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Summary

Water is a key resource for human activities and a critical trigger for the welfare of the whole society. The agricultural sector makes up
the main share in global freshwater consumption and is therefore responsible for a large part of the water scarcity in many drought
prone regions. As an indicator that relates human consumption to global water resources, the “Water Footprint” (WF) concept
can be used, where in case of crop production the total consumed water of crop fields for the crop growing seasons is related to the
harvested dry matter crop yield (such as grains). In our study, we simulated the green and primary blue WF of selected main crops
for Austrian conditions. Different irrigation scheduling scenarios, demonstrated for a main agricultural production area and various
crops in Austria with significant irrigation acreage, were studied. The impact of climate and soil conditions on the green crop WFs of
reference crops over the whole territory of Austria were simulated in a second step. Sunflower, winter wheat and grain maize showed
the highest WF in the semi-arid study regions, especially on soils with low water capacity. In more humid regions, low temperatures
were the main limiting factor on the crop yield potential and frequently led to higher WFs due to lower yields.

Keywords: crop growth model, AquaCrop, irrigation, green water footprint, blue water footprint

Zusammenfassung

Wiasser ist eine wichtige Ressource fiir menschliche Aktivititen und ein kritischer Faketor fiir das Wohlergehen der gesamten Ge-
sellschaft. Die Landwirtschaft ist global der grofite Siifiwasserverbraucher und in vielen niederschlagsarmen Regionen daher der
Hauptverursacher fiir Wasserknappheit. Als Indikator, der den menschlichen Verbrauch auf globale Wasserressourcen bezieht, kann
das Konzept "Wasser-Fuflabdruck” (WF) verwendet werden, wobei sich im Fall der Nutzpflanzenproduktion das gesamte wihrend
der Wachstumsperioden verbrauchte Wasser von Pflanzenbestinden auf die Trockenmasseertrige des geernteten Anteils (wie Korner-
trag) bezieht. In unserer Studie simulierten wir den griinen und blauen WF ausgewihlter Nutzpflanzen in Osterreich. Hierbei
wurden zum einen verschiedene Bewisserungsszenarien, die fiir die bewisserten landwirtschaftlichen Flichen sowie Nutzpflanzen in
Osterreich interessant sind, untersucht. Zum anderen wurde der griine WF fiir zwei Referenzpflanzen iiber das gesamte osterreichi-
sche Gebiet simuliert, welche die unterschiedlichen Klima- und Bodenverhiltnissen wiederspiegelt. Sonnenblumen, Winterweizen
und Kérnermais zeigten den héchsten WF im semi-ariden Untersuchungsraum, der wiederum stark von der Bodenwasserspeicher-
kapazitit beeinflusst wurde. In feuchteren Regionen waren niedrige Temperaturen der Hauptbegrenzungsfaktor fiir das Ernteertrags-
potential und fithrten somit hiufig zu héheren WFs aufgrund niedrigerer Ertrige.

Schlagworte: Pflanzenwachstumsmodel, AquaCrop, Bewisserung, griiner Wasser-FufSabdruck, blauer Wasser-Fufabdruck
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1. Introduction

Water is a key resource for human activities and a critical
trigger for the welfare of the whole society. Priority should
be given to its sustainable and effective use. The agricul-
tural sector makes up the main share in global freshwater
consumption (Hoekstra and Mekonnen, 2012), and is
therefore responsible for a large part of the water scarcity
in many drought prone regions (Zhuo et al., 2016). Addi-
tionally, the increasing world population, welfare and the
subsequent increasing need of water for food and bioen-
ergy production, industry and other human activities, will
require a more efficient agriculture; especially with regard
to crop water productivity, where irrigation is the domi-
nant consumer of freshwater resources. Numerous at-
tempts have been undertaken to improve the effective use
of water in agricultural crop production but many results
are only locally valid and cannot easily be extrapolated to
other regions. In addition, the factors influencing water
use efficiency in crop production are manifold and vary
with crops, crop management, environment and scales.
Meeting the growing water demands and at the same time
reducing the water footprint of agricultural production
is therefore one of the greatest societal challenges of our
time (Foley et al., 2011; Hoekstra and Wiedmann, 2014).
As an indicator that relates human consumption to global
water resources, the concept of “Water Footprint” (WF)
was defined by Hoekstra (2003), and later elaborated on
by Hoekstra and Chapagain (2008). For example, the WF
can be calculated for crops, goods, services, a specific ac-
tivity, a business, an organization, and an individual or
for a community. The WF of a product is the total vol-
ume of fresh water used to produce the product, summed
over the various steps in the production chain (Hoekstra
et al., 2009). The international trade in commodities
forms flows, the “virtual water” (Allan, 1998; Hoekstra
and Hung 2005; Chapagain and Hoekstram, 2008), by
importing and exporting goods that require water for
production. The virtual water indicator provides valuable
information for a global assessment of how water resourc-
es are used, and if the regional water scarcity could be
caused, for example, by consumption in distant countries
or regions.

The WF of a crop offers a calculable indicator to meas-
ure the volume of water consumption per unit of crop,
as well as the volume of water pollution (Hoekstra and
Chapagain, 2008; Hoekstra et al., 2011). The harvested
yield (i.e., grains) forms the basis for WF estimations of

crop products and resulting commodities. The green WF
measures the volume of rainwater consumed during the
growing period of the crop; the blue WF includes the vol-
ume of surface and groundwater consumed. The grey WF
measures the volume of freshwater, which is required to
assimilate the nutrients and pesticides leaching, running
off from crop fields and reaching the groundwater or sur-
face water, based on natural background concentrations
and existing ambient water quality standards (Hoekstra et
al., 2011; Mekonnen and Hoekstra, 2014).

Most farmers maximize their economic return through
raising their productivity per unit of input such as capi-
tal, labor, land and fertilizer. Once water is scarce, raising
the production per unit of water (i.e., increasing water
productivity in terms of t/m’ or reducing the WF in m*/t)
is a key challenge to save water and achieve sustainable
water use. Non-beneficial consumptive water use at field
level and the non-recoverable losses at system level are
important parts of these considerations (Falkenmark and
Rockstrom, 2006; Steduto et al., 2007; Perry et al., 2009;
Hoekstra, 2013). Even when water is not limited, it makes
sense to have a reasonable level of water productivity, that
is, a good amount of “crop per drop” with consequences
for the ecosystem as well (e.g., surface runoff and relat-
ed soil erosions). Unfortunately, farmers generally show
lack of incentives for saving water, when they pay little
for the use of water as compared to other input factors,
even under the conditions of high water scarcity (Zhuo
et al., 2016). At field level, the effort is to decrease the
field evapotranspiration (ET) over the growing period per
unit of yield (Y). Decreasing this ET/Y ratio is the same
as increasing the inverse (Y/ET), which is named as wa-
ter productivity (WP) (Molden et al., 2010; Amarasinghe
and Smakhtin, 2014; Chukalla et al., 2015).

For water resource management, it is beneficial to under-
stand the water resource use in crop production by source
(rainwater, irrigation water from surface and groundwa-
ter, water from capillary rise). Here the concepts of green
versus blue water by Falkenmark and Rockstrom (2006)
and green versus blue WF by Hoekstra et al. (2011) are a
useful advance.

The approach of WF can provide information on crop
water demand and related possibilities to save water, es-
pecially under water-limited production conditions, such
as in the semi-arid region of north-eastern Austria. Ad-
ditionally, changes in the mean and the variability of cli-
matic parameters will have an essential influence on the
water resource use in crop production in Austria.
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In our study, we simulated the green and blue WF of se-
lected main crops for Austrian conditions. To demonstrate
the impact of climate and soil conditions on the green WF
of reference crops over the whole territory of Austria, we
simulated rainfed conditions without groundwater im-
pact for grain maize and spring barley due to their differ-
ent lengths of growing season. Blue WF was analyzed for
various crops on a main agricultural production area, the
Marchfeld plain in NE Austria, where irrigation is mainly
necessary. We do not consider potential losses of water dis-
tribution systems, as in Austria, the main source of irriga-
tion water is from groundwater wells at or near the fields.
However, the applied irrigation technology and scheduling
can have a significant impact on water demand, where we
consider different irrigation scheduling scenarios.

2. Material and methods

2.1 Soil water balance and crop growth modelling

In the current study, the WF of growing crops in Austria
were calculated on a daily basis from the outputs of FAO’s
crop water productivity model AquaCrop (Hsiao et al.,
2009; Raes et al., 2009; Steduto et al., 2009). The model
is developed to simulate the yield response of crops as a
function of water consumption (Raes et al., 2009; Steduto
et al., 2009). The elements of the AquaCrop soil-plant-
atmosphere continuum focus on (i) the soil water balance,
(ii) the plant’s development, growth, and yield processes,
and (iii) the atmospheric temperature regime, evaporative
demand, rainfall and CO, concentration (Raes et al., 2009;
Steduto et al., 2009; Mebane et al., 2013). Compared to
other crop growth models, AquaCrop uses a significantly
smaller number of input parameters to predict daily bio-
mass and water requirement (Heng et al., 2009). In this
model, the calibration procedure represents a simple pre-
requisite (Hsiao et al., 2009) and according to Garcia-Vila
and Fereres (2012), AquaCrop represents a good balance
between simplicity, accuracy and robustness. The model
has already been tested in WF accounting at field (Chu-
kalla et al., 2015), river basin (Zhuo et al., 2016a), and na-
tional level (Zhuo et al., 2016b) at high spatial resolution.
AquaCrop calculates a dynamic daily soil water balance by
simulating the incoming and outgoing water fluxes with
well-described subroutines. It can simulate different de-
grees of water supply to the plant, varying from rainfed
and supplementary irrigation to deficit and full irrigation
(Raes et al., 2012). For the soil profile explored by the

root system, AquaCrop performs a water balance, which
comprises the processes of runoff (through the curve
number), infiltration, redistribution or internal drainage,
deep percolation, capillary rise, uptake, evaporation, and
transpiration. As a daily step, the soil water balance can
be determined as the stored soil water retained in the root
zone subject to incoming and outgoing water fluxes at the
boundaries (Steduto et al., 2008).

Capillary rise occurs from shallow groundwater and is
based on the depth of water table and the soil hydraulic
characteristics. The model uses the Darcy equation and re-
lates the soil matric potential to the hydraulic conductivity
(Raes et al., 2012). Two parameters are estimated for dif-
ferent soil textural classes that have similar water retention
curves. Water limitations on plant growth are simulated
through three types of water stress response: canopy ex-
pansion rate, stomatal closure and senescence acceleration
(Steduto et al., 2009b; Chukalla et al., 2015).

The biomass (B) in AquaCrop is estimated from a water
productivity parameter (WP) and transpiration (T): B =
WP x Y T. The harvestable portion of the biomass (yield
Y) is calculated by multiplying biomass by a crop-specific
harvest index (HI, %): Y = B x HI. The WP is in kg (bio-
mass) per m* (land area) per mm (water transpired), nor-
malized for atmospheric evaporative demand and atmos-
pheric CO, concentration (Steduto et al., 2009a; Chukalla
et al., 2015). HI depends on timing and extent of water
and temperature stress implemented as an adjustment fac-
tor ( fin) to the reference harvest index (HI,) (Raes et al.,
2011). The model does not calculate the partitioning of
biomass into various organs (e.g., leaves, roots, etc.). This
choice avoids dealing with the complexity and uncertain-
ties related to partitioning processes, which remains among
the least understood and most difficult processes to model.
The relationship between shoot and root is affirmed by a
functional balance between canopy and root development
(Steduto et al., 2008).

The water balance in AquaCrop depends on the effective
rooting depth (ERD) and the water extraction pattern.
The ERD is characterized as the soil depth where most of
the root water uptake is taking place, also when some crops
may have a few roots beyond that depth. Within ERD, 90-
95% of the water is considered to be taken up. By default,
the water extraction patterns follow a standard 40%, 30%,
20% and 10% for each quarter of the ERD. However,
a specific extraction pattern for different crops and soils
may be inferred from soil physical or chemical limitations
(Steduto et al., 2008).
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AquaCrop separates the actual evapotranspiration (ET)
into unproductive (soil evaporation E) and produc-
tive (crop transpiration T) water fluxes. Consequently,
AquaCrop can address the effect of management practices
on these two types of consumptive water use distinctively
(Chukalla et al., 2015).

The model calculates soil evaporation (E) by multiplying
the evaporative demand of the atmosphere (ET,) by fac-
tors, which consider the effect of water shortage and the
fraction of the soil surface not covered by canopy. Crop
canopy increases from the initial canopy cover, which is the
product of plant density and the size of the canopy cover
per seedling. After adjustment for micro-advective effects,
the canopy cover can be estimated and used in the evapo-
ration calculation. The soil moisture conditions control
evaporation from the soil surface not covered by canopy
in two stages. When the soil surface is wet from rainfall or
irrigation, the evaporation rate is fully determined by the
energy available for soil evaporation until the readily evap-
orable water. Thereafter, the evaporation is not only de-
termined by the available energy, but also depends on the
hydraulic properties of the soil. This two-stage approach
for calculating evaporation is described in Ritchie (1972),
who affirms the ability of the method to predict evapora-
tion for a wide variety of soil types and climatic conditions
(Chukalla et al., 2015).

AquaCrop was initially calibrated and validated against
process oriented crop models for the Marchfeld plain
in NE Austria (i.e., Thaler et al., 2012; Eitzinger et al.,
2013) but further calibration would be needed for specific
crop, irrigation management options and cultivar effects.
Phenology and statistical yields were used to calibrate the
model for the different regions in Austria. No specific field
management was added to simplify the model simulations
and to make a first WF overview for Austria. Therefore, the
crop yield levels may significantly differ from single field
yields, especially from controlled field experiments which
show, in general, higher yields due to the optimized crop
management. A fixed sowing date was set for spring barley
on 22" March, for sugar beet on 1* April, for potatoes and
sunflower on 15" April, for grain maize on 1* May and for
winter wheat on 1* October for the study region March-
feld plain (NE Austria) and for the country Austria. The
applied approach is focused on relative regional differences
and changes of the reference crops rather than providing
robust estimates on water balance quantities.

2.2 The green and blue water footprint of growing
crops

The (green and blue) WF of growing a crop equals the
total actual ET over the cropping period divided by the
crop yield (Y). ET is often regarded as the total amount
of freshwater used. Water used for evapotranspiration is
either from rainfall or irrigation (blue and green WF). The
WF of a crop is equal to the virtual water content of the
crop, and it can be calculated as follows:

ET

WF=10x — 1)
where ET is actual evapotranspiration during the cropping
season in mm (1 mm = 10 m3/ha), the constant 10 is used
to convert mm to m>/ha, and Y is the crop yield in kg/ha
(Hoekstra et al., 2011).
The green and blue WFs can be calculated by green and
blue ET over the cropping period, respectively, divided by
Y. AquaCrop simulates yield in kg/ha of dry matter.
The AquaCrop output divides soil water content and in-
going and outgoing water fluxes into green and blue com-
ponents. Furthermore, the blue soil water content and the
blue water fluxes are separated into blue water originat-
ing from irrigation water (S,;) and blue water originating
from capillary rise (Sy.cr). The model can track which frac-
tions of ET originate from rainwater, irrigation water and
capillary rise. In the daily green-blue soil water balance, (i)
rainfall (R) adds to the green soil water stock and, (ii) ir-
rigation (I) and (iii) capillary rise (CR) add to the blue soil
water stock. Daily evaporation (E), transpiration (T) and
drainage (Dr) are partitioned into three soil water stocks
(green, blue from irrigation, blue from capillary rise) based
on the relative soil water stock composition. Runoff (RO)
is partitioned into green and blue water stock in propor-
tion to the amount of rainfall and irrigation, respectively
(Chukalla et al., 2015).
In the following three equations, the changes in the green
(S,), blue from irrigation (Sy;) and blue from capillary rise
(Sy.cr) soil water stocks are shown:
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dSp Sba I
=I-(Dr+ET) |—] -RO
dt S [+R

where dt is the time step of calculation (1 day), R is rainfall
(mm), L is irrigation (mm), RO is surface runoff (mm), ET
(E+T) is evapotranspiration (mm), Dr is drainage (perco-
lation) (mm), and CR is capillary rise (mm) (Chukalla et
al., 2015). The initial soil water moisture at the start of the
growing period is assumed to be green water.

(4)

2.3 AquaCrop input data

AquaCrop requires the following data as inputs, which
are user specific: climatic data, soil data, crop parameters,
management conditions and initial soil moisture condi-
tions (more details in Raes et al., 2009).

The climate data from the weather station Grof$-Enzers-
dorf (48°12’N, 16°33’E, 157 m a.s.l.) in the Marchfeld
plain for the period 1992-2012 were used as a basis. In
a second step, we created classes covering all the annual
temperature and precipitation levels in Austria in all pos-
sible combinations with Grofi-Enzersdorf as the reference
station: +1°,0°,-1°,-2°,-3°,-4°,-5°C from the reference tem-
perature and 80%, 90%, no change, 110%, 125%, 150%,
200% and 250% of the reference precipitation (Figure 1).
The reference evapotranspiration (ET) was calculated for each
temperature class with the software ET, Calculator, developed
by the Land and Water Division of FAO. Its main function is
to compute ET as per FAO standards (Raes, 2012).

Three soil classes (termed herein as soil 1, soil 2 and soil 3,
respectively) were defined for Austria according to the plant
available water capacity up to 100 cm soil depth, based on
the digital Austrian Soil Map 1:25 000 (BFW 2007): (i) soil
1 with a low water capacity (<139 mm; 9.5% of the Austrian
arable land area), (ii) soil 2 with a moderate water capacity
(140-219 mm; 54.8% of the Austrian arable land area) and

(iii) soil 3 with a high water capacity (>219 mm; 35.7% of
the Austrian arable land area) (Figure 2). A few smaller agri-
cultural regions could not be considered in our simulations
for whole Austria due to missing soil data in our data base.
Different irrigation scenarios were simulated and com-
pared with rainfed (R) conditions: B1: irrigated sprinkler -
automatic fixed amount 30 mm, B2: irrigated sprinkler -
automatic 50% depletion, B3: irrigated sprinkler - deficit
irrigation (max 80% field capacity).

3. Results and discussion

3.1 Regional green and blue WF in the Marchfeld plain

The WF in the Marchfeld plain in NE Austria was simu-
lated with AquaCrop for grain maize, potatoes, spring bar-
ley, sugar beet, sunflower and winter wheat for the period
1992-2012. This semi-arid region has the highest acreage
of irrigated area in Austria. All green and blue WF simula-
tions did not consider potential groundwater impact on
the water balance of the crops. An overview of the mean
(1992-2012) and standard deviation (SD) of dry matter
yield (t/ha) of all simulated crops in the Marchfeld plain
under rainfed conditions are presented in Table 1. It can be
seen that under soil 1 (with lowest soil water storage capac-
ity) also the lowest yield level for all crops is achieved due
to frequently dry periods occurring in that region.

Figure 3 illustrates the ET-WF relationship for the three soil
classes: small ET was associated with large WFs due to low
yields resulting from water stress. The smallest WEs were found
at intermediate ET values, where yield was not at a maximum,
and additional ET went along with decreasing productivity.
Rainfed sunflower, grain maize and winter wheat presented the
highest WF in this frequently water limited region, especially
on soil 1 with the lowest available water capacity.

Table 1. Mean yield (t/ha) and Standard Deviation (SD) of the simulated crops in the Marchfeld plain from 1992-2012 for the three soil types

under rainfed agriculture

Tabelle 1. Mittlerer Ertrag (t/ha) und Standardabweichung (SD) der simulierten Nutzpflanzen im Marchfeld von 1992-2012 fiir die drei Boden-

klassen im Regenfeldbau

grain maize potatoes spring barley sugar beet sunflower winter wheat
Soil 1 Soil 2 Soil 3 Soil 1 Soil 2 Soil 3 Soil 1 Soil 2 Soil 3 Soil 1 Soil 2 Soil3 Soil 1 Soil 2 Soil 3 Soil 1 Soil 2 Soil 3
Mean 25 S0 60 66 89 92 47 53 54 75 103 110 23 29 29 26 46 48
SD 1.5 1.6 1.7 1.5 0.8 0.7 1.0 0.8 0.7 3.3 1.7 1.3 0.4 0.1 0.1 1.5 0.5 0.5
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Table 2. Water foodprint (WF) (green, blue and total) and ET of main crops depending on the three soil types in Marchfeld, (ET= actual evapo-

transpiration during the crop growing period)

Tabelle 2. Wasser-Fuflabdruck (WF) (griin, blau und Summe) und ET der wichtigsten Nutzpflanzen in Abhingigkeit der drei Bodenklassen in
der Region Marchfeld, (ET= aktuelle Evapotranspiration wihrend der Vegetationsperiode)

Soil 1 Green WF Blue WF Total WF ET
m3/kg m3/kg m3/kg mm
Grain maize 0.74 0.24 0.98 429.1
Potatoes 0.21 0.18 0.39 481.1
Spring barley 0.29 0.17 0.46 308.8
Sugar beet 0.20 0.16 0.36 515.0
Sunflower 0.84 0.51 1.35 464.4
Winter wheat 0.49 0.29 0.78 588.6
Soil 2
Grain maize 0.58 0.17 0.75 469.2
Potatoes 0.22 0.17 0.39 481.7
Spring barley 0.27 0.20 0.47 356.8
Sugar beet 0.21 0.15 0.36 512.3
Sunflower 0.93 0.35 1.28 434.2
Winter wheat 0.52 0.26 0.78 589.2
Soil 3
Grain maize 0.52 0.18 0.70 490.1
Potatoes 0.22 0.17 0.39 482.3
Spring barley 0.27 0.20 0.47 359.5
Sugar beet 0.21 0.15 0.36 514.0
Sunflower 0.94 0.35 1.29 436.8
Winter wheat 0.53 0.26 0.79 589.9

The mean yearly blue and green WF in Marchfeld for all
simulated crops are presented in Table 2. In the AquaCrop
simulation, an irrigation scenario (B2) of automatic irriga-
tion after 50% soil water depletion of plant available soil
water storage capacity (AWC) was applied. In this scenario,
maximum water was needed by sunflower, followed by
winter wheat and grain maize. Potato, spring barley and
sugar beet showed the lowest WF among the considered
crops. In case of sugar beet and potato, the high share of
the harvested part of total crop biomass determines the low
WEF compared to the grain crops; in case of spring barley,
low values are explained by the shortest growing period of
all the simulated crops, and thus, lower water consumption
through evapotranspiration. The amount of blue water was
much higher as compared to the other two soil types, espe-
cially in soil type 1, due to higher simulated irrigation rates.

Grain maize (Figure 4) presents a marked increase in blue
WF during dry summer months (1994, 1996, 2000, 2001,
2003, 2011). The correlation coefficient between precipi-
tation and blue WF during the vegetation period was for
soil 2 and 3 significant with 0.74 and 0.78, respectively
(p < 0.001). For soil 1, the correlation was not significant.
It seems that soil 1 with its low soil water storage capacity,
even in relatively humid summer month, can reach peri-
ods, where water shortages for grain maize can occur and
irrigation is useful for avoiding yield losses.

For all soils, the irrigation scenarios B2 (automatic irrigation
after 50% depletion of available soil water) show the high-
est WF among the irrigation scenarios, whereas B1 showed
the lowest WF in most cases due to less irrigation and stable
yields (Figure 5). This contrasts with the higher crop water
use efficiencies of deficit irrigation methods (i.e., Fereres and
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3 soil classes:

available water capacity

up to 1 m soil depth
<140 mm - Soil 1

[ 140-219 mm - Soil 2

B > 219 mm - Soil 3

Figure 2. The three applied soil classes for agricultural land use for Austria according to the available water capacity
Abbildung 2. Die drei angewandten Bodenklassen unter landwirtschatflicher Landnutzung fiir Osterreich gemifd der nutzbaren Feldkapazitit
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Table 3. Austrian green water footprint (WF) for spring barley and grain maize classified by annual mean temperature and precipitation sums for

three soil types (means for 1992-2012)

Tabelle 3. Osterreichischer griiner Wasser-Fulabdruck (WF) fiir Sommergerste und Kérnermais gruppiert nach jihrlicher mittleren Temperatur
und Niederschlagssumme fiir die drei Bodenklassen (Mittelwerte fiir 1992-2012)

temperature percentage of precipitation percentage of
(°O) arable land area spring barley grain maize (mm) arable land area spring barley grain maize

Soil 1
<5°C 2.7% 0.71 2.90 >500 0.4% 0.55 6.53
5°-6°C 14.5% 0.60 1.39 500-600 10.9% 0.54 4.35
6°-7°C 26.7% 0.59 1.33 600-700 12.3% 0.55 2.50
7°-8°C 26% 0.57 1.39 700-800 10.6% 0.55 1.60
8°-9°C 15.8% 0.55 1.68 800-1000 35.6% 0.57 1.39
9°-10°C 11% 0.56 4.64 1000-1250 15.3% 0.61 1.32
>10°C 3.3% 0.51 3.80 <1250 14.9% 0.65 1.33

Soil 2
<5°C 0.9% 0.68 1.54 >500 1.6% 0.56 1.19
5°-6°C 7% 0.57 1.06 500-600 21.2% 0.55 0.93
6°-7°C 15.3% 0.57 0.94 600-700 16.3% 0.56 0.90
7°-8°C 21.6% 0.56 0.87 700-800 12.3% 0.55 0.85
8°-9°C 27.2% 0.55 0.83 800-1000 27.2% 0.56 0.89
9°-10°C 22% 0.57 1.00 1000-1250 11.5% 0.57 0.94
>10°C 6% 0.53 0.88 <1250 9.9% 0.59 1.01

Soil 3
<5°C 1.1% 0.69 1.40 >500 1.9% 0.56 0.85
5°-6°C 4.3% 0.58 1.01 500-600 16.7% 0.56 0.79
6°-7°C 10.9% 0.57 0.89 600-700 11.5% 0.56 0.76
7°-8°C 17.5% 0.57 0.83 700-800 9.0% 0.56 0.76
8°-9°C 39.6% 0.55 0.76 800-1000 36.6% 0.56 0.80
9°-10°C 23.0% 0.58 0.82 1000-1250 16.9% 0.57 0.87
>10°C 3.6% 0.53 0.72 <1250 7.5% 0.59 0.94

Soriano, 2006), and could be explained as a simulation effect
of the yield response in AquaCrop, where 50% depletion al-
ready results in significant drought stress. Local calibrations
of these response levels would be necessary to support this
result. In all cases, the rainfed cropping produced the high-
est WE At soil 1, extremely high values occurred mainly
due to simulated crop failures (10 years out of all simulated
years). Irrigation increased the grain maize yield by around
160% for soil 1, 20% for soil 2 and 11% for soil 3. At the
same time, the water demand for the crop increased only
39% for soil 1, 11% for soil 2 and 7.5% for soil 3.

3.2 Green crop water footprint characteristics in Austria

Table 3 showed the green WF response in relation to an-
nual temperatures and soil types under rainfed conditions
without groundwater impact in the root zone. Spring bar-
ley presented the highest WF values at low temperature
(>5°C annual mean temperature) and the smallest WF
with annual mean temperature over 10°C, reflecting opti-
mum growing conditions for barley. So, the high WF can
occur through low yields in cooler climates. The higher
the precipitation sum, the higher the WF for spring barley,
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Figure 3. Evapotranspiration (ET) and water footprint (WF) for the crops grain maize, potatoes, spring barley, sugar beet, sunflower and winter

wheat in the Marchfeld plain for the three soil types from 1992-2012

Abbildung 3. Evapotranspiration (ET) und Wasser-FufSabdruck (WF) der Nutzpflanzen Kérnermais, Kartoffel, Sommergeste, Zuckerriibe, Son-
nenblume und Winterweizen im Marchfeld fiir die drei Bodenklassen von 1992-2012
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Figure 4. Simulated yearly grain maize water footprint (WF) in the Marchfeld plain for the three soil types from 1992-2012
Abbildung 4. Simulierter jahrlicher Wasser-FuSabdruck (WF) fiir Kérnermais im Marchfeld fiir die drei Bodenklassen von 1992-2012

due to negative impacts on crop growth (i.e., too low tem-
peratures and radiation). This was most clear for soil 1: a
WF of 0.54 m3/kg for an annual precipitation sum > 600
mm and a WF of 0.65 m3/kg for an annual precipitation
sum between 600 mm and 1250 mm. The lowest WF of
spring barley for all three soil types was simulated at an an-
nual mean temperature of 11°C and an annual precipita-
tion sum between 500 and 700 mm, where the lowest ET
values were simulated.

The green WF of grain maize showed a different behavior
between the soil type 1 (lowest AWC) and the soils 2 and
3. When the mean annual temperature is too low (<5°C)
or too high (>9°C), the WF of soil 1 increased. In case
the annual temperature was above 9°C, the temperature
limiting effect disappeared and an effect in combination
with extremely low precipitation occurred. Here, the low
plant available water capacity of soil 1 caused this effect.
Most lowland conditions with higher annual temperatures
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Figure 5. Water foodprint (WF) of grain maize depending on irrigation method and soil conditions in the Marchfeld plain from 1992-2012.
R: rainfed, B1: irrigated sprinkler - automatic fixed amount 30 mm, B2: irrigated sprinkler - automatic 50% depletion, B3: irrigated sprinkler -

deficit irrigation (max 80% field capacity)

Abbildung 5. Wasser-Fuflabdruck (WF) von Kornermais in Abhingigkeit von der Bewisserungsmethode und den Bodenverhiltnissen im March-
feld, nordostliches Osterreich, von 1992-2012. R: nicht bewissert, B1: Beregnung mit Sprenger - automatisch mit 30 mm fixiert, B2: Beregnung
mit Sprenger - automatisch bei max. 50 % Abnahme des pflanzenverfiigbaren Bodenwassergehalts, B3: Beregnung mit Sprenger - Defizitbewisse-

rung (max. 80 % der Feldkapazitit)

were also the regions with the lowest annual precipitation.
Soil 1 showed the lowest WF for grain maize at an annual
mean temperature of 8-9°C and an annual precipitation
sum 1250-1500 mm. The other two soils showed similar
results with overall lower green WF due to a higher AWC.
The lowest WF values for grain maize occurred for soil
type 2 and 3 and with the temperature range of 8° and 9°C.
Considering the annual precipitation sum, soil 1 presented
a clear trend of — the drier the year, the higher the grain
maize WE Soil 2 and 3 had high WF values, both in very
dry and very humid conditions but with only a marginal
difference. The lowest WF of grain maize was in climates
between 600 and 1000 mm annual precipitation (Table 3).
Annual mean temperatures of 8-9°C and a precipitation
sum of 700-800 mm presented the lowest WF for soil 2;
the lowest WF of soil 3 is characterized as an annual tem-
perature of 11°C and 700 mm annual precipitation.

The highest percentage of arable land area cropped with
spring barley for all three soils depicted a WF of around
0.5 m3/kg. The three soils simulated for grain maize also
behaved differently: soil type 1 (lowest AWC) had a WF
value higher 1.3 m3/kg, soil 2 and 3 showed a WF of 0.7-
0.8 m3/kg on most barley growing area.

The green WF of the various crops was calculated for differ-
ent climates and soil classes in combination with all agricul-
tural land use areas in Austria. In Figure 6, the green WF for
spring barley and grain maize are presented. It can be seen
that there were clear regional differences for green WF for
grain maize, whereas for spring barley, it was more uniform
for most regions, with just small regional deviations due
to, for example, very low temperatures or soils with low
AWC (soil 1). It should be mentioned that the WF values
for spring barley ranged mainly between 0.5 and 0.6 m3/
kg, whereas for grain maize, the range were from 0.69 to
more than 1.8 m3/kg. Also, the growing period for spring
barley was earlier than for grain maize and much shorter
(from March until June). The green WF of grain maize was
highest in warm-semi-arid and colder agricultural produc-
tion regions. Warm and dry regions on soils with low AWC
presented the highest WE, for example, the Parndorf Plain
(northern part of Burgenland), Steinfeld (south of Vienna),
around Retz (NW Weinviertel) or in the Marchfeld plain.
In the colder regions, the low simulated grain maize yields
(and high WFs) are the main cause of a too short vegetation
period where the simulated maize maturity type could not
reach harvest maturity (i.e. at higher elevations).
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Figure 6. Average yearly (1992-2012) green water footprint (WF) for spring barley and grain maize in Austria (m3/kg)
Abbildung 6. Durchschnittlicher jihrlicher (1992-2012) griiner Wasser-FuBabdruck (WF) fiir Sommergerste und Kornermais in Osterreich (m3/kg)
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A reasonable level of water productivity should be strived, that
is, a good amount of “crop per drop”. This approach also in-
cludes the consideration of evaporative losses in field crops,
which is increasing under higher irrigation rates or precipita-
tion. Thus, high transpiration efficiency is frequently related
to somehow lower than achievable yields. In the context of
plant breeding, however, regarding the reduce crop water de-
mand of the plant itself, maximization of water uptake (tran-
spiration) should be achieved. Since biomass production is
strongly linked to transpiration, breeding for maximized soil
moisture capture for transpiration is the most important tar-
get for yield improvement under drought stress (Blum, 2009).

4. Conclusions

Our study showed, based on climatic and soil conditions
of the agricultural regions in Austria, distinct differences
of regional simulated crop WFs, which were strongly re-
lated to the crop type as demonstrated for grain maize and
spring barley. This can be explained by the crop growing
duration of the specific crops.

Therefore, the crop selection can contribute to a reduc-
tion of crop WFs, for example, by selecting winter crops or
spring crops with a relatively short growing season. Another
option for reaching a low WF is the use of crops with a high
share of harvested biomass on total crop biomass, however,
these crops can still have a high water demand in case of a
long growing period, also covering summer months (e.g.,
sugar beet). Our WF study showed that the total crop water
consumption needs to be considered together with WF esti-
mates in order to increase the sustainable use of regional wa-
ter resources for both rainfed and irrigated crop production.
Our study is based on a simplified crop model and soil wa-
ter balance approach in AquaCrop. Thus, the applied study
methodology has limitations regarding site representativeness
and more accurate crop specific crop water balance estima-
tions, considering i.e. also different crop management options
(such as other yield impacting factors as i.e. soil cultivation and
fertilization effects). Further, the underlying data base on soil
and weather input data can have significant small-scale biases.

Acknowledgement

This study was supported by the project “AgroDrought-
Austria” of the Austrian Climate Research Program and

the COST Action ES1106 “Assessment of EUROpean
AGRIculture WATer use and trade under climate change
(EURO-AGRIWAT)”.

References

Allen, R.G., Pereira, L.S., Raes, D. and M. Smith (1998):
Crop evapotranspiration-Guidelines for computing
crop water requirements - FAO Irrigation and drain-
age paper 56. Food and Agriculture Organization of the
United Nations (FAO), Rome, Italy.

Amarasinghe, U.A. and V. Smakhtin (2014): Water pro-
ductivity and water footprint: Misguided concepts or
useful tools in water management and policy? Water In-
ternational 39, 1000-1017.

BFW (2007): Digitale Bodenkarte von Osterreich. Bun-
desforschungs- und Ausbildungszentrum fiir Wald, Na-
turgefahren und Landschaft (BFW), Vienna, Austria.

Blum, A. (2009): Effective use of water (EUW) and not
water-use efficiency (WUE) is the target of crop yield
improvement under drought stress. Field Crops Re-
search 112, 119-123.

Chapagain, A.K. and A.Y. Hoekstra (2008): The global
component of freshwater demand and supply: An as-
sessment of virtual water flows between nations as a
result of trade in agricultural and industrial products.
Water International 33, 19-32.

Chukalla, A., Krol, M. and A. Hoekstra (2015): Green and
blue water footprint reduction in irrigated agriculture: effect
of irrigation techniques, irrigation strategies and mulching.
Hydrology and Earth System Sciences 19, 4877-4891.

Eitzinger, J., Trnka, M., Semerddovd, D., Thaler, S., Svobo-
dovid, E., Hlavinka, P, Siska, B., Takdc, J., Malatinsk4,
L., Novékovd, M., Dubrovsky, M. and Z. Zalud (2013):
Regional climate change impacts on agricultural crop
production in Central and Eastern Europe - Hotspots,
regional differences and common trends. Journal of Ag-
ricultural Science 151, 787-812.

Falkenmark, M. and J. Rockstrom (2006): The new blue
and green water paradigm: Breaking new ground for wa-
ter resources planning and management. Journal of Wa-
ter Resources Planning and Management 3, 129-132.

Fereres, E. and M. Soriano (2006): Deficit irrigation for
reducing agricultural water use. Journal of Experimental
Botany 58, 147-159.

Foley, ]J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S.,
Gerber, ].S., Johnston, M., Mueller, N.D., O’Connell,

Die Bodenkultur: Journal of Land Management, Food and Environment

68 (1) 2017



14

Sabina Thaler, Anne Gobin, Josef Eitzinger

C., Ray, D.K,, West, PC., Balzer, C., Bennett, E.M.,
Carpenter, S.R., Hill, J., Monfreda, C., Polasky, S.,
Rockstrom, J., Sheehan, J., Siebert, S., Tilman, D. and
D.PM. Zaks (2011): Solutions for a cultivated planet.
Nature 478, 337-342.

Garcia-Vila, M., Fereres, E., Mateos, L., Orgaz, F and P.
Steduto (2009): Deficit irrigation optimization of cot-
ton with AquaCrop. Agronomy Journal 101, 477-487.

Heng, LK., Hsiao, T.C., Evett, S., Howell, T. and P.
Steduto (2009): Validating the FAO AquaCrop model
for irrigated and water deficient field maize. Agronomy
Journal 101, 488—498.

Hoekstra, A.Y. (2003): Virtual water trade. In: Hoekstra,
ALY. (Ed.): Proceedings of the International Expert Meet-
ing on Virtual Water Trade, IHE Delft. Value of Water
Research Report Series N°12, Delft, The Netherlands.

Hoekstra, A.Y. and PQ. Hung (2005): Globalisation of wa-
ter resources: International virtual water flows in relation
to crop trade. Global Environmental Change 15, 45-56.

Hoekstra, A.Y. and A.K. Chapagain (2008). Globalization
of Water. Blackwell, Oxford, UK.

Hoekstra, A.Y., Gerbens-Leenes, W. and T.H. Van der
Meer (2009): Water footprint accounting, impact as-
sessment, and life-cycle assessment. Proceedings of the
National Academy of Sciences 106, E114.

Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M. and
M.M. Mekonnen (2011): The Water Footprint Assess-
ment Manual: Setting the Global Standard. Earthscan,
London, UK.

Hoekstra, A.Y. and M.M. Mekonnen (2012): The water
footprint of humanity. Proceedings of the National
Academy of Sciences of the United States of America
109, 3232-3237.

Hoekstra, A.Y. (2013): The Water Footprint of Modern
Consumer Society. Routledge, London, UK.

Hoekstra, A.Y. and T.O. Wiedmann (2014): Humanity’s
unsustainable environmental footprint. Science 344,
1114-1117.

Hsiao, T.C., Heng, L., Steduto, P, Rojas-Lara, B., Raes,
D. and E. Fereres (2009): AquaCrop - The FAO Crop
Model to Simulate Yield Response to Water: I1I. Param-
eterization and Testing for Maize. Agronomy Journal
101, 448—459.

Mebane, VJ., Day, R.L., Hamlett, J.M., Watson, J.E.
and G.W. Roth (2013): Validating the FAO AquaCrop
Model for Rainfed Maize in Pennsylvania. Agronomy
Journal 105, 419-427.

Mekonnen, M.M. and A.Y. Hoekstra (2014): Water foot-
print benchmarks for crop production: A first global as-
sessment. Ecological Indicators 46, 214-223.

Molden, D., Oweis, T., Steduto, P, Bindraban, P, Hanjra,
M.A. and ]. Kijne (2010): Improving agricultural water
productivity: Between optimism and caution. Agricul-
tural Water Management 97, 528-535.

Perry, C., Steduto, P, Allen, R.G. and C.M. Burt (2009):
Increasing productivity in irrigated agriculture: Agro-
nomic constraints and hydrological realities. Agricul-
tural Water Management 96, 1517-1524.

Raes, D., Steduto, P, Hsiao, T.C. and E. Fereres (2009):
AquaCrop - The FAO Crop Model to Simulate Yield
Response to Water: II. Main Algorithms and Software
Description. Agronomy Journal 101, 438-447.

Raes, D., Steduto, P, Hsiao, T.C. and E. Fereres (2011):
Reference Manual AquaCrop plug-in program. Food
and Agriculture Organization of the United Nations
(FAO), Land and Water Division, Rome, Italy.

Raes, D. (2012): Evapotranspiration from a reference sur-
face. Reference Manual Version 3.2. Food and Agricul-
ture Organization of the United Nations (FAO), Land
and Water Division, Rome, Italy. http://www.fao.org/
nr/water/docs/ReferenceManualV32.pdf. Accessed on
12 December 2016.

Raes, D., Steduto, P, Hsiao, T.C. and E. Fereres (2012):
Chapter 3 Calculation procedures — AquaCrop, Version
4.0. Food and Agriculture Organization of the United
Nations (FAO), Land and Water Division, Rome, Italy.

Ritchie, J. (1972): Model for predicting evaporation from
a row crop with incomplete cover. Water Resources Re-
search 8, 1204-1213.

Steduto, P, Hsiao, T.C. and E. Fereres (2007): On the
conservative behavior of biomass water productivity. Ir-
rigation Science 25, 189-207.

Steduto, P, Raes, D., Hsiao, T.C., Fereres, E., Heng, L.,
Izzi, G. and ]. Hoogeveen (2008): AquaCrop: a new
model for crop prediction under water deficit condi-
tions. In: Lépez-Francos, A. (Ed.): Drought manage-
ment: scientific and technological innovations. Zarago-
za, CIHEAM, 285-292.

Steduto, P, Hsiao, T.C., Raes, D. and E. Fereres (2009a):
AquaCrop - The FAO Crop Model to Simulate Yield
Response to Water: I. Concepts and Underlying Princi-
ples. Agronomy Journal 101, 426-437.

Steduto, P, Raes, D., Hsiao, T.C., Fereres, E., Heng, L.K,,
Howell, TA., Evett, S.R., Rojas-Lara, B.A., Farahani,
H.J., Izzi, G., Oweis, TY., Wani, S.P, Hoogeveen, J.

Die Bodenkultur: Journal of Land Management, Food and Environment

68 (1) 2017



Water Footprint of main crops in Austria 15

and S. Geerts (2009b): Concepts and Applications of ~Zhuo, L., Mekonnen, M.M., Hoekstra, A.Y. and Y. Wada
AquaCrop: The FAO Crop Water Productivity Model. (2016a): Inter- and intra-annual variation of water foot-
In: Cao, W., White, J. and E. Wang (Eds.): Crop Mod- print of crops and blue water scarcity in the Yellow River
eling and Decision Support. Springer, Berlin, Germany, basin (1961-2009). Advances in Water Resources 87,

pp- 175-191. 29-41.

Thaler, S., Eitzinger, ]., Trnka M. and M. Dubrovsky ~Zhuo, L., Mekonnen, M.M. and A.Y. Hoekstra (2016b):
(2012): Impacts of climate change and alternative ad- The effect of inter-annual variability of consumption,
aptation options on winter wheat yield and water pro- production, trade and climate on crop-related green
ductivity in a dry climate in Central Europe. Journal of and blue water footprints and interregional virtual water
Agricultural Science 150, 537-555. trade: A study for China (1978-2008). Water Research

94, 73-85.

Die Bodenkultur: Journal of Land Management, Food and Environment 68 (1) 2017



