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a b s t r a c t

Innovative irrigation solutions have to face water scarcity problems affecting the Mediterranean coun-
tries. Generally, surface (DI) or subsurface drip irrigation systems (SDI) have the ability to increase water
productivity (WP). But the question about their possible utilisation for crops such as corn would merit to
be analysed using an appropriate economic tool. The latter would be necessary based on the utilisation of
a modelling approach to identify the optimal irrigation strategy associating a water amount with a crop
yield (Yc). In this perspective, a possible utilisation of the operative 1D crop model PILOTE for simulating
actual evapotranspiration (AET) and yield under a 2D soil water transfer process characterizing DI and SDI
was analysed. In this study, limited to a loamy soil cultivated with corn, the pertinence of the root water
uptake model used in the numerical code Hydrus-2D for AET estimations of actual evapotranspiration
(AET) under water stress conditions is discussed throughout the Yc = F(AET) relationship established by
PILOTE on the basis of validated simulations. The conclusions of this work are (i): with slight adaptations,
PILOTE can provide reliable WP estimations associated to irrigation strategies under DI and SDI, (ii): the

current Hydrus-2D version used in this study underestimates AET, compared with PILOTE, in a range
varying from 7% under moderate water stress conditions to 14% under severe ones, (iii): A lateral spacing
of 1.6 m for the irrigation of corn with a SDI system is an appropriate solution on a loamy soil under a
Mediterranean climate.

A local Yc = F(AET) relationship associated with a Hydrus-2D version taking into account the compen-
sating root uptake process could result in an interesting tool to help identify the optimal irrigation system

il con
design under different so

. Introduction

Mediterranean countries are more and more confronted to
ater scarcity problems. Therefore, farmers are encouraged to

dopt efficient irrigation systems. That is the case yet in most part
f the Maghreb countries with the intensification of drip irrigation.
hen the water resource must be shared with other users, sup-

lementary efforts from farmers can be required to save water by
ptimizing their irrigation strategies.

Modelling could be the adequate tool for conducting this opti-
ization where a crop model and an irrigation technique would

e narrowly linked. Consequently, analysing the impact of an irri-

ation strategy on the crop yield, whatever the irrigation system,
ppears as a necessity. Although high frequency is generally touted
s a major advantage of micro irrigation, studies have shown
hat it is not generalizable depending on soil, crop type and its
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environmental context as for corn for instance (Lam and Trooien,
2003).

Numerical simulations are efficient tools to investigate opti-
mal drip management practices and system design (Meshkat et al.,
1999; Assouline, 2002; Schmitz et al., 2002; Cote et al., 2003; Skaggs
et al., 2004; Beggs et al., 2004; Li et al., 2005; Lazarovitch et al., 2005,
2007; Gardenas et al., 2005; Hanson et al., 2006, 2008). But the lat-
ter refer only to the water transfer aspect and do not account for
the impact of an irrigation strategy on the water plant uptake and
on the more reason on crop yield. Coupling a soil water transfer
model with a crop model would serve adopting the best design
system with its irrigation strategy adapted to the water constraints
on the basis of economical consideration (farmer acceptability).

Few researches refer to that coupling problem. It was addressed
by Mmolowa and Or (2003) when testing the analytical model of

Coelho and Or (1996) for soil water dynamic with spatially plant
water uptake based on a parametric model for the root system pat-
tern and the model of Warrick (1974) for the water transfer. The
latter which assumes that the derivative of hydraulic conductivity
by soil water content is constant, is often criticized. This assump-

dx.doi.org/10.1016/j.agwat.2011.01.014
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
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Table 1
Soil properties of the loamy soil of Lavalette with the hydraulic parameters used for the Hydrus-2D modelling drawn from Mubarak et al. (2009). �s and �r are saturated and
residual water content, ˛ and n empirical parameters determining the shape of the retention curve, Ks is saturated conductivity, and l a pore connection parameter.

Soil layer (cm) Clay (%) Silt (%) Sand (%) �s �r a (m − 1) n Ks (m h−1) l
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0–55 18 42 40 0.
55–90 22 47 31 0.
90–150 25 52 18 0.

ion is considered as very strong by Ababou (1981), and gives results
oo far from observations according to Clothier and Scotter (1982).
n their article Mmolowa and Or (2003) recognized improvements

hich are still required for a better prediction of the water dynamic
ithin the simulated domain during irrigation but also to better

ccount for the plant water uptake process during redistribution.
oupling a crop model with a 2D soil water transfer model such as
ydrus-2D (Simunek et al., 1999) could be realized for the case of
linear source (at the soil surface or buried) as done for the fur-

ow case by Wöhling and Schmitz (2007) and Wöhling and Mailhol
2007). But it is of prior interest to analyse the reliability of some

odelling alternatives much more operative through a rigorous
xperimental protocol to highlight the complexity of processes
nvolved in the Soil–Plant–Atmosphere system under drip irriga-
ion. This analysis is encouraged by the following developments
hich still emphasize the choice of a lumped model for dealing
ith the plant water uptake phenomenon when focusing on AET

nd yield prediction only. Indeed, basing plant water uptake from
map of the root density only, would consist to ignore the capacity
f the plant to remove its water uptake capacities to soil regions
here water is more available when a restrictive irrigation strat-

gy is applied. The case of drip irrigation even more emphasizes the
oot water uptake problem under water stress conditions because
lants not only remove their water uptake capabilities but can also
emove sensitively their root system in the vicinity of the source
Mubarak et al., 2009b).

For unstressed conditions root water uptake models based on
observed root density pattern as proposed in Mubarak et al.

2009b) or a parametric one Coelho and Or (1996), are less or more
fficient, the reference in term of water uptake being still that
mplemented in Hydrus-2D However, these models do not inte-
rate yet the fact that under water stress conditions most of the
ater is absorbed from the zone of low tensions. Thus a relative

mall part of the root system can be responsible for most of the plant
ater uptake (Feddes, 1980). Water is taken up by roots from var-

ous soil depths in a manner which maximizes the plant’s chances
or survival (Lubana and Narda, 2001). From their sound literature
nalysis of plant water uptake models, Yadav et al. (2009) showed
he difficulty to satisfactory model such complex process mixing
oth physical and physiological factors. The results of their research
how that under favourable soil moisture conditions, plants extract
ater at the maximum rate according to the root distribution pat-

ern and when the moisture stress occurs in the upper soil profile,
he diminished water uptake from the lower water scarce region is
ompensated by an enhanced water uptake from lower wetter lay-
rs. Aware of this problem, Simunek and Hopmans (2009) proposed
calculation procedure to mimicking this physiological behaviour
llowing the plant to increase its transpiration rate. This new for-
ulation of the plant water uptake could be taken into account in
new version of the Hydrus-1D and 2D codes. But the efficiency

f this new formulation in the AET estimation by Hydrus-2D will
equire that root growth can be simulated, which is not the case

et.

The objective of this paper is to show that a crop model such as
ILOTE (Mailhol et al., 1997; Khaledian et al., 2009), a crop model
resumed limited to simulations under sprinkler or under border

rrigation (Mailhol and Merot, 2008), can be used for AET and yield
0 2.73 1.23 1.13 × 10−02 0.5
0.05 1.30 1.45 5.00 × 10−03 0.5
0.09 1.90 1.31 2.58 × 10−03 0.5

predictions for a surface and buried drip irrigation system meaning
some utilisation conditions or model adaptations. A sound analysis
of the water transfer under DI and SDI will be carried out under
cover of a rigorous experimental protocol for attempt understand
the fate of water under such irrigation systems applied to field
crops. This analysis will be completed by a modelling approach.
The latter will be based on the conjoined utilisation of PILOTE
and Hydrus-2D, a model theoretically more adapted to a spatially
variable soil wetting pattern. Field results and modelling analy-
sis should contribute to a better understanding of the plant water
uptake process under restrictive irrigation conditions.

Furthermore, the paper proves that SDI can improve water pro-
ductivity of corn under a mediterranean climate.

2. Materials and methods

2.1. The experimental setup and measurements

The experiments related to three irrigation seasons (2007,
2008, 2009). They were conducted at the experimental station of
Lavalette at the Cemagref Institute, Montpellier, France (43◦40′N,
3◦50′E) on a loamy soil plot with corn. The soil properties of this
loamy soil are presented in Table 1. A fully equipped meteorologi-
cal station exits on the site. Maize (Pionner PR35Y65) was sown on
April 24 for the three seasons excepted for a specific treatment of
2009. The experimental protocol of 2007 is described in Mubarak
et al. (2009a). It is recalled here with regards to the specificity of
the study. Corn was sown with a row spacing of 0.75 m and with a
density of 100,000 plts ha−1. The surface drip irrigation system (DI)
was installed at the beginning of June with one drip tube for two
plant rows resulting in lateral spacing of 1.5 m. The tubing was a
drip tape with a 16-mm inside diameter, a wall thickness of 8 mm,
an emitter spacing of 30 cm and a flow rate of 3.67 L h−1 m−1 at a
pressure of 0.8 bars. First irrigation was applied at the 12-leaf stage
of development of the crop about two months after sowing i.e., on
June 19, for a period of approximately 7.5 h. Due to rainy events
it was not necessary to irrigate early as attested in Mubarak et al.
(2009a). On the basis of estimated crop water demand, irrigation
was applied daily for 3 h in a full irrigated treatment (FIT) and every
other day in a limited treatment (LT). As it was not possible to irri-
gate at the weekend, 3 h supplementary irrigation was applied on
Friday and Monday. This irrigation schedule was maintained until
the last week of July. Then, after an interruption of few days, irriga-
tion started again but at a rate sensitively modified compared with
the previous one.

For each treatment, two access tubes for the neutron probes
were installed just before irrigation started to a depth of 150 cm,
the measurements being done at a step depth of 10 cm. One was
placed beside of the central drip line and the other in the crop row,
with 37.5 cm between the two. The neutron probe was calibrated
from gravimetric measurements using soil samples collected dur-
ing installation of the access tubes.
Leaf area index (LAI) was monitored along the cropping cycle,
measurements being done approximately each week using the
LAI2000 (LI-COR Plant Canopy Analyzer). Plant samples are col-
lected after maturity for evaluating dry matter and grain yield
according to the protocol described in Mailhol et al. (1997) and
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Rajput, 2008; Mubarak et al., 2009b). This multidirectional water
ig. 1. Position of the grid in the soil profile for analysing root repartition from 0 to
.5 m depth.

haledian et al. (2009). At least, just after harvesting, a root density
rofile has been established as described by Mubarak et al. (2009b).

In 2008, the DI system was completed by a subsurface drip irri-
ation system (SDI) installed at a 35 cm depth. It was used with
wo different lateral spacing of 160 and 120 cm respectively and
entered between the corn rows spaced from 80 to 60 cm respec-
ively. The whole resulted in two irrigated treatments, SDI160 and
DI120 of 1200 m2 (60 m length, 20 m width). Although having a
olding capacity close to 180 mm/m, the clay content of these two
reatments is slightly different, resulting in a volumetric soil water
ontent at field capacity of 0.3 for SDI160 and 0.32 for SDI120,
oil water content at wilting point being taken at 0.12 and 0.14
espectively. The buried pipes were interconnected at their ends
y a stabilization pipe. The latter was equipped with a regulation
ystem, a drain-cock and manometers to check the conditions of
unctioning. Volumetric valves allowed a precise knowledge of the
ater application depths. The flow rate was q = 2.8 L h−1 m−1 in

verage at a pressure of 0.7 bars, values lower than for DI. Plant den-
ity was 100,000 plts ha−1 in SDI120 due to a row number higher
han in SDI160 where plant density was 78,000 plts ha−1 only. Irri-
ation was applied three times a week and the dose was doubled
n Monday and Friday, due to the fact that there was no irrigation
uring the week-end. It was established in order to approximately
eet 70% of the maximum water requirements, the objective being

lso to deliver the same water amount for the two treatments.
he total water amount delivered to the two treatments was of
30 mm.

For each treatment an access tube for the neutron probes was
nstalled at the vertical of the crop row. For analysing the evolution
f the wetting pattern under irrigation, two capacitance sensors
lace in access tube (EnviroSMART) were vertically installed, a first
nder row and, a second at 15 cm from the buried dripper line. Note
hat fertigation was used for surface and subsurface drip irrigation.
itrogen applications were adjusted to satisfy the plant require-
ents on the basis of the initial soil nitrogen content (Khaledian

t al., 2009).
At harvest, a soil profile was dug by a backhoe to analyse the

ooting system of the crop perpendicularly to the drip lines for
DI160 and SDI120. Root repartition was described on a grid of
cm × 5 cm (Fig. 1) using a qualitative root density index, described
y Mubarak et al. (2009b) that varies from 0 to 5 when respectively
here no roots or the root quantity is maximum.

In 2009, two rainfed treatments (zero irrigation) RF60 (row
pacing = 60 cm) sown on 05/07 and RF75 (row spacing = 75 cm)
own on 04/23, were monitored. A replication of the 2008 subsur-
ace system was implemented but with SDI120 sown 15 days latter
on 05/07) than SDI160. But unfortunately, due to problems during
eeding, the standard configuration of 2008 assuming that a lateral
s centered between two crop lines is far to be respected. Indeed,

he row spacing is of 0.75 instead of 0.8 on SDI160 and of 0.60 for
DI120. The resulted arrangement of the crop rows and drip lines
as non-uniform and consequently, some crop rows were remote

o irrigation drip lines when others were very close.
anagement 98 (2011) 1033–1044 1035

The soil water content monitoring in 2009 was improved by the
installation of supplementary access tubes for the neutron probes.
In addition to that installed vertically to the crop row, a second
one was installed near a buried tube (Fig. 2a), and, only for SDI160,
a third one between two rows (Fig. 2b). As shown in Fig. 2b for
SDI160, the distance between the access tube under crop and the
lateral is not so far as presumed. For the two SDI treatments, a
series of mercury tensiometers were installed at 10, 20, 30, 45,
60, 75, 90, 110, 130, and 150 cm depth on a crop line in the vicin-
ity of the neutron probe access tube. As in 2008 two capacitance
sensors (EnviroSMART) were vertically installed as presented in
Fig. 2d.

The flow rate was approximately the same as in 2008, but the
irrigation scheduling of 2009 strongly differed from that of 2008.
The growth period can be characterized as dry. As shown in Fig. 3a,
rain mainly stopped at the end of April in 2009, interrupted by
little rainfall in May (18 mm on 07/05) and in June (10 mm on
06/07) while it continued until mid June in 2007 and 2008. A
different irrigation scheduling was tested in 2009. It consisted of
irrigating at low frequency but with high water application depths,
the irrigation duration overreaching sometimes 10 h resulting in
water application depths (WAD) greater that 30 mm as presented
in Fig. 3b.This irrigation schedule was obtained by a stochastic
SDI management framework (Walser et al., 2010). The frame-
work developed to realize a real-time scheduling is based on a
stochastic approach which uses a set of climate series consisting of
observed weather data, actual weather forecasts and weather sce-
narios which are representative for the long term climate pattern
until the end of the growing season. The simulation/optimization
package comprising PILOTE and GET-OPTIS (Schütze et al., in press;
Schmitz et al., 2007) generates then a set of corresponding sched-
ules which are evaluated by a statistical analysis in order to provide
a reliable schedule for the actual date of the growing season. The
LARS-WG weather generator (Semenov et al., 1998) was used to
analyse the long term climate characteristics based on Cemagref
historical climate data from 1991 to 2008 and to provide represen-
tative weather scenarios. The SDI management framework was run
once a week in order to adapt the irrigation schedule to the actual
weather. A water application depth (WAD) in mm is obtained by
multiplying q (L h−1 m) by the irrigation duration and divided by
the pipe spacing. The irrigation dose was distributed on two days
when the tensiometer readings indicated drainage risks.

The protocol of the plant sample collection for yield mea-
surements has been modified to account for the visible yield
heterogeneity on SDI160 and SDI120 resulting from the fact that
a plant row can be near from the pipe (the N row) and the adja-
cent one can be far (the S row). Consequently a yield sub-plot was
established by the two rows N and S. On SDI160 the plants were
harvested on a length varying from 2 m (be 10 plants in average
collected by row) the sub-plot width being of 1.5 m. On SDI120
plants were harvested on a row length of 2.5 m (be 15 plants in
average by row), the sub-plot width being of 1.3 m. Plants collected
on N and S were weighted separately for constituting a sub-sample
assigned to an areas S/2 for a given sub-plot of area S.

2.2. Modelling

Water transfer under drip irrigation is axially symmetrical when
considering an individual dripper. For a linear source, with a dis-
tance between two emitters is of 30 cm water transfer can be
assumed to be ruled by a 2D process (Skaggs et al., 2004; Patel and
transfer rise questions about the interest of a 1D model such as
PILOTE for DI or SDI.

As previously evoked, PILOTE applications to SDI are here lim-
ited to AET and yield simulations since a narrow relationship exits
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etween these two factors (Howell and Musick, 1985; Jones, 1992)

hat is confirmed by which of Fig. 4 derived from PILOTE simu-

ations for the two corn varieties studied at Lavalette (Khaledian
t al., 2009) between 1998 and 2007 irrigated with different irri-
ation systems (sprinkler and DI). LAI and the soil water reserve
SWR) evolution are amongst the main PILOTE outputs. SWR on
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the maximal root depth Px, will be widely analysed on the basis

of a comparison with those calculated from the soil water content
profiles measured under crop and under pipe.

For the specific case of SDI, PILOTE needs to be adapted, while for
DI, the reduction of soil evaporation (only a part of the soil surface
being wetted) can be performed by the model option proposed in
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ig. 4. Corn yield (total dry matter) vs AET obtained from PILOTE simulations for
ifferent irrigation treatments and irrigation systems from 1997 to 2007 at Lavalette.

haledian et al. (2009) if necessary (when irrigation starts with
AI � 3).

Hydrus-2D is particularly well adapted to this 2D water transfer.
t is used in this study mainly for dealing with the problem of the
lant water uptake process under severe water stress conditions. In
ydrus-2D, SWR will be simulated both under crop and under pipe
t the opposite of PILOTE which can only give a lumped formulation
f the soil water balance illustrated by the evolution of SWR. At
ast, AET(Hydrus) calculated on the basis of a spatially distributed

etting pattern will be compared to AET(PILOTE).

.2.1. Adapting PILOTE to SDI
PILOTE simulates soil water balance and crop yield at a daily

ime step by association of a soil module and a crop module, under
he assumption of water being the only limited condition. The soil

odule consists of a three-reservoir system (Mailhol et al., 1996,
997) covering surface layer until the maximum rooting depth. The
eservoir with shallow depth of 10 cm rules the water balance at the
oil surface, in which evaporation is governed by current LAI acting
n the partitioning coefficient between transpiration and evapo-
ation. The following reservoir R2 accounts for root section, so its
apacity increases with root growth. Before the potential root area
s totally taken by the second reservoir, the third reservoir rep-
esents the remaining part. Water is first taken from the shallow
eservoir until total depletion by evaporation and plant then, from
he second one by plant only. On the basis of field capacity (Fc) and
ilting point (Wp), the soil water balance among reservoirs is thus

alculated. Maximal evapotranspiratin (MET), and actual evapo-
ranpiratoin (AET) are involved in the water stress index (WSI)
alculation. MET is derived from MET = Kc · ETref, where ETref is the
eference evapotranspiration (Allen et al., 1994) and Kc, the crop
oefficient as a function of LAI. Under water stress conditions, AET
inearly decreases from MET with the depletion level of R2. Then,

SI, obtained accordingly to this lumped plant uptake approach,
s exported to the crop module as environment coefficient.

The crop module is based on the LAI simulation and its response
o WSI. The simulation involves two shape parameters and a vege-
ative stage parameter (Tm) corresponding to the temperature sum
hen the maximum LAI (LAIX) reached. Tm and LAIX can be derived

rom the literature or measured in the field. Total dry mater (TDM)
s calculated based on Beer’s Law, RUE (the radiation use efficiency)

eing affected by WSI. Grain yield is evaluated by the product of
DM by a harvest index (HI). HI is set to a potential value if aver-
ge LAI from the stage “grain filling” to the stage of “pasty grain”
s greater than a threshold value, otherwise it linearly decreases
Mailhol et al., 2004; Khaledian et al., 2009). The required climatic
anagement 98 (2011) 1033–1044 1037

data are precipitations, global radiation, average temperature and
ETref.

In this adaptation to SDI, the irrigation dose of the day j: Dose
(j) is added to d′

1(j) the water that drains from R1 when the later
overreaches its field capacity:

d1(j) = d′
1(j) + Dose(j) (1)

The eventual percolation water d′
1(j) from R1 is thus completed by

Dose (j), resulting in d1(j) which supplies R2. This water supplied
to R2 is thus not affected by evaporation but transpired only or
eventually partially drained.

The utilisation of such a model under DI or SDI conditions
assumes that all the water applied is stored within the root reser-
voir. This can be realized when no macro pore effect, initiating
preferential pass flows, exist or when the irrigation strategy mini-
mizes the drainage risks. Note that due to the spatially variable soil
wetting pattern under drip irrigation, drainage can locally occur
under the drip line when irrigation is frequently applied even at a
rate adequate to plant transpiration (Hanson et al., 2008).

2.2.2. Modelling with Hydrus-2D
The ability of Hydrus-2D for simulating the water transfer pro-

cess under drip irrigation has been widely demonstrated on bare
and cultivated soils (Vrugt et al., 2001; Skaggs et al., 2004; Assouline
et al., 2006; Arbat et al., 2008; Patel and Rajput, 2008). The ability
of this model for simulating the water transfer process for the corn
case at Lavalette has been widely demonstrated in Mailhol et al.
(2001), Wöhling and Mailhol (2007) for furrow irrigation, and by
Mubarak et al. (2009b) for DI. The application of this model is only
used here for the SDI system for evaluating the main component
of the soil water balance under this SDI system with regards to the
irrigation strategy (high WAD at low frequency), and the evoked
asymmetric problem. This simulation results will be then compared
with those evaluated by PILOTE.

The simulated domain is comparable to which presented in
Mubarak et al. (2009b). The width of the domain corresponds to
the distance separating the two zero flux plans: 1.6 m for SDI160
for instance. But here, the drip tubing is buried at 35 cm depth.
The configuration of the root pattern adopted in Hydrus-2D differs
from that adopted by Mubarak et al. (2009b) to account for the fact
that one of the two plants was close to the pipe when the other was
remote. The constitution of that uptake pattern is based on the root
density measurements realized in the vicinity of the neutron probe
sites by the same method as which described for 2008.

The soil hydraulic parameters are drawn from Mubarak et al.
(2009b) and presented in Table 1. The same procedure as Skaggs
et al. (2004), Patel and Rajput (2008) and Mubarak et al. (2009b)
was adopted for calculating the drip line boundary water flux q
(m h−1). The latter is multiplied by the daily water application dura-
tion because our objective was mainly to simulate the main water
balance components along the cropping cycle with a reasonable
calculation time. Thus, the atmospheric conditions were taken into
account on a daily basis. Crop water demand ETc was calculated
by multiplying the ETref, by the crop coefficient Kc linked to LAI,
as in PILOTE, with a maximal value of Kc (Kcmax = 1.2) proposed
by Doorenbos and Pruitt (1977). As Hydrus-2D does not simulate
root growth, the simulation period is divided into two periods, the
soil water content profile at the end of the first period being used
for the initial soil water content profile of the second period. The
root density for each period is obtained as proposed in Mubarak
et al. (2009b). Nevertheless, one must point out the difficulty of

proposing an exact root pattern evolution for different dates along
the cropping cycle on the basis of that established just after har-
vesting. Depending on the adopted root pattern for a given period,
the soil water content pattern within the simulated domain can be
significantly different. A solution for proposing an adequate root
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ig. 5. Root index as a function of depth for SDI 160 in 2008 (a) and in 2009 (b) for a
ocation of the root profile according to Fig. 1.

attern corresponding to a simulated period can be obtained by
orrecting the Hydrus-2D root pattern from neutron probe profiles
sing an errors and trial approach. Under no water stress condi-
ions, that manner of proceeding can help identify the real root
attern. But, under water stress conditions, the identified root pat-
ern could be that obtained to mimic the compensation root water
ptake process. For instance, by transferring the plant water uptake
apabilities of the upper layers to the deeper layers it is possible to
mprove the soil water content simulations of the deeper layers for

ater stress periods.

. Experimental results

.1. The root system under SDI

A mean value of the root index was calculated for each depth and
n the North side and South side of the profile to examine possible
ffect of drip tape and its wet bulb on root repartition. The value
f that root index as a function of the depth is presented in Fig. 5
or the SDI160 in 2008 (a) and in 2009 (b) in the asymmetric case
pipe almost under a crop row). Maximum rooting depth is around
.2 m and most of the roots are observed in the first 40–50 cm for
ll cases. In the asymmetric case, root density is much higher under
ipe (35 cm at the vertical of the row) than in 2008 where the pipe

s between the rows.
In Fig. 6 the map of the root index (RI) indicates that the roots are

resent in the whole of the domain even far from the buried pipe.
igh RI values often coincide with the local presence of organic
atter (crop residues). That still underlines the existing difficulty

o model the root system distribution for simulating the plant water
ptake process. For instance, the presence of roots more especially

n the vicinity of the soil surface does not mean that they remained
ctive along the cropping cycle as further seen. The high RI values

lose to soil surface is probably due to the fact that rainy events at
he end of April (33 mm) and at mid May (17 mm) have contributed
o a good installation of the root system of the SDI160 treatment. A
ame configuration of RI can be noticed for SDI120, but with lower
I values, maximal RI not exciding 3.5, due to a later sowing date
120

metric case (pipe under the crop row). In the legend, North and south refers to the

than SDI160. After observations done on other sites, when the drip
line is under a corn row (5 cm apart as shown in Fig. 6), a high
increase of root density can be seen under the drip line for a depth
of 40 cm or more. A same effect existed for SD120 with a drip line
15 cm apart the corn row. It can be concluded that drip line has a
noticeable effect on root development when the distance drip line-
crop is short. Such root density configuration was not observed in
2008 with laterals placed at mid distance from crop rows.

3.2. Analysis of soil water content profile from neutron probe
measurements

In 2008, soil contribution to plant water supply is particularly
well highlighted on SDI160 confirming that soil participation to the
plant water supply legitimates strategies at low irrigation frequen-
cies such as those applied in 2009. For both treatments corn took
up water until 1.20 at least while tensiometer monitoring for both
SDI treatment in 2008 do not reveal drainage losses.

In 2009, water storages calculated on a thickness of 30 cm, from
the soil surface to 150 cm, were continuously decreasing on T1 and
T2 for both treatments and are similar under 120 cm at the end of
the cropping cycle. The fact that a comparable trend is not observ-
able for T3 of SDI160 results from the lateral spacing, a spacing
of 1.2 m only, would allow the maintain of a root activity much
greater in the vicinity of SDI120 T2 than in the vicinity of SDI160
T3. On SDI120, under deficit irrigation, crop is also more able to use
a high amount of the soil water than on SDI160.

Tensiometer monitoring for both SDI treatments in 2009
revealed drainage losses under pipe (case where the pipe is under
crop) during short periods corresponding to a WAD > 20 mm deliv-
ered at the beginning of the irrigation season when the plant water
uptake rate is low yet.

3.3. Analysis of the soil moisture evolution from EnviroSMART

sensors

3.3.1. SDI160 case in 2008
From the analysis of the sensor responses to irrigation events

one can say that irrigation water reached only a depth of 45 cm: and
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Fig. 6. Map of the root index in a asymmetric ca

here is no increase of the signal of the deeper layers (55 and 65 cm).
he highest sensor response was obtained at 33 cm depth. For the
eeper layers, there was a small decrease of the signal meaning that
rop took up water from soil storage. From the analysis of sensor
esponses installed under the corn row one can say that lateral dif-
usion did not reach the corn row, meaning that lateral diffusion is
ower than 30 cm.

.3.2. SDI120 in 2009 (from June 22 to July 02): a asymmetric
ase (row at 45 cm from pipe instead of 30 cm for a symmetric
ase)

The analysis focused on SDI120 only. The irrigation effect is
ot perceptible at the vertical of the crop between 0.1 and 0.6 m
epth. That seems logical with such high distances from the drip-
er line: 45 cm for this asymmetric configuration. Between rows
13 cm from pipe), the water front reached 1 m depth but does not
eem to go further. The first irrigation (11.6 mm) did not inverse
he decreasing trend of the soil water content under row at the
pposite of the inter-row where soil water content variations can
e seen down to 0.5 m. The second irrigation stops the decreasing
rend under row and even generated a sensitive increase of the soil
ater content at a depth of 0.7 m at the opposite of 2008 due to
igh WADs delivered at a low frequency. That is interesting in term
f horizontal water diffusion even at a depth greater than 0.65 m,
hen assuming this water amount will be profitable to plant and
ill not contribute to eventual drainage losses. Indeed, the water
iffusion process, enhanced by the soil water deficit before irriga-
ion (Philip, 1984), would reach parts of the root system at deeper
ayers. Note that the Ks decrease (Table 1) between first (0–55 cm)

nd 2nd layer (55–90 cm) also contributed to this diffusion process
s further confirmed by Hydrus-2D. Both effects resulted in a wet-
ing zone display at around 0.7 m depth, the lateral extension of
he wetted zone being maximum around 45 cm from the drip line
t 70 cm depth.
DI160 in 2009, for a corn row spacing of 75 cm.

3.4. Yield results in 2009

Due to asymmetric problems, the yields present a high variabil-
ity as attested in Fig. 7, the latter being a little higher for SDI160
than for SDI120. The averaged deviation between yield row N and
yield row S is the lowest (3.6 vs 5 Mg/ha) for this treatment. For
SDI120, averaged yields are 19 Mg/ha and 11.8 Mg/ha for total dry
mater (TDM) and grain yield (GY at 15% humidity) with a coefficient
of variation Cv = 21%. These values are of 20 and 11.8 Mg/ha respec-
tively for TDM and GY for a same water amount of 250 mm. Note
that averaged yield for SDI120 would have probably been higher
than the one of SDI160 if both had been sown at the same date. As
confirmed by the two rainfed treatments the yields are higher for
corn sown earlier: 8.4 (for RF75) vs 7.5 T/ha (for RF60) for TDM and
3.3 vs 2.5 T/ha for GY. For the full irrigated treatment (the surface
drip system) TDM and GY are 25 and 16 Mg/ha respectively for a
water amount of 350 mm. For these three treatments, the Cv value
is lower than 10%.

3.5. PILOTE simulations

The ability of PILOTE for simulating the soil water reserve (SWR)
evolution on the maximal root depth Px, LAI and the yields for the
corn case was already proved in Khaledian et al. (2009) for all the
treatments of 2007 sprinkler irrigated. In the frame of this work
only the DI results are presented for 2007. As shown in Fig. 8a
it is remarkable that SWR of FIT simulated by PILOTE, matches
well with the mean water storage on Px = 1.2 m calculated by,
SWR =

∫ Px

0
�(z) dz, from the neutron probe access tube installed
under crop and which installed at the vertical of the surface pipe. A
similar statement can be done from Fig. 8b regarding the LT treat-
ment where only data of the tube installed under pipe was available
until the end of the irrigation period. The decreasing trend sim-
ulated by PILOTE, here more perceptible than on FIT highlights
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Fig. 7. Grain yield measured in 2009 from sub-plots of SDI160 (a) and SDI120 (b), the dark bar representing the average of the sub-plot.
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Fig. 8. Soil Water Reserve (SWR) simulation

he ability of the model for simulating the lumped plant uptake
rocess.

As irrigation started when LAI was greater than 2, the model
ption allowing a soil evaporation reduction was not activated. The
ields are well simulated by PILOTE for these two treatments: 29.2
s 29.4 and 17.2 vs 17.4 for DM (Mg/ha) and grain yield (at a humid-
ty of 15%) respectively for FIT and 28 vs 27.5 and 16.5 vs 16.4 for
T, the water application depth (WAD) of these two treatments
eing of 430 and 306 mm respectively. Note that HIpot, the poten-
ial harvest index, is set at 0.5 for a plant density of 10 plts/m2 as in
haledian et al. (2009).

For the SDI treatments of 2008, SWR(PILOTE) does not differ a
ot from which measured under crop, when it was expected a much

ore gaps since PILOTE is based on a 1D water transfer process.
eanwhile, the yields are correctly predicted: 24 vs 24 and 14.7 vs
5 for DM (Mg/ha) and grain yield respectively for SDI160 and 25.6
s 26 and 15.2 vs 15 for SDI120.

SWR simulations of 2009 on the SDI treatments are presented
n Fig. 9. At the beginning of irrigation (from DOY 165 to DOY 180),
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PILOTE on DI in 2007 for FIT (a) and LT (b).

SWR (PILOTE) under crop and SWR measured under pipe differ a lot
at this period. This is due to high and frequent WADs, crop demand
being low yet and the soil water reserve still far from depletion.
Then they tend to converge because the pipe is close to plant row
and the water applications are less frequent and lower. The SWRs
are almost confounded, more especially for SDI120 (Fig. 9b) at the
end of the cropping cycle due to the soil water redistribution pro-
cess fostered by irrigations at low frequency, SWR(PILOTE) being
logically sensitively above measured SWR’s. Regarding Fig. 9a, with
pipes assumed to be exactly between the corn rows, one would
expect to see SWR(PILOTE) close to the averaged SWR’s as for DI
in 2007. However, with DI, the 2D water transfer process begins
from the sol surface. That can explain why SWR(PILOTE) is exactly
between SWR(measured under pipe) and SWR(measured under
crop). This is not the case with SDI because the water transfer pro-

cess begins only from about 40 cm, a depth representing 1/3 of
the maximal depth on which SWR is calculated. As we shall see
further with the case of SDI in 2008, the 2009 asymmetric prob-
lem is not the main reason why SWR(PILOTE) does not fall exactly
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Table 2
Grain yield measured and simulated by PILOTE in 2009 with water application depth
(WAD) and water productivity (WP).

Treatments Measured
(Mg/ha)

Simulated
(Mg/ha)

WAD
(mm)

WP
(kg/m3)

RF60 7.5 7.0 0 –
2.5 2.5

RF75 8.4 8.0 0 –
3.3 3.1

SDI160 19.7 20.1 249
11.8 12.2 3.41

SDI120 19 19.7 247
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11.8 11.7 3.76
DI 25 25.6 348

16 15.8 3.65

etween SWR(under Crop) and SWR(under Pipe). It can be noticed
hat from DOY210, SWR(inter C-L) remains quite constant, plant
robably enhancing its water uptake capabilities where water is
uch more available i.e. at deeper layers under drippers. That is in

greement with the results of Yadav et al. (2009) illustrating the
ynamic root compensation mechanism. We nevertheless have to
ote that the activity radius of the neutron probe (about 15 cm)
ends also to mitigate the SWR differences. As for DI, SWR(PILOTE)
nder SDI follows well enough the measured decreasing trend of
WR, meaning that a lumped water uptake is simulated by PILOTE.

For obtaining reliable AET simulation results, it is necessary that
he LAI is simulated correctly since in PILOTE, Kc is derived from LAI,
ILOTE simulates well enough the LAI evolution, the coefficient of
fficiency (Ce) of Nash-Sutcliffe (ASCE, 1993) being of 0.989 and of
.941 for SDI160 and SDI120 respectively. The simulation results
how that PILOTE slightly better simulates LAI under a sprinkler
ystem than under SDI (see Khaledian et al., 2009).

According to PILOTE, simulated drainage along the irrigation
eriod is of 21 mm on SDI120 and 0 for SDI160 in 2009. Simulated
ields are still close to average yields as shown in Table 2 which
lso presents the rainfed treatments. One can notice that GY of the
ainfed treatments are much lower than the lowest GY of Fig. 7.
lthough the major part of the root system situated between soil
urface and 65 cm depth does not profit from the irrigation water, as
emonstrated by the sensor analysis, the most remote crops from
he pipe still have GY values much higher than which of the rain-
ed treatments. That reinforces the fact that solely a very limited
art of the root system (between 0.7 and 1.2 m depth) contributed
o the plant supply. The last column of Table 2 indicates the water
roductivity calculated as:

P(kg/m3) = GYW − GYD

WAD
(2)

n Eq. (2), GYW and GYD are grain yields obtained under irriga-
ion and under rainfed conditions respectively. Our experimental
esults seem to be in agreement with the fact that irrigation water
s more profitable for roots under SDI120, the latter having a better

P than SDI160. In spite of the high yield variability, this result
s compatible with the fact that the lowest lateral spacing insures
he best water supply to plants. The quality of the yield simula-
ions from 2007 to 2009 regarding the DI and SDI is noticeable from
ig. 10 which regroups TDM and GY (at the standard humidity 15%).

.6. Hydrus-2D results

The main objective of this Hydrus-2D application was for

rainage and AET evaluations. For that, the simulated cropping
ycle was divided into two periods as performed in Mubarak et al.
2009b). The first is from sowing to beginning of July and the sec-
nd from July to 09/05 in 2008 and to the end of August for 2009, a
ropping season much hotter than 2008.
Fig. 10. Simulated TDM and GY by PILOTE from 2007 to 2009 for DI, SDI and rainfed
treatments (RMSE = 0.37 Mg/ha).

Satisfactory simulations of the soil water content profile � (z)
under pipe and under row are presented in Figs. 11 and 12 for
DOY183 and DOY229 of 2009, dates for which � (z) is contrasted
(beginning and end of the irrigation season respectively). Simulated
drainage is of 20 and 8 mm for first and second period respec-
tively, total drainage representing 11% of the water applied. One
can assume these losses could have been reduced if WADs at the
beginning of the irrigation season would not have been so high.
A comparable application of the model for SDI160 gives much
lower drainage losses: 11 mm. Simulated drainage is negligible in
2008 with low WADs for the two SDI treatments. From sowing
to DOY = 183 one can assume that no water stress occurred yet
according to the soil water status monitoring. The adopted root pat-
tern for that period of 2009 is traced from root density (Mubarak
et al., 2009b). At the opposite, that of the end of the cropping cycle
(Fig. 12) was adjusted to match less or more with the measured soil
water content profile. The resulting rooting pattern clearly showed
that a root density notation (in the sense of the Hydrus-2D code) is
much higher for the deeper layers and closer to the vertical of the
pipe than the one established from our observations just before
harvest.

Simulated SWRs on the maximal root depth Px are presented in
Fig. 13 for a most conventional case (a pipe at mid distance of two
plant rows) as in 2008. For this year, little affected by water stress,
the adopted root pattern for Hydrus-2D was based on the observed
root density. SWR(Hydrus) is confounded with SWR(PILOTE) just
after the beginning of irrigation (end of June). The water amount
still available in soil at this period could explain this state of fact,
when SWR(PILOTE) should be above measured SWR(under Crop), a
hypothesis considerably unquestionably in Fig. 13b having regard
to a previous discussion. The perceptible tendency to an over esti-
mation of SWR(under Crop) by Hydrus-2D is more pronounced at
the end of the cropping cycle, where the soil water reserve is much
more depleted. In spite of the discrepancy between measured and
simulated SWR, the decreasing rate is comparable, meaning that
simulated and measured AET rate are close.

In 2009, SWR(PILOTE) varies between SWR(hydrus) and mea-
sured SWR under the drip line for SDI120 (Fig. 14a). SWR(PILOTE)
is far from measured SWR under pipe until DOY110 highlighting
thus the 2D character of the water transfer process (Fig. 15a) well
enough simulated by Hydrus. SWR(Hydrus) is close to measured
SWR at the end of the cropping cycle for SDI120 (Fig. 14b) but far
for SDI160 (Fig. 15b) where local water stress can be high for such a
lateral spacing. Fig. 15b shows that SWR(Hydrus) and SWR(PILOTE)
for SDI160 are close at the end of the cropping cycle, both overesti-
mating measured SWR, a logical situation for PILOTE but less logical

for a 2D soil water transfer such as Hydrus.

Table 2 gives AET values simulated by Hydrus-2D and PILOTE.
TDM values are also presented, derived from the empirical equa-
tion of Fig. 4. Note that MET = 618 mm for the two treatments of
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Fig. 11. Simulated soil water content by Hydrus-2D under the pipe (a) with Ce = 0.917 and under the crop row (b) with Ce = 0.975 for SDI120 on DOY183 of 2009.
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Fig. 12. Simulated soil water content by Hydrus-2D under the pipe (a) with Ce = 0.920 and under the crop line (b) with Ce = 0.956 for SDI120 on DOY229 of 2009.
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ig. 15. Soil Water Reserve (SWR) simulation on SDI160 in 2009, under pipe (a) and
a) and Ce = 0.839, RMSE = 25 mm for (b).

008 when MET = 575 mm for SDI120 and 590 mm for SDI160 in
009. In spite of the root notation fitting at the end of the 2009
eason, the AET difference between the two models is still a little
igher in 2009 than in 2008 due to higher water stress conditions in
009 than in 2008 resulting from irrigation strategies and climatic
onditions. The fact that MET (2008) is greater than MET (2009)
s due to the cropping cycle duration governed by temperature.
ccording to the empirical relationship of Fig. 4, AET underestima-

ions derived from Hydrus-2D result in TDM underestimations for
he two contrasted seasons, the discrepancy increasing with the
ater stress level. These simulation examples seems to point out

he impossibility of this Hydrus-2D version to mimic the compen-
ation crop water uptake phenomenon, for simulating AET under
evere water stress conditions, water being still less available in the
icinity of roots for SDI160 than for SDI120. Note that a Hydrus-2D
imulation for 2009 on the basis of a symmetric root distribution
ystem resulted in a reduction of the AET deviation between the
wo models of few mm only (Table 3).

. Discussion and conclusions

The objective of this paper was to show that a 1D crop model
uch as PILOTE can satisfactory simulate AET and yield under sur-
ace and subsurface drip irrigation system whatever the adopted
rrigation strategy to reach the target corn yield. Beside this objec-
ive, there was the analysis of the role played by the root system
hrough the water uptake process in relation with the soil water
vailability. For that purpose, the pertinence of a distributed root
ater uptake model such as which proposed by Hydrus-2D was

nalysed.
The results demonstrate that even if Hydrus sometimes sim-

lated well enough SWC or SWR thanks to some root density
djustments, the ability of that model for simulating AET under
evere water stress conditions is questionable. Such a statement

ndoubtedly initiated the article of Simunek and Hopmans (2009)
hich should be implemented in a future Hydrus version. In the

rame of the present work, this statement is strengthened by the
arrow relationship existing between AET and yield established for

able 3
umulative seasonal AET (mm) and TDM (Mg/ha) evaluated by Hydrus-2D and
ILOTE from the empirical equation of Fig. 4.

Year treatment AET
(Hyd)

TDM
(Hyd)

AET
(Pil)

TDM
(Pil)

TDM (measured)

2008 SDI120 545 23.8 585 26.1 26
2008 SDI160 526 22.8 561 24.7 24
2009 SDI120 395 15.5 449 18.5 19
2009 SDI160 435 17.5 480 20.2 20
DOY

r crop (b); the performance criterion for Hydrus are Ce = 0.897, RMSE = 19.5 mm for

corn on a loamy soil context under a Mediterranean climate. This
Hydrus version which cannot account for the compensating root
water uptake process would underestimate AET so, at the oppo-
site of a lumped root water uptake model such as which proposed
by PILOTE. The latter could give similar actual evapotranspiration
rates as those obtained with a compensated water uptake model
implemented in Hydrus. But this needs to be verified.

Nevertheless, we have to press on the fact the results refer to
a loamy soil where the root system occupies nearly the whole
soil domain. Under such conditions, plant can remove its water
uptake capabilities to soil regions where water is more easily avail-
able. Indeed, the EnviroSMARTt response analysis revealed that
lateral extension of humidity does not reach the corn row even for
SDI120 in 2008 with a traditional irrigation strategy when a sen-
sitive increase of lateral humidity would be perceptible for layers
much deeper than the drip line for irrigation at low frequency in
2009. The relative limited wetting pattern derived from the Envi-
roSMART response analysis, attest of adaptation capabilities of the
root system to restrictive irrigation conditions.

Drainage evaluated by Hydrus-2D, according to the irrigation
strategy of 2009 applied to a loamy soil, could have been lower than
10% of the total WAD meaning a better irrigation management.

When restricting the domain of application to a loamy soil,
PILOTE can be used for estimating water productivity resulting from
irrigation strategies even under drip irrigation. But, at the opposite
of Hydrus-2D, PILOTE cannot be recommended for testing another
system design on a soil having very different soil properties from
a loam. For instance, Hydrus-2D simulations would show that a
SDI160 on a sandy loam soil would require a water amount of
440 mm with a necessary frequent irrigation strategy sensitively
lower than MET rate on the climatic scenario of 2009. Drainage
losses would be high: 150 mm for a grain yield limited to 9.9 T/ha
when assuming a possible utilisation of TDM = F(AET) with a harvest
index of 0.5. Obviously, these results have to be carefully consid-
ered with regards to the fact that we do not know what would be
the root system pattern in such a soil type.

Our field experiments carried out on a loamy soil context have
shown that adopting a lateral spacing of 1.6 m is a solution which
is technically possible even when only 70% of the required water
for obtaining the maximal yield would be available. That confirms
literature results from USA about the optimal lateral spacing 1.5 m
for corn (Lam and Trooien, 2003). But these authors reveal that the
SDI system duration should be of 10–15 years at least to be more
profitable than the pivot system. It is obvious that economical stud-

ies would be necessary for justifying the adoption of the SDI system
for corn under the SE of France. Nevertheless, the problem of the
installation of the root system due to a possible occurrence of dry
springs would require a peculiar attention (Mailhol et al., 2009).
Utilised in conditions close to our experimental context, an opera-
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