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Abstract

A debate has long existed on the relationships between human population, natural re-
sources, and development. Recent research has expanded this debate to include the
impacts of trade; specifically, virtual water trade, or the water footprint of traded com-
modities. We conduct an empirical analysis of the relationships between virtual water5

trade, population, and development in Africa. We find that increases in virtual water
imports do not lead to increases in population growth nor do they diminish human wel-
fare. We establish a new index of virtual water trade openness and show that levels of
undernourishment tend to fall with increased values of virtual water trade openness.
Countries with small dam storage capacity obtain a higher fraction of their agricultural10

water requirements from external sources, which may indicate implicit “infrastructure
sharing” across nations. Globally, increased crop exports tends to correlate with in-
creased crop water use efficiency, though this relationship does not hold for Africa.
However, internal African trade is much more efficient in terms of embodied water re-
sources than any other region in the world. Thus, internal African trade patterns may15

be compensating for poor internal production systems.

1 Introduction

The debate on the relationship between human population growth, development, and
natural resources dates back to Condorcet (1794) and Malthus (1798), and has been
contributed to by other classic works (Jevons, 1865; Ehrlich, 1968; Simon, 1980). The20

now famous wager between Paul Ehrlich and Julian L. Simon centered on population
growth and resource scarcity. Recently, this debate has been expanded to include the
implications of increased access to natural resources through trade. In particular, re-
cent works focus on water resources embodied in traded commodities (i.e., virtual wa-
ter trade), and suggest that importing virtual water resources may encourage human25
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population growth beyond a sustainable limit, eventually diminishing human welfare
(D’Odorico et al., 2010; Suweis et al., 2013).

The quantity of resources embodied in international trade has been analyzed for a
range of commodities, including land (Fader et al., 2011; Kastner et al., 2012), carbon
(Peters et al., 2011), nutrients (Schipanski and Bennett, 2012), and water (Hoekstra5

and Hung, 2005). In this paper, we focus on freshwater resources embodied in the
staple food trade. Trade links water and food systems (Konar et al., 2011), since food
production is tightly coupled with water resource availability and use, in a “globalization
of water” (Hoekstra and Chapagain, 2008). Our focus is on trade in staple agricultural
products, since its impacts on agricultural production and food prices are important in10

understanding human welfare impacts in developing countries, such as Africa (Hertel
et al., 2010).

Recent theoretical research suggests that increasing imports of virtual water re-
sources may cause local human popoulation to grow beyond a sustainable limit, leading
to a reduction in local food security (D’Odorico et al., 2010). However, in the economics15

literature, although a debate does exist, it is fairly well accepted that reliable access to
natural resources slows population growth and that open economies improve devel-
opment objectives (Frankel and Romer, 1999; Winters et al., 2004). For this reason, it
has been suggested that trade liberalization can help to improve food security (Dorosh,
2001; Burgess and Donaldson, 2010) and human welfare (Winters et al., 2004). In this20

paper, we examine the empirical evidence on the relationship between virtual water
trade, population growth, and human development, with a particular focus on Africa.

Despite popular conceptions, Africa has a wealth of renewable freshwater resources,
estimated at approximately 5400 km3 per year. This equates to roughly 6800 m3 per
person per year (Odularu, 2009), compared with a per capita annual water availability25

of 2234 m3 in China (Hoekstra and Chapagain, 2008). However, water resources are
highly variable in both time and space across the African continent and agricultural pro-
duction is predominantly rain-fed, due to low levels of irrigation infrastructure and dam
storage capacity (e.g., approximately 4 % of arable land is irrigated in Sub-Saharan
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Africa, compared with a global average of 20 %; FAO, 2009). Consequently, much of
African agriculture is particularly vulnerable to weather conditions and climate variabil-
ity (Rosegrant et al., 2002; FAO, 2011a).

Agricultural yield gains have been much lower in Sub-Saharan Africa than in other
world regions (Godfray et al., 2010). For example, maize yields typically attain less than5

half of their potential throughout the region (Foley et al., 2011). This is largely due to
the inadequacies of input and output markets, extension services, and infrastructure
(FAO, 2009). Additionally, the Intergovernmental Panel on Climate Change estimates
that climate change could cause crops yields on rainfed lands to decrease by 50 % in
some African countries, leading them to potentially spend 5–10 % of GDP to adapt to10

a changing climate. There is an urgent need for agricultural research in Africa, par-
ticularly research that focuses on opportunities for adaptation to climate change, yet
agricultural research and development spending only grew at an average annual rate
of 0.6 % (FAO, 2009).

Reducing risk and vulnerability in agricultural production – especially to extreme15

weather events and price swings – is necessary to facilitate poverty reduction in Africa,
which is one of the Millenium Development Goals of the United Nations. Trade in agri-
cultural products is one way to reduce vulnerability to domestic weather shocks in agri-
cultural production (Burgess and Donaldson, 2010). However, trade in African nations
exhibits high sensitivity to price fluctuations, which are anticipated to occur under cli-20

mate change (Konar et al., 2013). These fluctuations in price and production have
direct repercussions for welfare in the importer nations (Hertel et al., 2010).

Since 1980, agricultural imports have grown consistently faster than exports in Africa.
Net food imports grew at an average rate of 3.4 % per year between 1980 and 2007 and
were primarly comprised of cereals and livestock products (FAO, 2011b). As long as25

other export sectors generate enough revenue to pay for food imports, this food import
dependency may not pose a serious issue. This is because consumers in these coun-
tries benefit from the cheap food imports. However, recent spikes in food prices high-
light challenges of expanding agricultural production in response to price increases.
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Projections to 2050 tend to confirm that African countries will remain dependent upon
food imports, making it essential to better understand the impact of imports on food
and water security, as well as other development objectives in Africa.

In this paper, we address the following questions using empirical data for African
nations: (1) does virtual water trade impact human population and development? (2) Is5

there a relationship between virtual water trade and food security? (3) What is the rela-
tionship between water resources infrastructure and virtual water trade? (4) Does agri-
cultural trade impact crop water use efficiency? Our major findings are that increased
virtual water imports do not lead to population growth, but do increase human welfare;
increased virtual water trade is correlated with enhanced food security; countries with10

less dam storage capacity tend to consume a larger fraction of their agricultural water
footprint from external sources; and that internal production systems in Africa do not
show water use efficiency gains with increased exports, but that internal African trade is
the most efficient region in the world. These results suggest that trade may be helping
African nations to meet food and water security objectives.15

2 Methods

In this section, we describe the national data sets that we use, our calculation of agri-
cultural water use, and how we quantify bilateral virtual water trade flows.

2.1 Cross-sectional data sources

We obtained cross-sectional data from a variety of sources. Population data was col-20

lected for each country from 1960–2011 from the World Bank (World Bank, 2012).
Human Development Index (HDI) data was collected for each country from 1980–2011
from the United Nations Development Programme (UNDP) (UNDP, 2012). Note that
HDI data is available every 5 yr from 1980–2005, but annually from 2006–2011. This is
a summary measure of human development. It measures the average achievements25
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in a country in three basic dimensions of human development: (1) a long and healthy
life, as measured by life expectancy at birth; (2) knowledge, as measured by school en-
rollment and adult literacy; and (3) standard of living, as measured by gross domestic
product (GDP) per capita.

We obtain a variety of data on agriculture and water resources from the Aquastat5

Database of the Food and Agriculture Organization of the United Nations (FAO) (Aqua-
stat, 2013). Namely, we obtain information on the dam storage capacity, area equipped
for irrigation, and the number of undernourished people, for each country and all avail-
able years.

Dam storage capacity is defined as the total cumulative storage capacity of all dams10

in each country in km3. The value indicates the sum of the theoretical initial capacities
of all dams, which does not change with time. However, the amount of water stored
within any dam is likely less than the capacity due to silting. Data on the area equipped
for irrigation is from all sources and measured in hectares. The number of undernour-
ished people refers to the condition of people whose dietary energy consumption is15

continuously below a minimum dietary energy requirement for maintaining a healthy
life and carrying out light physical activity. This value is provided per 1000 inhabitants.

Water footprint data was obtained from Hoekstra and Chapagain (2008). Specifi-
cally, from this source, we obtain data on crop evapotranspiration (for both national
consumption and export), internal agricultural water footprint, external agricultural wa-20

ter footprint, and gross virtual water flows related to trade in crop products.

2.2 Agricultural virtual water content estimates

To obtain national estimates of agricultural water use we utilize the H08 global hydro-
logical model (Hanasaki et al., 2008b,a, 2010), which is a state-of-the-art hydrologic
model with human water use. The model runs globally on a 0.5◦ ×0.5◦ spatial grid and25

a daily time step. H08 incorporates energy and water balance closure and consists
of six modules: land surface hydrology, river routing, crop growth, reservoir operation,
environmental flow requirements, and water withdrawal for human use. We do not go
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into detail on the H08 model here, but instead refer the interested reader to Hanasaki
et al. (2010).

From the H08 model, we obtain estimates of virtual water content (VWC). VWC is a
country-specific estimate of the volume of water used to produce a unit of agricultural
output, defined to be the total evapotranspiration (ET) during a cropping period [kg m−2]5

divided by the total crop yield (Y ) [kg m−2], e.g., VWC=ET/Y (Hanasaki et al., 2010).
We determined the VWC of five crops: barley, corn, rice, soy, and wheat. The VWC of
livestock is defined as the water consumption per head [kg head−1] divided by the total
weight per head [kg head−1]. We calculated the VWC of three livestock products: beef,
pork, and poultry. From 1986–2001, VWC was calculated using the national crop yield10

time series data from FAOSTAT (FAOSTAT, 2012) and yearly estimates of ET simulated
with the H08 model.

Land use and meteorological data are used to drive the H08 hydrology model. For
land use, the global distribution of cropland (Ramankutty et al., 2008), major crops
(Monfreda et al., 2008), irrigated areas (Siebert et al., 2005), and cropping intensity15

(Doll and Siebert, 2004) were used to run the model. These data were fixed to the
year 2000 and were re-gridded for consistency with the spatial resolution of the mete-
orological forcing data. For meteorological data, the H08 model is forced with WATCH
data (Weedon et al., 2011), available at a 0.5◦ spatial resolution at 6 h intervals from
1901–2001. For this reason, H08 estimates of yearly VWC end in 2001.20

To obtain yearly estimates of VWC after 2001, we utilize national crop yield statistics
from the FAO (FAOSTAT, 2012), following Dalin et al. (2012) and Konar et al. (2012)
and according to the equation:

VWCe,c,t =
ETe,c,2001

Ye,c,t
(1)

where the subscripts “e”, “c”, and “t” correspond to the country of production (and ex-25

port), the raw crop, and year, respectively. Thus, yearly VWC information is obtained
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from the H08 model from 1986–2001 and yearly VWC information is calculated accord-
ing to Eq. (1) for the 2002–2008 period.

2.3 Bilateral trade data for staple food commodities

We obtain data on the bilateral (i.e., link level) trade (T ) of staple food commodities
from 1986–2008 from the FAO (FAOSTAT, 2012). Specifically, we obtained trade data5

on 58 commodities stemming from the unprocessed crop and livestock products for
which we have yearly VWC estimates (i.e., barley, corn, rice, soy, wheat, beef, pork,
and poultry). Note that these 58 commodities account for over 60 % of global calorie
consumption (FAOSTAT, 2012) and embody the majority of virtual water flows (Hoek-
stra and Hung, 2005; Hanjra and Qureshi, 2010).10

A common problem with FAO trade data is that some countries report the final des-
tination country, while others report the first destination. This makes it difficult to dis-
tinguish between export and re-export, which may be significant for some trade hubs,
such as the United Arab Emirates (US Agricultural Trade Office, 2010). Due to this
inconsistency, the virtual water trade of major trade hubs and those that process com-15

modities for re-export may be overestimated in this analysis. In other words, it is im-
possible to distinguish production and consumption flows in all cases using FAO trade
data.

2.4 Quantifying virtual water trade flows and savings

Bilateral trade data, in combination with estimates of VWC, allow us to quantify the20

virtual water trade (VWT) between two nations e and i in year t by:

VWTe,i,t =
∑
a

VWCe,a,t ·
[∑
x∈a

px cx

rx
· Te,i,x,t

]
(2)

where the subscripts “e”, “i”, “t”, “a”, and “x” denote the exporting country, import-
ing country, year, agricultural item (i.e., unprocessed crop or livestock item), and
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commodity, respectively. The VWC of raw crops is transformed into that of a pro-
cessed commodity by multiplying by the px cx/rx coefficient, which does not vary in
time. Values of r , p, and c are specific to commodity x and are provided for each of
the 58 commodities in Appendix A. The price ratio (p) is the ratio between the price of
the raw crop and the price of the commodity produced from that raw crop. The content5

ratio (c) indicates the percentage of a particular processed commodity that originates
from the raw crop. The yield ratio (r) quantifies the fraction of the raw crop that goes
into the processed commodity (Hanasaki et al., 2010). The notation x ∈ a indicates the
ensemble of commodities that are produced from the raw agricultural item a. Te,i ,x,t is
the annual trade from exporting country e to importing country i of commodity x in year10

t.
VWT is measured in m3 yr−1 and aggregated over all commodities considered in the

international food trade. Data on T from the FAO is measured in tons yr−1 and VWC
indicates kgwater kg−1

crop. For water, 1 m3 is equivalent to 1000 kg, or one ton, and one
liter (or 1/1000 of a cubic meter) weighs 1 kg. So, we obtain virtual water trade flows15

in m3 using the conversion: 1 ton crop ·1 kg water/1 kg crop · (1/1000 m3 water)/1 kg
crop=1 ton crop/1000 kg crop ·1 m3 water=1 m3 water.

Trade-based water savings (WS) is a theoretical measure of how much water is
saved through trade. For each trade link, the water use efficiency of the country of
export is subtracted from the water use efficiency of the country of import. The differ-20

ence in water use efficiencies between trade partners is multiplied by the volume of
crop trade occuring on that trade link. Positive values indicate that water is being saved
by that trade link; Negative values indicate trade-based water losses. Regional water
savings refer to the sum across all trade links within a particular region; global water
savings sum all links in the world. We calculate WS by:25

WSe,i,c,t =
∑
x∈r

CTe,i,c,t ·
(
VWCi,c,t − VWCe,c,t

)
(3)
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where the subscripts “e”, “i”, “c”, and “t” indicate exporting country, importing country,
commodity, and year, respectively. The notation x ∈ r indicates the ensemble of coun-
tries within region r , which may be all countries for the global calculation.

3 Results and discussion

3.1 Virtual water trade, population, and development5

Figure 1 presents the internal African virtual water trade network in the year 2008.
Each of the 51 African countries is assigned a unique color and its export trade links
are assigned the same color. These export links are then connected to an import nation
of a different color. The import trade direction for each link is also indicated by the white
gap between the link and the outer ring. For example, the large red link passing through10

the center of the graph indicates the virtual water export from Algeria to Nigeria.
This network image helps in the visualization of large trade links, major exports, and

major importers. From Fig. 1 the virtual water trade from South Africa to Zimbabwe is
shown as the largest link in the internal African network. This link represents 0.37 km3

of virtual water, which is approximately 10 % of the total internal flow. Additionally, South15

Africa stands out as a major exporter. South Africa exports 1.12 km3 to other African
nations. This is approximately 31% of total internal African trade. Zimbabwe is the
major importer of virtual water resources (notice the large white gap associated with
Zimbabwe in Fig. 1). Zimbabwe imports 0.66 km3 of virtual water, approximately 19 %
of internal flow.20

The total volume of virtual water trade within African countries is 3.59 km3. The total
volume of trade from the rest of the world (ROW) to Africa is 61.67 km3. The total
volume of trade from Africa to the ROW is 1.18 km3. So, although Africa does not
export large volumes of virtual water to the ROW, they trade over twice this volume
amongst themselves.25
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It makes sense that internal African trade is larger than African trade with the ROW,
because countries that are close in distance to one another tend to trade more. In the
international trade literature, a model often used to assess bilateral trade flows is the
gravity model of trade, which states:

Ti ,j = c
Mi Mj

Di ,j
(4)5

where T is the trade flow, M is the economic mass of each country (typically GDP),
D is the distance between i and j , and c is a constant (Tinbergen, 1962). It has been
shown that countries that are closer in geographic proximity to one another tend to
trade larger volumes of virtual water. In fact, the average distance travelled by a unit of
virtual water has decreased by approximately 1000 km between 1986 and 2010 (Tamea10

et al., 2013).
Recent research suggests that importing virtual water resources may encourage hu-

man population growth beyond a sustainable limit, eventually diminishing human wel-
fare (D’Odorico et al., 2010; Suweis et al., 2013). To address this important issue, we
consult panel data on population and human welfare. We utilize the human develop-15

ment index (HDI), since it was developed as an indicator of aggregate human welfare
(UNDP, 2012). First, we focus on data for African nations and conduct a time average
for population, HDI, and virtual water import (VWI), from 1986–2008, since we have
bilateral VWI data during this time frame.

We present the relationship between log(population) and log(VWI) for Africa in20

Fig. 2a. From Fig. 2a, it is clear that log(population) increases in a non-linear way
with the log(VWI). In other words, for each percentage increase in VWI there is a non-
linear increase in percent population. However, note that this relationship levels off
with increasing values of VWI. Thus, although there is a positive correlation between
log(population) and log(VWI), the rate of population growth slows with increasing virtual25

water imports.
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To better understand the relationship between human welfare and VWI, we plot
HDI against log(VWI) in Fig. 2b. From Fig. 2b, a linear relationship between HDI and
log(VWI) is evident. This provides empirical evidence for an increase in human welfare
with a percentage increase in VWI. However, this relationship is only a correlation, so
no causal information can be inferred. Yet this empirical relatinoship does add another5

dimension to the current discussion on the relationship between virtual water trade and
human development.

Since we only present correlations in Fig. 2, we are unable to distinguish reverse
causality. It is possible that higher population levels are leading to increased virtual
water imports, rather than virtual water imports leading to increased population. Simi-10

larly, enhanced human welfare may contribute to rising VWI, rather than the other way
around. In an effort to address this issue with reverse causality, we consider future
values of VWI and future values of the variables of interest. Both population and HDI
are slow moving variables, so a time lag should exist with current resource access. We
select a time windown of ten years into the future. This time window is arbitrary, but15

should prove long enough to capture changes in these variables, but short enough to
allow for analysis with our available data.

In Fig. 3a, we determine the current log(VWI) for each country from 1986–1990.
Then, we determine the population growth rate ten years into the future. For example,
a single data point represents the log(VWI) of South Africa in 1990 and the population20

growth rate of South Africa between 1990 and 2000. We plot this relationship for all
countries in Fig. 3a. There is a decreasing trend between future population growth rates
and percentage increases in current virtual water imports. This relationship indicates
that the current virtual water imports of a country are unlikely leading to increased
population growth.25

Similarly, in Fig. 3b, we determine the current log(VWI) for each country in the world.
Then, we determine the HDI of each country in ten years. HDI data is only available
every five years between 1985–2006, so this analysis consists of less data points than
does Fig. 3a. There is an increasing relationship between future HDI and percentage
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increases in current virtual water imports. This relationship indicates a positive corre-
lation between current virtual water imports and future human well-being.

The relationships presented in Figs. 2 and 3 do not demonstrate causality. However,
they do highlight that the relationship between virtual water trade, population, and de-
velopment is likely more complex than previously suggested in the literature. Figure 35

presents an alternative narrative, in which increasing access to freshwater resources
through trade tends to slow population growth and enhance human well-being. The
idea that access to resources slows population growth, although counter-intuitive, has
been documented in the literature for non-trade settings.

3.2 Food security and virtual water trade10

There is a debate in the literature on the relationship between trade and food security
(Burgess and Donaldson, 2010; D’Odorico et al., 2010; Hanjra and Qureshi, 2010),
particularly for African nations (Brown et al., 2009). In this section, we contribute to this
discussion by assessing how trade openness impacts food security in Africa. Here, we
use the fraction of the population that is undernourished as our proxy for food security.15

In economics, the classic definition of trade openness is defined as total trade as a
percentage of total economic activity; where total economic activity is typically repre-
sented by gross domestic product (GDP). Thus, the classic definition of trade openness
is:

TOc =
Importsc + Exportsc

GDPc
(5)20

where TO refers to trade openness of country c, imports refers to gross imports of
goods and services in value terms of country c, exports refers to gross imports of goods
and services in value terms of country c, and total economic activity is proxied with GDP
of country c. Thus, TO measures the proportion of economic activity encapsulated
in trade. and, for this reason, has also been referred to as the trade share or trade25
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intensity. Data on trade openness was obtained from the United Nations Conference
on Trade and Development (UNCTD) (UNCTD, 2013).

The relationship between the fraction of the population that is undernourished and
the classic index of trade openness is presented in Fig. 4a for Africa. This relationship
exibits a slight decreasing trend. However, this relationship is insignificant. Thus, the5

relationship between food security and the openness of a nation to trade is not easy
to distinguish utilizing the classic definition of trade openness. This is likely because
many of the factors considered in this definition do not directly relate to food production
and consumption. For this reason, a definition of trade openness that focuses on the
trade in food and embodied water resources would aid our understanding.10

We define a new index of virtual water trade opennes (VWTO) to mirror the classical
definition of trade openness based on financial value. In this way, the relative impor-
tance of virtual water trade within a nation is determined, controlling for differences in
the size of different countries. Here, we define VWTO to be the total virtual water trade
associated with crops divided by the total water use in agriculture. So, VWTO is defined15

as:

VWTOc =
VWEc + VWIc

ETc
(6)

where VWTO refers to the virtual water trade opennes of country c, VWE is the gross
virtual water export associated with crops for country c, VWI is the gross virtual water
import associated with crops for country c, and ET is the total domestic crop evapo-20

transpiration associated with crops in country c. To construct this index we use data
collected from Hoekstra and Chapagain (2008).

In Fig. 4b, the relationship between the undernourished fraction and log index of
VWTO displays a linearly decreasing relationship for Africa. Note that the values on
the x-axis in Fig. 4b are smaller than they are for Fig. 4a. This is because African25

nations trade relatively small volumes of virtual water resources as a fraction of their
domestic agricultural water use, when compared to the fraction of total trade in goods
and services as a fraction of total economic activity.
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3.3 Virtual water trade and dam storage capacity

Storage of water resources in dams is a way to mitigate against climate variability. Trade
in food commodities and embodied water resources represents another opportunity
to store water resources in time. African nations have relatively small dam storage
capacity, when compared with the rest of the world. This lack in storage makes them5

vulnerable to climate variability. However, African nations may compensate for having
less dam storage through other means, such as trading virtual water resources. In this
section, we analyze the relationship between dam capacity and virtual water trade in
Africa.

Dam storage capacity in African countries ranges from 0 to 140 km3. We divide10

countries into those with 0 to 70 km3, i.e., “small dam capacity”, and those with 70 to
140 km3, or “large dam capacity”. There are 38 countries with small dam capacity and
6 countries with large dam capacity in Africa. After categorizing African nations based
on their dam storage capacity, we determine the proportion of a country’s agricultural
water footprint that originates from external sources. We present a box-whisker plot of15

this data in Fig. 5.
In Fig. 5, the red horizontal line represents the median of the data. We have also

plotted the data mean with a red star. The edges of the box represent the 25th and the
75th percentiles of the data, while the whiskers extend to the most extreme data points
that are not considered to be outliers. Data outliers are represented individually by red20

plus marks.
From Fig. 5 it is evident that countries with a small dam storage capacity consume

relatively more water resources from external sources than do countries with large dam
storage capacity. However, countries with small storage capacity exhibit high variance
in the proportion of water consumption from external sources. This is exhibited by the25

large spread of the whiskers. Additionally, a few outliers in the distribution consume a
much larger fraction of water resources from external sources.
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The two data outliers in the small dam storage capacity group are Mauritius and
Botswana. Mauritius has the highest external water consumption fraction (63 %), trailed
by Botswana at 44 %. Mauritius has a dam storage capacity of 0.09 km3; Botswana’s
storage capacity is 0.45 km3. The data outlier in the large dam capacity pool is Egypt,
importing 21% from external sources, with a dam capacity of 168 km3.5

An interpretation of Fig. 5 is that countries with small storage capacity are able to
obtain water resources to meet their consumptive demands through trade. The stan-
dard interpretation may be that countries with a large fraction of water consumption
originating in external sources exhibit food vulnerability. However, we do not take this
position. Our intention is not to use Fig. 5 to advocate for more storage.10

Instead, it makes sense and may have positive implications that countries with small
storage capacity are able to meet their agricultural water needs via external sources.
We interpret this as infrastructure sharing. The concept of benefit sharing for large
water infrastructure projects exists, but is typically applied in a formal setting to thos or-
ganization and individuals directly impacted by a specific project (Skinner et al., 2009).15

Through trade, countries are able to implicitly share dam infrastructure and the bene-
fits associated with using dams in agricutltural production, such as smoothing climate
variability. Sharing infrastructure through trade means that not all countries have to un-
dertake the massive financial and ecological expense associated with building a large
dam.20

3.4 Crop water use efficiency and agricultural trade

A potential benefit of trade is gains in agricultural water use efficiency. As countries
increase agricultural exports, they may become more efficient in the use of factors of
production, such as nutrients, labor, machinery, and water. In this section we explore
the relationship between trade, agricultural water use, and trade based water savings.25

In Fig. 6, we plot the relationship between the log of VWC and the log of total staple
crop export. This relationship is shown for all countries in the world in Fig. 6a and just
for African nations in Fig. 6b. Globally, water use efficiency increases as crop exports
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increase (i.e., VWC decreases, indicating less water is used per unit of crop output).
In other words, for each percentage increase in crop export, there is a corresponding
decrease in the percentage of water used in crop production at the global scale. How-
ever, for African nations, there is no increase in water use efficiency with increased
agricultural trade (refer to the flat relationship in Fig. 6b).5

Tremendous opportunities exist to improve crop yields in Africa. Improved manage-
ment of nutrient and water inputs has been suggested as a means to close “yield gaps”
in Africa (Foley et al., 2011). Although agricultural production in Africa falls short of its
potential, it is possible that some other facet of the agricultural systems is compen-
sating for diminished yields. We investigate the possibility that the agricultural trade10

system within Africa demonstrates efficiences unseen in its production system.
Figure 1 shows the virtual water trade that takes place solely amongst African nations

for the year 2008. This internal trade of food commodities represents 3.59 km3 of virtual
water resources. This is the second smallest internal trade of all world regions (i.e., only
Oceania trades less virtual water internally, with a volume of 1.08 km3; refer to Table 1).15

Although internal African trade is small, particularly relative to its land area, its trade
based water savings are average, with a volume of 9.14 km3 saved.

Trade based water saving (WS) is a theoretical measure of how much water is ac-
tually used to produce traded commodities, compared with the water that would have
been used had the importing nation produced the food themselves, maintaining all20

other factors equal. A trade links “saves” water resources when the food exporter uses
less water to produce the crop output than the importer nation theoretically would have
used. The volume of water saved is then calculated as this difference in VWC multiplied
by the volume of food traded between countries. To quantify regional savings, all the
trade links of a particular region are summed to obtain an estimate of internal trade25

based savings.
Not all trade links save water. Trade often occurs between nations in which the im-

porter could have produced the commodity with less water than the exporter used. This
is because trade occurs for many reasons other than for water resources. Although
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trade does not occur due to water resources, it is useful to understand if particular
trade links and the trade system as a whole is efficient in terms of water resources or
not. Internal African trade loses 0.44 km3 per year.

The ratio of a region’s internal WS to its total trade and water losses provide an es-
timate of its trade based water efficiency. Internal African savings are 2.5 times higher5

than total African trade. African WS amount to over 20 times more than losses. These
numbers are significant when compared with other regions of the world. Internal African
trade exhibits the most efficient regional virtual water trade system by far. Globally, the
ratio of savings to trade is 0.57 and the ratio of savings to losses is 5.20. However,
this global average includes Africa, with values high above other world regions (refer to10

Table 1). When Africa is exclused from the average, the ratio of global savings to trade
drops to 0.14 and the ratio of global savings to losses falls below 2.

Figure 7 presents a network representation of efficiency in African agricultural trade.
Trade based losses as shown in Fig. 7a and savings in Fig. 7b. Note that the regional
graphs are not scaled by the volume of water. To properly scale the African networks,15

the regional savings network provided in Fig. 7b would need to be 20 times larger than
the regional loss network provided in Fig. 7a. This scaling would make the regional
loss network indistinguishable, so we indicate the fact that the water savings network
is 20 times larger in text.

The largest links in the savings and losses networks can be seen in Fig. 7. The trade20

of food from Mozambique to Malawi amounts to trade based water losses of 0.14 km3,
which is approximately 32 % of total internal African losses (refer to Fig. 7a). From
Fig. 7b it is evident that trade from South Africa to Zimbabwe comprises the majority of
the internal savings. The trade of food from South Africa to Zimbabwe is responsible for
saving 4.85 km3, or approximately 53 % of total internal African savings. Although this25

trade link dominates internal savings, the internal African network is still much more
efficient than the global average without it.

Thus, crop yields in Africa are low and present a major opportunity for future food
production. Crop yields do not show efficiency gains with trade in Africa, though they
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do at the global scale. However, regional trade within Africa does demonstrate high
levels of trade based water saving and efficiency, with values far exceeding the global
average. Since the African trade network is much more efficient in terms of embodied
water resources than any other region in the world, internal African trade patterns may
be compensating for poor internal production systems.5

4 Conclusions

We contributed to the recent debate on the implications of increasing access to natural
resources through trade for human population growth and development. To do this, we
conducted an empirical analysis of panel data for Africa. We focused on Africa because
this region has long been the subject of development debates. Additionally, this region10

is vulnerable to climate variability, due to small water storage capacities. Africa has
been highlighted as an important focal point for increasing agricultural productivity.

We found that virtual water imports are unlikely leading to higher population growth
rates. However, current virtual water imports are correlated with future increases in
human development. Similarly, as a country becomes more open to virtual water trade,15

it experiences decreases in undernourishment, which we use to proxy food security
gains. Of note, food security showed no correlation with the classic measure of trade
openness in financial terms, but exhibited a strong relationship with the index of virtual
water trade openness that we developed in this paper.

Countries with relatively large dam storage capacity consume less water resources20

from international sources. Although countries with small storage capacity consume
more water from abroad, this does not indicate food vulnerability. Rather, these coun-
tries are accessing storage capacity through trade, in what can be thought of as infras-
tructure sharing. Implicitly sharing infrastructure through trade is efficient, in terms of
minimizing the direct financial cost of building more dams, as well as the often heavy25

environmental and social costs of dam building.
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Globally, countries tend to increase their crop water use efficiency as they export
more crops. However, countries in Africa do not exhibit this trend. This confirms findings
in the literature that yield gaps exist in Africa and that increasing internal agricultural
production is a major challenge for the future. Despite low crop yields, regional agri-
cultural trade in Africa exhibits high efficiency in terms of embodied water resources.5

African trade based efficiences are on the order of ten times higher than the global av-
erage. Thus, the agricultural trade system within Africa may be compensating to some
extent for low levels of domestic productivity.

Acknowledgements. We would like to thank the data sources for making the data available,
without which this project would not be possible.10
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Table 1. Regional virtual water trade, savings, and losses in km3 for 2008. Regional African
trade is the second smallest and savings are approximately average. However, note that the
ratio of internal savings to trade in Africa is 2.55, while the global average without Africa is 0.14.
Surprisingly, the ratio of African savings to losses is 20.77, while the global average, exlusive
of Africa, is 1.74.

Trade Savings Losses Savings: Savings:
[km3] [km3] [km3] Trade Losses

Africa 3.59 9.14 0.44 2.55 20.77
North America 57.73 20.54 3.34 0.36 6.15
South America 44.43 6.20 5.83 0.14 1.06
Asia 75.70 10.11 20.23 0.13 0.50
Europe 46.84 9.34 3.56 0.20 2.62
Oceania 1.08 0.02 0.26 0.02 0.08
World 38.23 9.23 5.61 0.57 5.20
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Table A1. List of commodities and the yield ratio (r), price ratio (p), and content ratio (c);
reproduced from Hanasaki et al. (2010).

Crop commodities r p c Livestock products r p c

Wheat 1 1 1 Cattle meat 0.6 0.61 1
Flour of wheat 0.78 0.97 1 Offal of cattle, edible 0.32 0.38 1
Bran of wheat 0.22 0.024 1 Fat of cattle 0.04 0.0024 1
Macaroni 0.78 0.97 1 Meat-cattle boneless (beef and veal) 0.6 0.61 1
Germ of wheat 0.025 0.01 1 Cattle, butchered fat 0.04 0.0024 1
Bread 0.78 0.97 0.71 Preparation of beef 0.4 0.61 1
Bulgur 1 1 1 Pig meat 0.7 0.88 1
Rice, paddy 1 1 1 Offal of pigs, edible 0.12 0.12 1
Rice, husked 0.72 1 1 Fat of pigs 0.06 0.006 1
Milled husked rice 0.72 1 1 Pork 0.49 0.88 1
Rice, milled 0.65 0.95 1 Bacon and ham 0.49 0.88 1
Rice, broken 0.65 0.95 1 Pig, butchered fat 0.06 0.006 1
Bran of rice 0.07 0.049 1 Pork sausages 0.49 0.88 1
Rice, bran oil 0.013 0.049 1 Prepared pig meat 0.49 0.88 1
Cake rice bran 0.057 0.049 1 Lard 0.06 0.006 1
Rice, flour 0.65 0.95 1 Chicken meat 0.53 0.95 1
Rice, fermented beverages 0.48 0.95 0.36 Offal and liver of chicken 0.022 0.014 1
Barley 1 1 1 Fat liver prepared (foie gras) 0.022 0.014 1
Pot barley 0.46 0.76 1 Chicken meat canned 0.53 0.95 1
Barley, pearled 0.46 0.76 1 Fat of poultry 0.022 0.013 1
Bran of barley 0.54 0.24 1 Fat of poultry, rendered 0.022 0.013 1
Barley flour and grits 0.46 1 1
Malt 0.78 1 1
Malt extract 0.78 1 0.8
Beer of barley 0.78 1 0.14
Maize 1 1 1
Germ of maize 0.115 0.18 1
Flour of maize 0.8 0.75 1
Bran of maize 0.085 0.068 1
Maize oil 0.04 0.18 1
Cake of maize 0.075 0.18 1
Soybeans 1 1 1
Soybean oil 0.19 0.35 1
Cake of soybeans 0.76 0.65 1
Soya sauce 0.76 0.65 0.17
Maize, green 1 1 1
Maize for forage and silage 1 1 1
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Fig. 1. African virtual water trade network. Each of the 51 African nations included in this graph
is assigned a color. Trade links are assigned the same color as the country of export. Trade
direction is indicated by the white gap between the trade link and the country of import. The
total volume of virtual water trade within African countries is 3.59 km3. The dominant link is that
from South Africa to Zimbabwe, with a volume of 0.37 km3 of virtual water. South Africa is the
major exporter of virtual water resources, sending 1.12 km3 to other African nations. Zimbabwe
is the major importer of virtual water resources, importing 0.66 km3. “CAR” indicates Central
African Republic, “EG” indicates Equatorial Guinea, “GB” indicates Guinea-Bissau, and “STP”
indicates Sao Tome and Principe.
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Fig. 2. Relationships for human population and development with virtual water imports (VWI)
in Africa. (A) log(Population) against log(VWI) exhibits an increasing non-linear relationship.
Note that the growth rate slows with increasing virtual water imports. (B) Human development
index (HDI) against log(VWI) exhibits an increasing linear relationship. Each point represents
the national time-average of available data between 1986 and 2008.
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Fig. 3. Lagged global relationships for human population and development with virtual water
imports (VWI). (A) Future population growth rate against current log(VWI) shows a linearly
decreasing trend. (B) Future HDI exhibits a linearly increasing trend with current log(VWI). The
time lag used is 10 yr.
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Fig. 4. Relationship between the fraction of the population that is undernourished and (A) the
classic definition of trade openness based on financial value (i.e., USD); and (B) the index of
virtual water trade openness.
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Fig. 5. Box-whisker plot of the external water consumption [%] vs. the total storage capacity
of each African nation. Small dam capacity is defined to be between 0 and 70 km3; large dam
capacity is between 70 and 140 km3. The red horizontal line represents the median, while the
mean is plotted with a red star. The edges of the box represent the 25th and the 75th percentiles
of the data, while the whiskers extend to the most extreme data points that are not considered to
be outliers. Data outliers are represented individually by red plus marks. Note the right skewed
distribution of countries with a small dam capacity.
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Fig. 6. Relationship between log VWC and log crop export for (A) the world and (B) Africa.
Note that water use efficiency in agriculture increases (i.e., VWC decreases) in percentage
terms with percentage increases in crop export for the world (A). However, the relationship
between log VWC and log crop export is flat for Africa (B).
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Fig. 7. Internal African (A) trade based water losses and (B) trade based water savings. Note
that the regional graphs are not scaled by size, since internal African savings are approximately
20 times greater than losses. The largest link in (A) is that from Mozambique to Malawi, which
amounts to trade based water losses of 0.14 km3, approximately 32 % of total losses. The
largest link in (B) is that from South Africa to Zimbabwe, responsible for saving 4.85 km3, or
approximately 53 % of total savings.
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Fig. 8. World map displaying the ratios of regional water savings to trade and losses. The green
bars indicate the water savings to trade ratios and the blue bars illustrate the water savings to
losses ratios. Values of the regional ratios can be found in Table 1. Note that internal African
trade is the most efficient in the world.
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