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Human consumption of freshwater is now approaching or surpassing the rate at which water sources are |
ished in many regions, creating water shortage risks for people and ecosystems. Here we assess the impa
uses and their connection to water scarcity and ecological damage across the United States, identify prim
dewatering and explore ways to ameliorate them. We find irrigation of cattle-feed crops to be the greatest
water in the western United States, implicating beef and dairy consumption as the leading driver of water
imperilment in the region. We assess opportunities for alleviating water scarcity by reducing cattle-feed pr
that temporary, rotational fallowing of irrigated feed crops can markedly reduce water shortage risks and |
sustainability. Long-term water security and river ecosystem health will ultimately require Americans to cc
depends on irrigated feed crops.

sands of yeard\s population centres grow and farmlandsder the US Endangered Species Act, water regulators have been

expand, freshwater consumption typically increases ufdilced to curtail water use for irrigation in some watersheds, ead
renewable water supplies are fully utilized (for example, in Fig. 1ing to severe political controversy and economic hardshipThe
at this point, water users and freshwater ecosystems become highlyual cost of recovering Endangered Species Act-listed fish species
vulnerable to water shortages during drier périddistorically, (more than US$800 million per year) now exceeds expenditures for
water shortages had local causes and consequences, involving alhlgther animal and plant groups combiried
the communities that were directly dependent on an overused riverWater shortages have increased in both frequency and geographic
or aquifer. Today, however, with trade networks encircling the glektgnt in the US and globafty. However, some recent water short-
demand for asparagus in the United Kingdom can contribute to thges have begun to stimulate policy responses. A severe drought in
depletion of an aquifer in the Peruvian desamhd water shortages California during 2012-2016 led to record levels of river and aquifer
in the Central Valley of California can affect the availability and pifiggletion across the state and US$2.7 billion in agricultural losses in
of almonds and pistachios imported into the European Elnion 2015 alone, provoking mandatory state-wide water use reductions

Climate change exacerbates water shortages by affectingabdttegislation requiring preparation of sustainable groundwater-
water supplies and water demands. Higher temperatures increamsgement plafis® In recent decades, water extractions from
evapotranspiration, reducing aquifer recharge and watershed ruthe Colorado River have exceeded total river flow, causing rapid
off®. For example, Udall and Overpeck attributed one-third of recdapletion of water-storage reservoirs (Fig. 1). In response, state and
declines in Colorado River flows (19% below average during 208€deral water agencies are preparing demand-management plans to
2014) to temperature increasdsie Intergovernmental Panel ostabilize reservoir levels and avoid mandatory reductions in water
Climate Change expressed high confidence that irrigation—ttieliveries to states sharing the basin’s Water
largest water-using sector globally—will increase in coming decaddsor water-management plans and policies to succeed, they need
due to increased evapotranspirafion sufficiently detailed and accurate information that can enrich under-
Human-induced depletion of river flows has deleteriously standing of the causes of water shortages and help guide decisio

affected freshwater species and ecosystems across thé*gie making around potential solutions. Here we assess river flow deple-
is a leading cause of fish imperilment in the Y& Richter et al> tion across the US, identify direct and indirect drivers of this deple-
documented that 62% of sub-watersheds in the western US contain, and assess options to reduce vulnerability to water shortages.
at least one species endangered by flow depletion, with a total of 3&Ur findings led to closer examination of the water use and eco-
plant and animal species affected, including two-thirds of all natil@gical impacts associated with irrigation of cattle-feed crops. We

W ater shortages have afflicted human societies for flbuspecies in the Colorado River basin. To protect species listed
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35 370 at the scale of HUCS8 sub-watersheds and then attribute that deple-
tion to specific water uses and ecological impacts.
360 Irrigated agriculture clearly has a dominant influence on river
flow depletion across the western US (Table 1). More specifically,
irrigation of cattle-feed crops (including alfalfa and grass hay and
haylage, corn silage and sorghum silage) is the single largest con
sumptive user at both regional and national scales, accounting for
23% of all water consumption nationally, 32% in the western US and
55% in the Colorado River basin. Correspondingly, our hydrologic
modelling reveals that cattle-feed irrigation is the leading driver of
flow depletion in one-third of all western US sub-watersheds; cattle-
20 feed irrigation accounts for an average of 75% of all consumptive
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 use in these 369 sub-watersheds. During drought years (that is,
Year the driest 10% of years), more than one-quarter of all rivers in the
western US are depleted by more than 75% during summer months
Fig. WWater availability and use in the ColoradoRiverchzsin.(Fig. 2 and Supplementary Fig. 2) and cattle-feed irrigation is the
century, consumptive water uses in the basin increased steadily, to the pdmtgest water use in more than half of these heavily depleted rivers.
that annual consumption exceeded total river flows in 75% of years from An important caveat to these results is that inter-basin transfers
2000-2015. This over consumption has dried the river at its delta in Mexiddf water (IBTs) were not included in our nationwide analysis due to
and progressively depleted major storage reservoirs in the basin, including lack of contemporary data describing IBTs at the national 8cale
Lake Mead, posing severe risk of water shortage. All variables are portray&is shortcoming does not affect our findings with respect to the
as three-year running averages. Data source: US Bureau of Reclamation.consumption of water by various sectors, but it can lead to mislead-
ing conclusions about river flow depletion in some sub-watersheds
because their water availability can be altered by imports or exports
of water. As discussed later, we evaluate the influence of IBTs in the
pinpointed locations where these crops were being grown and reaghtext of the Colorado River basin.
elled their associated depletion of river flow in local sub-watersheds.
We then conducted an international supply-chain analysis to ideecological consequences of flow depletion
tify the locations where cattle-feed crops are transported and whereer flow depletion is a leading cause of aquatic species imper-
the resulting beef products are consumed, thereby linking end cdment in the US, particularly for fiSH' In addition to direct
sumers of beef to effects on rivers. We subsequently explored trdepletions of river flow by water diversions, pumping of shallow
benefits and consequences of reduced feed-crop productiongemthdwater near rivers can reduce baseflow discharge to rivers.
beef consumption through the lenses of water security, river ecosy$¥e adopted an approach analogous to species-area modelling to
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tem health, food security and agricultural economies. evaluate one important aspect of ecological degradation:- we esti
mated fish species losses to flow depletion at the sub-watershed
Key drivers of water shortages (HUCS8) scal&?% While this approach does not consider other

Following Brauman et al, we use a simple water depletion indexhuman disturbances (for example, water quality and habitat frag-
(consumptive use/total renewable water) for assessing both maehtation), or invasive species effects, native fish richness shows
nerability to water shortages and the likelihood of impacts @onsistent and predictable declines with losses in average flow mag-
freshwater species due to reduced river flow. This depletion indesitudes®?' Using a regionally explicit predictive model relating nat-
reveals the proportion of annual renewable water supplies that aneal summer flow magnitude with fish species richness<0.80),
consumptively used within a given area and time period. Dwe éstimate the implications of summer flow depletion on the per-
limitations of their hydrologic model (WaterGAP3), the Brauman centage of fish species potentially lost from each watershed (Fig. 3).
study was able to calculate only a lumped depletion index for eadls expected, patterns of impacts to fish richness closely mirror the
watershed that combined surface and groundwater consumgionmer flow depletion maps in Fig. 2.
Given our interest in depletion of river flow and impacts to riverine We estimate that summer flow depletion (from all sources) is
species, we selected the water supply stress index (WaSSI)-ecosgstially responsible for nearly 1,000 instances of increased risk of
tem services model, which can simulate the hydrologic impact ofocal extinction of fish species from watersheds in the western US
extractions from surface water and groundwater sources separat€lypplementary Fig. 3). Of these, 690 (70%) are estimated to hav
as well as hydrologic interactions between river flow and groundeccurred primarily due to irrigation of cattle-feed crops. On the basis
water*?* WaSSI operates on a monthly time step at the eight-digif species conservation status and trait information, we further trans
hydrologic unit code (HUC8) sub-watershed scale. There are 2,08 local extinction instances to global imperilment risk. We estimate
HUCS8 sub-watersheds in the conterminous US, with a mean arethaif 60 fish species in the western US are at elevated risk of imperil-
3,750 krh(ref.?9). ment or extinction due to flow depletion, and that 53 (88%) of these
Our WaSSI modelling enabled us to connect water use to riveare primarily due to irrigation of cattle-feed crops (Supplementary
flow depletion, and to link that depletion to specific sectors of walkkég. 4). These estimates closely align with empirical evaluations of fish
use and ecological impacts. We find summer depletion levedpeities imperilment in the western US from flow alter&tions
be much greater than annual averages, more severe for 2001-2018dverse ecological impacts in river systems result from multi-
than for 1961-2015, and most severe during the driest 10% of yeéesanthropogenic stressors, often with synergistic effects. This is
(Supplementary Fig. 1). Consistent with recent analysiwe also particularly the case for flow reductions and water-quality impacts;
find river flows to be much more depleted in the western hmlmah-induced flow reductions can concentrate problematic nutri-
the conterminous US, that is, in the 17 states lying on or west ofénéand chemical conditions, leading to eutrophication or depleted
100th meridian (Fig. 2). While these results are unsurprising, givexygen levels that are hazardous to fish and other aquatic organ-
the strong latitudinal gradients in precipitation and use of irrigatiaems. Flow alterations can also shift competitive advantages to non-
across the country (Table 1), this represents a first attempt, to owative, invasive species introduced into the aquatic system; this is
knowledge, to comprehensively quantify and separate flow depletidely recognized as a serious problem in western US'fivers
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Negligible depletion
[ <20% depletion

21-50% depletion

51-75% depletion
I >75% depletion

Fig. 2Depletion of river flow across the uS during sunimet/menths.states experience much higher levels of depletion during July to
September than eastern states, owing to lesser precipitation and greater use of irrigation in the western states. a, Summer depletion during the 2001-2015
model simulation. b, Summer depletion in the driest 10% of years during 1961-2015.

Table IClonsumptive use of water, by sector and crop type

Sector Conterminous united States 17 western states Colorado River Basin
Consumption Percentage of Consumption Percentage of Consumption Percentage of
(10 ni yr) total consumptidh® n? yr") total consumptidh® nt yr’) total consumption
Domestic, self-suppliedi,194 1 444 1 38 1
Domestic, public supplg,274 7 4,795 6 853 12
Commercial and industtigh66 12 4,298 5) 319 4
Thermoelectric power 4,481 4 1,248 1 254 4
Crop irrigation 90,546 75 72,737 86 5,668 79
Alfalfa hay and haylage 16,905 14 16,873 20 2,689 37
Other grass hay and haylage7,262 6 7,065 8 1,130 16
Corn silage 3,406 & 3,328 4 154 2
Corn grain 16,177 13 13,100 15 161
Wheat 5,924 5 5,822 7 180 3
Cotton 7,287 6 5,667 7 774 11
Soybeans 9,079 7 3,368 4 © ©
Rice 6,756 6 2,527 3 8 8
Almonds 1,943 2 1,943 2 o g
Potatoes 1,555 1 1,465 2 © ©
Barley 1,268 1 1,264 1 106 1
Other crops 12,985 11 10,315 12 474 7
Livestock watering 2,519 2 1,379 2 53 1
Mining 50 0 21 0 2 0
Total 121,530 100 84,922 100 7,187 100

sEstimates for the Colorado River basin include only uses within the basin and do not include water exports from basin, reservoir evaporation or natural losses, which are inchéAltaifantteg.ahd

haylage, grass hay and haylage, and corn silage are cattle-feed crops; sorghum silage is a fourth cattle-feed crop assessed in this study, but its consumptive water use is negligible at these geographic scale
“These crops are included as ‘other crops’ for the Colorado River basin because their percentages of total consumption were less than 1%. In the ‘Sector’ column, bolded entries are major categories of wate
use and unbolded entries are sub-categories.

Whose burgers are driving water scarcity? the geographic distribution of food production by using the

In order to gain a fuller understanding of the ultimate driv-Freight Analysis Framework (FAF) developed by Oak Ridge

ers of river depletion and ecological degradation, we traced National Laboratory? to map both the domestic and interna-

the transport of irrigated feed crops and the beef produced tional transfers of virtual water associated with trade in irrigated

from them, enabling us to identify whose burgers (and steadaffle-feed crops as well virtual water consumed as beef (Fig. 4
are causing river depletion in the western US. We assessed and Supplementary Table 1).

NATuRe SuSTAINABILIVOL 3 | APRIL 2020 | 319-328 | www.nature.com/natsustain 321



Articles NATUre SUSTAINAbIL

and economic growth®. Many cities such as Denver and Los
Angeles—both of which draw much of their water supply from the
Colorado River via IBTs—have been able to lower their total water
use by more than 20% over recent decades even while their popula-
tions have increasé&d Additionally, consumptive water use in irri-
gated agriculture has declined at the national level since 995
the Supplementary Information, we discuss the success of two large
irrigation districts in California that have lowered their annual con-
sumptive use by one-third, on average. However, given that many
water sources across the western US have been severely depleted for
decades and remain so today (Figs. 1 and 2), much greater effort in
reducing water consumption will be needed to improve water secu-
X rity and ecological health.
o oDl 1059 ‘ ‘ One strategy that is increasingly being applied in the western
—070 10SS . . . . . . . .
6-10% loss US for reducing water shortage risk is offering financial incentives
11-25% loss for the voluntary, temporary, rotational fallowing of farmland as
B >25% loss a means for reducing consumptive water use. We sought to better

Fig. 3¢stimated local eradication of fish species from sub-wua %‘?&ﬂéﬂg the Wa.ter-savmg potential qnd cost of thesg fallowing
A programmes, leading us to conduct an in-depth analysis of two of
due to summer flow depletion ifilthenaSshows the percentage

of native fish species estimated to be eradicated from each sub-watersheéhe Iargest ongomg fgllowmg programme_s |n_the V\_/es_tern US, which
) L o are taking place within the Palo Verde Irrigation District and the
according to our predictive model. Model predictions are based on

depletions of summer flow during the 2001-2015 modelling period. Impenal.lmg?tlon District in southern Ca"fo'.m'a’ our findings are
summarized in our Supplementary Information. While many water-
saving options are available to both cities and fafmee focus on
agricultural demand management because irrigated agriculture is
Nearly all US cattle-feed crops requiring irrigation are grdwyriar the dominant water-consuming sector. And while there are
in the 17 western states. We estimate that two-thirds of the cattlenany ways to reduce consumptive water use in irrigated agriculture,
feed being irrigated from western US rivers ends up as beef prodhicluding improved irrigation equipment or scheduling, fallowing is
ucts, with the remainder going to dairy products. The areas of thquickly gaining popularity across the western US as a water-saving
western US most heavily dependent on rivers to irrigate cattle-fesgproach largely because: on a per-hectare basis it is at least twice
crops are shown in Fig. 4a and Supplementary Fig. 2. The patteass effective as other strategies for reducing water consfimption
in these figures mirror our depletion maps in Fig. 2 to some degmeaning that it would require twice as much area for implemen-
because irrigation of cattle-feed crops is the dominant water contation of other strategies; farmer incomes can be enhanced when
sumer in the western US. Half of all irrigated cattle-feed crops areompensated with fallowing payments; it can be implemented inter-
transported out of the county of origin; as of 2012, 8% of these cnaiftently and on a voluntary and rotational basis on a single farm
were being exported outside of the US for beef production in other among farmers within an irrigation district; capital requirements
countries (primarily to Canada, Japan, South Korea and Mexico)are minimal; it maximizes water savings on farmland by eliminat-
In recent years, exports to China have increased substantially, cagsirrigation; and resultant water savings are easier to calculate and
ing total cattle-feed exports to rise to 10-12% of total productionmonitor compared with other measures such as deficit irrigation or
(https://www.ers.usda.gov/webdocs/DataFiles/51875/MeatSDF uifrigation scheduling. Our focus on fallowing here should be taken
xIsx?v=5810.6). not as a recommendation, but rather as an illustration of how water
The resultant virtual water consumption associated with tsaghrcity can be markedly alleviated.
consumption is shown in Fig. 4b—d. More than 90% of all beef
consumed in the US is produced internally; only about 10%Colorado River basin case study
US beef production is exported internationally (Fig. 4b). In e scope and location of fallowing programmes will need to be
US, consumption of beef grown on river-irrigated feed cropsaiefully targeted to avoid effects on food security while securing
highly concentrated in large urban metropolitan areas, as wibeldolumes of water in the places where they are needed, includ-
be expected (Fig. 4c); the top five consumption centres include ling restoration of environmental flows for freshwater species. Here
Angeles-Long Beach (CA); Portland-Salem (OR); Denver-Aurovee illustrate how such targeting might be undertaken, using the
(CO); San Francisco—Oakland-San Jose (CA); and Seattle-Tac&@ukrado River basin as an illustrative example. In this example,
(WA). On a per-capita basis, other consumption centres beconsstent with policy discussions currently underway, we assume
important, with Laredo, Texas topping the list, followed by that water saved through fallowing programmes in the basin will
Portland (OR) (Fig. 4d). We were also able to identify the largessimply be allowed to remain within the river system, rather than
consumers of beef produced from cattle feeds irrigated in specifioe transported elsewhere for consumption. Instead, the saved water
river basins, enabling us to document, for example, that beef eatsils flow into Lake Mead and Lake Powell, the main sterage res
in Los Angeles-Long Beach (CA), Denver-Aurora (CO) andeSairs in the river system, to reduce the likelihood of mandatory
Francisco—Oakland-San Jose (CA) are most responsible for watartailments of Colorado River use.
scarcity related to cattle-feed production in the Colorado RivelWe first assessed the influence of cattle-feed crop irrigation and

basin (Supplementary Table 1). IBTs on summer flow depletions in the Colorado River basin during
the 2001-2015 simulation period (Supplementary Table 2). Fhe riv
Seeking solutions to scarcity er’s natural summer flow is abruptly depleted in the headwater sub-

Successfully reducing the risks of water shortages and frestvatdesheds by large IBTs that divert nearly 20% of the natural flow
species imperilment in the US will require concerted effort by all through the Rocky Mountains (Fig. 5), delivering water to Denver
water users to reduce their consumptive use. The US has madearadaether ‘front range’ cities in Colorado. The impact of these
ble progress in reducing overall water withdrawals in recent dechéeslwater IBTs is attenuated in a downstream direction as tribu
returning to pre-1970 levels despite an increasingpopulation tary inflows enter the Colorado River mainstem, but their effects
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Total water (m® yr-') 25,000,001-100,000,000 Total water (m® yr™) 5,000,001-20,000,000

B Negligible 100,000,001-200,000,000 I Negligible 20,000,001-50,000,000

[ 5,000,001-25,000,000 [ 200,000,001-500,000,000 [ 1,000,001-5,000,000 % 50,000,001-100,000,000
= >500,000,000 I >100,000,000

Total water (m®yr™) 20,000,001-50,000,000 Per capita water (m® yr™') 10.01-20.00

B Negligible % 50,000,001-100,000,000 B Negligible I 20.01-50.00

I 1,000,001-5,000,000 N >100,000,000 [ 1.01-5.00 . >50
5,000,001-20,000,000 5.01-10.00

Fig. 4 Consumption of irrigation water sourced from western uS rivers and used in producing cattlexfeled creps angditheef.
water consumed in producing cattle-feed crops. b, Irrigation water virtually embedded in beef consumption globally. ¢, Irrigation water virtually embedded
in beef consumption domestically. d, Irrigation water virtually embedded in per-capita domestic beef consumption. The western US accounts for 99% of
irrigated cattle-feed crops in the country and more than 90% of beef consumed in the US is produced internally.

persist far downstream. As mentioned previously, depletions dué\fe explored a range of fallowing scenarios in which we temporarily
IBTs are not yet accounted for in other river basins in our WaSStake varying proportions of the cattle-feed crops in the Colorado River
hydrologic model; their eventual inclusion may change the deplebasin out of production to evaluate potential increases in summer river
tion status of some watersheds that are either donors or recipierftswfand reductions in our depletion index. We assessed how much
these IBTs (see Supplementary Fig. 6 for the influence of IBTs imdtational fallowing would be required to meet demand-management
Colorado River basin). goals currently being discussed among both the upper and lower basin
Adding to the depletion effects of IBTs, irrigation of cattle-feedstate¥-2?as well as to provide a ‘moderate’ level of ecological protec-
crops depletes another 17-21% of the river's flow throughotibritighat is, less than 20% depletion) as suggested by Richtér et al.
upper basin, increasing to 26% in the lower basin. Wherea®uBflisdings are summarized in Supplementary Table 3.
are the primary cause of depletions in the topmost headwater areadfeeting the demand-managementgoal (123 x 10n? yr')
irrigation of cattle-feed crops (particularly alfalfa and other hay addsigned to avoid water shortages in the upper Colorado River basin
haylage) quickly becomes the biggest driver of flow depleti@arfdre achieved with temporary, rotational fallowing of 20% of cat-
most of the river’s length, continuing all the way downstream to tthe-feed crops. In the lower basin, meeting the low-end target for
US—-Mexico border. water savings (420 x®®° yr') can be achieved with fallowing of
The seven states sharing the river's water are now discdgSingf cattle-feed crops, but the high-end target (1,48@yf0)
demand-management goals to reduce consumptive water usmrarat be met by fallowing alone; a combination of fallowing and
stabilize reservoir levels that have been declining for decades (Figdugtion in IBTs will be required.
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6,000 - USWiexico Border areas bear the greatest responsibility for these hydrological and eco-
Lake Powell Lake Mead logical impacts.
5,000 - g Gila River inflow Our economic evaluation of one increasingly popular solution—
[€————>

voluntary, rotational fallowing of irrigated cattle-feed crops to reduce
CO-UT border

4,000 water consumption—suggests that this strategy can be applied at a
scale that substantially reduces water shortage risks while benefitting

3,000 4 farmers financially and minimizing food-security risks. Ultimately,
water security and river health in the western US will depend on the

2,000 1 willingness of urban and rural water users to collaborate in design

of demand-management strategies, the ability of political leaders to
secure funding to implement those strategies, and the willingness
of beef and dairy consumers to reduce their consumption or select
products that do not depend on irrigated cattle-feed crops.

Summer flow volume (x10° m®)

1,000 -

0 | | | | | | | | |

0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 Well-designed informational databases can be powerful tools for
Distance downstream (km) guiding natural resource policymaking. When addressing risks of
— Natural (baseline) flow Flow with IBTs water shortage, it is critically important to understand how water

resources are being used consumptively, and the ecological-and eco
nomic consequences of water use. It is also important to understand

Fig. SQepletion of the Colorado River along its length in suntiifespecific end consumers or constituencies that may be affected by

Approximately one-fourth of the average summer flow is depleted throughaﬂ\y,prqpose_d changes ',n,water or lan,d use. A key challenge of p,O"Cy
much of the river’s length, increasing to two-thirds in its lowest reaches design is to impose sufficient change in resource use to substantially

as it approaches the US-Mexico border. In the topmost headwater area‘S’alleviate undesirable risks while avoiding unnecessary hardship to

IBTs of water to cities east of the Rocky Mountains are the primary causeJpY parties.
depletion, but irrigation of cattle-feed crops becomes the largest influence
Methods

the remainder of the river. Based on the model simulation for 2001-2015.
The data sources and analytical approaches used in this study are summarized below.

e Flow with IBTs and all water uses

Importantly, Our fmdlngs are based on fallqwmg only'durlng Jltﬂythe US Department of Agriculture Forest Service, and has been extensively
to September, which may create an opportunity to continue prodidsred using observed stream flow measurefiiénisith excellent predictive
ing cattle-feed crops at other times, depending on location in theperformance relative to other continental and basin scale Md8@ESSI

Colorado River basin. Given that the production of irrigated cattlgomputes the full water balance at monthly time intervals and accumulates water
feed crops in the entire basin amounts to less than 5% of the totéield through the river network. Details on model computations can be found in
¢

. . . efs.*"*2 Modifications to WaSSI for this study are as follows.
US production of these crops, only minimal effects on national or The net stream flow (g),) at the outlet of each HUC8 h after accounting for

international food security would be expected. water use was calculated as:
Finally, using the averagewater prices for fallowing in the X
Imperial and Palo Verde irrigation districts (see analysisin Quat % Qups P Qgen @SWlhet @GWUrex

Supplementary Information), we expect the cost of attammgwm:?e Qs is the sum of flows entering the HUC8 from upstream HUGSs, Q

demand-management goals would be at least US$19 m'”'ori]s Elstream flow generated within the HUCS8 calculated by local water balance,

year for the upper basin and between US$63-222 million per yegwu,, is the effect of net surface water use in the HUC8 on stream flow, and
for the lower basin. Clearly, over-allocation of our water resourc&Wwu., is the effect of net groundwater use in the HUC8 on stream flow. Shape
can be a Very Cosﬂy mistake’ but it may also be an affordab'e orfwor HUCS8 boundaries were obtained from the US Department of Agri“éulture
correct if the costs to rectify such over-allocation are shared among "® Net surface water use (Syytor each HUC8 was calculated as:

the 40 million consumers of the Colorado River water or among 327 X X4
million Americans. SWhe: % L, S QW SWR b SWGv b SWGin

Discussion where SWWis the gross surface water withdrawal by sector i (domestic, DOM;
In this study, we identify cattle-feed irrigation as the proximate do@percial and industrial, Cll; thermoelectric, TRM; and irrigation, IRR sectors),
and beef consumption as the ultimate driver, of river depletion, WAy V& and SWe, are the surface water consumption for the livestock and

hortages and fish species imperilment in the western US. In th nmgg sectors, respectively. SWand SWy were used because gross water
shortag p ) p_ : Qv ridrawals were not available for these sectors.iSW& surface water return
overall, beef consumption contributes 22% to the total water footpfitio surface water from sector i, calculated as:

. N L

of American cons.ume"fsq’_, beef consumption in the US (36.2 kg per SWR % SWW ©SWGHRFE SW
person per year) is 3.9 times the world average (9.3 kg per person per
year)®. The US is also a major producer of beef, accounting for 4@%re SWwis gross surface water withdrawal, S¥nsumptive surface water
of global beef production in 207 This supports the finding that use, and RFF_S\¥ the fraction of return flow returning to surface water. RFF_

beef production and consumption is a major factor in the pressufd\bov: RFF_SW,, and RFF_SW, were assumed to equal 1.0 (that is, all return
or these sectors return to surface water). This assumption is reasonable

. L . | L

on freshwater reso_urcgs in the US, but it is also important to_ not 3@% e unconsumed water for these sectors are generally discharged directly to
US beef consumptlon IS SO Iarge that the country must aIsp iIMpQYfiface water bodies through water-management infrastructure (for example, water
around 10% of its be€fsuggesting that the beef consumption matyeatment plants).
also have effects on water resources outside the US. Return flow for irrigation water applied to agricultural lands will partly run off

This study is the first, to our knowledge, to link beef consumpio surface water directly and/or through shallow groundwater discharge to streams,
fi dit ter foot . t to depleti £ ! ific ri t or will recharge deeper groundwater aquifers. RFkz 8\ be greater in areas
lon and Its water footprint to deple '_on O spec[ IC river sys e,ms' that are artificially drained, such as through ditches or subsurface drainage tiles.
We conclude that beef consumption is having a large impagdi®ing Dall et af, RFF_SWx was calculated as:
many western US rivers and their ecological health (Supplementary
Fig. 2). Irrigation of cattle-feed crops is the leading use of water from
half of the region’s most depleted rivers. Beef consumers living ihere f, is the proportion of irrigated area that is artificially dtalived
the Los Angeles, Portland, Denver and San Francisco metropolitanknowledge, there are no data describing the aquifer sources of groundwater

RFE S\MRR Y4 0:2 b 0.6fd4RR
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withdrawals for each water use sector at the national scale. As a result, we couldere g, is the area of county ¢ contained within HUCS_Is the blue surface

not quantify the extent to which groundwater pumping may deplete stream  water consumption of livestock in county c, arslthe area of county c. This

flow. We assumed that all groundwater withdrawals were supplied by an isolateglculation was repeated to estimate the blue groundwater consumption of

aquifer disconnected from surface water. However, return flows from groundwévesstock (f,). We assumed no return flows for livestock water use.

withdrawals were assumed to discharge to surface water except in areas where

groundwater aquifers are over-exploited (that is, groundwater withdrawal exceBdélibgdomestic) water supply. Annual county-level domestic water withdrawals

rate of recharge). We identified HUC8s where the ratio of groundwater extraction jofor the year 2010 were taken from US@E®mestic water users receive their

recharge exceeded 1.0%(jefn these areas, we assumed that RFF_SW was equakterleither from a water utility (that is, domestic deliveries from public supply;

The net groundwater use effect on surface watef j@d8Jcomputed as: 87% of total) or supply their own water from a private source (for example, a well
or cistern; 13%).

X4
GWU,et ¥4 € RFE SWEGWW, @GWCip

a1 Public supply system delivered for domestic use. County-level domestic surface water

consumption from public suppliers was calculated as:
where GWWis the gross groundwater withdrawal, and G¥/tbe consumptive va
Vd,sc A cﬁcwd,c
groundwater use.

. . e wherea. is the fraction of public supply from surface water in county*§ @eé
Water withdrawals and consumption. Crop-specific irrigated area. Cr "|§qﬁ(é'¢8tio of domestic consumptive volume to delivery volume for county ¢

irigated aregs_for the year 2012 were derived in two _s_teps. We first resample gpﬁwe year 1995 (the most recent year for which this information was provided
datasets on irrigated e)ftent (h/!erD-ﬂSand crop-specmc land cover . State-level estimatesfpfvere used if county-level values were not available.

(US Department of Agrlculturgg grgpland data‘l%ys?o 1 km x 1 km grid cells. Return flows were the difference between delivery and consumptive volumes.
_W_e then sstimated crop-specific wnga?e_d extent using the MIrAD-US data on The annual withdrawal, consumption and return-flow values were temporally
irrigated extertt to mask the crop-specific cropland data layef*data disaggregated using monthly water use distribution curves based on monthly

. . . . water use data from réffor 89 US cities during our study period. County-level
Monthly blue water footprint of crop production. Gridded (5 arcmin) monthly bl 8 A Ric water use was proportionally assigr?ed to 30 grgseé){grldkmlli

water use (CWU, expressedihat) for 99 crops—averaged over the period 199 /ithin the county on the basis of the relative (year 2010) population of éach cell
2005—was taken from Mekonnen and Hoé&kstha used a grid-based dynamic and Ithen aggregyated o the HUCS scale. (y ) pop!

water balance model that calculate a daily root-zone soil water balance, crop wate
requirements, irrigation volumes in irrigated croplands and actual evapotranspggﬂgéh

where blue CWU was calculated as the difference between total CWU under irzi@ﬁtéa iplled water for domestic use. Annual county-level estimates of self-supplied

c water withdrawals were again temporally disaggregated ds\itove

er consumption calculated using the same county-speuiilaes. Self-

Blied county values were again transformed to the HUCS8 scale as above, but
only. considering those population grid cells with less than 25 people, as the USGS
PEies self-supplied domestic water use as water delivered by a distribution system
providing water to less than 25 people.

conditions and the green CWU under rainfed conditions. These crop-specific
CWU data were then resampled to match the spatial resolution of the Crop-Speg
irrigated area data. Finally, monthly blue water footprints (WF, expréssed in m
were estimated as the product of crop-specific monthly blue CWU and crop-s
irrigated area and then aggregated to HUC8 watershed level.

Crop water withdrawals. Crop-specific monthly HUC8-level consumptive blue
water use values were disaggregated by source (surface or groundwater) and
converted from consumptive use to withdrawals using 2010 county-level data were made following the same annual-to-monthly temporal disaggregation and

from the US Geological Survey (USG8Ecause water withdrawal data were Lt : b : - ) .
not disaggregated by crop or by sector, we assumed that all crops within a co@%&négﬁtg \/I‘l::gSusszatlal redistribution as employed in calculating public supplied
d .

had the same ratio of surface:groundwater withdrawal and the same fractions
sprinkler-, micro- and surface (flood)-irrigated area. The HUCB8-level irrigated
areas—33, , (sprinkler), m., (micro) and my,, (surface (flood))—for each
irrigation method were calculated; for example:

Commercial and industrial operations. County-level industrial withdrawals,
consumption and return-flow data were derived fronftéfhese estimates

Mining. County-level water consumption data for the mining sector were obtained

from Marston et &f. We employed a two-step method to convert county-level

water use data to HUC8 watersheds. First, USGS data on active mines and mineral
8chMsprc processing plaritswvere used to apportion mining activity between HUC8

IR watersheds within a county, assuming that each facility used water uniformly

within a county. This assumption was necessary as facility-level water use data were

where g, is the area of county ¢ contained within HUC& 1, isthe area under ot ayailable. HUC8 Blue surface water consumption for mining in HUGS h (w
sprinkler irrigation in county c, anglia the county area. This calculation was a5 calculated as:

repeated for g, and m, .. HUC8-level irrigation efficiency( that is, the ratio = )

Msprh Ya

of consumptive water use to withdrawal) was calculated as: Wer Vi NehWsc
sh -
n % 0:8Myprn b 0:9Myicn b 0:7myon o e
h
Mspch P Miich P Mo where n,is the number of mining facilities in county ¢ contained within HUC8

where the values of 0.8, 0.9 and 0.7 represent the average irrigation efficienciés foris the blue surface water consumption of mining in county ¢iarttier

sprinkler, micro and surface (flood) irrigation, respeciivélg these efficiency number of mining facilities in coynty c. Thjs cglculation was repeated to estimate

estimates do not take into account efficiency (for example, non-productive los$@g blue groundwater consumption of mining in HUC8,/).(b

of irrigation water in unlined canals), our estimates of freshwater withdrawals for This first-order disaggregation process is valid for counties that are responsible

crop irrigation are conservative. for 90% of mining water use in the U.S. For the remainder of the counties that do
HUCS8-level blue surface {jvand groundwater withdrawals (jwere not have reported mines and mineral processing plants but do report mining water

calculated using the same method as for calculating HUC8-level irrigated areadse, water use was disaggregated to the HUCS level using the same method used

above. Monthly blue surface water withdrawal for crop i in HUC8 h during morfigr the livestock sector.

t (W) Was calculated as: ) ) . ]
Thermoelectric power. Annual estimates of water withdrawals and consumptive

Wsnbins use for 1,290 thermoelectric plants were taken from the*t)Bl@sts using
Wsh b W 1T saline or brackish water were omitted. Many plants did not report whether
withdrawals were sourced from groundwater or surface water; if the water source
where . is the blue water consumption of crop i in HUC8 h during month t. Blugis stated as ‘wells’ we assumed groundwater sourcing. All others were assumed
surface water consumption was calculated using the above equation omifting thebe sourced from surface water. The 1,290 plants included in the USGS dataset
term. These calculations were repeated to estimate the monthly blue groundwatere supplemented by 818 additional thermoelectric plants from the US Energy
withdrawal for the production of crop ii(w) and the monthly blue groundwater Information Administration (EIA) form EIA 860For these additional plants,
consumption for the production of crop i, with, veplacing w, in the numerator.  if water use data was available fronirghat data was used. Otherwise the
methods used in ref.were used to estimate the cooling type with each primary

Livestock watering. Livestock-specific, county-level annual groundwater and mover; water use per MWh generation for different fuel-primary mover-cooling
surface water withdrawals for livestock production were obtained fréin ref.  technologies is from réf.

Wsint Y4

HUCS8-level blue surface water consumption was calculated as: To convert the annual water use to monthly estimates, monthly electricity
X b generation values were taken from the'ERr those plants that were in both
bsn V4 BonDso the annual water use database and the EIA electricity generation database, a ratio
o % of the monthly generation to the total annual generation was used to downscale to
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monthly water withdrawals and consumption. For plants not in the EIA databasaral portions of each state) and 8 world regions (Mexico, Canada, Europe, East
the nearest plant geographically that had both the same water use technologyA&ia, Australia, Africa, southwest Asia and South America). For this analysis, we
example, recirculating versus once-through) and water source was selected. Tieiduced the 132 domestic zones to 117 by combining cross-border metropolitan
assumes that plants in the same geographical region are responding to the saaneas into single metropolitan areas (for example, St. Louis, MO and St. Louis, IL
seasonality in electricity demand for heating or cooling. became St. Louis). Shape files for FAF zone and CFS metropolitan area boundaries
Using the provided geographic coordinates in each database, each plant weame from the US Cen§us
matched to a HUC8. Multiple plants using the same water source in a HUC were Commodity flow data are reported using Standard Classification of
added together. Plants for which geographic coordinates were not available w&ransported Goods (SCTG) codes. Our assessment focused on SCTG 4 (animal
excluded from the analysis. feed, eggs, honey and other products of animal origin), SCTG 1 (live animals
and fish) and SCTG 5 (meat, poultry, fish, seafood and their preparations).
Impacts of flow depletion on fish richness. We used a generalized liGeammmixity codes are bundles of related or similar produets example, SCTG
model to predict native fish richness (via Poisson distribution) for all HUC8 4 also includes non-meat animal by-products (for example, leather products),
watersheds in the US based on average natural summer flows stratified by 29pet food, eggs and honey, in addition to animal*fdéde FAF dataset is built to
ecohydrologic regions, representing unique spatial combinations of freshwaterinclude out-of-scope commodity flows into the CFS dataset. Importantly, these
ecoregions and HUC-2 river basins. Native fish distributions per watershed wesat-of-scope flows include agricultural products originating from the farm and
obtained from Nature SefleGeneralized linear mixed models were developed comprehensive commaodity export datllowever, the CFS dataset contains
using the Ime4 packdgi the R programming environment. Average July— flows associated with a SCTG code and North American Industry Classification
September flows simulated by WASSI with no flow depletion (that is, natural System code, whereas FAF does not. Conversely, the FAF contains farm-based
flow) for the entire period (1961-2015) were modelled as random slopes for edldws, whereas the CFS does not. Therefore, the CFS dataset was used to remove
ecohydrologic region (random intercepts). The model explained 80% of variatianrelated commodity flows within a commodity code (for example, eggs) while
in observed fish richness and was used to predict fish richness for flow depletiataining the farm-based commodity flows within each commodity code.
scenarios for the 2001-2015 period. The total number of species lost per HUC8 The SCTG 4 flows of non-related North American Industry Classification
watershed represented the total count of local extinctions; however, local extir8jistem codes in the CFS data were removed from FAF SCTG 4 data to produce an
of species may not necessarily insinuate risk of global extinction for a speciesanimal-feed flow (AFF) network from the place of feed production to the location
To estimate the risk of species to global extinction arising from water use of feed consumption by livestock. Using the AFF network and cattle population
scenarios, we first developed a ranking of all US fish species most vulnerable diata®, the feed demand associated with beef was estimated for each area producing
extinction with respect to traits and limited geographical ranges predisposing theef. The total blue water footprint of beef cattle in each beef-producing area is the
to negative effects of stream flow reduction. Rankings included consideration efater they directly consume, as well as the blue water indirectly consumed through
Nature Serve global conservation statrgl a combination of habitat preferencestheir diet (that is, water embedded within fée@geef cattle and their associated
life histories, spawning flexibility or range restrictions that predispose species teater footprint, are tracked as they move from their (1) rearing area to (2) finishing
being vulnerable to losses in stream flow. Species characteristics were obtainéatatidn to (3) slaughterhouse, and finally, (4) areas of beef consumption. This ‘beef
modified from the FishTraits databdsed McManamay and FrimpdhdSpecies flow network’ is derived from SCTG 1 (1-3) and SCTG 5 (4) commodity flow data
with Nature Serve conservation rankings of G1-G2 were scored as 2’, G3-G4uagg the same process to produce the AFF network. Areas of beef consumption
‘1" and G5 as ‘0. Benthic affiliated species with preference for lotic habitats wavere disaggregated to constituent counties (domestic consumption) and
scored as ‘1' and others were scored as ‘0’. Species with high seasonal spawmiagstituent countries (international consumption) using county-level population
fidelity were identified as species falling in the lowest 25th percentile of spawnargl country-level US beef export dataspectively.
duration (months) among all species and scored as ‘1’. Species with geographically
restricted ranges were scored as ‘1’ and identified as species falling in the low, h a availability
25th percentile of geographical ranges among all species. Equilibrium speciesg?r&g
to consistently respond negatively to losses in flow compared with opportunisl.ﬁ;1e a
and periodic speci€s? however, given uncertainty in life history responses to
flow reductions, these species were scored as ‘0.5’ and others were scored as_0’. . e
Species vulnerability rankings represented a sum of all scores above with Nat{zode availability
Serve conservation scores weighted 2x other scores. All computer code used in conducting the analyses summarized in this paper is
Because species rankings are sensitive to approach and result in equal ~ available upon request from the authors.
rankings among multiple species, we developed 50 scenarios of rankings using
a randomization procedure to vary rankings by adding a variance component. Received: 21 February 2019; Accepted: 27 January 2020;
Matrices representing species rankings, species distributions within HUC8  published online: 2 March 2020
watersheds and estimated numbers of local extinctions per HUC8 were combined
to estimate range reductions of most vulnerable species due to stream flow logges
Global vulnerability to extinction was based on the loss in each species’ histor%a?fere“ces . o
range, which was calculated as the sum of all areas of HUC8s associated with loc3plomon, S. Water: The Epic Struggle for Wealth, Power, and Civilization

extinctions for that species. Species with range reductions =30% or with resultant(HiarperCollins, 2011). ] ) ) . o
ranges <20,000 Rnwere considered vulnerable to global extinction as a result of- Richter, B. Chasing Water: A Guide for Moving from Scarcity to Sustainability

tasets used in this study are publicly available or available upon request from
uthors.

stream flow losses. (Island Press, 2014). _ .
As a validation of our estimates of local extinctions and risk of global 3. Hoekstra, A. Y. & Mekonnen, M. M. The water footprint of humanity.
imperilment, we compared our findings with those of Richter’etalempirical Proc. Natl Acad. Sci. USA 109, 3232-3237 (2012).

assessment of fish imperilment in the western US due to flow alteration. Richtef- Schwarz, E. & Mathijs, E. Globalization and the sustainable exploitation of

et al. identified 669 total instances of fish imperilment in watersheds of the westerCarce groundwater in coastal Peru. J. Clean. Prod. 147, 231-241 (2017).

US due to flow alteration, whereas our models estimated 721 instances of locap- Ercin, A. E., Chico, D. & Chapagain, A. K. Dependencies of Europe’s Economy
extinction or imperilment. On an individual watershed-by-watershed basis, 60% o2 Other Parts of the World in Terms of Water Resources (Water Footprint
watersheds identified by Richter et al. as having imperilled fish from flow alteratjohletwork, 2016). o )
were also identified as having at least 1 species at risk of local extinction from Bur/iménez Cisneros, B. E. et al. in Climate Change 2014: Impacts, Adaptation,
estimates. Global risk of imperilment across 50 simulations resulted in an averagéd Vulnerability (eds Field, C. B. et al.) 229-269 (IPCC, Cambridge Univ.
probability of imperilment for a given fish species. We used area under-the-curve Press, 2014). ) )

(AUC) analysis to determine the accuracy of our global imperilment probabilitie§: Udall, B. & Overpeck, J. The twenty-first century Colorado River

relative to the findings of Richter et al. Global imperilment probabilities were hot drought and implications for the future. Water Resour. Res. 53,
compared to a binary indication of whether a given fish species was identified b; 2404-2418 (2017). L o o

Richter et al. as being imperilled or not due to flow alteration. For fish species & Dudgeon, D. Prospects for sustaining freshwater biodiversity in the 21st
the western US, the AUC value was 0.70. century: linking ecosystem structure and function. Curr. Opin. Environ.

Sustain. 2, 422-430 (2010).
Virtual water transport associated with cattle-feed crops and meaftofraedaA li6ket al. (eds) Water for the Environment: From Policy and Science
beef consumers to water use for cattle and cattle feed. Because these are sometitndsiplementation and Management (Elsevier, 2017).
geographically distant connections, we quantified the fraction of stream flow 10. Reed, K. M. & Czech, B. Causes of fish endangerment in the United States, or
depletion in the western US attributable to domestic and international exports of the structure of the American economy. Fisheries 30, 36-38 (2005).
cattle feed and beef. To do this, we combined information on WFs for cattle feetl. Richter, B. D., Braun, D. P., Mendelson, M. A. & Master, L. L. Threats to
with bilateral commodity flow data from two sources, the US Census Commodity imperiled freshwater fauna. Conserv. Biol. 11, 1081-1093 (1997).
Flow Survey (CFS)and FAP. The CFS is a survey data product that contains sel2. Richter, B. D., Powell, E. M., Lystash, T. & Faggert, M. in Water Policy and
reported commodity shipments by establishments located in the US. Trade data Planning in a Variable and Changing Climate (eds Miller, K. A. et al.) Ch. 7
are reported for 132 domestic zones (corresponding to US metropolitan areas andCRC Press, 2016).
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SUPPLEMENTARY INFORMATION

Analysis of Fallowing Programs

We conducted an in-depth analysis of the two largest on-going fallowing programs in the Western US,
which are taking place within the Palo Verde Irrigation District (PVID) and the Imperial Irrigation
District (IID) in southern California." These districts have been implementing rotational fallowing
programs for more than a decade, providing data for evaluating their water conservation potential.
Both districts rely upon the Colorado River for irrigation supply. Farmers participating in these two
fallowing programs are financially compensated for transferring the water they save from fallowing to
public water-supply agencies in the Los Angeles and San Diego metropolitan areas.

The area of farmland fallowed in these two irrigation districts has fluctuated from year to year
(Supplementary Figure 5); on average, IID has fallowed 4% of its cropland and PVID has fallowed
20%."* These districts have been able to save an average of ~2100 cubic meters of water each year per
hectare fallowed, equivalent to 1.3 meters of water depth.

Because all of this saved water is presently transferred out of the local sub-watersheds to urban
centers, the water scarcity status (% depletion) within the farmed watersheds is not improved by these
programs; however, the inter-basin transfer of this water has the benefit of supplementing the supply
of water—and thereby reducing water scarcity—in the recipient urban watersheds. More than 40% of
the water supply in San Diego County is now derived from the IID rotational fallowing program.*
These fallowing programs are providing water for urban use at a very attractive price (USD 0.14-0.16
per cubic meter) as compared to other options for bolstering water supplies, which typically cost 2-10
times as much.’

Generally, the least valuable crops are most frequently fallowed in both the PVID and IID; in these
two districts, the primary crops fallowed are alfalfa and grass hay. These fallowing programs appear to
be financially advantageous for the participating farmers. Within the PVID, the financial
compensation paid to farmers does not fully offset their reduced crop revenues (average decrease is
USD3,063/hectare), but due to minimal expenses associated with fallowing, the net farming income is
attractive. The net income realized on fallowed farms is estimated at 35%; farm census data indicate
that farmers in this area typically earn 10-12% net income from crop revenues.* Farmers within these
districts realize greater profits with fallowing because of the willingness and ability of urban water
users (i.e., public water utilities) to pay them an attractive price for their water; this willingness derives
from the fact that urban uses of water in services and manufacturing tend to have higher (marginal)
economic productivity.” Other important benefits of fallowing include the certainty of receiving
fallowing payments, and the opportunity to escape the risk of crop failure.

Within the IID, farmers have also shifted toward more profitable and less water-intensive crops,
particularly vegetables and fruits. As a result, district-wide agricultural revenue has increased overall
during the fallowing program, even before accounting for fallowing payments and even though some
farmland is taken out of production (fallowed). It is possible that these crop shifts were in part
financially enabled by fallowing payments on unfarmed lands, but this cannot be verified.

The food security impact of these two fallowing programs is almost certainly negligible. Even if all
farmland producing irrigated alfalfa and grass hay in the entire Colorado River basin were fallowed, it



would amount to less than 5% of the total US production of these crops. On the other hand, fallowing
of these crops across the entire Western US could reduce total US production of these crops by at least
one-fourth, which could impact meat and dairy production if alternate sources of alfalfa and grass hay
could not be provided, and if producers did not switch to alternate cattle feeds that are available. This
suggests that fallowing as a strategy for reducing water scarcity should be carefully targeted and
limited to what is necessary to reduce water shortage risks and enhance river ecosystem health.

Methods for analysis of the economics of fallowing

We divided the treatment area covered by the Palo Verde fallowing program and a comparable,
neighboring control area that is not part of the program into 2 km square grid cells. For each of the
897 grid cells, we determined the fraction of land annually fallowed for 2008-17.° We ran a regression
with the fallowed fractions for each year as the dependent variable and the changing program target
(i.e., the fraction of total farmland area that is targeted for fallowing) as the primary independent
variable; the control area program target was set to zero. We had two specifications. In one, we
included plot- (grid cell-) specific fixed effects to control for all factors such as soil quality,
geography, slope, etc. that are specific to a plot (grid) but do not vary over time as well as year effects,
that capture factors that vary over time such as changing crop prices, temperature, precipitation, etc.
and that are common to all (both treated and control) plots. In a second specification we explicitly
included next to the plot-specific effects, annual precipitation data and their one-period lag instead of
the year effects. The results were very similar. With exogenous program targets (i.e., they are set in
San Diego which is outside the fallowing (treatment) area), one can interpret the estimated coefficient
0f 0.921 as a measure of the effectiveness of the fallowing program. In particular, an increase in Palo
Verde’s program targets increases fallowing almost one for one — where a coefficient of 1 represents
100% effectiveness and 0 an ineffective program where either no fallowing occurs or where fallowing
happens irrespective of the program. To investigate how the fallowing program affects crop
composition, we ran four similar regressions with as dependent variable the fraction of area within
each grid cell covered by one of four crop categories ranging from low- to high-value crops. The
estimated coefficients from these models provide information on the extent to which the program
increases or decreases the cultivated area of each crop category. We applied the same approach to the
Imperial Valley program, with one important difference. Because we did not have a credible control
area, we could not include year fixed effects, and hence were limited to the second specification. In
addition to the plot-specific effects, we included the time-varying variables such as precipitation (and
their lags) and in the absence of time fixed effects could not fully account for all possible time-varying
factors (including trends in crop changes) that would have occurred irrespective of the fallowing
program.

References

1. Metropolitan Water District (MWD) of Southern California. Palo Verde Land Management, Crop
Rotation and Water Supply Program (2008).
http://www.mwdh20.com/mwdh2o/pages/news/news01.html Accessed August 11, 2011.

2. San Diego County Water Authority (SDCWA). 2010 Urban Water Management Plan. SDCWA,
San Diego (2011).




. Richter, B.D., Abell, D., Bacha, E., Brauman, K., Calos, S., Cohn, A., Disla, C., Friedlander
O’Brien, S., Hodges, D., Kaiser, S., Loughran, M., Mestre, C., Reardon, M. & Siegfried, E.
Tapped out: how can cities secure their water future? Water Policy 15, 335-363 (2013).

. United States Department of Agriculture, 2012 Census of Agriculture, Volume 1, Chapter

2: County Level.

. Debaere, P., B.D. Richter, K.F. Davis, M.S. Duvall, J.A. Gephart, C.E. O’Bannon, C. Pelnik, E.M.
Powell, and T.W. Smith. 2014. Water markets as a response to scarcity. Water Policy 16, 625-
649.

. United States Department of Agriculture, National Agricultural Statistics Service, CropScape and
Cropland Data Layer. https://nassgeodata.gmu.edu/CropScape/ (2017).




Supplementary Table 1. Virtual water trade associated with transfers of US river-irrigated cattle-

feed crops and associated beef consumption

Top 10 producers of river-irrigated cattle-feed crops Top 10 international exporters of river-irrigated cattle-feed crops
Virtual River Water Virtual River Water
Rank County Name Export (m3/yr) Rank County Name Export (m3/yr)
1 Imperial County, California 513,989,544 1 Riverside County, California 90,227,087
2 Weld County, Colorado 308,068,411 2 San Joaguin County, California 85,234,135
3 La Paz County, Arizona 291,006,228 3 Grant County, Washington 78,646,662
4 Merced County, California 226,320,449 4 Pinal County, Arizona 71,411,172
5 San Joaguin County, California 209,483,460 5 Weld County, Colorado 61,641,348
6 Beaverhead County, Montana 209,188,130 6 Imperial County, California 52,000,003
7 Yuma County, Arizona 176,698,603 7 Franklin County, Washington 51,870,690
8 Pinal County, Arizona 154,655,699 8 Maricopa County, Arizona 38,078,200
9 Fresno County, California 152,035,079 9 Yakima County, Washington 37,114,107
10 Tulare County, California 152,012,866 10 Kittitas County, Washington 31,066,765
Top 10 beef importers by country Top 10 beef importers by US metro area
Virtual River Water Virtual River Water
Rank Country Import (m3/yr) Rank CFS Area* Import (m3/yr)
1 Canada 62,376,550 1 Los Angeles-Long Beach, CA 448,325,716
2 Japan 52,134,590 2 Portland-Salem, OR 252,193,021
3 Republic of Korea 31,168,733 3 Denver-Aurora, CO 222,412,772
a4 Mexico 27,638,818 1 San Jose-San Francisco-Oakland, CA 209,236,953
5 Hong Kong 19,073,523 5 Seattle-Tacoma, WA 160,786,973
6 Egypt 17,132,101 5 Remainder of Idaho 130,816,764
7 Russian Federation 15,059,535 7 Remainder of California 128,135,891
8 Vietnam 12,423,764 8 Remainder of Oregon 97,303,348
9 Netherlands 8,181,785 9 Dallas-Fort Worth, TX 80,513,356
10 Taiwan 7,390,232 10 Chicago-Naperville, IL 78,099,130

* CFS=Commodity Flow Survey, U.S. Department of Transportation, Bureau of Transportation Statistics and U.S. Department of Commerce, U.S. Census

Supplementary Table 2. Causes of summer flow depletion along length of Colorado River, based

upon 2001-2015 model simulation.

Inter-Basin Transfers (IBTs) Cattle-Feed Crop Irrigation All Water Uses and IBTs

Distance Average natural ~ Volume of Volume of Volume of
downstream summer flow depletion % of total depletion % of total depletion  Total depletion
Location HUCS (km) (MCM) (MCM) depletion (MCM) depletion (MCM) (%)
Near Glenwood Springs, CO 14010001 0 789 -142. 5% -48 25% -189 -24%
CO-UT border near
Loma, CO 14010003 224 1,819 -177 35% -301 38% -513 -28%
Upstream of Moab. UT 14030001 276 1,823 -177 35% -301 59% -514 -28%
Confluence with Green River
Canyonlands National Park 14030005 433 1,990 -216 38% -319 6% -570 -29%
Above Lake Powell 14070001 648 3,551 -251 26% -645 67% -957 -27%
Lake Powell 14070006 753 3,865 -219 20% -823 3% -1,121 -29%
Marble Canyon 15010001 896 4,021 -223 20% -823 4% -1,116 -28%
Grand Canyon 15010002 1,140 4,071 -223 20% -824 T4% -1,116 -27%
Lake Mead 150100035 1321 4,119 -224 20% -831 3% -1,136 -28%
Lake Havasu & Lake Mohave 15030101 1,567 4,121 -554 37% -848 57% -1,491 -36%
AZ-CA border. above
confluence with Gila River 15030104 1.803 4,146 -554 31% -1,096 60% -1,811 -44%
US-Mexico border 15030107 1,858 4,968 -1,706 34% -1,288 38% -3,347 -67%

Note: Depletion estimates do not account for reservoir evaporation nor natural losses
MCM=million cubic meters

Water Savings from Fallowin:

10% 30%
fallow fallow
(MCM) (MCM)

5 14
27 80
27 80
28 85
33 163
65 204
65 204
65 204
66 206
67 211
88 276
89 279

50%
fallow
(MCM)

24
134
135
143
281
356
356
357
361
368

482



Supplementary Table 3. Options for attaining demand-management targets in the Colorado
River basin

Needed Needed
Purpose of demand Demand- reduction in | reduction in
management management target | cattle-feed inter-basin
(MCM/year) irrigation transfers
Avoid water shortages 123 20% 0%
Upper Basin
(V{’,;’omin o 20% 90%
Colorado I’Jtah Avoid water shortages + 345
New M ex,i c0) ’ provide ecological protection | (<20% depletion) 50% 0%
44% 0%
ower Basin void water shortages
L Basi Avoid hortag 420
(Arizona, Nevada, (low range) 20% 17%
California)
1480 20% 81%
(high range)
Avoid water shortages + 2391 100% 76%
provide ecological protection (<20% depletion)

MCM=million cubic meters
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Supplementary Figure 1. Flow depletion estimates under twelve different model simulations: Summer=July-September,
All Years=1961-2015 model period; Driest 5 Years=averaged results from driest 10% of years during 1961-2015;
Irrigation=only irrigation water sector modeled; Cattle Feed Crops=only irrigation of cattle-feed crops modeled.
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Supplementary Figure 2. River flow depletion due to irrigation of cattle feed crops in the Western US: (a) proportion of
total flow depletion attributable to irrigation of cattle-feed crops during summer months (based on July-September
averages during 2001-2015 model simulation); (b) sub-watersheds in which flow depletion is >50% and cattle-feed
irrigation is largest use (based on July-September averages during driest 10% of years in 1961-2015).
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Supplementary Figure 3. Counting local fish extirpations. Model estimates suggest that there are nearly 1,000 instances
in which native fish species have been lost or at risk of local extinction from home watersheds in the Western US due to
summer flow depletions (based on July-September averages during 2001-2015 modeling simulation), and we estimate
nearly all are attributable to water consumed for irrigated agriculture. An estimated 690 (70%) of these extirpations would
have occurred due to irrigation of cattle-feed crops alone, absent any other water uses. Each scenario represents a multi-
year average of flows, thus each scenario results in only one solution of estimated local extinctions.
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Supplementary Figure 4. Risk of fish imperilment and global extinction. Local extinctions result in range restrictions for
species and, when considering current vulnerability status and traits predisposing fish to imperilment, we estimate that
almost 60 species are imperiled due to flow depletion and the majority of these (88%) are due to irrigation of cattle-feed
crops. Based on July-September (summer) averages during 2001-2015 model simulation. Box-and-whisker plot for each
category represents the median (center line with X),; upper and lower quartiles (box limits); and range limits (whiskers).
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Supplementary Figure 5. Crop fallowing in the Palo Verde Irrigation District (PVID) and Imperial Irrigation District

(IID) in southern California. (a) Area and percent of land that has been fallowed; (b) Volume of water saved and
transferred, and the price paid by water-supply utilities. MCM=million cubic meters.
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Supplementary Figure 6. Influence of inter-basin transfers (IBTs) on river depletion estimates. These maps illustrate
changes in depletion estimates when IBTs are included in the model simulation for summer (July-September) during 2001-
2015: (a) percent depletion when IBTs not included, (b) percent depletion when IBTs included, (c) percent difference in
depletion estimates due to inclusion of IBTs.
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