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Abstract
We present evidence that international trade may exacerbate the initial unequal distribution
of hydric resources. This result is driven by the fact that countries exporting agricultural
goods are relatively abundant (with respect to capital) in the combined availability of water
and arable land but, in absolute terms, scarce in capital and not richer inwater in comparison
to more developed ones. Due to both the scarcity of capital and the lower relative price of
natural resources with respect to capital, the total value of production in these developing
countries is modest, implying that international trade can lead to a less even distribution of
thewater content of consumption. Policies sustainingwater prices and,more generally, those
of natural resources (or lower capital costs) may contribute to offsetting this effect and allow
for trade to play a positive role in reducing the uneven distribution of water endowments.

Keywords: global water trade; Heckscher-Ohlin; international trade; virtual water; water crisis; water
inequality
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1. Introduction
The availability of water is an essential element to human development (Mehta, 2014).
Indeed, the numerous problems caused by the limited availability of hydric resources
are well documented by the vast literature that explores the impact of water scarcity on
crucial issues such as development, conflict, and food security (see, e.g., Famiglietti, 2014;
Gleick, 2014; Schleussner et al., 2016). Therefore, a major challenge ahead of the global
development agenda necessarily involves avoiding or reducing water shortages at both
the local and global levels (Jury and Vaux, 2007; Hanjra and Qureshi, 2010).

The importance of this issue is confirmed by stylized facts that clearly indicate a neg-
ative trend for both the level and the distribution of freshwater resources over time. This
evidence is presented in figure 1, which displays four different measures of global trends
in the availability of freshwater resources based on World Bank data. The top left panel
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Figure 1. Dynamics of freshwater distribution over time.
Notes: The upper left panel shows the trend of global per capita endowment of freshwater. The upper right
shows the coefficient of variation (CoV) for the per capita distribution of freshwater amongmore than 200
countries. The lower left panel is the Gini coefficient, and the lower right panel is the skewness of the per capita
distribution of water.
Source of data: World Bank.

shows the evolution of per capita water endowments at the worldwide level and sug-
gests that freshwater is becoming a scarcer resource. The other three panels of figure 1
illustrate the trends in the distribution of per capita water endowments. The top right
panel shows the coefficient of variation (CoV) of the per capita distribution of water, the
bottom left panel is the Gini coefficient, and the bottom right panel is the skewness of
the distribution. All three reported statistics suggest that water distribution has become
more unequal and also skewed over time.1

Based on these stylized facts, this paper investigates whether trade may alleviate the
increased inequality in water endowments by allowing water-scarce regions to import
water-intensive goods from water-abundant areas (Yang and Zehnder, 2002; Porkka
et al., 2017).We show that international trade may actually increase the ex-post inequal-
ity in the water content of consumption. In particular, we find that countries that export
water-intensive goods are relatively abundant in natural resources (land and water) with
respect to capital (both human and physical) but poorer in capital without being richer
in water, in absolute terms, with respect to countries exporting capital-intensive goods.
Therefore, since the total value of the production factors of countries that are relatively
abundant in natural resources ismodest, international trade can lead to a less even distri-
bution of the water content of consumption. The likelihood of this happening depends
on the relative price of natural resourceswith respect to capital factors. Indeed, for a given
cost of capital, countries characterized by a relative abundance of natural resources with

1It should be noted that climate change and population growth have been identified as two main causes
of water and food insecurity (Barnett et al., 2005; Misra, 2014).

https://doi.org/10.1017/S1355770X21000401 Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X21000401


472 Mohamad Afkhami et al.

respect to capital will be more likely to reduce their water content of consumption, the
lower are the prices of natural resources. Intuitively, this result is driven by the fact that,
for relatively lower prices of natural resources compared to those of capital, the country
that exports resource-intensive goods will receive a lower share of global income from
international trade andwill therefore be able to purchase and consume a smaller quantity
of goods as a consequence of trade. Thus, policies devoted to sustaining water prices or
increasing the costs of water depletion are particularly relevant, as are those that promote
lower capital costs.

Our analysis relies on the notion of Virtual Water (VW), which refers to the total
amount of water involved in the production of a given good. This concept was first intro-
duced in the early 1990s in response to the popular belief that water shortage will be a
major cause of future wars (Allan, 1997, 1998) and is particularly useful when investi-
gating the role that trade may play in leveling the unevenness in the initial distribution
of water resources. Indeed, unlike other natural resources, such as crude oil, timber and
copper, water cannot be produced in one location and economically transported to oth-
ers for direct usage. Thus, the only viable way to transfer water from one region to the
other is to import water embedded in traded goods.

Ourmain contribution is to show that once we take into account that water-intensive
goods are typically also land-intensive, whereas they are less intensive in terms of physi-
cal and human capital (see, e.g., Ansink, 2010;Wichelns, 2010), trademay not necessarily
lead to a more even water content of consumption. Indeed, we find that VW trade may
actually result in a more unequal ex-post distribution of per capita water consumption
across countries.

In terms ofmethodology, we begin by introducing amodifiedHeckscher-Ohlin (HO)
model of international trade that incorporates composite production factors. In linewith
the traditional HOmodel, we reduce the input space going from four separate factors of
production to two composite factors – one includingwater and arable land, and the other
including physical and human capital. Throughout the paper, we use the term natural
resources to refer to the composite factor including land and water, and the term capital
to refer to the factor containing physical and human capital.2 This allows us to take into
consideration that agricultural production is typically more intensive in water and land,
while industrial production typically requires larger amounts of physical and human
capital. Thus, we account for the existence of strong complementarities among factors of
production. The existing literature has already emphasized that ‘water availability should
be considered neither themain nor the unique determinant of VW flows’ (Fracasso et al.,
2016: 1056), and water endowments should be expressed in relative terms with respect
to the stock of arable land (Kumar and Singh, 2005).

ThismodifiedHOmodel, which properly accounts for composite production factors,
illustrates that trade will lead to less even per capita consumption of water resources
across countries if the following two conditions are satisfied: (1) countries that have a
relative abundance of natural resources (i.e., resources that are more intensively used
in agriculture versus manufacturing/services) tend to specialize in water-intensive agri-
cultural goods; and (2) on average, those countries that are ‘exporters’ of these natural
resources are, in absolute terms, scarce in capital in comparison to their trade partners,

2Notice that our definition of natural resources does not include other types of natural resources such as
oil, fisheries and minerals.
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without being abundant in absolute terms in either water or land.3 Our empirical anal-
ysis confirms that these conditions are indeed satisfied, thus allowing us to state that
according to a standard workhorse model of international trade, virtual trade will have a
negative impact on water equality. Our claim is, therefore, that VW trade does not lead
to more even distribution of the water content of consumption across countries.

To confirm that the two conditions stated above are satisfied, our empirical analysis
proceeds in steps. As a preliminary step, by adopting a recent data reduction tech-
nique that combines ideas from principal component analysis (PCA) and hierarchical
clustering in an elegant and simple manner, we confirm that the use of composite pro-
duction factors is indeed a valid assumption. More specifically, with respect to other
data reduction techniques that create synthetic components retaining also weakly corre-
lated variables, the methodology we adopt is particularly relevant in our setting because
it generates pairs of strongly correlated variables, greatly simplifying the interpretation
of components. This approach allows us to test the factor proportion theory properly
and empirically verify that the relevant composite production factors are indeed those
suggested by the theoretical framework, namely natural resources (water and land) and
capital (physical and human).4 As a second step, we confirm condition 1 using the so-
called ‘interactional approach’ pioneered by Deardorff (1982) and Forstner (1985) and
test the validity of the composite factor HO theory by regressing net exports on a set of
country-level factor endowments and industry-level factor intensities. To validate con-
dition 2, we first define countries that are net exporters of natural resources, and then we
show that they are not more abundant in water than net importers of natural resources.5

The country-level analysis is justified by the fact that, although it is well-established
that within-country trade plays a major role in determining the ultimate distribution of
water resources, international trade provides a cleaner setup to assess the role of trade
on water distribution.6 Indeed, while intranational VW movements may be affected by
domestic policies aimed at, for example, subsidizing the production of water-intensive
goods in regions where hydric resources are more abundant, these policies are less likely
to be enacted at the international level. More specifically, with the exception of cer-
tain cross-border trade agreements (i.e., EU, NAFTA, etc.), there is an absence of a
transnational political body that has the authority to engage in any form of water redis-
tribution policy, beyond attempting to regulate trade between countries. Therefore, the
cross-country analysis provides a valid test of the impact of trade on VW distribution.

The rest of the article is organized as follows. Section 2 briefly presents the related lit-
erature. Section 3 introduces the theoretical framework. Section 4 discusses the method-
ology and data, while the results of the empirical analysis are presented in section 5.
Finally, section 6 concludes and proposes topics for future research.

3Here, although our variables are always expressed in per capita terms, we use the typical HO terminol-
ogy, where factors of production may be scarce or abundant in relative and/or absolute terms.

4Indeed, as argued by Leamer and Bowen (1981), Aw (1983) and Forstner (1985), when there are more
than two factors of production, usual regression procedures might provide inappropriate tests of the factor
proportions theory. This happens in case of severe factor complementarities (see, e.g., Harkness, 1983).

5In the online appendix, we confirm the robustness of our findings by estimating alternative models
and addressing potential endogeneity issues related to capital endowments. In particular, we carry out an
instrumental variable (IV) analysis that allows us to exclude the possibility that our conclusions may be
biased due to endogeneity issues.

6As a rough estimate of the relevance of cross-country trade in water-intensive goods, it is useful to
consider that in 2009 the share of the total food produced that was internationally traded for human
consumption was equal to 23 per cent (D’Odorico et al., 2014).
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2. Related literature
Our paper belongs to a growing literature that considers the intersection between inter-
national trade andVW. In particular, we contribute to the stream that critically examines
the impact of VW trade.7 Kumar and Singh (2005), for example, use cross-country data
from 151 countries showing that pure water endowments do not fare well in explaining
much of the VW trade. Fracasso (2014) estimates a trade gravity model and finds that
bilateral flows are affected by water endowments and pressure on water resources, in
addition to the classic determinants of the gravity model. Utilizing the same model and
examining VW flows across the Mediterranean basin, Fracasso et al. (2016) verify that
larger water endowments do not necessarily result in more VW exports. Seekell et al.
(2011) use trade data to argue that VW flows are directed by global economic structures
and trade relations rather than by the relative scarcity of water within nations. They also
argue that VW trade is unlikely to mitigate water inequality as the water used in agricul-
ture (the dominant water need of countries) cannot be completely compensated by VW
transfers. In a studywith a similar approach and conclusion, Suweis et al. (2011) find that
4 per cent of international trade connections account for 80 per cent of VW transfers.
However, this conclusion does not take into account the per capita distribution of natural
resources, the presence of VW in non-agricultural products, and the effects of multilat-
eral trade. Puttingweight on abundance, Lenzen et al. (2013) include the scarcity of water
resources at the country level to analyze global water trade and draw a new structure of
global VW networks under this assumption.

A novel aspect of our paper, with respect to this literature, is to offer country-level
empirical evidence affirming the role of capital (physical and human) endowments in
determining the pattern of VW trade. We empirically show that once natural resources
and capital are properly accounted for, tradewill not giveway to amore even distribution
of water resources.

Two papers closely related to our work are Ansink (2010) and Reimer (2012). Ansink
(2010) refutes themajor claim of the VWparadigm by illustrating cases in which theHO
model does not necessarily imply a more equal distribution of water resources. Reimer
(2012), however, defends the validity of the HO model by showing that it is actually
consistent with a more even relative redistribution of water resources across countries.
We elaborate on this discussion by illustrating how Ansink’s claim remains true. This
is done by stressing that the relevant dimension when assessing the validity of the VW
promise is the impact of trade on the per capita consumption of water resources across
countries.

Our paper is also closely related toDebaere (2014), which provides a systematic analy-
sis of the role of water endowments in determining countries’ exports of water-intensive
goods. However, while Debaere aims at testing a quasi-HO model (see Romalis, 2004),
we investigate how factor composition, measured as relative endowments of natural
resources and capital, influences VW trade. Therefore, although we use the same dataset
employed in Debaere (2014), we adopt a partially different approach, which delivers
results that are consistent with the stylized facts presented in figure 1. First of all, because
our focus is on the distributional effects of VW trade, we use a measure of net exports as

7Antonelli and Sartori (2015) provide the most recent review of the academic and policy debate sur-
rounding the notion of VW, while other papers that critically address VW trade include Sayan (2003), Yang
and Zehnder (2007),Wichelns (2010), Perry (2014), Carr et al. (2015) and Rosa et al. (2018). Other examples
of studies aiming to measure the global and regional VW trade flows include Dietzenbacher and Velázquez
(2007), Guan and Hubacek (2007), Feng et al. (2012), and Bae and Dall’Erba (2018).
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the dependent variable instead of total exports (see, e.g., Deardorff, 1982; Forstner, 1985;
Romalis, 2004; Levchenko, 2007; Nunn, 2007; Debaere, 2014). In this way, we account
for the presence of intra-industry trade.8 Second, we use a hierarchical decomposition
technique to reduce the input space going from four separate factors to two compos-
ite factors. This allows us to address a well-known issue in the VW literature: the fact
that typically water-abundant products are also land-abundant products, and therefore
the availability of arable land becomes an important determinant of VW flows (see, e.g.,
Kumar and Singh, 2005; Fracasso et al., 2016). In a quasi-HO perspective, the use of a
water-land composite factormight also be useful in explaining whyDebaere (2014) finds
that water has little impact on trade patterns compared to the classic production factors
(labor and capital). In the last part of the analysis, we also show that both our choices of
using net exports as the dependent variable and reducing the number of factors improve
the analysis without affecting our results.

3. Theoretical framework
We adopt a simple theoretical framework to illustrate how capital scarcity may affect
the impact of trade on the redistribution of per capita VW resources across countries.
More specifically, we show that while the relative abundance of natural resources versus
capital is what determines the specialization in resource-intensive goods, this does not
necessarily lead to amore even distribution of thewater content of consumption. Indeed,
if countries that are relatively rich in natural resources are typically not endowed with
more water and poor in capital, the water content of consumption may become more
unequal with trade. This is driven by the scarcity of capital in these countries as well
as by the lower relative prices of natural resources with respect to capital. Both of these
forces contribute to reducing the share of global income that accrues to countries export-
ing natural-resource-intensive goods, therefore ultimately reducing the water content of
their consumption.

Our framework follows the core logic of theHOmodel of international trade based on
two goods, two countries, and two production factors.Y1 denotes a water-land-intensive
agricultural crop, and Y2 denotes a capital-intensive industrial product. The production
of each of the two commodities requires a combination of two composite factors: nat-
ural resources and capital. This assumption is consistent with previous contributions
and suggests that the endowment of water should be replaced with that of water and
land combined. Indeed, water is traded by moving water-land-intensive commodities,
such as grain, from one country to another (see, e.g., Merett, 2003; Kumar and Singh,
2005; Ansink, 2010; Fracasso et al., 2016).9 Likewise, any measure of the capital required
to produce a given good includes both physical and human capital. Using the standard
notation of international trade models, the two countries, home and foreign (where we
denote the latter with an asterisk (*)), are characterized by different endowments of
natural resources and capital. The natural resource endowment, R, encompasses both

8Debaere (2014) uses total exports as the dependent variable because the quasi-HO prediction states that:
despite the existence of intra-industry trade, countries capture larger shares of world production and exports
in commodities that more intensively use their abundant factors. This means that Debaere’s focus is on the
determinants of total exports instead of net exports.

9For instance, countries such as Afghanistan and Malawi have a comparative advantage in the produc-
tion of water-intensive goods ‘not only because they have lower capital endowments (e.g., human capital,
infrastructure, and technology), but also because they have larger endowments of arable land to use their
water endowment effectively’ (Ansink, 2010: 2029).
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water (W) and arable land (L) and is a compact form to represent the effective water
endowment; similarly, capital, C, includes both physical capital (K) and human capital
(H).10

One of the main findings of the HO model is that, under the standard assump-
tions that markets clear, national budget constraints are satisfied, and preferences and
technologies are homogeneous across countries, allowing for final goods to be traded
between two countries will result in the equalization of production input prices across
countries (i.e., factor price equalization), even absent any trade or mobility of produc-
tion factors. If the two countries have a sufficiently similar ratio of factor endowments,
theywill produce in the so-called cone of production, inwhich both countries will use the
same combination of inputs; though, theymay produce different quantities of each good.
In other words, the HOmodel predicts that a country that is relatively abundant in cap-
ital will produce more of the capital-intensive good, whereas a country that is relatively
abundant in employable water will focus on the water-land-intensive good.

For example, if we assume that home is relatively abundant in natural resources
(i.e., R/C > R∗/C∗), it will produce more water-land-intensive goods (Y1) and will
become a net exporter of water-land. The relatively capital-abundant country (foreign),
on the other hand, will focus on producing a larger quantity of capital-intensive goods
(Y2) and will become a net importer of water-land-intensive goods. However, in what
follows, we show that these conditions are not sufficient to allow for trade to lead to a
more equal per capita consumption of water resources across countries. In particular,
this may occur if countries that are relatively abundant in natural resources (land and
water) with respect to others are also typically not rich in water and poor in capital. This
effect is magnified when the price of natural resources is comparatively low with respect
to that of capital.

As a starting example of how this may occur, consider the trade patterns of the
following two countries:

(a) A land-abundant country that is not particularly rich in water (e.g., Morocco,
Nigeria) as well as poor in other production factors (i.e., human and physical
capital). This country may have a sufficiently large amount of arable land that
guarantees a comparative advantage in the production of agricultural goods.
Therefore, it may become a net exporter of VW even if it is not rich in water. The
income accruing from its exports, which positively influences the water content
of consumption, may be limited when the relative price of natural resources with
respect to capital is low.

(b) A country that is not lacking inwater but also has large endowments of other pro-
duction factors (e.g., capital or skilled labor)may be considered capital-abundant
(e.g., Canada, New Zealand). The country’s endowments will be prevalently
channeled toward producing those goods that require a higher intensity of fac-
tors in which it is more abundant. In practice, a developed country with high
productivity in the service and industrial sectors may devote fewer resources

10In this setupwater and land are considered factors that are imperfect substitutes (in the numerical exam-
ple we consider the case of perfect complements to simplify exposition) that jointly determine the amount
of employable water. For instance, a country with plenty of water and a small amount of arable land (e.g.,
the Netherlands) or a large area of arable land but low per capita water (e.g., Tunisia) will have a similar
effective water endowment. The same logic applies to physical and human capital that jointly contribute to
determining the total quantity of available capital.
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to the production of agricultural products, despite having a significant endow-
ment of water.11 In this case, a higher price of capital with respect to natural
resources boosts the country’s share of income, which translates into a greater
water content of consumption as a consequence of trade.

To make this point clearer, we resort to our HO model with composite production
factors in order to illustrate that a standard model of international trade is indeed con-
sistent with the fact that trade may lead to a less even distribution of the water content
of consumption in per capita terms.12 Thus, the question we are posing is whether, on
average, countries specializing in agricultural production andwhich are, therefore, com-
paratively richer in natural resources with respect to capital, are particularly scarce in
capital without being rich in water, with respect to those specializing in manufacturing
and services.

More formally, and following on the example above, we assume that home (for-
eign) is the country that has a relative abundance of natural resources (capital)
(i.e., R/C > R∗/C∗), and, to allow for meaningful comparisons across countries, we
consider all values in per capita terms. We represent the vector of factor endowments
with V (V∗), global income with Yg and the share of global income with s (s∗). Apply-
ing the standard assumptions of the HOmodel of identical homothetic preferences and
identical goods prices via trade, each country’s consumption of goods is just the share
of its global output, namely sYg for home and s∗Yg for foreign. Considering factor price
equalization implied by HO, and assuming that r is the return on R and c is the return
on C, it follows that Y = rR + cC and Y∗ = rR∗ + cC∗, where Yg = Y + Y∗. In
order to obtain the factor content of consumption, which is the relevant variable to deter-
mine the net export of factors, we define A as the matrix of factor demands, where each
row of the matrix represents the quantity of each factor needed to produce a given good.
Factor market clearing implies that AYg = Vg , where Vg = V + V∗ is the global
endowment vector. Therefore, the factor content of consumption for home (foreign)
is simply equal to sVg (s∗Vg). We can now state the following proposition.

Proposition 1. (See proof in the online appendix) If home (foreign) has a rela-
tive abundance of natural resources (capital) (i.e., for R/C > R∗/C∗), it will be a
net exporter of natural resources (capital), but trade will lead to a less even distri-
bution of water content of consumption if: (i) W ≤ W∗; and (ii) C < C∗ W

W∗ −
r
c

(
W∗R−WR∗

W∗
)

≡ C.

Notice that both resource endowments and factor prices play a crucial role in deter-
mining whether international trade will increase water inequality. Indeed, if countries
that have a relative abundance of natural resources with respect to capital are also richer
in arable land than in water, such that R > R∗W/W∗, condition (ii) implies that,

11Although in this simple HOmodel we do not consider heterogeneity in factor productivity across coun-
tries, we do control for this in the empirical analysis. Indeed, countries that aremore abundant in capitalmay
also be characterized by higher agricultural productivity and therefore potentially produce and export more
water-land-intensive goods with respect to less developed countries, even if a larger share of the human and
physical capital is devoted to manufacturing and services.

12Note that in order to allow for comparisons across countries, we consider all variables in per capita
terms, which implies that countries that are richer in per capita terms are not necessarily richer in absolute
terms.
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when these countries are also scarce in capital, trade will lead to a less even distribution
of the water content of consumption. Moreover, ceteris paribus, trade is more likely to
increase inequality in water content of consumptionwhen the prices of natural resources
(capital) are lower (higher). Therefore, there is room for policy interventions devoted to
sustaining natural resource prices and/or lowering capital costs.

The economic intuition behind proposition 1 is the following. Countries that are rel-
atively abundant in natural resources with respect to capital will have a comparative
advantage in producing and exporting products requiring a greater intensity of natu-
ral resources. If these countries also have limited capital endowments and are not rich
in water, they obtain a modest share of world income from trade, which leads to a
reduction in their water content of consumption. In addition, the lower is the price of
natural resources (r) compared to that of capital (c), the smaller is the share of world
income that the relatively less capital-abundant country receives from trade. Therefore,
the threshold level of capital (C) required to offset the perverse negative effect of trade on
water distribution increases, and this makes it more likely that trade may increase water
consumption inequality for a given initial distribution of capital.13

In terms of empirically testable implications, given the unavailability of panel data on
water consumption, we rely on an indirect strategy to identify whether on average the
pattern of endowments of countries that export agricultural versus industrial products
are at odds with trade leading to a more even distribution of water content of consump-
tion across countries. Indeed, proposition 1 implies that, based on our modified HO
model, if the following two conditions are jointly satisfied, trade will lead to a less even
distribution of per capita water content of consumption across countries:

1) HOModel and Composite Factors – The standard comparative advantage results
of the HO model are satisfied for the composite factors R and S, implying that
countries that are relatively abundant in natural resources (capital) will be net
exporters of natural resources (capital).

2) Capital Scarcity – Countries that are net exporters of natural resources are,
in absolute terms, also (weakly) scarcer in water (W ≤ W∗), and strictly
scarcer in capital so that the following condition is satisfied: C < C∗ W

W∗ −
r
c

(
W∗R−WR∗

W∗
)
.

In the next section, we aim to verify whether these two conditions are jointly satisfied.

4. Methodology and data
4.1 Methodology
4.1.1 Composite factors
Asmentioned in section 3, agricultural production is usuallymore intensive inwater and
land, while industrial production usually requires larger amounts of physical and human
capital. In order to properly account for this feature, we use a data reduction algorithm
that combines PCA with a hierarchical clustering technique. As for PCA, this algorithm
is designed to reduce a multidimensional dataset to a small number of components that
account for the largest part of original data variation.However, with respect to other data

13In the online appendix, we provide a numerical example illustrating how trade may lead to a less even
distribution of water content of consumption.
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reduction techniques that create synthetic components also retaining weakly correlated
variables, this methodology creates pairs of strongly correlated variables, greatly simpli-
fying the interpretation of components. This permits us to empirically verify whether
the relevant composite production factors are indeed those suggested by the theoretical
framework, namely natural resources (water and land) and capital (physical andhuman).

More specifically, starting from a set of m initial variables, the algorithm proceeds
as follows: it first identifies the two variables with the highest correlation coefficient
and then performs a PCA on these to create a new composite dimension. Subsequently,
it keeps the principal component with the largest variance (i.e., the new variable) and
discards the other elements and the original variables. The new dataset will consist of
m − 1 variables (the new component and the remaining m − 2 initial variables). Then
the algorithm repeats the previous steps for a total of m − 1 times until only one ele-
ment remains. This procedure is a hierarchical clustering technique, and the output can
be conveniently represented as a cluster dendrogramwithm levels. Components that are
close in the dendrogram and that are merged early constitute sets of highly correlated
variables.14 As a final step, the algorithm uses a cross-validation score criterion to select
the minimum set of components explaining the largest part of data variability, ranking
them in order of importance and keeping the interpretation of components as simple as
possible.

Ourmethodology addresses an important limitation of the empirical literature testing
the factor proportion theory. Indeed, when there are more than two inputs, traditional
regression procedures based on many factors of production provide inappropriate tests
of the factor proportion theory (see, e.g., Leamer and Bowen, 1981; Aw, 1983; Forstner,
1985). That is, the estimates of the HO model suffer from the limitations of the tra-
ditional setting: two factors, two goods, and two countries. This happens because the
HO model requires a positive-definite matrix of factors intensities. However, this con-
dition is sufficient only in the two-factor case, while in the case of multiple factors, the
cone of diversification becomes a hyper-space, and further econometric restrictions are
necessary. In other words, if there are complementarities among factors intensities, the
estimates of the HO model might become rather inaccurate (see Harkness, 1983).15

4.1.2 Testing the factor proportion theory
In the second part of the analysis, starting from the results of the treelet algorithm, we
design a proper test for the factor proportion theory. In particular, by adopting the so-
called ‘interactional approach’ pioneered by Deardorff (1982) and Forstner (1985), we
can test our first theoretical claim. This approach consists of regressing net exports on a
set of country-level factor endowments and industry-level factor intensities.16 Formally,

14Unlike PCA, this algorithm exploits the local structure of the covariance matrix and is robust to mul-
tiscale measures. Nonetheless, we have also checked the robustness of our conclusions using a PCA, and
results are available upon request from the authors.

15In the robustness check section, we prove that our approach leads to more accurate results than a full
four-factor model in which all factors of production enter the model separately.

16Other studies used this method to test a quasi-HO model as well as a quasi-Rybczynski effect (see, e.g.,
Romalis, 2004; Levchenko, 2007; Nunn, 2007; Debaere, 2014). Our article differs from these studies mainly
because they use exports instead of net exports as the dependent variable. Nonetheless, when we test the
VW hypothesis, we must take into account the intra-industry trade. In this way, we control for the fact that,
in a specific sector, a country might be simultaneously an exporter and an importer.
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we estimate the following interactional equation:

NXij = αj + β1Ri + β2Ci + γ1Ri ∗ ρj + γ2Ci ∗ ρj + εij, (1)

where αj is a vector of sector fixed effects;NXij is the natural logarithm of the exports-to-
imports ratio for country i in sector j; Ri and Ci are the endowments of natural resources
(water and land) and capital (physical andhuman) for country i as indicated by the treelet
analysis; ρj is the natural resource intensity (or water-land intensity) of sector j resulting
from the treelet analysis; estimated coefficients are in small Greek letters and εij is the
disturbance term.17 Since production technologies are certainly heterogeneous across
industries, but they might be common across countries, we use a standard Hausman test
to compare a model with both country and industry dummies with a model with only
industry dummies. We found that these two specifications do not differ significantly,
and therefore we opted for the most parsimonious specification. Indeed, this specifica-
tion has at least two important advantages: it is more efficient than a specification with
two large sets of dummies and allows us to estimate the direct effects of factor endow-
ments on trade flows. As argued by Forstner (1985), on average, the OLS estimates of
an interactional regression test of the HO hypothesis must be positive, and this must be
true for both total and partial effects.

4.1.3 Capital scarcity and trade
In the third part of the analysis, we test our second condition on capital scarcity. More
precisely, we investigate whether net exporters of natural resources are more abundant
in water and/or scarcer in capital factors.

To address this relevant question, we must distinguish between exporters and
importers of natural resources. This distinction is more difficult in a multisector con-
text than in a two-sector model. A possible solution would be to compute the water
contents of trade for each sector and aggregate the results to obtain the countries’
net export of VW. However, this exercise would require knowing the outputs’ prices.
Because we cannot construct an aggregate measure of net exports of natural resources,
we use equation (1) to identify countries that are exporters of natural resources. We
define as importers of natural resources those countries for which the trade balance does
not decrease with the natural resource intensity (ρj) and exporters of natural resources
those countries that pass from being net importers to being net exporters when ρj rises.
Notice that this definition implies that exporters of natural resources must necessarily
be exporters in the sectors characterized by the highest natural resource intensity.

Formally, using equation (1), we first determine the threshold level of the ratio (Ri/Ci)
that distinguishes net importers from net exporters in the sector with the highest inten-
sity of natural resources, and then we test whether they differ from the others for their
scarcity of capital but not for their abundance of water. More precisely, we use a t-test to
verify whether exporters of natural resources are more abundant (scarcer) in water and
land (physical and human capital) than importers of natural resources.

Finally, we conduct several robustness checks to exclude the possibility that our
results may be driven by strong aprioristic assumptions. In particular, we check

17Notice that the direct effects of factor intensities are completely absorbed by the vector of industry fixed
effects. In the rest of the analysis, although we do not have a longitudinal dataset, we often refer to a full set
of industry-specific dummies as ‘fixed effects.’
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whether our results depend on model specification, measurement choices or endogene-
ity issues.18

4.2 Data
This study takes advantage of the cross–country dataset described in Debaere (2014).
The primary sources of the initial dataset, together with a brief description of the vari-
ables entering the analysis, are provided in online appendix table A1. We use data from
Feenstra et al. (1997) to supplement the dataset with a measure of multilateral imports.
This additional variable is necessary to compute the net exports from each country in
each industry. The final sample consists of 68 countries (developed and developing) and
194 industries. Due to missing values, we have a total number of observations equal to
11,187, although our regression analyses drop out 13 singleton observations. Table A2
in the online appendix reports the sample composition by country.

In line with the existing literature on the HO theory, our dependent variable is a mea-
sure of net exports (NX).19 Because we consider a multilateral trade context instead of
bilateral trade, we cannot ignore the existence of intra-industry trade, and therefore net
exports undoubtedly represent the most appropriate dependent variable. In this way,
we control for the fact that, in a specific sector, a country might simultaneously be
an exporter and an importer. Nonetheless, in the robustness checks, we also consider
the effects of factor endowments on exports and imports, separately. This allows us to
identify the main channel through which capital accumulation affects net exports.

The set of independent variables can be divided into two groups. The first group
consists of four different variables measuring the country’s endowments of water, land,
physical and human capital, whereas, the second group refers to four variables captur-
ing the sectors’ factor intensities. As ameasure of water endowment,W, followingGleick
et al. (2009) and Debaere (2014), we take the natural logarithm of a country’s available
renewable freshwater per capita (cubic kilometers per capital). This variable measures
the quantity of renewable water that can be used for human activities without threat-
ening environmental sustainability and is the sum of the average annual surface runoff
and the groundwater recharge (see Johnson et al., 2001; Gleick et al., 2009; Debaere,
2014). As argued by Debaere (2014), this measure of water endowment is particularly
appropriate if one is concerned about endogeneity issues, because it is not related to
the current use of water. Moreover, the endowment of renewable freshwater per capita
captures the opportunity cost of water much better than other measures based on water
prices. Indeed, the markets for the production factors of the agricultural sector (in par-
ticular water) are either missing or are highly regulated or subsidized by governments.
These institutional frictions and distorted price signals do not reflect water scarcity or
firm-level production choices, which might significantly differ from those that would
result in the presence of a competitive market-clearing price. In contrast, the per capita
endowment of water implicitly proxies the cost of water scarcity, since rationing and
shortages are more likely when water is scarce.

18These results can be found in the online appendix.
19Since the log-transformation of the difference between exports and imports would not necessarily be a

linear function, we use the exports-imports ratio to estimate a linear regression model in which countries’
endowments interact with sectors’ factors intensities. This specification can easily be log-linearized and
becomes NX = ln(X) ln(IM), where X is country’s total exports, and IM is its total imports. In this way, we
can assume a standard Cobb-Douglas function for both exports and imports.
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Data on the endowment of land, L, comes from the World Bank’s World Devel-
opment Indicators and is the natural logarithm of arable land in hectares per capita
in 1997. The definition of arable land is provided by the Food and Agriculture Orga-
nization (FAO) and includes land under temporary crops (double-cropped areas are
counted once), temporary meadows for mowing or for pasture, land under market or
kitchen gardens, and land temporarily fallow. In contrast, land abandoned as a result of
shifting cultivation is excluded.Worldwide, arable land represents less than one-third of
agricultural land, which also includes permanent crops and permanent pastures.20

The stock of physical capital, K, corresponds to the natural logarithm of the average
capital stock per worker in 1992, whereas the stock of human capital, H, is the natural
logarithm of the ratio of workers completing high school to those not completing high
school in 1992. The primary source for both stocks of capital is Antweiler and Trefler
(2002).

The second group of independent variables includes four different measures of sec-
tors’ factor intensities. The measure of water intensity (wd

b) is the relative ranking of US
direct blue water intensities. Blue water is particularly important for households’ con-
sumption and refers to water from rivers, lakes and groundwater that can be used in
production activities. However, the water used for the production of agricultural and
industrial products can come from both blue and green water resources and may or
may not have a grey water footprint, where green water represents the part of rainwater
absorbed by soil and vegetation. This implies that countries may significantly differ in
terms of the nature of their VW imports and exports. Indeed, some water-stressed coun-
tries (e.g., Iran) may paradoxically become net exporters of blue water even if, overall,
they are net importers of water. This happens becausewater-abundant countries are usu-
ally large exporters of greenwater, and therefore, wemay have that some net importers of
water actually export blue water and import green water, experiencing additional pres-
sure on their blue water resources. Therefore, in the robustness checks, we test whether
our conclusions hold even when we augment the model with indirect blue water intensi-
ties (wdi

b ) and green water intensities (wd
gb andw

di
gb). Sector’s land intensity (l) is the ratio

of land use to total factor use as recorded by the Global Trade Analysis Project (GTAP).
Finally, physical and human capital intensities (k and h, respectively) come fromBartles-
man and Gray (1996). As a robustness check, we allow agricultural technology to vary
across countries. In particular, following Debaere (2014), we adjust the US water inten-
sity with Mekonnen and Hoekstra’s (2011) data on the countries’ intensity of green and
blue water employed in agriculture. Table 1 provides the main descriptive statistics for
the collected data.

5. Results
5.1 Data structure and input complementarities
The biplots reported in panels A and B of figure 2 provide a graphical representation of
the correlation structure presented in online appendix table A3. For the sake of read-
ability, we omitted data points. Notice that physical and human capital stocks exhibit

20The FAO occasionally adjusts its definitions of land use categories and revises earlier data; however,
complete consistency in reporting methods across countries is practically impossible. For instance, data on
agricultural land in different climates may not be comparable. Moreover, in some countries, land use data
are based on reporting systems designed for collecting tax revenue, and this is the reason why they give
better information.
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Table 1. Descriptive statistics (obs= 11,187)

Variable Mean SD Min p25 p50 p75 Max

Dependent variable

NX −2.605 3.757 −14.442 −5.066 −1.896 −0.403 13.816

Endowments

W 2.016 1.705 −1.846 0.830 1.918 3.299 6.441

L 11.957 1.207 5.572 11.351 12.133 12.658 14.588

K −4.711 1.312 −8.580 −5.576 −4.522 −3.724 −2.957
H −1.667 1.120 −4.525 −2.140 −1.423 −1.006 0.925

Intensities

wdb 0.038 0.144 0.000 0.000 0.000 0.000 0.854

wdib 0.052 0.152 0.001 0.002 0.004 0.013 0.863

wdgb 0.045 0.171 0.000 0.000 0.000 0.000 0.956

wdigb 0.065 0.192 0.001 0.002 0.004 0.014 0.960

L 0.026 0.067 0.000 0.000 0.000 0.000 0.28

K 0.784 0.510 0.212 0.453 0.651 0.946 3.568

h 0.376 0.141 0.092 0.295 0.365 0.447 0.853

Notes: This table reports the means, standard deviations, minimum values, three percentiles (25th, 50th, and 75th) and
maximum values of observed variables. All variables are in natural logs.

a rather high correlation as well as water and arable land endowments; in contrast, the
correlation between natural resources and capital factors is not so high. Regarding fac-
tors intensities, sectors characterized by a high intensity of water and land tend to be
less intensive in capital, especially human capital. This implies that water and land are
usually complements in the production of goods, whereas they are substitutes of human
capital and orthogonal to physical capital. Results remain practically unchanged when
we replace direct blue water intensities with other measures of water intensity. Overall,
the existence of complementarities among inputs clearly emerges from the data.

To deal with input complementarities, statisticians often carry out a PCA to tease
apart highly correlated data. However, our correlation matrix is rather sparse to use a
standard PCA in which a component is usually expected to load more than just two
variables. Therefore, to deal with the sparsity of the correlation matrix, we group our
variables using the ‘treelet’ algorithmproposed by Lee et al. (2008). The final components
are orthogonal and nested in a hierarchical tree combining pairs of variables.

To extract the main components, the treelet algorithm requires the specification of
a cut-level for the associated clusters. Panel C of figure 2 provides a graph of cross-
validation (CV) scores against different cut-levels; the optimal cut-level (which is 3) is
represented as a ‘knee’ in the CV score. Panel D of figure 2 displays the hierarchical tree
behind our data and sorts the corresponding clusters according to the variances of the
associated components. Therefore, our data can be summarized with three main com-
ponents. The first component is a measure of capital resources and, as in section 3, it
will be denoted by C. This variable captures the strong correlation between physical and
human capital stocks. Indeed, the accumulation of physical capital also facilitates the
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Figure 2. Biplot and treelet results for factor endowments and intensities.
Notes: In panels A and B, the biplots report the first two singular vectors of the datamatrix, while the cosine of the
angle between arrows approximates the correlation between the variables. Panel C provides the cross-validation
scores for the treelet algorithmwhen three components are retained; this graph strongly indicates a ‘knee’
located at cut-level 3. This means that the first three components explain almost the entire variance of the data.
Finally, panel D displays the treelet dendrogram and shows that capital endowments, water-land intensities, and
water-land endowments generate the main three components explaining data variability.

accumulation of human capital (see, e.g., Acemoglu, 1996; Galor and Moav, 2004). The
second component is a measure of natural resource intensities and confirms the fact that
water-intensive goods, such as agricultural products, are also land-intensive goods (see,
e.g., Allan, 2003; Merett, 2003). This component will be denoted by ρ and is strongly
associated with the distinction between agricultural and manufacturing sectors. Finally,
the last component is a measure of natural resource endowment and is denoted by R.
This covariate captures the positive association between the availability of water and
the endowment of arable land. After these three components, the fourth component
would be a combination of the first and third components, whereas the fifth component
would put together the endowments of resources and physical capital intensity. A brief
description of these variables, together with some basic descriptive statistics, is available
in online appendix table A4.

5.2 HO and composite factors
In this section, we formally test our first theoretical condition. That is, we want to ver-
ify if countries that are relatively abundant in natural resources (capital) are also net
exporters of natural resources (capital). Table 2 shows the OLS estimates of equation (1)
using different definitions of water intensity to construct the natural resource intensity
component (ρj).
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Table 2. Net exports (n= 11,174)

(1) (2) (3) (4)

R −0.061* −0.061* −0.061* −0.061*
(0.036) (0.036) (0.036) (0.036)

R · ρ 0.167*** 0.177*** 0.163*** 0.170***
(0.035) (0.035) (0.035) (0.034)

C 0.748*** 0.747*** 0.748*** 0.747***
(0.056) (0.055) (0.056) (0.055)

C · ρ −0.354*** −0.364*** −0.353*** −0.371***
(0.086) (0.082) (0.083) (0.074)

Sector dummies Yes Yes Yes Yes

Hausman (p-value) 0.945 0.986 0.923 0.895

F-statistic 82.896 85.154 83.586 89.110

RMSE 3.340 3.334 3.339 3.331

R2 0.229 0.231 0.229 0.233

Notes: This table contains the OLS estimates of equation (1). In column 1, we interact the natural resource endowment
with a natural resource intensity based on direct blue water intensity. Column 2 uses a natural resource intensity compo-
nent based on both direct and indirect blue water. In columns 3 and 4, we re-estimate the models of columns 1 and 2 also
considering green water intensities. All estimates include a full set of sector dummies. We dropped 13 singleton observa-
tions. Clustered standard errors are in parentheses.
Significance: *p< 0.1, ***p< 0.01.

In column 1, this intensity is based on arable land and direct blue water intensity.
Column 2 considers a measure of natural resource intensity, taking into account both
direct and indirect blue water intensity. In columns 3 and 4, the natural resource inten-
sity is obtained by also considering green water intensities. All regressions include a full
set of industry dummies, whereas, according to the Hausman tests reported at the end of
the table, the cross-country heterogeneity is well captured by factor endowments. Con-
sistently with the inclusion of a full set of industry dummies, we clustered the standard
errors at the industry level.

All columns of table 2 deliver the same results. In line with the HO theorem, the
coefficient of the interaction term between natural resource endowment (R) and natural
resource intensity (ρ) is positive and statistically significant at 1 per cent. Thismeans that
countries characterized by water-land abundance export more in sectors characterized
by a higherwater-land intensity. In contrast, the interaction termbetweenC andρ shows
that when the endowment of capital factors increases, countries tend to be net importers
of water-land-intensive goods and net exporters in sectors characterized by a low water-
land intensity (i.e., manufacturing industries not related to food processing). The direct
effect of R on net exports is negative and slightly significant, whereas the coefficient of C
is positive and highly significant. Hence, in sectors characterized by a natural resource
intensity close to zero, the endowment of capital factors is a key feature of net exporters.21

21We also estimated equation (1) using a traditional PCA to reduce the space of factors. Results remain
unchanged and are available upon request from the authors.

https://doi.org/10.1017/S1355770X21000401 Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X21000401


486 Mohamad Afkhami et al.

5.3 Capital, water and trade
In the previous section, we found that international trade flows are consistent with the
HOmodel in which the factors of production are natural resources and capital (physical
and human). Now, we test whether countries that are net exporters of natural resources
are also (weakly) scarcer in water and strictly scarcer in capital. This is our second theo-
retical condition and consists of investigating the distribution ofwater and capital factors
between exporters and importers of natural resources. If this is the case, then VW trade
does not lead to a more even distribution of water across countries.

Our second condition can be tested by comparing countries that export natural
resources with those that import natural resources. More precisely, we test whether the
former differ from the latter for their scarcity of capital but not for their abundance
of water. Given the HO theorem, exporters of natural resources must have a compar-
ative advantage in the sector with the highest intensity of natural resources (i.e., the
cotton farming sector). Using equation (1) to compute the threshold level of the ratio
(Ri/Ci) that distinguishes net importers from net exporters in the sector with the high-
est intensity of natural resources, we found 19 countries that are exporters of natural
resources according to the estimatedHOmodel. These countries are Bangladesh, Bolivia,
Brazil, Egypt, El Salvador, Guatemala, Honduras, India, Indonesia, Jamaica, Mauritius,
Morocco, Pakistan, South Africa, Suriname, Thailand, Tunisia, Turkey, and Zimbabwe.
As shown in figure 3, these countries (those with a triangle mark) have low levels of
(physical and human) capital, whereas they are not particularly abundant in water.

In the online appendix, we also report a t-test comparing net exporters of natural
resources (i.e., countries with a triangle mark in figure 3) with the rest of the sample.
Additional results confirm the graphical perception that the former differ from the lat-
ter only for the lower endowment of capital stock (physical and human). In contrast,
exporters of natural resources neither differ from the remaining countries in terms of
water per capita nor in terms of natural resources per capita. Therefore, sinceW = W∗
and R = R∗, our second testable condition collapses to C < C∗, and this is a sufficient
condition forVWtrade to increase the inequality ofwater content of consumption across
countries.

6. Conclusion and future research
A simple application of the basic HO model of international trade implies that, if coun-
tries that are non-abundant in water tend to be scarce in capital, then trade may increase
the ex-post inequality in the water content of consumption. Our empirical analysis pro-
vides evidence that this may be the case, illustrating that a significant determinant of
water trade is the level of capital (both physical and human) in a given country. In par-
ticular, we find that there is always a threshold level of capital above which a country is a
net importer ofVW, and on average, countries that are net exporters of water do not have
significantly more water than exporters but have significantly less capital. This implies
that trade can lead to a divergence in the per capita consumption of VW across coun-
tries. Our analysis suggests that policies aimed at imposing higher natural resource costs
to enhance the income accruing from trade to countries with a comparative advantage in
producing water-land-intensive goods could be beneficial. Indeed, such policies should
serve the purpose of offsetting the negative effect of trade on the inequality in the water
content of consumption. This argument is similar to the onemade in the pollution haven
hypothesis literature (Taylor, 2005). According to this literature, governments should
impose sufficiently high taxes to influence the role of traditional factor endowments in
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Figure 3. Water and capital endowments by country.
Notes: This graph provides a scatter plot representing our 68 countries in terms of capital-water endowments.
On each axis, we reported the distribution of the two endowments estimated using a kernel density function. The
dashed lines divide the two distributions into quartiles. Countries represented with a triangle mark are net
exporters in the sectors characterized by the highest intensity of natural resources.

determining trade patterns and offset the incentives to over-pollute in countries with
lower pollution costs. In our case, policy interventions on factor prices should be strong
enough to significantly affect the countries’ income from trade and thus their exports.

Our work represents a further step in better understanding the role of water trade in
addressing global water issues. However, the VW metaphor requires further empirical
exploration, which has so far not been possible due to limitations in data availability.
Indeed, future empirical studies relying on panel data are needed in order to analyze the
dynamic effects of the role of trade in the global redistribution of water resources.

We also abstracted from important institutional and physical details that determine
the allocation of water within each country. Some countries have well-functioning prop-
erty rights overwater resources (such as prior appropriation rules and/orwatermarkets),
whereas others lack such institutions and provide water as a common resource.

Based on our results, one possible conjecture is that when less developed countries
are also characterized by weak property rights, free trade may even result in over-
exploitation of underground water resources. A rigorous examination of the proposed
conjecture and a detailed welfare analysis are beyond the scope of the current paper and
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may represent valuable topics for future research.However, our analysis suggests a possi-
ble policy in the spirit of Naghavi (2010) that could be adopted to avoid over-exploitation
of water resources. Namely, global institutions such as the World Bank could condition
the inflow of financial aid to developing countries on the government’s application of
sanctions (such as export tariffs) for firms that produce goods that involve excessive use
of scarce water resources. This could serve the purpose of fostering development policies
that also contribute to enhancing environmental sustainability.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.
1017/S1355770X21000401
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