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The need for reducing irrigation water demand and non-point source pollution all across Europe has made
sweet sorghum [Sorghum bicolor (L.) Moench], due to its lower water and nutrient requirements, an inter-
esting alternative to other traditional summer crops in European Mediterranean regions. HYDRUS-2D was
used to model the fate of nitrogen in a plot planted with sweet sorghum grown under Mediterranean
conditions between 2007 and 2010, while considering drip irrigation scenarios with different levels of
nitrogen and salty waters. HYDRUS-2D simulated water contents, ECsy, and N—NH4* and N—NOs~ con-
centrations continuously for the entire duration of the field experiment, while producing RMSE between
simulated and measured data of 0.030 cm3 cm—3, 1.764dSm~!, 0.042 mmol. L', and 3.078 mmol. L1,
respectively. Estimates for sweet sorghum water requirements varied between 360 and 457 mm depend-
ing upon the crop season and the irrigation treatment. Sweet sorghum proved to be tolerant to saline
waters if applied only during one crop season. However, the continuous use of saline waters for more
than one crop season led to soil salinization, and to root water uptake reductions due to the increasing
salinity stress. The relation found between N—NOs~ uptake and dry biomass yield (R? =0.71) showed
that nitrogen needs were smaller than the uptakes estimated for the scenario with the highest levels of
nitrogen application. The movement of N out of the root zone was dependent on the amount of water
flowing through the root zone, the amount of N applied, the form of N in the fertilizer, and the tim-
ing and number of fertigation events. The simulations with HYDRUS-2D were useful to understand the
best strategies toward increasing nutrient uptake and reducing nutrient leaching. In this sense, N—NO3~
uptakes were higher when fertigation events were more numerous and the amounts applied per event
smaller.
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1. Introduction registering high nitrate concentrations in a significant number of

groundwater monitoring stations. In particular, many monitoring

Non-point source pollution is among the most important and
widespread environmental problems in European Mediterranean
agricultural regions. Farmers usually apply high rates of water and
nitrogen fertilizer to insure that crop needs are fulfilled, while pro-
ducing inefficient water and nitrogen use, and increasing leaching
potential of nutrients into the groundwater.

The European Commission implemented the Council Directive
91/676/EEC in 1991, also referred to as the Nitrates Directive,
which imposed upon EU-Member States the establishment of var-
ious action programs for reducing water contamination caused
or induced by agricultural sources. However, 20 years later
many European regions with higher agriculture intensity continue
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stations in the European Mediterranean Member States showed
relatively high values throughout 2004-2007. Nitrate vulnerable
zones covered 3.7% of Portugal, 6.8% of Cyprus, 12.6% of Spain and
Italy, 24.2% of Greece, and 100% of Malta’s territories (European
Commission, 2010a,b).

In these water-scarce European Mediterranean regions, the use
of crops with lower water and nutrient needs has recently been
considered to be an adequate alternative to traditional crops such
as corn, in order to reduce nutrient loads into the groundwa-
ter (Barbanti et al., 2006). Sweet sorghum (Sorghum bicolor (L.)
Moench) was regarded among the most interesting annual crops
to be grown in these environmentally stressed areas (Almodares
and Hadi, 2009; Vasilakoglou et al., 2011). Sweet sorghum is a
drought resistant crop with relatively low water requirements and
high water-use efficiency (Mastrorilli et al., 1995, 1999; Steduto
et al., 1997; Katerji et al.,, 2008), and is moderately tolerant to
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salinity (Maas, 1990; Hoffman and Shalhevet, 2007). Sweet
sorghum is furthermore an important alternative source for renew-
able energy because of its ability to store large quantities of
non-structural carbohydrates (sucrose, glucose, and fructose) in its
stems that can be converted into fuel ethanol (Prasad et al., 2007;
Zhao et al., 2009; Almodares and Hadi, 2009).

A large number of analytical and numerical modeling tools are
available to evaluate the effects of different agricultural practices
on nitrogen leaching, nutrient uptake, and crop yield (e.g., Johnsson
et al., 1987; Hutson and Wagenet, 1991; Ma et al., 2001; Simtnek
et al, 2008; Doltra and Mufloz, 2010). Simulation models can
rapidly perform a long-term analysis of the effects of introducing
new crops and/or new agricultural practices in nitrate vulnera-
ble zones, and help develop action programs to minimize nutrient
loads into groundwater as required by the Nitrates Directive.

Some of those physical-based models have been calibrated
and/or validated to simulate water movement (Fernando, 1993;
Cameira et al,, 2005), nutrient transport (Cameira et al., 2003,
2007), soil salinity distribution (Gongalves et al., 2006; Ramos et al.,
2011), and runoff and soil erosion (Fontes et al., 1992) in differ-
ent regions of Portugal. Semi-empirical water balance models have
also been developed to improve irrigation scheduling and reduce
water losses (Pereira et al., 1995; Rosa et al., 2012). However, these
approaches have been only one-dimensional and neglected water
and solute fluxes, and pressure head and concentration gradients
in the horizontal direction. Additionally, one-dimensional models
fail to adequately simulate micro-irrigation systems (such as drip
emitters, drip tape, and micro-sprinklers), which can efficiently
apply water and nutrients in the right amounts and precise loca-
tions throughout a field (Gardends et al., 2005). Since drip irrigation
is often used in Portugal it seems only adequate to find modeling
approaches that are more suitable to represent complex physical
and chemical processes that take place in the soil profile under this
irrigation system.

The HYDRUS (2D/3D) software package (Simtinek et al., 2006,
2008) is the state-of-the-art model for simulating water, heat, and
solute movement in two- and three-dimensional variably satu-
rated porous media that can become a valuable tool for establishing
sound agricultural practices in European Mediterranean agricul-
tural regions. The model has been extensively used for simulating
the fate of nutrients in soils by evaluating and comparing micro-
irrigation and fertigation strategies for different crops (Cote et al.,
2003; Gardenads et al., 2005; Hanson et al., 2006; Ajdary et al., 2007;
Crevoisier et al., 2008). It has also been used for a wide range of
applications of interest for water scarce regions, such as improv-
ing irrigation management with poor quality waters (Gongalves
et al., 2006; Hanson et al., 2008; Roberts et al., 2008, 2009; Ramos
et al,, 2011). Furthermore, HYDRUS-2D (a two-dimensional mod-
ule of HYDRUS (2D/3D)) results are often used as a reference for
developing or validating new simulation models (Mmolawa and
Or, 2003; Doltra and Mufioz, 2010; Mailhol et al., 2011).

The main objective of this study was to use the HYDRUS-2D soft-
ware package to model nitrogen fate in a plot with sweet sorghum
grown under Mediterranean conditions while considering differ-
ent drip fertigation and water quality scenarios. From 2007 to 2010
(i.e., during three crop seasons), sweet sorghum was subjected to
the application of different amounts of nitrogen, different fertiga-
tion events, and to irrigation with waters of different quality. Field
data were used to calibrate and validate HYDRUS-2D for predicting
(i) soil water contents and fluxes, (ii) the electrical conductivity of
the soil solution (ECsw ), (iii) water uptake reductions due to the use
of saline waters, and (iv) N-NH4* and N—NOs~ concentrations in
the soil and leaching. Water and nutrient balances were calculated
based on HYDRUS-2D predictions for three crop seasons and for the
entire simulation period. The modeling approach helped us under-
stand the best irrigation and fertigation management practices to

Table 1

Main physical and chemical soil characteristics.
Depth (cm) Alvalade

0-30 30-75 75-100

Coarse sand, 2000-200 pwm (%) 8.3 6.5 5.8
Fine sand, 200-20 pwm (%) 52.4 46.2 42.0
Silt, 20-2 pm (%) 26.3 29.3 27.6
Clay, <2 pm (%) 13.0 18.0 24.6
Texture Loam Silty loam Loam
Bulk density (gcm™—3) 1.49 1.51 1.61
pH (H20) 727 7.23 7.21
Organic matter (%) 2.30 2.26 1.66
Soil initial conditions:
Water content (cm? cm—3) 0.18 0.18 0.18
ECsw (dSm~1) 217 2.99 4.68
N—NH4* (mmol. L) 0.01 0.01 0.01
N—NO;~ (mmol. L") 0.31 0.47 143
van Genuchten-Mualem parameters:
Or (cm? cm—3) 0.050 0.108 0.000
0s (cm3 cm~3) 0.380 0.380 0.375
a(cm™1) 0.027 0.115 0.045
n(-) 1.21 1.19 1.17
(=) —-4.41 -5.37 -6.48
Ks (cmd™!) 16.6 84.4 21.0
Solute transport parameters:
&L (cm) 25.8 25.8 12.2

ECsw, electrical conductivity of the soil solution; 0, residual water content; 6s,
saturated water content; « and 7, are empirical shape parameters; ¢, pore connec-
tivity/tortuosity parameter; Ks, saturated hydraulic conductivity; ¢;, longitudinal
dispersivity.

be adopted in future practical applications for increasing nutrient
uptake and reducing nutrient leaching.

2. Materials and methods
2.1. Experimental setup and measurements

The field experiment was conducted at the Alvalade Experimen-
tal Station (37°56’48"N and 8°23'40”W), southern Portugal, from
May 2007 to April 2010. The climate in the region is dry, sub-humid,
with hot dry summers and mild winters with irregular rainfall.
Rainfall was 371, 299, and 676 mm in 2007/2008, 2008/2009, and
2009/2010, respectively, with 91, 63, and 35 mm of rain during the
corresponding crop growth seasons. The soil was classified as a
Eutric Fluvisol (FAO, 2006). The soil’s main physical and chemical
properties are presented in Table 1. Field and laboratory method-
ologies used for characterizing the soil profile were extensively
described by Ramos et al. (2011).

The field experiment involved irrigation of sweet sorghum (S.
bicolor (L.) Moench var. saccharatum (L.) Mohlenbr) with synthetic
saline waters blended with fresh irrigation waters and waters with
nitrogen (NH4NOs3) during three crop seasons. The crop hybrid
selected for this experiment was the sweet sorghum “Madhura”,
developed in India. Sweet sorghum was sown on May 18, 2007,
May 15, 2008, and May 15, 2009. The row spacing used was 0.75m
and the distance between plants was 0.15 m. Irrigation started on
June 1, 2007 (15 days after sowing, or DAS), June 13, 2008 (30 DAS),
and June 3, 2009 (20 DAS). The total amount of water applied was
425,522, and 546 mm in 2007, 2008, and 2009, respectively.

The drip irrigation system was used to mix and deliver syn-
thetic saline irrigation waters, fresh irrigation waters, and fertilizer
(NH4NO3) to the experimental plots following the irrigation
scheme documented in Ramos et al. (2009, 2011). This system con-
sisted of three drip lines connected together in order to form a
triple joint lateral placed along each sweet sorghum line (Fig. 1).
The first of the laterals was connected to the salt stock solution
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Fig. 1. Layout of the triple emitter source design (adapted from Ramos et al., 2009). The salt gradient decreases from sub-group A to C and the fertilizer gradient decreases

from group I to IV.

Table 2

Discharge rates of the laterals applying salt (Na*), nitrogen (N) and fresh water (W) in each experimental plot. There is an overall constant cumulative discharge at each

dripping point of 18 Lh~! m~! (Ramos et al., 2009).

Treatment Application rates (Lh=' m~!)

Group | Group II Group III Group IV

Na* N w Na* N w Na* N W Na* N w
A 12 6 0 12 4 2 12 2 4 12 0 6
B 6 6 6 6 4 8 6 2 10 6 0 12
C 0 6 12 0 4 14 0 2 16 0 0 18

(NaCl), while the second one was connected to the nitrogen reser-
voir. The third lateral delivered fresh water and was used to obtain
a constant water application rate for each dripping point along
the triple joint lateral (the drip discharge of 18 Lh~m~1; which

represents 24 mmh~! considering an area for each dripping point
of 100 cm x 75 cm). Gradients of applied salt (Na*) and nitrogen
(N) concentrations were then produced by placing different emit-
ters in each dripping point along the corresponding laterals and

Table 3
Waters blended in each experimental plot during the three crop seasons.
Sub-group Irrigation water Water applied (mm)
Group | Group II Group III Group IV
(N3) (N2) (N1) (NO)
2007 2008 2009 2007 2008 2009 2007 2008 2009 2007 2008 2009
A(S2) Saline water 228.0 184.0 316.0 228.0 184.0 316.0 228.0 184.0 316.0 228.0 184.0 316.0
Water + NH4NO3 19.3 30.0 20.0 129 20.0 133 6.4 10.0 6.7 0.0 0.0 0.0
Fresh water 177.7 308.0 210.0 184.1 318.0 216.7 190.6 328.0 2233 197.0 338.0 230.0
B(S1) Saline water 114.0 92.0 158.0 114.0 92.0 158.0 114.0 92.0 158.0 114.0 92.0 158.0
Water + NH4NO3 19.3 30.0 20.0 129 20.0 133 6.4 10.0 6.7 0.0 0.0 0.0
Fresh water 291.7 400.0 368.0 298.1 410.0 374.7 304.6 420.0 381.3 311.0 430.0 388.0
C(S0) Saline water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Water + NH4NO3 19.3 30.0 20.0 129 20.0 133 6.4 10.0 6.7 0.0 0.0 0.0
Fresh water 405.7 492.0 526.0 4121 502.0 532.7 418.6 512.0 539.3 425.0 522.0 546.0

N3, N2, N1, NO, nitrogen gradient; S2, S1, SO, salinity gradient.
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Table 4
Characteristics of the irrigation waters blended in each experimental plot.

Irrigation waters Year ECjy (dSm-1) N—NH4* (mmol. L") N—NO3~ (mmol.L-1)
Fresh waters 2007-2009 0.81 0.03 0.15
Saline waters 2007 7.60 0.03 0.15
2008 9.60 0.03 0.15
2009 10.60 0.03 0.15
Waters with nitrogen 2007 9.50 95.0 95.0
2008 6.77 67.7 67.7
2009 7.34 73.4 73.4

ECiw, electrical conductivity of the irrigation water.

varying their discharge rates to obtain various mixtures between
the three lines. Table 2 lists the different discharge rates of the
emitters applying salts, nitrogen, and fresh water to each exper-
imental plot. Table 3 presents the amount of saline waters, fresh
waters, and waters with nitrogen applied in each experimental
plot. The blended amounts thus varied between experimental plots,
while the total amount of water applied per irrigation event and
per crop season, as well as the quality of the irrigation waters
before blending (Table 4), remained identical in all experimental
plots.

The experimental field (Fig. 1) was thus divided into four groups
(I-1V), each with three triple joint laterals, establishing a N gradient
decreasing from group I to group IV. Each group was then divided
into three sub-groups, A, Band C, each with a surface area of 6.75 m?2
(2.25m wide x 3m long), and with the Na* gradient decreasing
from A to C. The emitters were spaced 1 m apart, with a total of
nine dripping points in each of the 12 experimental plots. Two
laterals of fresh water bordered the different groups (Fig. 1). Each
sub-group area was bordered with earthen ridges, which prevented
surface runoff from crossing over during rainfall and irrigation. The
crop was irrigated three times per week from June to September
with irrigation lasting 30-60 min per event. Fig. 2 presents daily
irrigation rates that were applied during three irrigation seasons.
Application amounts averaged 15, 16, and 17 mm per irrigation
event in 2007, 2008, and 2009, respectively. Nitrogen fertilization
was applied in four (2007), six (2008), and three (2009) irrigation
events during the vegetative stage (July).

In the plots with the highest application of the synthetic saline
waters (sub-group A), and those irrigated only with the locally
available fresh water (sub-group C), TDR probes with waveguides
from the Trase System (Soil Moisture Equipment Corp., Goleta, CA)
and ceramic cups were installed at depths of 20, 40, and 60 cm to
measure soil water contents and collect soil solutions, respectively.
Only one TDR probe and one ceramic cup were installed in each
depth. The soil solution was monitored for ECs, and the concen-
trations of N—NH,4* and N—NO3 . Soil water content measurements
and soil solutions were taken twice a week during irrigation sea-
sons, generally 24 h after an irrigation event, and twice a month
during the rest of the year.

The crop was harvested manually on September 27, 2007 (132
DAS), on September 30, 2008 (138 DAS), and on September 29, 2009
(137 DAS). The dry biomass of sweet sorghum was determined by
harvesting all sorghum plants in each experimental plot and oven
drying at 70°C to a constant weight. Further details can be found
in Ramos et al. (2012).

2.2. Modeling approach

Modeling of water flow and solute transport was carried out
for all experimental plots included in sub-group A, irrigated
with the highest application of synthetic saline waters, and in

sub-group C, irrigated only with the water available in the region.
The HYDRUS-2D software package (Simtinek et al., 2006) was used
to simulate the transient axisymmetrical (or radially symmetrical)
three-dimensional movement of water and nutrients in the soil.
In this approach, an individual emitter is represented as a point
source located on the axis of rotation (Figs. 3 and 4). The axisymmet-
rical domain geometry representing the experimental conditions
is shown in Fig. 4. The transport domain was set as a rectangle
with a width of 37.5cm (half the lateral spacing, i.e., the half-
distance between triple joint laterals placed along the sorghum
rows) and a depth of 100 cm. The transport domain was discretized
into 2774 nodes, which corresponded to 5342 triangular elements
(Fig. 4b). Observation nodes, corresponding to the locations where
TDR probes and ceramic cups were installed, were placed at depths
of 20, 40, and 60 cm, and at a radial distance of 20 cm away from
the emitter source (Fig. 4a) and along the crop row (Fig. 3). A time-
variable flux boundary condition was applied at the left part of the
soil surface, approximately the first 20 cm to the right of the point
emitter source, located at the top left corner of the soil domain
(Fig. 4b). The flux boundary condition with the flux q¢ was defined
as:

_ volume of water applied
~ surface wetted area x duration

(1)

where the volume of water applied (L3) varied for different irri-
gation events, the surface wetted area (L2) was approximately
1256 cm? (i.e., 3.14 x 202), and the irrigation duration was adjusted
to permit water to infiltrate into the soil without producing posi-
tive surface pressure heads. The application time was divided into
multiple intervals to allow for the application of irrigation waters
of different qualities within a particular irrigation event. While the
dripper discharge was constant and the irrigation duration vari-
able in the experiment, for numerical convenience (and to avoid
positive surface pressures, which sometimes existed in reality), we
adjusted irrigation flux to produce the applied irrigation volume
for a particular irrigation event, i.e., discharge rates of the emit-
ters given in Table 2 were adjusted to apply the same volume of
water but during longer time periods. Possible positive pressure
heads at the flux boundary, which would make the numerical code
unstable, were avoided by distributing the surface flux over a rela-
tively large surface area and by spreading irrigation over a sufficient
time period to allow water to infiltrate (from 0.2 to the entire day,
depending on the volume applied). The atmospheric boundary con-
dition was assumed for the remainder of the soil surface during
periods with irrigation and for the entire soil surface during peri-
ods without irrigation. A no flow boundary condition was set at the
left and right sections of the soil profile, so that no water and solute
movement from neighboring emitters could be considered. A free
drainage boundary condition was assumed at the bottom of the soil
profile.
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2.2.1. Water flow

The spatial distributions of transient soil water contents and
volumetric fluxes were obtained using a numerical solution of the
Richards equation for radially symmetric Darcian flow:

dh) 190 ) a oh
5 T T (rK(h)ar) + % (K(h)az +K(h)) —S(r,z,t) (2)

where 6 is the volumetric soil water content (L3 L-3), h is the soil
water pressure head (L), tis time (T), r is the radial space coordinate
(L), zis the vertical space coordinate (L), K is the hydraulic conduc-
tivity (LT-1), and S is the sink term accounting for water uptake
by plant roots (L3 L-3T-1). The unsaturated soil hydraulic proper-
ties were described using the van Genuchten-Mualem functional
relationships (van Genuchten, 1980) as follows:

O(h)—6; 1
0s—6r — (1+|ahm™

Se(h) = 3)

K(h) = KeSET = (1 = Y™ (@)

in which Se is the effective saturation, #; and 6s denote the
residual and saturated water contents (L3 L3), respectively, K
is the saturated hydraulic conductivity (LT-1), o (L-1) and 75 (-)
are empirical shape parameters, m=1-1/n, and £ is a pore con-
nectivity/tortuosity parameter (-). The van Genuchten-Mualem
parameters are presented in Table 1. They were obtained by fit-
ting Egs. (2) and (3) to laboratory data measured on undisturbed
soil samples taken from a representative soil profile, as described in
Ramos et al. (2011). The initial water content in the soil was set to a
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uniform value throughout the soil profile (Table 1). Since HYDRUS-
2D simulations were started 2 weeks before the first irrigation
event, the effects of the initial condition on long term simulations
(2007-2010) of solute transport could be neglected.

2.2.2. Solute transport

Solute transport in a homogeneous porous medium and in a
three-dimensional axisymmetrical domain was computed using
the convection-dispersion equations (CDE) for each chemical
species (ECsw, N—NH4*, and N—NO3~) considered in our study, as
follows:
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where 0 is the volumetric water content (L3L-3), ¢, €, and Croot
are solute concentrations in the liquid phase (ML~3), solid phase
(MM-1), and sink term (M L—3), respectively, p is the soil bulk den-
sity (ML3), q; and g, are the components of the volumetric flux
density (LT-!), Dy, D;, and Dy, are the components of the dis-
persion tensor (L2T-1), ¢ represents chemical reactions of solutes
involved in a sequential first-order decay chain (ML3T-!), S is
again the sink term accounting for water uptake by plant roots
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(L3L-3T-1), and subscript k represents chemical species present
in our study (ECsw, N—NH,4*, and N—NO3 ™).

The components of the dispersion tensor are given by (Bear,
1972):

0Dy = SLﬁ -l-STﬁ +61Dg
q| 1q]

GDzzzeLﬁ-l-ETﬁ-i-efDo (6)
lql lql

0Dy, = (eL— ST)qquqlz

where |g| is the absolute value of the volumetric flux density (LT-1),
gL and ¢t are the longitudinal and transversal dispersivities (L), Dg
is the molecular diffusion coefficient of the solute in free water
(L2T-1), and t is the tortuosity factor. Table 1 gives the g val-
ues used in our study. They were obtained by fitting analytical
solutions of the CDE to observed breakthrough data measured on
undisturbed soil samples taken from a representative soil profile
of Alvalade as described in Gongalves et al. (2001). The value of et
was simply set as one tenth of ¢ (e.g., Mallants et al., 2011).

The distribution of solutes between the soil liquid and solid
phases was related in Eq. (5) with the following linear adsorption
isotherm:

€ = Kq i Ck (7)

where K i (L3 M—1)is the distribution coefficient for the considered
chemical species. Nitrate (N—NO3~) and ECs, were assumed to be
present only in the dissolved phase (K4 =0cm?3 g~1), which simpli-
fied Eq. (5) for these two chemical species. Ammonium (N—NH4*)
was assumed to adsorb to the solid phase according to Eq. (7) with
the distribution coefficient K4 of 3.5 cm? g~! (Hanson et al., 2006).

Since the fertilizer used in our study was NH4NOs, nitrification
of the N—NH4* species to N—NO3~ was assumed to be the main
N process occurring in the soil. HYDRUS-2D incorporates this pro-
cess in Eq. (5) by means of a sequential first-order decay chain as
follows:

¢N—NHZ = _¢N—NO§ = _MW,N—NHIQCN—NH:{ ~ Ms N-NH; P ON-NH}
(8)

where it and us are the first-order rate constants for solutes in the
liquid and solid phases (T~1), respectively. The first-order reaction
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terms, representing nitrification of N—NH4* to N—NO3—, thus act as
a sink for N—NH4* and as a source for N—NO3~. The values for pw
and ps were set to be 0.2d~1. The parameters Ky, ftw, and s were
taken from a review of published data presented by Hanson et al.
(2006), and represent the center of the range of reported values.

The last term of Eq. (5) represents a passive root nutrient uptake,
i.e., the movement of nutrients into roots by convective mass flow
of water, directly coupled with root water uptake (Simiinek and
Hopmans, 2009). This term was defined as:

Croot(T, Z, t) = min[c(r, z, t), Cmax] (9)

where cmay is the a priori defined maximum concentration of the
root solute uptake. Since we considered unlimited passive nutrient
uptake for nitrogen species, cmax Was set to a concentration value
larger than the dissolved simulated concentrations, c, allowing all
dissolved nutrients to be taken up by plant roots with root water
uptake. Since for ECsy a zero uptake was considered, cpmax Was set
to zero.

2.2.3. Potential and actual evapotranspiration rates

The sink term (S) in Eqs. (2) and (5) was calculated using the
macroscopic approach introduced by Feddes et al. (1978). In this
approach, the actual local uncompensated root water uptake was
obtained as follows (Feddes et al., 1978; van Genuchten, 1987;
Skaggs et al., 2006a; Simt{inek and Hopmans, 2009):

S(h, hy, 1,2, t) = a(h, hy, 1,2, £)Sp(r, Z, t)
=oalh, hy, 1,2, 0)B(r, z, )Tp(t)Ac (10)

where Sp(r,z,t) and S(h,hg,r,z,t) are the potential and actual volumes
of water removed from a unit volume of soil per a unit of time
(L3L-3T-1), respectively, a(h,hy,1,zt) is a prescribed dimension-
less stress response function of the soil water (h) and osmotic (h,)
pressure heads (0 <a < 1), B(r,z,t) (L3) is a normalized root density
distribution function, Ty, is the potential transpiration rate (LT-1),
and A is the area of the soil surface associated with transpiration
[L2]. The actual transpiration rate, T, (LT~!), was then obtained by
integrating Eq. (10) over the root domain, §2 (L3), as follows:

Ta(t) = Tp(t)/.Qroc(h, hg, 1,2, t)B(r, z, t)dS§2 (11)

The root distribution is defined in HYDRUS-2D according to Vrugt
et al. (2001):

2r,z) = (] - L) (1 - i) e—((pr/rm)Ir* —r|+(pz/zm)|z* ~2I) (12)
m Zm
where ry, and zy, are the maximum radius and depth of the root
zone (L), respectively, z° and r~ are the locations of the maxi-
mum root water uptake in vertical and horizontal directions (L),
respectively, and the p; and p, values are taken to be equal to
one except for r>r and z>z" when they become zero. The follow-
ing parameters of the Vrugt et al. (2001) model were used in the
simulations: rm =37.5 cm, zm =65 cm, 7 =10cm, z" = 10 cm. We con-
sidered a simple root distribution model in which the roots of sweet
sorghum expanded horizontally into all available space between
sorghum lines (1 =37.5 cm), were concentrated mainly around the
drip emitter (r' =10 cm, z* = 10 cm) where water and nutrients were
applied, and extended to a depth of 65 cm (zi, = 65 cm). We assumed
that plants had no need of expanding their roots below this depth
since water and nutrients were being applied at the soil surface
and their life cycle lasted only five months. The parameters for
defining the maximum root water uptake in vertical and horizontal
directions (zand r’) were also based on the scenarios developed by
Gdrdends et al. (2005) and Hanson et al. (2006, 2008). The selection
of the maximum rooting depth was also based on the work carried
outbyRamosetal.(2011)and the fact that root depths are relatively

shallow under surface drip irrigation starting few days after sowing
(Klepper, 1991; Allen et al., 1998; Zegada-Lizarazu et al., 2012). In
addition, field observations carried out in November 2010 found no
significant amounts of roots below this depth.

In this study we considered that during the growing sea-
sons T, rates were obtained by combining the daily values of
reference evapotranspiration (ETy), determined with the FAO
Penman-Monteith method and the dual crop coefficient approach
(Allen et al., 1998, 2005), as follows:

ETc = (Kep + Ke )ETg (13)

where ET, is the evapotranspiration (LT-1), K, is the basal crop
coefficient, which represents the plant transpiration component
(=), and K is the soil evaporation coefficient (-).

Standard sweet sorghum K, values (Allen et al., 1998) were
adjusted for the Alvalade climate, taking into consideration the
crop height, wind speed, and minimum relative humidity aver-
ages for the period under consideration. The K, coefficient was
further adjusted to account for the salinity and nitrogen stress,
affecting sweet sorghum growth in each experimental plot, using
the procedure for non-pristine agricultural vegetation (Allen et al.,
1998):

Kebmid = Ke min + (Kep funt — Ke min (1 = 3(70'7]'“)) (14)

where K., miq is the estimated basal K, during mid-season when
the leaf area index (LAI) (L2L-2) is smaller than for full cover
conditions, K, gy iS the estimated basal K, during mid-season
(at the peak plant size or height) for vegetation having LAI> 3,
and K¢ i, is the minimum K. for bare soil (0.15-0.20). For these
estimations, LAl was monitored in each experimental plot dur-
ing different stages of the sorghum cycle, using a non-destructive
method to avoid removing plants from the experimental area.
Length (L) and width (W) of crop leafs were measured on random
plants grown in each experimental plot. These dimensions were
then related to previously calibrated LAI values with the following
equation:
n
LAl = 0.75862(L x W) (15)
i=1

where LAI are the values measured using a LI-COR area
meter (Model LI-3100C, LI-COR Environmental and Biotechnology
Research Systems, Lincoln, NE) and n is the number of green leafs
on each measured sorghum plant. Cubic splines were then fitted
to LAI data to obtain a continuous function throughout the crop
seasons.

The evaporation coefficient K. was calculated as (Allen et al.,
1998, 2005):

Ke = Ki(Ke max — ch) < fewKc max (16)

where K; is a dimensionless evaporation reduction coefficient
dependent on the cumulative depth of water depleted (evaporated)
from the topsoil, K¢ max is the maximum value of K¢ (i.e., K, + Ke)
after rain or irrigation, and few is the fraction of the soil surface
from which most evaporation occurs. Table 5 presents the crop
coefficients and other crop related parameters estimated in each
growing season.

During non-growing seasons, the procedure to estimate ET. was
greatly simplified by using the single crop coefficient approach
and a K. of 0.15 to account for a bare soil with a small percent-
age of weeds. Transpiration and evaporation were also separated
as a function of leaf area index (Ritchie, 1972) using a fictitious LAI
value of 1.0.

In all experimental plots, it was assumed that the potential root
water uptake was reduced due to water stress as a result of the
adopted irrigation schedule, which could lead to insufficient or
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Table 5
Crop and soil parameters used for estimating plant transpiration and soil evaporation in each sorghum growing season.
Parameter 2007 2008 2009
Planting date May 18 May 15 May 15
Harvest date September 27 September 27 September 27
Av. wind speed (ms—') 2.2 2.4 2.3
Av. RH min (%) 26 32 24
Length stages (d):
Lini 63 64 64
Laey 25 26 26
Linid 24 25 25
Liate 21 24 23
fw (irrigation) 0.3 0.3 0.3
REW (mm) 9 9 9
TEW (mm) 35.2 35.2 35.2
Ze (cm) 15 15 15
LAlmax (m2 m=2):
Highest value 5.1 4.7 54
Plot I-C II-A 1I-B
Lowest value 33 2.8 2.6
Plot IV-B IV-A IV-A
Kb ini 0.15 0.15 0.15
Keb mid 1.23 1.21 1.24
Keb end 1.07 1.06 1.09
Keb funt 0.15-1.23 0.15-1.21 0.15-1.24
Ke max 1.16-1.35 1.14-1.38 1.01-1.29

RH, relative humidity; Lini, Lgev, Lmid,» and Lizee, length of crop initial, development, mid-season, and end season stages, respectively; fi, fraction of soil surface wetted by
irrigation (0.3-0.4: an interval used in calibration; an optimal value is given in the table); REW, readily evaporable water; TEW, total evaporable water, Z., depth of the
surface soil layer that is subject to drying by way of evaporation (10-15 cm); LAl.x, maximum leaf area index measured in the experimental plots; Kb ini, Kb mida» and Kep
end» basal crop coefficient during crop initial, mid-season, and end season stages, respectively; K. ¢, estimated basal K, during mid-season (at peak plant size or height) for

vegetation having LAI> 3; K. max, maximum value of K. following rain or irrigation.

excessive supply of water to the crop. It was also assumed that
the potential root water uptake was further reduced by osmotic
stress, resulting from the use of blended saline water. The effects
of water and salinity stresses were considered to be multiplicative
as described by van Genuchten (1987) (i.e., a(h,hy)=aq(h)az(hy)
in Eq. (10)), so that different stress response functions could be
used for the water and salinity stresses. Root water uptake reduc-
tions due to water stress, o1 (h), were described using the piecewise
linear model proposed by Feddes et al. (1978). The water uptake
is at the potential rate when the pressure head is between h,
and hs, drops off linearly when h>h, or h<hs, and becomes zero
when h <hy or h> hy. The following parameters of the Feddes et al.
(1978) model were used: hy=-15, h, =—-30, h3=-325 to —600,
h4 =-8000 cm.

Root water uptake reductions due to salinity stress, az(hy ), were
described by adopting the Maas (1990) salinity threshold and slope
function. The salinity threshold (ECt) for sweet sorghum corre-
sponds to a value for the electrical conductivity of the saturation
extract (ECe) of 6.8dSm™1, and a slope (s) of 16% per dSm~1. As
required by HYDRUS-2D, these values were converted into ECsy
assuming that the ECsy /ECe ratio (kgc) was 2, which is a common
approximation used for soil water contents near field capacity in
medium-textured soils (U.S. Salinity Laboratory Staff, 1954; Skaggs
et al., 2006b).

2.3. Statistical analysis

Model validation was carried out by comparing field measured
values with HYDRUS-2D simulations using various quantitative
measures of the uncertainty, such as, the mean error (ME), mean
absolute error (MAE) and the root mean square error (RMSE), given
by:

1

ME = N (0; — P;) (17)

Y-

N
1
MAE:NZ\O,-—P” (18)
i=1
N 2
N (0, - P;
RMSE = Zh}\;f'l’) (19)

where O; and P; are observation values and model predictions
in the units of a particular variable, and N is the number of
observations.

The dual crop coefficient approach used here to estimate atmo-
spheric demands requires various crop and soil parameters that
need to be adjusted to particular experimental conditions. There-
fore, these parameters, i.e., lengths of various growth stages, the
basal crop coefficients during initial (K, ip;), mid-season (Kqy mid)
and end season (K., enq) growth stages, the total evaporable water
(TEW), the readily evaporable water (REW), the thickness of evap-
oration soil layer (Ze), and the fraction of soil surface wetted
by irrigation (fw) were first calibrated by trial and error using
HYDRUS-2D and the experimental data from the first crop sea-
son (2007), and then used to define the atmospheric demands
for the second (2008) and third crop seasons (2009). The opti-
mized parameters were considered to be calibrated when the
RMSEs found for the soil water content, ECsw, and N species
were lower than those reported in Ramos et al. (2011), i.e.,
RMSE; <0.04 cm® cm—3; RMSEgc,,, <2.04dSm~'; RMSEy_yy,+ <

0.07 mmol.L!; and RMSEN_NOf < 2.60mmol: L. Ramos et al.
(2011) used the one-dimensional version of HYDRUS (i.e., HYDRUS-
1D, Simtnek et al., 2008) and the single crop coefficient approach
to simulate the same solutes for similar experimental conditions,
albeit with a different crop. Therefore, when RMSEs obtained
here with a more complex approach, i.e., using a dual crop
coefficient procedure and a more appropriate geometrical descrip-
tion, were lower than those obtained previously with a simpler
methodology, optimized parameters were considered to be cali-
brated. All other necessary HYDRUS-2D input material parameters,
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such as soil hydraulic and solute transport parameters, were
determined in the laboratory. Note that since our modeling
approach is process-based, rather than conceptual, our input
parameters can be obtained/measured independently. In general,
we find that it is superior to measure input material parame-
ters independently rather than fitting them. The correspondence
between measurements and model predictions would have obvi-
ously been better, had the input parameters been fitted using
numerical modeling. However, the model that can be success-
fully run with independently measured input material parameters
is more robust for practical applications than calibrated mod-
els. Moreover, with this approach we not only validate the used
modeling approach but also applied laboratory methodologies and
various involved experimental procedures.

3. Results and discussion
3.1. Soil water balance

The HYDRUS-2D simulations began on May 18, 2007 and were
carried out for the first crop and subsequent rainfall seasons (i.e.,
for 362 days) in order to calibrate the crop and soil parameters that
were needed for estimating atmospheric demands using the dual
crop coefficient approach. Table 6 presents the statistical indicators
used to evaluate the level of agreement between water contents
measured using TDRs and those simulated using the calibrated
HYDRUS-2D model for three depths of plots I-A and I-C. The subse-
quent simulations with calibrated HYDRUS-2D began again on May
18, 2007 and were carried out continuously for the following 1078
days.

Fig. 5 shows the water contents measured at depths of 20, 40,
and 60 cm in plots I-A and I-C, and compares these values with
HYDRUS-2D simulations. Water contents increased to full satura-
tion near the emitter after an irrigation or rain event, and then
decreased gradually during the following hours and days, until the
next irrigation or rain event took place. Deeper depths showed
smaller water content variations since root water uptake and soil
evaporation were more pronounced at shallower depths. Similar
results were also obtained for the remaining plots (not shown).
A ME of —0.007 cm?cm—3 and a RMSE of 0.030cm3 cm—3 were
found between measured and simulated water contents during the
entire simulation period. Deviations between measured and simu-
lated water contents can be attributed to different causes, including
errors related to field measurements and to model input and model
structure errors. They will be discussed below in detail.

Table 7 presents the output components of the soil water
balance (i.e., potential transpiration, actual transpiration, soil evap-
oration, and percolation) in all experimental plots located in
sub-groups A and C. The input components, i.e., irrigation and rain-
fall amounts, were already given in Section 2 and in Table 3. Since
HYDRUS-2D does not have a crop growth module, the potential root
water uptake (PRWU), i.e., potential transpiration (Tp) obtained in
each experimental plot, was given as input for defining the atmo-
spheric boundary conditions. T, varied between 360 (plot IV-A,
2008) and 457 mm (plots I-C and II-A, 2009). Plots located in group
IV, where no nitrogen was applied, generally had lower T, val-
ues. In groups I-III, Tp averaged 394, 397, and 450 mm in 2007,
2008, and 2009, respectively. In group IV, T, was lower, averaging
382, 379, and 413 mm during the same time periods. Considering
that nitrogen requirements of sweet sorghum are relatively low
(Barbanti et al., 2006), the amount of nitrogen applied in plot III
(N1=130-190kg/hay~! of N) was apparently sufficient to maxi-
mize Tp. Plots located in groups I and Il may thus have experienced
some ‘luxury’ uptake, i.e., a continued uptake of nitrogen beyond
what was required for immediate growth.
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Fig. 5. Measured and simulated water contents at depths of 20 (top), 40 (middle),
and 60 cm (bottom) in plots I-A and I-C.

Tp values obtained in plots irrigated with saline waters (sub-
group A) were generally lower that those obtained in plots irrigated
with fresh waters (sub-group C). However, the differences were
found to be very small since sweet sorghum is moderately to
highly tolerant to salinity, depending on the variety (Maas, 1990;
Vasilakoglou et al., 2011). The largest T, differences were found in
2009, in plots IV-A and IV-C (58 mm). Thus, in plot IV-A, the plant
development was particularly affected by the continuous applica-
tion of synthetic saline waters.

Apart from minor T, variations found in the experimental plots,
which resulted mainly from the differences in the spline functions
fitted to the LAl measurements taken in each plot and in each crop
season, T, values estimated for sweet sorghum can be considered
low. Ramos et al. (2011) estimated T, for maize to vary between
600 and 800 mm. Water requirements estimated in this study for
sweet sorghum are much lower than those for traditionally grown,
irrigated crops in Portugal. Sweet sorghum thus seems to be a rea-
sonable alternative crop to be grown in water scarce European
Mediterranean regions.

Actual root water uptake, i.e., actual transpiration (T,), as sim-
ulated by HYDRUS-2D, varied between 264 (plot IV-A, 2009) and
334mm (plot I-C, 2009). T, reductions due to water stress were
a function of the adopted irrigation schedule. Within the same
crop season, transpiration reductions were very similar since the
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Table 6

Results of the statistical analysis between measured and simulated soil water contents, electrical conductivities of the soil solution (ECsy ), and N—NH4*, and N—NO3~

concentrations.

Statistic Water content (cm? cm—3) ECsw (dSm~1) N—NH4* (mmol. L") N—NO;~ (mmolc L)
Data from 2007/2008 (calibration data):

N 82 36 93 75

ME —0.007 -0.216 0.029 —0.218
MAE 0.024 0.602 0.029 0.617
RMSE 0.033 0.854 0.042 1.253
Data from 2008/2010:

N 276 211 241 263

ME —0.007 —0.668 0.019 —1.668
MAE 0.023 1.255 0.026 2.244
RMSE 0.028 1.877 0.043 3.427
Data from 2007/2010 (all data):

N 358 247 334 338

ME —0.007 —0.602 0.022 —1.346
MAE 0.023 1.160 0.027 1.883
RMSE 0.030 1.764 0.042 3.078

N, number of observations; ME, mean error; MAE, mean absolute error; RMSE, root mean square error.
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Fig. 6. Relationship between actual transpiration (T,), as simulated by HYDRUS-2D,
and dry biomass yield (Y).

irrigation schedule was the same in all experimental plots. In the
plots located in sub-group C, irrigated only with fresh waters, Tp
was reduced due to water stress by 25.3-27.4%, 21.9-22.8%, and
26.3-26.9%in 2007, 2008, and 2009, respectively. Water stress was
thus a function of the adopted irrigation schedule during each sea-
son and did not vary among experimental plots.

In plots located in sub-group A (irrigated with saline waters),
T, was further reduced due to salinity stress. During 2007, T,
estimated for the different plots included in sub-group A was gener-
ically the same as in sub-group C (irrigated with fresh waters),
i.e., sweet sorghum showed to be tolerant to the levels of salinity
reached in the soil solution of all experimental plots irrigated with
fresh or synthetic saline waters. However, in 2008 and 2009, T}, suf-
fered reductions (in sub-group A) of 24.2-26.9%, and 31.3-33.3%,
respectively, due to the combined effects of water and salinity
stresses, i.e., 2.3-4.7% (in 2008) and 4.6-7.0% (in 2009) higher
than Tp reductions found in the plots irrigated only with fresh
waters (sub-group C). In the following years, the salinity stress
thus became increasingly higher (in sub-group A). Hence, soil salin-
ization and the increase of the salinity stress was related to the
continuous and increasing amount of synthetic saline waters being
applied in each experimental plot.

Fig. 6 relates actual transpiration T, calculated using HYDRUS-
2D with the experimentally determined sorghum yield (Y), given
in terms of dry biomass, by means of the empirical relationship,
Y=f(T,). This relationship, generally thought to be approximately
linear, is valid for a particular plant (canopy) at a particular site
subject to standard tillage and nutrition conditions (Novak and van

Genuchten, 2008). The relation found in our study was somewhat
poor, with the agreement between T, and dry biomass reaching R2
of only 0.51. Since HYDRUS-2D does not account for a crop growth
module, this result was not particularly surprising. Nevertheless,
had water been the only limiting factor in our experiment, the rela-
tion would likely have been better. However, this could not be easily
observed in our study since the amount of water applied per year
was the same, while the total water depths applied during each crop
season were apparently not different enough to establish a closer
relation. The relation in Fig. 6 essentially resulted from the effects
that water quality had on T, and crop yield. While plots irrigated
with fresh water (sub-group C) had higher sorghum yields and T,
values, plots irrigated with saline waters (sub-group A) had lower
sorghum yields and T, values (Fig. 6). Nitrogen also did not influ-
ence the Y(T,) relation since N stress at a given period can mainly
affect sorghum yield, while LAI, and consequently T, remain high.

Finally, the soil water balance (Table 7) in each experimen-
tal plot shows relatively high percolation. Percolation reached
162-174, 292-299, and 292-309 mm in 2007, 2008, and 2009,
respectively. These values correspond to 31-34%, 50-51%, and
51-54% of the water applied during crop seasons, i.e., from sow-
ing to harvest. While percolation was expected to be large, since
application rates during irrigation seasons were high, the values
estimated for crop seasons of 2008 and 2009 may be somewhat
deceiving. They result from running HYDRUS-2D continuously for
the entire simulation period. Since cumulative percolation obtained
during the entire simulation period (2007-2010) only reached
36-37% of the applied water, and considering that root water
uptake was much higher during crop seasons, percolation in 2008
and 2009 also accounted for the water stored below the root zone.
Therefore, we ended up not being able to actually quantify per-
colation due to the adopted irrigation schedule, since the water
balance evaluated for each crop season also accounted for the
water that was no longer accessible to plants. Nevertheless, the
effects of nitrogen applications and water quality on drainage were
small. Plots with higher root water uptake showed generally lower
percolation.

3.2. Salinity build-up and distribution

Fig. 7 shows ECsw measured at the 20, 40, and 60 cm depth in
plots I-A and I-C, and compares these values with HYDRUS-2D sim-
ulations. Similar results were also found for the remaining plots of
sub-groups A and C. Within the same sub-group (Fig. 1), ECsy, var-
ied due to the effect of nitrogen fertigation on root water uptake.



Table 7

Output components of the soil water balance in each experimental plot.

Group IV

Group III

Group II

Group |

Sub-plot

T, (mm) E (mm) P (mm) T, (mm) T, (mm) E (mm) P (mm) T, (mm) T, (mm) E (mm) P (mm) T, (mm) T, (mm) E (mm) P (mm)

T, (mm)

Season 1 (2007)

168
174

174
177

384 290
284

380

168
173

168
169

280 173 162 391 294 170 167 394 296
163 170 396 297 164 172 395 295

298

386
399

Season 2 (2008)

296
299

291 191 292 383 283 200 295 402 296 190 294 360 273 207
192 293 390 301 197 299 404 312 192 298 398 311 192

398
406

316

Season 3 (2009)
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302
309

307 172 292 457 305 170 294 434 291 183 299 384 264 206
174 298 449 331 177 302 328 309 442 324 181

456
457

176

449

334

Cumulative fluxes (2007-2010)

A

1119
1105

1270 930
1036

1363

1111

983
1051

982 1101 1374 981 1107 1373
1083 1377 1045 1097 1390

1065

1382
1401

1102

Tp, potential transpiration; T,, actual transpiration; E, evaporation; P, percolation.
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Fig. 7. Measured and simulated electrical conductivities of the soil solution at 20
(top), 40 (middle), and 60 cm (bottom) depth in plots I-A (irrigated with the highest
application of synthetic saline waters) and I-C (irrigated with fresh waters only).

Between sub-groups (but within the same group), ECsy varied due
to the effect of water quality on root water uptake.

The statistical indicators (Table 6) obtained while comparing
measured and simulated ECs, for three depths of all plots in sub-
groups A and C resulted in a ME of —0.602dSm~! and a RMSE of
1.764dSm™1.

Figs. 8 and 9 show the simulated distributions of EC, in plots
I-A and I-C, respectively, at the beginning and at the end of each
crop season. Based on model simulations, the continuous use of
synthetic saline irrigation waters led to soil salinization in plot I-A
over the years (Fig. 8). At harvest, simulations showed that ECsy
increased considerably to values above 24dSm~! in the region
around the drip emitter. At the beginning of each crop season that
essentially correspond to the end of the rainfall leaching periods,
simulated ECgy values were also increasingly higher throughout
the years, especially at deeper depths.

Considering that the Maas (1990) salinity threshold param-
eter for sweet sorghum corresponds to ECsy of 13.2dSm™!
(ECe=6.8dSm™1; kgc=2), the part of the soil domain with ECsy
above this threshold was already considerable during harvest in
2007. However, ECsy, only increased above the threshold ECs,, near
the end of the crop season when irrigation ceased and the soil dried
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Fig. 8. Simulated distributions of the electrical conductivity of the soil solution in
plot I-A (irrigated with synthetic saline waters) during sowing (top) and harvest
(bottom) of each crop season. The drip emitter was located in the top left corner of
each contour plot.

out (Fig. 7). Therefore, transpiration was not significantly reduced
due to the salinity stress during that year (Table 7). In 2008 and
2009, the threshold value was reached earlier, with the region
around the drip emitter with ECsy values above 13.2dSm~! being
much larger than in 2007. Hence, transpiration was increasingly
reduced due to the salinity stress as a result of the accumulation of
salts in the soil domain.

On the other hand, irrigation with fresh waters, having a rela-
tively low salinity (EC;,, > 0.8; Table 4), also led to larger ECsy at the
end of each crop season, but the levels reached were always lower
than 9dSm~! and decreased significantly due to rainfall leach-
ing (Fig. 9). Therefore, in sub-group C, root water uptake was not
affected by the salinity stress.

3.3. Nitrogen balance

Fig. 10 shows N—NH4* and N—NO3~ concentrations measured
at a depth of 20, 40, and 60cm in plots I-C and IV-C, and com-
pares these values with HYDRUS-2D simulations. Figs. 11 and 12
show the simulated distributions of N—NH4* and N—NO3~ con-
centrations in plot I-A during the second crop season. In groups
I through IV, N—NH4* and N—NO3~ concentrations varied accord-
ing to the amounts of nitrogen applied in each experimental plot. In
sub-group A-C (but within the same group), N—NH4* and N—NO3~
concentrations varied due to the effects of water quality on root
water uptake.
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Fig. 9. Simulated distributions of the electrical conductivity of the soil solution in
plot I-C (irrigated with fresh waters only) during sowing (top) and harvest (bottom)
of each crop season. The drip emitter was located in the top left corner of each
contour plot.

The statistical indicators (Table 6) obtained while compar-
ing measured and simulated N—NH4* concentrations for three
depths, and for all experimental plots located in sub-groups
A and C, showed a ME of 0.022mmol.L~! and a RMSE of
0.042 mmol. L~1. Corresponding statistical indicators for N—NO3~
concentrations resulted in a ME of —1.346 mmol. L~! and a RMSE
of 3.078 mmol. L.

Table 8 shows the nitrogen balances evaluated for each exper-
imental plot during the three crop seasons included in the
simulation period. While most components of the nitrogen balance
were restricted to the duration of a crop season, leaching was cal-
culated to also include the solute mass lost during the subsequent
rainfall period. Nitrogen leaching was directly related to water flow
through the bottom boundary of the soil domain. Therefore, since
the percolation component of the water balance was high, so was
the nitrogen leaching component here. The movement of N out of
the root zone also depended on the amount of applied N, the form
of N in the fertilizer, and the time and number of fertigation events.

Based on model simulations, most of the applied N—NH4* was
rapidly nitrified into N—NO3~, not reaching depths deeper than
20 cmand not being significantly taken up by plant roots. On the one
hand, N—NH4* adsorbs to the solid phase and thus its movement is
significantly retarded compared to N—NO3 ~, and on the other hand,
due to rapid nitrification, it does not stay long enough in the root
zone to be taken up by plant roots. Fig. 11 exemplifies how, based
on model simulations, N—NH4* concentrations never increased at
depths below 20 cm during the crop season of 2008. Also, at the
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of N) and I-C (no fertigation events).

end of the irrigation season (September 6, 2008), N—NH4* con-
centrations in the soil profile were already very low. Leaching
of nitrogen occurred mainly in the N—NO3~ form. Fig. 12 shows
relatively high N—NOs;~ concentrations below the root zone
(>65 cm) during the entire crop season of 2008. N—NO3~ leach-
ing reached 41-70% of the total amount of N—NOs~ available in
the soil system, whether it came from direct application or from
N—NH4"* nitrification. The higher the number of fertigation events,
the lower the amount of N applied per event, and thus the lower the
amount of leached N—NO3~.In 2007, when nitrogen was applied in
only four fertigation events, N—NO3 ~ leaching varied between 51%
and 53% of the total amount of N—NO3~ available in the soil sys-
tem. In 2008, when nitrogen was applied in six fertigation events,
only 41% of the total amount of available N—NO3~ leached. Finally,
in 2009, when only three fertigation events took place, 68-70% of
the total amount of available N—NO3~ was leached. Since N—NH4*
was rapidly nitrified and N—NO3~ easily leached, model simula-
tions produced relatively low concentrations of both solutes in the
soil profile at harvest and at the beginning of the following year’s
crop season. Simulations were thus in agreement with N—NH4*
and N—NO3;~ concentrations measured in the saturation extract
of samples collected at 20, 40, and 60 cm depth of every exper-
imental plot. Experimental N—NH4* concentrations were always

lower than 0.17 mmol¢ L~1, while N—NO3 ~ concentrations reached
a maximum value of 10.28 mmol. L~! in deeper soil layers.

Nutrient uptake by plant roots occurred mainly in the N—NO3~
form as well. The number of fertigation events also significantly
influenced the amount of N—NO3~ taken up by plant roots. Nutri-
ent uptake varied between 23% and 42% of the total amount of
N—NOs3~ available in the soil system. In 2007, N—NO3~ uptake
reached 37% of the applied N—NOs~. In 2008, with two addi-
tional fertigation events, nutrient uptake increased to 39-42% of
the applied N—NOs~. Finally, in 2009, with only three fertigation
events, N—NO3~ uptake decreased to values between 23% and 25%
of the total amount of available N—NO3 . The higher number of fer-
tigation events also led to higher yields. The average dry biomass
yield measured in all plots with the N supply (groups I-1lI) was 19.3,
20.4, and 18.3 ton/ha in 2007, 2008, and 2009, respectively. How-
ever, in this last analysis we have to also take into consideration
the increase in the salinity stress from one crop season to the next
in plots irrigated with saline waters, which negatively influenced
the crop yield.

The effects of the salinity stress on nutrient uptake (and
inversely on nutrient leaching) was relatively small since sweet
sorghum has a medium to high tolerance to salinity, and conse-
quently there were only small reductions in transpiration due to the



Table 8
Nitrogen balance in each experimental plot during the three crop growth seasons.

Plot N—NH4* N—NH4* N—NH4* N—NH4* N—NH4* N—NH4* N—NH4* N—NH4* N—NO3~ N—NO3~ N—NO3~ N—NO3~ N—NO3~ N—NO3~ Mass
SOiljpitial applied leached adsorbed sorghum weeds decay SOilang SOilpitial applied leached sorghum weeds SOilang balance
(kg/ha) (kg/ha) (kg/ha) (kg/ha) uptake uptake (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) uptake uptake (kg/ha) error?

(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)

Group I

Season 1 (2007)

A 5 259 0 1 3 0 259 0 10 266 271 198 6 104 4.03

C 5 259 0 1 3 0 259 0 10 266 272 200 6 101 3.77

Season 2 (2008)

A 0 286 0 1 5 0 280 0 38 295 249 245 13 152 4.05

C 0 286 0 1 5 0 280 0 37 295 248 250 17 144 2.74

Season 3 (2009)

A 0 208 0 1 2 0 205 0 81 217 350 118 3 76 4.20

C 0 208 0 0 2 0 206 0 81 217 350 123 6 69 2.84

Cumulative masses (2007-2010)

A 5 753 0 4 10 0 744 0 10 777 870 583 11 4.36

C 5 753 0 2 10 0 746 0 10 777 870 600 11 3.37

Group II

Season 1 (2007)

A 5 174 0 1 2 0 175 0 10 180 185 135 4 71 4.10

C 5 174 0 1 2 0 175 0 10 181 186 135 4 69 3.73

Season 2 (2008)

A 0 192 0 1 3 0 187 0 26 200 171 161 9 106 3.86

C 0 192 0 1 3 0 188 0 26 200 169 166 12 100 2.61

Season 3 (2009)

A 0 139 0 1 1 0 136 0 56 148 231 80 2 51 6.01

C 0 139 0 1 1 0 137 0 56 148 231 82 4 47 4.71

Cumulative masses (2007-2010)

A 5 504 0 3 7 0 499 0 10 528 586 392 7 4.99

C 5 504 0 2 7 0 500 0 10 529 586 403 7 3.99

Group III

Season 1 (2007)

A 5 87 0 0 1 0 90 0 10 94 100 73 2 38 244

C 5 87 0 0 1 0 90 0 10 94 102 72 2 38 1.84

Season 2 (2008)

A 0 97 0 0 2 0 95 0 14 106 87 88 5 54 234

C 0 97 0 0 2 0 95 0 14 106 88 90 6 52 1.07

Season 3 (2009)

A 0 71 0 0 1 0 70 0 29 80 125 42 1 29 3.59

C 0 71 0 0 1 0 70 0 29 80 124 45 2 26 2.18

Cumulative masses (2007-2010)

A 5 254 0 1 3 0 255 0 10 279 312 211 4 2.87

C 5 254 0 1 3 0 255 0 10 279 314 217 4 1.62

Group IV

Season 1 (2007)

A 5 2 0 0 0 0 6 0 10 9 16 7 0 5 1.94

C 5 2 0 0 0 0 6 0 10 9 16 7 0 5 1.70

Season 2 (2008)

A 0 2 0 0 0 0 2 0 2 11 8 4 0 4 3.19

C 0 2 0 0 0 0 2 0 2 11 7 5 0 3 2.00

Season 3 (2009)

A 0 2 0 0 0 0 2 0 2 12 10 4 0 4 3.27

C 0 2 0 0 0 0 2 0 2 12 9 5 0 3 1.52

Cumulative masses (2007-2010)

A 5 6 0 0 0 0 11 0 10 32 33 16 1 3.33

C 5 6 0 0 0 11 0 10 32 32 18 1 224

2 Mass balance error =

0
E Nmput*% Noutput
E Nmpmxloo

001

p0I-28 (Z10Z) I 11 IUdWAZDUDJ 19IDA |DININILSY / *|D 12 SOWDY °q'L
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Fig. 11. Simulated distributions of N—NH4* concentration in plot I-A during crop season 2, after sowing (May 15, 2008), after the first fertigation event (July 17, 2008), after
the forth fertigation event (August 2, 2008), after the sixth and last fertigation event (August 14, 2008), at the end of the irrigation period (September 9, 2008), and at harvest
(September 30, 2008). The drip emitter was located in the top left corner of each contour plot.

increase of the osmotic stress. Although nutrient uptake was some-
what lower in the plots irrigated with saline waters, only in group
I, which had the highest applications of nitrogen, were the differ-
ences in N uptake between plots larger. However, even here, the
difference in the cumulative N uptake between plots I-A and I-Cwas
only 17.9kg/ha. This was not significant enough to conclude that
one could save on nitrogen applications by considering the qual-
ity of the irrigation water when defining an optimum fertigation
schedule.

Fig. 13 shows the relationship between the N—NOs~ plant
uptake calculated using HYDRUS-2D and the experimentally deter-
mined dry biomass yield expressed using a logarithmic function
with a RZ of 0.71. This logarithmic function fitted to experimental
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data shows that an additional incremental increase of N—NO3~
uptake produces diminishing returns in the total dry biomass
response. Each additional unit of N—NO5~ taken up by plant roots
added less to the total biomass output than the previous unit did.
After a certain level of N—NO3 ~ uptake was reached (estimated here
to be between those registered for groups II-111, i.e., 130-180 kg/ha),
further increases in nutrient uptake did not contribute directly to
the increase of the dry biomass yield. Group I thus involved some
‘luxury’ uptake, since the amount of N—NO5;~ taken up by plant
roots did not contribute significantly to the dry biomass yield. More
detailed results of the effect of brackish waters on nitrogen needs
and dry biomass yield of sweet sorghum can be found in Ramos
etal. (2012).
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Fig. 12. Simulated distributions of N—NOs3~ concentration in plot I-A during crop season 2, after sowing (May 15, 2008), after the first fertigation event (July 17, 2008), after
the forth fertigation event (August 2, 2008), after the sixth and last fertigation event (August 14, 2008), at the end of the irrigation period (September 9, 2008), and at harvest
(September 30, 2008). The drip emitter was located in the top left corner of each contour plot.
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Fig. 13. Relationship between N—NO;~ uptake, as simulated by HYDRUS-2D, and
dry biomass yield (Y).

3.4. About model validation

Deviations between measured data and simulated variables
(Table 6) can be attributed to different causes, including errors
related to field measurements, and to model input and model struc-
ture errors.

Field measurements: The most relevant source of errors related
to field measurements refers to the representativeness of TDR mea-
surements and ceramic cup samplings at different depths. TDR
probes measure spatially averaged water contents over a certain
soil volume, the size of which depends on the size and orienta-
tion of TDR probes (Ferré et al., 2002). However, the distribution
of water under drip irrigation is highly spatially non-uniform
(Gdrdends et al., 2005; Hanson et al., 2006). Water contents were
highest near the drip emitter after an irrigation event and then
redistributed throughout the soil profile. Therefore, TDR probes
averaged water contents over soil regions with different moisture
status, while HYDRUS-2D reports water contents for a precise soil
location (Fig. 4). Note that due to the dimensionality (axisymmet-
rical) of our calculations, by averaging water content over a certain
area around the observation node, we would obtain an average
value for a circular pipe, rather than for a straight cylinder over
which TDR averages its measurements. Likewise, measurements
taken with suction cups were averaged over a sampling area of a
certain volume, the size of which depends on soil hydraulic proper-
ties, the soil water content, and the applied suction in the ceramic
cup (Weihermiiller et al., 2005, 2011). Measured values thus did
not represent point values as the simulations did. Spatial soil vari-
ability can also affect concentrations measured by suction cups, an
issue extensively studied by Weihermiiller et al. (2011).

Model input errors: The accuracy of the soil hydraulic prop-
erties, which were measured on undisturbed soil samples taken
not in each experimental plot, but from a representative soil
profile, and their representativeness in describing water infiltra-
tion and redistribution in different experimental plots seem to be
important sources of error to consider. Soil hydraulic properties
were determined in the laboratory on soil samples of a certain
size (from 100 to 630 cm?) and may not be representative of the
much larger simulated flow domain under field conditions. For
example, soil samples are normally saturated in the laboratory
by capillarity, with water entering the sample through the bot-
tom, decreasing the possibility of the air being trapped inside. For
this reason, saturation values are usually much higher in the labo-
ratory than under field conditions (Simtinek et al., 1998), where
this obviously cannot be accomplished. This may explain some
of the deviations found in simulated water contents at a depth
of 20cm (Fig. 5) where HYDRUS-2D tended to simulate higher
values during irrigation seasons than what field data showed.

Additionally, the soil was considered homogeneous in HYDRUS-
2D simulations, and more complex physical phenomena, such
as spatial and temporal variability of the soil hydraulic proper-
ties and the probable existence of preferential flow paths in the
different experimental plots, were neglected. Considering these
additional phenomena in HYDRUS simulations would likely have
helped improve the agreement between measured and simulated
data.

It is also important for water flow simulations to accurately
estimate plant transpiration and soil evaporation. The dual crop
coefficient approach used is generally considered accurate (Tolk
and Howell, 2001; Howell et al., 2004; Liu and Luo, 2010), but is
complex and requires various crop and soil parameters that need
to be adjusted to experimental conditions. Finally, the crop param-
eters, such as those used in the Feddes et al. (1978) model, were
taken from the literature and do not take differences among crop
varieties into account. The Maas (1990) threshold and slope param-
eters, which were mainly intended to serve as a guideline to relative
tolerances among crops, may vary with cultivars, climate, soil con-
ditions, and cultural practices. Thus, estimates of uptake reductions
must be regarded with some uncertainty (Skaggs et al., 2006b). The
same can be said about the empirical relationship between EC, and
ECsw.

Model structure (or modeling approach) errors: Limitations
involved in considering an axisymmetrical domain to represent
the three-dimensional movement of water and nutrients have to
be considered. This approach has been widely used for analyzing
surface and buried drip irrigation experiments (Cote et al., 2003;
Skaggs et al., 2004; Gardends et al., 2005; Lazarovitch et al., 2005;
Hanson et al., 2006; Ajdary et al., 2007; Kandelous and Simtinek,
2010a,b; Ravikumar et al., 2011). Nevertheless, Kandelous et al.
(2011) pointed out some of the limitations of this approach to
be considered. Namely, the fact that flow from each emitter only
remains axisymmetrical until the wetting patterns from neigh-
boring emitters begin overlapping each other. Kandelous et al.
(2011) state that the axisymmetrical representation is only an
approximation of the fully three-dimensional problem and that the
numerical results should increasingly depart from reality as time
and irrigation volumes increase. Using a fully three-dimensional
model, which is also available in HYDRUS (2D/3D), could improve
water content simulations. In Ramos et al. (2011), a 1D version
of HYDRUS, used for simulating a similar experiment, produced a
RMSE (0.04 cm3 cm~3) larger than the 2D approach (0.03 cm?® cm—3)
adapted in this study. Thus, adopting the 2D version of HYDRUS
proved to be beneficial in lowering the simulation errors. However,
numerical modeling is not that straightforward, and the notion
that using a fully three-dimensional model would immediately
bring better correspondence between measured and simulated
data is unrealistic. The agreement between measured and sim-
ulated N—NO3;~ obtained here can serve as an example, since
these results were worse than those obtained by Ramos et al.
(2011). Considering a cylindrically shaped (0.375m wide) simu-
lation domain (Fig. 3) could be another possible model structure
error, since the drip emitters’ grid was in fact rectangular (0.75 m
wide x 1m long). This means that, in reality, water and solutes
could redistribute in a larger soil domain than that considered in
simulations.

Modeling of the N species: There are some additional considera-
tions that need to be taken into account with regards to modeling
the nitrogen fate and transport. The approach to model the trans-
port of the nitrogen species using the sequential first-order decay
chain reactions is relatively simple and has produced satisfactory
results in many different studies (Ajdary et al., 2007; Mailhol et al.,
2007; Crevoisier et al., 2008). However, this approach can only con-
sider nitrogen processes that are involved in a sequential-first order
decay chain, such as nitrification (N—NH4* transformation into
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N—NO,~, and then further into N—NO3 ~), denitrification (N—NO3~
transformation into N, and N—N,0), and volatilization (N—NH4*
transformation into N—NH3). Other nitrogen reactions, with prob-
able relevance for long-term applications such as ours, simply
cannot be accounted for using this approach. Examples of such reac-
tions are nitrogen fixation from the atmosphere, mineralization of
crop residues and other organic wastes, mineralization of the soil
humus fraction, and so on. The relevance of these processes on N
dynamics can be documented in Fig. 10, which shows that N—NH4*
and N—NO3~ concentrations in the soil increased after fertigation
events during crop seasons, and then decreased due to plant uptake
and leaching. During fertigation events, simulations matched the
measured data well since nitrification was the main process occur-
ring in the soil. However, the deviation between measured and
simulated N data was visually more pronounced during non-crop
seasons, due to the limitations discussed above. For example, sweet
sorghum was harvested at the end of the growing season so that
its biomass production could be estimated. This involved cutting
the entire plant above the ground while leaving roots in the soil.
Residual N—NH4* and N—NO3~ concentrations measured during
non-crop seasons could, to some extent, be attributed to the miner-
alization of the root system, and thus were not considered in model
simulations.

Additionally, only the passive nutrient uptake mechanism was
considered in our approach. Since root nitrogen uptake likely
involves both passive and active mechanisms (e.g., Simiinek and
Hopmans, 2009), considering only passive uptake likely underesti-
mated the total N uptake and overestimated downward N leaching,
providing thus the most conservative assessment of N leaching.
However, the extent of this underestimation is currently unknown.
Finally, deviations between measured and simulated N data could
also be attributed to other model limitations and relevant physical
phenomena that were not considered in our modeling approach,
such as root growth.

4. Conclusions

The irrigation scheme used in this study allowed investiga-
tion of the response of sweet sorghum to irrigation scenarios
with different levels of nitrogen and different water qualities
between 2007 and 2010. The water contents, ECsw, N—NH4* and
N—NOs3~ concentrations simulated continuously during the entire
field experiment, compared well with collected experimental data,
having a RMSE of 0.030 cm3 cm—3, 1.764dSm™1, 0.042 mmol. L1,
and 3.078 mmolc L1, respectively. Possible causes of deviations
between measured data and simulations were likely related to field
measurements, model input data, and model structure errors, and
were extensively discussed, showing HYDRUS-2D advantages and
limitations for this application. However, model simulations helped
to understand the best irrigation and fertigation management prac-
tices to be adopted in order to increase nutrient uptake and reduce
nutrient leaching.

Sweet sorghum transpiration was estimated to vary between
360 and 457 mm depending on the crop season and the irriga-
tion scenario considered. The lower water needs of sweet sorghum,
compared to other traditional crops grown in water-scarce Euro-
pean Mediterranean regions, make it a good alternative to other
crops for these environmentally stressed regions.

Sweet sorghum appears to be tolerant to the use of saline waters.
Only during the second crop season, but mainly during the 3rd year,
started the sweet sorghum transpiration be reduced due to the
increase in the salinity stress and salt accumulation over time. Thus,
in water-scarce regions where even saline waters can be viewed as
an important source of irrigation water during drought seasons,
the use of marginal waters showed viability for irrigating sweet
sorghum during a limited time period.

HYDRUS-2D successfully estimated the fate of nitrogen in
field plots grown with sweet sorghum under European Mediter-
ranean conditions. The logarithmic function describing the relation
between estimates of N—NO3~ uptake and the dry biomass yield
(R%2=0.71) showed that sweet sorghum N requirements were lower
than estimated N uptakes for the scenario with the highest levels of
applied nitrogen, revealing some luxury uptake in these plots. The
leaching of N out of the root zone depended closely on drainage, the
amount of N applied, the form of N in the fertilizer, and the time and
number of fertigation events. Based on model simulations, leaching
of nitrogen occurred mainly in the N—NO3~ form, reaching 41-70%
of the total amount of N—NO3 ~ available in the soil system. Accord-
ing to HYDRUS-2D, higher N—NO3~ uptakes were obtained when
the number of fertigation events was larger.
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