/

Food <mm=pp Trade

’7' <
. Lo tua] wyater trad
Socioeconomic drivers

Figure 3. Multifaceted Nature of the Virtual Water Concept
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greater the share of world exports of water-rich countries. Also, even though the
policy usefulness of the virtual water concept has been a thing of debate, it has
attracted the attention of government officials and policymakers, leading to ef-
fective monitoring of water allocation patterns and use at the domestic and in-
dustrial levels. Furthermore, the “import” of virtual water through trade has
provided water and food security to water-scarce regions or nations (Allan 2002b).
The MENA region, for example, has been able to cope with water scarcity over the
last few decades without significant changes and reforms in water allocation,
management, and policy, while avoiding water-related conflicts (Allan 2002a,
2003; Antonelli et al. 2017; Antonelli and Sartori 2015).

Based on the observation from reviewed articles in this study, we consider that
the virtual water concept is multifaceted, involving the water—food—trade synergy
in the context of environmental and socioeconomic factors in regions and nations
(Figure 3). Therefore, to determine the various factors significantly influencing
virtual water fluxes from the import and export perspectives, there is a need for a
systematic analysis of the interconnections between water resource consumption in
one region or nation and another. This can be effectively achieved through the
adoption of multidisciplinary approaches involving several disciplines such as
environmental science, modeling, hydrology, crop science, agricultural engineer-
ing, economics, social science, and mathematics. An analysis of this nature will
enable the quantification of the impacts of various interconnected factors associated
with, and influencing, virtual water movements across regions or nations.

6. Conclusions

The world is currently facing a water crisis and appropriate policies are necessary
to curtail it. An understanding of the networks and controlling factors or drivers of
virtual water fluxes will contribute to existing information geared toward estab-
lishing effective water regulations. The identification of the significant driving
factors of trade flows as observed from the reviewed studies occurred through the
modeling of virtual water trade. It is evident that the extent of virtual water trade
depends on several drivers. Therefore, to minimize the problem of results incon-
sistency and to gain a holistic view of significant drivers influencing virtual water
flows, it is suggested that a systematic analysis of key production factors that shape
the patterns of virtual water trading in an economy is carried out; that is, the
different environmental, social, and economic metrics must be considered. This
provides complete information on the causes and consequences of trade as well as
country resource allocation to assess virtual water trade patterns hence ensuring a
more significant and representative outcome. In other words, we believe that
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improvement in research through interdisciplinary collaborations will be crucial for
informing policy decisions as they relate to the main influencing factors of virtual
water trade regionally and globally.

Appendix A
A.1. Methodology

The review included English-written peer-reviewed articles focusing on virtual
water trade in terms of its drivers published between 2003 and 2019 at the local
and international levels, hence peer-reviewed journals from different parts of the
world were considered. Two stages were implemented in the search, classification,
and review of related literature, modified from Jiménez et al. (2014):

(i) Search by keywords (using keywords provided by both us and the database):
This search was conducted via the Scopus bibliographic database (one of the
largest abstract and citation databases of existing peer-reviewed studies).
While we provided some of the keywords used in the search, additional

Records identified through database (SCOPUS)
search
(n=432)

“virtual water” OR “virtual water trade” “virtual water” OR “virtual water trade™ “virtual water” OR “virtual water trade™
‘OR “virtual water network”” AND OR “virtual water network™ AND OR “virtual water network” AND
“indicators” “drivers” OR “driving forces” “determinants”

(n=261) (=133 (n=138)

[ Records after removal of duplicates and completely non-related studies ]

(=164

Records screened Records excluded
(n=164) (n=102)

[ Full-text articles assessed for eligibility

Keywords
(based on objective of study)
(n=62)

*  Virtual water

+  Virtual water trade
+  Virtual water network
+  Indicators
Studies included in review *  Drivers/driving forces
+  Determinants
(n=30)

‘ Global studies ‘ mm— | (Vangetal 2003), (Ramirez Vallejo and Rogers, 2004), (Kumar and Singh, 2005), (Vang and Zehnder, 2007), (D'Odorico etal, 2012), (Tamea |
¢ y etal., 2014), (Fracasso, 2014), (Duarte et al., 2016a), (Fracasso et al., 2016), (Wang et al., 2016a), (Kopnova, 2017), (Tuninetti et al., 2017),
(Duarte etal,, 2019), (Qian et al., 2019), (Wang et al., 2016b)
A
CE—— (Hongmei et al, 2010), (Zhao et al_, 2014), (Liu et al_, 2015b), (Chouchane et al, 2018), (Cai et al_, 2019), (Schwarz et al , 2019), (Li et al., 2019),
‘ National studies ‘ W) | (Duarte et al, 2014), (Zhao et al., 2019), (Duarte et al, 2016b)

‘ Sub-national studies ‘ — ‘ (Han and Huang, 2018), (Kong et al., 2019), (Wang et al., 2019), (Garcia and Mejia, 2019), (Ye et al., 2019) ‘

Figure A.1. Methodology and Classification of Reviewed Studies Based on the Specific Categories
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keyword suggestions were derived from the Scopus database. The chosen
keywords aimed at capturing literature related to the topic and objectives of
this study. To achieve this purpose, commonly used keywords were searched
in pairs with the Boolean search terms of “OR” and “AND”. For example,
virtual water/virtual water trade/virtual water network was paired with indi-
cators, drivers, driving forces, or determinants.

(ii) Review of abstracts and contents to select relevant papers: The abstracts and
contents of the selected papers from (i) were reviewed from which the articles
dealing specifically with the study objectives were identified. Figure A.1
describes the step-by-step methodological process adopted.
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Supplementary Material

Table S.1. Summary of Explanatory Variables Used by Different Models of Virtual Water Trade

No. of Publications No. of Publications

Drivers of VWT Identified from Analyzing Reporting a Significant
Reviewed Publications the Variable Dependence
Water availability 20 11

Arable land 11 9
Irrigated land 7 4

GDP 18 15
Agricultural productivity 6 4
Population 15 11

HDI 1 1
Geographical distance 7 7

Trade structure 5 3
Production structure 4 1

Demand 2 2

Climate change 1 0
Technology 3 1
Dummies (religion, language, and 9 2

government policy)

Note: VWT: Virtual water trade.
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