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Abstract. Consumptive water footprint (WF) reduction in ir-
rigated crop production is essential given the increasing com-
petition for freshwater. This study explores the effect of three
management practices on the soil water balance and plant
growth, specifically on evapotranspiration (ET) and yield ()
and thus the consumptive WF of crops (ET/ Y). The manage-
ment practices are four irrigation techniques (furrow, sprin-
kler, drip and subsurface drip (SSD)), four irrigation strate-
gies (full (FI), deficit (DI), supplementary (SI) and no irri-
gation), and three mulching practices (ho mulching, organic
(OML) and synthetic (SML) mulching). Various cases were
considered: arid, semi-arid, sub-humid and humid environ-
ments in Israel, Spain, Italy and the UK, respectively; wet,
normal and dry years; three soil types (sand, sandy loam and
silty clay loam); and three crops (maize, potato and tomato).
The AquaCrop model and the global WF accounting stan-
dard were used to relate the management practices to effects
on ET, Y and WF. For each management practice, the as-
sociated green, blue and total consumptive WF were com-
pared to the reference case (furrow irrigation, full irrigation,
no mulching). The average reduction in the consumptive WF
is 8-10 % if we change from the reference to drip or SSD,
13 % when changing to OML, 17-18 % when moving to drip
or SSD in combination with OML, and 28 % for drip or SSD
in combination with SML. All before-mentioned reductions
increase by one or a few per cent when moving from full to
deficit irrigation. Reduction in overall consumptive WF al-
ways goes together with an increasing ratio of green to blue
WEF. The WF of growing a crop for a particular environment
is smallest under DI, followed by FI, SI and rain-fed. Grow-
ing crops with sprinkler irrigation has the largest consump-
tive WF, followed by furrow, drip and SSD. Furrow irriga-
tion has a smaller consumptive WF compared with sprinkler,

even though the classical measure of “irrigation efficiency”
for furrow is lower.

1 Introduction

One of the important prospects for relieving increasing water
scarcity is to reduce the consumptive water use in the agri-
cultural sector, which makes up the largest share in global
freshwater consumption (Hoekstra and Mekonnen, 2012). In
crop production substantial gains can be achieved by increas-
ing yield and reducing water losses, with the latter referring
to the non-beneficial consumptive water use at field level and
the non-recoverable losses at system level (Steduto et al.,
2007; Hoekstra, 2013; Perry et al., 2009; Falkenmark and
Rockstrom, 2006). At field level, the focus is to decrease
the field evapotranspiration (ET) over the growing period per
unit of yield (Y), a ratio that is called the consumptive wa-
ter footprint (WF) (Hoekstra et al., 2011). Decreasing this
ET/Y ratio is the same as increasing the inverse (Y/ET),
which is called the water productivity (WP) (Amarasinghe
and Smakhtin, 2014; Molden et al., 2010).

The soil moisture status in the root zone regulates plant
growth and influences ET. Management practices that in-
fluence soil moisture include irrigation techniques, irriga-
tion strategies and mulching practices. The particular irriga-
tion technique influences the way irrigation water is applied,
which influences for instance the percentage of surface wet-
ting, which again influences ET (Raes et al., 2013). The par-
ticular irrigation strategy applied determines how much and
when irrigation is applied. The mulching practice determines
soil cover and in this way influences non-productive evapo-
ration.
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Various previous studies considered the effects of man-
agement practices on the amount of irrigation water to be
applied, drainage, ET and yield (Gleick, 2003; Perry et al.,
2007, 2009). Most studies varied only irrigation technique,
only irrigation strategy or only mulching practice, or con-
sidered only a few combinations. Besides, most studies are
confined to just one crop and one specific production en-
vironment (soil, climate). For example, Rashidi and Ke-
shavarzpour (2011) show the effects of three management
practices for one specific crop in Iran, showing yields as
increasing from surface irrigation to drip irrigation and fi-
nally to drip irrigation with mulching. Al-Said et al. (2012)
show the effect of drip versus sprinkler irrigation on veg-
etable yield in Oman, showing that the yield per unit of ir-
rigation water applied is higher for drip irrigation. The ef-
fects of irrigation strategies such as deficit or supplementary
irrigation on ET and Y were studied by different scholars (Ig-
badun et al., 2012; Qiu and Meng, 2013; Jiru and Van Ranst,
2010; Bakhsh et al., 2012; Jinxia et al., 2012). In a literature
review, Geerts and Raes (2009) point out that deficit irriga-
tion strategy decreases the consumptive water use per unit of
yield compared to full irrigation. Supplementary irrigation is
a strategy to apply some irrigation water when most needed,
to overcome drought periods; this increases yield compared
to rain-fed conditions without much increase in ET (Oweis
and Hachum, 2006; Oweis et al., 1999; Tadayon et al., 2012).
Mulching is a method of covering the soil surface that oth-
erwise loses moisture through evaporation. Various studies
show the importance of mulching to decrease ET per unit
yield in crop production (Ogban et al., 2008; Zhao et al.,
2003; Zhou et al., 2011; Mao et al., 2012; Jalota and Prihar,
1998).

Previous studies can be divided into two categories: they
either focus on the relation between Y and blue water ap-
plied (irrigation water applied) or on the relation between Y
and total transpiration (7") or total ET. The former category
of studies has two caveats: they ignore green water use and,
by focussing on irrigation water application, they ignore the
fact that, through return flow (drainage and surface runoff),
some of the blue water applied will return to the water sys-
tem from which it was withdrawn. The caveat of the latter
category of studies is that, by considering total 7 or ET, they
do not explicitly distinguish between T or ET from rainwater
(green T or ET) and T or ET from irrigation water (blue T or
ET). Understanding water resource use in crop production by
source (rainwater, irrigation water from surface and ground-
water, water from capillary rise) is vital for water resource
management. In this regard, the concepts of green versus blue
water by Falkenmark and Rockstrom (2006) and green ver-
sus blue water footprint by Hoekstra et al. (2011) are a useful
advance.

The objective of this study is to explore the potential of
reducing the green and blue water footprint of growing crops
by using a systematic model-based assessment of manage-
ment practices in different environments. We systematically
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consider the effect of a large number of management prac-
tices, considering four irrigation techniques, four irrigation
strategies and three mulching practices. We do so in a large
number of different cases: arid, semi-arid, sub-humid and
humid environments; wet, normal and dry years; three soil
types; and three crops. This is the first systematic model
study analysing the effect of field management practices on
green and blue ET, Y and green and blue WF under a variety
of conditions. The advantage of a model study is that field
experiments on the effects of a comprehensive list of man-
agement practices in a range of cases would be laborious and
expensive (Geerts and Raes, 2009). Our cases, however, are
based on four real environments, in Israel, Spain, Italy and
the UK.

2 Method and data
2.1 Soil water balance and crop growth modelling

To balance simplicity, accuracy and robustness of simulating
soil water balance, crop growth and yield process, we use
the AquaCrop model (version 4.1) (Steduto et al., 2009a).
AquaCrop is available as standalone Windows-based soft-
ware and as a plug-in to GIS software; both run with daily
time steps using either calendar or thermal time (Raes et al.,
2011). In this study, the plug-in version was applied with
daily thermal time.

AquaCrop keeps track of the soil water balance over time
by simulating the incoming and outgoing water fluxes with
well-described subroutines. The AquaCrop model enables
one to simulate various degrees of water supply to the plant,
varying from rain-fed and supplementary irrigation to deficit
and full irrigation. AquaCrop considers capillary rise to the
root zone from shallow groundwater. It estimates capillary
rise based on the depth of the water table and two parame-
ters that are specific to hydraulic and textural characteristics
of the soil (Raes et al., 2012). The two parameters are esti-
mated for different textural classes of the soil that have simi-
lar water retention curves. The capillary rise from AquaCrop
is comparable with the estimate from the UPFLOW model,
using the Darcy equation and relating matric potential to hy-
draulic conductivity (Fereres et al., 2012). Water limitations
on plant growth are modelled through three sorts of water
stress response: canopy expansion rate, stomatal closure and
senescence acceleration (Steduto et al., 2009b).

The crop growth engine of AquaCrop first estimates the
biomass (B) from a water productivity parameter (WP) and
transpiration (T): B =WP x T. The harvestable portion
of the biomass (yield Y) is then determined by multiplying
biomass by a crop-specific harvest index (HI): Y = B x HI.
WP is the water productivity parameter in kg (biomass) per
m? (land area) per mm (water transpired), normalized for at-
mospheric evaporative demand and atmospheric CO, con-
centration (Steduto et al., 2009a). The modelling of biomass
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water productivity (WP), which remains constant for a given
crop species after normalization, forms the core of the
AquaCrop growth engine (Steduto et al., 2007; Raes et al.,
2009).

AquaCrop separates the actual evapotranspiration (ET)
into non-productive and productive water fluxes, viz.
soil evaporation (E) and crop transpiration (7). Hence,
AquaCrop can simulate the effect of the management prac-
tices on these two types of consumptive water use distinc-
tively.

AquaCrop calculates soil evaporation (E) by multiplying
the evaporative power of the atmosphere (ET,) by factors that
consider the effect of water stress, and the fraction of the soil
surface not covered by canopy. Crop canopy expands from
the initial canopy cover, which is the product of plant density
and the size of the canopy cover per seedling. The canopy is
considered in the evaporation calculation after adjustment for
micro-advective effects. The soil moisture conditions deter-
mine evaporation from the soil surface not covered by canopy
in two stages. In the first stage, when the soil surface is wet-
ted by rainfall or irrigation, the evaporation rate is fully deter-
mined by the energy available for soil evaporation until the
readily evaporable water. In the second stage, the falling rate
stage, the evaporation is not only determined by the avail-
able energy, but also depends on the hydraulic properties of
the soil. The two-stage approach for calculating evaporation
is described in detail and validated in Ritchie (1972), who
confirmed the ability of the method to predict evaporation
for a wide variety of soil types and climatic conditions.

The soil evaporation is adjusted for withered canopy,
mulches and partial wetting by irrigation. The AquaCrop
model simulates the effect of mulching on evaporation and
represents effects of soil organic matter through soil hy-
draulic properties influencing the soil water balance. Soil
evaporation under mulching practice is simulated by cor-
recting E with a factor that is described by two variables
(Raes et al., 2013): soil surface covered by mulch (from 0
to 100 %); and mulch material ( fi). Quoting the paper by
Allen et al. (1998), the values of the parameters for mulch
material (fry) are suggested to vary between 0.5 for mulches
of plant material and close to 1.0 for plastic mulches (Raes
et al., 2013). The correction factor for mulching is calculated
as

Correction factor for mulching =
percent covered by mulch
1- .
(1= fm 100 )

(1)

Soil evaporation is also corrected with a factor that is equiv-
alent to the fraction of the surface wetted by irrigation. The
adjustment for partial wetting is not applied when the soil
surface is wetted by rain. If the soil surface is covered by
mulches and at the same time partially wetted by irrigation,
only one of the correction factors, the minimum value of the
two, is applied.

www.hydrol-earth-syst-sci.net/19/4877/2015/

Rainfall |~

Soil moisture soil moisture

soil moisture L
from irrigation

from
capillary rise

Capillary rise

Drainage

Figure 1. Incoming and outgoing water fluxes of the green (Sg) and
blue (Sp = Sp_1 + Sh-cr) soil water stocks.

Experimental field studies confirm the ability of the
AquaCrop model to reasonably simulate evaporation and
transpiration for various conditions. Research on potato for
three levels of irrigation (100, 75 and 50% of plant wa-
ter requirement) at experimental fields in eastern Iran shows
that AquaCrop has good ability in simulating evaporation
and transpiration of crops and yield (Afshar and Neshat,
2013). Another study found that AquaCrop is able to simu-
late ET and yield of maize under different irrigation regimes
(full and deficit) and mulching practices (plastic and organic
mulching) in the North Delta of Egypt (Saad et al., 2014).

2.2 The green and blue water footprint of growing
crops

The green WF (m3t~1) and blue WF (m3t~1) of crops
were obtained following the definitions and methodological
framework of the global WF accounting standard (Hoekstra
et al., 2011). They are calculated by dividing the green ET
(m3ha~1) and blue ET (m3ha~1) over the growing season
by the marketable crop yield (¢). AquaCrop simulates a yield
in kg ha—? of dry matter. Unlike maize, the marketable yields
for tomato and potato are in their fresh form. We calculated
the marketable yields of tomato and potato by assuming the
dry matter of tomato and potato to be 7 and 25 %, respec-
tively (Steduto et al., 2012). The AquaCrop output was post-
processed to partition soil water content and the various in-
going and outgoing water fluxes into green and blue compo-
nents. In addition, the blue soil water content and the blue
water fluxes were further separated into blue water originat-
ing from irrigation water (S,—;) and blue water originating
from capillary rise (Sp-cr). This partitioning enables us to
track which fractions of ET originate from rainwater, irriga-
tion water and capillary rise, respectively (Fig. 1).

In the daily green—blue soil water balance calculation, the
next procedures are followed: rainfall (R) adds to the green
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soil water stock; irrigation (/) adds to the blue soil water
stock originating from irrigation; capillary rise (CR) adds
to the blue soil water stock originating from capillary rise;
evaporation (E), transpiration (7') and drainage (Dr) on a cer-
tain day are partitioned into the three “colours” (green, blue
from irrigation, blue from capillary rise) based on the rel-
ative colour composition of soil water content on that day;
runoff (RO) in a particular day is partitioned into two colours
(green and blue from irrigation) in proportion to the amount
of rainfall and irrigation, respectively. Changes in the green
(Sg), blue from irrigation (Sp-;) and blue from capillary rise
(Sp-cr) soil water stocks are described in the following three
equations:

dSg Sg R
I_Ie—(DrJrET)(?)—RO(H—R), )
dSp-cr Sh-CR

—CR— (Dr+ET 3
> (Or+ )( : ) )
dSb.] Sb-1 I

=I—-Or+ED (=) -rRO(—— 4
& (Or+ >( S) (HR), 0

where dr is the time step of the calculation (1 day), R rain-
fall (mm), I irrigation (mm), RO surface runoff (mm), ET
(E+T) evapotranspiration (mm), Dr drainage (percolation)
(mm), and CR capillary rise (mm).

The simulations with AquaCrop were initialized with typ-
ical soil moisture content. This was determined by running
the model for each case for a successive period of 20 years
(1993 to 2012) and taking the average soil moisture content
at the start of the growing period over the full period as the
initial condition for another run for the same period of 20
years. We did this iteratively until the 20-year average output
stabilized. We thus used the 20-year average soil moisture
content at the start of the growing season as an initial condi-
tion for our simulations. The partitioning of the soil moisture
content into green and blue water components was initialized
based on a similar procedure. The green and blue water foot-
prints were finally calculated by dividing the green and blue
ET over the growing period by the yield.

In the Appendix we provide an illustration of the simula-
tion of green and blue soil moisture content over time for a
specific case.

2.3 Experimental set-up

A comprehensive set of simulations was carried out, applying
different management practices in an extensive number of
cases (Table 1).

2.3.1 Management practices
Irrigation techniques

Irrigation techniques can be classified based on various
themes: energy or pressure required, how or where the irri-
gation water is applied, and wetted area by irrigation (Ali,
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2011). Based on the wetted surface area, irrigation tech-
niques can be listed as flood irrigation, trickle or localized
irrigation and sprinkler irrigation. The first of these, flood ir-
rigation, comprises furrow, border and basin irrigation. The
second, trickle irrigation comprises drip and subsurface drip.
Given the existing irrigation practices in the four environ-
ments that we consider, we analyse four irrigation tech-
niques: furrow (with 80 % surface wetting), sprinkler (100 %
surface wetting), drip (30% wetting) and subsurface drip
(0% wetting). Generic assumptions have been made about
the specific details of the different irrigation techniques, fol-
lowing default settings in the model. For furrow irrigation,
an 80 % wetting percentage is assumed to be representative
of every furrow (narrow bed) from the indicative range of 60
to 100% in the AquaCrop manual (Raes et al., 2013). Al-
ternative field management choices would connect to other
(lower) wetting percentages: alternated furrow (30 to 50 %)
and every furrow for wide beds (40 to 60 %).

Irrigation strategies

Irrigation strategy concerns the timing and volume of artifi-
cial soil water replenishment. Four irrigation strategies were
considered: full irrigation, deficit irrigation, supplementary
irrigation and no irrigation (rain-fed). Irrigation scheduling,
when and how much to irrigate, is central to defining these
irrigation strategies. Full irrigation is an irrigation strategy in
which the full evaporative demand is met; this strategy aims
at maximizing yield. It was simulated through automatic gen-
eration of irrigation requirement for a no water stress con-
dition. AquaCrop simulates water stress response for three
thresholds of soil moisture depletion (Steduto et al., 2009b),
relating to affected canopy expansion, stomatal closure and
senescence acceleration. The depletion level for minimum
stress (effect on canopy expansion) in AquaCrop starts far
before the soil moisture depletion reaches 100 % of the read-
ily available moisture water (RAW). The irrigation schedul-
ing in the no water stress condition is crop dependent. The
soil moisture was refilled to the field capacity (FC) when
20, 36 and 30% of RAW of the soil is depleted for maize,
potato and tomato, respectively (FAO, 2012). This schedul-
ing results in a high irrigation frequency, which is impractical
in the case of furrow and sprinkler irrigation. To circumvent
such unrealistic simulation for the case of furrow and sprin-
kler irrigation, we firstly generated the irrigation requirement
automatically for a no water stress condition, which obvi-
ously results in a high irrigation frequency, especially for
course texture soil type. Then the irrigation depths were ag-
gregated and shifted a few days forward, practically allowing
more depletion than the no water stress level in such a way
that a time gap of a week is maintained between two irriga-
tion events.

Deficit irrigation (DI) is the application of water below
the evapotranspiration requirements (Fereres and Soriano,
2007) by limiting water applications, particularly during less
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Table 1. Research model: management practices considered in a number of cases to simulate the effect on ET, Y, and consumptive WF.

Management practices Modelling Effects

Four irrigation techniques: furrow, sprinkler, Soil water balance -ET

drip and subsurface drip. and - Yield

Three irrigation strategies: full, deficit and crop growth model — Consumptive WF
supplementary irrigation; + rain-fed. (AquaCrop)

Three mulching practices: no mulching, Global WF

organic and synthetic mulching.

accounting standard

Cases: four environments (arid, semi-arid, sub-humid and humid), three crops (maize, potato and tomato), three soils (loam,
sandy loam and silty clay loam), and three types of years (wet, normal and dry).

drought-sensitive growth stages (English, 1990). The deficit
strategy is established by reducing the irrigation supply from
the full irrigation requirement. We extensively tested vari-
ous deficit irrigation strategies that fall under two broad cat-
egories: (1) regulated deficit irrigation, where a non-uniform
water deficit level is applied during the different phenolog-
ical stages; and (2) sustained deficit irrigation, where water
deficit is uniformly distributed over the whole crop cycle. In
general, the larger the deficit the smaller the simulated yield,
as expected. The non-linear relation between yield and ET
(and thus irrigation supply) gives rise to the existence of an
optimum, i.e. the deficit irrigation strategy with the lowest
consumptive WF in m3t~1. In the analysis of simulations,
the paper used the specific deficit strategy that is optimal ac-
cording to the model experiments.

Supplementary irrigation (SI) is defined as the application
of a limited amount of water to increase and stabilize crop
yields when rainfall fails to provide sufficient water for plant
growth (Oweis et al., 1999). Supplementary irrigation was
simulated to be a one-time event of refilling the root zone to
field capacity when 100 % of the RAW was depleted or when
the threshold for stomata closure was triggered.

Mulching practices

Mulching has various purposes: reduce soil evaporation,
control weed incidence and its associated water transpira-
tion, reduce soil compaction, enhance nutrient management
and incorporate additional nutrients (McCraw and Motes,
1991; Shaxson and Barber, 2003). The mulching practice in
AquaCrop considers mainly evaporation reduction from the
soil surface. Three mulching practices were distinguished:
no mulching, organic mulching with fi, = 0.5 and synthetic
mulching with f, = 1. A mulch cover of 100 % for organic
and 80 % for synthetic materials was assumed.

2.3.2 Cases
We carry out the model experiments for four different lo-
cations: lIsrael (arid), Spain (semi-arid), Italy (sub-humid)

and the UK (humid). Per location we consider wet, nor-
mal and dry years, three soil types (loam, sandy loam, silty
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clay loam), and three crops (maize, potato and tomato). This
yields a number of cases as summarized in Table 2.

2.4 Data

The input data to run the AquaCrop were collected for four
sites: Eilat in Israel (29.33° N, 34.57° E; 12m above mean
sea level), Badajoz in Spain (38.88°N, —6.83°E; 185m
a.m.s.l.), Bologna in Italy (44.57° N, 11.53°E; 19m a.m.s.l.)
and Eden in the UK (52.26° N, 0.64° E; 69m a.m.s.l.).

The daily rainfall, minimum and maximum temperatures,
reference evapotranspiration (ET,) and the mean annual at-
mospheric carbon dioxide concentration are the input cli-
matic data to run AquaCrop. Daily observed rainfall and
temperature data (for the period 1993-2012) were extracted
from the European Climate Assessment and Dataset (ECAD)
(Klein Tank et al., 2002). The ECAD data undergo homo-
geneity testing and the missing data are filled with obser-
vations from nearby stations (i.e. within 12.5km and with
height differences less than 25 m) (Klein Tank, 2007). Daily
ET, was derived with the FAO ET, calculator (Raes, 2012),
which uses the FAO Penman—Monteith equation. The evapo-
transpiration and precipitation of the research sites are sum-
marized in Table 3.

Data on soil texture were extracted from the 1 x 1 km? res-
olution European Soil Database (Hannam et al., 2009). The
types of soils were identified using the Soil Texture Triangle
Hydraulic Properties Calculator from Saxton et al. (1986).
The physical characteristics of the soils were adopted from
AquaCrop, which includes a soil characteristics database of
FAO. Observed soil data at one of the sites representing the
humid environment (at Bologna, Italy) were shown to be
comparable to the soil type and characteristics from the FAO
and European Soil Database. Soil fertility stress was assumed
not to occur. Regarding crop parameters, we take the default
values as represented in AquaCrop, except for the maximum
rooting depth for maize in Italy, which was limited to 0.7 m
to account for the actual local conditions. Moisture supply
from capillary rise to the root zone was considered only for
Bologna, because the local groundwater table at the Bologna
site is shallow (average 1.5m). Chemical applications, such
as fertilizers and pesticides, were assumed optimal.

Hydrol. Earth Syst. Sci., 19, 4877-4891, 2015
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Environment Soils Type of year Crops Groundwater*
(location)
Arid Loam Dry Maize, Deep
(Eilat, Israel) Sandy loam Normal potato and
Silty clay loam Wet tomato
Semi-arid Loam Dry Maize, Deep
(Badajoz, Spain) Sandy loam Normal potato and
Silty clay loam Wet tomato
Sub-humid Loam Dry Maize, Average 1.5m
(Bologna, Italy) Sandy loam Normal potato and
Silty clay loam Wet tomato
Humid Loam Dry Maize, Deep
(Eden, UK) Sandy loam Normal potato and
Silty clay loam Wet tomato

* A deep groundwater table means that capillary rise does not contribute moisture to the root zone.

Table 3. Evapotranspiration and precipitation in the four environments.

Environments ET,  Precipitation

Precipitation

Actual E and ET?

Rain-fed  Irrigated?

20-year average Wet

Normal Dry E ET E ET

(mm year—1) (mm per growing season)  (mm per growing season)
Arid 2476 16 60 11.3 24 16 16 85 322
Semi-arid 1308 449 129 76 62 49 171 108 393
Sub-humid® 977 585 359 170 147 87 314 85 312
Humid 688 722 834 665 657 79 282 128 390

8 E is evaporation in a normal year; ET is actual evapotranspiration in a normal year. b Under conditions of full irrigation,
furrow irrigation, potato, loam soil and no mulching practice. ¢ The groundwater table in the selected sub-humid environment is
shallow, at 1.5 m, which implies that capillary rise feeds moisture to the root zone.

3 Results
3.1 Overview of experimental results

The outcomes for ET (mm), Y (tha—!) and consumptive
WF (m3t~1) in the full set of model experiments are plot-
ted in scatter diagrams in Figs. 2a, b, ¢ and 3. The ET-Y
plots in Fig. 2a, b and ¢ show an increase in yield with in-
creasing ET for all three crops, though there is no increase
in Y anymore at larger ET values. The yields for ET less
than 200 mm in Fig. 2a, b and c are under rain-fed con-
ditions (in semi-arid environment) and high-deficit irriga-
tion (with drip/subsurface drip techniques), with synthetic
mulching practice. In such conditions, the evaporation is al-
most zero and transpiration takes the lion’s share of ET. The
corresponding yield is very small, less than one-third of the
maximum. Figure 3 illustrates the ET-WF relationship: small
ET is associated with the large WFs due to the low yields re-
sulting from water stress. The smallest WFs can be found at
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intermediate ET values, where yield still is not optimal, but
additional ET goes along with decreasing productivity.

3.2 Effect of the management practice on ET, Y and
consumptive WF

Figure 4 illustrates the effect of the four irrigation techniques
on ET and Y under full, deficit and supplementary irrigation
conditions for the case of potato production on loam soil in a
normal year in Spain. We see that under full irrigation, mov-
ing from sprinkler to furrow and then to drip and subsurface
drip irrigation, will stepwise reduce ET in quite a substantial
way, while yield remains at the same high level. The reduc-
tion in ET fully refers to a reduction in the unproductive E;
the productive T remains constant. Under deficit irrigation,
moving from sprinkler through furrow and drip to subsurface
drip irrigation, ET will slightly decrease, while Y increases.
The Y can increase because it is the non-productive soil evap-
oration component in ET that decreases, while the productive
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Table 4. The irrigation supply and ET values for supplementary, deficit and full irrigation plus rain-fed of the potato production.

0

Rain  Irrigation ET green ET blue
supply
(mm)  (mm) (mm) (mm)
Rain-fed 63 0 171 0
Supplementary irrigation 63 80 222 21
Deficit irrigation 63 281 117 224
Full irrigation 63 361 115 238
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Figure 2. (a) The resultant ET and Y of maize for all experiments:
different management practices for all cases. (b) The resultant ET
and Y of potato for all experiments: different management practices
for all cases. (c) The resultant ET and Y of tomato for all experi-
ments: different management practices for all cases.

transpiration component increases. Under supplementary ir-
rigation, the irrigation technique applied affects neither ET
nor Y, because irrigation is applied only during a short pe-
riod of time (the drought period), which hardly affects ET
over the growing period as a whole.

The effect of mulching on ET and Y is illustrated in Fig. 5
for the same case of potato production on loam soil in a
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Figure 3. The resultant ET and consumptive WF for all experi-
ments: different management practices for all cases. The dotted line
is a polynomial fit to data points for maize.
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Figure 4. ET-Y plot for four irrigation techniques, three strategies
and no mulching practice for the case of potato on a loam soil, a
normal year in a semi-arid environment (Badajoz, Spain). The lines
connect cases with one particular irrigation strategy: red and black
for the full and deficit irrigation strategies, respectively.

normal year in Spain. Under full irrigation, moving from no
mulching through organic to synthetic mulching will reduce
ET (through reduced soil evaporation), with Y remaining
constant. Under deficit irrigation, we observe the same trend.
Under supplementary irrigation, moving from no mulching
through organic to synthetic mulching, ET will slightly de-
crease, while Y increases. The Y increases because it is
the non-productive E that decreases, while the productive T
increases. Under rain-fed conditions, organic and synthetic
mulching do not affect total ET much, but E decreases while
T increases, which leads to an increase in Y.
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Figure 5. ET-Y plot for mulching practices at rain-fed and drip-
irrigated fields for the case of potato in a loam soil for a normal
year in a semi-arid environment (Badajoz, Spain). The lines con-
nect cases with one particular irrigation strategy: red, blue, light
green and green denote full irrigation, deficit irrigation, supplemen-
tary irrigation and rain-fed production, respectively.

The effect of different irrigation strategies on ET, Y and
consumptive WF is illustrated in Fig. 6 for the case of potato
growth under drip irrigation on a loam soil for a normal year
in Spain. Table 4 shows the amount of rainfall and irrigation
supply during the growing period of potato for the same case.
There is an increase in both ET and Y when we move from
rain-fed to supplementary irrigation and further on to deficit
and full irrigation. The consumptive WF is smallest with
deficit irrigation, followed by full irrigation, supplementary
irrigation and finally rain-fed irrigation. The change from
rain-fed to supplementary irrigation takes a modest amount
of irrigation water, 80 mm. The supplementary irrigation al-
lowed an additional ET of 51 mm of green water plus 21 mm
of blue water, making a significant impact on crop growth,
thus making a small blue WF, but the resultant yield increase
leads to a decrease in the overall (green plus blue) WF.

The deficit irrigation supply was 281 mm (80 mm reduc-
tion as compared to full irrigation). The change from full ir-
rigation to deficit irrigation slightly reduces yield (by 1.5 %),
but reduces blue ET (by 14 mm or 6 %), with a slight de-
crease in the consumptive WF as a result (by 2 %). The sig-
nificant reduction in total irrigation depth in the case of the
deficit irrigation thus resulted in only minor yield losses. In
the case of full irrigation, blue ET and total ET are larger,
but green ET is slightly smaller than in the case of deficit
irrigation. This results from the fact that irrigation water sat-
urates the soil, causing a larger fraction of rainwater to run
off. Deficit irrigation thus makes more effective use of rain-
water.

3.3 Relative changes in green and blue WF compared
to the reference case

We compared the effects of all different management prac-
tices on the green and blue WF against the reference case
of furrow and full irrigation and no mulching practice. We
present the results in six groups, whereby each group has a
specific irrigation strategy and mulching practice, with the
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irrigation technique as a variable. We consider the following
six combinations of irrigation strategy and mulching prac-
tice:

— full irrigation (FI), no mulching practice (NoML);

— deficit irrigation (DI), no mulching practice (NoML);
— full irrigation (FI), organic mulching (OML);

— deficit irrigation (DI), organic mulching (OML);

— full irrigation (F1), synthetic mulching (SML); and

— deficit irrigation, (DI), synthetic mulching (SML).

The change in total consumptive WF from the reference
for all management practices is shown in Fig. 7. Given a par-
ticular mulching practice, the largest WF is found for sprin-
kler, followed by furrow, drip and subsurface drip irrigation.
Only for the case of full irrigation and no mulching does
drip irrigation result in a smaller WF than for subsurface drip
irrigation. The effect of drip and subsurface drip irrigation
on consumptive WF depends on two variables limiting soil
evaporation: energy and soil moisture. Under full irrigation,
as can be seen in Fig. 7b, drip irrigation reduces the con-
sumptive WF more than subsurface drip irrigation, with the
largest difference in the humid environment. The reason is
that energy is here the limiting factor on evaporation. Under
deficit irrigation, as can be seen in Fig. 7c, subsurface drip
irrigation reduces the consumptive WF more than drip irri-
gation, with the largest difference in the arid environment.
This is explained by the fact that moisture is now the limit-
ing factor on evaporation.

Compared to the reference case of no mulching, organic
mulching substantially reduces the consumptive WF, and
synthetic mulching even further. In the case of full irrigation,
organic mulching results, on average, in an additional con-
sumptive WF reduction compared to no mulching of 17 %
with sprinkler, 13% with furrow, 7% with drip and 11 %
with subsurface drip irrigation. In the case of deficit irriga-
tion, these additional reductions are slightly lower: 14 % with
sprinkler, 11 % with furrow, 6 % with drip and 7 % with sub-
surface drip irrigation. Considering drip and subsurface drip
irrigation, synthetic mulching results, on average, in an ad-
ditional consumptive WF reduction of 10 % compared to or-
ganic mulching.

Figure 8 shows the average changes in consumptive WF
for management practices, specified per type of environment.
The average reduction in the consumptive WF is 8-10 % if
we change from the reference to drip or subsurface drip ir-
rigation, 13 % when changing from the reference to organic
mulching, 17-18 % when moving to drip or subsurface drip
irrigation in combination with organic mulching, and 28 %
when shifting to drip or subsurface drip irrigation with syn-
thetic mulching. All before-mentioned reductions increase
by one or a few per cent when moving from full to deficit
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Figure 6. ET, Y and WF under different irrigation strategies for the case of potato production under drip irrigation on loam soil in a normal

year in a semi-arid environment (Badajoz, Spain).

irrigation. In our case of the sub-humid environment, with
the selected location in Italy having shallow groundwater,
we find relatively small WF reductions when we have no
mulching, because capillary rise keeps feeding the soil mois-
ture content, resulting in continued soil evaporation.

The average change in green, blue and total consumptive
WEF from the reference for all management practices is pre-
sented in Fig. 9. Relative changes in blue WF are always
larger than relative changes in the total consumptive WF,
while the relative changes in green WF are always smaller.
In other words, when management practices reduce the to-
tal consumptive WF, they do so particularly by reducing the
blue WF and to a lesser extent by reducing the green WF. The
latter even increases in the practice that combines sprinkler
irrigation without mulching. In all cases, overall consumptive
WF reduction goes together with an increasing green/blue ra-
tio for the WF of a crop. Given a certain irrigation technique
and mulching practice, deficit irrigation will always reduce
the blue WF of the crop, when compared to the practice of
full irrigation.

4 Discussion

An interesting result from this study is that sprinkler irri-
gation does have a larger consumptive WF in m3t~1 (i.e.
smaller water productivity in tm=3) than furrow irrigation,
while sprinkler irrigation is known to have larger so-called
irrigation efficiency compared to furrow irrigation (Brouwer
et al., 1988). With sprinkler irrigation, a larger soil surface is
wetted than in the case of furrow irrigation (Ali, 2011). Thus,
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for an equal level of production, sprinkler irrigation results in
larger ET (because of larger soil evaporation) and consump-
tive WF than furrow irrigation. Compared to sprinkler, fur-
row irrigation has higher percolation and runoff fluxes, vari-
ables that define irrigation efficiency. These fluxes return to
the catchment and are not a loss from the system and there-
fore not considered to contribute to consumptive WF (Hoek-
straetal., 2011).

The findings of this study indicate that subsurface drip ir-
rigation is most useful for consumptive WF reduction in the
arid environment. The reason is that with subsurface drip ir-
rigation, moisture content in the topsoil will be smaller and
thus limit soil evaporation. In the other environments, the
difference between drip and subsurface drip irrigation is mi-
nor. With full irrigation in the humid environment, subsur-
face drip irrigation even results in a larger consumptive WF
than in the case of drip irrigation. We believe that these re-
sults are plausible, as they are consistent with findings from
Dehghanisanij and Kosari (2011), who explain that the net
energy available for soil evaporation for SSD irrigation is
larger than for drip. The reason is that drip irrigation pro-
duces a cooling effect on the topsoil, reducing the energy
available for evaporation, and thus limiting soil evaporation.
This is due to heat convection or a higher soil heat flux along
with droplets of water moving from the soil surface into the
soil in the case of drip. Therefore, with full irrigation in the
humid environment where the net radiation energy for evap-
oration is limiting, drip results in smaller consumptive WF
than SSD.
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The ET vs. Y plots made based on our model experiment
results (Fig. 2a, b and c) are comparable with the produc-
tion function in earlier studies (Amarasinghe and Smakhtin,
2014; Wichelns, 2015). Amarasinghe and Smakhtin (2014)
derived the production function from observed data under
various agro-ecological conditions, water availability con-
straints and management practices.

Net irrigation supply simulated using AquaCrop for our
semi-arid case in Spain is consistent with the values reported
by the Guadiana River basin authority. We simulate net irri-
gation supply in the range of 200-600 mm for full irrigation
under different irrigation techniques and soil types for a nor-
mal year for the case of tomato in our Spanish site, which
is within the observed range of 150-650 mm as reported by
the Guadiana River basin authority (CHG, 2013). Our sim-
ulated values for net irrigation supply for the same site are
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also consistent with the reported values for maize and potato.
The simulated net irrigation supply for potato is in the range
of 180-350 mm and the reported range is 150-380 mm. For
maize we find a simulated range of 450-600 mm and a re-
ported range of 450-630 mm.

The AquaCrop model has been validated for herbaceous
crops at diverse locations in different environments (Steduto
etal., 2011). Itis designed to be applicable under various cli-
mate and soil conditions, with no need for calibration once it
has been parameterized for a specific crop species (Hsiao et
al., 2011). This study is made for crops that had already been
parameterized in AquaCrop. The sensitivity of AquaCrop-
simulated yields to model parameters, under diverse environ-
mental conditions, was studied by Vanuytrecht et al. (2014).
That study shows that the parameters describing crop re-
sponses to water stress were not often among those show-
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ing highest sensitivity. The particular root and soil param-
eters indeed need attention during calibration. We did not
perform a specific sensitivity analysis for these inputs or a
specific uncertainty analysis propagating parameter uncer-
tainty through the model, which both would be interesting.
The current analysis, however, already shows the robustness
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of the AquaCrop-simulated effects of irrigation method, irri-
gation strategy and mulching for a large set of conditions for
soil, crop, climate and weather. Together with the sensitivity
results of Vanuytrecht et al. (2014), we believe the overall
evidence to support the conclusions is strong.
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We note that AquaCrop has inherent limitations, including
for instance the neglect of lateral water flows in the field, the
inability to simulate the effects of nutrient limitation, fertil-
izer application, the effect of organic mulching on the organic
content of the soil and decomposition of organic materials,
interception losses from sprinklers and the inability to de-
fine the depth at which subsurface drip irrigation takes place.
These limitations put a disclaimer on the results of our study,
but we believe that the results of this study can provide a
useful reference for similar future studies with other models.
We see the need for further validation of our model results
with field experiments, but this is costly and will generally
need to focus on varying just a few management practices
under a limited number of cases. In our model experimental
set-up, we varied a large number of variables (irrigation tech-
niques, strategies, mulching practices, environments, soils,
crops, dry versus wet years) in all possible combinations,
which is impossible in a field experiment.

By focussing on the effect of irrigation and mulching, we
excluded from this study the effects of other agricultural
practices such as the use of agrochemicals and tillage. Be-
sides, by focussing on management practices at field level,
we have excluded measures that could be applied to reduce
consumptive WF in the stages before irrigation water is ap-
plied to the field, like measures to reduce evaporative losses
from storage reservoirs and distribution canals.

5 Conclusions

Water footprint reduction in irrigated crop production is the
way forward for efficient and sustainable water resource use.
This paper provides the first detailed and comprehensive
study regarding the potential for reducing the consumptive
WEF of a crop at field level by changing management practice
such as irrigation technique, irrigation strategy and mulching
practice. The effects of the various combinations of irriga-
tion technique and strategy and mulching practice were com-
pared to the reference of furrow and full irrigation without
mulching. We found the largest WF reduction (average of
35 % for different soils and years) for tomato production un-
der drip or subsurface drip irrigation with synthetic mulching
under the semi-arid environment. If we consider all the cases
of drip or subsurface drip irrigation with synthetic mulching,
including all crops and environments, we find an average
consumptive WF reduction of 28 % for full irrigation and
29 % for deficit irrigation. In the latter case, the correspond-
ing blue WF reduction is 44 % and the green WF reduction
14 %.

— Irrigation techniques and strategies and mulching prac-
tices can be ordered based on their potential to reduce
the blue or total consumptive WF, from low to high po-
tential.
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— lIrrigation techniques: sprinkler, furrow, drip/subsurface
drip irrigation.

— lrrigation strategies: rain-fed, supplementary irrigation,
full irrigation, deficit irrigation.

— Mulching practices: no mulching, organic mulching,
synthetic mulching.

The percentage of blue WF reduction is always larger than
the percentage of total consumptive WF reduction. Gener-
ally, reduction in the total consumptive WF includes a re-
duction in the green WF as well. However, when we move
from full to deficit irrigation (other things equal), the green
WF will increase. Note still that deficit irrigation reduces the
blue WF and the overall consumptive WF. The increased blue
water and overall water productivity achieved through deficit
irrigation thus slightly reduces the green water productivity.

This study can be used as a reference in future studies re-
garding the potential effect of management practices on the
consumptive WF. The results can contribute to making strate-
gic choices to achieve greater crop water productivity and
setting WF benchmarks for crop production. The findings of
this paper can be used in subsequent studies at basin scale,
with the help of an appropriate model that can simulate the
effects of additional management practices like fertilizer ap-
plication as well, to study the possible water saving (while
producing the same crop amount) and water scarcity reduc-
tion at basin scale or the possible crop production increase
without increasing water use. The ranking of irrigation meth-
ods, irrigation strategies and mulching practices as provided
in this paper gives a first indication of what can be done to
increase water productivity and the potential gains that can
be achieved through certain combinations of practices. For-
mulations are still made with caution as relevant considera-
tions such as fertilizer application and associated grey water
footprints and possible economic trade-offs are outside the
scope of the present paper. However, although our conclu-
sions regarding the effectiveness of different irrigation tech-
niques and strategies and mulching practices are generally
valid, we must be careful in translating the general findings
to very specific cases, because the precise WF reduction that
can be achieved in a particular case will always be context-
specific.
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Appendix A: llustration of the simulation of green and
blue soil moisture content

Initial soil moisture was quantified for the four environments
as follows: 10% green and 90 % blue for the arid environ-
ment; 35% green and 65 % blue for the semi-arid environ-
ment; 48 % green and 37 % blue from capillary rise, and 15 %
blue from irrigation water for the sub-humid environment
(with shallow groundwater); and 98 % green and 2% blue
for the humid environment.

Figure Al illustrates the development of green and blue
soil water content over the growing period as simulated with
AquaCrop and our additional module partitioning the soil
water content and fluxes into green and blue components.

Crop growing period
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Figure Al. The development of the green (Sg) and blue (Sp) soil water content over the growing period for the case of maize on a loam soil
and a normal year at Badajoz in Spain. The symbol S represents total soil moisture, Irri irrigation, FC field capacity, and PWP permanent
wilting point.
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