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Abstract:

N

Scarce w driven by hotspots in production and consumption stages of global supply

chains haye b @ ell studied. However, hotspots in primary inputs and intermediate

d

transm s also leading to large amounts of global scarce water uses are overlooked.

This gap ¢ o the underestimation of the impacts of certain nation sectors on global

v

scarce water uses. This study identifies critical primary suppliers and transmission centers in
global su;& chains contributing to scarce water uses, based on environmentally extended

multi-regid

Results show that some critical primary suppliers (e.g., the service auxiliary to financial
intermedidti tor in the U.S. and the financial intermediation services sector in India)

and trarwzenters (e.g., the raw milk sector in the U.S. and the transmission services of
electricity sectori] China) are unidentifiable in previous studies. These findings provide
hotspots fo -side measures (e.g., optimization of primary input and product allocation
behaviors ductivity improvement measures. The critical inter-sectoral transactions
(mainly involving the agricultural and food products sectors in India, China, and the U.S.)

further provide explicit directions for these measures. Moreover, this study conducts a
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community detection, which identifies communities (i.e., the clusters of nation sectors closely

interconnected) leading to global scarce water uses. Most of the communities involve sectors

from diffeﬂs, providing foundations for international cooperation strategies.
Keywords: Scarce water use, primary input, betweenness, multi-regional input-output
H

analysis, Mnalysis, industrial ecology

1. INTR@ON

Water is awal resource to human beings and ecosystems (Baron et al., 2002). The

increasing populdtion and intensified human activities have resulted in large amounts of

water uses iaduced water scarcity (Mekonnen & Hoekstra, 2016; Veldkamp et al., 2017;
Vorosmarﬁ 2000). Water scarcity is threatening the health of ecosystems and
economic §ys and is receiving more and more attention (Hoekstra, 2014). It is crucial to
identif ypenits man activities for policy decisions on mitigating water scarcity. This
identificati rovide more explicit directions for water policies, thereby strengthening
the policy effects.

Water scahects the environmental impacts of water uses (Lenzen et al., 2013; Pfister

et al., 201 @ et al., 2009). Water scarcity also considers the regional heterogeneity,
given that ate conditions of various geographical regions are different. Therefore, the
environmengﬁfacts of equal amounts of water uses in different regions are distinctly
different ( tal., 2011). The global water scarcity is considered as the sum of scarce
water use ns around the world. Scholars have developed various metrics to describe
water %aﬁons and regions, such as basic human water requirements (Gleick, 1996)
and water stress mdex (FAO, 2016; Pfister et al., 2009). These metrics have been further
applied in quantifying direct scarce water uses (Lenzen et al., 2013; Veldkamp et al., 2017;

Wang et al., 2020). Direct scarce water uses can identify critical nation sectors with high

This article is protected by copyright. All rights reserved.
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91

92

water scarcity. They can support the cleaner production measures (e.g., restricting water

consumption and improving water use efficiency) on the mitigation of water scarcity (a.k.a.

7

productioxﬁures).
International trade of goods and services leads to the flows of scarce water embodied in

H
traded corws. Local scarce water uses are not only influenced by local production and

consumpt@ities but also driven by distant consumers through global supply chains
(Lenzen etal. 3; Quet al., 2018). The virtual scarce water flows have been quantified by
input—outpmlnalysis to highlight the impacts of trade on local water scarcity. These
studies reflect thgfinterconnections among various regions (Feng et al., 2014; Lenzen et al.,

2013; Wa % 2020; Zhao et al., 2018). Scholars have also analyzed the water scarcity

footprints of nations and regions using IO analysis, which emphasize the impacts of

consumptmities on regional water scarcity (Liao et al., 2020; Ridoutt et al., 2018).
Moreo ang et al. (2017) construct a node-flow model to quantify the scarce water
embod§. These studies help identify critical final consumers for demand-side

measures (e.g., the optimization of consumption behaviors).

L

In addition production and final consumption stages, there are also other stages (e.g.,
primary in intermediate transmission stages) playing important roles in global supply

chains, whiich can inform different policy implications. For example, a supply chain starts

g

from seWses through sector B, and ends at sector C (Figure 1). The production-based
method ¢ y sectors A, B, and C for production-side measures, and consumption-
based method caggidentify final consumers (i.e., sector C driving scarce water uses of the
whole hain) for demand-side measures. However, the indirect effects of sectors A
and B on scarce water uses of the whole supply chain are overlooked. The primary inputs

(e.g., labor and capital) of sector A enable downstream scarce water uses w, and w3 (Lenzen

This article is protected by copyright. All rights reserved.
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108

109

110

111

112

113

114

115

116

& Murray, 2010; Marques et al., 2012). If w, and w; were much larger than wy, the
importance of sector A would be underestimated by production-based and consumption-
based met! ector A plays the role of primary supplier in the supply chain. Scarce water
uses enab iary inputs of the primary supplier can be quantified by the income-based
method. Sgply-mde measures (e.g., optimizing primary input and product allocation
behaviors Q al., 2019; Liang et al., 2016; Qi et al., 2019)) can be implemented in the

stage of se to reduce scarce water uses of the whole supply chain. The importance of

sector B wunderestimated by production-based and consumption-based methods if w)
was large. SectofB plays an important transmission role for embodied scarce water in the
supply chai oving the productivity of sector B (i.e., using less inputs from sector A to

produce u tput) can help reduce scarce water uses of the whole supply chain (Liang

et al., 201mher example is shown in Figure S1 in the Supporting Information 1.
Unfoﬂg’ sting studies on global scarce water uses overlooked the primary suppliers
(identified by dae@me-based method (Lenzen & Murray, 2010; Liang et al., 2016; Marques et
al., 2012)) and transmission centers (identified by betweenness-based method (Hanaka et al.,

2017, Liai et al., 2016)).

Insert Fig @ e.

This studfilﬁls the above knowledge gaps by identifying critical nation sectors for global

scarce Wrom multiple perspectives (i.e., production-based, consumption-based,

income-bg betweenness-based methods). It integrates global environmentally
ulti-r

extended m

egional input-output (EE-MRIO) model and complex network analysis

method "-ﬂ tify critical nation sectors, critical inter-sectoral transactions, and major
communities (i.e., the clusters of nation sectors closely interconnected through inter-sectoral

transactions of embodied scarce water) for global scarce water uses.
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138

139

2. METHi:DS '
2.1. Direter uses of nation sectors

The wdterStresethdex (WSI) proposed by Pfister et al (2009) is used to calculate scarce

water uses 10on sectors. For nation 7, scarce water uses are quantified by Equation (1).
pi. = WSI'gi (1

The notat L_qnit: billion m3) indicates the scarce water use of sector k (k = 1,2,+--,n) in

LIS

nation ; @@ dimensionless parameter, represents the WSI of nation 7; and gy, (unit:

billion m’)lmeans the water use of sector & in nation i (Lenzen et al., 2013). The water uses of

A

nation sec lue water consumption in this study.

d

2.2 Th perspective framework

Critica n sectors in this study include hotspots with direct scarce water uses (identified

M

by the production-based method), final consumers driving upstream scarce water uses

I

(identifie onsumption-based method), primary suppliers enabling downstream scarce
water useed by the income-based method), and transmission centers transferring
embodied ater in global supply chains (identified by the betweenness-based method).
The pr -based method measures direct scarce water uses of nation sectors, which is

{

the satelli t of the global EE-MRIO model (Miller & Blair, 2009). The consumption-

U

based met uates direct and indirect upstream scarce water uses caused by the final

deman on sectors (Leontief, 1936; Miller & Blair, 2009) (Equation (2)). The income-

A

based method eX@mines both direct and indirect downstream scarce water uses enabled by
primary inputs of nation sectors (Chen et al., 2019; Dietzenbacher, 1997; Lenzen & Murray,

2010; Liang et al., 2016; Marques et al., 2012; Qi et al., 2019) (Equation (3)). Critical
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159

160

161

162

transmission centers identified by the betweenness-based method are those with high node
betweenness. In network analysis, node betweenness measures the flow of information
passing thr a certain node (Freeman, 1977; Freeman, 1978). Thus, the betweenness-
based met igates the quantity of embodied scarce water passing through each nation

sector (Lls g etal.,, 2016; Tokito, 2018). Intermediate inputs to critical transmission centers

contribute 1@ amounts of upstream scarce water uses (Equation (4)).

c=f(1—m )
bi=fT JiEA(I—A)'l]f [Ad-A)"yl; (4)

f=p®" )

The notation p indicates the direct scarce water use of each nation sector (i.e., production-

based scarce uses); f is the national-sectoral intensity vector for scarce water uses, and

f’ is th of vector f; x is a nx1 column vector indicating the total output of each
nation secSr; ¢ represents upstream scarce water uses caused by the final demand of products
from natio s (1.e., consumption-based scarce water uses); I is an identity matrix; A
stands for ct input coefficient matrix; the nx1 column vector y indicates the final
demand of§nation sectors; s represents downstream scarce water uses enabled by primary
inputs Wctors (i.e., income-based scarce water uses); the 1 xn row vector v
represents@nary inputs of each nation sector; B stands for the direct output coefficient

matrix; X, ¥, are diagonal matrixes for vectors x, y, and v, respectively; b; means the

nation sector 7; and J; is a matrix with the (7, i)th element being 1 and other

elements being 0.
The indirect input coefficient matrix T is calculated by Equation (6).
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T=A (I- A)' (6)

2.3. Cew inter-sectoral transactions
This studﬁes critical inter-sectoral transactions transmitting large amount of

embodi@d SeaFee W ater in global supply chains. The centrality of the transaction from sector s
to sector twfter called the transaction s—¥) indicates the total scarce water uses in
upstream f sector s triggered by downstream sectors of sector #, passing through the

transactiowanaka et al., 2017). Thus, the centrality of the transaction s—¢ is measured

by scarce :es of all the global supply chain paths directly passing through this

transactiof®

The centr;e transaction s— can be quantified by Equation (7).

by=[f m’g [A-A)"yl =[fA-A)'Tsaqx (7)

The notation Hfmmdicates the centrality of the transaction from sector s to sector #; and ay,
repres t from sector s directly required to produce unitary output of sector ¢. The

notation [T — A)"'], indicates the scarce water uses in the upstream sectors of sector s driven

by unitary Q)f sector s; [(I— A)" y], represents the output of sector ¢ driven by the final

demand o ream sectors; and x; represents the total output of sector 7.

2.4. Cf£)etection

This stud modularity maximization algorithm (Newman, 2004) to detect the
communit re of the input-output based global virtual scarce water network. A

comm cluster of nodes among which interconnections are dense. Nodes in the same

community have stronger relationships with one another than with nodes in other
communities. The modularity maximization algorithm divides the network into communities

that present high values of modularity over all possible divisions of the network. There are

This article is protected by copyright. All rights reserved.
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207

multiple ways to define the adjacency matrix for community detection (Kagawa et al., 2013;

Kagawa et al., 2015). In this study, we employ the concept of environmental footprint to

define the adjacency matrix. The embodied scarce water matrix is used as the adjacency
matrix.

1

Based on 1 MRIO model, the global virtual scarce water network W is constructed

by Equatigh (8).

wzf(lm (8)

The notation W 1Sdicates a matrix with element wj representing the transfer of embodied
scarce wa sector i to sector j; and f and § are diagonal matrixes for vectors f and y,

respective

The moduléri defined by Equation (9).

M = ¥5(

—

Q

©)

h

The notation ey, means the fraction of transactions that are in community #4; 73, indicates the
fraction OM of transactions that are connected to nodes in community /; e and r are

both weig @ \g transaction strengths; and 72 indicates the weighted fraction of

transactio cting nodes in community / if the network is connected at random. The
level ogarity is denoted by the value of M. A higher value of M means a higher
degree of larity. Details of the community detection method can be found in our
previous s ang et al., 2015).

We obtained the MRIO data and data for water uses of nation sectors during 1995-2011 from

the EXIOBASE database (https://www.exiobase.eu). The EXIOBASE version 3 monetary
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tables are used (EXIOBASE, 2018; Stadler et al., 2018). The global MRIO data in this study
include 49 nations and 200 sectors for each nation. The WSIs are obtained from the study of
Pfister etaH). Since the WSI for Taiwan (China) is not directly provided, we derive the
data from evel results in the same study. Moreover, the WSI for Malta is not

available. gn consideration of climatic conditions and geographical positions, we use the WSI

of Sicily (@ of Italy, located near Malta) as that of Malta.

3. RESU

3.1. Critical nation sectors from multiple perspectives

91

This study 1dentifies critical nation sectors for global scarce water uses from multiple

a

perspectives. roduction-, consumption-, income-, and betweenness-based hotspots of

global ty are recognized. The hotspots of direct scarce water uses are mostly

agricul ors in water-scarce regions such as the Middle East. The critical final

M

consumers are mainly agricultural and food sectors. The detailed production-based and

f

consumpt results are shown in Supporting Information 1.

O

Income p e. From 1995 to 2011, sectors whose primary inputs enable remarkable

scarce waf€r uses include the wheat sectors in India and China, the paddy rice sectors in India

£

and Chinagas well as the vegetables, fruit, nut sectors in India and the rest of the Middle East,

{

etc. Primaﬂ of these nation sectors indirectly cause water scarcity of downstream

nation sectors and may exacerbate water scarcity of remote water-scarce regions. The service

sectors ‘@ and the United States (the U.S.) are also important primary suppliers, such as
the services auxiliary to financial intermediation, financial intermediation services, and

wholesale trade and commission trade services sectors. These sectors are important

This article is protected by copyright. All rights reserved.
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11
manufacture-related services enabling downstream production activities and associated scarce
water uses. India, China, and the U.S. are major nations where numerous sectors play as

crucial pri uppliers (Figure 2a).

During 1995- , the primary-supplier roles of the crude petroleum & related services
g- p ry-supp p

sector in tmf the Middle East and the financial intermediation sector in the U.S. have

remained Within the top 80 among all the 9800 nation sectors. According to the EXIOBASE

C

database ( t al., 2018), the primary inputs of the crude petroleum & related services

sector are affiong the highest in the rest of the Middle East; and the primary inputs of the

U

financial intermediation sector are among the highest in the U.S. This indicates that lots of

labor and re put into these two sectors. Crude petroleum is the basic material for

N

production of fossil fuels and chemical products. Thus, the crude petroleum & related

d

services segto rucial for various downstream industries. The financial intermediation

sector 1cS an important position in financial activities. Most of financial activities are

center financial intermediation and need support from financial intermediaries.

M

These two sectors have substantial primary inputs and have significant influences on

I

downstre s. Consequently, their primary inputs enable large amounts of scarce water

uses in thg ream. These two sectors have become more important with fluctuations.

The fluctuagi ay be influenced by financial crises during 2000-2002 and during 2007-

N

2010. | crises may change the trade relationships in the downstream of the crude

{

U

petroleum d services sector in the rest of the Middle East and the financial

intermedi tor in the U.S. Thus, the rankings of these sectors fluctuated. For most of

the crit ary suppliers, their impacts on global scarce water uses remain relatively

A

stable during -2011 (Figure 2b).
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12
The income-based viewpoint can recognize key sectors neglected by production-based and
consumption-based viewpoints. These sectors are more important as primary suppliers than
as producer: inal consumers. For instance, in 2011, the service auxiliary to financial
intermedi in the U.S. (ranking 10™), the financial intermediation services sector in
India (r:n!m), the crude petroleum & related services sector in the rest of the Middle
East (rankigg 268, and the wholesale trade and commission trade services sector in the U.S.
(ranking 2 critical primary suppliers, but their water scarcity is evidently low from the
productio nsumption-based perspectives. The rankings by consumption-based scarce
sectors are outside of the top 900, and the rankings by their production-

water use

based resuﬁ utside of the top 6,000 (Data S3 in Supporting Information 2). This implies

that these ontribute more to water scarcity from income-based perspective than from
productio nsumption- based perspectives. However, primary inputs of these sectors
greatlyd i ater scarcity of downstream nation sectors.

These S indicate that ignoring the primary-supplier role of nation sectors would

underestimate the impacts of certain nation sectors on global water scarcity (e.g., the

financial lgiation services in India and wholesale trade and commission trade services

sectors in . Supply-side measures (e.g., the optimization of primary input and
product al behaviors), instead of production-side and demand-side measures, are
require primary suppliers identified in this study.

Insert Fi g

Betweenne, ypective. The rankings of sectors by betweenness-based scarce water uses
reveal critl mission centers for global scarce water uses. Figure 3a shows that China

has the maximum number of critical transmission centers in the world. This finding is

consistent with China’s “world factory” role in the world. In particular, the most crucial
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transmission sectors during 1995-2011 include the textiles, chemicals, paddy rice, basic iron

and steel, and hotel & restaurant services sectors in China. Other important transmission

centers inc| e paddy rice sector in the rest of Asia-Pacific Region, the chemicals sectors
in India, a products sector in the U.S. (Figure 3b). The rankings of transmission

centers-ﬂl!m This might be caused by changes in the trade relationships among nations,
which inflygncagythe structure of supply chains. The transmission roles of the processed rice
sector in C d the wheat sector in India have been becoming more and more crucial
during 19% The processed rice sector in China has remained within the top 30 during
2005-201 Ee wheat sector in India has remained within the top 30 during 2000-2011
(Figure S4 i orting Information 1). This trend might be caused by larger trade volumes
and closer ctoral cooperation. According to the MRIO data from the EXIOBASE
database @t al., 2018), the total outputs of the processed rice sector in China and the

wheat 1a have obviously increased during the studied years. Supply chain paths

passing thro ese two sectors may involve larger trade volumes in recent years. This may
prompt these two sectors to become more important as transmission centers. The nation
sectors red@@gnized as critical transmission centers contribute essential semi-manufactured
products t rld. Their products are further processed by downstream producers, and
their upstre ctors usually have high water scarcity. Therefore, they have great influences
on scarce g;er flows within the global trade network. Most of the transmission centers are in

China, : est of Asia-Pacific Region and the U.S., which are strong manufacturing

entities. i

The be@ased viewpoint reveals different functions of nation sectors, compared
with productio sed and consumption-based viewpoints. In 2011, The raw milk sector in
the U.S., the precious metal ores sector in the U.S., and the sand & clay sector in China rank

within top 200 by betweenness-based scarce water uses. However, they are unidentifiable by
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production-based and consumption-based viewpoints. Sectors related to fossil fuels, metallic

materials, and non-metallic materials usually work more as transmission centers than as

producers 0 1 consumers (Data S4 in Supporting Information 2). These sectors have low

scarce wa anwhile, their products are usually delivered to downstream sectors for
N

further progessing and less used by final consumers. The final demand of products from these

sectors sligltly @xacerbates the water scarcity of upstream nation sectors. However, these

sectors are terized by relatively strong transmission functions.

Further ta@income—based results into account, the raw milk sector in the U.S., the
transmission seryices of electricity sector in China, and the other hydrocarbon sector in
China are ﬂted for their transmission roles, compared with their roles as primary
suppliers, producers, and final consumers (Data S4 in Supporting Information 2). These
nation secmctly suffer relatively slight water scarcity; the primary inputs of these
sectors relatively low impacts on downstream water scarcity; and the final demand of
their p oes not drive large amounts of scarce water uses. However, large amounts of

embodied scarce water pass through these sectors.

L

These findipgsgindicate that ignoring the transmission role of nation sectors would

underesti impacts of certain nation sectors on global scarce water uses (e.g., the raw
milk seﬂU.S. and the transmission services of electricity sector in China).
Productiyiy i vement measures (i.e., using less upstream inputs to produce unitary
output), i production-side, demand-side, and supply-side measures, are required in

critical transmission centers identified in this study. The governments could formulate

ards to urge transmission centers to reduce wastes. Enterprises below the

standards may receive fines. For instance, technical standards for the raw milk sector can

This article is protected by copyright. All rights reserved.
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limit the waste of animal feed and require material recovery. This could help reduce scarce

water uses of the supply chains.

Insert Fig,

ot

3.2. Criiti FASA¥eE-sectoral transactions

Figure 4 ag@ Fifre 5 show the critical domestic and international inter-sectoral transactions
with high ce ity in 2011, respectively. These inter-sectoral transactions are crucial in

transmittiw water uses in global supply chains, thereby strongly influencing global

scarce water use5For the top 50 domestic inter-sectoral transactions (Figure 4), agricultural

sectors (e. ddy rice, wheat, and crops sectors) and chemicals sectors act as the most
i

crucial ori rs, and the most important destination sectors include agricultural, food

products, ice sectors. The agricultural sectors supply large amounts of intermediate
produc d products and service sectors. Thus, transactions starting from agricultural
sectors§evels of centrality. The related nations and regions include India, China,
the U.S., the rest of Asia-Pacific Regions, and the rest of the Middle East.

In 2011, thoutstanding international inter-sectoral transactions mainly involve the

agriculturs @ iltural products, food products, chemicals, tobacco products, and hotel &

restaurﬂs sectors (Figure 5). Typical examples include the transactions from the

crops seCtor 1 i rest of Asia-Pacific Region to the chemicals sector in China and from the

crops sectgigh rest of Asia-Pacific Region to the food products sector in China. In
particular, cultural sectors are the most critical origins, and the food products sectors
actas t important destinations. Since Asia and the U.S. have strong agricultural

sectors, the transdctions involving agricultural sectors in Asia and the U.S. have large impacts

on global scarce water uses. International transaction from the chemicals sector to the health
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and social work services sector is also an important transaction, which requires special

attention.

T

During 19, , there are slight changes in the rankings of most of the critical domestic

inter-se:tora transactions. In particular, the transaction from paddy rice in the rest of Asia-
Pacific ReMtself remains within the top 5 (Figure S5 in Supporting Information 1). The

transactiofl from the crops sector to the raw milk sector in India becomes more important in

G

recent yeats (hagure 4). This might be related to the change in trade structure. More inputs

from the c7Ops $€ctor are required by unitary output of the raw milk sector in India.

4

Moreover, the tot@l output of the raw milk sector in India increases (Stadler et al., 2018).
These ch mpt more scarce water uses in the upstream production of the crops sector.

Thus, more embodied scarce water uses pass through this transaction.

For internatfon@inter-sectoral transactions, the transactions from the cereal grains sector in
the U.S. to products sector in the Japan and from the crops sector in Mexico to the
food p or in the U.S. remain as critical international transactions (Figure S6 in
Supportinslnformation 1). Transactions from the crops sector in the rest of Asia-Pacific
Region to t micals sector in China has become more important in recent years. It ranks
outside 3, in 1995, while 1889™ in 1998, 451* in 2000, and within the top 300 after
2002 (lﬂfhe fluctuations in 1997 and 2001 are influenced by the changes in
intemaw structure and the trade relationship between these two sectors. According
to the MR om the EXIOBASE database, the direct input from the crops sector in the
rest of Asia-Pacific Region to produce unitary output of the chemicals sector in China
droppe 1997 and 2001 (Stadler et al., 2018). The data show no trade contacts

between these two sectors. Thus, the transaction played weak transmission roles in 1997 and
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2001. Detailed information on critical inter-sectoral transactions in 1995, 2000, 2005, and

2010 are shown in Figures S7-10 in Supporting Information 1, respectively.

For certai ctoral transactions, the rankings by transaction centrality show evident

disparit‘es rom those by embodied scarce water flows (Table S1 in Supporting Information

[l

1). For in in 2011, the centrality of the transaction from the chemicals sector in the rest

of the Middle East to the chemicals sector in China ranks 158th, while its embodied scarce

C

water flow, ,85 8,355th. The centrality of the transaction from sector s to sector ¢ is
measured me water uses of all the global supply chain paths directly passing through
this transaction. Smeasures the importance degree of the transaction from sector s to sector ¢
in controlEodied scarce water flows in the global trade network. In contrast, the
embodied scarce water flow means the scarce water use of sector s directly and indirectly

caused bym demand of sector ¢ through global supply chains. It evaluates the direct

and in cticcts of the final demand of sector # on the scarce water use of sector s. A
transaci high centrality but low embodied scarce water flow indicates that, the

transaction from the starting point to the endpoint transmits large amounts of embodied

scarce wag but the endpoint acts as a weak final consumer for scarce water use of the

starting pher words, the final demand of the endpoint drives small amounts of
scarce wa f the starting point. The transaction centrality can bring distinguishing
implic icymaking, compared with embodied scarce water flow results. Policy
decisions transaction centrality need to focus on production efficiency

improve e policies based on embodied scarce water flows focus on consumption

behavi 1zation. The detailed policy implications are discussed later. The critical inter-

sectoral transactt®ns (mainly involving the agricultural and food products sectors in India,

China, and the U.S.) further provide explicit directions for the production-side, demand-side,

supply-side, and productivity improvement measures.
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Figure 4 inserts here.

Figure Wre.

3.3. Comcture

 EE—
In the glo ISI virtual scarce water network, nation sectors in the same community are strongly

interconngfted With one another. They affect one another’s scarce water use more
significantl nation sectors outside this community. In 2011, the global virtual scarce
water net ig#divided into 2,054 communities by the modularity maximization algorithm

(Newman, 2004)%Table 1 shows the top 5 communities with the largest scarce water uses.

Ul

The larges nity mainly includes industries of the rest of the Middle East, attached by

1

several se ulgaria, Cyprus, Greece, UK, Turkey, and the rest of Europe. It leads to

107 billioflm lobal scarce water uses (occupying 15% of the global total). The second

d

largest 1s dominated by mainland China, and involves nations in different

geographi s such as Canada, South Korea, Brazil, Australia, and Norway. This

Vi

community has 93 billion m® of global scarce water uses (occupying 13% of the global total).

The top 1

Supportin @ ation 1.

Some conffhunities are in accordance with geographical boundaries of nations (e.g.,

nities with the largest scarce water uses are shown in Table S2 in

]

gle

communities 3 angl 11, see Table S2 in Supporting Information 1). However, most of the

¢

large com involve sectors from different nations. For instance, the motor vehicle

U

services a esale trade sectors in mainland China are more closely connected with

sectors pean countries (community 9, see Table S2 in Supporting Information 1) than

A

to the other sectors in mainland China (community 2). Thus, sectors in the same community

do not always fall into the same nation. Identifying major communities in this study can
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provide foundations for international cooperation strategies to reduce global scarce water

T

Moreover m ritical transmission centers belong to the top communities. For instance, the

uscs.

wheat and_chemicals sectors in the rest of the Middle East belong to the largest community;
B

the paddyhd products, textiles, and chemicals sectors in China belong to the second

largest cofamunity (Data S5 in Supporting Information 2). These critical transmission centers

transmit lmunts of embodied scarce water in global supply chains, thereby closely

linking sectors ih the same community. They can play important roles in the reduction of

scarce wa n the top communities. Improving their productivity can help mitigate

water scarfity 1n the top communities.

i

Table 1.

mmunities of the global virtual scarce water network °.

d

Descriptions of communities

1 106.7 Industries of the rest of the Middle East;

attached by basic iron in Bulgaria, cereal grains in Cyprus, other
non-metallic mineral products in Greece, sugar in UK, basic

iron, foundry work services, and fabricated metal products in

s Turkey, and cereal grains in the rest of Europe.

2 I 93' Most of the industries in mainland China; industries related to

agricultural products, fossil fuels, metal and non-metals,
: chemicals, electronic equipment, transport equipment, energy,

and services in Canada, South Korea, Brazil, Mexico, Russia,
Australia, Switzerland, Taiwan (China), Norway, and Indonesia;
fossil fuels, metal and non-metals in India and the rest of Asia-
Pacific Region; fossil fuels and metals in South Africa; electronic
and transport equipment in the rest of America;

attached by P- and other fertilizer in Belgium, basic plastics in
Czech Republic, pulp and P- and other fertilizer in Luxembourg,
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chemicals and basic iron in Sweden, chemicals in Latvia, oil
seeds in the U.S., products of vegetable oil in Japan.

[98)

Wheat in India

I

r Manuscript

Most of the industries in India; industries related to fossil fuels,
transportation, and services in Mexico; metals, non-metals,
energy and transportation in Russia; fossil fuels, metals, non-
metals, and services in Australia; agriculture and agricultural
products, fossil fuels, pulp and paper, chemicals, energy, and
services in Switzerland; metals and services in Turkey;
agriculture, fossil fuels, non-metals, chemicals, energy, and
services in Taiwan (China); fossil fuels, metals, non-metals,
electronic equipment, energy, transportation, and services in
Norway; agricultural products, fossil fuels, non-metals and
services in Indonesia; agricultural products, chemicals, and
biofuels in the rest of Asia-Pacific Region; metals in the rest of
America; non-metals in the rest of the Middle East;

attached by plant-based fibers in Canada, lead, zinc, and tin ores,
retail trade, and auxiliary transport services in South Africa.

(9

Most of the industries in the rest of Asia-Pacific Region, the rest
of Europe, and the rest of Africa; industries related to energy and
waste treatment in the rest of the Middle East;

attached by basic iron in Greece, Portugal, and Norway, P- and
other fertilizer in Italy, Russia, and Norway, wheat in Brazil and
Australia, and N-fertilizer in Russia, Norway, and Australia.

*The italic Table 1 is used to show the sector names. Detailed information for the top 5

O

communities 15 shown in Data S5 in Supporting Information 2.

th

4. DISC

b

Existing on global scarce water uses have not well characterized the critical nation

A

sectors in pr input and intermediate transmission stages of global supply chains (namely
the critical primary suppliers and transmission centers). This ignorance leads to the

underestimation of the importance of certain nation sectors in the global virtual scarce water
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network (Table S3 in Supporting Information 1). This would reduce the efficiency of the
policy decisions on mitigating global water scarcity. Production-side and demand-side
measures plagalimited roles in the management of critical primary suppliers and transmission
centers. T e of critical primary suppliers and transmission centers can result in
inadeqlzltgoTcydecisions, which limits the mitigation of global water scarcity. This study
presents a gsofilgof nation sectors from multiple (production-, consumption-, income-, and
betweeani) perspectives to reveal global supply chain hotspots driving global scarce
water useWost important inter-sectoral transactions and virtual scarce water
communit@lso identified. Our findings provide hotspots for policy decisions of related

internation izations such as the World Water Council and Global Water Partnership

(Global nership, 2019; World Water Council, 2014).

For hotspmect scarce water uses, production-side measures, such as improving the
irrigati iciency, are effective in mitigating the water scarcity. For instance, China has
launch: hree Red Lines” policy for water resources, which controls national water

consumption and requires the improvement of water use efficiency and irrigation efficiency

(China Stkcil, 2012). The final demand of products from critical final consumers

contributnly the water scarcity of themselves, but also the water scarcity of other
nation sec 5 essential for these sectors to improve the production efficiency in the
utilizat eam inputs and to choose alternative upstream inputs with lower scarce

S

water use ﬁ Moreover, optimizing consumption behaviors helps reduce upstream

water sca icies can guide consumers to purchase products with lower consumption-
based s ater uses through subsidizes on commodities and introduce tax on products

with high cons tion-based scarce water uses (Liang et al., 2015).
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Critical nation sectors recognized from the income-based viewpoint require environmental
strategies related to primary inputs and product allocation (Liang et al., 2016). For these
nation seclo olicy decisions should focus on adjusting production taxes and optimizing
product al aviors to downstream users. Governments can construct databases to
track th-e ismased scarce water uses of enterprises and establish the labelling scheme for
embodied ggar ater of their products. Both the direct scarce water use intensity and
income-begvce water uses of enterprises are necessary for the databases. For instance,
the wheat @udipaddy rice sectors in India are critical sectors with high income-based scarce
water uses@nay support wheat and paddy rice enterprises with relatively lower income-
based scarc uses through reducing production taxes and increasing subsidies. These
financial iﬁs can prompt enterprises to voluntarily reduce their income-based scarce

water use@terprises might firstly clarify the scarce water use intensity of downstream

atabases and product labels. Downstream users with high scarce water use

intensity can vate water scarcity in the whole supply chains, compared with their peer
enterprises with lower scarce water use intensity. Thus, the wheat and paddy rice enterprises
in India cz! decide to sell their products to downstream users with lower scarce water use

intensity. Qay, the products of the wheat and paddy rice sectors would be more

possibly al d to downstream users with lower water scarcity. India could also limit

technologgackward enterprises by tightening loan supplies and subsidies to enterprises with
high inm scarce water uses. Moreover, developing related databases requires the
efforts of not onlSone single nation, but all related nations along global supply chains.
Therefore, 1 ional cooperation is necessary for reducing income-based scarce water

uscs.

Similar policies may apply to critical nation sectors that are overlooked by production-based

and consumption-based accountings, such as the service auxiliary to financial intermediation
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sector in the U.S., the financial intermediation services sector in India, and the crude

petroleum & related services sector in the rest of the Middle East. These nation sectors are

database construction.

important mpliers and enterprises of these nation sectors may focus on optimizing

product al
I

[

For critic ission centers of global scarce water uses, improving their productivity

(i.e., minifpizing Whputs from upstream sectors while sustaining the supply to downstream

C

sectors) is m:nental pathway to reduce global scarce water uses. For instance, the raw
t .

milk sector S. has relatively low scarce water uses from the production-,

consumption: a;smcome— based viewpoints, but relatively high betweenness-based scarce
water use dicates limited space for reducing scarce water uses through production-,

demand-, and supply-side measures. However, enterprises in this sector can reduce global

scarce wa y improving their productivity. Moreover, reusing materials and wasting
less ca reduce the requirements of upstream inputs and the embodied scarce water
transmj this sector. For critical transmission centers related to foods (e.g., the hotel &

restaurant services sector in China and the food products sector in the U.S.), avoiding food

loss can hhe global scarce water uses. Local governments could formulate standards

for enterpprove their technologies, reduce wastes, control purchases, and optimize

productio es. Enterprises meeting the standards can be subsidized. Similar strategies
can als ther transmission centers such as the textiles, chemicals, and metals sectors
in China.

The policy implications from multiple perspectives can supplement one another. Production-
side m re important for reducing direct scarce water uses; consumption-based
measures can help lower scarce water uses of upstream sectors. Moreover, income-based

measures promote the reduction of downstream scarce water uses and betweenness-based
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measures can help control the transmission of embodied scarce water. Therefore, multi-

perspective measures can overcome the limitations of one another and reduce water scarcity

in the who ﬂllychaiﬂs.

The production-, consumption-, income-, and betweenness-based scarce water uses can lay

H
the foundw quantifying the shared responsibilities for water scarcity of nation sectors.
Existing s@ve developed frameworks to combine the environmental responsibilities of
producers sumers (Cadarso et al., 2012; Chang, 2013; Zhu et al., 2018). The concept
of the sharédresponsibilities has been applied to describe the impacts of trade on CO,
emissions and e;ystems (Cordier et al., 2018; Guo et al., 2020). Zhao et al. (2016) have
also discu shared responsibility among trade partners to reduce water stress in the

context of burden shifting. The shared responsibilities for water scarcity can be further

analyzed 1 studies, taking into account all of the responsibilities of producers, final
consu rimary suppliers, and transmission centers.
The cri ectoral transactions can offer more elaborate policy implications to specific

nation secgrs. Strategies aiming at the starting points and ending points of key transactions
will help re lobal scarce water uses. For instance, the transaction from the crops sector
in the rest Pacific Region to the chemicals sector in China transmits large amounts of
embodiedcﬁvater. Encouraging the chemicals sector in China to efficiently use products
from tWtor can help reduce global scarce water uses. It is also important for the

crops sect rest of Asia-Pacific Region to improve its water use efficiency. Our results

emphasize the significance of the cooperation between the starting and ending points of the
critical{rlal transactions.

The major communities identified in this study can promote further understandings of policy

interventions aiming at specific nation sectors. Nation sectors in the same community are
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strongly interconnected. Water use interventions in one nation sector would significantly

influence scarce water uses of the other nation sectors in this community. On one hand,

{

strategies ongaitigating global water scarcity can be implemented more effectively within one

communi olicy decisions on one nation sector would probably mitigate water

" . . . : .
scarcity ofgthe other nation sectors in the same community. On the other hand, interventions

in one natigm sdggor may also increase scarce water uses of certain nation sectors in the same

G

community; y reducing the community’s water-saving efficiency. Either positive or

negative i tsf a nation sector’s policy interventions on scarce water uses of the other

S

nation sectors argstronger within the same community than across different communities.

U

Nations fallj ithin the same community can make decisions together to maximize the

1

policy efft itigating global water scarcity. Future research can focus on the synergy or

trade-offs @mi olicy decisions on water scarcity of various nations within the same

d

comm investigation may provide more concrete basis for international

cooperation.

M

Sectors in the same community are usually not limited by geographical boundaries. This

I

provides hts for international cooperation strategies. For instance, the motor vehicle

services a w sale trade sectors in mainland China belongs to the community dominated

by the sec uropean countries. Improving the material use efficiency of sectors in

H

Europ s may help reduce the scarce water uses of the motor vehicle services and

{

U

wholesale ctors in mainland China. Meanwhile, improving the material use efficiency

can reduc nomic cost of sectors in Europe, thereby achieving the co-benefits of these

nation

A

The United Nations has set the target of increasing water use efficiency across all sectors to
address water scarcity in the Sustainable Development Goals (Goal 6) (UN, 2015). This
target is set from the production perspective. This study recognized critical sectors acting as
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final consumers, primary suppliers, and transmission centers, which can provide additional
support for strategies at the sectoral scale. Moreover, the critical sectors and inter-sectoral
transactions rovide scientific basis for the Integrated Water Resources Management
(IWRM) ae United Nations Environment Programme (UNEP). IWRM is an

N . .
approach fecusing on cross-sectoral water management (UNEP, 2002). The findings of this

study highlaght Bgecific nation sectors to support more elaborate cross-sectoral strategies.

The results is study can be influenced by the global MRIO data. The nation-sector
resolution O tables plays an important role in the identification of critical primary
suppliers and trafl§mission centers. Some of the critical nation sectors might be unidentifiable

and new ¢ tion sectors might be found if we used different MRIO databases. This

could be & n of this study. The future improvement of nation-sector resolution in

global Mases can help address this issue.

In this the Ghosh MRIO model is applied to quantify sectoral scarce water uses
enable rimary suppliers (i.e., income-based accounting). There have been many debates
on the understanding of the Ghosh MRIO model (Dietzenbacher, 1997; Oosterhaven, 1988).

The Ghosh model regards price changes of primary inputs (e.g., labor and capital) as

the exogeer of outputs (Dietzenbacher, 1997). However, this study does not focus

on dynamj es in prices and production. We instead focus on the environmental
respon igned to sectors from the supply side in a particular year.
We also aff@§28¢he sensitivity of the results to all the parameters in 2011, using the method

of Heijungs and Lenzen (Heijungs, 2010; Heijungs & Lenzen, 2014). The parameter
1 1@ estimated to show the sensitivity. Most of the elasticities are small, indicating

low sensitivity for the results (Figures S11 and S12 in Supporting Information 1). For scarce

water use intensity, the parameter elasticity of the wheat sector in India is the highest (0.129).
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This indicates that, if the scarce water use intensity of the wheat sector in India changed by
10%, the global scarce water uses driven by final demand or enabled by primary inputs would
change by %. The wheat sector in India has the highest elasticity for the final demand
(0.122) a ry inputs (0.086). For the intermediate transaction matrix, the direct

_ N . . . . ‘
input of tk! paddy rice sector in India for unitary output of the paddy rice sector in India has

the highes@ty (<0.07). Detailed information on sensitivity calculation is shown in

Supportinmation 1.

5. CONCLUSIONS

Existing sgve not well characterized the hotspots in the primary input and

intermedidte ission stages of global supply chains, which contribute to global water
scarcit spots indicate nation sectors with high improvement potentials to reduce
global wa ity. This study integrates global EE-MRIO model and complex network

analysis to identify critical nation sectors for global scarce water uses from multiple

perspectivhroduction-based, consumption-based, income-based, and betweenness-

based mee hotspots revealed in this study can provide additional understandings for

multiplﬂve policy decisions on the mitigation of global water scarcity. Moreover,

the crit, ctoral transactions and communities can provide a scientific basis for

internatioal cooperation strategies.

Results s the service auxiliary to financial intermediation sector in the U.S., the
ﬁnanciqﬁation services sector in India, the crude petroleum & related services
sector in the rest8f the Middle East, and the wholesale trade and commission trade services
sector in the U.S. are critical primary suppliers, but they are not remarkable by production-

and consumption-based accountings. Moreover, the raw milk sector in the U.S., the
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transmission services of electricity sector in China, and the other hydrocarbon sector in

China are highlighted for their transmission roles, compared with their roles as primary

{

suppliers, p ers, and final consumers. In 2011, the most outstanding international inter-

sectoral tr ainly involve the agricultural, agricultural products, food products,

L .
chemicalsgtobacco products, and hotel & restaurant services sectors, such as the transactions

from the cugips sgctor in the rest of Asia-Pacific Region to the food products sector in China.

&

The agricu ectors are the most critical origins, and the food products sectors act as the

S

most imp tinations. In 2011, the global virtual scarce water network is divided into

2,054 communitigs. Nation sectors in the same community are strongly interconnected with

U

one another affect one another’s scarce water uses more significantly than nation
sectors ougsi is community. Most of the large communities involve sectors from different
nations. m

Critica ppliers require environmental strategies related to primary inputs and

product n. Policy decisions should focus on adjusting production taxes and

V]

optimizing product allocation behaviors to downstream users. For critical transmission

centers of

1

arce water uses, it is important to improve their productivity (i.e.,

minimizi @ from upstream sectors while sustaining the supply to downstream sectors)

to reduce arce water uses. The critical inter-sectoral transactions can offer more

elabor

h

plications to specific nation sectors. The major communities identified in

t

this study Thvolve sectors from different nations, providing foundations for international

U

cooperati ies. The findings can promote further understandings of policy

intervent] 1ng at specific nation sectors.

The sensitivity oftthe results to the global MRIO data and scarce water uses is low. The
nation-sector resolution of global MRIO data can influence the results, which is a limitation

of this study. Future studies can improve the analyses on shared responsibilities for water
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scarcity, incorporating the responsibilities of primary suppliers and transmission centers.
Moreover, the synergy or trade-offs among policy interventions on water scarcity of various

nations withingthe same community can be further investigated.
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Figure 2. Rankings of nation sectors by income-based results. Panel (a) shows the rankings

a

of nation segt income-based results in 2011. It includes nation sectors ranked within the

top 20 the income viewpoint. The indexes and corresponding sector names are listed

in Dat upporting Information 2. Panel (b) shows changes in the rankings of critical

M

primary suppliers during 1995-2011. The “W.T. & C.T. services” represents the wholesale

I

trade and ion trade services sector. WA represents the rest of Asia-Pacific Region;

WL repres @ rest of America; WE represents the rest of Europe; WF represents the rest

of Africa; represents the rest of the Middle East. (Note: Underlying data for this

figure d in Data S6 and S7 in Supporting Information 2)
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Figure 4. The top 50 domestic transactions leading to global scarce water uses in 2011. The

line chart we changes in the rankings of a certain inter-sectoral transaction during

1995-201 ows start from the origins of critical inter-sectoral transactions and end at

their dﬂThe width of the arrows indicates the importance of the inter-sectoral

transactions. The iumbers marked on the arrows indicate the values of transaction centrality

{

(unit: billﬁWA represents the rest of Asia-Pacific Region and WM represents the rest

of the Mi t. The “V. O. &F.” represents the products of vegetable oils and fats sector.

(Note: ing data for this figure can be found in Data S10 and S17 in Supporting

Information 2)
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