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quantification of green water availability and use: by excluding
ET from nonagricultural lands they underrepresent green water
availability (5) and by excluding the forestry sector they under-
represent green water use (18).

The objective of this study is to quantify the degree of human
appropriation of the world’s limited green water flow. We answer
three questions: What is the appropriation of green water by the
human economy, specified geographically? What are the geo-
graphically explicit limits to the human appropriation of green
water? Where are these limits approached or exceeded?

Regarding the first question, we estimate the human appro-
priation of green water flows as the sum of the green water
footprints (WF,) of crop production, livestock grazing, wood
production, and urban areas at a 5 X 5 arc-minute grid cell
spatial resolution. By doing so, we provide a more comprehen-
sive, spatially explicit estimate of the WF, of humanity than was
previously shown by Hoekstra and Mekonnen (8) (which in-
cluded crop production only).

Regarding the second question, the limits to the WF, are es-
timated at 5 X 5 arc-minute resolution by quantifying the maxi-
mum sustainable WF, (WF,,,) as the total available green water
flow minus the green water flow to be reserved for nature (22).
In estimating WF, , we consider agroecological suitability and
accessibility of land, biophysical constraints to intensifying land
use, and biodiversity conservation needs. For the latter, we sub-
tract the green water flow from land needed to support bio-
diversity, using a spatially explicit map of biodiversity conservation
areas to achieve the Aichi Biodiversity Target (ABT) 11—which
entails expanding the protected area network to at least 17% of
the terrestrial world by 2020 (www.cbd.int/sp/targets)—with maxi-
mum conservation outcome (26). In doing so, we innovate
upon ecological footprint studies, which do not account
for conservation needs in the assessment of “biocapacity”
(27, 28).

Regarding the third question, we present the global allocation
of the green water flow to human activities versus ecosystem
services and show the degree of human appropriation and
overshoot of the WF,,, on the level of 5 X 5 arc-minute grid
cells. Next, we assess green water scarcity (WS,) per country—in
a complementary way to common blue water scarcity indica-
tors—as the ratio of the national aggregate WF, to the national
aggregate WF,,, which reflects the degree to which the sus-
tainably available green water flow in a country has already been
allocated to human activities. In doing so, we make a contribu-
tion to the incorporation of green water in water scarcity
assessments.

Results

Human Appropriation and Overshoot of the Limited Green Water
Flow. Fig. 1 shows the allocation of the limited green water
flow to human activities and ecosystem services. About 22% of
the global green water flow is from land that is set aside for
nature so as to effectively achieve ABT 11, while 17% is from
nonutilizable lands that are too cold for cropping or grazing,
have too steep terrain slopes, or are far from human settlement
and infrastructure. The green water flow from the remaining
utilizable land (62%) is in part allocated to human activities and
in part to ecosystem services like habitat, climate regulation,
erosion control, and others (see refs. 29 and 30 for the full list of
ecosystem services and descriptions).

The WF, reflects the human appropriation of the green water
flow and is made up of 5.7 x 10° km® y ! for crop production
(58%), 2.9 x 10° km® y ' for livestock grazing (30%), 0.9 x 10°
km® y ! for wood production (9%), and 0.3 x 10° km’ y ' for
urban areas (3%). A spatially explicit map of the WF, of hu-
manity is included in SI Appendix, Fig. S1.

The WF,, is estimated at 18 x 10° km® y . Comparing the
global sum of WF, to the global sum of WF, ,, we find that 56%

Fig. 1. Allocation of the total green water flow from the terrestrial Earth surface (72 x 10% km?®y ). Values are in 1,000 km*y '. Arrows represent green
water flows from different sorts of land, as indicated by the labels. Overshoot amounts to 1.8 x 10> km*®y " and relates to overuse of green water resources in
crop production (0.9 x 10° km?y '), grazing (0.6 x 10> km*®y "), wood production (0.2 x 10® km?y '), and urban areas (0.1 x 10°> km3y ).
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be diverted and supplied to other locations. Blue water scarcity
(the competition over limited runoff) generally translates to re-
duced river flows and declining levels in groundwater, rivers, and
lakes, which affect ecosystems and people depending on these
flows and levels (11). The effects of increasing WS, (viz. in-
creased competition over limited ET) are not as visible as the
effects of increasing blue water scarcity. The reason is that green
water use does not change catchment hydrology as blue water
use does; green water use just means that a green water flow that
was available to natural vegetation before use has now been
reallocated to produce biomass for the human economy.

Trade-Offs Between Allocating Green Water to Humans Versus
Nature. The current allocation of green water is the result of
past land-use decisions, which entailed (implicit) considerations
of the trade-off between green water for mankind versus nature,
as referred to by Rockstrom et al. (20). Mostly, these decisions
have favored mankind. When natural vegetation was converted
to agricultural land, the green water flow was reallocated from
supporting biodiversity to supporting human food supply. This
has been accompanied by tremendous impacts on habitats and
biodiversity (69) with trillions of dollars in losses of ecosystem
service values (30). Since the green water flow is a limited re-
source in space and time, increased human appropriation of
the green water flow is at the cost of natural ecosystems. This
trade-off is always present, even when WF, remains below the
estimated WF, ..

We have estimated WF, ., considering agroecological suit-
ability and accessibility of land, biophysical constraints to in-
tensifying land use, and biodiversity conservation needs (based
on ABT 11; Materials and Methods). However, despite this solid
basis, limits to WF, are debatable to some extent, especially at
the local level. ABT 11 is a global target that calls for effective
conservation of at least 17% of the terrestrial world, especially
focusing on areas of particular importance for biodiversity and
ecosystem services, but without regional specification of this
target. We used the map by Montesino Pouzols et al. (26), who
mapped those areas of highest conservation value, thus repre-
senting an effective spatial configuration to achieve ABT 11.
However, different configurations are possible.

Despite uncertainties, we believe that our estimate of the WF 1,
of humanity is rather an under- than an overestimation, consid-
ering that some have argued for far more ambitious targets to
preserve vital ecosystems services (71), or even leave half of the
Earth to nature (72). Nevertheless, we recommend future work
that aims to improve upon our estimate of WS, to focus on better
estimates of the WF,,, in particular regarding the green water
flow that should be reserved for nature.
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Conclusions

We have mapped the WF, of the global economy and compared
it to maximum sustainable levels, considering green water re-
quirements to support biodiversity. We find that the total WF, of
humanity currently appropriates 56% of the world’s sustainably
available green water flow. About 18% of humanity’s WF,
overshoots local sustainable levels, by being located in bio-
diversity conservation areas needed to achieve ABT 11. By
expressing WS, per country as the ratio of the national aggregate
WF, to the national aggregate WF, ;,, we showed that countries
facing high WS,—thus having no or very limited potential
remaining to increase rainfed biomass production—are mainly
found in Europe, Central America, the Middle East, and
South Asia.

The world’s limited green water flow is shared by human so-
ciety and nature. By ignoring limits to human’s growing WF,—
driven by an increased demand for food, feed, fiber, timber, and
bioenergy—we risk further loss of ecosystem service values.
Green water is a critical and limited resource that should ex-
plicitly be part of any assessment of water scarcity, food security,
or bioenergy potential.

Materials and Methods

We estimated the human appropriation of the green water flow as the sum of
the WF4 of crop production, wood production, livestock grazing, and urban
areas at a 5 x 5 arc-minute grid cell spatial resolution, using estimates of WFq
of crop and wood production from Mekonnen and Hoekstra (73) and Schyns
et al. (34), and our own estimates on WFy of livestock grazing and urban
areas (details in SI Appendix).

Limits to the WF, are expressed by WFg ,, which we estimate at 5 x 5 arc-
minute resolution. To estimate WF, , we translate limits to land use into
limits to the use of the green water flow. We set aside the green water flow
(WFg,m = 0) from lands that should be maintained to support natural ter-
restrial ecosystems (details in SI Appendix), which is similar to the practice of
accounting for environmental flow requirements to support natural aquatic
ecosystems (74). We set aside lands (WFy , = 0) that have a protected status
(75) or have priority to receive that status to achieve the ABT 11. Priority
areas for protection, representing the most suitable 17% of the terrestrial
land for protection based on conservation value, were obtained from
Montesino Pouzols et al. (26) using the map for present land-use conditions.
Furthermore, we estimate WF, , based on agroecological suitability and
accessibility of land, and biophysical constraints to intensifying land use.
Therein, we distinguish between lands that are currently utilized to some
extent for agriculture, forestry, or urban areas, and those lands that are
nonutilized at the moment but do have the potential to be used considering
a range of constraints (details in SI Appendix).
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