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Simulation models can be important tools for analyzing and managing irrigation, soil salinization or crop
production problems. In this study a mathematical model that describes the water movement and mass
transport of individual ions (Ca2+, Mg2+ and Na+) and overall soil salinity by means of the soil solution
electrical conductivity, is used. The mass transport equations of Ca2+, Mg2+ and Na+ have been
incorporated as part of the integrated model WANISIM and the soil salinity was computed as the sum
of individual ions. The model was calibrated and validated against field data, collected during a three year
experiment in plots of maize, irrigated with three different irrigation water qualities, at Thessaloniki area
in Northern Greece. The model was also used to evaluate salinization and sodification hazards by the use
of irrigation water with increasing electrical conductivity of 0.8, 3.2 and 6.4 dS m�1, while maintaining a
ratio of Ca2+:Mg2+:Na+ equal to 3:3:2. The qualitative and quantitative procedures for results evaluation
showed that there was good agreement between the simulated and measured values of the water con-
tent, overall salinity and the concentration of individual soluble cations, at two soil layers (0–35 and
35–75 cm). Nutrient uptake was also taken into account. Locally available irrigation water
(ECiw = 0.8 dS m�1) did not cause soil salinization or sodification. On the other hand, irrigation water with
ECiw equal to 3.2 and 6.4 dS m�1 caused severe soil salinization, but not sodification. The rainfall water
during the winter seasons was not sufficient to leach salts below the soil profile of 110 cm. The modified
version of model WANISIM is able to predict the effects of irrigation with saline waters on soil and plant
growth and it is suitable for irrigation management in areas with scarce and low quality water resources.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Salinity is one of the most severe environmental factors limiting
the productivity of agricultural crops. About 17% of the world’s
cropland is under irrigation, but irrigated agriculture contributes
well over 30% of the total agricultural production. Thus, secondary
salinization of irrigated lands is of major concern for global food
production. Estimates indicate that at least 20% of the irrigated
lands are salt-affected. On the other hand, there is a limited
amount of directly usable fresh water, contrasting with continuing
increases in the world population and demand for fresh water.
Irrigated agriculture uses about 65% of the consumed water.
However, the extent of water dedicated to irrigated agriculture is
likely to be challenged, as pressure is mounting to meet increased
demands for human consumption and industrial uses (Ghassemi
et al., 1995; Pitman and Läuchli, 2002).
In order to fill the gap between demand and supply of freshwa-
ter, agriculture in semi-arid areas will increasingly resort to using
marginal-quality waters, such as urban wastewater, drainage
water generated by irrigated agriculture and moderately saline
surface and groundwater (Qadir et al., 2007; Oster et al., 2012). A
variety of strategies have been adopted to overcome problems
associated with soil salinity, including improving the productivity
of saline soils mainly through leaching of excess soluble salts,
blending saline with better quality waters, cyclic use of saline
and non-saline waters, selecting of tolerant varieties of suitable
crops and using appropriate agronomic practices (Qadir and
Oster, 2004; Grattan et al., 2012).

Adoption of suitable salinity control measures requires deter-
mination of salt and water movement through the soil profile
and prediction of crop response to soil water and soil salinity, sub-
ject to various climatic, soil and agronomic factors (Rasouli et al.,
2013). Mathematical models that consider and integrate various
climatic, crop, and edaphic factors have been suggested as useful
tools for assessing the best management practices for saline
conditions (Gonçalves et al., 2006; Ramos et al., 2011).
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A large number of models for simulating water flow and solute
transport in the unsaturated zone are used for a wide range of
applications in research, management and risk assessment of sub-
surface systems. Most vadose zone models are based on the
numerical solution of the Richards equation for variably-
saturated water flow (transient-state models) and on analytical
or numerical solutions of the Fickian-based convection–dispersion
equation for solute transport. A sink term is usually included in
these equations to account for root water and nutrient uptake
and the effects of water and osmotic stress (Feddes and Raats,
2004). Evaluation of these models under field conditions is increas-
ing lately, although there is need for a vast number of input data,
including soil hydraulic properties, solute transport parameters,
parameters characterizing the partitioning between the solid
phase and the soil solution, meteorological and crop related
information.

Many models have been developed over the past years that
describe soil salinity through the electrical conductivity of the soil
solution (ECsw). ECsw is determined either as an independent solute
or from individual ions, available only in the liquid phase. Although
the first approach severely simplifies several processes, it is incor-
porated in several models with acceptable results published in the
literature. Models SWAP (Kroes et al., 1999), SALTMED (Ragab,
2002) and ENVIRO-GRO (Pang and Letey, 1998) use the equation
of solute transport to describe ECsw as an individual solute. On
the other hand, models UNSATCHEM (Šimůnek et al., 1996) and
HYDRUS-1D (Šimůnek et al., 2008) incorporate modules of major
ions chemistry in soil, considering complex processes of adsorption
and cation exchange and have proved to be very efficient in mod-
eling major cations in the soil solution. However, these models
require a vast number of input data related to physical and chem-
ical parameters and significant computational time for the simulta-
neous solution of the non linear mass transport equations for every
cation, in each time step.

The performance and accuracy of a medium structure model,
between the two opposing approaches discussed earlier, has not
yet been evaluated. Model WANISIM (Antonopoulos, 2001) which
describes the one-dimensional water and nitrogen movement in
the soil, was modified with the incorporation of modules that
describe ion transport in the soil, for salinity management. The
model presents medium complexity regarding the estimation of
ECsw as the sum of the cations in the soil solution, which is a more
accurate approach, than using salinity as an independent solute.
This approach is more closely related to processes occurring in
the soil. Some of these processes are taken into account, and are
cation exchange and distribution between the liquid and the solid
phase; however, interactions between cations and complex ion
chemistry are not taken into account.

The objectives of this paper were as follows: (i) the calibration,
validation and evaluation of the modified WANISIM model to
describe soil water content, concentrations of individual ions and
the overall salinity given by the ECsw, under field conditions, (ii)
to carry out field experiments to quantify salinization and sodifica-
tion risks of long term use of saline irrigation water in maize treat-
ments, for three consecutive years and (iii) to examine the impact
of salt built up and salinity on plant root water uptake.
2. Materials and methods

2.1. Model description

WANISIM model has been calibrated and evaluated under field
conditions for the simulation of water, nitrogen dynamics and soil
temperature (Antonopoulos and Wyseure, 1998; Antonopoulos,
1997, 2000, 2006; Rahil and Antonopoulos, 2007). The model has
been modified for irrigation management under saline conditions.
In the model, the concentration of each cation is calculated by the
corresponding mass transport equation. Cation exchange and dis-
tribution between the liquid and the solid phase are described by
the isotherm of Freundlich, in its linear form and equilibrium
chemical reactions between major cations are not taken into
account. In the model, ECsw is calculated as the sum of the cations
in the soil solution. An overview of the modifications and processes
employed by model WANISIM is presented below.

2.1.1. Water flow
The one-dimensional vertical flow of water in the soil matrix of

the unsaturated–saturated zone is described by the Richard’s
equation:

Ch
@h
@t

¼ @

@z
K

@h
@z

� 1
� �� �

� Sw ð1Þ

where Ch is the differential soil water capacity (cm�1), h is the soil
water pressure head (cm), z is the vertical coordinate positive in
the downward direction (cm), t is the time (h), K is the hydraulic
conductivity (cm h�1), Sw is the sink term for water extraction rate
by plant roots (cm3 cm�3 h�1). The soil water retention curve, h(h),
is described by the van Genuchten (1980) model and unsaturated
hydraulic conductivity, K(h), is evaluated by the van Genuchten–
Mualem model (van Genuchten, 1980). Preferential water flow
and hysteresis of soil hydraulic properties are not considered in
the model.

The sink term, Sw, is evaluated using the macroscopic approach
introduced by Feddes et al. (1978). In this approach, the potential
transpiration rate, Tp (cm h�1), is distributed over the root zone
proportionally to the root density distribution function, b(z), and
is locally reduced depending on soil moisture and salinity status
through multiplication with the dimensionless stress response
function, a(h, ho, z, t) (Feddes and Raats, 2004; Ramos et al., 2011):

Swðh; ho; z; tÞ ¼ aðh;ho; z; tÞSpðz; tÞ ¼ aðh; ho; z; tÞbðzÞTpðtÞ ð2Þ
where Sp(z, t) and Sw(h, ho, z, t) are the potential and actual water
uptake (cm3 cm�3 h�1) respectively, and a(h, ho, z, t) is a dimension-
less function of the soil water (h) and osmotic (ho) pressure heads
(0 6 a 6 1). The osmotic pressure head is assumed to be a linear
function of ECsw (US Salinity Laboratory Staff, 1954), according to:

hoðcmÞ ¼ �360ECswðdS m�1Þ ð3Þ
The b(z) function is described for maize, by the equation pro-

posed by Kang et al. (2001):

bðz; tÞ ¼ 1:082c1expð�c1zÞ ð4Þ
where c1 = 2.5/zr, z is the soil depth and zr is the maximum rooting
depth (cm). The actual transpiration rate, Ta (cm h�1), over the root
depth is expressed as:

Ta ¼ Tp

Z zr

0
aðh;ho; z; tÞbðzÞdz ð5Þ

In the modified model, the combined matric and osmotic effects
on water uptake are described by the multiplicative approach as
follows:

aðh;ho; z; tÞ ¼ aðh; z; tÞaðho; z; tÞ ð6Þ
The root water uptake reduction factor due to water stress, a(h,

z, t), is described according to Belmans et al. (1983) approach as:

aðhÞ ¼ 0 for h < ha or h P hPWP ð7Þ

aðhÞ ¼ ðh� haÞ=ðhFC � haÞ for ha 6 h < hFC ð8Þ

aðhÞ ¼ 1 for hFC 6 h < hCR ð9Þ
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aðhÞ ¼ 1=hPWP � 1=h
1=hPWP � 1=hCR

for hCR 6 h < hPWP ð10Þ

where ha, hFC, hCR and hPWP are the pressure head (in absolute val-
ues) at the aeration limit, field capacity, critical level and permanent
wilting point, respectively. The threshold parameters values for
maize in this study were set as �10 cm, �330 cm, �3000 cm and
�15,000 cm for ha, hFC, hCR and hPWP, respectively (Doorenbos and
Pruitt, 1977; Wesseling et al., 1991).

The root water uptake reduction function due to salinity stress,
a(ho, z, t), was expressed according to Maas and Hoffman (1977), in
terms of the soil solution osmotic head (Homaee et al., 2002):

aðhoÞ ¼ 1� as

360
ðh�

o � hoÞ ð11Þ

where h�
o is the osmotic threshold value, 360 is a factor to convert

the salinity based slope to osmotic head and as is the slope which
indicates the percent yield decrease per unit salinity decrease. The
database of Maas (1996) provides values for the threshold and slope
of the salinity stress model for maize, equal to 1.7 dS m�1 and 0.12,
respectively.

A simple compensative mechanism is used for water uptake,
where uptake is allowed to continue throughout the root zone
until either the potential uptake is achieved or until the entire root
zone is stressed after which total uptake is dictated by the stress
function. However, the actual water uptake in any discrete layer
is not allowed to exceed the potential transpiration allocated to
that layer, through increased water uptake, in order to meet in
total the potential transpiration.

The surface boundary flux of water is the algebraic sum of irri-
gation or precipitation, R (cm h�1), and actual evaporation, Ea
(cm h�1), evaluated by the model at each time step. The partition-
ing of potential evapotranspiration (ETp) into potential transpira-
tion (Tp) and soil evaporation (Ep) is calculated following the
procedure described in Belmans et al. (1983) and Šimůnek et al.
(2008).

2.1.2. Solute transport equations
In the modifiedWANISIMmodel, the soil salinity is described by

means of the multicomponent estimation of the ECsw from the sum
of the major cations Ca2+, Mg2+ and Na+ which are described by dif-
ferent mass transport equations. The partial differential equation
governing one-dimensional advective–dispersive chemical ion
transport under transient flow in a variably-saturated porous med-
ium is defined as (Bresler et al., 1982):

@ðhCk þ qbSkÞ
@t

¼ @

@z
hD

@Ck

@z

� �
� @ðqCkÞ

@z
þUk ð12Þ

where h is the volumetric water content (cm3 cm�3), Ck and Sk are
ion concentrations in the liquid (mg cm�3) and solid phase
(mg g�1), respectively, qb is the soil bulk density (g cm�3), q is the
volumetric flux density (cm h�1), D is the hydrodynamic dispersion
coefficient (cm2 h�1), Uk represents source or sink of solute and sub-
script k represents chemical species (Ca2+, Mg2+ and Na+). Cation
exchange is described by the adsorption isotherm of Freundlich
relating Ck and Sk as follows:

Sk ¼ Kd;kCk ð13Þ
where Kd,k (cm3 g�1) is the distribution coefficient of a chemical
species k between the liquid and the solid phase under linear chem-
ical distribution.

Processes such as aqueous complexation, complex cation
exchange and precipitation–dissolution are not considered in the
transport module. The water flow and mass transport equations
are solved using a Galerkin finite element method (Huyakorn
et al., 1984; Antonopoulos and Papazafiriou, 1990).
The electrical conductivity of the soil solution is determined
from the total soluble cation concentration of the liquid phase
(US Salinity Laboratory Staff, 1954), as follows:

ECswðz; tÞ ¼ 105
X

Ckðz; tÞ ð14Þ
where Ck(z,t) is the cation concentration (mmol(c) L�1) and ECsw is
the electrical conductivity (dS m�1) of the soil solution.

The model calculates ECsw and the concentrations of individual
ions in the soil solution. Therefore, in order to compare calculated
and measured values, ion concentrations and electrical conductiv-
ity were converted from saturation extract to actual soil moisture.
Various relationships have been proposed for the determination of
the EC of the in situ soil water from the EC of the saturation extract
(Ayers and Westcot, 1985; Skaggs et al., 2006; Letey, 2007).
According to the US Salinity Laboratory Staff (1954), the saturation
percentage (SP) of the soil paste is directly related to the field mois-
ture range. In this study, a factor fSP was used to determine the
ratio of the saturation percentage (hSP) to the water content at field
capacity (hFC), critical point (hCR) and wilting point (hPWP), respec-
tively. The hSP was defined by the following equation (Miller and
Curtin, 2008):

hSP ¼ 100 � Wwd þWwsam

Wdws
ð15Þ

where Wwsam is the weight of water in the air dried soil sample,
assumed to be 2% (WMO, 2008), Wwd is the weight of water added
to achieve saturation and Wdws is the weight of the dry soil. The
equation to determine ECsw from ECe is as follows:

ECsw ¼ f SPECe ð16Þ
where:

f SP ¼ hSP=hFC for h P hFC ð17Þ

f SP ¼ hSP=hCR for hFC P h P hCR ð18Þ

f SP ¼ hSP=hPWP for h < hCR ð19Þ
2.1.3. Nutrient uptake
In the modified model, the uptake of dissolved Ca2+, Mg2+ and

Na+ is considered passive. Passive nutrient uptake is simulated
by multiplying root water uptake with the dissolved nutrient con-
centration, for concentration values below a priori defined maxi-
mum concentration (Ckmax) (Šimůnek and Hopmans, 2009):

Ukðz; tÞ ¼ Sðh;ho; z; tÞmin½Ckðz; tÞ;Ckmax� ð20Þ
where Ckmax (lg cm�3) is the maximum concentration of the root
uptake for the chemical species k. In this study, the maximum nutri-
ent concentration for Ca2+, Mg2+ and Na+ was calibrated with the
measured values in the aboveground maize biomass.

2.2. Statistical analysis

The quantitative procedure of model evaluation was assessed
using statistical analysis to calculate the average error (E), the root
mean square error (RMSE) and the coefficient of residual mass
(CRM) between the measured and computed values (Loague and
Green, 1991; Antonopoulos, 2000). The statistical criteria are given
by:

E ¼
Xn
i¼1

Pi � Oi

n
ð21Þ

RMSE ¼ 1
n� 1

Xn
i¼1

ðPi � OiÞ2
 !1=2

ð22Þ
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CRM ¼
Xn
i¼1

Oi �
Xn
i¼1

Pi

 !,Xn
i¼1

Oi ð23Þ

where Oi are the observed (measured) values, Pi are model predic-
tions, and n is the number of observations. RMSE and E are given
in the units of a particular variable, while CRM is dimensionless.
Values of E, RMSE, and CRM close to zero indicate optimum model
predictions. The CRM is a measure of the tendency of the model
to overestimate or underestimate the measurements. A negative
CRM shows a tendency to overestimate.
2.3. Experimental design and treatments

The study was conducted from 2009 to 2011 at the experimen-
tal farm of the Aristotle University of Thessaloniki (40�32N, 23�00E,
16 m above sea level) in Northern Greece, for three consecutive
growing seasons of maize (April–October). The experiment was a
split-plot design with three levels of ECiw equal to 0.8, 3.2 and
6.4 dS m�1 and water amounts of 40 mm per irrigation, in two
replicates. Treatments were AFI (ECiw = 0.8 dS m�1), CFI (ECiw =
3.2 dS m�1) and DFI (ECiw = 6.4 dS m�1). Treatment DFI was
installed in 2010. During the experiment, full irrigation and deficit
irrigation treatments with four levels of electrical conductivity
were installed. Letter F stands for full irrigation treatments and let-
ters A, B, C and D represent the level of electrical conductivity. The
results of the deficit irrigation treatments and the treatment with
ECiw = 1.6 dS m�1 are not presented. Maize hybrid PR31G98 (FAO
700, Pioneer Hi-Breed Hellas) was sown in five rows, with plant
rows 0.80 m apart and 0.16 m spacing between plants along the
row. Fertilizer rates were similar to farming practice in the region.
Nitrogen was applied at preplanting stage at 110 kg N ha�1, as
ammonium phosphate sulphate (22-11-0-13S).

The physical and initial chemical properties of the soil are given
in Table 1. The soil profile was divided into four layers based on
different physical soil properties. The soil layers were 0–15,
15–35, 35–90 and 90–110 cm.
Table 1
Initial physical and chemical soil properties.

Treatments AFI CFI

Soil layer (cm) 0–35 35–75 75–90 90–110 0–35

Sand (%) 16 21 17 66 22
Silt (%) 51 56 48 24 44
Clay (%) 33 23 35 10 34
Texture SiCL SiL SiCL SL CL
Organic matter (%) 1.4 0.5 1.0 0.4 1.3
CaCO3 (%) 9.5 5.2 4.7 3.7 8.5
ECe (dS m�1) 0.79 1.02 1.42 3.22 0.99

Soluble ions (mmol(c) L
�1)a

Ca2+ 3.7 4.0 5.6 18.0 4.1
Mg2+ 2.3 3.7 5.2 12.6 3.2
Na+ 1.9 2.4 3.4 5.7 2.3
K+ 0.13 0.07 0.08 0.11 0.08
SAR ((mmol(c) L�1)0.5) 1.097 1.223 1.463 1.457 1.204

Exchangeable cations (cmol(c) kg
�1)

Ca2+ 21.7 16.5 21.3 15.9 20.4
Mg2+ 7.0 7.3 11.0 8.1 7.3
Na+ 0.7 0.7 1.2 0.9 0.7
K+ 0.20 0.05 0.10 0.05 0.16
CEC (cmol(c) kg�1)b 29.6 24.5 33.6 25.0 28.6
ESP% 2.3 3.0 3.6 3.7 2.4

SiCL, Silty-Clay-Loam; SiL, Silty-Loam; SL, Sandy-Loam; CL, Clay Loam.
ECe, electrical conductivity of the saturation paste extract.
SAR, sodium adsorption ratio; CEC, cation exchange capacity; ESP%, exchangeable sodium

a Measured in the saturation extract.
b Calculated from the sum of ion exchange species.
Daily meteorological data were collected from a station nearby
the experimental field. The data describe adequately the meteoro-
logical conditions of the Thessaloniki area, where the climate is
considered typical of a semi-arid Mediterranean environment.
Total annual rainfall was 416, 549 and 425 mm during the first,
second and third year of the experiment, respectively. The refer-
ence evapotranspiration rate (ETo) was calculated using the
ASCE-standardized Penman–Monteith method (Allen et al., 2005).

Crop coefficients (Kc) for every treatment and year were esti-
mated from measured leaf area index (LAI) values using the equa-
tions proposed by Kang et al. (2003) for maize. They were then
adjusted for maize growth stages 30/40/50/30 days (Papazafiriou,
1996). Values for Kc ranged between Kcini = 0.37 ± 0.02,
Kcmid = 1.36 ± 0.07 and Kcend = 0.21 ± 0.06. The crop evapotranspira-
tion rate (ETc) was calculated as the product of ETo and Kc.

LAI was measured on a biweekly basis in each treatment during
different stages of the maize cycle using the destructive-
planimetric method, by measuring the area of all the leaves within
a delimited area. The leaves of each sampled plant were scanned
and the images were processed for the determination of the leaf
area using the software Delta-T SCAN (Version 2.04nc; Delta-T
Devices Ltd., Burwell, Cambridge, UK) (Aschonitis et al., 2014).
The maximum values of LAI ranged between 5.85 ± 0.49 for AFI,
5.84 ± 0.26 for CFI and 5.89 ± 0.84 for DFI. Duplicate plant samples
were taken at each sampling for the determination of LAI, dry
weight and plant nutrient concentration.

Root depth was determined on a bi-weekly basis by observa-
tions of extracted root system until the middle of the cropping
periods and measured root depth data were fitted to the logistic
function using a maximum root depth of 75 cm as follows:

Rdt ¼ Rdmax

1þ 58 � exp �8:85 � t
tmax

� 	h i ð24Þ

where Rdt is the root depth at day t and Rdmax is the maximum root
depth at day tmax. A maximum root depth of 75 cm is characteristic
of the hybrid and the conservative irrigation practice that was
DFI

35–75 75–90 90–110 0–35 35–75 75–90 90–110

23 17 56 14 17 22 62
52 55 29 54 58 49 26
25 28 15 32 25 29 12
SiL SiCL SL SiCL SiL CL SL
0.7 0.9 0.5 1.5 0.6 0.9 0.9
4.0 3.7 2.8 9.0 4.7 4.8 4.7
1.64 3.98 4.72 0.68 0.94 1.53 2.61

6.4 21.2 23.1 2.9 3.0 5.6 10.6
6.7 20.0 23.6 1.8 3.0 5.1 9.3
3.6 7.3 11.4 1.3 2.1 3.4 8.2
0.04 0.07 0.08 0.07 0.02 0.02 0.04
1.407 1.608 2.359 0.848 1.212 1.470 2.600

16.6 19.3 14.6 23.1 17.1 23.1 12.1
9.6 11.6 7.5 7.6 9.1 12.7 5.1
0.8 1.2 1.1 0.6 0.8 1.1 0.7
0.05 0.07 0.05 0.30 0.10 0.10 0.10

27.1 32.2 23.2 31.6 27.0 36.9 18.0
3.0 3.8 4.8 2.0 2.9 2.9 4.2

percentage.
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followed (Lekakis et al., 2011). The daily evolution of the root depth
is provided as an input to model WANISIM.

Sowing date, fertilizer application date, duration of growing
period, harvest date and cumulative ETo during the three growing
seasons are given in Table 2. Daily values of precipitation, irrigation
and ETo during the three years are presented in Fig. 1.

Irrigation water was applied uniformly on the soil surface using
siphons. Water was pumped from reservoir tanks containing fresh
water and the mixture of synthetic saline irrigation water. Treat-
ments were separated by peripheral bunds after germination to
prevent seepage, although no flooding conditions were observed
in the field during irrigation. Irrigation water composition was
obtained by adding different amounts of CaCl2, NaCl and MgCl2
to the water available in the region (ECiw 6 1 dS m�1), maintaining
a ratio of 3:3:2 for Ca2+:Mg2+:Na+ initially found in fresh water. In
this study, NaCl was not used as the sole salinizing salt, because it
is uncharacteristic of agriculturally saline environments, can cause
adverse effects on soil physical properties and extreme ratios of
Na/Ca, Na/K and Ca/Mg that can adversely affect the mineral-
nutrient relations within the crop (Läuchli and Grattan, 2007).
The balance between the cations was maintained the same, while
concentrations were increased to obtain the desirable ECiw of 3.2
and 6.4 dS m�1 for CFI and DFI treatments, respectively. The irriga-
tion water salinity varied slightly from the average values that are
reported within the same crop season and between crop seasons,
according to small changes in the salinity of the locally available
water used. Water composition was monitored in every irrigation
event for concentrations of Ca2+, Mg2+, Na+ and levels of ECiw during
the three years. The average quality parameters of the applied irri-
gation water during the three years are presented in Table 3.
According to the US Salinity Laboratory Staff (1954), irrigation
water is characterized as highly saline water (C3) for AFI treatment
and very highly saline water (C4) for CFI and DFI treatments and as
low sodicity water (S1) for all the treatments. According to Ayers
and Westcot (1985) irrigation water quality does not affect water
infiltration, while it presents slight to moderate water availability
effects for AFI and severe water availability effects for CFI and
DFI treatments.

Six to eight irrigations at 7–10 days intervals were applied dur-
ing the growing season. Irrigation amounts were conservative and
scheduling was based on depletion of plant available water in the
root zone. Irrigation was resumed when plant-available water was
depleted to more than 50% of that achieved in last irrigation. The
rainfall of the growing period was also taken into account in irriga-
tion scheduling. Total irrigation amounts during the growing sea-
sons of 2009, 2010 and 2011 were 260, 240 and 320 mm,
respectively. The rainfall during the same period was 175, 185
and 99 mm, respectively for each growing season.

Soil moisture was measured with a dielectric profile probe PR2
(Delta-T Device Ltd). A site specific calibration of PR2 was per-
formed in accordance to the instructions of the manufacturers
(Profile Probe User Manual 2.0., Delta-T Device Ltd, 2004). The esti-
mated parameters of the calibration equation were a0 = 1.47 and
a1 = 7.95 (r2 = 0.902). These calibrated values are in accordance
with the findings of Kargas et al. (2011, 2012) and the default val-
ues given by the manufacturers. PR2 profile probe measures soil
moisture vertically within ±5 cm of sensors located to the depths
of 10, 20, 30, 40, 60 and 100 cm, thus corresponding to average soil
Table 2
Characteristics of the maize growing seasons.

Year Fertilizer application Sowing date Germination date

2009 6 April 29 April 7 May
2010 21 April 29 April 6 May
2011 20 May 20 May 26 May
moisture readings of 0–15, 15–25, 25–35, 35–45, 55–65 and
95–105 cm soil layers.

For the determination of the soil bulk density (qb) and saturated
volumetric water content (hs), undisturbed soil samples were col-
lected at the beginning of the experiment from different soil layers.
Cores of 5 cm height and 5 cm diameter were collected in thin-
walled metal rings using sampling drill. The soil cores were wetted
from below to saturation and the weights, before and after drying
at 105 �C, were measured to determine the gravimetric saturated
water content (Aschonitis et al., 2012). The bulk densities were
measured at the same cores on dry weight.

The parameters a and n of the van Genuchten (1980) model and
saturated hydraulic conductivity (Ksat), were estimated by inverse
solution modeling, using HYDRUS-1D v4.0 (Šimůnek et al., 2008).
Inverse modeling procedures are used increasingly to identify
model parameters (Hopmans et al., 2002; Mertens et al., 2006).
For the inverse solution, the measured soil water content at 10,
20, 30, 40, 60 and 100 cm soil depths of AFI treatment (ECiw = 0.8
dS m�1, without salinity stress), throughout the first year, were
used to describe soil water movement in layers 0–15, 15–35,
35–90 and 90–110 cm. The parameters a, n and Ksat of the four
layers were fitted simultaneously to the flow data. The hr was
accepted as the initial estimation, according to the soil texture.
The estimated soil water retention curve parameters were
assumed to be the same for all treatments since the soil texture
presented small differences between experimental plots. Table 4
lists the van Genuchten–Mualem parameters that describe the soil
hydraulic functions of the soil layers in the experimental plots. The
value of Ksat parameter for soil layer 90–110 cm was found very
small and uncharacteristic of a coarse textured soil (Kutilek and
Nielsen, 1994). This is attributed to a fifth layer consisted of a
loamy, fine textured soil below 110 cm that affects the hydraulic
conductivity of the overlying coarse textured layer.

The distribution coefficient, Kd,k was measured as the ratio of
the quantity of the cation adsorbed per unit mass of solid, Ai, to
the quantity of the cation remaining in solution at equilibrium,
Ci, as follows:

Kd;k ¼ Ai=Ci ð25Þ
For the determination of Kd,k values, the cations concentrations

were measured in the solid and the liquid phase during the initial
sampling. However, many solutes have been observed to sorb more
readily than desorb frommineral or organic surfaces, a phenomena
referred to as hysteresis (U.S.EPA, 1999). Therefore, the final values
for Kd,k were estimated by a trial and error procedure during model
calibration. This procedure resulted in that less than 10% of the
adsorbed Ca2+ and Mg2+ concentrations desorb, while for Na+, this
percentage was found higher, almost at 50%.

In the model, the hydrodynamic dispersion coefficient D is
described by a simple functional relationship (Biggar and Nielsen,
1976) of the form:

D ¼ Do þ kvn ð26Þ
where Do (cm2 h�1) is the diffusion coefficient for a solute, v
(cm h�1) is the mean pore water velocity, k (cm) is the dispersivity
which is assumed to be a characteristic parameter of the medium
structure and n is a coefficient. The values for k and nwere set equal
to 0.122 cm and 1.11, respectively, according to Biggar and Nielsen
Growing period duration Harvest date Cumulative ETo (mm)

140 15 September 709.5
146 21 September 755.5
139 4 October 716.7
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Fig. 1. Daily values of precipitation, irrigation and reference evapotranspiration rate (ETo) from 1st April 2009 to 31st October 2011.

Table 3
Average ionic composition of irrigation water during the three years.

Year Plot ECiw
(dS m�1)

SAR Soluble ions (mmol(c) L�1)

Ca2+ Mg2+ Na+

2009 AFI 0.89 0.88 3.27 3.5 1.61
CFI 3.36 2.46 10.39 13.87 8.57

2010 AFI 0.79 0.99 3.18 4.63 1.95
CFI 3.17 1.98 13.18 17.8 7.8
DFI 5.88 2.52 28.15 35.8 14.27

2011 AFI 0.87 0.81 2.28 3.4 1.35
CFI 3.24 1.31 8.89 13.26 4.36
DFI 6.01 1.63 17.74 24.97 7.55

Table 4
Parameters of the van Genuchten–Mualem soil hydraulic functions and solute
transport parameters.

Parameter Soil layer (cm)

0–15 15–35 35–90 90–110

hr (cm3 cm�3) 0.089 0.089 0.067 0.065
hs (cm3 cm�3) 0.520 0.592 0.592 0.499
a (cm�1) 0.031 0.004 0.014 0.002
n 1.314 1.307 1.228 2.679
Ks (cm h�1) 30.408 1.607 2.403 0.015
qb (g cm�3) 1.450 1.450 1.140 1.630
Do (cm2 h�1) 0.0324 0.0324 0.0205 0.0353
k (cm) 0.122 0.122 0.122 0.122
Kd (cm3 g�1)
Ca2+ 0.24 0.24 0.33 0.23
Mg2+ 0.21 0.21 0.25 0.24
Na+ 1.10 1.10 0.45 0.40
K+ 0.30 0.30 0.42 0.26
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(1976) and Do was also derived from the literature (Rowe and Badv,
1996; Tinker and Nye, 2000). The Kd,k and Do coefficients of the soil
layers are presented in Table 4.

The concentrations of soluble cations Ca2+, Mg2+, Na+ and elec-
trical conductivity (ECe) were monitored in the saturation extracts
of the soil layers 0–35 and 35–75 cm during the growing periods.
Soil samples were collected generally 24 h before an irrigation
event from each treatment and replication. The concentrations of
Ca2+, Mg2+ and Na+ in the saturation extract and irrigation water
were determined using ICP according to APHA (2005). Soil ECe
was measured according to Rhoades (1996). Organic matter was
determined with the wet oxidation method of Walkley and Black
(1934) and calcium carbonate (CaCO3) with the volumetric cal-
cimeter method (Allison and Moodie, 1965). Particle size analysis
was performed with the hydrometer method (Bouyoucos, 1962).
Exchangeable cations Mg2+, Ca2+ and Na+ were extracted with the
ammonium acetate method at pH 8.2 (Thomas, 1982) and
determined using ICP. Concentrations of Mg2+, Ca2+ and Na+

in the aboveground biomass were determined after destruction
of the organic matter with the dry ashing method and measured
in ICP following the procedure described by Donohue and Aho
(1992).
2.4. Model parameterization

Simulations of soil water content, concentrations of individual
cations (Na+, Ca2+ and Mg2+) and overall salinity, were performed
with the model WANISIM for the growing and the rainfall-winter
periods of the years 2009, 2010 and 2011. The simulated soil pro-
file depth was 110 cm and the discretization along the z-axis was
2.5 cm. The time step varied from 0.001 to 0.01 days. The moisture
change during one time step was kept lower than 0.001 cm3 cm�3.
The surface boundary condition was defined as known flux
(Neumann condition), equal to the net rainfall plus irrigation
minus soil evaporation for soil water, and as known mass load
for individual ions, multiplying the concentration by the rate of
irrigation water. The bottom boundary condition was defined as
free drainage.

Cations concentrations were measured at every irrigation event,
at each plot, in irrigation water samples. These concentrations
were used as specific model input for every irrigation event. The
initial soil water content and concentrations of Na+, Ca2+ and
Mg2+ were provided as input, based on the initial measured volu-
metric soil moisture and solute concentrations of Table 1. The
parameters calibrated with experimental data from the years
2009 and 2010 and validated with data from 2011, were the
distribution-partition coefficients, Kd,k, and the parameter of the
maximum passive nutrient uptake, Ckmax, for Ca2+, Mg2+ and Na+.

In the model, the electrical conductivity of the threshold-slope
model of Homaee et al. (2002) is converted from ECe to ECsw using
the fSP ratios, depending on the moisture of the soil layer. The slope
is divided by the same ratio. The ratios were also used to adjust the
initial input ion concentrations measured in the saturation extract
to the initial soil moisture and for comparison purposes between
measured and computed values. The fSP ratios ranged from 1.3 to
2.1 in soil layer 0–35 cm, from 1.5 to 2.6 in soil layer 35–75 cm,
from 1.7 to 3.0 in soil layer 75–95 cm and from 1.0 to 4.0 in soil
layer 90–110 cm.
3. Results and discussion

3.1. Volumetric water contents

Figs. 2–4 present the computed and measured soil water
contents for treatments AFI, CFI and DFI. The statistical criteria E,



0

0.1

0.2

0.3

0.4

0.5

0.6
θ 

(c
m

3 c
m

-3
)

(a) AFI  5-15 cm

I I I

0

0.1

0.2

0.3

0.4

0.5

0.6

θ  
(c

m
3 c

m
-3

)

(b) AFI  15-25 cm

0

0.1

0.2

0.3

0.4

0.5

0.6

θ
(c

m
3 c

m
-3

)

(c) AFI  25-35 cm

0

0.1

0.2

0.3

0.4

0.5

0.6

θ
(c

m
3 c

m
-3

)

(d) AFI  35-45 cm

0

0.1

0.2

0.3

0.4

0.5

0.6

θ  
(c

m
3 c

m
-3

)

(e) AFI  55-65 cm

0

0.1

0.2

0.3

0.4

0.5

0.6

27/04/09 24/10/09 22/04/10 19/10/10 17/04/11 14/10/11

θ 
(c

m
3 c

m
-3

)

Time

(f) AFI  95-105 cm

Computed Measured
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RMSE and CRM between computed and measured soil moisture,
during calibration and validation, are summarized in Table 5.

The discrepancy between the measured and simulated water
content is generally small. The average error (E) ranged from
�0.017 cm3 cm�3 to 0.028 cm3 cm�3 and the root mean square
error (RMSE) ranged from 0.04 cm3 cm�3 to 0.06 cm3 cm�3 during
calibration and validation. The coefficient of residual mass
(CRM) values indicate that the model overestimates soil moisture
(�0.04 to �0.03) during calibration, while it underestimates soil
moisture of AFI and CFI treatments (0.0–0.05) and overestimates
that of DFI treatment (�0.09), during validation.

The overall performance of the soil moisture simulation is
evaluated by comparing the statistical criteria with those obtained
in previous studies, using different models for the description of
soil water dynamics. Bonfante et al. (2010) compared the perfor-
mance of SWAP, CropSyst and MACRO models and obtained RMSE
values ranging from 0.01 to 0.08 cm3 cm�3 for different soils and
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models. Antonopoulos (2000) using WANISIM model, direct
measurements and pedotransfer functions for the determination
of the soil hydraulic properties in a corn field, obtained RMSE val-
ues ranging from 0.03 to 0.10 cm3 cm�3. Jarvis et al. (2000) using
MACRO model, considered acceptable the simulations of soil water
content with average values of RMSE less than 0.06 cm3 cm�3 and
absolute values of CRM less than 0.07.

Soil moisture fluctuation followed the wetting and drying cycles
in the 0–15 cm soil layer, reaching values close to field capacity
immediately after an irrigation event and decreasing rapidly due
to the effects of high evapotranspiration rates, during the growing
periods. Water simulation results present almost the same fluctu-
ation at the 15–25 and 25–35 cm soil layers following to a lesser
extent the wet and dry cycles of the irrigation events in all three
treatments. Although the initial soil moisture was between field
capacity and saturation, it was soon depleted and remained low
due to water uptake by plant roots. Soil water distributions at
the 35–45 and 55–65 cm layers show smaller water content varia-
tions caused by the applied irrigation water. Soil moisture was
reduced dramatically as soon as roots reached the depth of
55 cm in all three treatments. Soil moisture was also depleted from
the layer 95–105 cm during the growing seasons. Since this layer
lies outside of the root zone, decreasing moisture is attributed to
capillary rise of water due to increased evapotranspiration rates
in the overlying soil layers. Furthermore, the computed soil water
balance in the treatments showed limited deep percolation, thus
justifying upward movement of water. Specifically, during the
growing and non growing seasons, results show less than 10 mm
totally percolated water under the 110 cm soil profile for AFI, zero
percolation for CFI and less than 1 mm total deep percolation for
DFI.

It must be noted that the total irrigation amount applied per
growing season is not considered sufficient for corn, according to
the usual practice in the area (Georgiou et al., 2010; Dioudis
et al., 2009). The range of cumulative ETc during the growing sea-
sons was 545 ± 33 mm for AFI, 535 ± 16 mm for CFI and 563 mm
for DFI. Considering that the amounts of irrigation and rainfall
were 435, 425 and 419 mm for 2009, 2010 and 2011, respectively,
crop evapotranspiration demands were not met and the irrigation
amount could be characterized as conservative. This is reflected in
the measured and simulated soil moisture distribution. A small
amount of water is infiltrated to the soil layers of 15–25 and 25–
35 cm but it is soon depleted and remains low due to excess water
uptake by plant roots. Furthermore, soil moisture is reduced dra-
matically as soon as roots reach the depth of 55 cm in all three
treatments and moisture decreasing in soil layer 95–105 cm can
only be attributed to upward movement of water due to the
hydraulic gradient.
3.2. Water balance components and root water uptake

The computed cumulative water balance components (irriga-
tion and rainfall, potential and actual transpiration and evapora-
tion) for every growing season, considering either only water
stress or both water and osmotic stress, are listed in Table 6. The
cumulative amount of water applied during the three growing
periods was 1260 mm of which 435 mm was rainfall. Simulations
were carried out withWANISIMmodel considering or not the effect
of the osmotic stress on the water uptake (transpiration). Under
water stress only, actual transpiration and evaporation during
the growing periods were 1486 mm and 164 mm, respectively, in
AFI treatment, 1483 mm and 117 mm, respectively, in CFI treat-
ment (2009–2011), 1023 mm and 108 mm, respectively, in DFI
treatment (2010 and 2011). Due to water stress, transpiration in
AFI decreased a total of 312 mm, in CFI 307 mm and in DFI
166 mm. Under combined water and osmotic stress, root water
uptake was further reduced in all plots either irrigated with fresh
or saline water, by less than 2 mm in AFI, 11 mm in CFI and
approximately 4 mm in DFI. Treatments present similar transpira-
tion because corn hybrid PR31G98 develops significant above
ground biomass as it is intended both for silage and grain produc-
tion and the development was further promoted by the rainfalls of
May and June at the early growth stages, until the middle of the
growing seasons.



Table 5
Statistical analysis between measured and computed soil water content (obtained for the studied depths of 5–15, 15–25, 25–35, 55–65, 95–105 cm), Ca2+, Mg2+ and Na+

concentration, ECsw and SAR (obtained for the studied depths of 0–35 and 35–75 cm) during the calibration and validation procedure.

Treatment 2009–2010 2011

E RMSE CRM E RMSE CRM

Soil moisture content
(cm3 cm�3) (cm3 cm�3) (–) (cm3 cm�3) (cm3 cm�3) (–)

AFI 0.012 0.05 �0.04 �0.001 0.04 0.00
CFI 0.012 0.05 �0.04 �0.017 0.05 0.05
DFI 0.012 0.05 �0.03 0.028 0.06 �0.09

Concentration of Ca2+ in the soil solution
(mmol(c) L�1) (mmol(c) L�1) (–) (mmol(c) L�1) (mmol(c) L�1) (–)

AFI �0.065 2.96 0.01 1.017 2.38 �0.10
CFI 1.019 3.60 �0.06 �1.657 4.55 0.06
DFI �7.948 12.65 0.37 �7.070 13.10 0.19

Concentration of Mg2+ in the soil solution
AFI �0.817 2.43 0.12 1.085 2.87 �0.25
CFI 2.960 6.41 �0.18 0.649 5.64 �0.03
DFI �1.208 7.25 0.08 11.832 14.92 �0.46

Concentration of Na+ in the soil solution
AFI 0.124 1.07 �0.03 �0.264 1.06 0.07
CFI �0.361 2.57 0.04 0.280 1.89 �0.02
DFI 0.111 2.26 �0.02 �2.369 3.98 0.24

ECsw
(dS m�1) (dS m�1) (–) (dS m�1) (dS m�1) (–)

AFI �0.242 0.65 0.12 0.049 0.48 �0.02
CFI 0.033 0.96 �0.01 �0.826 1.22 0.12
DFI �1.614 2.81 0.32 �0.319 1.56 0.04

SAR of the soil solution
(mmol(c) L�1)0.5 (mmol(c) L�1)0.5 (–) (mmol(c) L�1)0.5 (mmol(c) L�1)0.5 (–)

AFI 0.106 0.30 �0.08 �0.191 0.34 0.15
CFI �0.172 0.57 0.08 0.096 0.34 �0.04
DFI 0.362 0.62 �0.30 �0.431 0.67 0.25

Table 6
Components of soil water balance at the end of each growing period for the three treatments (Irr. & Rain: Irrigation and Rainfall, Pot. Trans.: Potential Transpiration, Act. Trans.:
Actual Transpiration, Act. Evap.: Actual Evaporation).

Water balance (mm) 2009 2010 2011

No osmotic stress Osmotic stress No osmotic stress Osmotic stress No osmotic stress Osmotic stress

AFI Irr. & Rain 434.76 434.76 425.41 425.41 419.01 419.01
Pot. Trans. 548.53 548.53 642.43 642.43 607.43 607.43
Act. Trans. 494.55 494.34 523.34 523.19 468.14 467.05
Act. Evap. 63.57 63.59 55.20 55.19 44.75 44.75

CFI Pot. Trans. 608.40 608.40 599.70 599.70 581.92 581.92
Act. Trans. 490.32 488.78 506.39 502.82 486.22 480.25
Act. Evap. 30.02 30.04 48.41 48.47 38.06 38.08

DFI Pot. Trans. 649.96 649.96 537.53 537.53
Act. Trans. 522.39 521.70 499.42 496.60
Act. Evap. 41.50 41.79 66.18 66.81

E.H. Lekakis, V.Z. Antonopoulos / Journal of Hydrology 530 (2015) 431–446 439
Water uptake was reduced due to osmotic stress in AFI treat-
ment mainly in 2011, by 1.1 mm, because of the composition of
the fresh water that led to a computed ECsw which marginally
exceeded the calculated threshold for corn of the Maas and
Hoffman (1977) model, during the irrigation period. In treatment
CFI which was irrigated with saline water (ECiw = 3.2 dS m�1) the
reduction due to osmotic stress was 1.5 mm in 2009, 3.6 mm in
2010 and 6.0 mm in 2011, as ECsw reached very high values and
became three times greater than the threshold electrical conduc-
tivity during the irrigation periods. In treatment DFI, which was
irrigated with saline water (ECiw = 6.4 dS m�1) osmotic stress
reduced water uptake by 0.7 mm in 2010 and 2.8 mm in 2011.
Despite the fact that DFI treatment was irrigated with waters of
the highest ECiw, the osmotic stress effects on the cumulative root
water uptake were relatively minor in comparison to CFI
treatment. This phenomenon can be justified by the low initial salt
concentrations in the soil profile of treatment DFI compared to CFI.
Ramos et al. (2011) used model UNSATCHEM to calculate
reductions in root water uptake of maize in a field experiment
and reported reductions as high as 866 mm due to water stress
and 276 mm due to osmotic stress for three consecutive growing
periods, using blended saline irrigation waters of ECiw = 8 dS m�1.
The researchers followed an irrigation scheduling were water
was applied in order to maintain soil water content between satu-
ration and field capacity. Gonçalves et al. (2006) using HYDRUS-1D
predicted 910 mm reductions in transpiration due to water stress
and 120 mm reductions due to osmotic stress in a four year exper-
iment in lysimeters, covered by annual spontaneous vegetation in
which saline irrigation water of ECiw = 3.2 dS m�1 was used. These
researchers also maintained the soil moisture to the level of field
capacity during the irrigation periods. In the present study, irriga-
tion was applied almost weekly with 6–7 day intervals, exposing
plants to periods of dry conditions, possibly increasing plant salt
tolerance and maintaining low rates of water uptake between
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irrigations. Shani and Dudley (2001) found that plant salt tolerance
increases during periods of time when the region near the root is
severely moisture depleted and the hydraulic conductivity is suffi-
ciently low to create a flux-limited condition, thus minimizing the
effect of the osmotic potential on crop-water relations. The previ-
ous is interpreted in WANISIM model by multiplying the threshold
salinity of the Maas and Hoffman (1977) model with the appropri-
ate fSP ratio, according to the soil moisture. The ratio is higher in
low moisture levels and the threshold salinity increases, increasing
plant salt tolerance in drier conditions. Indeed, model results
reveal that water uptake continued in small amounts between irri-
gations in deeper than 15 cm soil layers for treatments CFI and DFI,
compensating in this way the reductions in water uptake due to
osmotic stress.

3.3. Individual Ions

Measured and simulated concentrations of Ca2+, Mg2+ and Na+

for treatments AFI, CFI and DFI, are presented in Figs. 5–7, respec-
tively. The statistical criteria E, RMSE and CRM during calibration
and validation for Ca2+, Mg2+ and Na+ are summarized in Table 5.
For the determination of the ions concentration in the soil solution,
measured concentrations were multiplied with the ratio fSP accord-
ing to the water content of the soil layer at the particular day of
measurement. These values were then compared with computed
concentration values.

Predicted values for Ca2+, Mg2+ and Na+ concentrations during
calibration and validation were in a generally good agreement with
the measured values for AFI and CFI treatments, while less satisfac-
tory for DFI treatment. RMSE calculated for Ca2+ concentrations
resulted in values less than 4.55 mmol(c) L�1 for AFI and CFI, while
as high as 13.10 mmol(c) L�1 for DFI. RMSE values obtained for Mg2+

were lower than 6.41 mmol(c) L�1 for AFI and CFI and lower than
14.92 mmol(c) L�1 for DFI treatment. RMSE values obtained for
Na+ during the calibration and validation years were lower than
3.98 mmol(c) L�1 in all treatments at both soil layers. CRM reveals
a general underestimation of Ca2+, overestimation of Mg2+ and
not a clear trend for Na+ values.

Ramos et al. (2011) used HYDRUS-1D model for the simulation
of major cations in a field experiment and obtained RMSE values
between measured and predicted Ca2+, Mg2+ and Na+ concentra-
tions, as high as 5.66, 4.16 and 13.86 mmol(c) L�1, respectively.
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Fig. 5. Measured and computed Ca2+ concentrations of the soil solution at 0–35 and
35–75 cm soil layers in the three treatments, during the growing seasons and
subsequent rainfall periods. Symbol I denotes the irrigation periods.

Fig. 7. Measured and computed Na+ concentrations of the soil solution at 0–35 and
35–75 cm soil layers in the three treatments, during the growing seasons and
subsequent rainfall periods. Symbol I denotes the irrigation periods.
The researchers used an average ionic composition of irrigation
water consisting of 1.95, 2.18 and 80.00 mmol(c) L�1, Ca2+, Mg2+

and Na+, respectively. Yurtseven et al. (2013) also used HYDRUS-
1D model, in a study with different water salinity levels in soil col-
umns sown with alfalfa, and obtained RMSE values for Ca2+, Mg2+

and Na+ concentrations as high as 16.20, 9.94 and 14.97 mmol(c) -
L�1, respectively. The average ionic composition of their irrigation
water was 13.53, 0.76 and 1.98 mmol(c) L�1, Ca2+, Mg2+ and Na+,
respectively. In this study the average ionic composition of the irri-
gation waters for CFI and DFI treatments, was 15.67, 21.14 and
8.51 mmol(c) L�1, Ca2+, Mg2+ and Na+, respectively. The comparison
with other studies reveals that, although WANISIM does not
account for equilibrium chemical reactions between major ions,
it predicts successfully the major cations transport in the 0–35
and 35–75 cm soil layers.

In general, peak values of Ca2+ concentration in the treatments
were observed in late August–early September periods and the
highest values during 2011. The higher Ca2+ concentration values
in CFI and DFI were more than double the concentration of the
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saline irrigation waters. Calcium concentrations subsequently
decreased during the rainfall periods in the surface layer, reaching
values similar to the initial conditions after the first irrigation
season but higher than the initial conditions after the second
irrigation season for all treatments.

The dynamics of Mg2+ were similar to those of Ca2+ throughout
the simulation period in both soil layers. The highest value of Mg2+

in the upper soil layer was observed in DFI treatment after the
third irrigation period. The concentration of Mg2+ gradually
increased in the deeper soil layer for DFI and CFI treatments after
the first irrigation season. The increase in Mg2+ and Ca2+ concentra-
tion in the 35–75 cm soil layer in DFI is not analogous to the irriga-
tion water composition, compared to CFI. This is due to the higher
initial salt concentration of CFI. Nevertheless, the use of the irriga-
tion water with ECsw = 6.4 dS m�1 led to high values for calcium
and magnesium in the deeper layer of treatment DFI, similar to
CFI, within only two irrigation cycles.

Smaller but noticeable increase in sodium concentration was
observed and computed by WANISIM, as it was the cation with
the lowest concentration being added to the saline irrigation
waters. In the upper layer of the treatments DFI and CFI, Na+

increased after the irrigation periods in almost the same levels,
while it was maintained almost constant in AFI throughout the
simulation period.

The mass balance components for Ca2+, Mg2+ and Na+ during the
simulation period are presented in Table 7. According to the
results, significant amounts of the ions were added in the soil
through the irrigation water, in treatments CFI and DFI. Computed
leaching losses were limited, as was deep percolation, and mainly
observed after the first irrigation season for treatment AFI and after
the second irrigation season for treatment DFI. No leaching was
computed for treatment CFI during the simulation period. This
can be attributed to three main reasons: (i) the conservative
irrigation water amount, (ii) the fast depletion of soil moisture in
the rhizosphere due to increased evapotranspiration during the
summer months, which inhibits water movement to deeper layers
and (iii) the upward movement of water, initially stored at
Table 7
Ca2+, Mg2+ and Na+ mass balance for the three treatments during the simulation
period.

Mass balance components (kg ha�1) Ca2+ Mg2+ Na+

AFI 2009–2011
Initial mass in the liquid phase 1276.1 715.8 734.2
Initial mass in the solid phase 1166.4 613.9 1301.4
Inflow – irrigation load 457.5 378.9 299.7
Plant uptake 262.5 300.5 56.8
Leaching 76.0 47.5 39.2
Final mass in the liquid phase 1521.8 760.7 991.3
Final mass in the solid phase 1039.7 599.9 1248.0
Mass stored in the soil profile 119.0 30.9 203.7

CFI 2009–2011
Initial mass in the liquid phase 1402.7 864.5 872.5
Initial mass in the solid phase 1228.4 683.1 1844
Inflow – irrigation load 1745.0 1469.1 1234.8
Plant uptake 247.7 286.3 52
Leaching 0.0 0.0 0.0
Final mass in the liquid phase 2325.4 1530.6 1533.1
Final mass in the solid phase 1802.9 1199.8 2366
Mass stored in the soil profile 1497.2 1182.8 1182.7

DFI 2010–2011
Initial mass in the liquid phase 1281.9 647.7 869.4
Initial mass in the solid phase 1067.2 481.3 1392.0
Inflow – irrigation load 2513.6 2041.4 1352.0
Plant uptake 183.2 211.6 38.2
Leaching 8.0 4.0 6.0
Final mass in the liquid phase 2522.3 1623.0 1220.2
Final mass in the solid phase 2149.2 1331.9 2349.0
Mass stored in the soil profile 2322.4 1825.8 1307.8
95–105 cm soil layer, because of soil moisture depletion in the
upper soil layers. Therefore, high quantities of the applied salts
remained in the soil profile of 110 cm. The calculated mass balance
errors of the ions transport simulation were very low.

3.4. Overall salinity and sodicity

The average measured and computed ECsw are illustrated in
Fig. 8. The statistical criteria during calibration and validation, con-
cerning measured and predicted ECsw, are summarized in Table 5.
WANISIM simulations of the total soil salinity resulted in a gener-
ally good agreement with the observed distributions in all of the
three treatments throughout the simulation period. Average RMSE
resulted in values lower than 0.65, 1.22 and 2.81 dS m�1 for the
treatments AFI, CFI and DFI respectively, indicating relatively good
overall correspondence between measured and simulated data. In
general, positive CRM values indicate an underestimation of the
measured ECsw.

Soil salinity increased considerably in treatments irrigated with
saline waters. In CFI, computed and measured soil salinity reached
maximum values during the last irrigation season. During the rain-
fall periods, soil salinity decreased in the surface layer and
increased in the deeper layer, due to salt leaching. In CFI, salts
began to build up at the layer of 0–35 cm after the second irriga-
tion season and at the layer of 35–75 cm after the first irrigation
season, as rainfall was not sufficient to remove salts below the root
zone.

In treatment DFI, computed and measured ECsw of the surface
soil layer, increased significantly, from approximately 2 dS m�1 to
values higher than 12 dS m�1, during the last irrigation season. A
large amount of rainwater (97 mm), in early May of 2011, leached
salts from the top layer and lowered ECsw until the irrigation period
of 2011. In layer 35–75 cm, soil salinity increased continuously
during 2010 and 2011 as a result of salt leaching from the surface
layer.

The use of the locally available water did not lead to soil salin-
ization, although salt leaching from the surface soil layer caused an
increase in the ECsw of the 35–75 cm layer to marginally saline
levels of 4 dS m�1. Saline irrigation water of ECiw = 3.2 dS m�1

caused soil salinization after the first irrigation period in both soil
layers. The use of saline irrigation water with ECiw = 6.4 dS m�1 had
the biggest effect on the soil solution salinity within only two
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irrigation periods. The increase in the salinity of the 35–75 cm soil
layer in all three treatments is mainly attributed to the limited per-
colation and leaching of salts below the root zone and the 110 cm
soil profile, as predicted by the model results. It is evident that the
general behavior of ECsw is the same as that of calcium because it is
the most important contributor to ECsw considering the composi-
tion of the fresh and saline irrigation waters.

The average measured and computed SAR of the soil solution
are illustrated in Fig. 9. The statistical criteria E, RMSE and CRM
during calibration and validation concerning measured and pre-
dicted SAR are summarized in Table 5. Average RMSE values for
both soil layers, lower that 0.62 (mmol(c) L�1)0.5 for the calibration
years and lower that 0.67 (mmol(c) L�1)0.5 for the validation year in
all three treatments, show that the model is able to predict soil SAR
with an acceptable accuracy.

In AFI treatment, computed SAR values remained almost the
same during the three growing periods at both soil layers. CFI pre-
sented the highest initial soluble Na+ and SAR values compared to
the other treatments in both soil layers. However, the composition
of the saline irrigation waters used, maintained SAR approximately
at 2.2 (mmol(c) L�1)0.5 throughout the growing periods in both soil
layers. The same fluctuation was observed in computed SAR values
of treatment DFI, where average SARwas 1.5 (mmol(c) L�1)0.5 at soil
layers 0–35 and 35–75 cm. During the winter season of 2010, an
increase in soil SAR is observed at the 0–35 cm soil layer in treat-
ments AFI and DFI, which is attributed to significant leaching of
Ca2+ and Mg2+ from the surface layer and continuous desorption
of exchangeable Na+.

Rasouli et al. (2013) usedmodel UNSATCHEM to predict ECsw in a
field experiment with winter wheat and varying irrigation water
salinities. They obtained RMSE values that ranged from 0.52 to
1.01 dS m�1 and from 1.60 to 2.13 dS m�1 for the validation period,
with irrigation water salinities of 6.5 and 11.5 dS m�1, respectively.
Ramos et al. (2011) calculated RMSE values for ECsw as high
as 2.35 dS m�1 using HYDRUS-1D and 2.04 dS m�1 using
UNSATCHEM, with an average irrigation water salinity of
8.9 dS m�1. The researchers also obtained RMSE values for predicted
SAR as high as 6.27 (mmol(c) L�1)0.5.

SAR is a variable that characterizes salt affected soils and takes
into consideration that the adverse effects of sodium are moder-
ated by the presence of calcium and magnesium ions (Gonçalves
et al., 2006). The use of saline irrigation waters in treatments CFI
and DFI with a ratio of 3:3:2 for Ca2+:Mg2+:Na+, with SAR < 2.52
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Fig. 9. Measured and computed soil SAR at 0–35 and 35–75 cm soil layers in the
three treatments, during the growing seasons and subsequent rainfall periods.
Symbol I denotes the irrigation periods.
(mmol(c) L�1)0.5 and ECiw > 3.17 dS m�1 do not pose a soil sodifica-
tion threat and eventually water infiltration problems. Soil SAR val-
ues greater than 13 (mmol(c) L�1)0.5 indicate a sodic soil (US
Salinity Laboratory Staff, 1954). However, in this study, measured
and computed high concentrations of Ca2+ and Mg2+ compared to
Na+ in the irrigation water and the soil solution, did not lead to soil
sodification, thus maintaining SAR values below 4 (mmol(c) L�1)0.5

in all treatments, during the three year experiment.

3.5. Cations uptake

Following the approach of Šimůnek and Hopmans (2009), pas-
sive nutrient uptake is described in modelWANISIM by multiplying
root water uptake with the dissolved nutrient concentration, for
soil solution concentration values below Ckmax. Uptake was consid-
ered to last until harvest because accumulation of macronutrients
in maize continues throughout the growing season with most of
the nutrients being absorbed between anthesis and ripening
(Fageria, 2009). It is specifically noted that the Ckmax approach does
not take into account the abundance of cations in the soil solution,
nor the interactions between cations due to changes in the ratios of
Na/Ca, Na/K and Ca/Mg in the root media. Cumulative uptake of
Ca2+, Mg2+ and Na+ at harvest, for the three growing seasons is pre-
sented in Table 7.

Values of Ckmax were calibrated with the measured cations
concentrations in the above ground maize biomass at different
growth stages. The calibrated and validated values of Ckmax were
estimated at 24.30 lg cm�3 for Ca2+, 28.25 lg cm�3 for Mg2+ and
5.05 lg cm�3 for Na+. Computed cumulative uptake of calcium,
magnesium and sodium and measured concentrations in plant tis-
sues for the three treatments in 2009, 2010 and 2011 are presented
in Fig. 10. Measured and computed values of Ca2+ and Mg2+

concentration in plant tissues are in agreement with values pro-
vided in the literature (Fageria, 2009). The results of the statistical
analysis between measured and computed cumulative uptake are
given in Table 8.

3.6. Discussion on model calibration and validation results

Ramos et al. (2012) mention that deviations between measured
data and simulated values, in model calibration and validation, are
mainly attributed to errors related to field measurements, to model
input and model structure errors. Deviations between measured
and simulated water contents and relatively high RMSE values
reaching 0.08 cm3 cm�3 for the layer 95–105 cm (results not
shown) can be attributed to the inverse solution estimation of
the soil hydraulic properties and possibly errors related to field
measurements. For the inverse solution estimation of the soil
hydraulic properties with HYDRUS-1D v4.0, measured soil water
contents at 10 cm depth were provided for the 0–15 cm soil layer,
the measurements at 20 and 30 cm for the 15–35 cm soil layer, at
40 and 60 cm depth for the soil layer 35–90 cm and the soil water
recordings at 100 cm were provided for the soil layer 90–110 cm.
The simulations seem to describe some layers better than others
and some RMSE values tend to be high, although the parameter
set obtained was the best possible fit (r2 = 0.912) for the entire soil
profile of 110 cm. RMSE values between measured and computed
soil moisture as high as 0.10 and 0.14 cm3 cm�3 were presented
by Schwen et al. (2011) and Valdes-Abellan et al. (2013), respec-
tively. In these studies the soil hydraulic properties of the van
Genuchten (1980) model were also estimated by inverse modeling.
Therefore, the use of field data for the inverse solution estimation
of the soil hydraulic properties does not necessarily guaranty the
absolute representativeness of the parameter set, especially for
the description of a heterogeneous flow domain of 110 cm, as
was the case in this study.
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Table 8
Statistical analysis between measured and computed cumulative nutrient uptake
obtained for all three treatments (AFI, CFI, DFI).

Nutrient 2009–2010 2011

E
(kg ha�1)

RMSE
(kg ha�1)

CRM
(–)

E
(kg ha�1)

RMSE
(kg ha�1)

CRM
(–)

Ca2+ �0.214 11.95 �0.02 0.781 18.76 0.04
Mg2+ �2.624 13.83 0.06 3.218 17.50 �0.06
Na+ 1.230 4.71 �0.21 4.814 7.37 �1.12
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Errors related to field measurements can be attributed to pref-
erential flow along the soil moisture sensors’ access tube walls,
even though careful installation procedures were followed. To
minimize such possible errors, measuring of soil water content
was carried out at least 12 h after an irrigation event which was
considered enough time for irrigation water to infiltrate and pro-
vide the appropriate balance between the soil and the access tube
(Lekakis et al., 2011).

Although the determination of the fSP ratios relies on an easy
measured, physically based parameter, which is the saturation per-
centage of the soil paste, possible source of errors could be related
to the determination of ECsw by the fSP�ECe approach. The same
approximation applies to the estimation of ions concentration. A
major issue in solute transport studies is the sampling method
for the determination of soil salinity and cations concentration.
Ramos et al. (2011, 2012) refer to spatial soil variability problems
encountered in their studies, even with the use of ceramic porous
cups for soil solution sampling.
A model structure error could be considered the use of the lin-
ear isotherm and the distribution coefficient between the liquid
and solid phase, Kd,k, to describe cation exchange. At present, a
major limitation of WANISIM model is that it does not account
for equilibrium chemical reactions between major ions, such as
aqueous complexation, complex cation exchange and precipita
tion–dissolution. Model UNSATCHEM, which is incorporated in
HYDRUS, accounts for such chemical reactions and uses a Gapon-
type expression to describe exchange equilibrium between the
sorbed and dissolved cations (White and Zelazny, 1986). This
approach considers the various interactions between the multiple
cations and competition for sorption sites and has proved to be
very efficient in modeling the major cations in the soil solution
than adsorption isotherms. Recent studies (Ramos et al., 2011;
Oster et al., 2012) showed the importance of modeling the major
cations using a solute transport model capable of simulating the
subsurface transport of multiple ions that mutually interact, create
various complex species, compete with each other for sorption
sites and/or precipitate or dissolve. Nevertheless, as pointed out
by Ramos et al. (2011), the UNSATCHEM module has been used
much less often than the standard solute transport module of
HYDRUS. This is possibly attributed to the vast number of input
parameters and measurements related to soil and chemical factors
required for the application. Furthermore, Rasouli et al. (2013)
used model UNSATCHEM and concluded that the model performs
better for lower than 11.5 dS m�1 irrigation water salinity levels.

In this study, higher RMSE values between measured and com-
puted cations concentrations were calculated for the DFI treatment
and underestimation of the measured values by the model
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suggests that larger quantities of cations are being adsorbed while
less remain in the soil solution, since leaching is limited.
4. Summary and conclusions

The transient-water flow model WANISIM was modified to
include mass transport of individual ions (Ca2+, Mg2+ and Na+)
and overall soil salinity. The model calculates ECsw as the sum of
the cations in the soil solution, which is more closely related to
the chemical processes occurring in the soil, than considering
salinity as a single solute. WANISIM considers cation exchange
and distribution between the liquid and the solid phase however
complex ion chemistry is not taken into account.

Data collected during a three year experiment in field plots of
maize irrigated with three different irrigation water qualities at
Thessaloniki area in Northern Greece, were used for the calibration,
validation and evaluation of the model. Visual inspection and the
obtained statistical parameters values, suggest relatively good
overall correspondence between measured and simulated data of
the soil water content, the soil solution electrical conductivity,
the concentration of soluble Ca2+, Mg2+ and Na+ and nutrient
uptake. RMSE values for cations calculated for AFI (ECiw = 0.8 -
dS m�1) and CFI (ECiw = 3.2 dS m�1) treatments were lower than
DFI (ECiw = 6.4 dS m�1) treatment, indicating also an underestima-
tion of the measured data, resulting from larger computed cation
quantities being adsorbed in the solid phase possibly due to the
use of the Freundlich isotherm in its linear form.

Measured and predicted values indicated that the use of saline
irrigation waters with ECiw = 3.2 dS m�1 and 6.4 dS m�1, caused soil
salinization but not sodification in both studied soil layers (0–35
and 35–75 cm). In treatment CFI, ECsw of the surface soil layer,
increased significantly from 3.0 dS m�1 to approximately
9.0 dS m�1 and in treatment DFI from 1.5 to 14.2 dS m�1. Soil salin-
ity was maintained below 4 dS m�1, with the use of the locally
available fresh irrigation waters, in AFI treatment.

The peak concentration values of Ca2+, Mg2+ and Na+ in the
treatments were observed in late August–early September periods
and the highest values at the end of the last irrigation season. The
concentrations subsequently decreased during the rainfall periods
in the surface layer. The concentrations of Ca2+ and Mg2+ gradually
increased in the deeper soil layer for DFI and CFI treatments after
the first irrigation season. The use of irrigation water with
ECsw = 6.4 dS m�1 led to high values for Ca2+ and Mg2+ in the deeper
layer of treatment DFI, similar to CFI, within only two irrigation
cycles. According to the model results computed leaching losses
were limited and high quantities of the applied salts remained in
the soil profile of 110 cm.

Measured and computed high concentrations of Ca2+ and Mg2+

compared to Na+ in the irrigation water and the soil solution, did
not lead to soil sodification, thus maintaining SAR values below 4
(mmol(c) L�1)0.5 in all treatments, during the three year
experiment.

Root water uptake reductions due to water and osmotic stress
were also predicted by model WANISIM. Due to water stress, tran-
spiration was reduced by approximately 21% in AFI and CFI and
24% in DFI treatment. Under combined water and osmotic stress,
root water uptake was further reduced by 0.2% in AFI, 0.7% in CFI
and 0.4% in DFI. Limited root water uptake reductions under osmo-
tic stress were attributed to the increased plant salt tolerance due
to reduced soil moisture, that maintained water uptake in the dry
periods between irrigations.

Model WANISIM introduces the approach of the fSP ratio which
takes into account the effects of soil moisture on plant salt toler-
ance. The fSP ratio is a physically based parameter and is multiplied
by the threshold salinity of the plants. The ratio is higher in low
moisture levels and the threshold salinity increases, increasing
plant salt tolerance in drier conditions. Model results reveal that
water uptake continued in small amounts in the dry periods
between irrigations in deeper than 15 cm soil layers for treatments
CFI and DFI, compensating in this way the reductions in water
uptake due to osmotic stress.

The model can further be improved with the incorporation of
modules that account for various interactions between cations in
the liquid and solid phase. However, comparison with results from
previous studies that used models accounting for chemical equilib-
rium proved that a medium structure model likeWANISIM can pre-
dict with an acceptable accuracy cations concentrations in the soil
solution, salinity and sodicity. Furthermore, this approach presents
fewer requirements in input parameters than models employing
complex processes of adsorption and cation exchange.

WANISIM can be used for irrigation management in regions with
scarce water resources and low quality water available for irriga-
tion, to describe the effects of irrigation water quality on soil and
water uptake by plants.
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