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a b s t r a c t

Water is an essential input for agricultural production. Agriculture, in turn, is globalized through the trade

of agricultural commodities. In this paper, we develop a theoretical model that emphasizes four trade-

offs involving water-use decision-making that are important yet not always considered in a consistent

framework. One tradeoff focuses on competition for water among different economic sectors. A second

tradeoff examines the possibility that certain types of agricultural investments can offset water use. A

third tradeoff explores the possibility that the rest of the world can be a source of supply or demand for

a country’s water-using commodities. The fourth tradeoff concerns how variability in water supplies in-

fluences farmer decision-making. We show conditions under which trade liberalization affect water use.

Two policy scenarios to reduce water use are evaluated. First, we derive a target tax that reduces wa-

ter use without offsetting the gains from trade liberalization, although important tradeoffs exist between

economic performance and resource use. Second, we show how subsidization of water-saving technolo-

gies can allow producers to use less water without reducing agricultural production, making such subsi-

dization an indirect means of influencing water use decision-making. Finally, we outline conditions under

which riskiness of water availability affects water use. These theoretical model results generate hypothe-

ses that can be tested empirically in future work.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

We live in an increasingly globalized world [12,21], where trade

in water-intensive commodities, such as agricultural products, rep-

resents an important interaction between people and water re-

sources [1]. The relationship between international trade and wa-

ter resources is an issue of great interest in the literature [11,17]. A

number of empirical studies have made reference to classic inter-

national trade models, but it is not always clear what the theoret-

ical foundations of the models are and whether they are useful for

the case of water [28]. Some studies have argued that economic

models are inadequate for explaining virtual water trade [2], while

others have sought to clarify the role of economics as it relates

to this issue [20]. Many studies focus on the relationship between

trade and virtual water resources [10], without direct consideration

of domestic, physical water resources. A theoretical model that in-

corporates domestic water use in production – in addition to the

consumption and trade of water-intensive commodities – would
∗ Corresponding author. Tel.: +1 (217) 333-8038.
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ontribute to this growing literature. As such, the main goal of this

aper is the development of a trade model that addresses these

elationships through the explicit inclusion of water resources.

In this paper, we develop a theoretical model designed to em-

hasize several tradeoffs in water use. First, the model captures

ompetition for water among different sectors. Second, the model

llows for the possibility of factor substitutes for water, in the

orm of alternative production technologies. An example is capital-

ntensive efficient irrigation technologies and crop varietal im-

rovements, a situation where increased use of one resource (in

his case capital) may be able to offset or substitute to some extent

or water use. Third, we allow for production and consumption to

e substituted across locations in space through trade. Fourth, we

xplicitly capture farmer risk aversion to variable water supplies,

s compared with traditional profit maximizing behavior.

The main goal of our model is to gain generalizable insights

nto the interactions between people and water in a trading

conomy. Transferable understanding is often difficult to obtain

hen more realistic, but heavily parameterized, models are used

o inform management of site-specific water resources. Hydro-

conomics has long been interested in the interactions between

eople, water resources, and economics [9], though with a focus

http://dx.doi.org/10.1016/j.advwatres.2015.12.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advwatres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2015.12.016&domain=pdf
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Fig. 1. Schematic of model framework.
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n finding feasible and optimal solutions to concrete problems,

.e. a ‘normative’ approach to model development [25]. This differs

rom the development of models in the realm of coupled human

nd natural systems [18], from which socio-hydrology stems [26],

hich tend to focus on understanding what is happening in the

ystem and why, following a ‘positive’ approach to model devel-

pment [25]. In this way, our model complements existing hydro-

conomics models, which are typically parameterized to capture

ocal dynamics and inform management [7]. Our modeling ap-

roach parallels that of socio-hydrology, yet we help to broaden

ocio-hydrology through the incorporation of economics. By mod-

ling domestic water use, agricultural production, and trade, we

lso present a theoretical foundation for the virtual water trade

iterature. In this way, we aim to contribute to further integration

f hydro-economics, socio-hydrology, and virtual water trade re-

earch.

The model is inspired by contemporary contexts – such as the

urrent drought in California – where water is a scarce resource.

n this setting, in which there is much agricultural production,

ompetition exists between the agricultural sector and other parts

f the economy for scarce water resources. Additionally, uncer-

ainty about the future supplies of water resources impacts farmer

ecision-making. In contexts such as this, it is critical to under-

tand the ramifications of trade in water-intensive goods, as well

s how various policies may impact water use, agricultural produc-

ion, and economic welfare. For this reason, a model that can pro-

ide insight into these issues may be of interest to governments,

lanning authorities, and non-governmental organizations dealing

ith scarce water resources. However, it is important to recog-

ize that theoretical models are necessarily abstractions of the real

orld and are not intended to inform policy makers in a specific

ituation, unlike site-specific integrated water resources manage-

ent approaches [14].

While the model is inspired by the real world, there is no

alidation because this is a theoretical model that abstracts the

eal world with necessarily restrictive assumptions. Our theoreti-

al model is meant to provide a logically consistent framework for

eriving results from first economic principles, that is, from the

nteractions of consumer and producer decision-making. For this

eason, we employ many common assumptions of economic mod-

ling, such as equilibrium prices, rational behavior, and profit max-

mization. These assumptions are pervasive in economic modeling,

ut rarely exist in the real world, making empirical validation dif-

cult. For this reason, it is common for theoretical economic mod-

ls to be developed without validation against existing data [6].

owever, our model enables us to isolate some of the key parame-

ers that can be empirically estimated in future work. Additionally,

ur theoretical model generates hypotheses that can be tested with

ata in specific circumstances in future research.

The approach undertaken in this paper does not involve pre-

iction of bilateral trade patterns among multiple countries; rather

t applies to a small, open economy, in which water is scarce. By

small’ we imply that we are concerned with a region that is not so

mportant to international trade that it can significantly influence

he prices it pays for inputs and the prices received for outputs;

t takes these prices as given. By ‘open’ we imply that the econ-

my is influenced by supply and demand as reflected in prices re-

eived for outputs in the rest of the world. Our approach builds

rom the traditional two-factor and two-good economic approach

ssociated with Heckscher [8] and Ohlin [19], further refined and

xtended in Samuelson [22] and Jones [15]. In contrast to these

eneral economics approaches, we allow for water as an additional

actor of production, do not assume that capital is perfectly mo-

ile between sectors, and allow for variability in water supplies

nd hence prices. We go beyond classic studies such as Howitt and

aylor [13] by considering an economy that is open to international
rade and has more than one sector, both of which use more than

ne factor of production. We also relax the traditional profit maxi-

izing assumption to allow for variation in producer attitudes to-

ards risk.

The paper is organized as follows. We first develop the model

n Section 2. We present two formulations: one that assumes profit

aximization and one that enables farmer decision-making under

ncertainty. Next, we examine scenarios and policy interventions

f interest in Section 3. In Section 3, we ask the following ques-

ions: What happens to water use when there is agricultural trade

iberalization? What are the consequence of policies to tax water

nd subsidize water-saving technologies? How does water supply

ariability impact water use? We conclude in Section 4.

. Model framework

We develop a theoretical model that captures the water re-

ources tradeoffs outlined above. This model stems from the clas-

ic 2 × 2 × 2 trade model, in which there are two regions, two

actors, and two goods. The model has explicit treatment of only

ne small country, but has three factors, one of which is shared by

he two sectors. We employ a static equilibrium framework. Equi-

ibrium is reached when prices equilibrate quantity supplied and

emanded across all markets in the economy [3]. Representative

uman agents operate in the model framework according to their

bjective, which is traditional profit maximization in Section 2.1

nd maximization of expected utility under risk in Section 2.2. Un-

er traditional profit maximizing behavior farmers choose among

lternative techniques of production based upon the relative prices

f inputs. Farmers choose the level of input wherein the price that

ust be paid for it equals the marginal value product of that in-

ut, which is the product of the extra output made possible by one

ore unit of input (marginal physical product), and the price of

he output. This model does not explicitly model multiple regions

nd make bilateral trade predictions. It is a model of a domestic

pen economy, in which production and trade are driven by exter-

al prices received for goods.

A schematic displaying our model is provided in Fig. 1. We

ssume that there is a home country and the rest of the world.

he country produces two goods: good 1 (agriculture) and good 2

manufacturing), which are also the two sectors/industries in the

conomy. There are three factors in the model: factor 1 (agricul-

ural capital), factor 2 (manufacturing capital), and factor 3 (wa-

er). Agricultural production requires agricultural capital and water,

hile manufacturing needs manufacturing capital and water. Wa-

er is mobile and costlessly re-allocated between the two sectors,

hile capital is a specific factor to each sector. Water use links sec-

ors with one another, which is a unique feature of water [23]. In
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our model, the common demand for water is the principal link-

age between the two sectors, since capital is sector-specific. In this

way, the model explains intersectoral competition for water re-

sources.

In our model, we allow producers to substitute between factors.

This is different from the Leontief assumption – in which factors

are assumed to be used in fixed proportions – which is commonly

applied when modeling agricultural water use (e.g. Kahil et al. [16]

and Berrittella et al. [4]). If farmers adopt efficient irrigation tech-

nology, such as drip irrigation, or switch to water-saving crop va-

rietals, this can be thought of as farmers substituting more capital

in order to use less water. These substitutions require a monetary

outlay, represented in our model as agricultural capital. Ultimately,

financial investment enables the same quantity of good to be pro-

duced with less water.

The model works for situations in which there is a market for

water – in which it is a scarce good – such that obtaining an ad-

ditional unit of water in one sector requires the other sector to

reduce its water use. As such, the model is not intended to depict

rainfed agriculture. To keep the analytical framework simple, we

assume perfect competition in input (factor) and output (goods)

markets. It is assumed that goods are produced with constant re-

turns to scale technology, which means that a doubling of inputs

results in a doubling of outputs. Furthermore, the production func-

tion is increasing, concave and linearly homogenous, which im-

plies a diminishing marginal product of water and capital. Marginal

product refers to the change in output resulting from using one

more unit of a particular input, assuming other input quantities

are fixed. We assume that inputs receive their value of marginal

product, although we will show how this changes under stochastic

water supplies.

2.1. Profit maximization

Farmers (or manufacturers) adjust their demand for capital and

water so as to maximize profit, which is determined by revenue

minus the cost of capital and water per unit crop (manufactured

good) produced. Note that capital is specific to each sector, while

water is shared between sectors:

max
x11,x31

�1 = p1 f1(x11, x31) − w1x11 − w3x31 (1)

max
x22,x32

�2 = p2 f2(x22, x32) − w2x22 − w3x32 (2)

where �j is the profit in industry j; pj is the output price in in-

dustry j; fj() is the production function in industry j; xij is the un-

conditional factor demand for factor i in industry j; and wi is the

factor price for input i (i = 1, 2, 3 and j = 1, 2).

The production function may be any functional form that main-

tains the following assumptions: (i) it is increasing with respect to

either input, (ii) it is concave, meaning that the second derivative

is negative, and (iii) it is homogeneous of degree one in inputs,

meaning that a doubling of the inputs leads to a doubling of out-

puts, that is, there are constant returns to scale in the production

of each good.

We denote yj as the output supply in industry j:

y1 = f1(x11, x31) (3)

y2 = f2(x22, x32) (4)

Under constant returns to scale, Eqs. (1) and (2) can be devel-

oped in terms of one unit of production. So, producers in each in-

dustry choose factors to maximize profit subject to the production

technology required to produce one unit of each good:

max
a11,a31

π1 = p1 − w1a11 − w3a31 subject to f1(a11, a31) = 1 (5)
max
22,a32

π2 = p2 − w2a22 − w3a32 subject to f2(a22, a32) = 1 (6)

here aij ≡ xij/yj is the conditional factor demand for factor i to

roduce one unit of good in industry j; π j is the unit profit in in-

ustry j.

The first order conditions can be solved to derive the producer’s

emand for inputs, conditioned on a desire to produce one unit

f output: a11 = a11(w1, w3), a31 = a31(w1, w3), a22 = a22(w2, w3),

32 = a32(w2, w3). It is important to emphasize that this is a much

ore realistic approach than to assume that such coefficients are

xed. Assuming that a11 and a12 are fixed would make the anal-

sis easier to solve later on, but would also simplify things in a

omewhat arbitrary manner.

Due to free entry and other competitive market assumptions,

arginal revenue (price) equals marginal cost in equilibrium:

p1 = w1a11(w1, w3) + w3a31(w1, w3) (7)

p2 = w2a22(w2, w3) + w3a32(w2, w3) (8)

Note that this differs from the Hecksher–Ohlin model (men-

ioned above) in that w1 and w2 are not identical prices for the

ame input (capital).

We do not need to make consumer preferences or demand

urves explicit because of two assumptions. One is that there are

ompetitive market conditions, meaning that the price for any

ood is equal to its marginal cost of production (anyone who tries

o sell for higher than cost will not be able to sell, because some-

ne else will enter and sell at cost). Second, the economy of inter-

st is ‘small’ relative to the rest of the world, meaning that it is

ot large enough to affect the prices received for goods produced.

Now, totally differentiate the competitive profit condition and

earrange the equations to obtain the following results (details are

n Appendix A):

dp1

p1

= a11w1

p1

dw1

w1

+ a31w3

p1

dw3

w3

(9)

dp2

p2

= a22w2

p2

dw2

w2

+ a32w3

p2

dw3

w3

(10)

Denoting x̂ ≡ dx
x , and θi j ≡ ai jwi

p j
, the results can be written as

p̂1 = θ11ŵ1 + θ31ŵ3 (11)

p̂2 = θ22ŵ2 + θ32ŵ3 (12)

here x̂ is the percentage change of the variable x; θ ij is financial

hare of input i in good j such that 0 < θ ij < 1, θ11 + θ31 = 1, and

22 + θ32 = 1.

The total use of agricultural capital, manufacturing capital, and

ater (i.e. factor constraints) are denoted as V1, V2, and V3, respec-

ively. The key set of equations for the factor markets are:

gcapital: V1 = x11 = a11(w1, w3)y1 implies: y1 = V1

a11

(13)

capital: V2 = x22 = a22(w2, w3)y2 implies: y2 = V2

a22

(14)

ateragricuture: x31 = a31(w1, w3)y1 (15)

atermanu facture: x32 = a32(w2, w3)y2 (16)

atertotal: V3 = x31 + x32 = a31y1 + a32y2 (17)

Eqs. (13), (14), and (17) are the so-called ‘factor market clearing’

onditions, and imply that a factor is used in its entirety. The mar-

et for water connects the two industries. So rather than working
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ith all three equations, we can restate Eq. (17) using the implica-

ion of Eqs. (13) and (14):

3 = a31

a11

V1 + a32

a22

V2 (18)

If we totally differentiate and rearrange the equation we obtain

he following results (details are in Appendix B):

dV3

V3

= a31

a11

V1

V3

dV1

V1

+ a32

a22

V2

V3

dV2

V2

+ V1

V3

a31

a11

d a31

a11

a31

a11

+ V2

V3

a32

a22

d a32

a22

a32

a22

(19)

hat is:

3̂ = λ31V̂1 + λ32V̂2 + λ31

(
ˆa31 − ˆa11

)
+ λ32

(
ˆa32 − ˆa22

)
(20)

here the notation of x̂ is the same as in Eqs. (11) and (12), which

s the percentage change of the variable x; λ31 ≡ a31
a11

V1
V3

= a31y1
V3

is

he fraction that industry 1 (agriculture) uses of water (input 3);

imilarly, λ32 ≡ a32
a22

V2
V3

= a32y2
V3

is the fraction that industry 2 (man-

facturing) uses of water (input 3), such that λ31 + λ32 = 1, 0 ≤
31 ≤ 1, and 0 ≤ λ32 ≤ 1.

Instead of leaving it in terms of the demand for inputs, it is

seful to convert to input return changes. To do this, we make use

f the elasticity of substitution between the two inputs used in

ndustry 1:

1 ≡ −dln(x11/x31)

dln(F1/F3)
= −dln(a11/a31)

dln(w1/w3)
= −

(
ˆa11 − ˆa31

)(
ŵ1 − ŵ3

) (21)

here F1 is the partial derivative of the production function (for

ector 1) with respect to input 1 (F1 = ∂ f1(x11,x31)
∂x11

). F3 is the partial

erivative of the production function (for sector 1) with respect to

nput 3 (F3 = ∂ f1(x11,x31)
∂x31

).

Similarly, the elasticity of substitution between the two inputs

sed in industry 2 is:

2 ≡
(

ˆa32 − ˆa22

)(
ŵ2 − ŵ3

) (22)

The elasticity of substitution measures the substitutability be-

ween the two inputs in each industry, which indicates how easy

t is to substitute one for the other. A high value of the elasticity of

ubstitution implies that small changes in relative input prices lead

o a large shift in input use. In contrast, a small value of the elas-

icity of substitution implies that changing the relative input prices

oes not impact input use much. In the limit, where the elasticity

f substitution is equal to zero, there is no response to a change

n relative input price; this is the case where there is no substitute

or water.

Now, rewrite Eq. (20) by substituting Eqs. (21) and (22):

3̂ = λ31V̂1 + λ32V̂2 + λ31σ1(ŵ1 − ŵ3) + λ32σ2(ŵ2 − ŵ3) (23)

In summary, the results are:

p̂1 = θ11ŵ1 + θ31ŵ3 (24)

p̂2 = θ22ŵ2 + θ32ŵ3 (25)

3̂ − λ31V̂1 − λ32V̂2 = λ31σ1(ŵ1 − ŵ3) + λ32σ2(ŵ2 − ŵ3) (26)

ote that Eqs. (24)–(26) are the same as Eqs. (11), (12) and (23)

espectively, and are the key equations in the model.
An equivalent way of stating the system is:(
θ11 0 θ31

0 θ22 θ32

λ31σ1 λ32σ2 −λ31σ1 − λ32σ2

)(
ŵ1

ŵ2

ŵ3

)

=
(

p̂1

p̂2

V̂3 − λ31V̂1 − λ32V̂2

)
(27)

The conditional demand for input by sector ( ˆa11, ˆa31, ˆa22, ˆa32) is

ariable:

1̂1 = −θ31σ1(ŵ1 − ŵ3) (28)

3̂1 = θ11σ1(ŵ1 − ŵ3) (29)

2̂2 = −θ32σ2(ŵ2 − ŵ3) (30)

3̂2 = θ22σ2(ŵ2 − ŵ3) (31)

otations are the same as in Eqs. (21) and (22).

Using the differentiated market clearing conditions for inputs 1

nd 2, i.e. by differentiating Eqs. (13) and (14), we find that the

hange in output of the two goods is:

1̂ = V̂1 − ˆa11 (32)

2̂ = V̂2 − ˆa22 (33)

Finally, we can obtain the change in water use of the two sec-

ors by differentiating Eqs. (15) and (16):

3̂1 = ˆa31 − ŷ1 (34)

3̂2 = ˆa32 − ŷ2 (35)

.2. Decision-making under uncertainty

The stochastic nature of water supplies is another aspect that

akes water unique as a factor of production. Under situations of

isk and uncertainty in water supplies, decision-makers may act

ifferently than they do when they are solely concerned with max-

mizing profit. Inter-annual variability in water supplies can be rep-

esented by shifts in the supply curve, resulting in price fluctu-

tions. These price fluctuations are due to variability in the wa-

er supply, and are what induce behavior on the part of water

sers that differs from pure profit maximizers in Section 2.2. Now,

roducers maximize their expected utility under variable water

upplies.

Here, we only consider industry 1 since results for industry 2

re analogous. The development parallels that of Howitt and Tay-

or [13], but, by contrast, is set in a three input, two industry, open

conomy. The decision rule can be written:

= p1 f1(x11, x31) − w1x11 − w3x31 (36)

here w3 is the random, imputed value of water, assumed to be

ormally distributed, N(w̄3, σ 2), and where w̄3 is the expected

ater price and σ 2 is the variance of the water price.

Further, we assume that firms in industries 1 and 2 have a

tility function in profits, maximize expected utility, and are risk

verse. Accordingly:

ax E[u(�)], u′(�) > 0, u′′(�) < 0 (37)

ubstituting Eq. (36) into Eq. (37), the decision problem for a rep-

esentative producer is to maximize expected utility by choosing

he input quantity (x11 and x31) given the input and output price:

max
11,x31

E[u(p1 f1(x11, x31) − w1x11 − w3x31)] (38)
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The two first order conditions of Eq. (38) that correspond to the

two input choices are given by setting the two first order deriva-

tives of Eq. (38) with respect to x11 and x31, to be zero:

E[u′(�)(p1∂ f1/∂x11 − w1)] = 0 (39)

E[u′(�)(p1∂ f1/∂x31 − w3)] = 0 (40)

The second order conditions of Eq. (38), likewise, are obtained

by setting the two second order derivatives to be less than zero:

E[u′′(�)(p1∂ f1/∂x11 − w1)
2 + u′(�)p1∂

2 f1/∂x2
11] < 0 (41)

E[u′′(�)(p1∂ f1/∂x31 − w3)
2 + u′(�)p1∂

2 f1/∂x2
31] < 0 (42)

This model framework enables us to derive the level of eco-

nomic output and water use when farmers face stochastic water

supply, which we present in Section 3.4. An intuitive explanation

of these results will be given there.

3. Model results

3.1. Scenario 1: agricultural trade liberalization

Scenario 1 evaluates the impacts of agricultural trade liberaliza-

tion. Suppose the home country enters into a trade agreement in

which a foreign country agrees to lower its barriers on agricultural

imports from the home country. This makes the agricultural good

more affordable to foreign buyers, and they increase their demand

for it. This new demand drives up the local price of the agricultural

good (p̂1 > 0). We assume a water authority exists that chooses the

price of agricultural water supplies (w3), which is not influenced

by trade liberalization negotiations. For example, it is unlikely that

an irrigation district in California would change the price of wa-

ter charged to users due to trade negotiations; however produc-

ers may have a higher demand for water should the price of their

commodity increase. To represent the fact that the price of water is

set by an external agency and is held constant, the price of agricul-

tural water is an exogenous variable and is held constant (ŵ3 = 0)
in this scenario. t

Table 1

Percentage change in the model parameters for Scenarios 1, 2,

SVariables

Resource use Agcapital V̂1 0

Mcapital V̂2 0

Watertotal V̂3

Wateragriculture ˆx31

Watermanufacture ˆx32 0

Output price Agriculture p̂1

Manufacturing p̂2 0

Input price Agcapital ŵ1

Mcapital ŵ2 0

Water ŵ3 0

Conditional demand Agcapital ˆa11 −

Water in agriculture ˆa31

Mcapital ˆa22 0

Water in manufacturing ˆa32 0

Quantity of supply Agriculture ŷ1

Manufacturing ŷ2

Notes: Those in gray are the exogenous variables. x̂ ≡ dx
x

is the p

share of input i in goods j. λ31 ≡ a31

a11

V1

V3
= a31 y1

V3
is fraction that i

λ32 ≡ a32

a22

V2

V3
= a32 y2

V3
is fraction that industry 2 (manufacturing)

between the two inputs in industry j.ŵ∗
3

= 1

1+ λ32σ2
θ22

/
λ31σ1
θ11

p̂1 < p̂1
The total use of agricultural capital and manufacturing capi-

al are also exogenous and held constant in this scenario (V̂1 = 0,

2̂ = 0), since they will not necessarily be influenced by free trade.

his approach could be varied in future work, but in this case en-

bles us to evaluate the pure effect of trade liberalization on water

esources controlling for investment. It is possible that the region

ill invest more capital in response to the new demand follow-

ng trade liberalization, but this would be a policy response under

ur model framework, in which V̂1 would need to be adjusted to

ntroduce this.

In particular, the exogenous variables here are:

p̂1 > 0, p̂2 = 0, V̂1 = V̂2 = ŵ3 = 0

hile the endogenous variables are:

ˆ1, ŵ2, V̂3

Under the imposed values, we can apply the control equations

n our model (i.e. Eqs. (24)–(35) to obtain values for all other vari-

bles in terms of percentage changes. These results are summa-

ized in Table 1.

Total water use under agricultural trade liberalization is given

y:

3̂ = λ31σ1

θ11

p̂1 > 0 (43)

The unit water use in agriculture is given by:

3̂1 = σ1 p̂1 > 0 (44)

o, according to Eq. (43) the percentage increase in water use (V̂3)

s positively correlated with the fraction of water use in agriculture

0 < λ31 < 1), the elasticity of substitution between the two inputs

σ 1 > 0), and the percentage increase in the price of agriculture

p̂1 > 0). The percentage increase in water use is negatively corre-

ated with the financial share of agricultural capital (0 < θ11 < 1).

nder trade liberalization, V̂3 > 0 (refer to Table 1), indicating that

omestic water use increases. Note that ˆx31 > 0 and ˆx32 = 0 (refer

o Table 1), indicating that the entire increase comes from agricul-

ure. Parameters in the production function determine the extent
and 3.

Scenario 3Scenario 2cenario 1

0 > 0

00
31 1

11
p̂1 00

1

11
p̂1 { 1

11
( p̂1 − ŵ∗

3
) > 0

2

22
ŵ∗

3
< 0 < 0

p̂1 > 0 p̂1 > 00

00

p̂1

11
> p̂1

p̂1

11

31

11
ŵ∗

3
> p̂1 < 0

32

22
ŵ∗

3
< 0 < 0

1

1 32 2 22

31 1 11

p̂1 < p̂1 > 0

31 1

11
p̂1 < 0 31 1

11
( p̂1 − ŵ∗

3
) < 0 > 0

1 p̂1 > 0 1( p̂1 − ŵ∗
3
) > 0 < 0

32 2

22
ŵ∗

3
> 0 > 0

2ŵ
3

< 0 < 0

31 31 1

11
( p̂1 − ŵ∗

3
) > 0 > 0

32 2

22
ŵ∗

3
< 00

ercentage change of the variable x. θi j ≡ ai j wi

p j
is financial

ndustry 1 (agriculture) uses of water (input 3); similarly,

uses of water (input 3). σ j is elasticity of substitution

is the target tax on water use.
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r

o which agricultural water use increases in relation to the price of

griculture.

Data for Morocco – a water-scarce country – can help us to

arrow down the value of key parameters that determine the

xtent to which agricultural water use increases under trade liber-

lization. In Morocco, approximately 87% of total freshwater with-

rawals goes towards agricultural production [29], which provides

rough estimate of the fraction of water use in agriculture (λ31 ≈
7%). The cost share of water use in Morocco ranges from 0.2% to

6% of total input costs [27]. That is, the financial share of agcap-

tal in agriculture varies from 74% to 99.8% (74% < θ11 < 99.8%).

o, the total water use increase depends largely on the elasticity of

ubstitution (σ 1).

Conversely, the use of agcapital will increase by proportionately

ess than water, illustrated by the results ˆa11 < 0 while ˆa31 > 0 (re-

er to Table 1). In fact, an increase in water use per unit of agricul-

ural production ( ˆa31 > 0) suggests a decrease in agricultural wa-

er use efficiency. This means that more water resources are used

ather than capital-intensive water-saving technologies, such as so-

histicated irrigation equipment. This is because the price of capi-

al in agriculture (w1) increases, without a subsequent increase in

he price of water.

As discussed above, total water use (V̂3) and unit agricultural

ater use ( ˆa31) are strongly influenced by the substitution elastic-

ty (σ 1). σ 1 reflects the ability of capital to be substituted for wa-

er, when water is either unavailable or relatively expensive. Po-

ential values of σ 1 range from zero to infinity, which results in

broad range of V̂3. σ 1 equals infinity when water and capital

re perfect substitutes in production: if water is in short supply,

e can fully compensate for it by using more of another input. If

1 equals zero, then there is no substitute for water. In this case,

ree trade has no effect on total water use (V̂3 = 0). Both of these

oundary values for σ 1 are unrealistic: it is more likely that some

ubstitution with water is possible. The Leontief assumption might

nderestimate the effect of trade liberalization on total water use.

his is because the Leontief assumption assumes a small elastic-

ty of substitution, such that trade liberalization will result in only

modest increase in the total water use. This is consistent with

ndings in the literature (e.g. Calzadilla et al. [5]). A more real-

stic estimate may be the well-known Cobb–Douglas assumption,

n which σ1 = 1. When σ1 = 1 the total water use will increase in

roportion to the price of agriculture.

Trade liberalization that raises the agricultural price – without

ubsequent price adjustments in water – has no effect on manu-

acturing; all the parameters in industry 2 remain unchanged. Agri-

ultural output increases in order to meet the new demand of the

oreign country under trade liberalization, which improves the eco-

omic performance of producers in the home country. However,

hese economic gains come at the expense of water resources; wa-

er resource use increases and agricultural water-use efficiency de-

lines. It should be noted that these results depend on the model

ssumptions that we have made; different assumptions could be

ade that may lead trade liberalization to impact water use in a

ifferent way. We have attempted to provide a framework for such

uture investigations.

.2. Scenario 2: target tax on water

Total water use increased under trade liberalization in Scenario

. If viewed as undesirable, one potential policy response to reduce

his increase in water use could be to increase its price. Here, we

xplore if a water tax exists that reduces water use without off-

etting the economic gains from trade liberalization. We derive the

evel of a tax on water that would counteract the increased water

se under trade liberalization. The tax level targets a certain level

f water use, so we refer to this tax level as a ‘target tax’.
In this scenario, there is agricultural trade liberalization, with

ncreased foreign demand for the water-intensive agricultural good

p̂1 > 0). The water authority adjusts w3 such that water use will

emain at pre-liberalization levels, that is, V3 is held constant;

3̂ = 0. The water authority can act such that, in effect, the wa-

er use charge (w3) is an endogenous variable. Allowing w3 to be

ndogenous is a way of imputing what its tax might be to return

ater use to pre-liberalization levels.

In this scenario, the exogenous variables are:

p̂1 > 0, p̂2 = 0, V̂1 = V̂2 = V̂3 = 0

hile the endogenous variables are:

ˆ1, ŵ2, ŵ3

If we apply the control equations in our model (e.g. Eqs. (24)–

35), we obtain results for all other variables. These are summa-

ized in Table 1. Results for Scenario 2 in Table 1 show the percent

hange in parameters compared to a base case with no trade lib-

ralization and no water tax. Differences between the columns for

cenario 1 and Scenario 2 in Table 1 indicate the direct impact of

he water tax under trade liberalization.

From Table 1, it is clear that agricultural production increases,

ut not by as much as it does under Scenario 1. This is due to the

ncreased price of water under the target tax in Scenario 2. In Sce-

ario 2, the total water use does not change. However, note that

ater use increases in agriculture ( ˆx31 > 0) are offset by declining

ater use in manufacturing ( ˆx32 < 0) to keep total water use con-

tant. In manufacturing, capital tends to be substituted for water,

ince water is relatively more expensive now (ŵ3 > 0, ŵ2 < 0).

These results illustrate that the target tax is proportionately

maller than increases in agricultural prices under trade liberal-

zation. This framework provides a way to estimate the target tax,

hich is given by:

ˆ∗
3

= 1

1 + λ32σ2

θ22
/

λ31σ1

θ11

p̂1 < p̂1 (45)

Note that the target tax, ŵ∗
3
, depends on the fraction of water

se, substitution elasticity of inputs, and financial share of capi-

al between manufacturing and agriculture (
λ32
λ31

,
σ2
σ1

, and
θ22
θ11

, all of

hich are positive). Thus, the finding that ŵ3 < p̂1 demonstrates

hat a tax – that is proportionately smaller than the percentage in-

rease in the agricultural price (p̂1) – is large enough to offset the

ncrease of water use resulting from trade liberalization.

Fig. 2 illustrates the percentage change in model parameters for

arious values of the water tax. Fig. 2 highlights the increasing in-

ersectoral competition for water as water becomes more valuable.

ater use in both sectors falls as the price of water increases, yet

t different rates, determined by its elasticity of substitution (σ 1

nd σ 2) and financial share of capital (θ11 and θ22). Total water

se returns to pre-liberalization levels (V̂3 = 0) at the target tax ŵ∗
3
,

y definition. However, these reductions in water use are accom-

anied by further reductions in agricultural output, until the gains

rom trade are completely eliminated when ŵ3 = p̂1, since ŷ1 = 0

refer to Fig. 2d). Additionally, ŷ2 < 0 for all tax levels (refer to

ig. 2e). In other words, for the tax level ŵ3 = p̂1 agricultural out-

ut returns to pre-liberalization levels, while manufacturing output

s reduced for any level of the tax, indicating reduced economic

erformance. Thus, tradeoffs exist between economic performance

nd resource use – which must be carefully considered – in order

o determine implications of the target tax.

.3. Scenario 3: subsidize investment in agriculture

In this scenario, we explore another potential policy option to

educe water use. In this case there is additional investment in the
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Fig. 2. Percentage change in the model parameters with the water tax (ŵ3). When ŵ3 = 0, then no water tax is present and only trade liberalization holds. The target tax

on water is shown by ŵ∗
3
. The boundary value for the tax (p̂1) indicates the value of the tax for which agricultural price increases due to liberalization are eliminated. The

model parameters shown are the percentage change in (a) water use, (b) water demand for unit agricultural output, (c) water demand for unit manufacturing output, (d)

agriculture output, (e) manufacturing output, (f) agricultural capital price, and (g) manufacturing capital price. Water use returns to pre-liberalization levels at the target

tax by definition (V̂3 = 0). At tax levels greater than ŵ∗
3
, water use continues to fall, as does agricultural output, until the gains from trade are completely eliminated when

ŵ3 = p̂1, since ŷ1 = 0.
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agriculture sector, which might arise from government interven-

tions that are external to the scope of the model. Not all invest-

ment in agricultural capital will reduce water use; we restrict our

attention to those that do, such as water-saving technologies.

Here, the use of capital in agriculture is increased, such that

1̂ > 0. In this scenario, there is no trade liberalization, so p̂1 =
0, because there is no additional foreign demand for agricultural

goods. So, the exogenous variables in this scenario are:

p̂1 = 0, p̂2 = 0, V̂1 > 0, V̂2 = V̂3 = 0

while the endogenous variables are:

ŵ1, ŵ2, ŵ3

Under the imposed values, we apply the control equations in

our model (e.g. Eqs. (24)–(35) and obtain results for all other
ariables. These are summarized in Table 1. Results for Scenario

in Table 1 show the percent change in parameters compared

o a base case with no trade liberalization and no subsidy to

gcapital.

The finding that ŵ3 > 0 implies that water has become rela-

ively expensive in comparison to agricultural capital. Returns to

pecific inputs (e.g. cost of agricultural capital and manufactur-

ng capital) fall to offset the increase in water price, shown by

ˆ1 < 0 and ŵ2 < 0 (refer to Table 1). Notably, agricultural produc-

ion increases under this scenario (Note that ŷ1 > 0 under Sce-

ario 3 in Table 1). Since agricultural production increases while

ater use remains fixed, the unit water use decreases (i.e. water-

se efficiency increases). Since water-saving technologies become

heaper in this scenario, producers substitute away from water,

hich might be the goal of the public intervention.
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An implication of this scenario is that mechanisms exist by

hich producers use less water without reducing agricultural pro-

uction. It is thus an indirect means of influencing water use

ecision-making. Subsidizing agricultural capital – combined with

ther relevant policies – provides a policy mechanism to re-

uce water use without targeting water resources explicitly. One

ownside is that would shift government resources away from

ther activities, and a complete analysis would need to examine

ow the capital investment is paid for. A broader, more detailed

eneral equilibrium model with an explicit role for government

nd public finance would be needed to fully explore this issue.

.4. Scenario 4: stochastic water supplies

In this scenario, water supplies are stochastic, which is an im-

ortant feature of water resources. Variability in water supplies can

esult in variability in the price paid for water (w3) as discussed in

ection 2.2. For example, a farmer may have riparian rights for a

iver whose flow varies from year to year. The rental value of wa-

er also will have a distribution in this case. Previous studies have

xamined the impact of variable water input prices on the deci-

ion to adopt precision irrigation technology [24], but have not yet

onsidered trade implications.

Here, we apply the model described in Section 2.2 and obtain

he following results (see details in Appendix C):

p1∂ f1/∂x11 = w1 (46)

p1∂ f1/∂x31 > w̄3 (47)

Eq. (46) is a standard result in a competitive market setting.

his result highlights the fact that the value marginal product of

nput 1 is equivalent to the exogenously determined price of in-

ut 1, which is the same as the result in equilibrium without a

tochastic water price.

Eq. (47) provides a finding similar to Howitt and Taylor [13],

ut is an extension to a trade setting, with more than one sector

nd with multiple factors of production. The left hand side (LHS)

f Eq. (47) presents the agricultural output multiplied by the extra

gricultural output that can be derived from one more unit of wa-

er. The right hand side (RHS) of Eq. (47) presents what must be

aid for that water. In the absence of water risk, the LHS and RHS

ould be equal (as in the previous equation). This would mean

hat the producer would keep procuring more water up to the

oint that the extra revenue from it equals the cost of getting the

ater. However, what we show under stochastic supplies and risk

version, is that the producer does not obey this rule. Instead, they

ave to be guaranteed a return in excess of what they pay for the

ater (on average). In essence the producer is giving up potential

evenue, on average.

Thus, Eq. (47) suggests expected utility is maximized when the

alue marginal product exceeds the expected factor cost. This is

very important result. It means that producers will cut back on

ater use simply because of uncertainty. The additional revenue

erived from obtaining more water must be strictly greater than

he price of obtaining more water, in order to induce producers to

ake this expansion.

The above result is based on the assumption that producers

re risk averse and does not hold if producers are not risk averse.

owever, we do not make any assumptions about their level of

isk aversion. The amount that producers cut back on water use

s associated with their level of risk aversion and may also be dis-

orted by existing policies, such as insurance contracts. Producer

evels of risk aversion remains an empirical question that we nec-

ssarily leave to future work. What makes this scenario different

rom the other scenarios is that water availability is stochastic
nd producers are not indifferent to the associated risks. It im-

lies there is a behavioral response to stochastic water supplies

hat leads to a reduction in water use. In this way, this approach is

ore general than the profit-maximizing assumption used to de-

ive earlier results. Note that when water supplies are not stochas-

ic, the expected utility maximization behavioral approach of

ection 2.2 yields equivalent results to that of profit maximization.

n fact, we could have used the (more complicated) expected util-

ty maximization approach through the paper, with no changes in

esults.

. Conclusions

In this paper, we presented a model that captures the mech-

nistic relationships between water as a domestic factor of pro-

uction, as well as the consumption and trade of water-intensive

ommodities. We focus on four tradeoffs that are important in

ater-use decision-making. The first tradeoff concerns water al-

ocation among different sectors. The second tradeoff highlights

ubstitution possibilities in production, which means that, under

ertain circumstances, there may be a substitute for water (or at

east a way to conserve water), such as water-saving technologies

hat require capital investments. The third tradeoff highlights that

roduction and consumption can be substituted across regions,

n which trade lends flexibility and efficiency to the system. The

ourth tradeoff considers how farmers change their behavior to ac-

ount for production risk.

We show that inclusion of stochastic water supplies into the

odel induces producers to reduce their demand for water, which

s an unclear relationship ex-ante. Other results show the condi-

ions under which agricultural trade liberalization influences water

se, depending on the elasticity of substitution of water. An im-

ortant result is that a target tax – which offsets the increase in

ater consumption due to trade liberalization – can be proportion-

tely smaller than the increase in agricultural output price. Subsi-

izing capital in the agricultural sector may lead to the adoption

f advanced technologies, such as drip irrigation and water sav-

ng seed and fertilizer technologies, which increases water-use ef-

ciency and reduces water consumption in agriculture. This high-

ights the fact that policies that are not directly focused on water

esources may have a significant impact on water use. This may be

elpful in situations in which direct water policies are politically

npalatable.

The model that we presented in this paper contributes to the

urther integration of the hydro-economics, socio-hydrology, and

irtual water trade literatures. The motivation of our model was to

evelop generalizable insights into the interactions between peo-

le and water resources. In this way, our approach parallels that of

ocio-hydrology, while broadening socio-hydrology by explicitly in-

orporating economics. Our theoretical model complements exist-

ng hydro-economics models, which are typically parameterized to

apture local dynamics with the goal of improving water resources

anagement. Additionally, our model provides a theoretical foun-

ation for virtual water trade research.

The strength of our analysis has been to capture the tradeoffs

hat exist for water use decision-making between sectors, factors,

rading partners, and with uncertainty. Significantly, our model en-

bles these linkages and mechanisms to be displayed in a sim-

le and coherent framework, in which all assumptions are clearly

tated. That said, our analysis has left unexamined a number of

ssues that may be important in certain circumstances. Future ex-

ensions to the model may consider the implications of infrastruc-

ure and distinct sources of water, such as rainfall, surface irriga-

ion supplies, and groundwater supplies. The integration of theory

ith empirical analyses represents a particularly important direc-

ion for future research.
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Appendix A

Eqs. (7) and (8) are as the following:

p1 = w1a11(w1, w3) + w3a31(w1, w3) (A.1)

p2 = w2a22(w2, w3) + w3a32(w2, w3) (A.2)

Now, totally differentiate the competitive profit condition

(Eqs. (A.1) and (A.2)):

dp1 = a11dw1 + a31dw3 + w1da11 + w3da31 = a11dw1 + a31dw3

(A.3)

dp2 = a22dw2 + a32dw3 + w2da22 + w3da32 = a22dw2 + a32dw3

(A.4)

Since w1da11 + w3da31 = 0 and w2da22 + w3da32 = 0. This re-

sult arises from the so-called ‘envelope theorem’ of economics,

which concerns the differentiability properties of the objective

function – in this case a firm’s optimization problem. Divide both

sides by p1 in Eq. (A.3) and p2 in Eq. (A.4), and multiply/divide RHS

terms by certain terms:

dp1

p1

= a11w1

p1

dw1

w1

+ a31w3

p1

dw3

w3

(A.5)

dp2

p2

= a22w2

p2

dw2

w2

+ a32w3

p2

dw3

w3

(A.6)

Thus we obtain Eqs. (9) and (10).

Appendix B

Eq. (18) is as the following:

3 = a31

a11

V1 + a32

a22

V2 (B.1)

Now totally differentiate Eq. (B.1):

dV3 = a31

a11

dV1 + a32

a22

dV2 + V1d
a31

a11

+ V2d
a32

a22

(B.2)

Divide both sides by V3 in Eq. (B.1):

dV3

V3

= a31

a11

V1

V3

dV1

V1

+ a32

a22

V2

V3

dV2

V2

+ V1

V3

a31

a11

d a31

a11

a31

a11

+ V2

V3

a32

a22

d a32

a22

a32

a22

(B.3)

Thus we obtain Eq. (19).

Appendix C

Eqs. (39) and (40) are as the following:

E[u′(�)(p1∂ f/∂x11 − w1)] = 0 (C.1)

E[u′(�)(p1∂ f/∂x31 − w3)] = 0 (C.2)

The expected value operator passes over all terms in the upper-

most first order condition (Eq. (C.1)) because no term is random.

This condition can be simplified to be:

p1∂ f/∂x11 = w1 (C.3)
ere, we get Eq. (46).

The first order condition with respect to water is more com-

licated because the price has a distribution. We first rearrange

q. (C.2):

[u′(�)p1∂ f/∂x31] = E[u′(�)w3] (C.4)

Now subtract E[u′(�)w̄3] from both sides yields in Eq. (C.4) and

implify:

[u′(�)(p1∂ f/∂x31 − w̄3)] = E[u′(�)(w3 − w̄3)] (C.5)

The value of profit is as in Eq. (36):

= p1 f1(x11, x31) − w1x11 − w3x31 (C.6)

If we take the expected value of profit in Eq. (C.6), we get:

(�) = p1 f (x11, x31) − w1x11 − w̄3x31 (C.7)

Substituting Eq. (C.6) into Eq. (C.7), we get:

= E(�) + (w̄3 − w3)x31 (C.8)

If w̄3 > w3 then � > E(�) and from the properties of the utility

unction u′(�) < u′(E(�)) (risk aversion) and therefore:

′(�)(w̄3 − w3) < u′(E(�))(w̄3 − w3) (C.9)

If w̄3 < w3 then � < E(�) and then: u′(�) > u′(E(�)). However

e get the same relationship as in Eq. (C.9):

′(�)(w̄3 − w3) < u′(E(�))(w̄3 − w3) (C.10)

ince the sign of w̄3 − w3 is changed.

Therefore, Eq. (C.10), which is the same as Eq. (C.9), holds for

ll w̄3 and w3. Taking expectations of both sides of Eq. (C.10), we

et:

[u′(�)(w̄3 − w3)] < u′(E(�))E(w̄3 − w3) (C.11)

Since E(w̄3 − w3) = 0, substituting this into Eq. (C.11), we then

ave that:

[u′(�)(w̄3 − w3)] < 0 (C.12)

Substituting Eq. (C.5) into Eq. (C.12), we obtain

[u′(�)(p1∂ f/∂x31 − w̄3)] > 0 (C.13)

hich implies Eq. (47) at the optimum:

p1∂ f/∂x31 > w̄3 (C.14)
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