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Abstract we contribute to the debate over globalization and the environment by asking, what is the

impact of trade on national water use? To address this question, we employ econometric methods to

quantify the causal relationship between trade openness and water use. Specifically, we use the instrumen-
tal variables methodology to evaluate the impact of trade openness on domestic water withdrawals in agri-
culture and industry. We find that trade openness does not have a significant impact on total or industrial
water withdrawals. However, we show that one percentage point increase in trade openness leads to a 5.21%
decrease in agricultural water withdrawals. We find that trade openness reduces water use in agriculture pri-
marily through the intensive margin effect, by leading farmers to produce more with less water, such as
through the adoption of technology. We do not find evidence for extensive margin or crop mix impacts on
agricultural water withdrawals. Significantly, these results demonstrate that trade openness leads to less water
use in agriculture. This finding has broad scientific and policy relevance as we endeavor to untangle causal
relationships in the complex global food system and develop policies to achieve water and food security.

1. Introduction

There has been a recent explosion in research on the water-trade nexAus extensive literature has devel-
oped on the water resources embodied in traded goods (i.evjrtual water trade”) (Hoekstra & Hung005;
Hoekstra & Mekonnen,2012).Work in this area began with the observation that trade may “save”local
water resources of the importing country (Allar,993).This idea generated extensive work on trade-based
global water savings (GWSChapagain et al.2006;Dalin et al.,2012;de Fraiture et al.,2004).GWS deter-
mines the theoretical volume of water that would have been consumed in the absence of trade (i.e.,
autarky,or if all importing nations instead produced the goods that they import themselves) compared
with how much water was actually consumed under the existing trade system (Konar et al.,2016).The
global trade system has been shown to save (virtual) water resources (Chapagain 086).Now there is

a critical need to better understand the implications of trade for domestic (physical) water use.

The impact of trade on water use remains an open questiddang et al.(2016) present a theoretical model

of trade and domestic water resourceshowing the conditions under which trade liberalization will impact
water use.Reimer (2014) shows that trade liberalization may be neutral from a water resources perspective
but improves welfare and may enable countries to better deal with shocks. Berrittella €@08) show that

the impacts of trade liberalization are likely to be nonlinear and reduce water use in water scarce countries
but increase water use in water rich countries. Liu et al. (2014)find that international trade buffers the
impacts of the projected future shortfalls in irrigatiorKonar et al(2016) determine that free trade leads to
greater GWS under a changing climateOn the other hand, Hoekstra (2009)suggests that the export of
water-intensive commodities willincrease water use and scarcity in exporting nationsZhao et al. (2015)

find that virtual water flows exacerbate water stress in Chifetulini et al.(2016) show that trade induced

by human migration is detrimental to the water resources of some countries.

The goal of this paper is to understand the impact of trade openness on national water use. Trade openness
is typically measured as total imports and exports as a fraction of economic activity G&F)Importantly,

we are interested in the causal impact of trade openness on domestic water Asgoss-country regression

of water use on trade openness may not reflect the causanpact of trade openness on water useThere

are two main problems with inferring causality from a cross-sectional regresstost,reverse causality may
exist.Access to abundant water resources may enable countries to produce and trade n&geond.endo-
geneity distorts our interpretation of regression results.
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A common cause of endogeneity is that a confounder variable is impacting both the independent (trade
openness) and dependent (water use) variablésor examplewealthy countries are more likely to be both
more open to trade (as predicted by the gravity modebf internationaltrade; Tinbergen,1962) and to use
advanced production technologies that enable them to use water more efficientlypotentially using less.
This would lead us to underestimate the impact of trade on water usé€onverselyif these wealthy coun-
tries implement policies such as agriculturaubsidies they are likely to boost their agriculturgroduction,
leading to more trade and more water use.In this case,the correlationalrelationship between trade and
water withdrawals will be overestimatedJsing countriestrade policies instead of trade openness does not
solve the problem. This is because countries that adopt free trade policies may do so precisely because they
have the water resources required to meet the increased production demands that witome with trade
liberalization.

To understand the causampact of trade openness on domestic water useye turn to instrumental varia-

bles (IV)Frankel and Romer (1999) introduced the use of the geographical determinants of trade to “instru-
ment” for trade and establish the causal impact of trade on economic growth. Geographic factors
determine trade, as given by the gravity model of trade (Tinbergen,1962).Yet geographic attributes are

likely to be exogenous to outcome variables of interest (Frankel & Romer, 1999). This makes geographic var-
iables a suitable instrument for trade opennessrvin and Tervi(2002) employ the same |V approach for a
larger sample of years to establish the impact of trade on incomegrroborating earlier findings of Frankel

and Romer (1999)Geographical determinants of trade are also used to infer the causal impact of trade on

air pollution (Frankel & Ros@005;Managi et al.2009).These studies explicitly address the endogeneity of
trade and the outcome variable of interest.

Kagohashi et al(2015) estimate the impact of trade on water use with an IV approach to address endoge-
neity between trade and water useHowever,Kagohashiet al. (2015) use panetlata which includes time-
varying GDP which might bias their resultsGenerally panel data are inappropriate to use when the geo-
graphic determinants of trade are used as an instrument for tradéis is because the geographic determi-
nants do not change in timeFor this reason, a cross-sectional study is more appropr&pecifically, GDP is
the only time-varying variable in the set of instruments in Kagohashiet al. (2015).For this reason,GDP
might dominate the constructed trade openness and thus dominate the estimate of the causal effactiV
approach that uses cross-sectional data rather than panel data would improve upon the estimate provided
by Kagohashi et al(2015).Additionally,Kagohashi et al(2015) determine the impact of trade openness on
total water withdrawals, ignoring potential differences in withdrawals by economic sector.

We contribute to the debate over globalization and the environment by askimghat is the impact of trade
on national water use? Importantly, we use an IV methodology to determine the causalimpact of trade
openness on domestic agricultural and industrial water uggur IV methodology follows the approach first
employed in the seminal work of Frankel and Romer (1998)which geographic variation is used to instru-
ment for trade,based on the gravity model of tradddere we build upon the work of Kagohashi et al. (2015)
in three important ways. First, we use cross-sectionalrather than panel data. Second,we distinguish
between agricultural and industrial water us&hird,we evaluate the mechanisms driving agricultural water
use.We detailour data and methods in section 2.0ur results are presented in section 3Ve conclude in
section 4.

2. Methods

Here we describe our methoddn section 2.1we detail the data we use on international tradgieographic
attributes,agricultural production,and water useTable 1 lists all data sources used in this studly section
2.2, we explain the instrumental variables (IV) technique for causal inference.

2.1. Data

We collect data from a variety of sourceBhis is because we require information on bilateral tradetional
trade opennessgeographic attributes,agricultural production, and water use.For all variables,we collect
country levelcross-sectionainformation for the year 2002,0r as close as possible when 2002 is not avail-
able.We restrict our analysis to a single year due to limitations in the water use databdse year 2002 is
the most recent year with the largest available sample size for water withdrawal data.
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Table 1

Sources of Data Used in This Study

Category Variable Variable label Data source
Trade tj Bilateral trade between countries i and j IMF

T; (export 1 import value for country i)/GOP World Bank
Geographical features D Distance CEPII

A Area

LL Landlocked dummy

B Border dummy
Latitude L Latitude World Bank
Dummy variable for region ECA Europe and Central Asia World Bank

LAC Latin America and Caribbean

MENA Middle East and North Africa

NA North America

SA South Asia

SSA Sub-Saharan Africa

EAP East Asia and Pacific
Population P Population UNPD
Weather apre Area-weighted annual average precipitation Dell et al. (2012)

atem Area-weighted annual average temperature

wpre Population-weighted annual average precipitation

wtem Population-weighted annual average temperature
Climate zone kgatrstr % land area in Koeppen-Geiger tropics and subtropics PSU

kgatemp % land area in Koeppen-Geiger temperate zones
kgptrstr % 1995 pop in Koeppen-Geiger tropics and subtropics
kgptemp % 1995 pop in Koeppen-Geiger temperate zones

Crop-specific variables Agricultural production FAOSTAT
Agricultural harvested area
Yield
Water w Water withdrawals AQUASTAT
Industry-related variables K Net fixed standardized capital stock EPWT
L Number of employed workers EPWT
Patent Total count of patents in force by applicant origin WIPO

Bilateraltrade.Data on bilateral trade are collected from the International Monetary Fund (IMF) Direction of
Trade Statistics (DOTS) (International Monetary Fubidection of Trade Statistics (DOTS) data are available
at http://data.imf.org/). The DOTS reports bilaterdrade in value ($) among allIMF member statessome
nonmember countries,the world, and major areas.Imports are reported on a cost,insurance,and freight
(CIF) basis and exports are reported on a free on board (FOB) basi#h the exception of a few countries

for which imports are also available FOBata are available with monthly and quarterly temporal frequency
starting in 1960.Annual data are available from 1947 to 1960Time series data include estimates derived
from reports of partner countries for nonreporting and slow-reporting countrié¥e select the year 2002 in
which bilateral trade data is reported for 185 countries.

Trade openness. The classic definition of trade openness is total trade as a fraction of total economic activity.
Total economic activity is typically measured by gross domestic product (GDP). Thus, trade openness is typi-
cally defined to be

Imports1Exports,

Ts TR 1)

where T refers to trade openness’Imports”refers to gross imports of goods and services in value terms,
“Exports’tefers to gross exports of goods and services in value termsiptal economic activity is proxied

with GDP,and c serves as an index for country cTrade openness measures the proportion of economic
activity encapsulated in tradeF-or this reasontrade openness is sometimes referred to as the “trade share”
or “trade intensity.”To quantify trade opennesswe obtain data on total import value, total export value,

and GDP (all in $) for each country from the World Bank data portal (World Bank data are available at http://
data.worldbank.org/indicator). We map our log trade openness variable in Figure 1.

DANG AND KONAR

TRADE AND WATER USE 6



@AGU Water Resources Research 10.1002/2017WR021102

-5.08

1.27

Figure 1. World map for log trade openness in year 2002.

GeographyThe primary source for geographical variables are from the GeoDist database (Mayer & Zignago,
2011)accessed through CEPResearch and Expertise on the World economy (CERBHta are available at
http://www.cepii.fr/CEPIl/enCEPIproduces data on the world economy and provides a database of geo-
graphic variables for the estimation of the gravity modedf international trade. Variables provided include
geographic bilateral distancedforder indicator,trade and money agreements;ultural data,language,and
colonial history from 1948 to 2015. From GeoDist,we collect information on national area,landlocked
dummy variable border dummy variableand the distance between pairs of countriegVe also use latitude

and dummy variables for region from the World Bank data portgWorld Bank data are available at http://
data.worldbank.org/indicator).

PopulationOur data on population come from United Nations Population Division (United Nations Popula-
tion Division data are available at https://esa.un.org/unpd/wpp/Download/Standard/Populatiomhich we
access from the World Bank data portal. Total population (thousands) are collected.

WeatherWe use both the area-weighted and population-weighted annualverage precipitation and tem-
perature data from Dell et al(2012).Dell et al.(2012) aggregate high resolution monthly historical weather
data to the country-year level. Their weather data are taken from the Terrestrial air temperature and precipi-
tation: 1900-2006 gridded monthly time seriesyersion 1.01 (Matsuura & Willmott2007). These weather

data are aggregated to the country-year level using either population or area as the weights.

Climate.The climate data are from Portland State University (PSU data are available at https://www.pdx.
edu/econ/country-geography-data)PSU takes the Koeppen-Geiger climate zones map from Strahler and
Strahler(1992).Then, they calculate the percent land area and population in each climate zone at the
country-year level in equal area projection.

Agriculturaproductionlnformation on agriculture is collected from the Food and Agriculture Organization of
the United Nations Statistics Division (FAOST&Ta are available at http://faostat3.fao.orly) particularwe
collect data on the agriculturalproduction (t), harvested area (hajand yield (hg h&') from FAOSTATWe
select five major crops due to data limitatiorye, wheat,barley, maize,and oats We also use the production
data for total cerealn value.Data on the value of total agricultural production in each country are collected
from the World Bank data portal. We select information on all agricultural commodities for our analysis.

DANG AND KONAR
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Figure 2. World map for log agricultural water withdrawals (370n°) in year 2002.

Water useTo measure water usewe use information on water withdrawals provided by the AQUASTAT
database of the FAO (AQUASTAT data available at http://www.fao.org/nr/water/aquastat/data/query/index.
html?lang5en), which we access from the World Bank data portahQUASTAT is the globatater informa-

tion system of the FACAQUASTAT collectsnalyzesand disseminates data and information by country on
water resourceswater uses,and agriculturalwater management.Aquastat provides information on water
withdrawals by source (i.e.surface and groundwater)Aquastat also provides information on water with-
drawals by sector (i.eagriculture and industry)Unfortunately,the combined classification is not available
(i.e., fraction of agricultural withdrawals from surface supplies).

Annual freshwater withdrawals refer to total water withdrawalsot counting evaporation losses from stor-

age basins. Withdrawals also include water from desalination plants in countries where they are a significant
source.lt is possible for withdrawals to exceed total renewable resourddsis could occur if there is extrac-

tion from nonrenewable aquifersjesalination plants produce considerable water resouraaswhere there

is significant water reuseWithdrawals for agriculture are totawithdrawals for irrigation and livestock pro-
duction. Withdrawals for industry are for direct industrialise,which includes withdrawals to coolthermo-
electric power plants. AQUASTAT also provides information on withdrawals for domestic usescluding
drinking water, municipal use or supply, and use for public services,commercial establishments,and
homes.

We select data on annualfreshwater withdrawals by sector (i.e.agriculture and industry).Unfortunately,
water withdrawals data by source are too sparse for our analy$isr each countrywe choose information
for the most recent year available from 1987 to 200Zhis is because 2002 is the year with the most coun-
tries provided in the database. We map log water withdrawals for agriculture in Figure 2.

Industry-related variable¥Ve collect variables to estimate the levebdf industrial development of a nation.
We collect number of employed workers and estimated net fixed standardized capitatock in 2005 pur-
chasing power parity from Extended Penn World Tables (Marquett2012). The total count of patents in
force by application origin for year 2004 is from World IntellectudProperty Organization (WIPO are avail-
able at https://www3.wipo.int/ipstats/index.htm?tab5patent)Ve select these years since they are the clos-
est available years to 2002 (i.e., the year of most complete water withdrawal data).

DANG AND KONAR TRADE AND WATER USE 8
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2.2. Causal Inference With Instrumental Variables
The relationship between trade openness and water withdrawals is shown in the following regression
equation:

Wes5bT c1c "X, 1t (2)

where W, is water withdrawals of economic sector s in country T, is the trade openness of country ¢

is a set of control variablegnd t is the error term,which is assumed to be independenitientical,and nor-
mally distributed.The coefficient of interest is byhich is a scalar and corresponds to trade opennesss a
vector and represents the coefficients corresponding to the set of contrearriables for country cNational

level values of T and W are mapped in Figures 1 andeapectively Visuallyjt is not clear how trade open-
ness and agricultural water withdrawals are correlated.

An ordinary least squares (OLS) regression approach is used in many empisicalies to explore the rela-
tionship between two variablesOLS estimates the partial correlation between the two variables of interest.
In many casessimply knowing the correlation between two variables is insufficient for understanding their
causalrelationship.This is true even with carefully chosen controfariables.This is because there may be
reverse causality or an unobserved confounding factor that is driving both outcomiésr the case of trade
openness and water withdrawalsyealthy countries are more likely to be more open to trad&hese coun-
tries are also more likely to adopt water-saving technologies which may enable them to withdraw less
water. This will result in a downward OLS estimate for the relationship between trade openness and domes-
tic water withdrawals Converselypolicies such as agricultural subsidies in wealthy nations may boost agri-
cultural production, leading to more trade and more water withdrawalsln this casethe OLS relationship
between trade openness and water withdrawals will be overestimat&b it is essential to isolate the trade
share that is correlated with water withdrawals yet uncorrelated with other unobservable determinants of
water use.

In order to isolate the causal impact of trade openness on water withdrawals, we use an “instrumental varia-
bles” (V) or “two-stage least squares”approach (Angrist & Pischke, 2009; Wooldridge, 2010). For this
approach to work,a variable must be identified that is (1) strongly correlated with trade openness and (2)
uncorrelated with any unobservable determinants of the outcome of interest, in this case, water with-
drawals,except through trade Such a variable is known as an “instrumenin’the “first stage’df an instru-
mental variables estimatiorthe variation in the endogenous variable that is driven by another variable that

is only related to the ultimate outcome of interest through the endogenous variable is isolatedthe “sec-

ond stage,’the predicted value of the endogenous variable from the first stage is used as the independent
variable to obtain a causal estimate.

To construct an instrument for trade opennessye follow Frankeland Romer (1999) and employ informa-
tion about the geographic attributes of a countrfrankel and Romer (1999) used the geographic factors of
a country,such as areapopulation,and distance to neighborsto determine the impact of trade openness
on income. Geographic factors determine tradeas given by the gravity model of trade. Yet these geo-
graphic attributes are exogenous to outcome variables of interest (FraneRomer,1999).So geographic
variables are a suitable instrument for trade opennessFor this reason,geographic variables have been
used in an IV framework to determine the impact of trade on several outcome variables of interestiud-

ing air pollution (Frankel & Rose, 2005) and environmental policy (Andonova et al., 2007).

First,we estimate the log transform of the bilateral trade share (s; log %I,) using geographic factors.

We use bilateral trade between country i and j (t;) over GDP in country i (GDF) as the bilateral trade
share, then we take the log transform to get the dependent variable (s ;). We use GDR because we
want to get an instrument for Openness ; (5T;=GDP). So we estimate Ty=GDPRfirst. Then, we sum this
for all j to get Openness;. For predictors, we follow those introduced by Frankel and Romer (1999),
which stems from the gravity model of international trade, in which the bilateral trade between coun-
tries is proportional to the GDP of the two countries and negatively correlated with the distance
between the countries. In this instrument, only geographic attributes are used as predictors and GDP
is omitted because of potential endogeneity with the outcome variable of interest. To specify,the log
transform of the bilateral trade share between country i and j for country i (s;) is estimated by the fol-
lowing equation:

DANG AND KONAR
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S 19 Gop
5ag1a 1logdP1a; logdRPP1a3 logdAb1a4 logdRP 1as logdAP (3)
1a 56LL1 LLJD1 a7Bj 1a gBj |096Qb1 agBJ- |096F|131 amBj |096Ab

1a 11BjlogdRP1a,B; logdAbP1a13B;0LLILL ;P 1e;

where t; is the bilateraltrade in value (the sum of import value and export value) between country and
country j.D is for distanceP is for populationA is for land areal L is a landlocked dummyyhich indicates
whether the country is landlocked or not is a border dummywhich indicates whether the two countries
share a common border or not. The interaction terms between the border dummy and all of the other
explanatory variables are included in this model.The subscripts iand j refer to country i and country j,
respectively.

In this way,s; refer to element i,j in a matrix of allestimated bilateraltrade sharesBased on equation (3),
we get the estimated bilateral trade shareg() for all pairs of iand j (i 6% jwhich forms matrix$. Note that

the matrix & is not symmetric (i.e.s; 6%9.sj log GLéE” while s; log %?. The numerators are the same
(i.e.,t;j5 tj) because they are the totalbilateral trade flow between country i and j. Yet the denominators

are GDPs for country i and j respectively, which are different.

Our bilateral equation differs from the method employed in Kagohashi et@015) in both dependent and
independent variables.Kagohashiet al. (2015)include GDP as a predictor variable,which is potentially
endogenous and might dominate the predictionln our specificationwe omit GDP to ensure that the pre-
dicted trade share only depends upon geographic characteristics (i.e., not GDP). For the dependent variable,
unlike Kagohashi et a{2015),in which bilateral trade flow is predictedwe predict the bilateral trade share
directly. Our method allows us to directly construct trade openness based on this bilateral trade share.
Kagohashiet al. (2015) estimate totatrade based on the predicted bilaterairade flow and then divide by
GDP to obtain trade opennessHowever,their inclusion of GDP in the denominator might introduce bias
due to its potential endogeneityln this way,our methodology builds and improves upon the methodology
used in Kagohashet al. (2015),by using geographic attributes to construct an instrument for trade open-
ness following Frankel and Romer (1999).

Second,as in Frankeland Romer (1999)the instrument for trade openness for country is constructed by
summing the estimated bilateral trade share between country i and all other countries:

X
5  exp®p (4)
6%4i

where’ﬁ is the constructed trade openness, which is the instrument in our model.

As pointed out by Frankel and Romer (1999), the instrument should be

) X
e 8 Edexpa’X; 1e ;b b
! 6%4i
X .
5 . exp&%jbEéexp@bJ)gb (5)
j6%i
X
5  exp® PEdexpdejX P
Y

where A%is the vector of the estimated coefficients in equation (3X; is the vector of allthe independent
variables between country and country jas in equation ((3).eDy; B; A; B; A; LIILL;; B; and the interac-
tion terms).Since we are assuming;eo Be homoscedasticEdexpddrjX; b is a constant for althe observa-
tions. In this casethe instrument equals ,,exp&;P times a constante ignore this constant term since
it makes no difference in the following IV methodology.

We use the constructed trade opennesd ) as the instrument for trade openness and apply the IV method
to estimate the causalkeffect of trade openness on water withdrawalsThe second stage of the estimation
takes the predicted values fof and uses those as the independent variable.

DANG AND KONAR TRADE AND WATER USE 10



@QJAGU Water Resources Research 10.1002/201 7WR021102

The IV procedure is provided in equations (6) and (7). The first stage is provided in equation (6). In equation (6),
the endogenous variable, i.e., the real trade openness (T), is regressed on the constructed trade openness vari-
able {) and control variables;. X'he second stage is provided in equation (7). In equation (7), log water with-
drawals (W) are regressed on predicted values of real trade openness, denBtedrascontrols,.X

Ti5b o1b 1T 1b X 1u; (6)

log8WP5c1c 1 Tilc IXAv | (7)

We apply the statistical test to determine if the coefficient t is significant.This requires that we estimate
the standard errors for coefficientd.o estimate the standard errorsye use the variance-covariance matrix,

in which the elements in the diagonal (g provide the variance of the corresponding coefficient;\lfi.e. aj

5 variance(h)). The usuallV standard error formula is the estimated variance-covariance matrix from 2SLS.
However,we also need to account for the fact that our instrument depends on the parameters of the bilat-
eral trade equation (i.egquation (3))as pointed out by Frankel and Romer (1999). As such, we estimate the
variance-covariance matrix as the usudV formula plus the variance-covariance coming from the instru-
ment construction. Specifically the estimated variance-covariance matrix ofthe coefficients equals the
usual IV formula plus 3@@RO@=@P, where & is the vector of estimated coefficients in equation (Z)is

the vector of estimated coefficients in equation (33nd X is the estimated variance-covariance matrix of a
(Frankel & Romer, 1999).

3. Results and Discussion

Here we present and discuss results on the relationship between trade openness and water withdrawals.
First, we present the results of our bilateral trade share equation. Then, we check the quality and robustness
of our IV estimate.Next, we compare the correlational(OLS) and causalV) estimates of the relationship
between trade openness and water withdrawalszinally,we examine a few potentialmechanisms for the
impact of trade openness on agricultural water withdrawals.

3.1. Bilateral Trade Share

Table 2 Table 2 presents results for the bilateral trade share (equation (3¥),

The Bilateral Equation Showing the Impact of Geographic Attributes on the Laghich only geographic attributes are used as predictors and GDP is

of the Bilateral Trade Sharg)(s omitted due to potential endogeneity concerns. Table 2 provides
Dependent variable evidence that most of the geographic attributes included in the

model are statistically significant determinants of trade openness.
log(Bilateral trade share for country ilifs  The coefficient for log transform of distance (logd[P521:430 ) is

Constant 210.374*** (0.309) negative. This is consistent with the gravity model of international
log(Dy) 21.430*** (0.025) trade, in which bilateral trade between countries is negatively corre-
:gggi)) zg%ggi*((zoog?)z) lated with the distance between the two countries (Frankel & Romer,
log(R) 1.104*** (0.016) 1999).
log(4) 20.249™ (0.012) The size of a country is measured using both its area (A) and its popu-
LL 1LL; 20.953*** (0.037) . - . . .
B; 5.766*** (1.851) lation (P).These scale factors exhibit negative coefficients in Table 2.
log(D;) 3 B; 0.430%* (0.214) Note that the dependent variable in Table 2 is the log transform of
log(R) 3 Bj 20.282** (0.131) bilateraltrade share (i.e.{j=GDB instead of bilateraltrade (i.e. t;), in
log(A) 3 By 20.002 (0.126) which we would expect country size measures to exhibit positive
:ESEZ)) 2 SI.J 2852171 ((81123‘;)) coefficients Bilateraltrade sharewhich measures the trade openness
(LL1LL) 3JB,J- 0.473* (0.186) for the home with respect to a foreign country, is highly correlated
) with the relative border length with respect to country area. Larger
Observations 19,948 . .
R 0383 countries have a relatively shorter border length, and thus have a
Adjusted B 0.383 smaller bilateral trade share with other countries. This is consistent
Residual std. error 2.642 (df 5 19,934) with the fact that, all else equal,larger countries tend to have more
F-statistic 952.381*** (df 5 13; 19,934) intranational trade and less international trade (Frankel & Romer,
Note. Notations of variables are the same as those in equation (3). 1999).However,when the trading partner country j has a higher pop-
**Significance at the 5% level. ulation, then trade tends to increase (logdfP51:104 ). This makes
***Significance at the 1% level. sense since trading partners with larger populations typically have
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larger demands and/or supplies, which is likely to lead to larger openness in country i. Landlocked countries
tend to be less open to trade (LL520:953 ). If two countries share a common bordethen they are much
more likely to trade more (B55:766 ).

These results are broadly consistent with results presented in Frankelnd Romer (1999)and Kagohashi

et al. (2015).For exampleall studies find that being further apart and landlocked decreases bilateral trade,
while countries that share a common border see their bilateratrade increase Importantly, note that our
bilateral trade share equation and table does NOT include GBIBwever,time-varying GDP is used to pre-

dict the bilateral trade share by Kagohashi et al. (2015, equation (1) and Table 2). This is potentially problem-
atic because GDP is likely to be endogenous to trade and water withdrawals of a nati@o our empirical
specification improves upon the approach used by Kagohashi et(@015),since we do not included time-
varying values of GDP, which may be subject to endogeneity concerns.

3.2. Instrument Quality

The quality of the instrument is very important in the IV methodologlo ensure a high quality instrument,
two assumptions must be satisfied: (1) the instrument must be highly correlated with the instrumented vari-
able and (2) the instrument must not be correlated with other determinants of the outcome variable in the
error term.

To test the first assumptionwe evaluate the relationship between the instrument (constructed trade open-
ness,‘ﬁ) and the instrumented variable (actual trade opennesdsigure 3 plots the relationship between the
actual and constructed trade openness for each countfis relationship appears to be roughly linear and
increasing,which provides evidence that the first assumption for a high quality instrument is satisfiedo
quantify the relationship between the actuaénd constructed trade share we use the Kleibergen-Paap sta-
tistic rk Wald F-statistic (“First stage F-statistidhe first stage F-statistic is greater than the rule-of-thumb
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Figure 3. Actual versus constructed trade share.
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Table 3
Robustness of Instrumental Variables Estimates for Agricultural Water Withdrawals

(1) (2) (3) 4) (5) (6) (1) (8) (9)
A: Log agricultural water withdrawals (second stage)
Real trade 25.21** (2.52) 25.15 ** (2.38) 25.44 ** (2.39) 24.88** (2.15) 24.39** (2.03) 25.32** (2.22) 25.41** (2.56) 24.6** (1.83) 24.63** (1.79)
openness
B: Real trade openness (first stage)
Constructed 1.03*** (0.31) 1.11***(0.32) 1.12***(0.31) 1.22***(0.33) 1.22***(0.32) 1.03***(0.3) 1.02*** (0.31) 1.27*** (0.33) 1.25*** (0.32)
trade

openness

Fstat 11.3%** 12.4** 12.9%** 147+ 14. 1% 11.8*** 11.1%** 15.1%** 15.3***

N_obs 108 106 107 104 104 108 108 103 104

Other No Weather(A) Weather(P) Climate(A) Climate(P) Region fraction_agr All(A) All(P)
controls

Notes. Standard errors in parentheses. Dependent variable indicated in the title. Other controls specify the control variables besides log(population), log(land
area), and latitude. Weather(A), area-weighted measurements for weather including log(apre) and log(atem); weather(P), population-weighted measurements
for weather including log(wpre) and log(wtem); climate(A), area-weighted measurements for climate zone including kgatrstr and kgatemp; climate(P),
population-weighted measurements for climate zone including kgptrstr and kgptemp; region, dummy variables for region including ECA, LAX, MENA, NA, SA,
SSA, and EAP; fraction_aaggricultural fraction of GDP; all(A), area-weighted measurements for weather, climate zone, and region; all(P), population-weighted
measurements for weather, climate zone, and region. The full results including all the independent variables are reported in Table S1-S2.

**Significance at the 5% level.

***Significance at the 1% level.

threshold of 10 for weak instruments for all results (refer to Table ®jich suggests that our instrument is
not weak.

To check the second assumptionwe evaluate the impact of geographic controVariables on our outcome
variable of interestwater withdrawals This is because the major assumption for this IV approach is that the
geographic attributes in the bilateral trade equation (equation (3)) are uncorrelated with other determinants
of water withdrawals besides controvariables (i.e X in equations (6) and (7))That is,the instrument will
influence water withdrawals only through tradégsides controlled channels,.X

We control for variables which are likely to be correlated with both trade openness (T)and water with-
drawals (W)We control for national size by controlling for both area (A) and population (P). Additionally, we
control for latitude (L) because global geographic position may impact both T andTWis is because coun-
tries in lower latitudes tend to be less involved in globarade and also have higher evaporative demands

of crops.That is to saylatitude likely effects water withdrawals through nontrade channedsid would thus

bias our results if we do not controffor it. So we controlfor log transform of arealog(A),log transform of
population, log(P), and latitude, L.

Howevers,it is still unclear if there are other channels—such as climateegather,and geographic region—
through which the constructed trade openness wilimpact water withdrawals in agricultureTo check the
robustness of our modelwe systematically determine the impact of various sets of control variables on our
IV specification in Table MNote that we control for region to eliminate the factors clustered by region such
as culture and development level.

The structuralcomposition between countries may impact their water use in agriculture and industrifor
example,wealthy nations might have larger industrialproduction and trade more secondary and tertiary
sectors (i.e.rather than agriculture).For this reasonwe control for agricultural fraction of GDP in Table 3
and industrial fraction of GDP in Table ¥e control for both the agricultural and industrial fraction of GDP
in Table 5Please refer to the Supporting Information S1 document for full resultapital and labor are two

of the main determinants of industrialproduction that might influence both trade and water withdrawals
and thus need to be controlled for in our industrial specification. Countries with more patents might partici-
pate in trade with more technology-oriented products and thus have larger exports and lower water with-
drawals.For this reasonwe control for capitalabor,and total number of patents in Table 4Vhen we add
these sector specific controls to our specification the results are robilistese tests give us confidence that
our preferred specification is measuring the impact of trade openness on water withdrawals in a way that is
robust to the varying structural composition of countries.
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Table 4
Robustness of Instrumental Variables Estimates for Industrial Water Withdrawals
(1) (2 (3) 4) (5) (6) ()
A: Log industrial water withdrawals (second stage)
Real trade openness 1.09 (1.18) 0.79 (1.12) 0.3 (1.17) 1.76 (1.17) 1.36 (1.05) 1.02 (1.22) 1.47 (0.99)

B: Real trade openness (first stage)
Constructed trade openness ~ 1.03*** (0.31) 1.08*** (0.33) 1.06*** (0.34) 1.03*** (0.3) 1.48*** (0.38) 0.99*** (0.3) 2.02*** (0.45)

Fstat 11.3*** 10.8*** 9.8%** 11.8*** 15%* 11.2%** 20%**

N_obs 108 92 92 108 86 108 71

Other controls No log(K) K/L Region Patent fraction_ind All
log(L)

Notes. Standard errors in parentheses. Dependent variable indicated in the title. Other controls specify the control variables besides log(population), log(land
area), and latitude. K, capital; L, labor; region, dummy variables for region including ECA, LAX, MENA, NA, SA, SSA, and EAP; patent, total count of patents in forc
by applicant origin; fraction_ind, industrial fraction of GDP; all, all the control variables in columns (2)—(5). The full results including all the independent variables
are reported in Table S3.

***Significance at the 1% level.

Table 3 suggests that the second stage coefficients are approximately the same acrossvaldels. This is
because the second stage coefficient is relatively stable around 25.00 and is statistically significant at the
5% levelacross allspecifications From Table 3,we determine that the model for agricultural water with-
drawals is robust if we control for log(Ajog(P),and L in our specificationSimilarly,Tables 4 and 5 suggest
that our model for industrial and total water withdrawals is robug€ur robustness checking results suggest
that although there might be some covariates correlated with trade and water withdrawals by sectbey

are not correlated with our instrument (i.e.constructed trade openness) and thus do not need to be con-
trolled for in our model specification. We estimate the following first and second stage equations
accordingly:

Ti5b o1b 1T‘i1b2IogéAb1l@IogéPb1bL1ui (8)
logdWp5¢cy1c 1 Tilc 2 logdAb1glogdPb1gL 1v; (9)

Thus,our preferred first and second stage specifications include land area (Bdpulation (P),and latitude
(L) as controlsOur preferred specification is shown in column (1) of Table Ble use this robust modefor
all analysis that follows.

Table 5
Robustness of Instrumental Variables Estimates for Total Water Withdrawals

() @) ®) (4) ®) (6) @) (8) ©) (10) @an (12)

A: Log industrial water withdrawals (second stage)

Real 21.08 20.88 20.99 21.24 21.2 21.3 21.48 21.25 20.93 20.47 21.44 21.19
trade (1.16)  (0.92)  (1.11) (1.2) (1.13) (1.13) (1.11) (1.04) (0.86)  (0.83)  (0.99) (0.87)
openness

B: Real trade openness (first stage)

Constructed ~ 1.03***  1.08***  1.06*** 0.99*** 1.11%% 1.12%* 1.22%** 1.22%** 1.03***  1.48***  1.23**  1.27**
trade (0.31)  (0.33) (0.34) (0.3) (0.32) (0.31) (0.33) (0.32) (0.3) (0.38) (0.39) (0.38)
openness

Fstat 11.3*  10.8***  9.8*** 11.2% 12.4%* 12.9%* 145> 14.9%* 11.8%* 15 101" 11.2%*

N_obs 108 92 92 108 106 107 104 104 108 86 88 88

Other controls No log(K) K/L fraction_ind Weather(A) Weather(P) Climate(A) Climate(P) Region Patent  All(A) All(P)

log(L) fraction_agr

Notes. Standard errors in parentheses. Dependent variable indicated in the title. Other controls specify the control variables besides log(population), log(land
area), and latitude. Control variables are the same as those in Table 3 and Table 4. The full results including all the independent variables are reported in Table
S4-S5.

***Significance at the 1% level.
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3.3. Causal Impact of Trade Openness on Water Withdrawals
Trade openness does not have a statistically significant causapact
on total water withdrawals (i.e water withdrawals in both agriculture

Table 6
Causal Effect of Trade on Log Water Withdrawals

Total Agricultural Industrial  and industry;refer to Table 6)From Table 6trade openness illustrates
Openness 21.08 (1.16) 25.21** (2.52) 1.09 (1.18)  a positive but statistically insignificanimpact on water withdrawals in
Fstat 11.37 1.3 1.3 industry (g5 1.09). The impact of trade openness on totalater with-
N_obs 108 108 108

drawals is negative, but also statistically insignificari 24.08). How-
Notes. Second stage results are provided for log total water withdrawals, ever,the impact of trade openness on water withdrawals in agriculture

log agricultural water withdrawals, and log industrial water withdrawals. The g negative and statistically significant at the 5% ley6R&21 ).
geographic controls are land area (A), population (P), and latitude (L). The full

results including all the independent variables are reported in Table S6. Table 7 compares the OLS and IV estimates of the relationship
**Significance at the 5% level. between trade openness and agricultural water withdrawaBLS esti-
"**Significance at the 1% level. mates revealthat there is a negative and statistically significant rela-
tionship between trade openness and water withdrawals in
agriculture (g520:96 ; refer to column 1 of Table 7)However,simply looking at the correlation between
trade openness and water withdrawals is uninformative about the causatlationship between the varia-
bles.In column 1 of Table 7water use is treated as the dependent variabBut countries may choose how
much to trade based on their expected water useimplying that causality also runs in the opposite direc-
tion. For scientific understanding and policy purposese are most interested in the causal impact of trade
on water use.

IV resultswhich enable us to identify the causal impact of trade openness on water aseprovided in col-

umn 2 of Table 7. The coefficient of interesdb@5:21 ; refer to section 2) is negative and statistically signifi-
cant at the 5% level. The results indicate that one percentage point increase in trade openness leads to a
5.21% reduction in agricultural water withdrawasgnificantlythis relationship has a causal interpretatidin.

is also about five times larger than the corresponding OLS estimate, suggesting considerable bias in the latter.

The goalof causalinference is to obtain an unbiased estimate of the coefficient of intereste.,the coeffi-

cient on trade openness,c;. We are not directly concerned with the other coefficients in the regression
model. For this reason, we are most concerned that the coefficient on trade openness is robust across speci-
fication. We perform an extensive check of the robustness in Tables (3-5) and find that the coefficient of
interest is relatively constanThis gives us confidence that we are accurately estimating the impact of trade
openness on water withdrawals (in agriculture, industry, and total).

Kagohashi et al. (2015) find that the overall effect of a 1% increase in trade openness reduces total water with-

drawals and/or consumption by roughly 1.0-1.536,averageNote that Kagohashi et a2015) do not sepa-

rate water withdrawals by economic sector (i.e., agriculture and industry) as we do in this paper. So we go one

step further than Kagohashet al. (2015) by evaluating the impacts of trade openness on agriculturaind

industrial withdrawals separateljhis enables us to conclude that trade openness reduces agricultural water
withdrawals but does not impact industrial water withdrawals.

Table 7 3.4. Why Does Trade Openness Lead to Less Water Withdrawals in
The Effect of Trade Openness on Agricultural Water Withdrawals, OLS Versugriculture?
Instrumental Variables The results in Table 6 suggest that the causal effect of trade openness
Log agricultural on water withdrawals in agriculture is different than in industry. So
water withdrawals Real trade there are unique characteristics ofagriculture that determine these
SHENIESS mechanics.What are they? Why does trade openness lead to less
OLS IV (second stage)V (firststage) \ater withdrawals in agriculture? Here we empirically determine the
Real trade openness 20.96™ (0.48) 25.21** (2.52) mechanism driving changes in water use in agricultuf@ do this,we
Constructed trade openness 1.03"(0.31)  f5ll0w Debaere and Kurzendoerfer (2015), who highlight three mecha-
Observations 129 108 108 . h h which . be i d
First stage F-statistic 11.3 nisms through which water use in an economy may be impacted.

: : — Debaere and Kurzendoerfer (2015) decompose water use impacts by
Notes. Standard errors in parentheses. Dependent variable indicated at the‘scale’bf the economy, “water productivity”at the sectorallevel,and

top of the columns. All regressions include log population, log area, and lati- |, e . .,
tuse as controls. ¢ let2 < composition”of the economy. We follow this decomposition, but

*Significance at the 10% level. restricted to agriculture.In the agriculturalsetting, water withdrawals
**Significance at the 5% level. may be impacted by “extensive margin” effects, “intensive margin”
***8ignificance at the 1% level. effects, or “crop mix” effects.
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Table 8

Causal Effect of Trade Openness on the Value of Output ($) and Log Water

Withdrawal Productivity

First,trade openness may lead farmers to expand the area on which
they grow crops, which is defined as an extensive margin effectTo
estimate the extensive margin effect, we change the outcome variable

in equation (9) We use log transform of harvested arelag transform

Total Agricultural Industrial - ¢ agricultural production, and log transform of the value of agricul-
log(Value of output) tural output. Table 9 suggests that trade openness has no significant
effect on the harvested area of cropsSimilarly,Table 9 suggests that
Openness 1.21(1.34) 0.15 (0.61) 1.37 (1.51)  trade openness does not significantly impact crop productionTable
log(Water withdrawal productivity) 8 shows that trade openness does not impact the value of agricultural
output. We also evaluate the impact of trade openness on the value
Openness 2.29 (1.72) 5.37** (2.6) 0.28 (1.49)  of industrial output to compare potential extensive margin effects
el e s vilE between agriculture and industryFor both economic sectorghere is
N_obs 108 108 108

no impact of trade openness on the value of productiofhese results

Notes. Second stage results are provided for log total water withdrawals, in unison Suggest that trade openness does not impact water with-
log agricultural water withdrawals, and log industrial water withdrawals. The drawals through the extensive margin of production
geographic controls are land area (A), population (P), and latitude (L). The full ’

results including all the independent variables are reported in Table S7.

**Significance at the 5% level.
***Significance at the 1% level.

Second,trade openness might stimulate farmers to introduce more
advanced technologyand thus produce more per unit of water.This

is defined as the intensive margin effectVe use two measures of the
intensive margin: crop yield and water withdrawal productivity. We
define water withdrawal productivity to be the value of production per water withdrawals.Table 9 shows

that trade openness does not impact the yield of crops in a statistically significant wagble 8 shows that
trade openness does not impact total or industrial water withdrawal productivitpwever,one percentage
point increase in trade openness leads to a 5.37% increase in agricultural water withdrawal productivity and
is statistically significant at the 5% leveTlable 8 provides evidence that trade openness leads to less water
withdrawals in agriculture due to gains in water withdrawal productivign intensive margin effect.

Finally,an increase in trade openness might cause farmers to change their crop mix in a manner that uses
less water.They might switch to produce higher-value but less water-intensive crops for expddr exam-

ple. We consider five major crops (ryewheat, barley, maize,and oats) in this paper due to limitations in
data availability for other cropsWe consider the causagffect on crop-specific log agriculturgbroduction,
harvested areaand yield to examine the crop mix effectTables 9 suggests that trade openness does not

Table 9

Causal Effect of Trade Openness on Crop-Specific Log Transform of Agricultural Production, Agricultural Harvested Area,
and Yield

(1) Total cereal (2) Rye (3) Wheat (4) Barley (5) Maize (6) Oats
log(Production)
($) (t) ®) (t) (t) 1)
Openness 2.01 (1.23) 1.93 (2.64) 22.02 (2.36) 20.58 (1.8) 0.95 (1.63) 0.17 (2.07)
log(Harvested area)
(ha) (ha) (ha) (ha) (ha) (ha)
Openness 1.82 (1.32) 1.2 (2.63) 22.37 (2.38) 20.75 (1.69) 0.38 (1.69) 20.03 (1.81)
log(Yield)
($/ha) (hg/ha) (hg/ha) (hg/ha) (hg/ha) (hg/ha)
Openness 0.16 (0.5) 0.73 (0.52) 0.33 (0.6) 0.18 (0.66) 0.51 (0.57) 0.2 (0.66)
Fstat 18.2%** 12.5%** 15.5%** 13.1%** 17.7* 15.3***
N_obs 153 57 105 88 136 68

Note. The geographic controls are land area (A), population (P), and latitude (L). The full results including all the inde-
pendent variables are reported in Table S8.
***Significance at the 1% level.
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lead growers to switch between the major crop typesuggesting that crop switching amongst major crops
does not explain the reduction in water withdrawals in agriculture with increased openness to trade.

So these results contribute to our understanding as to why increased trade openness leads to less water
withdrawals in agriculture.The results presented in this section indicate that trade openness leads to less
water withdrawals in agriculture primarily through the intensive marginOur results confirm findings pre-
sented in Kagohashiet al. (2015)that an expansion in trade openness encourages producers to adopt
water-saving technologiedn other words, it appears that openness to trade leads agricultural producers to
generate higher-value agriculturagbroduction per unit water withdrawn. These results are consistent with
the explanation that trade openness leads farmers to adopt advanced technologiash as improved crop
varieties and irrigation technologythat enable them to both generate more agriculturalrevenue and use
less water.

4. Conclusion

This paper contributes to the debate over globalization and water resourcdhe major question that this
paper addressed is what is the impact of trade openness on nationahter use? Much work published on
the water-trade nexus has focused on links between trade and virtumbter resources and has used these
results to infer the implications of trade for water uséle contribute to this literature by explicitly consider-
ing the impact of trade for domestic, physicalwater use. Importantly, we use the instrumental variables
technique to evaluate the causaimpact of trade openness for domestic agriculturabnd industrial water
withdrawals.

Our results suggest that one percentage point increase in trade openness leads to a 5.21% decrease in agri-
cultural water withdrawals. However,trade openness does not have a significant impact on totak indus-

trial water withdrawals Why does trade openness lead to less water withdrawals in agriculture? Our results
suggest that trade openness reduces water use in agriculture primarily through the intensive margifor
example,by leading farmers to adopt technologysuch as advanced irrigation technologyVe do not find
evidence for extensive margin or crop mix impacts on agriculturavater withdrawals.However,improved

water use data by source, crop, and industry would enable future research to refine our analysis.

Future work that incorporate trade directionality into the trade openness metric (i.e., as in the directed grav-
ity models in Tamea et al(2014)) may yield new understandind-his is because trade openness may have
different impact for the country of import than it does for the country of exportAdditionally,probing het-
erogeneity in the trade-water relationship of economic sectors is an important avenue for future research.
Our IV approach assumes that the treatment effects of trade openness are homogeneous across economic
sectors (i.e.jdentical regardless ofwhat mechanism led to the change in trade openness). Future work
could explore the development of different instruments to evaluate if the treatment effects are heteroge-
neous across sectors.

This paper shows that one unintended consequence of increased globalization is to use less (physical) water
to produce food. These results complement the recent literature that shows that internationabde saves
(virtual) water resourcesThis work highlights the need for future research to continue to refine our under-
standing of the trade-water nexusln an era of increasing antiglobalization sentimerihis work highlights

one potential beneficial but unintended consequence of trade: using less water to grow our food.
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