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ARTICLE INFO ABSTRACT

Intensified water usage due to rapid industrialization is often dictated by economic policies based on monetary
growth rather than sustainable use of environmental resources. In addition, interdependence within economic
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Keywords: sectors further interweaves water usage through product transactions, which further makes it difficult to
Virtual water networks quantify the dynamics of hydro-economic systems at regional, national and global scale. In this study, we in-
Sustainability vestigated the dynamics of domestic virtual water networks (VWN) of 189 countries based on concept of in-

Information theory
Hydro-economics

formation theory by quantifying network metrics that describes VWN flow capacity, robustness, efficiency and
flexibility. These networks represent virtual water interconnected through economic sectors within a specified
country built based on environmentally extended multi region input output (EE-MRIO) approach. We further
estimated trends associated with network metrics, as well as coupling intensity between metrics with respect to
socio-economic indicators, such as, population, Gross Domestic Product (GDP) and Gross National Income (GNI).
It was observed that capacity and flexibility of VWNs are strongly and positively correlated indicating that a high
capacity VWN can be more flexible. Our results also indicate that, in general a higher percentage of developing
countries (i.e. both least developing and developing nations) have exhibited increasing trends in capacity, ro-
bustness, efficiency and flexibility of VWN compared to developed nations. It was revealed that the dynamics of
VWNs are positively coupled with socio-economic growth for few countries, which indicates the sustainable
behavior of VWN with socio-economic growth. Our results argue that the information theory-based metrics by
embedding water footprints can holistically capture sustainability aspect of the VWN dynamics.

1. Introduction: sectors, such as, agriculture and domestic sectors (Veettil and Mishra,

2020), import of economic goods, and distribution of water through

Improvement in living standards over past few decades have re-
sulted in an increase in consumption of economic goods as well as
natural resources leading to significant increase in carbon emissions.
Many studies highlighted that economic growth and human well-being
need to be decoupled from escalating resource use and to avoid nega-
tive environmental impacts in order to secure long-term socio-en-
vironmental sustainability (Charter and Tischner, 2017). For example,
global water resources are under stress due to population explosion,
rapid economic growth and better quality of life. Clean water resources
are an essential part of world for sustainable livelihood as well as socio-
ecosystem sustainability (Veettil and Mishra, 2020), and it is included
as one of United Nations Sustainable Development Goals (UN, 2014).
However, sustainable management of water resources is quite complex
(Konapala and Mishra, 2020; Veettil and Mishra, 2020) as water is
utilized in various activities, such as direct consumption by various
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multiple linkage between the sectors (Dalin et al., 2012; Dalin et al.,
2012; Pfister et al., 2011; Flach et al., 2016). As a result, water con-
sumption among different economic sectors within a country can be
represented as a network comprised of self-connections (direct con-
sumption) and inter connections (indirect consumption) introducing
the notion of virtual water flow (Allan, 1998; Chapagain and Hoekstra,
2004; Hoekstra et al., 2011; Konar et al., 2011). Therefore, the varia-
bility in water consumption in one sector may influence water utiliza-
tion across other sectors. This would eventually result in a complex
network of complicated supply chain spanning over different sectors.
Given this inherent complexity, more holistic approaches to quantify
virtual water networks and corresponding water use are needed (Chen
et al., 2014; Lopez-Ridaura et al., 2002; Konar et al., 2011).

In light of complexities involved, researchers have been exploring
new directions for accounting consumption as well as distribution of
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water embedded in trade and their system level dynamics through in-
terdisciplinary network approaches. For example, some of these studies
investigated complex global water network primarily as agricultural
water networks adopting a bottom-up approach (Suweis et al., 2013;
Konar et al., 2011; Carr et al., 2012; D’Odorico et al., 2012; Tamea
et al., 2014; D’Odorico et al., 2012). The bottom-up approach estimates
virtual water content by accounting water used to produce specific
commodity and further aggregates them into national water accounts. A
key advantage of the bottom-up approach is that it provides total water
content embedded in commodities directly used by general public, e.g.,
water embodied in rice, wheat, coffee Hoekstra and Chapagain (2006).
However, it is often difficult to explore all economic outputs using this
approach (Yu et al.,, 2013; Chen and Chen, 2013). In addition, this
approach does not trace virtual water flows through supply chain re-
sulting in underestimation of the embedded water content in a bottom-
up approach (Feng et al., 2011; Kitzes, 2013). More detailed analyses
have focused on importance of commodities to quantify virtual water
and aspects of embodied water sources (Lenzen, 2009; Daniels et al.,
2011; Mubako et al., 2013), as well as scarce water resources (Lenzen
et al., 2013) through environmentally extended input-output analysis
[EE-IOA], which is a top down approach. In this approach, total water
content is calculated by locating entire supply chain at a global scale
and hence avoids underestimation of water embedded in a trade net-
work. This approach has been employed to analyze total water profiles
at regional and global scale (Chen and Chen, 2013; Wiedmann and
Lenzen, 2018; Holland et al., 2015; Duan and Chen, 2017; Guan and
Hubacek, 2007; Zhao et al., 2010).

The above-mentioned studies investigated virtual water transfers
among nations and provided several important insights, however they
have not addressed whether the temporal dynamics of these virtual
water networks are sustainable with respect to socio-economics sectors
that are associated with evolution of VWN network. For instance, a
VWN is shaped by virtual water flows within the socio-economic
system, which needs to be consistent in the long term under varying
conditions. Tracking of virtual water fluxes and pathways within this
system will facilitate regulation of virtual water circulation and ad-
justment of the sector’s responsibilities (Fang and Chen, 2015; Guo
et al., 2016).

Multiple studies applied the information theory based approaches to
investigate hydroclimatic processes (Mishra et al., 2009; Mishra et al.,
2011; Konapala et al., 2017). Information theory-based network ana-
lysis can also quantify complexity through metrics such as capacity,
efficiency, flexibility and robustness of a network (Ulanowicz, 2004).
Some of these studies investigated whether water resources at wa-
tershed scale (Fang and Chen, 2015; Li et al., 2009) and city scale
(Bodini et al., 2012) are sustainable using these metrics. However, these
approaches have not been explored to investigate sustainability of do-
mestic virtual water networks and their evolution over years at a global
scale.

In addition to that, various water intensive economic activities such
as agriculture (Tamea et al., 2014; D’Odorico et al., 2012), construction
(Kucukvar and Tatari, 2013), petroleum (Scown et al., 2012; Wu et al.,
2009) and textiles (Chapagain et al., 2006; Wang et al., 2013) are often
dictated by economic policies based on monetary growth rather than
sustainable use of environmental resources. Therefore, it is necessary to
investigate association of socio-economic factors with sustainable evo-
lution of these virtual water networks. However, to the best of our
knowledge, we are not aware of such studies that investigated the re-
lationship between information theory metrics of capacity, efficiency,
flexibility and robustness with socio-economic factors such as Gross
domestic Product (GDP), Gross national income (GNI) and population.
One way to quantify this association is through computing the coupling
intensity between evolution of these entropy-based metrics and socio-
economic growth factors (Tapio, 2005). The concept of coupling in-
tensity was found to be a reasonable approach to investigate the po-
tential influence of socio-economic growth factors (Andreoni and
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Fig 1. A hypothetical virtual water configuration for USA between economic
sectors. The green colored arrows represent domestic virtual water transactions,
whereas red colored arrows represent foreign virtual water trade. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Classification of coupling characteristics based on CI (Liang
et al., 2014).

CI value Coupling characteristic
Cl <0 Negative coupling
0<C <1 Relative coupling
Cl > 1 Absolute coupling

Galmarini, 2012; Zhang, 2000; Mardani et al., 2019). Based on these
perspectives, we aim to answer the following questions through this
study:

(1) How do temporal dynamics and spatial distribution of information
theory based dynamic metrics (i.e., capacity, flexibility, efficiency,
and robustness) vary for 189 countries across the world?

(2) How do the virtual water network dynamics and their relation to
socio-economic growth differ among the developing, developed and
least developed nations?

Beside this introduction, the manuscript is organized in to four
sections: (i) Section 2 provides an overview of the data and metho-
dology used to characterize the virtual water network within a country;
(ii) The results and discussion associated with information theory me-
trics, non-parametric trend estimation and coupling intensity are pro-
vided in Section 3 and, (iii) and the conclusions and the future scope of
the work are provided in Section 4.

2. Data and methodology
2.1. Data description:

The concept of environmentally extended input-output model
(Kitzes, 2013) was used for constructing an interdependent VWN. The
input-output (I-O) model structure represents financial transactions
between economic sectors by maintaining an account of sale and pur-
chase of products. It is well established that the production of economic
goods consumes natural resources, therefore it is possible to evaluate
natural resource utilization for goods and service produced using I-O
scheme. This scheme generates interrelationships among sectors in a
single geographical region.

Virtual water network based I-O model is derived based on the
economic I-O modeling framework by incorporating statistical data of
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Fig 2. Spatial distribution of temporal means of a) capacity (H), b) flexibility (y) , c) efficiency (), d) robustness (R) for the 189 countries between 1990 and 2015.

water consumption for individual sectors. Several global multi-regional
input-output databases are available, for example, WIOD database
(http://www.wiod.org/new site/data.htm), Global Trade Analysis
Project (GTAP, https://www.gtap.agecon.purdue.edu/), EORA data-
base (http://www.worldmrio.com/), and EXIOPOL (http://www.feem-
project.net/exiopol/). These data sets provide water consumption in-
formation along with Multi-region Input Output (MRIO) tables.
However, only EORA database (Lenzen et al., 2012; Lenzen et al., 2013)
provides information for 189 countries with water data including the
(i.e. stream flow) and green water (evapotranspiration and soil water
content) components, and each country includes 26 economic sectors.
The EORA database contains time series of MRIO tables from 1990 to
2015. Water data from EORA database are derived based on the cal-
culations of water footprints conducted by Mekonnen and Hoekstra
(2011). Throughout our study, we explicitly consider the sum of blue
and green water (evapotranspiration and soil water content) as total
water content in our analysis (Veettil and Mishra, 2020). Now that
general structure of EE-MRIO and data source is established, we de-
scribe the methodology adopted to convert economic transactions to
equivalent water transfers.

To quantify the potential role of socio-economic growth on VWNs,
we extracted country level data on gross domestic product (GDP), gross
national income (GNI) (based on 2011 price in US $), and population
(POP) data from World Bank data repositories. The GDP measures a
country’s growth with respect to production, whereas GNI measures a
country’s growth with respect to its income.

2.2. Methodology

2.2.1. Virtual water network (VWN)

The VWN was constructed by integrating two components, where
individual economic sector is expressed as a node, and links between
nodes represent volume of virtual water flow between sectors within a
country. The virtual water flows between sectors for a given country
was calculated by multiplying economic transactions between sectors
and virtual water intensity of corresponding sector. The network con-
nections are thus determined by trade relationships and weight of each
connection is quantified by volume of virtual water embodied in the
sector. For a detailed explanation of MRIO, the reader is referred to
Lenzen et al., (2010).

The VWN is derived by estimating the total economic output of any
given sector i as shown in equation (1).
Xi=Zj+y, (€]

Eq. (1) represents a basic input-output model, where X; is the total
output of sector i, Z; is the flow from sector i to sector j, and y; is final
demand of sector i based on constant price of 2011 US dollar. In this
MRIO database, the supply chain for a country is divided into 26 sec-
tors. Therefore, sectors i and j vary from 1 ton = 26.

In the next step, water intensity for each sector is calculated as

W = Xi/ W, (2

where, WI; is water use intensity in sector i and W, is total water con-
sumed within a sector. Now the intermediate matrix of virtual water
Input-Output model (Fj) can be estimated as
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Fig 3. Correlogram among sustainability metrics and their distributions based on development classification i.e. Least developed countries (LDC), Developing
countries (DIC) and developed countries (DDC). The * denotes that the correlation between considered two variables is statistically significant (p < 0.05) using t-
test. [Note: This figure is arranged in the form of a matrix with scatterplots in the lower diagonal, densities on the diagonal and correlations written in the upper

diagonal].
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where, F; reflects virtual water trade hidden in production transactions
within a socio-economic system. A steady-state system is reached for
individual sector of a system, when total inputs are equivalent to total
outputs including both inter-sectoral flows and boundary flows as

n n
Y. Ej+IM;= ) F; + EX;

i=1 i=1

4

where boundary flows IM; and EX; are virtual water flows going in (i.e.
imports) and going out (i.e. exports) through a boundary. To illustrate
this concept, we provide a hypothetical virtual water transfers between
the sectors in case of USA (Fig. 1). In the figure, the F; represents do-
mestic virtual water transfers (within USA) represented by green ar-
rows, whereas, export and import of virtual is represented as red ar-
rows. In this study, we focused only on domestic sectoral flows within a
given country. Overall, 189 countries are included in this study.

2.2.2. Information theory-based network analysis:

The information theory-based metrics can be used to quantify net-
work flows of material, energy, or information. The concept has been
previously applied to ecological discipline (Ulanowicz and Wolff, 1991;
Mukherjee et al., 2015). Due to significant topological and dynamic
similarities across flow systems (Goerner et al., 2009; Huang and
Ulanowicz, 2014), the same concept has been applied in quantifying

different properties of virtual water networks (Ulanowicz et al., 2009;
Kharrazi et al., 2017). This approach is rooted in Shannon’s definition
of entropy (Shannon, 1948). The concept of entropy has been pre-
viously applied to investigate variability (dynamics) associated with
hydro-climate variables (Mishra et al., 2009; Li et al., 2012; Mishra and
Coulibaly, 2010; Mishra et al., 2011).

Entropy (H) is a measure of system uncertainty (Shannon, 1948).
This uncertainty can further be divided into two components as
H = x + y. Where y represents the uncertainty that is represented by
the network structure (average mutual information) and y is the re-
sidual (conditional entropy) uncertainty. In the context of a networked
system, these variables can be described as below (Ulanowlcz and
Norden, 1990):

F o F
H=- Z Fl logF—y
IJ .. .. (5)
F  FF..
X=X ey
g I iF 6)
F  F?
V=X ey
ot @

where F; is the virtual water flow between any two sectors i to j,
F = Zij Fj is the sum of virtual water flow between all the nodes (i.e.,
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Fig 4. Spatial global maps of statistically significant trends exhibited by a) capacity (H), b) flexibility (y), c) efficiency (), d) robustness (R) in 189 countries between
1990 and 2015. In the inset of each map, fractions of countries exhibiting trends by development classification are provided.

across all the 26 sectors). Total virtual water flowing from any sector (i)
is represented by F. = ZJ. Fj and F; = ) F; is the total virtual water
flowing in to any given sector (j).

The above analysis can be applied to VWN. Countries with H = 0
represents virtual flow of water from only one to another sector, and all
other flows equal to zero. Whereas, a maximum value of H represents a
uniform exchange of virtual water between all the sectors. Hence, low
values of H indicate that VWN have low flow capacity, whereas higher
values of H indicate a high virtual water flow capacity. Therefore, H is a
non-negative number representing capacity of a VWN. The average
mutual information () of a system (i.e., VWN) quantifies the efficiency
of the network’s capacity over a longer period of time. A VWN with
higher efficiency value indicates that the flows within the network are
more concentrated to a limited number of links (pathways). In other
words, in highly efficient networks fewer numbers of nodes controls
VWN the flow capacity. However, if the key nodes within a highly ef-
ficient VWN fail, then there is higher chance that the flow within the
VWN will be limited leading to less flexibility. The conditional entropy
(y) represents flexibility of the VWN by capturing the residual un-
certainty that may arise due to any uncertainty in virtual flow between
the nodes. Higher diversity and connectivity of a VWN guarantees that
the system will reserve diverse actions in case of disruption of nodes or
linkages. Hence, the higher value of flexibility for a given VWN in-
dicates that the networks are flexible to absorb external (internal)
shocks.

Intuitively, networks having more diverse connections are more
flexible to reroute flows in case of disruptions. A more efficient network

relies on fewer key nodes (sectors) that can be used for growth and
development. To determine the relationship between the efficiency and
capacity, the relative order for a given system is defined as (Ulanowicz
et al., 2009):

£
H

‘= ®)
where 0 < a < 1.

The robustness definition proposed by Ulanowicz et al. (2009) used
in this study is a balance between system flexibility and organization.
The robustness (Ulanowicz, 2011) of a system can be calculated by
multiplying the relative order and Boltzmann measure, which is given
by negative log of a:

R = —alog() ©

Unlike other metrics, the maximum value of R is 1/e (e is the Euler’s
number) and R values closer to 1/e value indicate more robustness in a
virtual water network for a given country. As highlighted before, the
optimum state of R is a tradeoff between efficiency and flexibility
metrics.

2.2.3. Assessment of trends

Trends associated with capacity, efficiency, flexibility and robust-
ness based on individual countries were investigated using Theil-Sen
slope method (Thiel, 1950; Sen, 1968), and their statistical significance
were assessed using the Mann-Kendall statistical test (Hamed and Rao,
1998). A pre-whitening method (Yue and Wang, 2002) was applied to
remove possible serial correlation in the time series. This statistical
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Fig 5. Same as in Fig. 3, but for percentage trends estimated by Theil-Sen slope method.

significance test is nonparametric and makes no assumptions regarding
the marginal probability distribution of data. A 5% significance level
was applied in all significance tests, so that p-values > 0.05 were
deemed to be insignificant.

2.2.4. Quantification of the association of socio-economic factors with
VWN

Various water intensive economic activities such as agriculture
(Tamea et al., 2014, (D’Odorico et al., 2012), construction (Kucukvar
and Tatari, 2013), petroleum (Scown et al., 2012; (Wu et al., 2009) and
textiles (Chapagain et al., 2006; Wang et al., 2013), are often dictated
by the economic policies. Therefore, it is necessary to investigate the
association between socio-economic factors and sustainable evolution
of these VWNs. We investigate this association by quantifying the
coupling behavior of network metrics with socio-economic factors, such
as, Gross domestic product, (GDP), Gross National Income (GNI), and
population using Coupling Index (CI) (Tapio, 2005). The CI reflects
responsiveness of metrics to unitary change in socio- economic factors
over a period of time. CI is calculated (Table 1) by dividing relative
percentage change of network metrics (Am) with relative percentage
change of socio-economic indicators (ASEI) as

Am

~ ASEI

(10)
Negative coupling indicates that these metrics decreases with in-
crease in socio-economic indicators. Whereas, absolute coupling in-

dicates that these metrics have grown more rapidly than socio-eco-
nomic indicators. Finally, relative coupling indicates that the metrics

are increasing with an increase in socio-economic indicators but not
growing as rapid as the socio-economic indicators in study (Liang et al.,
2014). The percentage changes are estimated from Theil-Sen’s slope
method and only statistically significant changes are discussed
throughout this article.

3. Results
3.1. Spatial distribution of average network metrics:

The spatial distribution of temporal means of four metrics: (a) ca-
pacity (H), (b) flexibility (y), (c) efficiency (), and (d) robustness (R)
derived based on a time period 1990-2015 for 189 countries are shown
in Fig. 2. In case of capacity metric (Fig. 2a), higher magnitude was
observed for most of the countries located in South America, eastern
Asia, western part of Europe, as well as few countries located in Africa.
Most of the countries show higher flexibility similar to capacity metric
as observed in Fig. 2b. Even in this case, South American countries have
shown relatively higher flexibility values, along with countries in
eastern Asia, Western part of Europe and countries scattered across
Africa, which suggests a similar spatial pattern as shown in the case of
capacity metric (Fig. 2a). Even though, many countries have witnessed
higher capacity, it does not always translate to higher efficiency
(Fig. 2b). Countries located in South America have shown relatively
higher efficiency values, along with Thailand and Malaysia in South
East Asia, Germany and Ukraine in Europe and few countries in the
Africa. Finally, the robustness metric (Fig. 2d) indicates that regions
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with higher efficiency and flexibility values, likely to have higher ro-
bustness (R) values. Most of South American countries have relatively
higher values of efficiency and flexibility, therefore robustness values
likely to be higher for these countries. Similarly, South East Asian
countries, Germany, Ukraine and Italy in Europe, Mexico and Canada in
North America have exhibited more robustness in domestic VWNs.

The association between network metrics and their distributions
was carried out for Least developed countries (LDC), Developing
countries (DIC) and Developed countries (DDC) based on correlogram
analysis (Fig. 3). It was observed that high correlation exists between
capacity and flexibility metrics, which suggests that in most of the
countries, higher capacity is associated with higher flexibility irre-
spective of their development status. However, a clear pattern was not
observed in the case of capacity’s association with efficiency as well as
robustness. Overall, it was observed that capacity is positively asso-
ciated with flexibility, whereas, robustness is positively associated with
the efficiency in case of domestics VWNs.

3.2. Trend analysis of network metrics of VWN

The spatial global maps of statistically significant trends exhibited
by (a) capacity (H), (b) flexibility (y), (c) efficiency (), and (d) ro-
bustness (R) for 189 countries is shown in Fig. 4. A high value of H
represents the higher capacity of a VWN of a system, whereas as
shows the network’s capacity to perform in an efficient and well-or-
ganized way over the long-term, higher values of y indicates more

flexible under shocks. In the inset of each map, the fraction of countries
exhibiting trends by development classification is provided. In the case
of capacity (Fig. 4a), the Eastern Asia, Australia, South western part of
Africa, Southern Europe and Northern parts of South America witness a
significant decreasing trend. Whereas, an increasing trend was observed
for the domestic capacity for countries located in Northern Asia, Middle
East, Central Africa, Central America and Eastern South America. The
higher fraction of LDC witness significant increase in capacity, which is
followed by DIC. Also, a smaller number of LDC witness decreasing
capacity. In case of flexibility (Fig. 4b), the Eastern Asia, Australia,
South western part of Africa, Southern Europe and Northern parts of
South America witnessed a significant decreasing trend. Whereas, an
increasing trend was observed in Northern Asia, Middle east, Central
Africa, Central America and Eastern South America. It was observed
that the LDC followed by DIC has a higher fraction of countries with
significant increase in flexibility. Also, a smaller number of countries
have decreasing flexibility pattern in case of LDC. Capacity and flex-
ibility have similar spatial patterns. However, the changes in efficiency
(Fig. 4c) have a different pattern. South eastern Countries, central
Africa and Eastern Europe have exhibited increased efficiency.
Whereas, Western Europe, southern Africa and few countries located in
the South America witness a decrease in efficiency.

It was observed that (inset figures) the LDC followed by DIC have a
higher fraction of countries with significant increase in efficiency. Also,
a smaller number of countries have decreasing efficiency in case of LDC.
Changes in robustness have exhibited similar spatial pattern as changes
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in efficiency. Overall, it was observed that least developing countries
have shown more significant increasing trends than decreasing trends
based on all the selected metrics followed by developing countries. Like
Fig. 3, it was observed that a strong positive association exists between
changes in capacity (robustness) and flexibility (efficiency) irrespective
of the country’s development classification (Fig. 5). The probability
distributions for the four metrics (shown in the diagonal panel) high-
light that LDC has a fatter tail at the ends. This indicates that VWN for
the least developing countries are becoming sustainable (unsustainable)
at a faster rate in comparison to developing and developed countries.
Whereas, DDC has a higher density around zero indicating less change
in highly developed countries. DDC countries has a more established
supply chain networks compared to the DIC and LDC (Vachon and Mao,
2008; Kagawa et al., 2015). Therefore, VWN which are associated with
the supply chain networks are less likely to change as they are already
well established. However, in LDC countries, supply chain networks
relatively newer and less mature compared to the DDC and DIC and
hence they are more likely to change.

3.3. Association of socio-economic factors with the VWNs

We investigated the coupling behavior of the network metrics with
respect to the socio-economic factors, such as, Gross domestic product,
(GDP), Gross National Income (GNI), and population using Coupling
Index (CI) (Tapio, 2005). The CI reflects the responsiveness of metrics
to unitary change in socio economic factors over a time period. As
highlighted before, negative coupling indicates that these metrics

decreases with the increase in socio-economic indicators. Absolute
coupling suggests that the metrics have grown more rapidly compared
to the socio-economic indicators. Whereas, relative coupling indicates
metrics are increasing with an increase in socio-economic indicators,
but at a slower rate compared to the socio-economic indicators (Liang
et al., 2014).

3.3.1. Population

Spatial global maps of statistically significant coupling behavior
exhibited by (a) capacity (H), (b) flexibility (y), (c) efficiency (), and
(d) robustness (R) for 189 countries with respect to the population are
shown in Fig. 6. In case of capacity (Fig. 6a), the Eastern Asia, Australia,
South western part of Africa, Southern Europe and Northern parts of
South America have exhibited negative coupling with respect to po-
pulation indicating that the capacity decreases along with the increase
in population. Whereas, relative coupling is observed in Northern Asia,
Middle east, Central Africa, Central America and Eastern South
America. This indicates that in these countries, capacity is increasing
with an increase in population but not growing as rapid as the popu-
lation in study. Lesser number of regions have shown absolute coupling.
In case of flexibility (Fig. 6b), the Eastern Asia, Australia, South western
part of Africa, Southern Europe, Canada and Northern parts of South
America have exhibited negative coupling with respect to the popula-
tion, which suggests that the flexibility decreases along with the in-
crease in population. Whereas, relative coupling is observed in
Northern Asia, Middle east, Central Africa, Central America and Eastern
South America. Lesser number of regions have shown absolute
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coupling. In case of efficiency (Fig. 6¢), the countries witness negative
coupling includes Russia, Australia, majority of the European nations,
South western part of Africa, Canada and Northern parts of South
America. Whereas, relative couplings are observed for the Southeastern
Asia, Central Africa and Central America. Lesser number of countries
like Greenland, South Africa, Afghanistan have shown absolute cou-
pling. Based on the robustness analysis, the countries, exhibited nega-
tive coupling are Middle east, majority of European nations, South
western part of Africa, North western parts of South America, which
indicates that the robustness decreases along with the increase in po-
pulation. Whereas, relative couplings are observed in the Eastern Asia
and Central Africa. Lesser number of countries like Greenland, Thai-
land, Afghanistan have shown absolute coupling. Our analysis indicated
that not all the metrics have shown a negative relationship with po-
pulation indicating that in spite of increasing population, countries can
become more sustainable. In addition, we found out that in all cases,
The LDC have relatively a higher percentage of countries exhibiting
relative coupling followed by DIC. Similarly, negative coupling is found
to be higher in DDC and least in LDC.

As observed previously, there is a strong positive association be-
tween capacity’s (robustness’s) and flexibility’s (efficiency’s) coupling
with population irrespective of the country’s development classification
(Fig. 7). However, unlike the case of Figs. 3 and 5, capacity’s coupling
has exhibited significant negative associations with robustness’s and
efficiency’s coupling in case of DDC. Whereas, flexibility’s coupling has
exhibited significant negative associations with robustness’s and

efficiency’s coupling in case of DDC as well as LDC. Hence, in case of
DIC there is no such correlation. In addition to that based on the
probability distribution of the metrics with respect to LDC have fatter
tails towards the positive end. This indicates the more number of LDC
countries’ network are becoming sustainable rapidly with respect to
growth in population and are more sensitive to changes in population in
comparison to developing and developed countries.

3.3.2. Gross domestic product (GDP)

The spatial global map of statistically significant coupling behavior
exhibited by (a) capacity, (b) flexibility, (c) efficiency, and (d) robust-
ness for 189 countries respect to GDP is shown in Fig. 8. The countries
located in Eastern Asia, Australia, South western part of Africa,
Southern Europe and Northern parts of South America exhibited ne-
gative coupling indicating that the capacity decreases along with the
increase in GDP (Fig. 8a). Whereas, the relative coupling is observed in
Northern Asia, Middle east, Central Africa, Central America and Eastern
South America. This suggests that capacity is increasing with an in-
crease in GDP but not growing as rapid as the GDP for these selected
countries. Lesser number of regions have shown absolute coupling. The
least developing countries have relatively a greater number of countries
exhibiting relative coupling followed by developing countries. Simi-
larly, negative coupling is found more in developing countries and least
in developing countries. In the case of flexibility in network (Fig. 8b),
the Eastern Asia, Australia, South western part of Africa, Southern
Europe, Canada and Northern parts of South America have exhibited
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negative coupling indicating that the flexibility decreases along with
the increase in GDP. Whereas, relative coupling is observed in Northern
Asia, Middle east, Central Africa, Central America and Eastern South
America. Lesser number of regions have shown absolute coupling. In
the case of efficiency (Fig. 8c), the countries located in Australia,
Western European nations, South western part of Africa, middle eastern
countries Canada and Northern parts of South America have exhibited
negative coupling indicating that the effectivity decreases along with
the increase in GDP. Whereas, the relative couplings are observed in
Southeastern Asia, Russia, Central Africa and Central America. The
higher percentage of least developing countries exhibits relative cou-
pling followed by developing countries. Based on the robustness ana-
lysis (Fig. 8d), the Middle east, western European and Nordic nations,
South western part of Africa, Northern western parts of South America
have exhibited negative coupling indicating that the robustness de-
creases along with the increase in GDP. Whereas, relative couplings are
observed in the Eastern Asia, Central Africa. Lesser number of countries
have shown absolute coupling. The inset histograms in Fig. 8 indicated
that similar to network metrics response to population, it was observed
that the LDC have relatively a higher percentage of countries exhibiting
relative coupling followed by DIC. Similarly, negative coupling is found
to be higher in DDC and least in LDC.

A stronger positive association was observed between capacity and
flexibility, as well as between robustness and flexibility (efficiency’s)
coupling with respect to GDP irrespective of the country’s development
classification (Fig. 9). In addition, significant negative associations
between flexibility’s and robustness’s as well as efficiency’s coupling
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can be observed. Unlike coupling intensity (which is CI > 1) with
respect to the population, the coupling intensity with respect to the
GDP in majority of LDC is less than 1. This indicates that the sustain-
ability of VWN in LDC countries is more sensitive to changes in popu-
lation than GDP. In addition to that based on the probability distribu-
tion of the metrics with respect to LDC have fatter tails towards the
positive end. Hence, the VWN metrics in LDC countries do increase
relatively with increase in GDP.

3.3.3. Gross national income (GNI)

The spatial global map of four selected metrics with respect to GNI
for 189 countries is shown in Fig. 10. It was observed that in the case of
capacity (Fig. 10a), the Indian sub-continent, Australia, South western
part of Africa, Southern Europe and Northern parts of South America
have exhibited negative coupling indicating that the capacity decreases
along with the increase in GNI. Whereas, the relative coupling is ob-
served in Russia, Middle east, Central Africa, Central America and
Eastern South America. This indicates that the capacity of the network
is increasing with an increase in GNI, but not growing as rapid as the
GNI. Lesser number of regions have shown absolute coupling. In case of
flexibility (Fig. 10b), the Indian sub-continent, Australia, Southern
Europe, Canada and Northern parts of South America have exhibited
negative coupling indicating that the flexibility of the network de-
creases along with the increase in GNI. Whereas, the relative coupling is
observed in Russia, Middle east, Central America and Eastern South
America. In case of efficiency (Fig. 10c), Australia, Western European
nations and Canada have exhibited negative coupling indicating that
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the efficiency decreases along with the increase in GNI. Whereas, re-
lative coupling is observed in Russia, scattered across Africa and Central
America. Lesser number of countries have shown absolute coupling.
Based on the robustness (Fig. 10d), Western European and Nordic na-
tions, Northern western parts of South America have exhibited negative
coupling with respect to the GNI indicating that the robustness de-
creases along with the increase in GNI. Whereas, relative coupling is
observed in Indian subcontinent, and information theoretic metrics few
countries scattered Africa and Europe. None of the countries have
shown absolute coupling. Similar to population and GDP, higher frac-
tion of LDC witness relative coupling followed by DIC. Whereas, ne-
gative coupling in found more in DDC and lowest in LDC (Fig. 11).

Even in this case, there is a strong positive association between
capacity’s (robustness’s) and flexibility’s (efficiency’s) coupling irre-
spective of the country’s development classification. Unlike other as-
sociations, the developing countries have a positive association among
the metrics, whereas other countries have negative associations. As in
the case of GDP, the coupling intensity with respect to the GNI of LDC
countries has a fatter tails on the positive ends indicating more number
of LDC countries increase relatively with increase in GNI.

4. Discussion and conclusion
In this study, we applied the information theory-based metrics

(capacity, flexibility, efficiency and robustness) to investigate the dy-
namics of domestic virtual water networks of 189 countries, their
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trends and coupling intensity with population, GDP and GNI based on
the 1990-2015 data.

Overall a greater fraction of least developing countries (LDC) have
shown an increase in the information theoretic properties of domestic
VWNs followed by developing nations (DIC). Also, a higher fraction of
developed nations has exhibited a decrease in these metrics followed by
developing nations. It was observed that with the growth in socio-
economic conditions, the domestic VWN’s networks metrics is in-
creasing more in case of LDC in comparison to developing and devel-
oped nations. The developed countries already have a well-established
infrastructure built during a period when the sustainable use of water
might not be a priority for the economic activities (Vachon and Mao,
2008; Kagawa et al., 2015)]. However, in case of developing and least
developed nations, there was relatively less infrastructure in previous
decades.

The current infrastructure is relatively more modern and sustainable
due to increased awareness and benefits of environmental sustain-
ability. This kind of leapfrogging towards a more environmentally
sustainable technology has already been observed in energy sector
(Rajan and Sen, 2002; van Benthem, 2015; Murphy, 2001); Agriculture
sector (Kimenyi and Moyo, 2011; Castro e Silva and Silva, 2015; Juma,
2015), transportation sector (Walz, 2010; Winston and Mannering,
2014) and manufacturing sector (Hobday, 1994; Yap and Rasiah, 2017;
Lee et al., 2014). In addition to that, availability of ample monetary
resources in developed countries might have a negative influence on
dynamics of the domestic VWNs as in the case of virtual water
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Fig 11. Same as in Fig. 3, but for coupling intensity of capacity (H), flexibility (y), efficiency (), robustness (R) with respect to GNI.

international trade (Wang et al., 2016); Soligno et al., 2018; Wada and
Bierkens, 2014; Tamea et al., 2014).

There is a strong positive association between trends in capacity and
flexibility. As a result, an increase in capacity of VWN might translate to
increase in flexibility (robustness) of VWN. Therefore, to exhibit an all-
round growth (i.e. increase in all the four metrics), the virtual water
transfers between economic sectors in domestic VWN should evolve
over time in such a way that both capacity and effectivity should in-
crease. The same association can also be seen in the case of coupling
intensities of these dynamics. However, unlike the case of trends, there
appears to be a moderate negative association between other combi-
nations (i.e. between robustness and flexibility). In this case, achieving
a positive coupling behavior of network dynamics with socio-economic
growth might be more complicated due to the presence of negative
associations. Previous studies have indicated that, it is not always
possible to decouple environmental pollution with socio-economic
growth due to the absence of appropriate quantification of sustain-
ability (Ward et al., 2016; Victor, 2018). We believe that our proposed
method can provide an alternative to directly integrate the dynamic
aspects of networks with socio-economic growth to measure coupling
intensity.

Even though it is now widely accepted that, economic growth and
human wellbeing should be decoupled from negative environmental
impacts (UNEP, 2011), our coupling analysis has indicated not all the
countries have exhibited this behavior. In those countries, policy im-
plementations which include putting a price on water usage (Hoglund,
1999; Qin et al., 2012), redirecting investments to more water efficient
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green infrastructure (Benedict and McMahon, 2002; Gaffin et al., 2012;
Ellis, 2013), production systems and technologies that allow products
and services to be delivered at a much lower environmental cost (lower
water intensity) are technically achievable and economically viable
options. In addition to that, since the VWN is interdependent, identi-
fying the sectors that influence the dynamics of the whole network and
restructuring the virtual water flows might also help in increasing the
sustainability of domestic VWN (Kharrazi et al., 2017).

While the information-based approach can help to address network
dynamics though capacity, efficiency, flexibility, and robustness, the
approach is weak in addressing extensive dimensions of sustainability
concerning the need to quantify the total utilization and availability of
water resources. Even though, the metrics used in this study are com-
puted using the information of the total resources used in the system,
these metrics do not include the availability of resources in its com-
putations. Also, it is common that the virtual water transfers between
economic sectors are heterogeneous in nature (i.e. VWN may be
dominated by agriculture compared to other sectors), and those flows
are unified into a single unit for the purpose of system-level analysis in
this analysis. Hence, a multi-dimensional extension which gives the
insights in to sustainability aspects of the individual sectors is not
provided here. Alternatively, by integrating the water footprint con-
cepts (Veettil and Mishra, 2020) in conjunction with the information
theory approach can be adapted for an overall assessment of the VWN
dynamics.
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