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Over the last decades, consumptive water use and pollu-
tion have put increasing pressure on Earth’s freshwater 
resources1–3. In many parts of the world, overconsumption 

of freshwater resources has led to the depletion of rivers4, disap-
pearance of lakes5, declining groundwater levels6,7 and damage to 
freshwater species and ecosystems8–10. Freshwater scarcity is already 
a serious threat to sustainable development, as evidenced by the 
various global water scarcity studies11–17. Global water demand is 
expected to increase by 20–30% between 2010 and 205018. The main 
drivers behind this increase are population growth, dietary changes, 
increased use of biofuels and climate change, while the anticipated 
improvement in water use efficiency tempers the growing water 
demand16,19,20.

Issues of availability, use and management of freshwater have 
historically been addressed at local, national and river basin levels. 
More recently, however, there has been a growing acceptance that 
freshwater resources are subject to global changes and freshwater 
issues need to be addressed at the global level16,21–23. All countries 
trade water-intensive commodities and many are dependent on 
the import of water-intensive products from elsewhere to ease the 
pressure on their domestic water resources. However, few coun-
tries recognize the pressure they put on the freshwater resources 
of producing countries in the form of water depletion or pollution. 
Importing countries shift the environmental burden of agricultural 
production to regions that produce and export the products24–27. 
The need to analyse the link between human consumption in one 
place and the appropriation of freshwater resources elsewhere has 
led to the creation of the water footprint (WF) concept28. National 
consumption comes from domestic production as well as imported 
products. The water used to produce goods and services consumed 
domestically is referred to as the internal WF, and the water used 
in other countries and imported in a virtual form and consumed 
within the country is called the external WF.

The most commonly used WF assessment methods are the Water 
Footprint Network (WFN) approach and life-cycle assessment 

(LCA). The two methods are similar at the accounting phase but 
differ in how they assess impacts and communicate the result of the 
WF assessment29–32. In the LCA approach, the volumetric WF is mul-
tiplied by the water scarcity, resulting in a water-scarcity-weighted 
WF, which represents the impact of water use on the local environ-
ment. In the WFN approach, the starting point is the quantification 
of the WF, the identification of the location and vulnerability of the 
local water systems in which the footprint is located, and the quan-
tification of the contribution of each product to the violation of the 
environmental flows. Most of the LCA-based studies are conducted 
at the country level, with only a few at the global level33–36. Various 
studies have used the WFN approach to assess the WF of consump-
tion per country at the global level22,25,37–40, for a specific region41–44 
or country45–47. With the exception of Wang and Zimmerman40, 
none of these studies provides a thorough evaluation how the blue 
WF of consumption affects the freshwater systems of the produc-
tion site. The assessment of the sustainability of groundwater in 
agricultural production was the focus of other studies7,48–50. Dalin 
et al.48 carried out a detailed assessment of the virtual water trade, 
identifying the main crops and countries contributing to the deple-
tion of groundwater. Groundwater and nonrenewable groundwater 
contribute about 43% (ref. 51) and 12% (ref. 7) of the total global con-
sumptive irrigation water use, respectively. Thus, the Dalin et al.48 
study does not cover the full extent of the global unsustainable blue 
water use. Rosa et al.52 estimated the unsustainable irrigation water 
use and the associated global virtual water flows per country and 
per crop. Both Dalin et al.48 and Rosa et al.52 did not assess the WF 
of consumption per country and per product. Other studies focus 
on quantifying the virtual water flows at a global level without a 
sustainability assessment53–58. Hoekstra and Mekonnen59 carried out 
a detailed study for the UK, tracing the WF of consumption and 
measuring the sustainability and efficiency of all the different com-
ponents of the UK’s blue WF of consumption. Although this study 
traces and assesses the sustainability of the WF of consumption at 
high spatial and temporal detail, tracing the origin of production 
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crop by crop, its coverage was limited to the UK. The blue WF of 
a country located at a certain location is considered to be unsus-
tainable or environmental flow requirement (EFR)-infringing if the 
local blue WF exceeds the locally available water obtained as the 
difference between the natural runoff and the EFRs. In summary, 
previous studies were limited to a single country or region or, in the 

case of Dalin et al.48, focused on the groundwater alone (leaving out 
surface water, the major source of irrigation water).

Here we assess the country-specific fraction of the blue WF of 
consumption and virtual water trade that infringes the EFRs. We 
further assess which part of the EFR-infringing blue WF of each 
country’s consumption is internal and which part is external. Similar 

Table 1 | top 25 countries with a large eFr-infringing fraction relative to their total blue WF of consumption

Country Blue WF of 
consumption 
(km3 yr−1)

eFr-infringing blue WF of consumption Fraction of 
eFr-infringing 
blue WF

Main countries where the 
eFr-infringing blue WF is locatedWF (km3 

yr−1)
WF (m3 yr−1 per 
capita)

Percentage 
external

Turkmenistan 3.4 2.2 485 7% 66% Turkmenistan, 93%; Iran, 6%

Uzbekistan 9.0 5.9 238 10% 66% Uzbekistan, 90%; Iran, 8%

Pakistan 63 41 276 7% 65% Pakistan, 93%; Afghanistan, 2%; Iran, 
3%

India 230 149 142 10% 65% India, 90%; Iran, 6%; USA, 2%

Kazakhstan 5.7 3.4 226 10% 61% Kazakhstan, 90%; Russia, 4%; Iran, 
2%

morocco 6.0 3.6 123 24% 59% morocco, 76%; Spain, 6%; Syria, 6%; 
USA, 3%

mexico 19 11 111 46% 58% mexico, 54%; USA, 37%; Iran, 5%

Spain 13 7.6 187 26% 58% Spain, 74%; USA, 5%; France, 4%; Iran, 
4%; Portugal, 3%

Yemen 4.0 2.3 125 36% 57% Yemen, 64%; India, 14%; USA, 3%; 
Sudan, 3%

Libya 2.8 1.6 292 38% 57% Libya, 62%; India, 12%; Tunisia, 8%; 
Egypt, 5%; morocco, 3%; Spain, 3%

China 150 83 65 8% 55% China, 92%; USA, 2%

Portugal 3.7 2.0 195 59% 54% Portugal, 41%; Spain, 36%; France, 6%

Saudi Arabia 9.4 4.9 234 26% 52% Saudi Arabia, 74%; India, 5%; Pakistan, 
4%; USA, 3%

Turkey 17 8.8 132 42% 52% Turkey, 58%; USA, 8%; Turkmenistan, 
6%; Syria, 5%; Uzbekistan, 3%; Iran, 
3%; Egypt, 3%; Greece, 3%

mauritius 0.30 0.15 127 97% 52% Pakistan, 51%; India, 18%; Australia, 
13%; South Africa, 5%; mauritius, 3%

Syria 6.5 3.4 200 31% 52% Syria, 69%; Iran, 11%; USA, 8%

Iran 40 20 302 28% 51% Iran, 72%; Iraq, 9%; India, 6%; 
Pakistan, 6%

Haiti 0.67 0.34 39 76% 51% USA, 69%; Haiti, 24%

Eritrea 0.11 0.06 15 83% 51% USA, 44%; India, 19%; Eritrea, 17%; 
Turkey, 6%

USA 69 35 121 21% 51% USA, 79%; mexico, 9%

Dominican Republic 1.2 0.59 66 25% 51% Dominican Republic, 75%; USA, 23%

Jordan 1.2 0.62 126 63% 51% Jordan, 37%; USA, 10%; Iran, 9%; 
India, 8%; Egypt, 7%; Syria, 5%; 
Australia, 4%

Australia 4.18 2.10 108 22% 50% Australia, 78%; Uzbekistan, 8%; Iran, 
5%

Egypt 37 18 259 27% 49% Egypt, 73%; USA, 10%; Turkey, 8%

Kuwait 0.66 0.32 143 88% 49% Pakistan, 22%; India, 20%; Kuwait, 
12%; Iran, 11%; Saudi Arabia, 10%; 
Australia, 5%; Syria, 3%; USA, 3%

Other countries 246 83 30 54% 34%

Global total 943 491 81 22% 52%

Calculations refer to the 1996–2005 period.
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to the study by Hoekstra and Mekonnen59, our assessment tracks 
where crops have been produced and where they infringe the envi-
ronmental flows, ultimately identifying the crops responsible for the 
EFR-infringing blue WF of consumption and virtual water flows. In 
establishing the EFRs, we adopted the presumptive environmental 
flow standard or the 80% rule proposed by Richter et al.60. The 80% 
rule stipulates that the depletion of total runoff by more than 20% 
will pose risk to the functioning of the ecosystems60,61. Our analysis 
traces the origin of production by crop, identifying the critical prod-
ucts responsible for the EFR-infringing blue WF of consumption 
and virtual water flows for all countries in the world. The study cov-
ers 146 primary crops and processed products, livestock products 
and industrial products, and domestic water use for 174 countries 
over the period 1996–2005.

Blue WF of national consumption patterns
Our assessment shows that about 52% of the blue WF of global 
consumption comes from places where the blue WF exceeds the 
available blue water and infringes the EFRs. Consumption of 
agricultural products accounts for the largest share (96%) of the 
EFR-infringing blue WF of consumption, followed by domes-
tic water supply (2.5%) and consumption of industrial prod-
ucts (1.7%). Table 1 lists the countries that have a relatively large 
EFR-infringing fraction in their overall blue WF of national con-
sumption. The countries with a large fraction of EFR-infringing 
water use in relation to the products they consume are mainly 
located in the Middle East and North Africa (MENA) region, 
Central Asia and Southern Asia. Approximately 65–66% of the blue 
WF of consumption of Pakistan, Turkmenistan and Uzbekistan is 
located in areas where the blue WF infringes the EFRs. When we 
look at the EFR-infringing blue WF per capita, Turkmenistan with 
685 m3 yr−1 per capita comes at the top, followed by Iran (302 m3 yr−1 
per capita), Libya (292), Pakistan (276), the United Arab Emirates 
(268) and Egypt (259). The global average EFR-infringing blue WF 
of consumption was 81 m3 yr−1 per capita.

In total terms, India has the largest EFR-infringing blue WF of 
consumption, with a total EFR-infringing blue WF of 149 km3 yr−1, 
followed by China (83 km3 yr−1) and Pakistan (41 km3 yr−1). 
Approximately two-thirds of the EFR-infringing part of the blue WF 
of global consumption is related to the consumption of five coun-
tries: India (30%), China (17%), Pakistan (8%), the USA (7%) and 
Iran (4%). Figure 1 shows the total blue WF of consumption, the 
EFR-infringing percentage, the percentage of the EFR-infringing 
WF that is external and the main products contributing to the 
EFR-infringing blue WF for the 20 countries with the largest 
EFR-infringing blue WFs.

Consumption of wheat accounts for 29% of the EFR-infringing 
blue WF of consumption, followed by rice (17%), cotton (8%), and 
sugarcane and maize (each 6%). Domestic water supply and indus-
trial water use contribute 3% and 2% to the total EFR-infringing 
blue WF of consumption, respectively. Supplementary Table 1 pro-
vides a list of 20 crops with an EFR-infringing blue WF of consump-
tion and the main consuming and producing countries.

Crops produced for animal feed constitute 13% of the global 
EFR-infringing blue WF of the agricultural sector. Among animal 
feed crops, maize has the largest EFR-infringing blue WF, account-
ing for 40% of feed-related EFR-infringing blue WF, followed by oats 
(12%), wheat (12%) and fodder crops (9%). The USA and China 
each account for 17% of the EFR-infringing blue WF related to ani-
mal feed, followed by Egypt (7%), Pakistan (6%) and Spain (5%).

Globally, about 22% of the total EFR-infringing blue WF of con-
sumption lies outside the borders of the countries responsible for 
it. The extent to which countries externalize their EFR-infringing 
blue WF, however, varies. For Western European countries such 
as Germany, the Netherlands, the UK, Finland, Norway and 
Switzerland, 89–100% of the total EFR-infringing blue WF of their 
national consumption is outside their territory. For example, half 
of the EFR-infringing part of the Dutch blue WF is located in five 
countries: Pakistan (20%), the USA (13%), Spain (8%), France (5%) 
and India (4%). Hoekstra and Mekonnen59 already showed that over 
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Fig. 1 | relative contribution of countries to the total eFr-infringing blue WF of global consumption. Per country, the figure shows the total blue WF of 
consumption, the EFR-infringing percentage of the total, the percentage of the EFR-infringing blue WF that is external and the major products contributing 
to the EFR-infringing blue WF of consumption. The rectangles are sized on the basis of the EFR-infringing blue WF per country for 1996–2005.
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50% of the EFR-infringing part of the UK’s blue WF comes from 
six countries: Spain (14%), the USA (11%), Pakistan (10%), India 
(7%), Iran (6%) and South Africa (6%). Contrastingly, the external  

component of the EFR-infringing blue WF of consumption is 
below 10% for several countries, such as China, Pakistan and India, 
which all have a large EFR-infringing blue WF of consumption. 

France

EgyptChina

Blue WF of consumption (mm yr–1)

Mostly EFR-infringing Mostly non-EFR-infringing

SpainPakistan

MexicoJapan

ItalyIran

India

USATurkey

1.0–2.0>2.0 0.75–1.0 0.5–0.75 0.25–0.5 0–0.25 0–0.25 0.25–0.5 0.5–0.75 0.75–1.0 1.0–2.0 >2.0

Fig. 2 | Global blue WF associated with national consumption for selected countries. The light green to dark green shaded areas show the 
non-EFR-infringing and the yellow to red shaded areas show the EFR-infringing shares of the global blue WF of national consumption. The displayed 
countries are those with a large EFR-infringing blue WF of consumption for 1996–2005. The yellow to red areas in the figure show the hotspots; the supply 
of products from these places infringes the EFRs. As can be seen, national economies rely to various extents on imported products from places where the 
blue WF of production goes beyond the maximum sustainable level.
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Supplementary Table 2 provides the EFR-infringing blue WFs of 
consumption for a large number of countries.

Figure 2 shows the non-EFR-infringing and EFR-infringing 
parts of the global blue WF of national consumption for some 
selected countries. A number of countries use their freshwater 
resources partly violating the EFRs to produce for export and sup-
ply goods consumed in other countries. About half of the external 
EFR-infringing blue WF of the countries is located in four coun-
tries: the USA (21%), Iran (13%), India (9%) and Pakistan (8%).

International blue virtual water flows
About 43% (82 km3 yr−1) of the total international blue virtual water 
flows during the period 1996–2005 was at the expense of EFRs. Trade 
in cotton products, rice, wheat, sugarcane and soybean accounts for 
two-thirds of the EFR-infringing blue virtual water flows. Trade in 
industrial products accounts for 5% of the EFR-infringing blue vir-
tual water flows. The EFR-infringing blue virtual water flows for the 
top 25 importers and the top 25 exporters are presented in Table 
2. The top 25 importing countries contribute about three-quarters 
to the global sum of EFR-infringing blue virtual water imports and 
the top 25 exporting countries contribute 91% to the global sum 
of EFR-infringing blue virtual water exports. The USA is a top 

importer as well as exporter, accounting for 9% and 22% of the 
global EFR-infringing blue virtual water import and export, respec-
tively. The full list of countries with their EFR-infringing blue vir-
tual water import is provided in Supplementary Table 3.

Figure 3 shows the EFR-infringing blue virtual water flows 
among 16 global regions. Eastern Asia is the major importer 
of EFR-infringing blue virtual water, accounting for 15% of the 
global import, followed by Western Europe (12%), Northern 
America (12%) and the MENA region (9%). Northern America and 
Southern Asia are the major regions responsible for EFR-infringing 
blue virtual water export, accounting for 15% and 14% of the 
global EFR-infringing blue virtual water export, respectively. 
Supplementary Fig. 1 shows the EFR-infringing blue virtual water 
flows between countries.

discussion
This paper shows that countries’ current consumption patterns 
relate to the use of surface water and groundwater resources beyond 
the available blue water resources, thus infringing the EFRs. It also 
shows that large differences exist across countries regarding their 
fraction of EFR-infringing water use and the external fractions of 
this unsustainable water use. The total EFR-infringing blue WF 

Table 2 | eFr-infringing blue virtual water flows

Importing country Blue virtual water import 
(km3 yr−1)

Fraction of 
eFr-infringing 
blue virtual 
water import

exporting country Blue virtual water export 
(km3 yr−1)

Fraction of 
eFr-infringing 
blue virtual 
water export

total eFr-infringing total eFr-infringing

USA 17 7.7 46% USA 30 18 62%

mexico 9.1 6.1 68% India 14 8.7 62%

Japan 8.6 4.9 57% Pakistan 13 7.4 55%

China 8.2 4.1 50% Spain 7.6 5.0 67%

Italy 8.6 3.8 44% China 11 4.5 41%

Germany 9.1 3.7 40% Uzbekistan 6.0 4.3 71%

Russia 6.6 3.3 49% Australia 13 3.5 27%

Republic of Korea 5.1 3.1 61% Turkey 5.9 3.2 55%

France 6.5 2.9 44% mexico 5.2 3.2 61%

UK 6.5 2.6 40% Egypt 4.6 2.2 48%

Turkey 3.7 2.2 60% Iran 4.2 2.0 48%

Indonesia 4.0 2.1 53% Thailand 5.4 1.7 31%

Canada 3.7 1.9 53% France 5.7 1.2 21%

Spain 4.0 1.7 43% Greece 1.6 1.0 64%

United Arab Emirates 3.0 1.7 55% Syria 1.9 1.0 55%

Belgium 4.0 1.4 34% South Africa 2.2 1.0 44%

The Netherlands 3.6 1.3 36% Turkmenistan 1.3 0.9 70%

Bangladesh 2.1 1.3 63% Italy 3.0 0.8 27%

Saudi Arabia 2.4 1.2 50% Kazakhstan 1.5 0.8 52%

malaysia 2.2 1.1 49% morocco 1.4 0.8 53%

Portugal 1.8 1.0 57% Argentina 1.8 0.6 35%

Thailand 1.8 0.9 51% Tajikistan 1.8 0.6 35%

India 1.7 0.8 50% Canada 2.4 0.6 23%

Philippines 1.7 0.8 51% Cuba 1.0 0.6 59%

Pakistan 1.5 0.8 51% Sudan 1.3 0.5 37%

Others 66 20 30% Others 45 7.7 17%

Global total 192 82 43% Global total 192 82 43%

The table shows the EFR-infringing blue virtual flows for the top 25 countries with large EFR-infringing blue virtual water import and for the top 25 countries with large EFR-infringing blue virtual water 
export. Calculations refer to the 1996–2005 period.
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(491 km3 yr−1) is marginally smaller than the EFR-infringing irriga-
tion water consumption (569 km3 yr−1) calculated by Rosa et al.52. 
The difference in the number of crops included or the level of crop 
groupings and the models used may partly explain the difference 
between the two studies. Given increasing water demands due to 
the growing global population, the increasing demand for biofu-
els and the global dietary shift towards more water-intensive food 
items such as meat and dairy, and the expected reduced water avail-
ability in several dry places due to climate change, the pressure on 
freshwater resources is expected to get worse in the future16,62. This 
implies a potential risk to the economy of countries that rely on 
goods and services produced in water-scarce areas59. In particular, 
low-income countries are highly vulnerable to water scarcity. The 
current study shows the vulnerability of countries to increasing 
water scarcity and points at the need for mitigation and adapta-
tion measures; mitigation typically includes adopting lower-WF 
consumption patterns and increasing water productivity, whereas 
adaptation could involve the diversification of food sources to 
reduce supply risks.

Although we believe that the study provides a robust overview 
of how the blue WFs of nations contribute to the violation of envi-
ronmental flows, the uncertainty of the result may be high owing 
to the underlying data and inevitable assumptions. We mapped 
the external WF of national consumption per grid cell assuming 
proportionality between a country’s production areas and their 
contribution to total exports. This assumption does not differenti-
ate between subsistence farming (where all production is used to 
feed the family) or local community and large farms producing 
mainly for export, for example. Another limitation is our reliance 
on the water scarcity estimations from an earlier study15—which 
is state of the art but inevitably depends on rough estimates of 
the natural runoff and the EFRs per catchment, which are nec-
essary inputs to the estimation of the maximum sustainable lev-
els of water consumption per catchment. The environmental 
flow standard used in our 2016 water scarcity study was intro-
duced by Richter et al.60 to address the challenge of assessing the 
EFRs and is a precautionary boundary that should be refined per 
catchment through site-specific EFRs studies63. The result is very  

W
es

te
rn

Eu
ro

pe

W
es

te
rn

 A
si

a

Su
b-

Sa
ha

ra
n 

Af
ric

a

So
ut

he
rn

Eu
ro

pe

So
ut

he
rn

 A
si

a

So
ut

he
as

te
rn

 A
si

a

So
ut

h 
Am

er
ic

a

O
ce

an
ia

N
or

th
er

n 
Eu

ro
pe

N
or

th
er

n 
Am

er
ic

a

M
EN

A

Ea
st

er
n 

Eu
ro

pe

Ea
st

er
n 

As
ia

C
en

tra
l A

si
a

C
en

tra
l A

m
er

ic
a

C
ar

ib
be

an

Im
po

rte
rs

W
es

te
rn

 E
ur

op
e

W
es

te
rn

 A
si

a

Su
b-

Sa
ha

ra
n 

Af
ric

a

So
ut

he
rn

Eu
ro

pe

So
ut

he
rn

As
ia

M
EN

A

N
or

th
er

n
Am

er
ic

a

N
or

th
er

n 
Eu

ro
pe

O
ce

an
ia

So
ut

he
as

te
rn

 A
si

a

So
ut

h 
Am

er
ic

a

Ea
st

er
n 

Eu
ro

pe

Ea
st

er
n 

As
ia

C
en

tra
l A

si
a

C
en

tra
l A

m
er

ic
a

C
ar

ib
be

an

Ex
po

rte
rs

Fig. 3 | eFr-infringing blue virtual water flows between regions of the world. The sizes of the flows represent the relative volumes of the EFR-infringing 
virtual water flows for 1996–2005. The country groupings are given in Supplementary Table 5.
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sensitive to the EFRs assumptions. Compared to the current value 
of 80%, setting the EFRs at 90% and 60% leads to a 20% increase 
and a 28% decrease in the EFR-infringing blue WF, respectively. 
The Tessmann-modified64 seasonal EFRs (Supplementary Table 4) 
was used to assess its impact on the final outcome. The Tessmann64 
approach distinguishes between low, moderate and high flow pat-
terns to show variation in the EFRs over the season. Compared 
to the precautionary rule (80%), the use of the modified seasonal 
EFRs results in a 25% reduction in the EFR-infringing blue WF. The 
high sensitivity of the result to the defined EFRs demonstrates the 
need to define the EFRs in a way that reflects natural flows.

The final result is also very sensitive to changes in the blue WF. 
Changing the monthly blue WF by ±20% leads to a greater violation 
of the environmental flow (the EFR-infringing blue WF changes by 
±27%). However, the effect of a change in runoff is relatively small; 
a ±20% change in the monthly runoff leads to only a ±7% change 
in the EFR-infringing blue WF. As noted earlier by Mekonnen and 
Hoekstra15, the large spatio-temporal imbalance between the WF 
and water availability reduces the effect of runoff variation on the 
final result.

Conclusion
The current structure of the global consumption system—which 
increasingly relies on animal products—poses a threat to EFRs. Over 
the last few decades, international food trade and dependencies of 
a number of countries on food imports have increased substan-
tially65. Globalization implies the spatial separation of production 
and consumption, and the shifting of environmental burdens to 
producing countries. Further removal of trade barriers without 
internalizing the costs of water scarcity associated with traded prod-
ucts will probably increase global trade in water-intensive products, 
further shifting the environmental burdens from consumption to 
production areas. This shift is apparent in our quantification of the 
EFR-infringing blue WF of nations, which shows that a large num-
ber of countries externalized the environmental impacts of their 
consumption. The dependence of many countries on imported 
products raises concerns about their long-term food security65 and 
imported water risk59.

The study assesses the extent to which the global blue WF linked 
to countries’ national consumption is EFR-infringing, which inter-
national virtual water flows are EFR-infringing, and to which other 
places countries have externalized their EFR-infringing blue WF. 
By overlaying the global blue WF map of national consumption for 
each country with the monthly blue water scarcity map, we were 
able to identify hotspots and products that put the supply of each 
country’s products at risk in the long term. The findings of the cur-
rent study can form a basis for a more detailed assessment to iden-
tify the specific products that make considerable contribution to the 
EFR-infringing blue WF in the hotspot areas. Such a detailed assess-
ment would help to create the connection between the consumption 
of a product in one place and water problems in places far away 
from the place of consumption. Establishing such links will facilitate 
the dialogue on how to take and share responsibilities. It also helps 
to identify the potential water risks as shown in the recent work by 
the same authors for the UK59. Yet, further research is needed to 
fully understand the potential impacts of EFR-infringing water use 
on global food security, socio-economic opportunities and ecosys-
tem services.

It is necessary for countries to try to reduce their EFR-infringing 
blue water consumption and minimize their imported water risk. 
Reducing the EFR-infringing blue WF strongly depends on produc-
tivity increases66–68, reduced consumption of water-intensive animal 
products69,70 and reduced food waste69,71,72. High water productivity 
could be attained by closing the yield gap to attainable yields and 
reducing non-beneficial evaporation through mulching, deficit irri-
gation and proper nutrient management66,69,73–76. Another important 

strategy for reducing the EFR-infringing blue WF is through the 
reduction of waste along the food supply chain69,71,72,77,78.

Methods
For all countries in the world, the global blue WF of national consumption for the 
period 1996–2005 was quantified and mapped at 5-arcmin resolution on the basis 
of the database from Hoekstra and Mekonnen25. This was performed separately 
for different consumption categories (that is, for all crops and animal products 
consumed separately and for industrial products as one category). The blue WF 
of animal products was converted to the equivalent blue WF of the feed crops on 
the basis of the work of Mekonnen and Hoekstra79. To map the global blue WF 
of consumption of each country, we first differentiated between the internal and 
the external WFs specified per crop and for industrial products. The internal 
WF specified per crop was mapped (in m3 yr−1 per grid cell) by multiplying the 
internal WF per product (in m3 yr−1) by the fractional contribution of each grid cell 
to the national total WF of production of the specific crop. The external WF (in 
m3 yr−1) was mapped in two steps. First, we quantified the external WF related to 
agricultural products per trade partner country based on the relative import from 
different trade partners. Second, within each trade partner country, we mapped 
the external WF (in m3 per month per grid cell) by multiplying the external WF 
specified per crop (in m3 yr−1) by the monthly fractional contribution of each 
grid cell of the partner country to the national total blue WF of production of 
the specific crop in the partner country. The monthly fractional contribution of 
each grid to the national total monthly WF of production of the specific crop was 
derived as follows:

Fc;g;m ¼ WFc;g;m
WFprd;c;m

where WFc;g;m
I

 is the monthly production WF of crop c in grid cell g for month m 
(in m3 per month per grid cell) and WFprd;c;m

I
 is the total monthly WF of national 

production (in m3 per month) of crop c for month m. See Supplementary Fig. 1 
for details of the steps in assessing and mapping the EFR-infringing blue WF of 
consumption.

Similarly, the internal WF of industrial products of a country under 
consideration was mapped by multiplying the internal WF by the ratio of the WFs 
within the different grid cells (in m3 yr−1 per grid cell) to the total WF of industrial 
production (in m3 yr−1). For the external WF of industrial products, we multiplied 
the external WF per partner country by the ratio of the WFs within the different 
grid cells (in m3 yr−1 per grid cell) to the total WF of industrial production (in 
m3 yr−1) in the partner country. The monthly domestic and industrial blue WFs 
were derived by dividing the annual values at 5-arcmin resolution25 by 12 months.

For each country, the monthly global blue WF map of national consumption 
was overlaid on the global monthly blue water scarcity map. The blue WF of a 
country located in a certain place is regarded unsustainable or EFR-infringing 
if the blue water scarcity in that place (grid cell) exceeds 1, which reflects the 
condition that the local blue WF exceeds the locally available water, with the latter 
defined as the natural runoff minus the EFRs. The 30-arcmin monthly blue water 
scarcity15 was downscaled to 5 arcmin by assigning the 30-arcmin values to each of 
the thirty-six 5-arcmin grid cells contained in the 30- by 30-arcmin grid cell. The 
fraction of EFR-infringing blue virtual water import of a country from another 
country related to the import of a specific product was estimated by multiplying 
the virtual water import per country per specific product by the EFR-infringing 
fraction of the blue WF related to the production of that specific product in the 
source country.

In Mekonnen and Hoekstra15, the blue water scarcity was classified into four 
levels of water scarcity to show the degree of runoff modification and the severity 
of the water scarcity: low, moderate, serious and severe blue water scarcity. In 
the current study, the moderate, serious and severe blue water scarcity classes are 
interpreted as EFR-infringing. This is justified as the focus of the current study 
is not on finding the degree of environmental flow violation but on quantifying 
the volume of blue WF that is above the available blue water and violating the 
EFRs. Thus, we have grouped all three classes of water scarcity, where the blue 
WF is more than the available blue water, leading to moderate to serious runoff 
modification. The use of even divisions of water scarcity classes as in Brauman 
et al.14 instead of the discrete division of Mekonnen and Hoekstra15 would have 
avoided the need to group the different water scarcity classes into one. This 
evenly distributed set of water scarcity categories would have provided flexibility 
to interpret the threats posed by water scarcity to global food production and 
ecosystem services.

We did not include the blue WF of indirect inputs in agricultural 
production (such as fertilizers, machinery, irrigation water pumping energy and 
transportation energy) for two reasons. First, compared with the blue WF of 
agricultural products, the blue WF of indirect inputs is very small and will not 
change the overall conclusion of the study. Our recent study on the WF of biofuel 
production shows that the indirect blue WF of agricultural inputs plus transport 
accounts for just 1% of the blue WF of maize production and transport to the 
ethanol plant80. Second, the spatial allocation of the indirect WF is difficult for 
such a global analysis, as there are no spatially specified data showing the source 
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and destination of the energy inputs, agrochemicals and agricultural machinery 
for each country and crop.

data availability
Most of the data used in this study are available through the WaterStat Database of 
the Water Footprint Network (https://waterfootprint.org/en/resources/waterstat/). 
The other data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Code availability
The Python code used to automate the calculation of the EFR-infringing blue WF 
in the ArcGIS environment is available on request from the corresponding author.
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