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ABSTRACT

Livestock production has significant impacts on the environment, including due to the use of water. In this study,
we provide a spatially explicit estimation of livestock blue water use, by analyzing feed crop water use and live-
stock drinking water. For the past four decades, livestock water use has increased from 145 km?/year in 1971 to
270 km®/year in 2012 with an increasing trend of 1.36%/year. The proportion of livestock drinking water use has
remained relatively stable at around 10% of total water use attributable to livestock production. Several hotspots
of water use, including eastern China, northern India, US high plains, are identified in terms of the long-term av-
erages, while South America and Central Africa show the most rapidly increasing trends. In USA, climate change is

Keywords: found to contribute most to the changes in water use attributable to livestock, while feed cropping intensity and
Livestock land use change are the dominant driver in China and India, respectively. Though, in total, livestock water use
Water use makes a relatively modest contribution to the Planetary Boundary (PB) that has been proposed for anthropogenic
Feed crop water use (4000 km?>/year), we argue that this aggregate number is not particularly meaningful, so we identify
Global places where livestock is a major contributor to the unsustainable use of water, in northern India, part of the Mid-
Planetary boundary

dle East, Northern China and Central US. 7% of rivers where excessive water withdrawals mean that there is in-
sufficient residual flow to sustain the aquatic environment (which we take to be the local manifestation of a PB)
have been tipped over that boundary because of livestock farming, whilst in a further 34% of rivers, livestock
farming on its own exceeds the water PB. Our results provide new and more geographically specific evidence

about the impact that the meat industry makes on the PB for water.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Livestock production contributes 40% of value added by the agricul-
tural sector and one-third of humanity's protein intake (Steinfeld et al.,
2006), but at the expense of greenhouse gas emissions, pollution, and
land conversion and degradation (Foley et al,, 2011; Tilman et al,, 2011).
It is projected that global meat production could double by 2050s, and
sustainable boundaries of the environment are expected to be exceeded
(Pelletier and Tyedmers, 2010). Better understanding the environmental
issues associated with livestock production is therefore important for de-
fining the safe-operating planetary boundary (PB), which is fundamental
for targeted adaptation and mitigation strategies towards sustainable de-
velopment (Rockstrém et al,, 2009; Steffen et al., 2015).

Among various environmental and health problems associated with
livestock sector, freshwater use and related water problems have
attracted increasing attentions (van Breugel et al., 2010; Springmann
et al,, 2018). It is recognized that animal products are very water-
intensive (Mekonnen and Hoekstra, 2012), but little is known about the
geographical patterns of livestock water use and the potential exceedance
of water PB. Global hydrological models have been used as the major tools
for estimating the geographical patterns of human water use worldwide
(Alcamo et al., 2003; Pokhrel et al., 2012; Wada and Bierkens, 2014;
Leng et al., 2015; Hanasaki et al., 2018). However, these have not focused
specifically on the role of livestock, possibly because water withdrawals
for livestock drinking water are relatively small. Previous global modeling
efforts mainly focused on the simulation and analysis of irrigation water
use and its impacts on the hydrological and climate systems (Fischer
et al.,, 2007; Rost et al., 2008; Doll et al., 2012; Destouni et al., 2013;
Leng et al., 2013; Leng et al., 2014; Jdgermeyr et al., 2015).

Crops are used for various purposes including human consumed
food, animal feed, biofuels, and other non-food products (Cassidy
etal., 2013). Most of the blue water use along the supply chain of animal
products goes to the growing of feed crops (Steinfeld et al., 2006). It is
thus critical to differentiate feed crop water use from other purposes
to enhance our understanding of water problems associated with the
livestock sector. Addressing such issue is very important, given the
fact that animal-food based diet has become increasingly poplar with
growing populations and incomes, along with changing food prefer-
ences (Tilman et al., 2011). To date, however, globally explicit patterns
of feed crop water use are under-examined along with its drivers and
the impacts on water PB.

In this study, we fill the gap by providing a spatially explicit assess-
ment of global livestock water use accounting for both livestock drinking
water and feed crop water use, based on which the effects of livestock
production in exceeding the water PB are evaluated. Here our focus is
upon water that is withdrawn from freshwater sources - so-called ‘blue
water’ (Mekonnen and Hoekstra, 2012) - for livestock production. We
do not consider the rainwater that falls directly on pastures and arable
feed crops - so-called ‘green water’ - because this water use has, at
most, a marginal impact on freshwater scarcity. Specifically, we attempt
to address three scientific questions; 1) how much water has been used
for livestock production worldwide? 2) how different drivers have con-
tributed to the recent changes in livestock water use? 3) how livestock
water use has contributed to the exceedance of water PB? Through build-
ing a global modeling system, we identify the hotspots of livestock water
use and the induced water problems. This paper is organized as follows:
Section 2 introduces the dataset and methodology, Section 3 shows the
results, Section 4 discusses the limitation and uncertainties of this study
with conclusions made in Section 5.

2. Materials and methods
2.1. The Community Land Model

In this study, we use the Community land model version 5.0 (CLM)
to simulate global irrigation water use and river flow (http://www.
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cesm.ucar.edu/models/cesm2/land/CLM50_Tech_Note.pdf). CLM is the
land component of the Community Earth System Model (CESM)
(Hurrell et al., 2013). It includes a crop model (Drewniak et al., 2013)
coupled to the water, carbon and nitrogen dynamic processes, and al-
lows for comprehensive examination of climate-water-crop interac-
tions. At present, eight managed crop types (temperate soybean,
tropical soybean, temperate corn, tropical corn, spring wheat, cotton,
rice, and sugarcane) are explicitly represented within the model
(Badger and Dirmeyer, 2015; Lawrence et al., 2019), with crop physiol-
ogy and phenology algorithms derived from the AgrolBIS model
(Kucharik and Brye, 2003). In CLM, irrigation is activated when crop
leaf area index >0, and 3; < 1 (i.e. water stress limiting photosynthesis).
Irrigation water demand depends on current soil water content and the
target soil moisture, the latter of which is used for model calibrations
(Leng et al,, 2013; Leng et al., 2015). Comparing the simulated irrigation
water use against census data from 346 administrative regions indicate
that CLM after calibration can well reproduce the global patterns of irri-
gation water use (Leng et al., 2015). CLM also includes a river model
called the Model for Scale Adaptive River Transport (MOSART) (Li
et al,, 2013; Li et al., 2015). Therefore, CLM allows for examination of
water availibility constraint on irrigation water withdrawal in a coupled
modeling system.

CLM solves land surface water and energy balances through a sub-
grid hierarchy, and multiple plant functional types (PFTs) can exist in
one soil column (Oleson et al., 2013). In the default settings, all crops
are treated as unmanaged PFT. To activate the crop model, we partition
the unmanaged crop PFT into various managed and unmanaged crop
PFTs, with the fractions determined by the MIRCA2000 crop area map
(Portmann et al., 2010). Specifically, the 5 arc minutes irrigated and
non-irrigated crop areas are first resampled to the CLM grid, based on
which the ratio of a specific crop area (r;) to the total area is calculated
for each grid as:

A
A (1)

ri =

where A; is the crop area for crop type i. The ratios are used to partition
the original unmanaged crop PFT (PFTgeneric_crop) to specific crop PFT
(PFTcrop, i) by

PFT, crop,i — PFT, generic_crop X T (2)

The remaining crop area is treated as the unmanaged generic crop
PFT (PFTgeneric_crap’) by

PFT lgenericicmp = PFT generic_crop — ZP FT crop,i (3)
i

The crop PFTs are further divided into irrigated and non-irrigated
PFTs based on the ratios derived from Portmann et al. [2010] by:

PFTipy i = PFTcrop; * Airr i /Ai 4)
PFTnoirr,i = PFTcrop,i *Anoirr,i/Ai (5)

where Ao, ; and Ay, ; are the non-irrigated and irrigated areas for crop
i, respectively. And the global distribution of gridded irrigated fraction is
shown in Supplementary Fig. 1.

2.2. Gridded feed crop intensity and livestock intensity

At the field scale it is difficult to differentiate the crops that are used
for feeding animals from others, as the ultimate destination of some
crops is not necessarily known and there is not global tracking data at
this scale. We therefore used the Food and Agriculture Organization's
(FAO) Food Balance Sheets and trade statistics, which report crop pro-
duction, exports, and domestic allocations at the national level.
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Following Cassidy et al. (2013), 41 major agricultural crops are ana-
lyzed, and the allocations of crop production to human consumed
food, animal feed, biofuels, and other non-food products are quantified
by:

Crop allocation,,, = [production,.,—exports,,|
x domestic allocation, + exports. ,
x importing nations’ allocations, (6)

where Crop allocation,, , represents the crop uses c for a given nation n,
and importing nations' allocations is a crop specific global average use of
importing nations. Based on crop allocations, feed crop intensity is esti-
mated as the relative proportion of crop production going to animal
feed. The percentage fraction of crops used for feed is summarized in
Supplementary Table 1. Since global census data is only available at
the country scale, we are unable to quantify the within-country variabil-
ity of crop allocations. Here, the country-level crop allocations are
downscaled to the grid scale, assuming that grids within a specific coun-
try share the same allocation scheme.

We downscale the country-specific feed crop intensity to 0.5° using
the spatial distribution of gridded crop areas from the MIRCA2000 map
(Portmann et al., 2010). Country-scale livestock (cattle, buffalo, sheep,
goats, pigs and poultry) intensity statistics obtained from FAOSTAT are
downscaled to 0.5° according to the livestock density map (Robinson
et al.,, 2014) as shown in Supplementary Fig. 1. We acknowledge that
this approach of downscaling cannot reproduce the changes in the dis-
tribution within countries, but it reflects their large-scale temporal dy-
namics during the past decades.

2.3. Livestock water use and the drivers of its change

To estimate feed crop water use, we run the CLM for the period
1971-2012 at a spatial resolution of 0.5 degree to produce gridded esti-
mates of irrigation water use. The CLM model is driven with meteoro-
logical forcing following the protocol of the Inter-Sectoral Impact
Model Intercomparison Project (ISIMIP) (Warszawski et al., 2014),
with initial conditions obtained from our previous studies (Leng et al.,
2015). We limit our analysis to the year 2012 because the ISIMIP climate
forcing data and other input parameters into our global model are avail-
able until 2012. Irrigation water use of the croplands is simulated under
the fixed and transient scenarios. In the fixed scenario, land use patterns
including irrigated area are kept constant and irrigation is driven only
by climate variability. The transient scenario is the same as fixed sce-
nario but using time-varying land use maps provided by the ISIMIP.
The simulated irrigation water use is multiplied with feed crop intensity
to estimate feed crop water use. Livestock drinking water amounts are
estimated as a function of daily air temperature, following the approach
by Steinfeld et al. (2006), which are combined with the corresponding
numbers of livestock to estimate total livestock drinking water use.
Though the temperature-based algorithm is widely adopted in global-
scale modeling studies (Wada et al., 2014), we acknowledge that uncer-
tainties would be introduced, as livestock drinking water requirement
may be influenced by other factors besides temperature. However, we
believe it would not affect our overall conclusions since the share of live-
stock drinking water use in total livestock water use is minor.

To understand the changes in feed crop water use, we develop a sim-
ple attribution method to quantify the contributions of changes in cli-
mate (CC), land use (LU) and feed crop intensity (FI) to the change
rate of feed crop water use (FWU). This approach combines the vari-
ables of regional climate, land use and feed crop intensity in a causal re-
lationship to feed crop water use. Based on our definitions, livestock
water use can be regarded as the product of three variables:

FWU = CC x LU x FI (7)
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The proportional change rate of a quantity x(t) is defined as r(x) =
x~dx/dt. From Eq. (7), the change rate of FWU can be estimated as:

i “©\ (9 (F
_dt )} _ [ _dt _dt dt
(FWU) <cc) + (LU) * <F1) ®)

We then rewrite the proportional change rate of flood risk to:

r(FWU) = r(CC) + r(LU) + r(FI) 9)

Using annual time series of CC, LU and FI, we apply the above attribu-
tion method to quantify the contribution of each driver to the observed
change rate of FWU. The theoretical proportional change rate repre-
sented by the sum of the proportional change rates of CC, LU and FI
closely approximates the change rate of FWU. We first decompose the
trend in FWU into three factors: CC, LU and FI, and then calculate their
rates of change for a certain period using linear regression, which are
normalized by their corresponding mean values. The relative contribu-
tion of each driver is estimated as the ratio of its proportional change
rate to the proportional change rate of FWU during the same period.

2.4. Planetary boundary exceedance by livestock and non-livestock
water use

We examine the role of livestock water use in exceeding of planetary
boundary for water, and compare with that by the non-livestock water
use. The planetary boundary for water has been challenged (Gleeson
etal,, 2020) because water is essentially a renewable resource so the im-
pacts of human water use depend upon how much water is used, where
and when. We therefore adopt a location-sensitive metric of sustainable
water withdrawals. Following Gerten et al. (2013), we define the water
PB on the basis of environmental flow requirement (EFR) for maintain-
ing riverine ecosystems. The PB is considered to have been exceeded
when anthropogenic water withdrawals are so great that the flow left
in the river is less than the EFR. Here, we analyze three cases of the PB
being locally exceeded: (1) PB exceedance (i.e. non-livestock+ live-
stock water use > PB) with non-livestock water use > PB and livestock
water use < PB, which indicates the dominant role of non-livestock
water use in leading to the exceedance of PB; (2) PB exceedance (i.e.
non-livestock+ livestock water use > PB) with non-livestock water
use > PB and livestock water use > PB, which indicates the equal role
of non-livestock and livestock water use in leading to the exceedance
of PB; (3) PB exceedance (i.e. non-livestock+ livestock water use >
PB) with non-livestock water use < PB and non-livestock + livestock
water use > PB, which implies that the PB would not have been
exceeded without considering the role of livestock water use. We iden-
tify cases of non-exceedance of water PB (i.e. non-livestock + livestock
water use < PB). The non-exceedance of PB indicates the safe space for
water use, while case (1)-(3) demonstrate the relative roles of livestock
and non-livestock in leading to the exceedance of PB. Water availability
is estimated using the gridded annual runoff including surface flow and
subsurface flow from the groundwater layer. Non-livestock water use is
a combination of the non-feed crop water use simulated in this study
and the industrial and domestic water use provided by the ISIMIP. The
environmental flow requirement is estimated by multiplying the simu-
lated water availability with the monthly fractions of environmental
flow requirement produced by Pastor et al. (2014).

3. Results
3.1. Global livestock production and water use

Fig. 1 shows the temporal changes in global annual total and feed
crop production based on FAO census data. Though year-to-year fluctu-

ations are observed, global crop production has increased at an average
rate of 2.5%/year. Meanwhile, feed crop production has increased at an
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Fig. 1. Temporal changes in global annual total production of all crops (blue line) and feed
crops (red line) from FAO census data (http://www.fao.org/faostat/en/#data).

average rate of 1.86%/year, which is consistent with observed dietary
changes shifting from grains to those that contain a greater proportion
of meat, dairy, and eggs (Tilman and Clark, 2014; Godfray et al., 2018).
By 2012, global total annual feed crop production amounted to 2.44 Bil-
lion tones, requiring an estimated 258 km®> water use (Fig. 2). According
to our simulations, only 17.2km?>/year of freshwater was used for the
drinking purpose in 2012. During the past four decades, both feed
crop water use and livestock drinking water have exhibited a significant
increasing trend at a rate of 1.36%/year and 0.75%/year, respectively.
However, the share of livestock drinking water to the total livestock
water use remained relatively stable to be around 10%. Our estimates
are broadly consistent with previous studies, demonstrating the rela-
tively minor portion of livestock drinking water in livestock water use
(Steinfeld et al., 2006). This suggests that previous estimations of
water use of the livestock sector may have been largely underestimated,
as only drinking water is explicitly accounted for in the livestock sector
(Alcamo et al., 2003; Pokhrel et al., 2012; Wada and Bierkens, 2014;
Leng et al., 2015; Hanasaki et al., 2018).

Previous studies have suggested that livestock water use mainly
goes to feed crops, but it remains unclear about the geographical distri-
bution pattern, and how it has changed in the past. Here, we have iden-
tified hotspots of livestock water use in eastern China, northern India,
US central high plains (Fig. 3). India stands out as the top country in live-
stock drinking water, while China contributes the most of global feed
crop water use. Overall, the spatial distribution pattern of total livestock
water use is similar to that in feed crop water use, given its dominant
role in contributing to total livestock water use. For the past four de-
cades, an upward trend in livestock water use is detected for most of
the feed cropping and livestock growing areas. Despite low estimates
of long-term mean livestock water use, significant change trends are ob-
served in most of Europe, Africa and South American countries. In parts
of South Asia and Central Africa, livestock water use showed the largest
increase rate up to 3%/year, with India identified as the hotspot not only
in the long-term mean water use but also in its change rates.

For the globe as a whole, livestock water use has increased from
145 km?/year in 1971 to 270km>/year in 2012 with a change trend of
1.36%/year (Fig. 4), according to our simulations. Comparing the
changes in livestock water use under the time-varying and fixed scenar-
ios shows a more significant change trend under the scenario consider-
ing transient irrigated areas. This indicates that the historical increasing
trend of livestock water use is mainly driven by the increase in irrigated
areas. Specifically, when irrigation area is fixed around the year 2000,
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Fig. 2. (a) Temporal changes in livestock drinking water (km?>/year) and feed crop water
use (km?/year), and (b) their relative shares (%) of the total livestock water use.

the simulated livestock water use exhibits a much smaller change
trend at 0.73%/year, which is just half of the estimation under the tran-
sient conditions. In addition, comparing the estimations before 2000
and afterwards shows large differences in the detected change trends
between the two sub-periods, with the change rate before the year
2000 tends to double that afterwards. This suggests that the overall in-
creasing trend for the study period 1971-2012 is mainly contributed by
the substantial increase in livestock water use during the period
1971-2000, which is associated with substantial expansion of irrigated
area in developing countries.

3.2. Drivers of temporal changes in livestock water use

Fig. 5 shows the relative contributions of changes in climate, land use
and feed crop intensity to the observed change rate of livestock water
use for each country across the globe. It is found that climate change
contributes the most to the changes in livestock water use in US, North-
ern Europe, with slight positive contribution observed in China, India
and most of Africa (Fig. 5a). It is possible that recent climate change
characterized with a warming climate has resulted in increase of evap-
orative demand of crops, so irrigation was used increasingly to mini-
mize the negative climatic effects (Wada et al., 2013), thus leading to
overall increase in feed crop water use. Land use change featured with
a steady increase of irrigated areas (Supplementary Fig. S2) contributed
positively to the changes in livestock water use in most of major live-
stock producing countries such as US, China and India (Fig. 5b). The neg-
ative impacts of climate and land use in South America and Northern
Eurasian countries are due to the different sign of change trends be-
tween the two factors and livestock water use. Feed crop intensity has
exerted a downward trend during the past decades (Supplementary
Fig. S2), which led to an overall negative impact on livestock water
use in US, Canada, China and parts of southern Africa, but with positive
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effects observed in other countries. Overall, the analysis suggests that
recent changes in livestock water use are controlled by various factors,
with distinct patterns in their relative contributions at the country scale.

3.3. The implications for water planetary boundary

As one of nine planetary boundaries, the water planetary boundary
has attracted increasing attentions, but quantifications are mainly
based on the aggregated value of total human water use (Rockstrom
et al,, 2009; Steffen et al., 2015; Springmann et al., 2018; Gerten et al.,
2020; Gleeson et al., 2020; Zipper et al., 2020). Here, we identify
where and how livestock water use has contributed to the exceedance
of water PB, and compare with the role of non-livestock water use. It
is shown that livestock water use has contributed substantially to the
exceedance of water PB, though non-livestock water use dominates
the global patterns (Fig. 6). In central High Plains, south America, north-
ern India, livestock water use tends to exert comparable influence as
non-livestock water use in leading to the exceedance of water PB. In
summary, non-livestock water use alone has exerted the dominant in-
fluence in 68% of areas experiencing PB exceedance (case 1), while
both livestock and non-livestock have exceeded the PB in 25% of the
areas (case 2). Though relatively minor, the water PB would not have
been exceeded without considering the contribution of livestock
water use in the remaining 7% of the areas (case 3).

Fig. 7 shows the status of water PB from the perspective of annual fre-
quency. It is evident that more than 70% of years have experienced water
PB exceedance during the past decades due to human water use (Fig. 7a),
which is mainly contributed by non-livestock water use (i.e. case
1) (Fig. 7b). This is in line with the findings from the analysis of long-
term mean PB status, as revealed in Fig. 6. However, some new hotspots
tend to emerge when looking at the annual frequency of PB exceedance.
Spatially, livestock water use has played an equally important role in con-
tributing to the water PB exceedance in parts of US High Plains, Northern
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India, Northern China, Central Africa, South America, where the relative
frequency of case 2 to total water PB exceedance is up to 70% (Fig. 7c).
In areas including south China and Australia, about half of the water PB
exceedance would not have been experienced without considering the
role of livestock water use (i.e. case 3) (Fig. 7d). These new hotspot re-
gions are, however, masked out when looking at the long-term mean pic-
ture (Fig. 6), pointing to the importance of time scale for examining the
environmental issues induced by livestock water use. Overall, our results
suggest that livestock water use has already contributed substantially to
the water PB exceedance in several hotspot regions, which have great

implications for enhancing our understandings of water PB and thus guid-
ing sustainable development in the future.

4. Uncertainty and limitations

Livestock production impacts the aquatic environment in several
ways, potentially contributing to water scarcity, pollution and sedimen-
tation. This study represents the first global modeling estimation of live-
stock water use by explicitly considering both livestock drinking water
and feed crop water use, through a synthesis of available census data
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and a process-based land model. However, several uncertainties have to
be acknowledged when interpreting the results of this study.

First, our analysis of feed crop water uses and the related water is-
sues relies on the process model used for the simulation of irrigation de-
mand and water supply. The CLM model used in this study has been
widely validated and is able to reproduce reported administrative-
level irrigation water use (Leng et al., 2013; Leng et al.,, 2014; Leng
et al., 2015), though local scale uncertainty is inevitable. Validation of
river flow also indicates that the CLM performs well compared to obser-
vations (Li et al., 2015). Second, inherent uncertainty of grid-scale feed
crop water use is expected, since feed crop intensity is estimated at
the country-level without considering the spatial heterogeneity within
the countries. To examine the uncertainty from this regard is difficult,
as the only available world-wide data on crops used for various pur-
poses is from the FAO country-level reports. Third, various assumptions
of water supply have to be made when assessing the livestock induced
water issues (Van Beek et al., 2011; Liu et al., 2017). On the one hand,
neglecting non-renewable groundwater supply, water transfers be-
tween cells and rivers, and seasonality (Mekonnen and Hoekstra,
2016) would lead to overestimation of the water issues induced by live-
stock water use. On the other hand, assuming river water for the whole
year can be stored for use would, in contrast, result in underestimation
of water issues (Wada et al., 2011). These factors neglected in this study
would therefore cancel out each other to certain extent, but require fur-
ther investigations. Another important aspect of water supply uncer-
tainty lies in the fact that water supply in reality is not only regulated
by the natural water storage but also by the accessibility which is con-
trolled by various social-economic factors (e.g. infrastructure, prices).

Therefore, we acknowledge that estimation of water PB exceedance
induced by livestock water use should be improved in the future. De-
spite the above limitations, this study made a step forward by explicitly
quantifying feed crop water use globally, which could greatly
strengthen our understanding of livestock water use and enable the
spatially explicit assessment of water PB in the livestock sector.

5. Summary and conclusion

Previous quantification of water PB is mainly based on global total
human water use. However, unlike carbon emissions, it makes little
sense to measure water use at an aggregate global scale - it needs to
be assessed in relation to the amount of water that can be sustainable
withdrawn from a given freshwater body. For the globe as a whole,
the operating space for humanity remains safe, as the aggregate value
of human freshwater use (2508 km?/year, of which 275 km?®/yr is live-
stock water use) is lower than the threshold of 4000 km?/year proposed
by (Rockstrom et al., 2009). However, we find that water withdrawals
exceed sustainable levels in 8.65% of areas. In 59% of areas where the
water PB has thus been exceeded this was not due to livestock (i.e.
Case 1). Livestock water use alone is sufficient to exceed the PB in 34%
of areas, though the PB is also exceeded by non-livestock water use in
these locations (Case 2). In 7% of locations, livestock water use has
been responsible for tipping over the PB (Case 3).

Despite several uncertainties, this study advances previous estima-
tions of livestock water use by explicitly considering water use for
feed crops, diagnosing the drivers behind its changes and evaluating
its implications for water PB. Globally, livestock water use has exhibited
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which the annual frequencies of each PB case are calculated for the study period.

a significant increasing trend at a rate of 1.36%/year, and the change rate
before the year 2000 tends to double that afterwards. Our analysis dem-
onstrates that the water issues associated with livestock production are
spatially very variable. Several hotspots are identified including eastern
China, northern India, US high plains from the perspective of long-term
mean PB status. When looking at the annual frequency of PB exceed-
ance, however, new hotspots including south China, Australia and
Western US tend to emerge, where about half of water PB exceedance
would not have been experienced without considering the role of live-
stock water use. These environmental impacts can be felt far from
where animals are reared because feed crops, which account for about
90% of the water used in livestock production, are traded globally.
Using aggregate metrics of the water footprint of meat and dairy prod-
ucts is misleading, because water use for livestock farming needs to be
interpreted in the context of the amount of water that is available in dif-
ferent places, when other uses are also taken into account.

CRediT authorship contribution statement

Guoyong Leng: Conceptualization, Investigation, Data collection,
Methodology, Visualization, Writing - original draft, Writing - review
& editing. Jim W. Hall: Supervision, Conceptualization, Investigation,
Funding acquisition, Writing - original draft, Writing - review & editing
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This research was funded by the Wellcome Trust, Our Planet Our
Health (Livestock, Environment and People - LEAP), award number

205212/Z/16/Z. Guoyong Leng is also supported by the National Natural
Science Foundation of China (No. 42077420).

Appendix A. Supplementary information

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.144035.

References

Alcamo, J., Doll, P., Henrichs, T., Kaspar, F., Lehner, B, Rosch, T., Siebert, S., 2003. Develop-
ment and testing of the WaterGAP 2 global model of water use and availability.
Hydrol. Sci. J. 48, 317-337.

Badger, A.M., Dirmeyer, P.A., 2015. Climate response to Amazon forest replacement by
heterogeneous crop cover. Hydrol. Earth Syst. Sci. 19, 4547-4557.

van Breugel, P., Herrero, M., van de Steeg, ]., Peden, D., 2010. Livestock water use and pro-
ductivity in the Nile Basin. Ecosystems 13, 205-221.

Cassidy, E.S., West, P.C,, Gerber, ].S., Foley, ].A., 2013. Redefining agricultural yields: from
tonnes to people nourished per hectare. Environ. Res. Lett. 8, 034015.

Destouni, G., Jaramillo, F., Prieto, C., 2013. Hydroclimatic shifts driven by human water use
for food and energy production. Nat. Clim. Chang. 3, 213.

Déll, P., Hoffmann-Dobrev, H., Portmann, F.T., Siebert, S., Eicker, A., Rodell, M., Strassberg,
G., Scanlon, B.R,, 2012. Impact of water withdrawals from groundwater and surface
water on continental water storage variations. J. Geodyn. 59, 143-156.

Drewniak, B., Song, J., Prell, J., Kotamarthi, V., Jacob, R., 2013. Modeling agriculture in the
community land model. Geosci. Model Dev. 6, 495-515.

Fischer, G., Tubiello, F.N., Van Velthuizen, H., Wiberg, D.A., 2007. Climate change impacts
on irrigation water requirements: effects of mitigation, 1990-2080. Technol. Forecast.
Soc. Chang. 74, 1083-1107.

Foley, J.A., Ramankutty, N., Brauman, K.A,, Cassidy, E.S., Gerber, ].S., Johnston, M., Mueller,
N.D., O’Connell, C,, Ray, D.K., West, P.C,, 2011. Solutions for a cultivated planet. Nature
478, 337.

Gerten, D., Hoff, H., Rockstrom, J., Jdgermeyr, J., Kummu, M., Pastor, A.V., 2013. Towards a
revised planetary boundary for consumptive freshwater use: role of environmental
flow requirements. Curr. Opin. Environ. Sustain. 5, 551-558.

Gerten, D., Heck, V., Jagermeyr, |., Bodirsky, B.L, Fetzer, L., Jalava, M., Kummu, M., Lucht,
W., Rockstrom, J., Schaphoff, S., 2020. Feeding ten billion people is possible within
four terrestrial planetary boundaries. Nature Sustain. 1-9.

Gleeson, T., Wang-Erlandsson, L., Zipper, S.C., Porkka, M., Jaramillo, F., Gerten, D., Fetzer, L.,
Cornell, S.E., Piemontese, L., Gordon, LJ., 2020. The water planetary boundary: inter-
rogation and revision. One Earth 2, 223-234.


https://doi.org/10.1016/j.scitotenv.2020.144035
https://doi.org/10.1016/j.scitotenv.2020.144035
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0005
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0010
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0015
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0020
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0020
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0025
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0030
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0035
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0040
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0045
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0050
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0055
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0055
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0060
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0060

G. Leng and JW. Hall

Godfray, H.CJ., Aveyard, P., Garnett, T., Hall, J.W., Key, TJ., Lorimer, J., Pierrehumbert, R.T.,
Scarborough, P., Springmann, M., Jebb, S.A., 2018. Meat consumption, health, and the
environment. Science 361, eaam5324.

Hanasaki, N., Yoshikawa, S., Pokhrel, Y., Kanae, S., 2018. A global hydrological simulation
to specify the sources of water used by humans. Hydrol. Earth Syst. Sci. 22, 789.
Hurrell, J.W., Holland, M.M., Gent, P.R., Ghan, S., Kay, J.E., Kushner, P., Lamarque, ].-F.,
Large, W.G., Lawrence, D., Lindsay, K., 2013. The community earth system model: a

framework for collaborative research. Bull. Am. Meteorol. Soc. 94, 1339-1360.

Jagermeyr, ., Gerten, D., Heinke, ]., Schaphoff, S., Kummu, M., Lucht, W., 2015. Water sav-
ings potentials of irrigation systems: global simulation of processes and linkages.
Hydrol. Earth Syst. Sci. 19, 3073-3091.

Kucharik, CJ., Brye, KR,, 2003. Integrated Blosphere Simulator (IBIS) yield and nitrate loss
predictions for Wisconsin maize receiving varied amounts of nitrogen fertilizer.
J. Environ. Qual. 32, 247-268.

Lawrence, D.M,, Fisher, R.A., Koven, C.D., Oleson, K.W., Swenson, S.C., Bonan, G., Collier, N.,
Ghimire, B., van Kampenhout, L., Kennedy, D., 2019. The Community Land Model ver-
sion 5: description of new features, benchmarking, and impact of forcing uncertainty.
J. Adv. Model. Earth Syst. 11 (12), 4245-4287.

Leng, G., Huang, M., Tang, Q., Sacks, W.],, Lei, H., Leung, LR., 2013. Modeling the effects of
irrigation on land surface fluxes and states over the conterminous United States: sen-
sitivity to input data and model parameters. J. Geophys. Res.-Atmos. 118, 9789-9803.

Leng, G., Huang, M., Tang, Q., Gao, H., Leung, LR., 2014. Modeling the effects of
groundwater-fed irrigation on terrestrial hydrology over the conterminous United
States. J. Hydrometeorol. 15, 957-972.

Leng, G., Huang, M,, Tang, Q., Leung, LR, 2015. A modeling study of irrigation effects on
global surface water and groundwater resources under a changing climate. J. Adv.
Model. Earth Syst. 7, 1285-1304.

Li, H., Wigmosta, M.S., Wu, H,, Huang, M., Ke, Y., Coleman, A.M., Leung, LR., 2013. A phys-
ically based runoff routing model for land surface and earth system models.
J. Hydrometeorol. 14, 808-828.

Li, H,, Leung, LR, Getirana, A., Huang, M., Wu, H., Xu, Y., Guo, ]., Voisin, N., 2015. Evaluat-
ing global streamflow simulations by a physically based routing model coupled with
the community land model. J. Hydrometeorol. 16, 948-971.

Liy, J., Yang, H., Gosling, S.N., Kummu, M., Flérke, M., Pfister, S., Hanasaki, N., Wada, Y.,
Zhang, X, Zheng, C., 2017. Water scarcity assessments in the past, present, and future.
Earth’s Future 5, 545-559.

Mekonnen, M.M., Hoekstra, A.Y., 2012. A global assessment of the water footprint of farm
animal products. Ecosystems 15, 401-415.

Mekonnen, M.M., Hoekstra, A.Y., 2016. Four billion people facing severe water scarcity.
Sci. Adv. 2, e1500323.

Oleson, K., Lawrence, D., Bonan, G., Drewniak, B., Huang, M., Koven, C,, Levis, S., Li, F,, Riley,
W., Subin, Z., 2013. Technical Description of Version 4.5 of the Community Land
Model (CLM) (NCAR Technical Note No. NCAR/TN-503+ STR). Citeseer National Cen-
ter for Atmospheric Research, PO Box 3000.

Pastor, A., Ludwig, F., Biemans, H., Hoff, H., Kabat, P., 2014. Accounting for environmental
flow requirements in global water assessments. Hydrol. Earth Syst. Sci. 18,
5041-5059.

Pelletier, N., Tyedmers, P., 2010. Forecasting potential global environmental costs of live-
stock production 2000-2050. Proc. Natl. Acad. Sci. 107, 18371-18374.

Science of the Total Environment 760 (2021) 144035

Pokhrel, Y., Hanasaki, N., Koirala, S., Cho, J., Yeh, P.J.-F,, Kim, H., Kanae, S., Oki, T., 2012. In-
corporating anthropogenic water regulation modules into a land surface model.
J. Hydrometeorol. 13, 255-269.

Portmann, E.T., Siebert, S., Dll, P., 2010. MIRCA2000—Global monthly irrigated and
rainfed crop areas around the year 2000: a new high-resolution data set for agricul-
tural and hydrological modeling. Glob. Biogeochem. Cycles 24.

Robinson, T.P., Wint, G.W., Conchedda, G., Van Boeckel, T.P., Ercoli, V., Palamara, E.,
Cinardi, G., D'Aietti, L., Hay, S.I, Gilbert, M., 2014. Mapping the global distribution of
livestock. PLoS One 9, e96084.

Rockstrém, J., Steffen, W., Noone, K., Persson, A., Chapin, F.S., Lambin, E.F., Lenton, T.M.,
Scheffer, M., Folke, C., Schellnhuber, HJ., 2009. A safe operating space for humanity.
Nature 461, 472-475.

Rost, S., Gerten, D., Bondeau, A., Lucht, W., Rohwer, J., Schaphoff, S., 2008. Agricultural
green and blue water consumption and its influence on the global water system.
Water Resour. Res. 44.

Springmann, M., Clark, M., Mason-D’Croz, D., Wiebe, K., Bodirsky, B.L., Lassaletta, L., de
Vries, W., Vermeulen, S.J., Herrero, M., Carlson, K.M., 2018. Options for keeping the
food system within environmental limits. Nature 562, 519.

Steffen, W., Richardson, K., Rockstrém, J., Cornell, S.E., Fetzer, L., Bennett, E.M., Biggs, R.,
Carpenter, S.R., De Vries, W., De Wit, C.A., 2015. Planetary boundaries: Guiding
human development on a changing planet. Science 347, 1259855.

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M., Rosales, M., de Haan, C.,
2006. Livestock’s Long Shadow: Environmental Issues and Options. Food & Agricul-
ture Org.

Tilman, D., Clark, M., 2014. Global diets link environmental sustainability and human
health. Nature 515, 518.

Tilman, D., Balzer, C,, Hill, ], Befort, B.L., 2011. Global food demand and the sustainable in-
tensification of agriculture. Proc. Natl. Acad. Sci. 108, 20260-20264.

Van Beek, L., Wada, Y., Bierkens, M.F., 2011. Global monthly water stress: 1. Water balance
and water availability. Water Resour. Res. 47.

Wada, Y., Bierkens, M.F,, 2014. Sustainability of global water use: past reconstruction and
future projections. Environ. Res. Lett. 9, 104003.

Wada, Y., Van Beek, L., Viviroli, D., Diirr, H.H., Weingartner, R., Bierkens, M.F., 2011. Global
monthly water stress: 2. Water demand and severity of water stress. Water Resour.
Res. 47.

Wada, Y., Wisser, D., Eisner, S., Florke, M., Gerten, D., Haddeland, 1., Hanasaki, N., Masaki,
Y., Portmann, F.T., Stacke, T., 2013. Multimodel projections and uncertainties of irriga-
tion water demand under climate change. Geophys. Res. Lett. 40, 4626-4632.

Wada, Y., Wisser, D., Bierkens, M.F.P., 2014. Global modeling of withdrawal, allocation and
consumptive use of surface water and groundwater resources. Earth Syst. Dynam. 5,
15-40. https://doi.org/10.5194/esd-5-15-2014.

Warszawski, L., Frieler, K., Huber, V., Piontek, F., Serdeczny, O., Schewe, J., 2014. The inter-
sectoral impact model intercomparison project (ISI-MIP): project framework. Proc.
Natl. Acad. Sci. 111, 3228-3232.

Zipper, S.C,, Jaramillo, F., Wang-Erlandsson, L., Cornell, S.E., Gleeson, T., Porkka, M., Hayhd,
T., Crépin, A.S,, Fetzer, L, Gerten, D., 2020. Integrating the water planetary boundary
with water management from local to global scales. Earth’s Future 8, e2019EF001377.


http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0065
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0070
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0070
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0075
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0080
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0085
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0090
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0095
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0100
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0105
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0110
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0115
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0120
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0120
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0125
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0130
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0135
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0140
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0145
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0150
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0150
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0150
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0155
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0160
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0165
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0165
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0170
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0175
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0175
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0180
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0185
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0185
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0190
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0195
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0200
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0205
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0210
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0215
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0215
https://doi.org/10.5194/esd-5-15-2014
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0220
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0225
http://refhub.elsevier.com/S0048-9697(20)37566-5/rf0225

	Where is the Planetary Boundary for freshwater being exceeded because of livestock farming?
	1. Introduction
	2. Materials and methods
	2.1. The Community Land Model
	2.2. Gridded feed crop intensity and livestock intensity
	2.3. Livestock water use and the drivers of its change
	2.4. Planetary boundary exceedance by livestock and non-livestock water use

	3. Results
	3.1. Global livestock production and water use
	3.2. Drivers of temporal changes in livestock water use
	3.3. The implications for water planetary boundary

	4. Uncertainty and limitations
	5. Summary and conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary information
	References




