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Major environmental functions and human needs critically depend
on water. In regions of the world affected by water scarcity economic
activities can be constrained by water availability, leading to
competition both among sectors and between human uses and
environmental needs. While the commodification of water remains
a contentious political issue, the valuation of this natural resource is
sometime viewed as a strategy to avoid water waste. Likewise,
water markets have been invoked as a mechanism to allocate water
to economically most efficient uses. The value of water, however,
remains difficult to estimate because water markets and market
prices exist only in few regions of the world. Despite numerous
attempts at estimating the value of water in the absence of markets
(i.e., the “shadow price”), a global spatially explicit assessment of
the value of water in agriculture is still missing. Here we propose a
data-parsimonious biophysical framework to determine the value
generated by water in irrigated agriculture and highlight its global
spatiotemporal patterns. We find that in much of the world the
actual crop distribution does not maximize agricultural water value.

water value | water productivity | irrigation

Water is a crucial resource for life on Earth because it is
irreplaceable in its role of sustaining the functioning of
environment and societies. Humankind uses water resources for
drinking, municipal needs, and a number of economic activities.
Among them, agriculture is the most water-demanding, claiming
more than 85% of human water consumption (1).

Despite its important impacts on crop production, food se-
curity, and rural livelihoods, water often remains hidden in the
economic valuation of agricultural assets. Unlike oil, it is seldom
treated as a commodity and traded in the marketplace to gen-
erate revenues (2). Rather, it remains underpriced because users
do not pay for its real value (3). Oftentimes farmers do not even
pay for the provision costs associated with withdrawal and de-
livery (4, 5). Thus, while crops use huge amounts of water, the
price of agricultural products seldom accounts for the cost of
water consumption.

What is the value of water? How can it be determined? The
valuation of water remains a difficult task because this natural
resource is rarely traded and therefore its value cannot be de-
termined from a market price. Of course, there are exceptions,
such as bottled water, which accounts for less than 1% of human
appropriation of water resources worldwide (1), the pricing of
municipal water supply (less than 5% of total human consump-
tion in all sectors), or the few water markets existing around the
world (6, 7). In some of these cases, the market value (i.e., price)
reflects the extrinsic value of water, expressed both by the users’
willingness to pay and the willingness of water rights holders to
accept compensation for relinquishing their water allocations
(8). Water markets and water trading can be found in Australia,
the United States, Mexico, Chile, China, Spain, and South Africa
(6,7, 9, 10). These are more exceptions than the rule because in
most of the world there are no tradable water rights (11), the
“conditio sine qua non” for the emergence of water markets (12).
In other words, in many regions there are no water entitlements
that can be sold or acquired through market transactions sepa-
rately from the land. Rather, water is either tied to land’s property
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rights or treated as a public good, “res nullius” (i.e., an open access
resource), or a common pool resource (5).

Although not properly priced, water availability shapes the
global patterns of agricultural production and trade (13, 14) and
the associated flows of embodied or “virtual” water (15, 16),
which is the water consumed in the production of goods such as
crops (17). In fact, water-scarce regions need to import agricul-
tural commodities to meet their food demand (17). Even when
water is not directly commodified, the goods it contributes to
produce are. The value of the associated virtual water, however,
is seldom accounted for (18). Likewise, water is implicitly acquired
with agricultural land in the form of rainwater and sometimes also
irrigation water when blue water resources (i.e., water from sur-
face water bodies or aquifers) are inherently appropriated with the
land (19). This happens in regions where land ownership includes
water rights or unregulated access to adjacent or underlying fresh-
water resources (20). Interestingly, while there are well-established
methods to calculate the water resources that are virtually acquired
with agricultural land (21), their economic value remains difficult
to assess (18).

Because water pricing is often viewed as a mechanism to
promote a more efficient use of water resources, an international
agreement on water valuation is sometime considered to be
crucial to the achievement of an efficient and sustainable global
water use, a point that has been discussed at the World Water
Forum in the last two decades (3, 22). The value of irrigation
water in agricultural areas is an important piece of information
for investors and financial groups engaged in the acquisition of
land and water resources. Even in the absence of a water market,
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land and agribusiness investors would benefit from knowing
more about the potential economic value of the water resources
they are virtually acquiring with the land. Indeed, the decision to
invest along the banks of the Nile River or in areas suitable for
rain-fed agriculture instead of targeting arid lands within the
same regions would benefit from a combined hydrologic and
economic analysis of the availability, productivity, and value of
irrigation water. On the other hand, it could be argued that the
valuation of water may favor its growing transnational control
through the acquisition of water and land entitlements by self-
interested agribusiness corporations. This may happen if, as a
result of the valuation and commodification of land and water
resources, peasants decide to sell land and water rights to realize
short-term profits without having the opportunity to plan for the
long-term economic development of their communities (23, 24).
At the same time, a major factor impeding planning for rural
development is lack of awareness of the value of natural re-
sources such as land and water. Indeed, local communities en-
gaged in the negotiation of land and water concessions need to
know the current and potential contribution of water resources
to the creation of value in their farmland. Unbalanced power
relations and asymmetry in the knowledge of the economic value
of these assets are often major obstacles to the informed nego-
tiation of land and water deals (25, 26). Likewise, investments in
irrigation infrastructure require an assessment of the increase in
production and associated profits resulting from the use of irrigation.
Indeed, farmers’ decision to adopt irrigation depends—among other
factors—on the value generated by irrigation in the production
process (27). There is a need for reliable and reproducible water
valuation methods (18) that—in the absence of markets—can be
used to determine the value of water embodied in agricultural
land and its products.

The estimate of the value of water in the absence of market
(or “shadow price”) is often based on the marginal value pro-
duced by a unit volume of water (28, 29). The literature on this
subject is often based on inductive statistical/econometric methods
determining the value of water from empirical data, or on deductive
models (e.g., postulating a rational behavior such as profit maxi-
mization) that are fitted to the data (8). Both approaches typically
require a wealth of data (e.g., on irrigation water withdrawals and
distribution, land transactions, crop production, and sale prices)
that are seldom available, particularly in the developing world (30).
These classes of methods fail to capitalize on process-based un-
derstanding of the underlying hydrological processes determining
the role of water as a factor of production (8, 12, 28). More
recently, some studies have proposed a mixed model in which
one of the factors of production (i.e., irrigation water consumption)
is estimated with biophysical models while the shadow price of
groundwater is determined either by fitting a function of production
to empirical data (31) or by simulating the dynamics of crop growth
accounting for their dependence on soil moisture and irrigation
technology (32).

Here we use a completely mechanistic biophysical method for
the valuation of water in agriculture that can be used even when
tradable water rights do not exist. We carry out this valuation
analysis for the 16 major crops at the global scale on a 10-km grid
and then map and critically analyze the results. Our approach
allows for the worldwide valuation of water in agriculture and
can be used to determine water’s contribution to the value of
both crop production and agricultural land.

A Global Valuation of Water in Agriculture

We propose a water valuation criterion that is based on the in-
creased volume of agricultural outputs in irrigated land with respect
to rain-fed conditions. This approach relies on a few simplifying
assumptions. In fact, in principle water should be valued based on
its opportunity costs, that is, on the net economic benefit an in-
cremental unit of water would have generated in the best (i.e., most
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productive) alternative. When we consider the current use of water
(i.e., the use in agriculture for the same crops that are actually
planted), the water value is the net economic benefit, expressed as
the net value of output produced, minus the cost of obtaining the
water, environmental externality costs, and future cost. More
specifically, the optimal value of water, V,,, should be determined
according to

_P. AY — ACp — AP¢ — AE, — AF¢

W IWR ’

1]

where IWR (irrigation water requirement) is the volume of irri-
gation water that will need to be applied per unit land area, P, is
the crop output price, AY is the incremental change in output
associated with the use of irrigation (i.e., when the irrigation
water requirements, IWR, are met), ACp is the incremental pro-
duction cost associated with the extra water (labor, fertilizer, and
other inputs), APc is the incremental water provision cost
(pumping, piping, investment in infrastructure and equipment,
and their maintenance), AE¢ is the incremental environmental
externality cost reflecting the value water could have been gen-
erating in environmental services (i.e., the loss of environmental
services associated with irrigation water consumption), and AF¢
is future cost, the value that could have been generated by the
water if it stayed in storage (e.g., in the case of groundwater
depletion) and allowed for production in the future (33, 34).

Here we assume that the incremental costs associated with labor,
land, seeds, fertilizer, and machineries, are negligible (ACp ~ 0)
because the cost of these inputs are about the same in irrigated and
rain-fed conditions. We also concentrate on regions of the world in
which irrigation can be adopted without engendering an unsus-
tainable water use. When we expand the analysis to other regions
we do not consider environmental externalities, assuming that the
adoption of partial irrigation prevents the overuse of groundwater
or environmental flows (14, 35). In other words, irrigation water
withdrawals would neither cause the loss of environmental flows
nor the depletion of groundwater stocks. If environmental flows are
preserved, there would be no major additional environmental
externality (with respect to rain-fed conditions) associated with
loss of environmental flows and therefore we can assume that
AE =~ 0. The fact that we ensure that groundwater is not depleted
allows us to assume that there are no future costs (i.e., AF¢c = 0).
In other words, here we focus on the value generated by sus-
tainable irrigation water. The cost of water provision associated
with irrigation infrastructure and equipment and their operation,
AP, are in general harder to estimate and will also be assumed to
be negligible, an assumption that will be critically analyzed in
Discussion and tested against available data.

Thus, the value of irrigation water is here determined as the
increased value of crop production,

_P.AY
77

(2]

In other words, farmers’ willingness to accept compensation for
relinquishing water allocations and the willingness to pay of their
counterparts should not exceed the added value of water estimated
as water’s contribution to the creation of value in the process of
crop production. Details on the calculation of AY and IWR are
presented in Methods. We do not consider situations where output
prices are subsidized, leading to excessive water use (36) or output
market are noncompetitive.

For every region of the world we estimate the increase in crop
production afforded by irrigation water, calculate the irrigation
water requirement, and estimate the value of water as the ratio
between the value of the increase in crop production induced by
irrigation and the associated irrigation water withdrawals. We
will consider irrigation only in regions where a sufficient amount
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of water exists to allow for irrigation water requirements to be
met without inducing a loss of environmental flows or ground-
water stocks (14).

Results

The worldwide application of this framework to the crops cur-
rently planted in each location allows for an estimate of the
maximum price farmers might accept to pay for irrigation water.

If we look at the four major staple crops (~60% of global food
production), we find that the global mean water values are $0.05,
$0.16, $0.16, and $0.10/m> for wheat, maize, rice, and soybean,
respectively (SI Appendix, Table S1). The value of water for the
production of maize, soybean, and rice is consistently higher than
for wheat. These differences are the result of the combined ef-
fect of differences in crop price and in crop water use efficiency
(amount of crop produced per unit water input). The values of
water for maize and rice are substantially higher in East Asia
than in other regions of the world (Fig. 1). Interestingly, for
maize and rice the within-region variability in water value tends
to be smaller than the variability among regions, while for wheat
and soybean the water value variability tends to be relatively

>

o
w

small both within region and across regions (Fig. 2). Results
presented in this manuscript refer to water withdrawals because
farmers are more likely to be allocated—and consequently ac-
count for and keep track of—volumes of water withdrawals than
water consumption (i.e., the actual amount of water consumed
by crops to sustain their production). Values of water based on
consumption are presented in SI Appendix as well as in Fig. 1B.
As expected, the water values determined with reference to
water withdrawals are lower than those determined with refer-
ence to water consumption and the difference depends on the
efficiency of the irrigation system (Figs. 1 and 3 and SI Appendix,
Fig. S3).

Expa)nding the analysis to the 16 major crops [~70% of global
food production (37)], we see that for all of them the global
median and mean roughly range between $0.05 and $0.25/m”>.
The only exception is represented by potatoes, which consistently
exhibit a much greater water value than the other crops with a
median value of $0.67/m> (Fig. 3 and SI Appendix, Table S1). The
higher values of water for potatoes is due to their higher yields
per unit volume of water application and their higher price
compared to the other crops; however, despite their widespread
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Fig. 1. Currentirrigation water value (ca. year 2000, mean value) by region for four major staple crops accounting for 57% of global food calorie and 61% of
global protein production for human consumption (36). (A) Values based on water withdrawals to meet irrigation water requirements with the existing
technology (Methods). (B) Values based on water consumption (i.e., evapotranspiration) to meet irrigation water requirements. See S/ Appendix, Fig. S1 for

the definition of these geographic regions.
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Fig. 2. Current (ca. year 2000) value of irrigation water used for irrigation of maize, wheat, soybean, and rice, based on water withdrawals.

use, potatoes contribute to only 2.1% of the global food calorie
production and account for only 1.1% of the global irrigated
areas (38). Variability in the mean water value across regions
(using the current crop distribution) is overall smaller than that
across crops and ranges from $0.09/m’ in South Asia to $0.42/m’
in Europe (Fig. 44). With the current crop distribution, the
global median and mean water values are $0.13 and $0.23/m>,
respectively (SI Appendix, Table S1). Interestingly, even though
the within-region water value (averaged across the existing
crops) can substantially vary (Fig. 54), globally, the spread
around these median and mean value is relatively small, with the
25% and 75% quartiles being $0.08 and $0.42/m> smaller and
greater than the median, respectively (Fig. 4B).

We also provide an estimate of the maximum water values
obtained considering—among all of the crops currently culti-
vated in every 10-km x 10-km pixel—the crop associated with the
maximum local water value. These results show that the current
crop distribution does not maximize water value (i.e., the value

of crops produced by irrigation water). In this analysis we have
considered the global areas cultivated with the 16 major crops.
Each crop has its own irrigation water requirements, yield, and
price, which leads to different water values, depending on the
crop. In Fig. 4B we show the results for the crop that realizes the
maximum value. Thus, while with the current crop distribution
the median water value is $0.13/m?, if we consider only the crops
with the maximum value, the median of the maximum values
around the world becomes $0.54/m> (Fig. 4B and SI Appendix,
Table S1). Interestingly, the variability in water value is greater
for the maximum values than for the median values both across
regions (Fig. 4) and within regions (Fig. 5B). The crops that
maximize water value are potatoes in many regions of the world
and sugarcane in South and Southeast Asia (SI Appendix, Fig.
S2). Interestingly, these crops do not necessarily correspond to
those that maximize the value of crop production per unit area.
In fact, the irrigation water value is given by Eq. 2, while the crop
value (V) can be calculated as
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Fig. 3. Crop-specific irrigation water values. The box plots represent current (ca. year 2000) median, 25th, and 75th percentile and maximum and minimum
values; outliers are not shown in the figure. These values are based on water withdrawals to meet irrigation water requirements with the existing technology

(Methods). See SI Appendix, Fig. S3 for values based on water consumption.
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V.=P.X Y. [3]

Thus, the value of crop A could exceed the value of crop B
(i.e., Ve a > V. ) even though the values of their irrigation water
have an opposite relationship (i.e., V}, o <V}, ). This could hap-
pen, for instance, if the water use efficiency of A is greater than
that of B. Crop production can be limited either by land (in
regions with abundant water resources) or water (in relatively
dry or seasonally dry regions). In the former case, farmers might
use crops with low irrigation water use efficiency to maximize the
value of their production per unit land area. In the latter, we
would expect farmers to adopt deficit irrigation to optimize the
use of water and select crops that maximize the value of crops
per unit volume of irrigation water use (3).

Because a worldwide change in planted crops would turn into
an academic exercise [in fact, it would dramatically alter crop
prices (39) and consequently reshape the distribution of water
values], in this study we just focus on the existing crop distribution.
A farmer’s decision to cultivate a given land parcel, the crop se-
lection, and whether production will be irrigated depend on multiple
factors. Here we do not attempt to model the dynamics underlying
such decisions. Our focus is on the evaluation of the value generated
by irrigation water in agricultural production for a given distribution
of crops, which is based on the current distribution.

Further, we have investigated whether important differences
in water value exist between areas where irrigation can be carried
out sustainably or unsustainably. The water sustainability of irri-
gation depends on whether a sufficient amount of water resources

D’Odorico et al.

is locally available to meet the crops’ irrigation water requirement
without depleting environmental flows or groundwater stocks, as
in Rosa (14). Interestingly, the median water value for irrigation
withdrawals is about the same in areas suitable for sustainable or
unsustainable irrigation ($0.14 and $0.12/m’, respectively), while
the mean values ($0.25 and $0.14/m>, respectively) and the vari-
ability (SD = $0.35 and $0.12/m>, respectively) are much greater
across the regions suitable for sustainable irrigation (Fig. 64). The
corresponding water values for the case of water consumption are
presented in SI Appendix, Fig. S5.

Finally, the value of water is expected to change over time as a
result of trends and fluctuations in crop prices, crop yields, and
planted crops. For instance, in years of water scarcity farmers
may see their profits increase as a result of the escalating prices
despite the lower yields; alternatively, they might plant crops of
higher value to offset the impacts of lower yields. If we look at
the effect of interannual variability in irrigation water demand
and availability, yields, and crop price at the farm gate, we ob-
serve important fluctuations in the value of water (Fig. 6B), in-
cluding two major spikes corresponding to the escalation in food
price in the food crises of 2008 and 2011. Consistent changes in
water value across regions are largely due to difference in yields
and crop water requirements.

Discussion

The economic valuation of water is a sensitive matter because it
can be the premise to water pricing, commodification, and pri-
vatization, which are often contentious issues (22, 40-43). In fact,
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the value of irrigation water. S/ Appendix, Fig. S2 for the correspondent
crops that maximize the value of irrigation water. The corresponding values
of irrigation water consumption are shown in S/ Appendix, Fig. S4.

a large part of the public tends to think that water should be
publicly owned because it is a natural resource that, like air, is
essential for human life (5). Therefore, the valuation of water
becomes particularly difficult when this resource is used not only
for economic activities (e.g., agriculture or mining) but also for
environmental needs or the fulfillment of human rights such as
drinking or sanitation. Instead of dealing with these uses, here
we explicitly focused on the value of water in agriculture. In most
regions of the world farmers do not pay for the real value of
irrigation water. In fact, in many cases they do not even pay for
costs of water infrastructures (canals, dams, aqueducts, or wells)
and their maintenance and operation (i.e., the provision costs,
APc in Eq. 1), which are often subsidized by governmental
agencies (4, 44). In addition to costs associated with the supply,
treatment, storage, and distribution of freshwater resources, it is
often argued that water itself (as a natural resource) should be
sold to its users to avoid that it goes wasted or is used in eco-
nomically inefficient ways (45, 46). From this perspective,
economists often propose that farmers should pay for the real
value of the water they use for irrigation. Because of the pres-
ence of subsidies, the real value of water in agriculture is dif-
ferent from the price paid by farmers (4). It is also different from
the cost of delivery, which does not account for the value of
water itself. However, what is the real value of water? In the
absence of a market and associated market prices, the answer to
this question is not straightforward (8). This paper developed an
approach to determine the value generated by irrigation water as
a factor of production in agriculture; using biophysical models
we estimate the increase in crop production afforded by irriga-
tion with respect to baseline rain-fed conditions. These estimates
are then used to determine the maximum price that farmers
would accept to pay for irrigation water.

The values presented in this study represent values in irriga-
tion and food production. They may be excessive when they do
not account for output subsidies or cost of investments in irri-
gation technology, the operating costs of irrigation due to addi-
tional labor and energy, and other inputs (e.g., to handle a more
abundant harvest). In some cases, the annualized cost of irriga-
tion infrastructure, and the maintenance, and operation costs,
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can be so high that they exceed the water values we have de-
termined (4, 44). However, these costs are typically subsidized by
the government and farmers only pay for part of them (5). Thus,
our approach (i.e., the assumption that AP = 0 in Eq. 1) would
still determine the value of water to the farmers and provide a
maximum reference value at which farmers might accept to sell
or relinquish their water rights or water allocations to other
businesses. The cost of irrigation infrastructures, their mainte-
nance and operation are in general difficult to estimate on a
global scale because of lack of data. Whether the assumption
APc =~ 0 (i.e., that the increase in output value resulting from
irrigation by far exceeds the provision cost) is justifiable likely
depends on a number of factors, including crop type and value,
farm size, irrigation technology, and irrigation water source and
its distance (both horizontal distance and depth) to the field.
Global datasets for a worldwide validation of this assumption are
not available. However, in Australia, the Bureau of Statistics
reports the total cost of irrigation by region, including the costs
of equipment, infrastructure, water license, and operation, in
addition to data on irrigated areas and agricultural water with-
drawals (47). A recent analysis of these data (48) has provided
annual water provision costs per unit area of irrigated land. We
can use these results to estimate the annual cost of water pro-
vision per unit volume of irrigation water and compare them to
our estimates of the value of water. We find that provision costs
typically range between US$0.01 and $0.02/m> (SI Appendix,
Table SZ) While in the case of some staple crops such as wheat
or maize the value generated by 1rr1gat10n is comparable (below
US$0.05/m>; Fig. 6B), these water provision costs are overall
negligible with respect to the average value of water in agricul-
ture in Australia, which is here estimated at ~$0 27/m® (Fig. 4),
in agreement with estimates ($0.17 to $0.40/m>; SI Appendix,
Table S3) based on irrigation and production data from the
Australian Bureau of Statistics (48). As noted below, these values
fall within the interval of water prices reported by the Murray—
Darling water market, suggesting that in the case of Australia the
assumption of negligible provision costs can be overall justified.
The values of water found by this study fall within the range of
those reported for Water markets. In fact, we find median global
values of $0.13/m> while it has been reported that in 2012
Colorado farmers typrcally pay $0.02 to $0.08/m> for irrigation
water (49). However, in the presence of competitors from the oil
1ndustry, farmers are outbid in Water market transactions (50) at
prices ranging from $0.81 to $1.62/m> in periods of water scarcity
(49). This suggests that, when demand from another industry
that is willing to pay a higher price for water comes into play,
farmers sell their water rights if the price exceeds the value of
water in agriculture. Our study provides an estimate of such a
value. For instance, in 2012 in the case of maize, the value of
water in the United States is here estimated at $0.25/m>, in
general agreement with water trade data. For instance, in the
Permian Basin in Texas, a computer application has been de-
veloped that connects owners of water rights to oil companies
and allows them perform water transactions. While farmers
would normally pay $0.05/m’, in periods of water scarcity,
competrtron with shale oil and gas companres have brought the
price to up to $2.50/m> (51). Overall, in the presence of water
markets and demand from oil companies, water prices may in-
crease from $0.03-$0.1/m> to $2.3-$3.1/m> (52). Thus, in the
presence of competition with other sectors capable of providing
a more efficient use of water (in terms of revenue generated per
cubic meter of water) the market price of water increases and
farmers are outbid by oil companies at prices exceeding the ag-
ricultural water use efficiency determined by our study. In the
Murray-Darling’s water market (Australia) the median water
price reported between 1998 and 2015 Varled between $0.05/m>
(in periods of abundance) and $0.50//m> in periods of scarcity
(53). These values are of the same order of magnitude as the
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(A) Value of irrigation water (based on withdrawals) in areas suitable for sustainable and unsustainable irrigation (based on existing crop distribution

and irrigated areas). In the areas suitable for sustainable irrigation the water value has a more skewed tail toward higher irrigation water values. Sustainable
and unsustainable irrigation areas were taken from Rosa (14). (B) Changes in the value of water between 1992 and 2016 as a result of interannual fluctuations
in irrigation water demand, water availability, crop yields, and crop prices at the farm gate.

value of water in agriculture we have estimated for the Murray—
Darling Basin (mean $0.21/m>, SD $0.29/m").

Thus, in this study we calculate the value produced by water in
its current use. The general pattern that is observed in the
analysis of the economic water efficiency of water consumption is
that with the current crop distribution the value of water in ag-
riculture (expressed as the value generated by water in the
production process) does not necessarily correspond to the “best
use” of water because it does not exhibit the maximum water value
(Fig. 5) and is at least one order of magnitude less than that in
other sectors (mining, industrial, or municipal) (54). Therefore, in
the presence of a water market water consumption is expected to
shift from irrigation to the activity that maximizes revenue gen-
eration. However, the focus here is on the estimation of water
values in agriculture not on how different uses (with different
abilities to generate value) can compete with one another. In the
case of water, such a competition is often limited by the lack of a
market as a result of institutional or physical factors (e.g., water is
heavy and is typically used locally). While water markets give a
direct assessment of the value of water resulting from the complex
interactions among different sectors, their existence is limited to
those cases in which suitable tradeable property rights have been
established. For the rest of the world the value of water can still be
determined through its ability to produce value in different eco-
nomic activities. Our results provide a first global estimate of the
value of irrigation water worldwide.

Methods

The Value of Irrigation Water. If irrigation increases crop yield by AY from the
rain-fed yield, Y, (tons-ha™"), to the irrigated yield, Y; = Y, + AY, assuming that
labor and other input costs (seeds, fertilizer, and use of land and machineries)

D’Odorico et al.

are about the same in irrigated and rain-fed conditions, the value of irrigation
water in the production process is expected not to exceed the increased value
of crop production.

We adopted the Doorenbos and Kassam (55) formula for crop yield
evaluation as a function of evapotranspiration. This method is commonly
used by FAO (56) and is based on the assumption that yields linearly scale with
water consumption by plants. Indeed, plant growth (i.e., photosynthesis) and
transpiration are coupled through stomatal regulation and they both scale
linearly with stomatal conductance. Thus, a first-order model assuming a linear
relationship between yields and evapotranspiration is based on reasonable
ecohydrological bases (57, 58). Thus, the rain-fed yield, Y,, is a fraction of the
maximum irrigated crop yield Y; calculated as a function of the actual evapo-
transpiration (ET) in rain-fed conditions and the potential evapotranspiration
(PET) of crops, which is the maximum evapotranspiration that those crops
would sustain in the absence of water limitations (i.e., in irrigated conditions),

ETa>

PET 3]

Vo= vi(1- y)(1_

where k,, is a crop yield response factor, a constant of proportionality in this
linear relationship between yield and the consumptive water use (i.e.,
evapotranspiration) (56).
Blue water productivity is then the difference between maximum irrigated
crop yield and rain-fed yield:
AY = Yi— Y, [4]
The actual evapotranspiration ET, and the amount of water needed by ir-
rigated agriculture to increase yields by AY can be estimated with a crop
water model accounting for a soil water balance coupled with an analysis of
actual evapotranspiration (ET,) in rain-fed conditions and potential evapo-
transpiration (PET) in irrigated conditions. Specifically, we assessed the cumu-
lative growing season ET, and PET for a set of 16 major crops (cassava,
groundnut, millet, maize, oil palm, rice, rapeseed, potatoes, sunflower, soybean,
sorghum, sugar beet, sugarcane, and wheat). These crops account for 73% of
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the planet’s cultivated areas and contribute to about 70% of global food pro-
duction (37). Around the year 2000 irrigation global maps and averaged irri-
gated crop yield (i.e., crop-specific values of Y;) with a resolution of 5 arcmin
(approximatively 10 km) were taken from the MIRCA dataset (59). Actual
evapotranspiration in rain-fed conditions, ET, (or “green water flows”) and the
potential evapotraspiration, PET (ET rate in the presence of adequate irrigation)
were evaluated by solving a vertical soil water balance equation using the
WATNEEDS model (60) at a resolution of 5 arcmin, in combination with a
standard crop evapotranspiration model (61), expressing crop-specific ET, as the
product of a reference evapotranspiration, ET,, and a crop coefficient, K. (ac-
counting for the crop-specific planting dates and length and phases of the
growing season), and a function f(s) < 1 of soil moisture, s (from the soil water
balance), accounting for the effect of water stress from soil moisture limitations
(61). Likewise, crop-specific values of PET are calculated similarly to ET, but as-
suming that there is no water stress [i.e., f(s) = 1]:

ET, = f(s) KETy 51
PET = KcETy.

Reference evapotranspiration, ET,, was calculated with the Penman-
Montieth method (61), using climate data from CPC (62) with a resolution of
30 arcmin for the period 2012 to 2016 and downscaled to 5 arcmin. Soil
parameters were from the Harmonized World Soil Database (63) with a
resolution of 5 arcmin. Crop parameters (i.e., K. values, growing periods and
planting date were taken from ref. 38.

Irrigation water requirements, /IWR, are then estimated as a function of
the difference between crop water requirement, CWR, and rain-fed crop
water consumption, CWC,, calculated as the cumulative PET and the cumu-
lative ET, in the course of the growing season, respectively. Thus, IWR is
expressed as

IWR = ), (m3-ha™") (6]

(CWR — CWC,
e
where e is the irrigation efficiency, defined as the ratio between irrigation
water withdrawals from surface water or groundwater bodies and irrigation
water consumption (i.e., the amount of irrigation water transpired by crops)
(64). Values of e depend on the type of irrigation system and we assumed e =
0.50, e = 0.70, and e = 0.95 in the case of surface, sprinkler, and drip irrigation
respectively (65). The results presented in this study use crop-specific irrigation

technology reported by Sauer et al. (65) for every region of the world.

Thus, the increase in production, AY (tons-ha™"), afforded by irrigation
requires an amount of irrigation water equal to IWR (m*ha~"). The irriga-
tion water use efficiency of that crop is IWUE = AY/IWR (tons/m3). If P_ is the
crop’s price ($/ton), the maximum value of water for that crop is
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In this analysis P. is the crop price at the farm gate, based on data from the
FAO (66). The use of farm gate prices is motivated by the need to determine
the value of water from the farmers’ standpoint. We stress that this is not
the actual water price that farmers pay or would pay for water, but the
added value of water to the production process. In other words, if water is
explicitly treated as a factor of production in agriculture, this method esti-
mates water’s contribution to the creation of economic value in the process
of crop production. We also notice that this method estimates the value of
irrigation water withdrawals (Eq. 6), assuming that any expected form of
water regulation, allocation, and pricing is based on the volumes of water
withdrawn from surface water bodies or aquifers. The valuation of water
consumption for irrigation, however, can be obtained with the same
methods by assuming that e = 1. The results of these analyses are shown in
Fig. 1B and in S/ Appendix, Figs. S3-S5.

Assessing the Value of Sustainable and Unsustainable Irrigation Water. In some
regions of the world, even though irrigation can substantially increase crop
production, no water is locally available for irrigation or only a fraction of the
land could be sustainably irrigated. These conditions of irrigation water
scarcity (or “blue water scarcity”) were mapped by Rosa (14). Here, we re-
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