The topic of my PhD work was „ Flows of virtual land and water through
global trade of agricultural products„ and
I will start with a short introduction and after that I will present some results.
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The importance of water is reflected in the numerous publications of the last years. Water is not only the major
component of the human body and of the Earth surface, but also an essential input for the production of food.
The importance of water is also reflected in two recent, internationally important events: on the one hand, the
United Nations General Assembly approved a resolution to make access to water a basic human right in July
2010, linking water to human dignity and the right to life. On the other hand, some significant reports have led
the attention of the general public and the political spheres to the topic water. One of the most prominent ones
was the UN World Water development Report 3, published in 2009. Among others, it states that not resolving
the water crisis, which is linked to the crises of climate change, energy and food supply and troubled financial
markets, might lead to increasing political insecurity and conflicts.
The term water crisis is frequently used to refer to an increasing water demand in all sectors in combination
with regionally decreasing water availability.
Demand is increased due to for example
•Population growth and economic development,
•expansion of biofuel plantations,
•evapotranspiration increase due to higher temperatures
Regional water availability is modified due to:
•land use change,
•aquifers overexploitation as well as
•due to climate change
In this context it is important to look at the water productivity under consideration of the decoupling of
production and consumption areas since water and land resources may be used for the production of goods
that are not consumed locally. And that is the definition of virtual water, the water that is consumed for the
production of trade goods and is thus virtually and not physically embedded in those products.
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Professor Allan refered to this concept towards the end of the seventies as a
possible instrument for reducing regional water scarcity in countries of the middle
east.
Later on, it was presented as a possible adaptation strategy under climate
change and population growth
Based on that, first calculations of virtual water content were presented, as the
amount of water needed to produce one unit of a certain product, here some
examples.
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Additionally, virtual water flows were calculated, as the amount of water that is
imported or exported through international trade. The export regions are here in
green and the import regions in red.
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Also water savings were calculated, as water that is saved through virtual water
imports, or water that would be needed additionally if imports would have to be
produced with own resources.
Furthermore Hoekstra and Hung developed in 2002 the concept of water
footprints, as the water consumption level of a country, a person or an institution,
here in a map from 2006 where countries in red have water footprint above the
global mean.
All these previous studies had several deficits and important gaps. In
consequence, 4 years ago there was a clear necessity for a detailed, highresolution, process-based quantification of virtual water and land flows and water
footprints. And that’s where I started my PhD, with following objectives:
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The high resolution analysis of current spatial patterns of virtual water contents
as well as the analysis of the effects of climate change on agricultural virtual
water contents.
The representation of current water consumption levels of countries under
consideration of international trade, and
The analysis of countries’ dependence on external water and land resources
today and in future.
The model LPJmL, which I am going to present in a minute, was an excellent tool
to pursue these tasks.
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This graphic shows a grid cell in LPJmL. This model uses climate data, annual CO2concentrations, land use patterns and soil structure as inputs to simulate the growth of natural
vegetation, irrigated and rainfed agriculture, bioenergy plants and grasslands.
For the 11 crop functional types the sowing dates are simulated under consideration of climate,
water availability, past experience of the farmers and adaptation of varieties to climate change.
LPJmL also calculates photosynthesis using a generalized Farquhar model, the phenology and
maturity after the heat unit theory and the agricultural production.
Also carbon pools and fluxes, such as GPP and growth and maintenance respiration, are
simulated. Everything in daily time steps and with spatial resolution of point five degrees.
Furthermore the model simulates water fluxes and pools, such as soil evaporation, plant
transpiration, interception, runoff, snow melting, soil water and also irrigation requirements.
What’s so special about this model is that transpiration, photosynthesis and water stress are
dynamically coupled and that means, that an increase in atmospheric Co2 concentrations has a
direct effect on the biomass production and the transpiration through structural and physiological
reactions. LPJmL give us thus the possibility to consider, for the first time, the connection between
plant growth and water fluxes at global scale.
And now I can go on with the first study.
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Where I, after some technical steps, simulated virtual water contents for some
crops with LPJmL and analyzed the influencing factors of the spatial patterns for
today and also under climate and CO2 change.
Therefore I made 7 model runs, one for the present and 6 for the future, with 3
GCMs, with dynamic and constant CO2 concentrations respectively.

8

The virtual water content is calculated by dividing water consumption, that means
soil evaporation, plant transpiration and interception, by the agricultural yield. It
has the unit cubic meters per kilogram.
Here you see the virtual water content of rainfed maize. The patterns show the
different water amounts that are necessary to produce one kilogram of maize. In
general countries in the northern temperate zone have a lower virtual water
content than tropical or subtropical countries. But there are regional differences,
as well as differences between crops and between rainfed and irrigated
conditions.
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LPJmL is one of the most frequently and deeply tested DGVMs. Before my time
there were detailed validations relating many issues, specially the carbon cycle,
the hydrology and the natural and agricultural biomass production.
And during my PhD I always contrasted my results with other estimates and
made comprehensive comparisons with other studies.
Here only as an example a comparison for the virtual water content of two crops
at national and global level. As you can see, LPJmL is within the range of other
models and measurements.
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The virtual water content is however not constant over time. You see here the percentage
change of the virtual water content until 2050 under climate change. The virtual water content
will increase in many regions, for the example in the US, South Africa and Australia and for
maize also in Southern Europe, India and China. This means that in the future these regions
will need more water for the agricultural production.
If we additionally consider the CO2-fertilization-effect, the simulation shows a general
decrease in virtual water content. This decrease is lower for maize than for cereals, since
maize as a C4 plant uses already an efficient carbon fixation method and therefore the
improvement in the water use efficiency through increase in atmospheric CO2 concentration is
lower than in the case of cereals.
And now we can ask what influencing factors are shaping these regional patterns?
Well, in this study I detected that the future decrease in water use efficiency is generally
related to yield decrease due to lower precipitation.
From this first study I could thus draw following conclusions:
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The consideration of the coupling between plant growth and water fluxes lead to
the conclusion that there is a high potential for increasing agricultural yields and
water productivity in Africa and Southeastern Asia by increasing transpiration
while decreasing evaporation.
This study was the first one considering the climate change effect on virtual water
content, this way it was possible to detect that climate change without
consideration of CO2 fertilization has negative consequences for agricultural
yields and water productivity. For many regions the simulations show about 15
percent decrease in yields and water productivity through temperature increase
and changes in precipitation.
But if we consider the CO2 fertilization effect, the model calculates about 20
percent improvement in agricultural yields and water productivity. The realization
of the CO2 fertilization effect is however very uncertain, especially if the
management of soil nutrients and the weed and pest control are not efficient and
sustainable. More field measurements and modelling studies are necessary in
this topic in order to reduce uncertainty.
This study lay the cornerstone for the following ones. In the second study,
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Here in orange, I coupled the simulated yields and virtual water contents with trade and
population data to calculate virtual land and water fluxes, water footprints and land and
water savings.
What‘s so special about this study is the consideration of land requirements and the
separation of blue and green water in water footprints. Blue water is groundwater and water
in rivers and lakes, while green water is precipitation water that is directly
evapotranspirated in the fields. It is important to separate blue and green water because
they have different opportunity costs and their use has different environmental impacts.
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Here you see the blue water footprints on the left and the green water footprints on the right,
in cubic meters per capita.
The total water footprint is the amount of water consumed in the own territory and in other
countries to produce the food of a country.
The highest total blue water footprints are in the Middle East, but the external part of it, that
means the amount consumed in other countries, is almost everywhere low.
Niger, Argentina and the Central African Republic have the highest total green water
footprints, also in this case the internal part is much higher than the external one.
Globally green water dominates the production of agricultural goods, both for internal
consumption and for the production of exports.
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And here you see the amount of water and land that would be needed additionally or would
be released for other uses if each country did not trade.
On the one hand, countries in green could use big amounts of water and many areas for nonagricultural uses if they were not part of international trade.
The northern subtropics, on the other hand, would have to use more water and land for
agriculture, if they did not trade internationally. That means that countries in red and orange
save own water and land through the import of agricultural products.
The patterns are similar for water and land: the correlation coefficient between both is point
ninety-six and shows that both resources are strongly related.
And now I will come to the conclusions of the second study:
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The separation of blue and green water, which was missing in previous studies, made possible to
detect that precipitation water that is evapotranspired by plant dominates the production of
agricultural goods, for internal consumption and for the production of exports. 84% of total
consumption is green water consumption and 94% of the water used to produce exports is green.
That means also that future agricultural exports in many countries depend on the development of
green water supply.
External water footprints, that means the water consumed in other countries, are mostly lower
than internal water footprints. Only 6% of the global blue water footprint is external and only 16%
of the global green water footprint is external. Nevertheless virtual water imports are very
important for a few countries such as Jordan, Israel and Tunisia.
In another analysis that I did not explain here because of time constrains, I detected that
countries with high water consumption use mostly own water, that means “water sinners”
influence especially the water situation within the own country.
This work was the first considering land requirements and therefore it was possible to detect that
water and land are strongly related in terms of virtual fluxes and savings. One important
conclusion was that international trade saves 41 Mha land and 263 km3 water. This means that a
world of self-sufficient countries would need these amounts in addition to the current use for the
production of agricultural products.
And now I will come to the third study,
-----------Fläche: wie Deutschland und der Slowakei zusammen
Wasser wie Kubus von 6,6 km Seitenlänge oder fast 5 Mal der Jahresabflusses des Rheins
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Here in blue, where I calculated the dependence on external water and land resources.
This was made using the water and land savings from the second study and coupling the
model results with population and availability data after the development of future
productivity scenarios.
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Here you see the amount of water and land that would have to be used for agriculture if
each country was self-sufficient. The values are as percentage of the respective availability.
The countries in dark red and pink are not able to produce what they currently consume
due to land or water scarcity; that means, they are dependent on external resources. And
that is the case of many countries in Africa and the Middle East.
The question now is, how will this dependence evolve in time? But before I answer this
question I will explain the productivity scenarios I developed for this purpose.
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In all scenarios each country tries to reach self-sufficiency. Not because I think self-sufficiency is necessary nor
desirable or realistic, but only in order to detect the future dependence. This self-sufficiency is based in the
current per capita consumption but takes into account the future population change. That means that each
country should produce the current internal production minus the current exports, linearly increased or reduced
after the population change.
CURRENT is the scenario with current agricultural management, yields and virtual water contents. The
assumption is then that there is no efficiency improvement in the future.
In HIGHER I assume an improvement in agricultural management. Technically it means that the management
parameters in LPJmL will be set nearer to the optimum, reflecting higher efficiencies.
In POTENTIAL I assume maximal efficiency improvements and thus yield maximization, reflecting optimal
agricultural management.
The productivity increases in HIGHER and POTENTIAL are comparable to other studies. The yearly productivity
increase equals zero point five and zero point eight respectively.
Population changes after SRES A2r, with 12.1 Billion people in 2090.
With these scenarios I analysed the future dependence on external water and land resources.
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Here you see the development of dependence on external land resources until 2090 for the
CURRENT scenario.
Countries in red are those ones that are not dependent today but will become dependent in the
future if productivity does not increase. This is the case of for example Argentina, the US, Sudan
and India. Countries in orange, especially in Africa and the Middle East, do not have unused
resources today and will thus continue being dependent in future. The countries in dark red, such
as the UK, Japan and Tunisia are currently heavily dependent and might become even more
dependent in future.
If I consider productivity increases the situation relaxes in some South American and Asian
countries but we still see a critical development in Africa and the Middle East.
This was for the resource land, for water dependence increases in the Middle East and even in
the POTENTIAL scenario in the Arabic peninsula.
This was about the resources but we can ask what about the people?
------------------------------Increase in dependence = CE/WCI 2000 > 100%, CE/WCI 2090 >100%, CE/WCI 2090 > CE/WCI 2000.
Become dependent = CE/WCI 2000 <100%, CE/WCI 2090 >100%. No changes in dependence = CE/WCI
2000 > 100%, CE/WCI 2090 >100%, CE/WCI 2090 = CE/WCI 2000. Reduction of dependence = CE/WCI
2000 > 100%, CE/WCI 2090 >100%, CE/WCI 2090 < CE/WCI 2000. Stop being dependent = CE/WCI 2000
> 100%, CE/WCI 2090 <100%. Still no dependence = CE/WCI 2000 < 100%, CE/WCI 2090 <100%.
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