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ABSTRACT

Given that it was a once-in-a-century emergency event, the confinement measures related to the coron-
avirus disease 2019 (COVID-19) pandemic caused diverse disruptions and changes in life and work pat-
terns. These changes significantly affected water consumption both during and after the pandemic, with
direct and indirect consequences on biodiversity. However, there has been a lack of holistic evaluation of
these responses. Here, we propose a novel framework to study the impacts of this unique global emer-
gency event by embedding an environmentally extended supply-constrained global multi-regional
input-output model (MRIO) into the drivers-pressure-state-impact-response (DPSIR) framework. This
framework allowed us to develop scenarios related to COVID-19 confinement measures to quantify
country-sector-specific changes in freshwater consumption and the associated changes in biodiversity
for the period of 2020-2025. The results suggest progressively diminishing impacts due to the implemen-
tation of COVID-19 vaccines and the socio-economic system’s self-adjustment to the new normal. In
2020, the confinement measures were estimated to decrease global water consumption by about 5.7%
on average across all scenarios when compared with the baseline level with no confinement measures.
Further, such a decrease is estimated to lead to a reduction of around 5% in the related pressure on bio-
diversity. Given the interdependencies and interactions across global supply chains, even those countries
and sectors that were not directly affected by the COVID-19 shocks experienced significant impacts: Our
results indicate that the supply chain propagations contributed to 79% of the total estimated decrease in
water consumption and 84% of the reduction in biodiversity loss on average. Our study demonstrates that
the MRIO-enhanced DSPIR framework can help quantify resource pressures and the resultant environ-
mental impacts across supply chains when facing a global emergency event. Further, we recommend
the development of more locally based water conservation measures—to mitigate the effects of trade dis-
ruptions—and the explicit inclusion of water resources in post-pandemic recovery schemes. In addition,
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innovations that help conserve natural resources are essential for maintaining environmental gains in the

post-pandemic world.

© 2024 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Humans and ecosystems are deeply intertwined through hydro-
logical and biogeochemical cycles, and this complex adaptive sys-
tem is accompanied by an interplay between biophysical and social
processes [1-3]. The overexploitation of water resources through
human activities has progressively affected ecosystems, causing
biodiversity loss, habitat degradation, and river alternations [4-
6], ultimately threatening the biosphere’s integrity around the
globe [7,8]. In other words, water-related ecosystems (e.g., wet-
lands, rivers, and riparian zones) produce specialized biodiversity
and serve multiple irreplaceable functions (e.g., supporting, regu-
lating, and provisioning) for humans; however, they are degrading
due to socio-economic factors such as drainage systems, urbaniza-
tion, land conversion, and water pollution [9]. Thus, human water
consumption is causing water bodies to dry up and altering the dis-
tribution of soil moisture, affecting biodiversity levels in natural
systems that vastly rely on water availability [10]. In this regard,
the interlinkages between water consumption and biodiversity
are widely recognized by academia, the public, and governments
[11].

The coronavirus disease 2019 (COVID-19), which was declared
as a global pandemic by the WHO in March 2020, has exerted pro-
found and lasting impacts on human society, with different reper-
cussions across countries and continents. Since its initial outbreak,
more than 700 million people have been infected, and more than
6.5 million have died of this disease [12]. The effects of this sudden
global emergency event were unprecedented, complex, and far-
reaching [13]. In many cases, governments implemented a variety
of confinement orders and measures, including stay-at-home
orders and limiting the movement of people to slow down the con-
tagion of the virus. This engendered restrictions on many societal
activities, limited travel, and movement [14], and had both direct
and indirect impacts on work and employment—all of which inten-
sively impinged on both the economy and peoples’ lives. As one
consequence, restrictions in many sectors (e.g., transportation,
retail markets and shops, public events, tourism, and restaurants)
caused drastic disruptions in supply chains. On the one hand, glo-
bal supply chain networks allow nations to benefit economically
by redistributing their comparative advantages with regard to pro-
ducing goods and services. On the other hand, globalization also
results in amplified effects when an unprecedented event breaks
the balance along supply chains. Such disturbances in the human
economic system have notable impacts on water resources and
biodiversity. For example, there have been hundreds of reports of
unusual species-related observations from around the world, eluci-
dating the quick responses of animals to reductions in human pres-
ence [15]. The COVID-19 pandemic can be considered to represent
a once-in-a-century global crisis, offering a unique opportunity to
study its implications for water resources and biodiversity. Until
now, only a few studies have assessed the effects of the non-
pharmaceutical interventions (which mainly refers to containment
measures) of COVID-19 on water and the associated biodiversity
[16-19]; certain studies have addressed this topic either for indi-
vidual countries [20-23] and specific sectors [24] or through qual-
itative descriptions without data-driven investigations [25-27].
Therefore, this study aims to bridge this knowledge gap by quanti-
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fying these impacts in an integrated and systematic manner on a
global scale.

The recovery process has offered governments and societies a
historical opportunity to accelerate the sustainability transition.
The focus of some recovery packages has been on ‘“green” and
climate-neutral recovery schemes [28,29] that revolve around
decarbonization in energy and transport systems [30]. The corre-
sponding scholarly debates have paid significant attention to the
rebound of greenhouse-gas emissions in the post-COVID-19 era
[31-34]. However, concrete policies to promote better water-
resource management and the associated biodiversity conserva-
tion have not been prioritized in the post-pandemic world. Only
a few countries have identified nature-related investments in their
stimulus actions, with relatively minor funding [35], whereas most
countries allocated essentially zero stimulus funds to water or bio-
diversity even though many of them are facing threats related to
water scarcity and biodiversity loss [36]. The lack of an integrated
framework and evaluation of the responses in terms of water con-
sumption and the associated biodiversity to the shocks of the
COVID-19 pandemic is hindering the inclusion of water resources
and biodiversity in governments’ stimulus actions. Hence, insuffi-
cient attention has been given to the role of water management
and the associated biodiversity consequences in the recovery pro-
cess. To address this vital niche, this study proposes a holistic
framework and evaluates the changes in freshwater consumption
at the country-sector level in response to COVID-19 confinements
and the relevant impact on biodiversity. To this end, we explore
ways to prevent the ecological benefits from slipping away once
the world returns to normalcy.

To achieve the aforementioned objectives, we embed a supply-
constrained global multi-regional input-output (MRIO) model into
the framework of drivers, pressure, state, impact, and response
(DPSIR; see Fig. 1). The DPSIR framework has been frequently
employed by organizations such as the European Environment
Agency, Organisation for Economic Co-operation and Development
(OECD), Food and Agriculture Organization of the United Nations
(FAO), and UN Environment Programme (UNEP) for assessing com-
plex natural-resource issues, e.g., freshwater management [37-39],
while the supply-constrained MRIO model has been employed to
determine the spillover effect of supply chain disruptions both
directly and indirectly. Using this MRIO-enhanced DPSIR frame-
work, we can estimate the impacts of COVID-19 interventions on
freshwater consumption at the country and sector level and the
resultant changes in biodiversity (fractions of potential species
extinctions (PDFs) as proxy) through the spillover effect in supply
chains. Our study demonstrates that this framework is capable of
not only capturing the direct and indirect effects across global sup-
ply chains of an emergency event but also effectively extending the
emergency’s responses from resource pressures to their environ-
mental consequences. The impacts of the COVID-19 confinements
have been assessed for 141 countries over six years (2020-2025)
under four scenarios that reflected the levels of confinements
and were obtained from different sources during a dynamic period.
These scenarios were defined at the country-sectoral scale by con-
sidering factors such as sectoral lockdown levels, government
stringency index, work-from-home capability, immunity level,
and medical intensive care unit (ICU) occupation. Detailed
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Fig. 1. Flowchart of our evaluation within the MRIO-enhanced DPSIR framework.

information about this aspect can be found in Table S1 (online) and
the Methods and materials section. These 141 countries con-
tributed to more than 90% of the global GDP and freshwater con-
sumption in 2020. The difference in the assessment results
between a scenario and the baseline quantifies the effect of the
COVID-19 confinements on water consumption and the associated
changes in biodiversity.

2. Methods and materials

2.1. Supply-constrained global multi-regional input-output (Mixed
MRIO) model driven by COVID-19 confinements

Two main approaches have been used to evaluate the economic
consequences of COVID-19: Computational general equilibrium
(CGE) modeling and input-output (I0) analysis [40,41]. Both these
approaches are widely popular in the context of disaster impact
assessment due to their capability to quantify the interdependen-
cies between regions and sectors. The neo-classical CGE approach
assumes that price adjustments will push economic markets to
reach equilibrium. This assumption usually overestimates the flex-
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ibility of economic systems in a post-disaster situation, especially
when considering sudden shocks [42]. By contrast, the 10-based
impact model has comparative advantages regarding quantifying
such disequilibrium shortfalls originating from the supply and
demand sides given that not all consumers or producers can adjust
accordingly in the short or medium term. Thus, I0-based models
are more suitable for capturing the influences of sudden shocks
on the economy. However, the standard 10 model (see Eq. (1))
assumes that the economy will adjust to changes in spending pat-
terns or, in other words, that final consumption or demand will
drive production activities in all sectors. This means that supply
is assumed to be fully elastic in all production activities, and the
changes in production outputs and incomes at the region-
sectoral level are determined by changes in final demand. How-
ever, for the COVID-19 pandemic, some supply sectors that are
constrained by COVID-19 interventions will not automatically
and proportionally follow the changes in final demand. As a result,
Eq. (1) would provide unrealistically large multipliers due to a fully
elastic supply assumption.

AX = (I-A)"Af. (1)
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Therefore, a supply-constrained MRIO model is more suitable
for our study given that specifying gross outputs in certain
region-sectors and final consumption in the remaining region-
sectors are strictly exogenous. This approach has advantages with
respect to the quantification of the gross economic consequences
of the changes in exogenous variables that result from constrained
supply, such as shocks caused by earthquakes, flooding, COVID-19
lockdowns, or trade barriers [43,44]. To demonstrate the supply
restrictions caused by COVID-19, we provide a hypothetical exam-
ple with three sectors (1, 2, and 3) in two regions (I and J; see
Table S2 online). In this case, products manufactured by each sec-
tor can be traded as intermediate or final commodities. Table S2
(online) can be written as a system of linear equations:

- 3]0

where X represents the gross output of Sector r in Region I; the Z
matrix represents the intermediate input by Sector r from Regions
I and J; YV represents the final consumption/demand of Region |
for products from Sector r of Region I.

N -1
The technical coefficients are A' =Z (X]) , and Eq. (2) is
rewritten as:
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For the standard MRIO model, Y is regarded as an exogenous vari-
able, while X is considered an endogenous variable. Accordingly,
for the example with three sectors and two regions, Eq. (4) can be
solved as follows:
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We suppose that some unpredictable disruptions (e.g., pandemic-
related restrictions and lockdowns) occur in Sector 3 of Region J,
which will suppress the production capacity of this constrained sec-
tor. The initial external disruption reduces the direct gross output in
the affected sector; subsequently, the need for goods from the man-
ufacturers selling intermediate products to the affected sector will
be cut down both directly and indirectly due to this initial reduc-
tion. For this example, the change in y in Sector 3 of Region J is
endogenous, while that in x should be exogenous; accordingly, we
rearrange Eq. (5) to place the exogenous variables on the right side
and the endogenous variables on the left side. Thus, we obtain the
Eq. (6):
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Solving Eq. (6), we get the following equation:
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Finally, our supply-constrained MRIO model can be written as
{Xnu} _ { Prry Orx(n-r) ]*1 ‘ [ Lirxr) Qrx(n-r) ] ) Ii:na .
Fe, Rinrr)  =lin-nxm-n) On-nxn) Sin-rx-ny | | Xeo

The meaning of each sub-matrix in Eq. (8) has been explained below
(the conceptual framework can be found in Block pressure of Fig. 1
and in Table S3 online):

P(r«ry is the r x r matrix from the first r rows and r columns of
the matrix (I-A) and denotes the expenditure structure among
non-supply-constrained sectors. The matrix is reordered by the
r/[n—r sectors; the first r sectors are endogenous, and the last
(n—r) sectors are exogenous. Rn_rxr represents the expenditure
structure of the COVID-19 non-supply-constrained sectors on the
COVID-19 supply-constrained sectors, which is the (n—-r) x r
matrix derived from the last (n—r) rows and the first r columns
of the (—A) matrix. Q. _r) denotes the expenditure structure of
COVID-19 supply-constrained sectors on the COVID-19 non-
supply-constrained sectors, which is obtained from the last (n—r)
rows and first r columns of A matrix. S(u_rxn-r) denotes the aver-
age expenditure structure among the COVID-19 supply-
constrained sectors, which is extracted from the last (n—r) rows

and columns of —(I—A) matrix. I:",w represents the exogenous final
consumption/demand for the COVID-19 unconstrained sectors on
the supply side, which is the column vector that includes the ele-

ments y; to y,. X, represents the exogenous gross output for the
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COVID-19 supply-constrained sectors, which is the column vector
that includes the elements x,.; to x,. X,, represents the endoge-
nous gross output of COVID-19 unconstrained sectors on the sup-
ply side, which is the column vector that includes the elements x;
to x,. F, represents the endogenous final consumption/demand of
the COVID-19 supply-constrained sectors, which is the column
vector that includes elements y,.; to y,. Finally, n denotes the total
sectors in the IO table by region, and r corresponds to the number
of sectors directly affected by COVID-19 confinements.

We cguld convert Eq. (8) into a difference form easily, with

AXeo = X, — Xco, 1.€., the output reduction in consotrained sectors
can be compared with the reference economy (X_,) without the

implementation of the lockdown measures, which will be achieved
in the following scenario section. AF,, represents the change in the
final consumption triggered by COVID-19 restrictions. Since the
supply-constrained MRIO model is integrated into opening
global markets, it is possible to import products from outside
regions that are less affected by COVID-19 during the considered
period to compensate for its shrinking number of final products.
This study focused on the effects of the shrinking production
supply chains. Thus, one assumption was that no exogenous
change occurs in the y for COVID-19 non-constrained sectors
(AFyo = F,y — Fno = 0), imply(i)ng that F,, remains the same as in
the reference economy (F,) without the implementation of
COVID-19 confinements. AX,, refers to the change in the gross
economic output in the COVID-19 non-constrained sectors driven
by the indirect propagation of COVID-19-constrained sectors.
AF,, corresponds to the change in the final consumption of the
COVID-19-constrained sectors. In addition, the traditional mixed
MRIO model assumes that a drop in the output of one industry will
cause a corresponding output reduction in relevant industries. This
assumption may not be entirely unrealistic, particularly in the
short run. A more accurate representation of this is that some firms
can continue production as long as they have access to the neces-
sary inputs [45]. For example, the metal industry cannot produce
metal products without critical inputs, such as iron and energy,
but it can operate for a considerable period without non-critical
inputs, such as canteen services or management consultants. To
address this issue, we apply Eq. (8) to the critical or important
inputs only while ignoring non-critical ones. Specifically, we
extracted the dependencies matrix (IHS) among inputs at the
industrial level from the work of Pichler et al. [45] and mapped it
to GTAP (global trade analysis project) sectors (see Table S4
online). Next, we pre-multiplied the HIS matrix by Eq. (8) before
calculating the effects on water consumption and the associated
biodiversity from the perspective of production by pre-
multiplying the water consumption intensity e and the associated
biodiversity CFs ¢ by AX;, and AX,, respectively, in Eq. (8). The
code of the mixed MRIO model can be obtained from the work of
Zhao et al. [46], and the global MRIO table is compiled from the lat-
est GTAP database (v.11) [47] because GTAP has a higher resolution
on the country-sectoral scale that the other three data sets (Exio-
base, WIOD, and Eora). The confinement measures varied consider-
ably across countries and time, and the MRIO table with coarse
resolution (for example, Exiobase only covers 28 EU members plus
16 major economies) would have led to significant distortions in
our estimation. The original GTAP covers intermediate consump-
tion transactions between 65 sectors within 141 countries/regions;
hence, there are 9,165 region-industries in total. The RAS tech-
nique [48] was used to convert GTAP 2017 into the year 2020
based on 2019 GDP values provided by the World Bank [49] and
the annual growth rates of sectoral GDP from IIASA’s GAINS model
[50].
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2.2. Pandemic confinement shocks to supply constrained sectors

Supply shocks due to the pandemic spread to downstream and
upstream sectors, and the suppressed production capacity of sup-
pliers created shortfalls for customers, leading to shocks in down-
stream industries. Subsequently, factories also required less inputs
for production because of lowered production capacities, thus
adversely affecting the upstream suppliers of these inputs. Many
studies have indicated that the losses incurred from the deaths
and illnesses of employees were minor compared with those
caused by national lockdown measures aimed at containing the
spread of the virus [51]. During the confinement period, workers
employed by non-essential industries who could not work remo-
tely were unable to accomplish their tasks [52,53], which led to

direct output losses in the shut-down sectors (variable XSO in Eq.
(8)). Based on previous studies [51,54], we developed a linear
equation to estimate the direct output loss resulting from supply
shocks based on factors that affect the movement of labor in
non-essential industries due to social distancing. These factors
include sectoral shutdowns, the ability to work from home by sec-
tor and region, the government’s stringency regarding lockdown
measures, and the duration of the policy:

9

where x;; is the economic output per day in Country i for Sector j; s
is the operating level of Sector j. A sector is defined as essential if it
is not affected by lockdown restrictions, and, in such cases, its s;
equals 1. In contrast, non-essential industries are affected by
social-distancing measures to varying extents. We obtained four
scenarios from the work of Dorn et al. [55] and Fana et al. [56] to
represent the extent of operating levels of industries during the
COVID-19 lockdowns. In general, certain essential sectors of the
economy, such as the pharmaceutical industry, utilities (electricity
and gas manufacturing and distribution), human health, agriculture,
and forestry sectors, continue operating at full capacity for all four
scenarios. Among the non-essential economic sectors (most belong
to industrial and tertiary sectors), for certain sectors, such as enter-
tainment and recreation, accommodation, and dinning services, we
assume a nearly complete shutdown during the strict confinement
period; for the remaining non-essential economic sectors, we allo-
cate low-level losses (0.5-0.8) for Scenario 1 and high-level losses
(0.5-0.9) for Scenario 2 (see Table S1.1 online for detailed informa-
tion). In addition to Scenarios 1 and 2, we introduce Scenario 3 to
illustrate the expected extent of the decline in production based
on business expectations using the IFO Business Climate Index as
one proxy [55]. In Scenario 3, some manufacturing and service sec-
tors are divided into quintiles according to their corresponding
business expectations. For sectors with the highest deterioration
expectations in the future, the assumption is that production will
cease. For the sectors with the least pessimistic expectations with
respect to future business activities, we assign a relatively moderate
decrease of 20% in their business activities (see Table S1.1 online for
detailed information). In addition to the three aforementioned sce-
narios proposed by Dorn et al. [55], we developed Scenario 4 based
on the European Commission’s projections with regard to the
impacts of restrictions on the EU labor market [56]. Similar to Sce-
narios 1-3, some essential sectors can continue to operate fully
even with the strictest restrictions, but non-essential sectors are
either fully closed or can operate partially under certain conditions.
Table S1.1 (online) presents the details of each scenario, including
the operating levels of each sector.

Some employees from non-essential industries have the ability
to accomplish their work from home to some extent, and wfh; rep-

AXiJ‘ =Xjj X [(1 —Sj) X (1 —thj> X (1 _thi)] ><Sii X d,



D. Zhao et al.

resents the output share that can be achieved by working from
home in Sector j, which was obtained from the study conducted
by Dingel and Neiman [52]. wfh; represents the ability to work
from home at the country level, which was also obtained from
the said study [52]. In summary, a wfh value of 0 means that none
of the occupation’s activities can be undertaken remotely, while a
wfh value of 1 means that all tasks associated with an occupation
can be performed at home. Hence, we could obtain the sectoral
shutdown level (see Table S1.2 online). si; is the stringency index,
which assesses the severity of lockdowns in Country i using nine
indicators (closing schools, closing workplaces, cancelling public
events, restricting gatherings, staying at home, etc.). The original
value of si; is between 0 and 100; the higher this value, the more
stringent the lockdown that the government imposed. We have
normalized this value to 0-1 to directly incorporate it in Eq. (9).
si; is an aggregated index that captures governments’ overall
response to COVID-19 on a daily scale. This indicator was obtained
from OxCGRT (Oxford COVID-19 Government Response Tracker)
[57]. OXCGRT collects systematic information from more than
180 countries regarding the policy measures that governments
implemented to tackle COVID-19 and compares policy responses
consistently between countries on a daily basis. d is the duration
of each period. We take semimonthly time steps for the period of
2020-2022 and quarterly time steps thereafter. Finally, we esti-
mate the direct output loss in Country i, Sector j triggered by
COVID-19 confinement measures (Ax;;). Ax;; represents the input
data for Eq. (8).

2.3. Stringency index projection in the future (2023-2025)

To estimate the effects of COVID-19 lockdown measures on eco-
nomic systems in the future, we have to project the stringency
index level by country. Considering potential herd immunity and
learning experiences, most countries are adjusting their restriction
policies based on the herd immunity rate and the ICU bed level,
with the extent of strictness being negatively correlated with the
herd immunity rate and positively correlated with the occupation
rate of ICU beds. Following the work of Shan et al. [58], we suggest
that the future stringency index in the year 2022 will be deter-
mined by the following formula:

)/icu,- X (%)n,

where ImRemain; is the difference between the threshold and immu-
nity rate by country at the end of 2022. Based on the fact that herd
immunity will work only after the immunity rate reaches 90%
[59,60], we set the threshold to 0.9. We calculated the immunity
rate for each country based on Gu Yongyang's model [61], with
the relevant data being obtained from Our World Data [62]. The
variable icu; is the ratio between the country’s ICU level [63-66]
and global average standard. If the icu; value is greater than 1, we
keep the ratio unchanged; if it is less than 80% of the global average,
we assume the icu; to be 0.8; if it is less than 50%, we consider the
ratio to be 0.5. We take quarterly time steps for the year 2023 and
assume sif remains unchanged after 2023.

lrnRremain.i

09 (10)

p .
Sli = Slbase,i X <

2.4. Water consumption accounts and water-biodiversity causal effect
chains

To capture the changes in water consumption due to COVID-19
confinements and the consequent impacts on biodiversity from the
production perspective at the country-sectoral level based on Egs.
(1)-(10), we need water consumption data matched with the GTAP
data set and characterization factors that define the relation
between water consumption and biodiversity. For the compilation
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of the environmental extensions in the area of blue-water con-
sumption for the GTAP data set, we used two basic data sources
of water consumption: The water footprint data set [67] for agri-
cultural water consumption based on FAO water statistics and
the WaterGAP model [68] for industrial and tertiary water con-
sumption. The disaggregation to GTAP sectors is based on water
consumption intensities by region and sector from the global EXIO-
BASE 3 data set [69]. Combined, these data sets are currently
among the most comprehensive and best available water con-
sumption data sets at the country-sectoral level.

Specifically, we calculate crop water consumption for GTAP sec-
tors 1-12 based on the water footprint per ton of crop or derived
crop products [70] and crop production of each sector by country
[71]. Similarly, we calculate livestock water consumption for GTAP
sectors 19-22 based on the water footprint per ton of animal or
animal-derived products [72] and livestock production by country
[71]. As for industrial and tertiary water consumption (sectors 13-
18 and 23-65), total blue-water consumption at the industrial and
tertiary sectors is disaggregated into 49 sectors based on water
consumption per unit of economic output from EXIOBASE 3.
Table S5 (online) shows the sector and region bridge between
GTAP and EXIOBASE. The water consumption account of the GTAP
model is shown in Table S6 (online). Furthermore, Verones et al.
[10] developed characterization factors (CFs) to quantify the causal
effect chain between water consumption and biodiversity across
the globe based on the life cycle impact assessment theory. The
CFs address potential losses in endemic species of various animal
taxa (i.e.,, mammals, reptiles, birds, and amphibians) in wetlands
and vascular plant species in terrestrial ecosystems as a function
of groundwater and surface-water consumption. We adopted CFs
as proxies to represent the relation between water consumption
and biodiversity loss, which are expressed as global fractions of
PDFs per m> of water consumed annually (PDF/(m3-a)). This
method does not model the immediate effect on biodiversity but,
instead, the long-term effect of species loss. As such, the unit can
be interpreted as PDF under a steady state of an additional water
consumption rate (m>/a) or as the time-bound species loss (PDF-yr)
caused by 1 m> of water consumption per year. Table S7 (online)
displays the CFs of each GTAP country. We assigned the global
average value to the four regions that do not have specific CFs.
To sum up, this new data set could serve as significant data support
for academics, governments, and the public in the water domain,
especially for studying the role of international trade and how to
achieve SDG 6 equally.

2.5. Contribution of COVID-19 confinements to water scarcity and
biodiversity loss reduction

For a certain region, water scarcity (ws) is measured as the ratio
of regional water consumption to water availability by considering
a balance between human water consumption and ecosystem
protection:

_we
" Q-EFR’

where wc is the total blue-water consumption; Q is the water avail-
ability; EFR is the environmental flow requirement. We extracted
EFR by country from AQUASTAT [73]. In our assessment, we calcu-
late ws for the baseline and the various lockdown scenarios. The dif-
ference between the scenarios and the baseline measures the
contribution of COVID-19 to water scarcity levels. Water scarcity
levels are classified into four categories: (1) Low water scarcity
(<100%); (2) moderate water scarcity (100%-150%); (3) significant
water scarcity (150%-200%); and (4) severe water scarcity
(>200%). In terms of the effect of COVID-19 on biodiversity, we used
the ratio of biodiversity increase to the baseline value to represent

ws (11)
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biodiversity recovery. Fig. 1 presents the flowchart of this evalua-
tion within the DPSIR framework.

2.6. Model validation based on relative error

To check the accuracy of our assessment based on the MRIO-
enhanced DPSIR framework (Fig. 1), we compare the estimated
GDP in 2020 with the actual GDP for the 141 regions for which
the data are available from the World Bank and International
Monetary Fund (IMF) [49,74]. We selected the relative error (RE)
as the indicator to illustrate the difference between the calculated
and actual GDP, which is as follows:

Ec‘i _ Em‘i

RE=——7—
Em‘i

x 100, (12)
where RE, E., and E,, are the relative error (%), calculated (simu-
lated) GDP per year (billion $ a~'), and measured (actual) GDP per
year (billion $ a—'), respectively, for Country i. Certain factors, such
as the imperfectness of simulation models and scenario assump-
tions, can lead to differences between the measured and simulated
GDP. In this study, the relative error is 0.6% for the global GDP. At
the country level, for 82% of the countries (115 out of 141), the RE
was within 15% of the measured GDP obtained from the World Bank
and IMF, and, for 30% of the countries, the RE was within 5% of the
measured GDP (see Table S8 online). This indicates that our models
performed well, which suggests that our results are reliable when
interpreting the water and the associated biodiversity outcomes
(Table S9 online presents partially measured water consumption
in 2020). Several case studies also demonstrated a trend of reduc-
tion in water consumption during the pandemic [20,75,76]. In
Africa, our estimated values are lower than the measured GDP val-
ues for most regions; this underestimation is caused by the differ-
ence between the various governments’ theoretical response to
COVID-19 and their actual actions to contain the transmission of
virus.
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3. Results

3.1. Impacts of COVID-19 confinements on water consumption and
associated biodiversity

Over the course of the pandemic, countries have implemented a
range of confinement measures to curtail the transmission of the
virus. These measures have also varied with time, particularly
through the different waves of the pandemic. The study period
starts with the spread in January 2020 and ends in 2025.

Fig. 2 and Table S10 (online) summarize the bimonthly results
of the four scenarios for the effects of COVID-19 confinement mea-
sures on water consumption and the associated biodiversity.
Before March 2020, the impacts of COVID-19 were mainly
restricted to very few countries. The Chinese government imple-
mented numerous strict lockdown measures to control the spread
of COVID-19, so the virus had not yet spread to other regions at a
considerable scale. This led to domestic supply chain issues in
China only. Our results indicate that the reduction in water con-
sumption would range from 6.9 billion m® (Gm?) in Scenario 3
(lockdown level based on the IFO Business Climate Index) to
9.8 Gm? (Scenario 2: High-level lockdown) under different scenar-
ios, accompanied by a reduction in potential biodiversity loss
between 0.000509 PDF.yr (fractions of PDFs during a year) in Sce-
nario 3 to 0.000686 PDF-yr in Scenario 2 during this early stage of
the pandemic that affected only China. During this period, water
consumption reduction in China accounted for 25% of the total glo-
bal change, while the biodiversity loss reduction accounted for
5.2% of the same.

The situation changed drastically as COVID-19 spread across the
globe. Consequently, the various COVID-19 confinement policies
reached a global dimension, with almost all economies going into
recession, and the impacts on water use and biodiversity declined
dramatically in volume and spatial outreach. The reduction in
water consumption fluctuated with the development of the
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Fig. 2. The impacts of COVID-19 confinement measures in different scenarios on the global scale (S1, low level; S2, high level; S3, shutdown level based on the IFO Business
Climate Index; S4, shutdown level based on European Commission. Table S1 online shows the technical parameters). (a) Water consumption reduction; (b) biodiversity loss
reduction. Note: Before 2023, the time path is semimonthly; thereafter, the time path is quarterly.
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pandemic and the strictness of the confinement interventions. In
the beginning, the actual effects of the intervention policies on
reducing infection rates remained unknown [77]. Many restriction
measures, such as closing restaurants, shopping centers, and
schools or restricting travel, which were aimed at decreasing virus
transmission, were implemented to the maximum extent, leading
to serious disruptions in the economic system [78]. As a result,
water reduction [24] and declines in biodiversity pressure peaked
in early April 2020. With an increase in the information and knowl-
edge available about the disease, the approaches to anti-contagion
policies evolved, and their implementation was highly dynamic
based on the severity of infection and death rates as well as
political-power dynamics and strategies in different countries
[57]. This induced temporal fluctuations in the effects on water
consumption and the associated biodiversity after March 2020.
Several sub-peaks occurred during the global spread stages, but
they remained lower than the early and late peaks. In summary,
our global results demonstrate the fluctuations in water consump-
tion and biodiversity impacts through this time period driven by
policy interventions related to COVID-19. Thereafter, all four sce-
narios suggest progressively diminishing impacts due to the imple-
mentation of COVID-19 vaccines and the socio-economic system’s
self-adjustment to the new normal after the pandemic (see Fig. S1
online).

(a) Water consumption reduction (%)
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3.2. Hotspot regions and countries of water and biodiversity benefits
driven by COVID-19 confinements in 2020

Fig. 3 and Table S11 (online) illustrate how the global COVID-19
confinement measures led to differential water and biodiversity
benefits across countries and scenarios in 2020. The country-
level benefits for water reduction and biodiversity range from
Indonesia’s 1.14% to 39.3% in the rest of the South African Customs
Union, expressed as the average of the four scenarios. Globally, the
decline in water consumption varied from 82.0 Gm?> (4.8% of total
water consumption, Scenario 3) to 104.4 Gm?> (6.2%, Scenario 2:
High-level lockdown) in 2020, accounting for about 5.7% of the glo-
bal water consumption (1,698 Gm?) in 2020 on average across all
scenarios. Correspondingly, the recovery of biodiversity induced
by the redirection of water resources from the economic system
to the natural system ranged from 0.00902 PDF-yr (4.7%, Scenario
3) to 0.01164 PDF-yr (6%, Scenario 2), accounting for about 5.2%
of the baseline biodiversity loss due to freshwater consumption
in 2020.

Specifically, water consumption reduction was highest in China
in 2020, at 12.8 Gm?, which accounts for 13.3% of the overall
reduction in global water consumption reduction and 4.9% of Chi-
na’s total water consumption. Pakistan (reduction of 10.7 Gm>;
11.1%), India (reduction of 6.9 Gm?; 7.2%), Egypt (reduction of

(b)Biodiversity loss reduction (PDF-yr)
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Fig. 3. Regional impacts of COVID-19 confinements in different scenarios in 2020. (a) Water consumption reduction; the legend indicates the ratios of the reduction in a
country’s baseline; (b) biodiversity loss reduction; the legend indicates loss reduction by country. The numbers in the figure refer to the total global change per scenario.
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Fig. 4. Sectoral impacts of COVID-19 in different scenarios

5.9 Gm>; 6.2%), Iran (reduction of 4.9 Gm?; 5.1%), the USA (reduc-
tion of 4.2 Gm?; 4.4%), Russia (reduction of 3.1 Gm?; 3.3%), and
Spain (reduction of 2.3 Gm?; 2.4%) also showed substantial reduc-
tions in water use in 2020. These reductions were driven not only
by the lockdowns in their own countries (direct impacts) but also
by the restrictions imposed by other countries (indirect impacts via
supply chains; Table S12 online). For example, in 2020, 21% of the
overall water reduction in the economic system was caused by
direct lockdown restrictions in the country itself, while the remain-
ing 79% was triggered by the ripple effects of supply chain disrup-
tions throughout international trade (see Table S12 online).
Additionally, although certain agricultural sectors (paddy rice,
wheat, animal products, etc.) did not impose any lockdown mea-
sures for all scenarios, its potential virtual water use still decreased
during the whole pandemic period (see Table S13 online). On the
one hand, these reductions originated from indirect effects along
the value chain caused by disruptions such as agricultural trade
restrictions and processing-plant closures and can potentially lead
to variations in production and stock in the coming years [79,80].
On the other hand, these variations in water consumption in the
agricultural sector might not be immediately reflected in water
consumption, but they are highly likely to be buffered by water
bodies or some human-made water infrastructures (such as reser-
voirs) [81].

In comparison, the hotspot regions in terms of biodiversity loss
reduction during the pandemic were rather different from the
water resource hotspots. The reductions in biodiversity loss in

in 2020; the full spectrum of regions is listed in Table S4 online.

the USA and Australia were the highest in the world, with these
two countries contributing 47.5% (0.00482 PDF.yr) and 26.4%
(0.00268 PDF-yr), respectively, to the overall biodiversity increase,
while their ranks with regard to water contribution were 7th and
15th. Other top countries in terms of reduction in biodiversity loss
were the rest of the Caribbean (0.00028 PDF.yr; 2.8%), Canada
(0.000193 PDF-yr; 1.9%), and Ecuador (9.29 x 107> PDF.yr; 0.9%),
which presented similar patterns. This regional disparity in the dis-
tributions of water reduction and biodiversity increase was created
by differences in the CFs linking the causal-effect chain between
water consumption and biodiversity. For example, the CF of the
USA is about 1.15 x 10~'2 (PDF.yr/m?), which indicates the change
in local species per cubic meter of water consumed annually in this
region, while the global average CF is 1.63 x 10~ '3, which is just
one-seventh of the USA’s baseline value. One of the consequences
in this context is that more species loss will be avoided in locations
characterized by high CFs than those characterized by low CFs with
the same amounts of water resources returned to the natural
environment.

3.3. Impacts on water consumption and associated biodiversity across
sectors

With regard to the four scenarios, Fig. 4 and Table S13 (online)
summarize the effects of COVID-19 on water consumption and the
associated biodiversity across regions and sectors. For presentation
purposes, the results from the 141 countries have been aggregated
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Fig. 5. The direct and indirect impacts of COVID-19 confinements on water consumption (a) and biodiversity (b) by country; the full spectrum of countries is listed in Table S5

online.

into 20 regions (see Table S14 online), and 65 sectors have been
aggregated into 16 sectors (see Table S14 online). Specifically, we
found that paddy rice, wheat, and other crops contributed the most
to reducing water consumption. These three related agricultural
sectors reduced their water consumption by 8.5 Gm® (8.9%),
17.4 Gm> (18%), and 41.2 Gm® (42.9%), respectively, on average,
in 2020. Similarly, these three sectors were also the highest con-
tributors in terms of reducing biodiversity pressure and accounted
for 13.5% (0.00137 PDF.yr), 13.5% (0.00138 PDF-yr), and 47.5%
(0.00482 PDF-yr), respectively, of the overall biodiversity loss
reduction in 2020. In fact, COVID-19 shows a limited direct influ-
ence on food sectors because of their low-exposure and high-
social-distancing aspects. We assumed that the lockdown level in
agriculture is zero, similar to other necessary sectors, for all four
scenarios (see Table S1 online). As a result, nearly all water reduc-
tions from these sectors can be attributed to restricted production
in their supply chains, such as food production, trade, and commer-
cial and public services. In addition, biodiversity was also affected
by their indirect propagation via the linkage with water resources.

Reductions in water consumption in different sectors varied sig-
nificantly across regions (Fig. 4). Certain regions (such as South
Asia, West Asia, North Africa, and the USA) had a high reduction
in water consumption in relation to agricultural sectors, while
other regions (such as China and EU27 + UK) had high water reduc-
tions in manufacturing-related industries. These differences corre-
sponded to their underlying economic and water-usage structures.
For example, the production of metal and non-metal products con-
tributed to 11.3% of China’s and 2.3% of the USA’s total water con-
sumption in 2020. Thus, the water reductions in China’s metal and
non-metal products would be greater than those in the USA, and
the sectoral disparities across countries would be propagated
throughout the heterogeneity of supply chains to propagate the
initial effects. As for the impact on biodiversity, our results showed
no obvious sectoral discrepancy across the 20 regions, but biodi-
versity in the USA and Oceania showed the biggest improvements
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because of their higher background species density compared with
other regions.

3.4. Propagation through supply chains amplifies the impacts of
pandemic confinements

Fig. 5 and Table S12 (online) indicate the importance of propa-
gation through supply chains. Even countries or sectors that were
not directly influenced by COVID-19 confinement measures expe-
rienced spillover effects, and low- and middle-income countries
were more vulnerable to such indirect linkages. Overall, the indi-
rect impacts accounted for around 79% of the total estimated water
reduction and for around 84% of the biodiversity benefits across
different scenarios. We found that the direct impacts of domestic
containment measures played a dominant role in emerging econo-
mies, such as China, Indonesia, and Mexico. For example, in China,
the reduction in water consumption caused by domestic measures
accounted for 90% of the country’s total water-consumption reduc-
tion, while the remaining 10% was from upstream measures imple-
mented along supply chains. On the one hand, China maintained its
high food self-sufficiency in terms of staple grains (e.g., wheat and
rice); the shrinking exports in food-related sectors with high water
intensity driven by the pandemic had a limited influence on China.
Thus, the indirect water savings induced by the fluctuations in the
global food network mostly did not affect this region. On the other
hand, the local COVID-19 confinements focused on manufacturing
and non-essential service industries. Manufacturing supply chains
in China possess a robust industry-clustering effect, i.e., there is a
clustered hub in electronics and chemical and metal production,
with connections to large numbers of factories in other countries
through international trade. Similar trends can also be observed
for biodiversity impacts, where direct effects on biodiversity
mainly occurred in several emerging economies, whereas other
regions were primarily affected by indirect supply chain
propagation.
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3.5. Impacts of COVID-19 confinements on regional water scarcity and
biodiversity

The confinement measures alleviated regional water scarcity to
some extent because of the shutting down of factories and public
infrastructure but had limited effects on general water security
and water sustainability. An analysis of global water consumption
without COVID-19 indicated that regional water scarcity levels did
not decrease much, not to mention that the level was reduced from
high to lower (see Fig. 6 and Table S15 online). In contrast, the pos-
itive impacts on biodiversity were more substantial than those on
water resources, especially in regions with high species density
(e.g., Sweden, Peru, Nicaragua, and Armenia). Considering ongoing
fiscal stimuli, the situation could have been even worse, as the
recovery packages involve no plans to improve water security,
but enormous amounts of investment flows and transfers have
been put into traditional sectors to restart the economy [34]. Our
world is facing huge risks regarding water consumption rebound-
ing to higher levels after the temporary reductions seen during
the pandemic are eased, making it difficult to change in the future
if development pathways are locked into water-intensive sectors.

4. Discussion

Our study presents a systematic assessment of the responses in
terms of water consumption to the shocks of COVID-19 confine-
ments at the country-sector level and the associated consequences
on biodiversity both directly and indirectly. For this purpose, we
combined the mixed MRIO model of footprint accounting with
the DPSIR framework. This enabled us to obtain a comprehensive
understanding of how water consumption is affected by global
emergency events such as the COVID-19 pandemic, how this pres-
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sure creates environmental impacts, and how these impacts affect
and reshape regional water scarcity and biodiversity patterns.

Such an approach is important, as traditional impact assess-
ments mainly quantify drivers and pressures with limited consid-
eration of the broader implications as done by the DPSIR
framework. Therefore, we rarely analyze how the pressures influ-
ence the state of the environment and its responses to initial dis-
turbances [82], even when policymakers and governments
should respond to not only resource pressures but also relevant
environmental impacts [83]. For example, water policies should
consider the environmental issues triggered by water use and
not just the amount of consumption itself [84]. Thus, understand-
ing the causality responses is important to enhance the resilience
and flexibility of water and ecological networks to sudden shocks,
and a quantitative framework, such as the one presented in this
article, can help policymakers realize the related cascade effects.
Our MRIO-enhanced DPSIR framework has great potential for eval-
uating resource pressures and the resultant environmental impacts
across supply chains caused by sudden events or disasters.

Our analysis highlights the importance of propagation through
global supply chains in terms of environmental benefits, indicating
that this “supply chain contagion” is an important feature of global
emergency events. Companies, individuals, and governments expe-
rience supply chain perturbations due to public health shocks,
which has led to a sudden de-globalization. It is possible that the
COVID-19 pandemic may even induce a partial reversal in global-
ization to reduce the potential indirect risks caused by similar
events [85-87]. It has been reported that the pandemic has encour-
aged the shortening of supply chains to strengthen local self-
sufficiency and reduce supply chain vulnerability, especially in
key domains such as the food, water, and energy sectors, which
are the foundations for achieving the 2030 UN Sustainable Devel-
opment Goals [88-90]. Further, more practical measures, such as
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Fig. 6. Impacts of reduced water consumption (a) and biodiversity (b) on regional water scarcity and biodiversity richness. Note: The histogram on the bottom left represents
water stress levels by region; different color tones represent different water scarcity levels. For each region, the color shades interlinked with the bars demonstrate the water
scarcity level. For example, when the water consumption (grey and black bars) touches a yellow zone, moderate water scarcity occurs in that region.

2642



D. Zhao et al.

community gardening, vertical farming, rooftop agriculture, and
bio-energy usage, have been boosted by this development [88].
While reduced trade flows may save water in exporting regions,
as indicated in this study, they may exacerbate water shortage
problems in high-consumption water-scarce regions, which are
the main beneficiaries of the “virtual water” inflows embodied in
international trade [91,92]. Therefore, more attention needs to be
paid to developing locally based water conservation measures
(such as building green infrastructures, rainwater utilization, and
desalination) in case of trade disruptions caused by sudden shocks,
such as the COVID-19 pandemic, extreme weather events in or
around key supply centers, and geopolitical crises, such as the
Russia-Ukraine war.

Our findings reveal the overall beneficial impacts of COVID-19
confinement measures on water resources and the related biodi-
versity implications across global supply chains. However, most
of the environmental benefits observed during the pandemic are
more likely to be temporary, as they do not reflect structural
changes in socio-economic systems [93]. In addition, a rebound
in resource use may occur and be larger than the decline triggered
by the crisis as soon as travel restrictions and lockdown measures
are eased and traditional stimulus packages are launched and
implemented [58,94]. For example, in late March 2020, CO, emis-
sions in China rebounded due to the restarting of industries [94].
Thus, the designing and implementation of economic stimulus
plans present a major opportunity to implement collective efforts
by governments and societies to “build back better” by interlinking
economic recovery efforts with sustainability transformation,
which includes water conservation transitions and biodiversity
protection. Nevertheless, there are indications that environmental
regulations may even be eased to facilitate construction projects
on the pretext of the pandemic and economic recovery [95]. One
important avenue for building back better is the massively funded
EU Green Deal (1.85 trillion euros) that aims to create the first cli-
mate neutral continent by 2050 [96]. Although, the assessment
indicators in the Green Deal are mainly focused on cleaner energy,
carbon neutrality, and climate stabilization, and water sustainabil-
ity and biodiversity seem to have been given less attention in this
initiative as well as in other post-pandemic stimulus funds. In fact,
research has shown that improved water security has co-benefits
for both climate mitigation and adaptation. Water must be accu-
rately considered in the recovery framework to manage trade-
offs and increase synergies between water and climate security
[97].

Understanding the cascade effects of the pandemic confinement
actions on water systems can help decision-makers prioritize
future actions to overcome potential challenges and ensure the
fundamental right to clean water and sanitation facilities for all
communities [20]. Global spillover effects driven by supply chain
disruptions in non-essential sectors illustrate the importance of
enhancing water resilience in response to increasingly unpre-
dictable hazards in our fast-paced and highly connected world.
However, more water saving focused on the agricultural sector
may hint at the fierce competition between food requirements
and other water-consuming sectors, as regions tend to increase
their crop production to ensure greater food self-sufficiency and
food sovereignty [98]. It is helpful to increase the diversity of water
sources (surface, underground, recycling, reusing, desalination,
etc.) to mitigate the risks of future supply shocks. Our quantifica-
tion of changes in water in response to global emergency events
is vital for governments to take actions to ensure the availability
of water resources for human well-being and the maintenance of
essential ecosystem functions and services. Our research also con-
tributes to improving the understanding of the sensitivity of the
global water-biodiversity nexus to large-scale behavioral change.
Our research approach can be adopted as a part of an integrated
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risk assessment framework to enable informative supply chains-
related risk-accounting during or prior to emergency situations.

The short-term pandemic confinement measures introduced
during the COVID-19 outbreak show that easing human pressure
on the environment leads to the recovery of environmental sys-
tems [15,99]. Thus, to avoid diminishing the environmental gains
once the world returns to normalcy, it is crucial to maintain these
improvements in the post-pandemic world. These measures may
include strengthening telecommunication and information tech-
nologies (hybrid work, e-commerce, e-learning, teleconferencing,
etc.) to reduce the need for environmental resources [100], chang-
ing resource-intensive lifestyle patterns to eco-friendlier alterna-
tives (e.g., vegan-based diets, healthy home-cooked food, reduced
travel, and less consumption) [101], leveraging temporary benefits
obtained by the COVID-19 pandemic to long-term gains through
coordinating institutional behaviors at the individual, community,
government, and international levels, and improving the standards
and enforcement of manufacturing, business, and environmental
regulations.

For a long time, the role of biodiversity in preventing the spread
of zoonic diseases has been frequently overlooked by mainstream
epidemiology because of its weak interlinkages with infectious dis-
eases. However, the COVID-19 outbreak has highlighted the
extreme importance of the combat against biodiversity loss
[102], as the disturbance of natural ecosystems is considered to
be among the main causes for the transmission of impactful
human diseases [103]. A loss of biodiversity and the degradation
of ecosystem buffer zones that serve as a “firewall” to contain
the spread of viruses will exacerbate the spillover of infectious dis-
eases [104]. Correspondingly, higher biodiversity will exert a “dilu-
tion effect” on the impact of principal disease reservoir species,
thereby rendering the spreading of pathogens more difficult
[105]. The Global Biodiversity Outlook 5 (GBO-5) concluded that
biodiversity loss might lead to infectious diseases emerging and
re-emerging at a faster rate, and actions to increase species diver-
sity are essential to prevent future pandemics [106]. Hence, con-
servation and sustainable management of biodiversity might be
essential to mitigate emerging infectious diseases and prevent
pandemics to safeguard human well-being and health for genera-
tions to come [107].

5. Limitations, uncertainty and future directions

Some limitations and uncertainties should be taken into consid-
eration when interpreting our results. First, our mixed MRIO model
excluded changes in production mix and structures, as both will
remain fairly stable for a short or medium period [108]. Second,
the economic growth projections were collected from IIASA’s
GAINS model, the World Bank, and the IMF for all the scenarios
without the pandemic. As our mixed MRIO model focused on the
repercussions of sudden exogenous shocks (for example, COVID-
19 confinements) in the supply chain network, an updated capital
matrix will produce better economic projections. However, this
approach is rarely used at the global level due to data limitations.
Third, the pandemic also brought about demand shocks, especially
for industries that are strongly affected by demand constraints.
Consequently, our results may underestimate the propagation
impacts caused by the pandemic. While some scholars [109]
pointed out that most of these impacts stem primarily from
input-related bottlenecks, it remains necessary to evaluate both
supply and demand shocks simultaneously in future studies [45].
Fourth, for some less-developed countries or regions, the A matrix
in the GTAP table was compiled based on some idealized assump-
tions rather than survey-based statistics due to data unavailability.
These assumptions are likely to lead to biased results in some sec-
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tors when confinement orders are implemented in these regions.
For these regions, we assumed a 10% ratio of indirect supply chain
impacts to total impacts to smooth the initial results and make
them reliable. Fifth, we developed one linear equation to represent
the direct economic loss triggered by COVID-19 confinements. The
confinement effects will not vary strictly according to the linear
trend; certain external factors, such as people’s willingness to obey
the government’s orders and the government’s ability to effectively
implement restriction policies, will affect the actual outputs of
confinement measures.

Sixth, the water intensity of the sectors considered in this study
was estimated based on several different data sources, some of
which had not been updated to the latest year because of data lim-
itations, which is likely to produce some uncertainties when com-
piling water accounts. Additionally, the water accounts are
assumed to be stable during the study period, which might involve
overestimating water consumption to some extent, given that
some degree of decoupling has been detected [110-112]. More-
over, varying climate conditions result in varying water demand,
especially in the context of crop production, which has not been
accounted for. In addition, fiscal stimulus actions may have com-
plicated but significant long-term effects on economic perfor-
mance and relevant water consumption. Our scenarios excluded
the water impacts triggered by stimuli because of a lack of detailed
confirmed recovery data on the global scale. Research on the
impacts of fiscal and monetary policies on water consumption
should be evaluated when the corresponding data are ready.

Furthermore, we excluded green water from the water accounts
because of the difficulty in evaluating its relationship with biodi-
versity. In fact, green water over-deprivation for human activities
will have a negative influence on the species’ habitat and biodiver-
sity but is covered to some extent by the biodiversity impacts of
land use [39,113,114]. Land-use conversion is another big driver
of biodiversity loss, as terrestrial systems feed vast species of dif-
ferent taxa [110]. Additionally, certain factors, such as climate
change, extreme events, and water pollution, are threatening the
security of various species’ habitats. The quantification of addi-
tional impacts of other driving forces on biodiversity should be
studied in the future. While the characteristics of biodiversity loss
vary across space because of the spatial heterogeneity of the CFs,
we utilized country-average CFs, which is a simplification. In future
research, integrating high-spatial-resolution biodiversity assess-
ments with national-based input-output tables would be benefi-
cial, building upon approaches used for water scarcity [115,116].
However, given the country-level resolution of the MRIO, it would
not be possible to identify changes within specific regions of a
country without the development of sub-national MRIO models.
Further, households could see an increase in their water usage
because of more frequent hygiene and cleaning habits to prevent
the transmission of viruses and due to people working from home.
However, decreasing office water use could probably compensate
for some of this change [76]. Our scarcity assessment is based on
conventional physical water scarcity, and we acknowledge the
importance of economic water scarcity. Economic water scarcity
occurs when water transfer becomes difficult due to economic,
institutional, and infrastructural constraints and can occur even
in certain water-abundant regions [117-119]. Finally, we did not
assess the effects of improved water quality on biodiversity in nat-
ural environments brought about by the ceasing of many industrial
activities [18].

Conflict of interest

The authors declare that they have no conflict of interest.

2644

Science Bulletin 69 (2024) 2632-2646
Acknowledgments

This study was supported by Aalto University and the Henan
Provincial Key Laboratory of Hydrosphere and Watershed Water
Security. Additional support was provided by the National Natural
Science Foundation of China (42361144001, 72304112, 72074136,
and 72104129) and the Key Program of International Cooperation,
Bureau of International Cooperation, the Chinese Academy of
Sciences (131551KYSB20210030). The paper was developed within
the framework of the Panta Rhei Research Initiative of the Interna-
tional Association of Hydrological Sciences and the Key Laboratory
of Integrated Surface Water-Groundwater Pollution Control,
Southern University of Science and Technology. The present work
was partially developed, within the framework of the Panta Rhei
Research Initiative, by the “Water Scarcity Assessment: Methodol-
ogy and Application” working group. We also give big thanks to
Professor Matti Kummu from Aalto University for his valuable
comments on this manuscript.

Author contributions

Dandan Zhao, Olli Varis, Junguo Liu, and Laixiang Sun conceived
the central idea and leaded the research. Dandan Zhao collected
the data, performed the calculations, and created all figures. Olli
Varis, Junguo Liu, Laixiang Sun, Klaus Hubacek, Jialiang Cai, Ste-
phan Pfister, Hong Yang, Xu Zhao, Marko Keskinen, Kuishuang
Feng, and Bin Chen participated in discussing the results. Heran
Zheng, Xu Peng, Daoping Wang, and Shaohui Zhang contributed
the tools and auditing. Dandan Zhao wrote the draft. All authors
contributed to the analysis and development of the manuscript.

Appendix A. Supplementary materials

Supplementary materials to this article can be found online at
https://doi.org/10.1016/j.scib.2024.03.049.

Data availability

Authors can confirm that all relevant data are included in the
article, cited references and/or its supplementary information files.
Some main datasets include: GTAPv.11 dataset is from https://
www.gtap.agecon.purdue.edu/; The economic outputs of GAINS
model is from https://gains.iiasa.ac.at/gains/EUN/index.login?lo-
gout=1; The stringent index is from Oxford COVID-19 GOVERN-
MENT RESPONSE TRACKER (OxCGRT) (https://covidtracker.bsg.ox.
ac.uk/); Water use deprived from WaterGAP model is downloaded
from  https://doi.pangaea.de/10.1594/PANGAEA.918447?format=
html#download; Product water footprint by crop and livestock is
from https://waterfootprint.org/en/resources/waterstat/; FAO crop
and livestock production is from https://www.fao.org/faostat/en/#-
data; EXIOBASE 3 is derived from https://zenodo.org/record/
3583071#.Y2zmUstBw2w. Some data that support the findings of
this study are available from GTAP (Global Trade Analysis Project)
and IIASA (International Institute for Applied Systems Analysis),
but restrictions apply to the availability of these data, which were
used under license for the current study, and so are not publicly
available. Data are however available from the authors upon rea-
sonable request and with permission of GTAP and IIASA.

Code generated datasets in the current study are available from
the corresponding author on reasonable request.

References

[1] Falkenmark M, Wang-Erlandsson L, Rockstrom ]. Understanding of water
resilience in the anthropocene. ] Hydrol X 2019;2:100009.


https://doi.org/10.1016/j.scib.2024.03.049
https://www.gtap.agecon.purdue.edu/
https://www.gtap.agecon.purdue.edu/
https://gains.iiasa.ac.at/gains/EUN/index.login?logout=1
https://gains.iiasa.ac.at/gains/EUN/index.login?logout=1
https://covidtracker.bsg.ox.ac.uk/
https://covidtracker.bsg.ox.ac.uk/
https://doi.pangaea.de/10.1594/PANGAEA.918447?format=html%23download
https://doi.pangaea.de/10.1594/PANGAEA.918447?format=html%23download
https://waterfootprint.org/en/resources/waterstat/
https://www.fao.org/faostat/en/%23data
https://www.fao.org/faostat/en/%23data
https://zenodo.org/record/3583071%23.Y2zmUstBw2w
https://zenodo.org/record/3583071%23.Y2zmUstBw2w
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0005
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0005

D. Zhao et al.

[2] Ostrom E. A general framework for analyzing sustainability of social-
ecological systems. Science 2009;325:419-22.

[3] Falkenmark M, Wang-Erlandsson L. A water-function-based framework for
understanding and governing water resilience in the anthropocene. One Earth
2021;4:213-25.

[4] Kuipers K]JJ, Hellweg S, Verones F. Potential consequences of regional species
loss for global species richness: A quantitative approach for estimating global
extinction probabilities. Environ Sci Technol 2019;53:4728-38.

[5] Vorosmarty CJ, Green P, Salisbury ], et al. Global water resources:
Vulnerability from climate change and population growth. Science
2000;289:284-8.

[6] Haddeland I, Heinke ], Biemans H, et al. Global water resources affected by
human interventions and climate change. Proc Natl Acad Sci USA
2014;111:3251-6.

[7] Pereira HM, Navarro LM, Martins IS. Global biodiversity change: The bad, the
good, and the unknown. Annu Rev Environ Resour 2012;37:25-50.

[8] Wackernagel M, Schulz NB, Deumling D, et al. Tracking the ecological
overshoot of the human economy. Proc Natl Acad Sci USA 2002;99:9266-71.

[9] Russi D, ten Brink P, Farmer A, et al. The economics of ecosystems and
biodiversity for water and wetlands. IEEP, London and Brussels 2013.

[10] Verones F, Pfister S, Van Zelm R, et al. Biodiversity impacts from water
consumption on a global scale for use in life cycle assessment. Int ] Life Cycle
Assess 2017;22:1247-56.

[11] Verones F, Saner D, Pfister S, et al. Effects of consumptive water use on
biodiversity in wetlands of international importance. Environ Sci Technol
2013;47:12248-57.

[12] WHO. WHO Coronavirus (COVID-19) Dashboard. WHO 2022. https://covid19.
who.int/.

[13] McElwee P, Turnout E, Chiroleu-Assouline M, et al. Ensuring a post-COVID
economic agenda tackles global biodiversity loss. One Earth 2020;3:448-61.

[14] Zhu R, Anselin L, Batty M, et al. The effects of different travel modes and travel
destinations on COVID-19 transmission in global cities. Sci Bull 2022;67:588.

[15] Bates AE, Primack RB, Biggar BS, et al. Global COVID-19 lockdown highlights
humans as both threats and custodians of the environment. Biol Conserv
2021;263:109175.

[16] Cooke SJ, Twardek WM, Lynch A], et al. A global perspective on the influence
of the COVID-19 pandemic on freshwater fish biodiversity. Biol Conserv
2021;253:108932.

[17] Fernandez D, Giné-Vazquez I, Liu I, et al. Are environmental pollution and
biodiversity levels associated to the spread and mortality of COVID-19? A
four-month global analysis. Environ Pollut 2021;271:116326.

[18] Elsaid K, Olabi V, Sayed ET, et al. Effects of COVID-19 on the environment: An
overview on air, water, wastewater, and solid waste. ] Environ Manage
2021;292:112694.

[19] Raza T, Shehzad M, Abbas M, et al. Impact assessment of COVID-19 global
pandemic on water, environment, and humans. Environ Adv
2023;11:100328.

[20] Kalbusch A, Henning E, Brikalski MP, et al. Impact of coronavirus (COVID-19)
spread-prevention actions on urban water consumption. Resour Conserv
Recycl 2020;163:105098.

[21] Tokatli C, Varol M. Impact of the COVID-19 lockdown period on surface water
quality in the Merig-Ergene River basin, Northwest Turkey. Environ Res
2021;197:116326.

[22] Abu-Bakar H, Williams L, Hallett SH. Quantifying the impact of the COVID-19
lockdown on household water consumption patterns in England. npj Clean
Water 2021;4:13.

[23] Campos MAS, Carvalho SL, Melo SK, et al. Impact of the COVID-19 pandemic
on water consumption behaviour. Water Supply 2021;21:4058-67.

[24] Roidt M, Chini CM, Stillwell AS, et al. Unlocking the impacts of COVID-19
lockdowns: Changes in thermal electricity generation water footprint and
virtual water trade in Europe. Environ Sci Technol Lett 2020;7:683-9.

[25] Zechman Berglund E, Thelemaque N, Spearing L, et al. Water and wastewater
systems and utilities: Challenges and opportunities during the COVID-19
pandemic. ] Water Resour Plan Manag 2021;147:1-9.

[26] Watson R, Kundzewicz ZW, Borrell-Damidn L. COVID-19, and the climate
change and biodiversity emergencies. Sci Total Environ 2022;844:157188.

[27] Akinsorotan OA, Olaniyi OE, Adeyemi AA, et al. Corona virus pandemic:
Implication on biodiversity conservation. Front Water 2021;3:635529.

[28] Werikhe A. Towards a green and sustainable recovery from COVID-19. Curr
Res Environ Sust 2022;4:100124.

[29] Chen B, Chen F, Ciais P, et al. Challenges to achieve carbon neutrality of China
by 2060: Status and perspectives. Sci Bull 2022;67:2030-5.

[30] Pianta S, Brutschin E, van Ruijven B, et al. Faster or slower decarbonization?
Policymaker and stakeholder expectations on the effect of the COVID-19
pandemic on the global energy transition. Energy Res Soc Sci
2021;76:102025.

[31] Davis SJ, Liu Z, Deng Z, et al. Emissions rebound from the COVID-19 pandemic.
Nat Clim Chang 2022;12:412-4.

[32] Le Quéré C, Peters GP, Friedlingstein P, et al. Fossil CO, emissions in the post-
COVID-19 era. Nat Clim Chang 2021;11:197-9.

[33] Jackson RB, Friedlingstein P, Le Quéré C, et al. Global fossil carbon emissions
rebound near pre-COVID-19 levels. Environ Res Lett 2022;17:31001.

[34] Dafnomilis I, Chen H-H, Elzen M, et al. Targeted green recovery measures in a
post-COVID-19  world enable the energy transition. Front Clim
2022;4:840933.

2645

Science Bulletin 69 (2024) 2632-2646

[35] Vivid Economics. Green Stimulus Index: An assessment of the orientation of
COVID-19 stimulus in relation to climate change, biodiversity and other
environmental impacts. 2021. Vivid Economics consultancy firm.

[36] Cheng H, Hu Y, Zhao ]J. Meeting China's water shortage crisis: Current
practices and challenges. Environ Sci Technol 2009;43:240-4.

[37] Carr ER, Wingard PM, Yorty SC, et al. Applying DPSIR to sustainable
development. Int ] Sust Dev World Ecol 2007;14:543-55.

[38] Gupta ], Scholtens ], Perch L, et al. Re-imagining the driver-pressure-state-
impact-response framework from an equity and inclusive development
perspective. Sust Sci 2020;15:503-20.

[39] Oberle B, Bringezu S, Hatfield-Dodds S, et al. Global Resources Outlook 2019:
Natural Resources for the Future We Want. Technical Report. United Nations
Environment Programme; 2019.

[40] Maliszewska M, Mattoo A, Van Der Mensbrugghe D. The potential impact of
COVID-19 on GDP and trade: A preliminary assessment. World Bank Policy
Res Work Pap; 2020.

[41] Mandel A, Veetil V. The economic cost of COVID lockdowns: An out-of-
equilibrium analysis. Econ Disasters Clim Chang 2020;4:431-51.

[42] Koks EE, Carrera L, Jonkeren O, et al. Regional disaster impact analysis:
Comparing input-output and computable general equilibrium models. Nat
Hazards Earth Syst Sci 2016;16:1911-24.

[43] Arto I, Andreoni V, Rueda Cantuche JM. Global impacts of the automotive
supply chain disruption following the japanese earthquake of 2011. Econ Syst
Res 2015;27:306-23.

[44] Davis HC, Salkin EL. Alternative approaches to the estimation of economic
impacts resulting from supply constraints. Ann Reg Sci 1984;18:25-34.

[45] Pichler A, Pangallo M, del Rio-Chanona RM, et al. Forecasting the propagation
of pandemic shocks with a dynamic input-output model. ] Econ Dyn Control
2022;144:104527.

[46] Zhao DD, Liu JG, Sun LX, et al. Quantifying economic-social-environmental
trade-offs and synergies of water-supply constraints: An application to the
capital region of China. Water Res 2021;195:116986.

[47] Aguiar A, Chepeliev M, Corong E, et al. The global trade analysis project
(GTAP) Data Base: Version 11. ] Glob Econ Anal 2022:7.

[48] Polenske KR. Current Uses of the RAS Technique:
Review. Prices: Growth and Cycles; 1997. p. 58-88.

[49] The World Bank. World Bank National Accounts Data. World Bank 2020.
https://data.worldbank.org.cn/indicator/NY.GDP.MKTP.CD.

[50] Amann M. The greenhouse gas-air pollution Interactions and synergies model
(GAINS)-IEA WE02019 SPS/SDS Scenarios. Int Inst Appl Syst Anal 2019.

[51] Pichler A, Farmer JD. Simultaneous supply and demand constraints in input-
output networks: The case of COVID-19 in Germany, Italy, and Spain. Econ
Syst Res 2021;34:273-93.

[52] Dingel ]I, Neiman B. How many jobs can be done at home? ] Public Econ
2020;189:104235.

[53] Koren M, Pet HR. Business disruptions from social distancing. PLoS One
2020;15:e0239113.

[54] del Rio-Chanona RM, Mealy P, Pichler A, et al. Supply and demand shocks in
the COVID-19 pandemic: An industry and occupation perspective. Oxford Rev
Econ Policy 2020;36:594-S137.

[55] Dorn F, Fuest C, Géttert M, et al. The economic costs of the Coronavirus
shutdown for Germany: A scenario calculation. IFO Institute, Munich;
2020.

[56] Fana M, Tolan S, Torrejon S, et al. The COVID confinement measures and EU
labour markets. Publications Office of the European Union Luxembourg;
2020.

[57] Hale T, Webster S, Petherick A, et al. Oxford COVID-19 government response
tracker (OXCGRT). Last Updat 2020;8:30.

[58] Shan Y, Ou J, Wang D, et al. Impacts of COVID-19 and fiscal stimuli on global
emissions and the Paris agreement. Nat Clim Chang 2021;11:200-6.

[59] National Center for Immunization and Respiratory Diseases (NCIRD), Division
of Viral Diseases. Science Brief: SARS-CoV-2 Infection-induced and Vaccine-
induced Immunity. In: CDC COVID-19 Science Briefs [Internet], Atlanta (GA):
Centers for Disease Control and Prevention (US); 2020.

[60] McNamara D. Delta Variant Could Drive “Herd Immunity” Threshold Over
80%. Webmd 2021. https://www.webmd.com/lung/news/20210803/delta-
variant-could-drive-herd-immunity-threshold-over-80.

[61] Gu Y. COVID-19 Population Immunity Calculator 2021. https://covid19-
projections.com/path-to-herd-immunity/.

[62] Mathieu E, Ritchie H, Rodés-Guirao L, et al. Coronavirus pandemic (COVID-
19). Our World Data 2020. https://ourworldindata.org/coronavirus.

[63] Rhodes A, Ferdinande P, Flaatten H, et al. The variability of critical care bed
numbers in Europe. Intensive Care Med 2012;38:1647-53.

[64] OECD. Beyond Containment: Health systems responses to COVID-19 in the
OECD. OECD Publishing; 2020.

[65] Craig ], Kalanxhi E, Hauck S. National estimates of critical care capacity in 54
African countries. MedRxiv 2020.

[66] OECD. Addressing the COVID-19 pandemic in Latin America and the
Caribbean. OECD 2021, https://www.oecd-ilibrary.org/sites/63d94877-en/
index.html?itemld=/content/component/63d94877-en.

[67] Mekonnen MM, Hoekstra AY. National water footprint accounts: The green,
blue and grey water footprint of production and consumption. Volume 1:
Main Report 2011.

[68] Florke M, Kynast E, Barlund I, et al. Domestic and industrial water uses of the
past 60 years as a mirror of socio-economic development: A global simulation
study. Glob Environ Chang 2013;23:144-56.

A Critical


http://refhub.elsevier.com/S2095-9273(24)00205-6/h0010
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0010
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0015
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0015
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0015
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0020
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0020
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0020
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0025
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0025
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0025
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0030
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0030
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0030
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0035
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0035
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0040
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0040
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0045
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0045
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0050
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0050
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0050
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0055
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0055
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0055
https://covid19.who.int/
https://covid19.who.int/
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0065
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0065
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0070
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0070
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0075
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0075
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0075
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0080
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0080
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0080
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0085
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0085
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0085
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0090
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0090
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0090
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0095
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0095
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0095
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0100
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0100
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0100
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0105
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0105
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0105
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0105
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0110
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0110
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0110
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0115
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0115
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0120
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0120
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0120
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0125
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0125
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0125
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0130
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0130
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0135
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0135
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0140
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0140
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0145
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0145
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0150
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0150
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0150
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0150
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0155
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0155
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0160
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0160
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0160
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0165
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0165
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0170
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0170
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0170
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0180
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0180
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0185
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0185
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0190
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0190
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0190
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0200
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0200
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0200
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0205
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0205
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0210
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0210
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0210
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0215
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0215
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0215
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0220
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0220
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0225
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0225
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0225
http://refhub.elsevier.com/S2095-9273(24)00205-6/optXGmLmCQGnU
http://refhub.elsevier.com/S2095-9273(24)00205-6/optXGmLmCQGnU
http://refhub.elsevier.com/S2095-9273(24)00205-6/optXGmLmCQGnU
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0230
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0230
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0235
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0235
https://data.worldbank.org.cn/indicator/NY.GDP.MKTP.CD
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0245
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0245
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0250
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0250
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0250
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0255
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0255
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0260
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0260
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0265
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0265
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0265
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0275
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0275
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0275
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0280
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0280
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0285
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0285
https://www.webmd.com/lung/news/20210803/delta-variant-could-drive-herd-immunity-threshold-over-80
https://www.webmd.com/lung/news/20210803/delta-variant-could-drive-herd-immunity-threshold-over-80
https://covid19-projections.com/path-to-herd-immunity/
https://covid19-projections.com/path-to-herd-immunity/
https://ourworldindata.org/coronavirus
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0310
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0310
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0320
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0320
https://www.oecd-ilibrary.org/sites/63d94877-en/index.html?itemId=/content/component/63d94877-en
https://www.oecd-ilibrary.org/sites/63d94877-en/index.html?itemId=/content/component/63d94877-en
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0335
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0335
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0335

D. Zhao et al.

[69] Stadler K, Wood R, Bulavskaya T, et al. EXIOBASE 3: Developing a time series
of detailed environmentally extended multi-regional input-output tables. ]
Ind Ecol 2018;22:502-15.

[70] Mekonnen MM, Hoekstra AY. The green, blue and grey water footprint of
crops and derived crop products. Hydrol Earth Syst Sci 2011;15:1577-600.

[71] FAO. FAOSTAT. 2021. Data access: https://www.fao.org/faostat/en/#data.

[72] Mekonnen MM, Hoekstra AY. A global assessment of the water footprint of
farm animal products. Ecosystems 2012;15:401-15.

[73] FAO. AQUASTAT. Data access: https://www.fao.org/aquastat/en/.

[74] IMF. Fiscal monitor: Database of country fiscal measures in response to the
COVID-19 pandemic. IMF, 2021.

[75] Jia X, Shahzad K, Klemes J], et al. Changes in water use and wastewater
generation influenced by the COVID-19 pandemic: A case study of China. ]
Environ Manage 2022;314:115024.

[76] Li D, Engel RA, Ma X, et al. Stay-at-home orders during the COVID-19
pandemic reduced urban water use. Environ Sci Technol Lett 2021;8:431-6.

[77] Brauner JM, Mindermann S, Sharma M, et al. Inferring the effectiveness of
government interventions against COVID-19. Science 2021;371:eabd9338.

[78] Guan D, Wang D, Hallegatte S, et al. Global supply-chain effects of COVID-19
control measures. Nat Hum Behav 2020;4:577-87.

[79] Mogues T. Food markets during COVID-19. Special Series on COVID-19.
Washington DC: Int Monet Fund Downloaded 2020;2020:8.

[80] Udmale P, Pal I, Szabo S, et al. Global food security in the context of COVID-
19: A scenario-based exploratory analysis. Prog Disaster Sci 2020;7:100120.

[81] Cooley SW, Ryan ]C, Smith LC. Human alteration of global surface water
storage variability. Nature 2021;591:78-81.

[82] Verones F, Moran D, Stadler K, et al. Resource footprints and their ecosystem
consequences. Sci Rep 2017;7:1-12.

[83] Holland RA, Scott KA, Flérke M, et al. Global impacts of energy demand on the
freshwater resources of nations. Proc Natl Acad Sci USA 2015;112:E6707-16.

[84] Ridoutt BG, Pfister S. A revised approach to water footprinting to make
transparent the impacts of consumption and production on global freshwater
scarcity. Glob Environ Change 2010;20:113-20.

[85] Al-Saidi M, Hussein H. The water-energy-food nexus and COVID-19: Towards
a systematization of impacts and responses. Sci Total Environ
2021;779:146529.

[86] Di Mauro BW. Economics in the Time of COVID-19. Washington: CEPR Press;
2021.

[87] Iwuoha ]JC, Jude-lwuoha AU. COVID-19: Challenge to SDG and globalization.
Electron Res ] Soc Sci Humanit 2020;2:103-15.

[88] Galanakis CM, Brunori G, Chiaramonti D, et al. Bioeconomy and green
recovery in a post-COVID-19 era. Sci Total Environ 2022;808:152180.

[89] DESA UN. Transforming our world: The 2030 agenda for sustainable
development; 2016.

[90] Zhang ], Wang S, Pradhan P, et al. Untangling the interactions among the
sustainable development goals in China. Sci Bull 2022;67:977-84.

[91] Zhao D, Hubacek K, Feng K, et al. Explaining virtual water trade: A spatial-
temporal analysis of the comparative advantage of land, labor and water in
China. Water Res 2019;153:304-14.

[92] Dalin C, Konar M, Hanasaki N, et al. Evolution of the global virtual water trade
network. Proc Natl Acad Sci USA 2012;109:5989-94.

[93] Le Quéré C, Jackson RB, Jones MW, et al. Temporary reduction in daily global
CO, emissions during the COVID-19 forced confinement. Nat Clim Change
2020;10:647-53.

[94] Siddique A, Shahzad A, Lawler ], et al. Unprecedented environmental and
energy impacts and challenges of COVID-19 pandemic. Environ Res
2021;193:110443.

[95] Fenner R, Cernev T. The implications of the COVID-19 pandemic for delivering
the sustainable development goals. Futures 2021;128:102726.

[96] Fetting C. The European green deal. ESDN Rep 2020;53.

[97] Miralles-Wilhelm F. Water is the middle child in global climate policy. Nat
Clim Change 2022;12:110-2.

[98] Keulertz M, Mulligan M, Allan JA. The impact of COVID-19 on water and food
systems: Flattening the much bigger curve ahead. Water Int 2020;45:430-4.

[99] Dobson AP, Pimm SL, Hannah L, et al. Ecology and economics for pandemic
prevention. Science 2020;369:379-81.

[100] Mary Celin S, Bhanot P, Kalsi A. Resource management: Ways to sustain the
environmental gains of COVID-19 lockdown. Environ Dev Sustain 2022.

[101] Vita G, Lundstrom JR, Hertwich EG, et al. The environmental impact of green
consumption and sufficiency lifestyles scenarios in Europe: Connecting local
sustainability visions to global consequences. Ecol Econ 2019;164:106322.

[102] WHO. One Health published online Sept 21. 2017. https://www.who.int/
news-room/q-a-detail/one-health.

[103] Epstein PR, Chivian E, Frith K. Emerging diseases threaten conservation.
Environ Health Perspect 2003;111:A506-7.

2646

Science Bulletin 69 (2024) 2632-2646

[104] Keesing F, Belden LK, Daszak P, et al. Impacts of biodiversity on the
emergence and  transmission of infectious diseases.  Nature
2010;468:647-52.

[105] Everard M, Johnston P, Santillo D, et al. The role of ecosystems in mitigation
and management of COVID-19 and other zoonoses. Environ Sci Policy
2020;111:7-17.

[106] Hirsch T, Mooney K, Cooper D. The Global Biodiversity Outlook 5 (GBO-5).
Technical Report. UN Environment Programme; 2020.

[107] United Nations Secretary-General. The Sustainable Development Goals
Report 2020. 2020.

[108] Feng K, Davis S, Sun L, et al. Drivers of the US CO, emissions 1997-2013. Nat
Commun 2015;6:1-8.

[109] Pichler A, Farmer JD. Simultaneous supply and demand constraints in input-
output networks: The case of COVID-19 in Germany, Italy, and Spain. Econ
Syst Res 2022;34:273-93.

[110] Zhao D, Liu ], Yang H, et al. Socioeconomic drivers of provincial-level changes
in the blue and green water footprints in China. Resour Conserv Recycl
2021;175:105834.

[111] Serrano A, Valbuena J. The effect of decoupling on water resources: Insights
from European international trade. ] Environ Manage 2021;279:111606.

[112] Zhang C, Zhong L, Wang J. Decoupling between water use and thermoelectric
power generation growth in China. Nat Energy 2018;3:792-9.

[113] Newbold T, Hudson LN, Hill SLL, et al. Global effects of land use on local
terrestrial biodiversity. Nature 2015;520:45-50.

[114] Marques A, Martins IS, Kastner T, Eisenmenger N, et al. Increasing impacts of
land use on biodiversity and carbon sequestration driven by population and
economic growth. Nat Ecol Evol 2019;3:628-37.

[115] Weinzettel ], Pfister S. International trade of global scarce water use in
agriculture: Modeling on watershed level with monthly resolution. Ecol Econ
2019;159:301-11.

[116] Lutter S, Pfister S, Giljum S, et al. Spatially explicit assessment of water
embodied in European trade: A product-level multi-regional input-output
analysis. Glob Environ Chang 2016;38:171-82.

[117] Rosa L, Chiarelli DD, Rulli MC, et al. Global agricultural economic water
scarcity. Sci Adv 2020;6:eaaz6031.

[118] Vallino E, Ridolfi L, Laio F. Measuring economic water scarcity in agriculture:
A cross-country empirical investigation. Environ Sci Policy 2020;114:73-85.

[119] Vallino E, Ridolfi L, Laio F. Trade of economically and physically scarce virtual
water in the global food network. Sci Rep 2021;11:22806.

Dandan Zhao graduated from Beijing Forestry Univer-
sity. She is a post-doc research fellow at the Department
of Built Environment, Aalto University in Finland. Her
research interest focuses on environmental input-
output analysis, water scarcity assessment, water
resource management, and water-food-energy nexus
under the changing nature-society systems.

Junguo Liu is a professor and president at the North
China University of Water Resources and Electric Power.
He has been elected as a member of the Swiss Academy
of Engineering Science (SATW), Academia Europaea
(The Academy of Europe), and appointed as a fellow of
the American Association for the Advancement of Sci-
ence (AAAS), the Royal Meteorological Society (UK). His
research interest focuses on water resources research,
ecological restoration, and environmental sustainabil-
ity.


http://refhub.elsevier.com/S2095-9273(24)00205-6/h0340
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0340
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0340
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0345
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0345
https://www.fao.org/faostat/en/#data
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0355
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0355
https://www.fao.org/aquastat/en/
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0370
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0370
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0370
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0375
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0375
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0380
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0380
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0385
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0385
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0390
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0390
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0395
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0395
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0400
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0400
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0405
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0405
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0410
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0410
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0415
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0415
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0415
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0420
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0420
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0420
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0425
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0425
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0430
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0430
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0435
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0435
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0445
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0445
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0450
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0450
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0450
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0455
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0455
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0460
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0460
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0460
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0460
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0465
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0465
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0465
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0470
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0470
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0480
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0480
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0485
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0485
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0490
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0490
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0495
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0495
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0500
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0500
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0500
https://www.who.int/news-+room/q-a-detail/one-health
https://www.who.int/news-+room/q-a-detail/one-health
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0510
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0510
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0515
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0515
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0515
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0520
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0520
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0520
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0535
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0535
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0535
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0540
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0540
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0540
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0545
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0545
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0545
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0550
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0550
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0555
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0555
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0560
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0560
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0565
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0565
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0565
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0570
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0570
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0570
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0575
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0575
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0575
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0580
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0580
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0585
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0585
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0590
http://refhub.elsevier.com/S2095-9273(24)00205-6/h0590

