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Abstract
World recent concerns about the shortage of water resources and contamination of groundwater supplies have motivated
scientists seeking for more efficient techniques in irrigation and fertilization of farms while taking the advantage of models.
The objective of this study is to address howwater and nitrogen (N) dynamics are affected by efficient management strategies and
to evaluate the application of HYDRUS-1Dmodel in these conditions. In terms of using management policies, different irrigation
strategies, planting methods, and different N fertilization rates applied on safflower (Carthamus tinctorius L.) in volumetric field
lysimeters. The irrigation regimes were ordinary furrow irrigation (OFI) and variable alternate furrow irrigation (VAFI) as a
partial root drying (PRD) technique. The planting methods were on-ridge planting (P1) and in-furrow planting (P2) methods. The
fertilizer levels were 0 (N0), 100 (N1), and 200 (N2) kg ha−1 of urea as 0, 46, and 92 kg N ha−1. Results showed that VAFI regime
and in-furrow plantingmethod favorably reduced the amount of drainage water below safflower root zone in comparison with the
ordinary methods. Furthermore, VAFI regime satisfactorily decreased the seasonal nitrate (NO3-N) leaching below the root zone,
whereas differences between the leached NO3-N in in-furrow and on-ridge planting methods were not significant. Moreover,
VAFI regime did not show any negative effects on total N uptake in safflower seed and straw, whereas in-furrow planting
accumulated higher N in comparison with the on-ridge planting method. In addition, safflower nitrogen (N) uptake was respon-
sive to application of nitrogen, although the rate of increase in N accumulationwas not significant between the application rates of
46 and 92 kg N ha−1. The soil nitrate concentration decreased during the growing season indicating that safflower root system has
a great ability in absorption of NO3-N from soil N supplies. HYDRUS-1D model favorably predicted the drainage water, nitrate
concentration of drainage water, crop N uptake, and residual soil NO3-N concentration for safflower field. Therefore, it can be an
applicable model for prediction of water and nitrogen dynamics, despite of two-dimensional flow conditions in furrow irrigation.
It was concluded that VAFI strategy and in-furrow planting method are suitable alternatives helping farmers produce food while
conserving water and preserving the environment.
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irrigation

Introduction

World agricultural production has been challenged by water
shortage and nitrogen (N) pollutions in the recent decades.

Despite the limited eligible land for cultivation and scarce
water resources, the growth of human population needs to
bring more land and water resources for food production.
Therefore, increasing the production capacity of the cultivated
lands and enhancement of the water use efficiency are the
necessary issues that may be achieved by application of fertil-
izers, efficient irrigation strategies, and planting methods
(Shahrokhnia and Sepaskhah 2017a).

Nitrogen (N) is one of the essential nutrients to produce
more crop and yield per unit area that is provided by using
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nitrogen fertilizers in farm. Urea is the main source of nitrogen
fertilizers which is quite soluble in water and thus is very
popular among farmers (Ravikumar et al. 2011). On the other
hand, intensive fertilizer use and excessive use of N have
become serious threats for contamination of various water
resources in the last decade. The risk of groundwater contam-
ination by N is related to the high solubility of urea in water.
Urea immediately reacts after its dissolution in water and
nitrified into ammonium (NH4-N) and subsequently into ni-
trate form (NO3-N). Hence, ammonium ions are adsorbed to
the clay particles, and leaching of ammonium ions from the
soil profile is significantly restricted. Adversely, nitrate does
not adsorb to the soil clay particles, and thus, the leaching of
nitrate to groundwater is highly probable (Ravikumar et al.
2011). Consequently, nitrate is recognized as the most mobile
form of N in ecosystems (Yau and Ryan 2010). Nitrate
leaching is influenced by different factors such as soil proper-
ties, crops and crop rotation, irrigation methods, management
practices, and climatic parameters. Therefore, application of
appropriate amount of water and fertilizer along with better
management strategies should be taken into consideration to
maximize the application efficiency and minimize water and
fertilizer loss through leaching (Ajdary et al. 2007). Regarding
nitrogen requirement, the recommended N fertilizer rate for
safflower has reported from 40 to 120 kg N ha−1 for various
situations (Nasr et al. 1978; Cazzato et al. 1997; Elfadl et al.
2009; Yau and Ryan 2010; Bassam 2013; Shahrokhnia and
Sepaskhah 2016).

In the case of drought and limited water supply, alternate
furrow irrigation is considered as an appropriate irrigation
strategy to reach the higher water saving and water productiv-
ity. In this type of irrigation, water is delivered to one of the
two furrows; thus, only half of the furrows in a set will be
irrigated. Since lateral infiltration may increase the irrigated
water in the wet furrows due to expansion of water into dry
neighboring furrows, this technique does not necessarily re-
duce water use to the half (Ebrahimian et al. 2013). The var-
iable alternate furrow irrigation (VAFI) that is an approach of
partial root drying (PRD) irrigation strategy is a proper irriga-
tion method that can save applied irrigation water without
having significant yield loss (Sepaskhah and Ahmadi 2012;
Davies et al. 2002). The environmental features of PRD irri-
gation may be related to lower deep percolation and nitrate
leaching into underground water resources that is resulted
from less irrigation water use.

Saving of irrigation water in drought condition and arid
regions also may be obtained by using a different planting
method. On the other hand, it has been observed that more
appropriate conditions for plant growth are provided in in-
furrow planting due to higher soil water content and temper-
ature (Shabani et al. 2013; Yarami and Sepaskhah 2015;
Shahrokhnia and Sepaskhah 2017a). The in-furrow planting
method was recognized as a more preferable method for

regions with drought or saline stress risk by the study of
Yarami and Sepaskhah (2015).

Simulation of water flow and solute transport in the vadose
zone, along with the root water and nutrient uptake, has facil-
itated the understanding of dynamic processes in the soil pro-
file. Models have proved to be useful for simulation of condi-
tions that are economically or technically impossible to carry
out in field experiments (Li and Liu 2011; Shahrokhnia and
Sepaskhah 2017b). Therefore, using a calibrated and validated
model on this issue will help to an optimal scheduling of
nutrient applications for any time period (Ravikumar et al.
2011). HYDRUS model developed by Simunek et al. (2008)
can be used to characterize water, nutrients, and pesticide
transport processes at the field scale (Pang et al. 2000;
Rassam and Cook 2002; Phillips 2006). HYDRUS-1D and
HYDRUS (2D/3D) are models that have often been used by
many researchers to simulate water flow in agricultural fields
with different crops and various irrigation schemes
(Kandelous et al. 2012; Ramos et al. 2012; Siyal et al. 2012;
Tafteh and Sepaskhah 2012).

Water and nitrogen dynamics in safflower fields have not
been investigated before, specifically in condition of partial
root drying irrigation, in-furrow planting method, and differ-
ent nitrogen fertilization rates. Therefore, the objective of this
study was to address the behavior of deep percolation, nitrate
leaching, nitrogen uptake, and soil nitrogen content under dif-
ferent management strategies in field lysimeters. Application
and evaluation of HYDRUS-1D model by this approach can
be additionally advantageous for reaching more appropriate
farm management over the areas with limited water resources.

Material and methods

Field experiment

Site description and experimental design

Field experiments were carried out during 2012–2013 and
2013–2014 growing seasons at the Experimental Research
Station of the Agricultural College, Shiraz University in Iran.
The station is located at 29° 56′N latitude, 52° 02′ E longitude
and 1810 m above mean sea level that is classified as a semi-
arid region. The daily climatic parameters including rainfall,
temperatures, relative humidity, wind velocity, and sunshine
hours were recorded at weather station located near the site.
The average of monthly climatic data is reported in Fig. 1. The
annual rainfall was 433 and 276 mm for the first and second
year, respectively, which mostly occurring from November to
May. The long-term precipitation (from 1972 to 2013) is aver-
agely 388 mm in the region. Comparably, the monthly precip-
itation was higher in November, December, and April of
2012–2013 and November and January of 2013–2014. The
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long-term mean values of daily temperature and relative hu-
midity were 13.3 °C and 50%, respectively. The minimum
temperature was averagely below zero from December to
February of both years of study; however, they were in lower
values in year 2013 due to having snowfalls compared with
year 2012. The required irrigation water provided from a well
located near the field with electrical conductivity (EC) of
0.72 dS m−1. Periodic analyses made on the irrigation water
samples during the experiment and showed steady characteris-
tics over the time. The soil is clay loam consisted of averagely
27.3% sand, 37.3% silt, and 36.4% clay in the layers. Soil
depth is 0.90 m in the lysimeters with field capacity of 0.
34 m3 m−3 and wilting point of 0.14 m3 m−3. The properties
of soil and irrigation water are shown in Table 1.

The three factors studied in this experiment were included
as application of different irrigation strategies, planting
methods, and nitrogen fertilization rates. The design of exper-
iment is considered as split-split plot that was arranged as
randomized complete blocks in three replications. The main
plot assigned for two different irrigation regimes including full
irrigation by ordinary furrow irrigation (OFI) and variable
alternate furrow irrigation (VAFI) as a partial root drying
(PRD) strategy. The sub-plot received two various planting
methods for safflower seeds as on-ridge planting (P1) and
in-furrow planting (P2) methods. Three levels of nitrogen ap-
plication rates were considered as N0 = 0, N1 = 100, and
N2 = 200 kg ha−1 of urea fertilizer (46 and 92 kg N ha−1) that
were assigned for the sub-sub-plots.

Field and irrigation practices

Safflower seed as local cultivar of Isfahan was planted on 25
and 10 October of 2012 and 2013, respectively, in 36 non-
weighing/drainage-type lysimeters with barley as the preced-
ing crop. The dimension of each lysimeter is 1.5 m × 1.5 m ×
1.1 m with a layer of 0.05-m gravel at the bottom and a soil
layer of 0.90-m height on it. Lysimeters were established by
concrete materials with square designing in which different
crops have been cultivated for more than 8 years before the
experiment. Therefore, soil layers of the lysimeters were

naturally packed as well as the surrounding field with same
soil levels. The drainage water depleted from the bottom of
each lysimeter is collected in individual containers. At field
preparation stage in 2 weeks before planting, the triple super-
phosphate (46% P2O5) at rate of 100 kg P2O5 ha

−1 and cattle
manure (2.5 Mg ha−1) were mixed with the soil. Afterward,
three furrows with 0.5-m spacing and four ridges with 0.5-m
spacing and 0.15-m height were made in each lysimeter.
Safflower seeds were hand-planted in three rows in in-
furrow planting (P2) with distance of 0.10 m on each row.
However, the distance between plants in the two side rows

Table 1 Soil physical properties and chemical analysis of irrigation
water at experimental site

Characteristic Unit Depth (cm)

0–30 30–60 60–90

Soil

Sand % 35 23 21

Silt % 35 38 39

Clay % 30 39 40

Bulk density (BD) g cm−1 1.39 1.44 1.47

Field capacity (FC) cm3 cm−3 0.32 0.34 0.36

Permanent wilting point (PWP) cm3 cm−3 0.11 0.14 0.16

Organic matter % 2.6 2.0 1.1

Irrigation water Unit Value

EC dS m−1 0.718

pH – 7.58

Cl− meq l−1 0.9

Na+ meq l−1 0.62

K+ meq l−1 0.03

Ca2+ meq l−1 3.9

Mg2+ meq l−1 3.0

HCO3
− meq l−1 4.1

SO4
2− meq l−1 2.5

NO3
− mg l−1 6.8

NH4 mg l−1 0.0

PO4 mg l−1 0.0

Fig. 1 The average of maximum
and minimum air temperature and
relative humidity with rainfall
from October 2012 to July 2014
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in on-ridge planting (P1) was 0.2 m in order to reach equal
number of plants in each lysimeter (45 plants per lysimeter).
Based on the experimental application rates of nitrogen, the
required fertilizer in the form of urea was applied to soil at two
stages of growing season. The first half of the fertilizer was
applied at late winter when stem elongation began, and the
second half was applied in spring before flowering. In regard
to the risk of frost in December, January, and February of both
years, lysimeters were covered with a plastic sheet in some
freezing nights in order to prevent plants from frost damage.
Additionally, weeds were removed by hand several times in
the growing season, and aphids were controlled by using ap-
propriate pesticides.

In order to determine the crop irrigation requirement, the
soil water status was monitored by neutron scattering method
in 7 to 10-day interval. The access tube of neutron meter was
installed in the bottom of middle furrow in OFI and in the
bottom of the middle and side furrows of VAFI treatments.
The soil water content was measured before each irrigation
event using the neutron meter at depths of 0.30, 0.60, and
0.90 m and by gravimetric sampling method at depth of 0–
0.15 m. Afterward, the required irrigation water depth was
determined by using the following equation:

d ¼ ∑
n

i¼1
θfci−θi
� �

Δzi ð1Þ

where d is the irrigation water depth (m), θfci and θi are the
volumetric soil water content (m3 m−3) in layer i at field ca-
pacity and before irrigation, respectively, Δzi is the soil layer
thickness (m), and n is the number of soil layers. The crop root
depth during the crop growing season was estimated by equa-
tion of Borg and Grimes (1986).

The gross irrigation water depth was obtained by consider-
ing an application efficiency of 75% that is commonly used by
farmers for surface irrigation systems. The gross irrigation
water depth was fully applied in OFI regimes in all three
furrows, whereas only two thirds of gross irrigation water
was applied to VAFI that were dry in the preceding irrigation
cycle. A volumetric flow meter was used to measure the
amount of applied irrigation water to each lysimeter. In order
to provide uniform seed germination and plant stands, the
three initial irrigation events were imposed as full irrigation
(OFI) in all treatments. Afterward, the crop water requirement
was mostly provided by precipitation before safflower elon-
gation stage that various irrigation strategies were started.

Field measurements and analysis

The volume of the collected drainage water from the lysime-
ters was measured by a volumetric container following each
irrigation and rainfall event. The samples of drainage water
taken from each lysimeter were kept at 4 °C, and its NO3-N

concentration was determined in less than 48 h by a spectro-
photometer (DR5000, HACHCo.). Thus, nitrate leaching was
obtained by multiplication of drainage water volume and
NO3-N concentration. Soil samples at three depths of 0.30,
0.60, and 0.90 m were taken before and after each growing
season using a tube auger for nitrate analysis. The samples
were air dried, crushed to pass through a 2-mm sieve, and
extracted in KCl 2 M. Finally, the soil samples were analyzed
by cadmium reduction method (Keeney and Nelson 1982),
and the NO3-N concentration was determined.

Safflower plants reached maturity in July of both experi-
mental years. They were cut at ground level from two middle
rows of lysimeters and then dried at 80 °C. The nitrogen con-
centration in seed and straw (mixture of stems and leaves) were
separately measured in each plot using Kjeldahl method.
Therefore, seed nitrogen uptake and straw nitrogen uptake
were determined by multiplying the nitrogen concentration
fraction in seed and straw individually by the relevant pro-
duced yield (kg ha−1). The total crop nitrogen uptake was de-
termined by summation of nitrogen uptake by seed and straw.

Selection of model for simulating water and nitrogen
transport

HYDRUS software is a finite element numerical model that
simulates the movement of water, heat, and multiple solutes in
variably saturated media (Simunek et al. 2008). Furrow irri-
gation is governed by a two-dimensional water transfer pro-
cess, and it is expected that soil water contents, pressure heads,
and solute concentration distribution are considered as two-
dimensional in the soil surface layer. However, water transport
tends to vertical movements (one-dimensional) in deeper
depth from the soil surface. In this study, the bottom water
flux and solute concentration beneath the lysimeters were far
away from the soil surface; thus, water and solute transport
can be averagely considered as one-dimensional in whole soil
profile. The application of HYDRUS-1D instead of
HYDRUS-2D can be justified in this situation (Tafteh and
Sepaskhah 2012). Similarly, Ebrahimian et al. (2013) studied
the application of both one- and two-dimensional HYDRUS
models in which HYDRUS-1Dmodel could successfully sim-
ulate fertigation in the case of alternative furrow irrigation,
despite the two-dimensional conditions in water and fertilizer
movement. Therefore, HYDRUS-1D (version 4.16) was used
in this study to simulate water flow, nitrate leaching, and soil
nitrate content in safflower root zone and crop N uptake.

HYDRUS-1D model description

In HYDRUS-1D model, the one-dimensional uniform water
movement in a partially saturated rigid porous medium is
described by a modified form of the Richards equation using
the assumptions that the air phase plays an insignificant role in
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the liquid flow process and that water flow due to thermal
gradients can be neglected by the following equation
(Simunek et al. 2013):

∂θ
∂t

¼ ∂
∂z

K
∂h
∂z

þ cosα

� �� �
−S ð2Þ

where θ is the soil volumetric water content (cm3 cm−3), h is
the water pressure head (cm), t is the time (day), K is the
unsaturated hydraulic conductivity (cm day−1), z is the vertical
axis (upward positive) depending on the origin of the surface
flux, and α is the angle between the flow direction and the
vertical axis (i.e., α = 0 for vertical flow). The sink term, S, is
defined as the volume of water removed from a unit volume of
soil per unit time due to plant water uptake. The rate of root
water uptake (S) is determined by Feddes et al. (1978) equa-
tion as follows:

S ¼ α hð ÞSp ð3Þ

where the water stress response function α(h) is a prescribed
dimensionless function of the soil water pressure head
(0 ≤ α ≤ 1) and Sp is the potential water uptake rate (day−1).
The variable Sp is equal to the water uptake rate during periods
of no water stress when α(h) = 1.

HYDRUS-1D assumes that the actual root depth (LR) is the
product of the maximum rooting depth, Lm (cm), and a root
growth coefficient, fr(t) (Simunek and Suarez 1993) as follows:

LR tð Þ ¼ Lm f r tð Þ ð4Þ

The model uses the classical Verhulst–Pearl logistic growth
function for the root growth coefficient, fr(t) by Eq. (5).

f r tð Þ ¼ L0
L0 þ Lm−L0ð Þe−rt ð5Þ

where L0 is the initial value of the rooting depth at the begin-
ning of the growing season (cm) and r the growth rate (day−1).
The growth rate is calculated either from the assumption that
50% of the rooting depth will be reached after 50% of the
growing season has elapsed.

HYDRUS implements the soil hydraulic functions of van
Genuchten (1980) who used the statistical pore size distribu-
tion model of Mualem (1976) to obtain a predictive equation
for the unsaturated hydraulic conductivity function in terms of
soil water retention parameters. The soil water retention, θ(h),
and hydraulic conductivity, K(h), functions by van Genuchten
(1980) are given as

θ hð Þ ¼ θr þ θs−θr
1þ αhð Þn½ �m ; h < 0

θs ; h≥0

8<
:

9=
; ð6Þ

K hð Þ ¼ KsS1e 1− 1−S1=me

� 	mh i2
ð7Þ

where θs is the soil saturated water content (cm
3 cm−3); θr is the

residual water content (cm3 cm−3);m and n are empirical shape
factors in the water retention function, m= 1 – 1 / n; Ks is the
soil saturated hydraulic conductivity (cm day−1) measured
using soil column experiments; l is the pore connectivity pa-
rameter in the hydraulic conductivity function that was estimat-
ed by (Mualem 1976) to be about 0.5 as an average for many
soils; and Se is the relative saturation, that is defined as follows:

Se ¼ θ−θr
θs−θr

ð8Þ

The partial differential equation governing one-dimensional
non-equilibrium chemical transport of nitrate in the soil profile
presented by Simunek and van Genuchten (1995) that was
considered in this study as the following equation:

∂ θcð Þ
∂t

¼ ∂
∂z

θ� Dw ∂C
∂z

� �� �
−
∂ qcð Þ
∂z

−ra ð9Þ

where c is solute concentrations in the liquid phase (mg cm−3),
q is the volumetric flux density (cm day−1), ra is the root
nutrient uptake term (mg cm−3 day−1) that for passive uptake
is equal to the product of the sink term S in the water flow
equation and the concentration of the sink term Cr (mg cm

−3),
and Dw is the dispersion coefficient (cm2 day−1) for the liquid
phase. In concept, the rhizosphere dynamics of water and nu-
trient uptake is very complex in root zone (Bar-Yosef 1999). In
order to avoid the complications involved in active N uptake,
N mineralization, and denitrification, this study makes the typ-
ical assumption that root nitrate uptake is strictly passive and
assumes that the above mechanisms are not occurring (Hanson
et al. 2006; Tafteh and Sepaskhah 2012).

The root solute uptake models implemented in HYDRUS-
1D was developed by Simunek and Hopmans (2009). Passive
nitrate uptake is simulated by multiplying root water uptake
with the dissolved nitrate concentration, for concentration
values below the maximum concentration (cmax), or

pa z; tð Þ ¼ s z; tð Þmin c z; tð Þ; cmax½ � ð10Þ
where c is the dissolved nutrient concentration (mg cm−3) and
cmax is the maximum allowed solution concentration
(mg cm−3) that can be taken up by plant roots during passive
root uptake. Passive actual root nitrate uptake for the whole
root domain, Pa (mg cm−2 day−1), is calculated by integrating
the local passive root nutrient uptake rate, pa, over the entire
root zone.

Input parameters and boundary condition

Water movement Soil profile was considered as three layers
based on the variability of its physical properties. The organic
matter content in the layers 1 and 2 is higher than that in the
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layer 3 due to manure application in the previous cropping
season (Bazegari et al. 2017). The inverse analysis of soil hy-
draulic parameters was accomplished by HYDRUS-1D model
including residual water content (WCR), saturated water con-
tent (WCS), saturated hydraulic conductivity (Ks), and alpha
and n parameters (Table 2). Initial values of soil hydraulic pa-
rameters were used from a local study by Mahbod and Zand-
Parsa (2010) and then optimized by inverse solution results.
Time variable boundary conditions were activated in daily time
steps for whole safflower growing season. The initial condition
was given in water content for different soil layers according to
experimental field measurements. Safflower potential
evaporation and transpiration was calculated according to
Allen et al. (1998) by dual coefficient method that was reported
as more accurate method by the local investigation of
Shahrokhnia and Sepaskhah (2013). The daily ETo was deter-
mined by using modified Penman–Monteith equation
(Razzaghi and Sepaskhah 2012) and daily measured climatic
data from the adjacent weather station. The proposed model by
Feddes et al. (1978) was used to describe the root water uptake
using parameter values reported by Tafteh and Sepaskhah
(2012) for rapeseed as the following: P0 = 0, POpt = − 1 cm,
P2H = − 500 cm, P2L = − 900 cm, P3 = − 16,000 cm, r2H =
0.5 cm day−1, r2L = 0.1 cm day−1. Safflower may be known
as a lengthy root crop reaches up to 1.9-m depth (Merrill
et al. 1994, 2002). However, the maximum rooting depth of
0.90 m was considered in this study with regard to the limited
soil depth in the lysimeters. The root growth rate was predicted
based on the assumption that 50% of the rooting depth is
reached after 50% of the growing season is elapsed.

Solute transport Leaching of nitrogen occurs mostly in the
nitrate form (Ajdary et al. 2007) and ammonium (NH4-N) is
assumed to be adsorbed to the solid phase (Ramos et al. 2012);
therefore, the leaching of ammoniumwas not simulated in this
study (Tafteh and Sepaskhah 2012). Furthermore, ammonia
volatilization was ignored due to the prompt irrigating of soil
after application of nitrogen fertilizer (Tafteh and Sepaskhah
2012). Besides, denitrification was neglected in this study be-
cause in most of the safflower growing season, soil was not in
saturation conditions (Ravikumar et al. 2011). Furthermore, N
mineralization was not considered in this investigation, and it

was assumed that the most of the organic nitrogen has trans-
formed to nitrate before planting. In other words, most of eas-
ily mineralizable N in rotted manure has converted to inorgan-
ic forms and contribution of the remaining N in mineralization
is not significant. The solute transport parameters were initially
calibrated by inverse analysis in HYDRUS-1D model based
on the nitrate concentration observed in the drained water. The
molecular diffusion coefficient in free water (Diff. w) for NO3-
N was initially assumed as 1.64 cm2 day−1 (Li et al. 2015), and
then, it was calibrated. The longitudinal dispersivity was ini-
tially considered as one tenth of the soil profile depth (Beven
1993; Cote et al. 2003; Phogat et al. 2012), and then, it was
calibrated (Table 2). The initial soil nitrate concentrations in
soil water were given to model as initial conditions according
to the field data. The upper boundary condition for solute
transport was concentration flux boundary condition, and the
lower was zero concentration gradient. The root solute uptake
was considered as passive NO3-N uptake by specifying a large
value for cmax parameter (e.g., 20 mg cm−3) which allowed to
nitrate uptake occurred without limitation (Simunek and
Hopmans 2009; Li et al. 2015).

Model calibration and validation

The data obtained in the first year of study was used to cali-
brate the parameters of the model. The HYDRUS-1D predic-
tions conducted on the second year of experiment, and the
outputs were evaluated with the real measured data (drainage
water, solute concentration in the drainage water as NO3-N,
crop nitrogen uptake, and residual soil nitrate concentration).
To find out the level of agreement between the model predic-
tion outputs and field measured data, the following statistical
indices were used.

NRMSE ¼
1=n∑n

i¼1 X i−Y ið Þ2
h i0:5

O
ð11Þ

d ¼ 1−
∑n

i¼1 X i−Y ið Þ2
∑n

i¼1 X i−Oj j þ Y i−Oej jð Þ2
( )

ð12Þ

where NRMSE and d are the normalized root mean square
error and the index of agreement, respectively, and n is the

Table 2 Calibrated soil and
solute parameters by HYDRUS-
1D model

Soil hydraulic parameters Solute parameters

Soil depth
(cm)

WCR
(cm3 cm−3)

WCS
(cm3 cm−3)

Alpha
(cm−1)

n Ks

(cm day−1)
Disp.
(cm)

Diff. w
(cm2 day−1)

0–30 0.041 0.453 0.023 1.53 20.3 16.6 1.68

30–60 0.026 0.452 0.021 1.37 21.0 24.8 1.64

60–90 0.030 0.435 0.017 1.40 20.6 25.7 1.64

WCR residual water content, WCS saturated water content, Ks soil hydraulic conductivity, Disp. longitudinal
dispersivity, Diff. w molecular diffusion coefficient
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number of observations, X is the measured value, Y is the
predicted value, O is the mean value of the measured data,
and Oe is mean value of the predicted data. The value of
NRMSE and d approaches 0.0 and 1.0, respectively, for the
accurate simulation. The closer the NRMSE is to 0, the model
is more accurate. The value of d varies between 0 and 1.0, and
the closer its value to 1.0, the model accuracy is higher. In
addition, relationship between the measured and predicted
values was compared with 1:1 line, statistically.

Results and discussions

Water transport

The amount of water that is drained beneath the root zone is
affected by several factors such as precipitation depth, irriga-
tion management, soil water content, and evapotranspiration.
The total water applied by irrigation and the seasonal drainage
water for both years of study are demonstrated in Fig. 2. For
N1 and N2 treatments, higher plant growth resulted in higher
soil water uptake and higher irrigation water was applied;
therefore, the summation of irrigation and rainfall in these
treatments was higher than that for N0 (Fig. 2). The high
applied water for safflower is due to the low irrigation effi-
ciency, long growing season, and semi-arid climate with high
ETo. In the case of longer growing season and drier weather
conditions in the second year of study, higher irrigation water
was also applied in comparison with the first year. In analogy,
VAFI strategy significantly reduced drainage water compared
with the OFI treatments by mean value of 48 and 70% in both
years, respectively (Table 3). The number of irrigation events
in the first year was lower than that in the second year due to
more rainfall events. Therefore, the drainage water reduction
in the first year (48%) was lower than that in the second year
(70%). In other words, the higher rainfall events that occurred
in the first year of study led to lower drainage water conser-
vation compared with the second year because less manage-
ment practices have implemented for these conditions.
Meanwhile, the applied irrigation water in VAFI regime was
about 30% less than that used in the full irrigation treatments
(Shahrokhnia and Sepaskhah 2016); however, drainage water
decreased at a higher rate in this strategy. Similarly, VAFI
strategy reduced drainage water by 40 to 50% for maize
(Sepaskhah and Tafteh 2012), rapeseed (Tafteh and
Sepaskhah 2012), and sugarbeet (Barzegari et al. 2017). In
the case of VAFI regime, water transport is greatly involved
with lateral movement in soil profile and the downward trans-
port is weaker than that in OFI. This fact is the main reason for
decreasing the volume of drainage water further than the
amount of irrigation water that is saved by this technique.
Consequently, it is indicated that VAFI can be a favorable
strategy for water conservation both on applied irrigation

water and deep percolation. Furthermore, in-furrow planting
method showed 8 and 18% less drainage water compared with
the on-ridge planting for two consecutive years, respectively
(Table 3). The root system under in-furrow planting is mostly
distributed and densified below the furrows than the ridges.
Therefore, it may touch the incoming water promptly and be
able to absorb water faster than the on-ridge planted crops. In
addition, the distributed root system in furrows may build up
more resistance against water movement to the deeper soil
layers compared with on-ridge planting method. The higher
biomass produced by in-furrow planting (Shahrokhnia and
Sepaskhah 2016) may verify this issue regarding better water
availability in furrows than the ridge planting. Regarding im-
provement of environmental issues in farming, VAFI and in-
furrow planting strategies are found to have effective influ-
ences on saving of applied water and reducing the drainage
water transfer beneath the root zone. Besides, drainage water
was significantly reduced by enhancement of fertilization rate
due to higher plant growth and water use.

Soil hydraulic parameters were calibrated by the use of cu-
mulative drained water depths in the first year of study
(Table 2), and they were used to simulate water movement in
the second year as validation. The results of calibration obtain-
ed by the inverse solution were in accordance with a local study
by Mahbod and Zand-Parsa (2010) as 0.014 cm−1, 1.33, and
20.6 cm day−1 for alpha, n, and Ks, respectively. The mean
predicted and measured values of cumulative drainage water
at different days after first irrigation are presented in Fig. 3. The
simulated drainage water by HYDRUS-1D has accurately
fitted on the field observed data. The mean value of NRMSE
and d index in all treatments was 0.120 and 0.991 for the first
year (calibration) and 0.108 and 0.994 for the second year
(validation), respectively. This analysis demonstrated the ap-
propriate matching of drainage water predictions and measure-
ments for both years of calibration and validation. However,
statistical analysis showed higher accuracy for predictions in
OFI regime compared with the VAFI. This may be due to not
considering two-dimensional water movement in VAFI regime.
Moreover, a linear relationship between predicted and mea-
sured values of drainage water as cumulative and periodic
scales were individually compared with 1:1 line (not present-
ed). Indeed, the daily drainage water was gathered from begin-
ning to end of growing season for cumulative scale, while in the
case of periodic scale, the drainage water between two consec-
utive irrigation or rainfall events was considered. For the cu-
mulative scale, line slopes were 1.06 and 1.03 with r2 of 0.98
and 0.99 for the calibration and validation year, respectively.
Whereas, for the periodic scale, line slopes were 0.97 and 1.01
with r2 of 0.78 and 0.82 for the calibration and validation year,
respectively. Therefore, it was indicated that HYDRUS-1D
could predict drainage water for both cumulative and periodic
scales, but higher errors (weaker r2) were observed in periodic
scale prediction in comparison with the cumulative scale.
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According to Fig. 3, cumulative drainage water was in-
creased slightly from the day after the first irrigation
(DAFI) up to 205 and 208 days later for the first and sec-
ond year, respectively. This duration occurred in fall and
winter, and the crop water requirement was mostly provid-
ed by rainfall events. After this period, by increase in the
air temperature, rapid growth of safflower was initiated and
irrigation operations implemented in order to provide saf-
flower water needs. It was observed that the cumulative
drainage water was rapidly increased by starting the irriga-
tion practices in 222 and 218 DAFI for the first and second
year, respectively (Fig. 3). As it was expected, the increas-
ing trend was much remarkable for OFI regime rather than
VAFI strategy. This was due to higher irrigation water
depths applied compared with the amount of previous rain-
fall events.

Nitrogen dynamics

NO3-N leaching

Nitrate leaching was investigated as NO3-N concentration
(mg L−1) in the drainage water and the cumulative downward
NO3-N transfer (kg ha−1) below the safflower root zone. The
measured and simulated values of nitrate concentration in
drainage water, on average, are presented in Fig. 4. It is ob-
served that nitrate concentration was initially increased after
the first irrigation and then decreased slowly till the harvest
time. This is mainly due to higher amount of nitrogen in soil in
regard to the presence of organic manure at soil surface and
also small seedlings with undistributed roots at the beginning
weeks after planting. The maximum and minimum NO3-N
concentration in drainage water was 38.5 and 6.6 mg L−1 in
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the first year and 39.5 and 6.8 mg L−1 in the second year,
respectively (Fig. 4). The highest solute concentrations can
be attributed to VAFI treatments in fertilized plots and in-
furrow planting method that demonstrated higher availability
of nitrate in the root zone. In other words, higher NO3-N
concentration in drainage water at VAFI regime was resulted
from the lower amounts of deep percolation that led to higher
nitrate concentrations. Indeed, by application of higher
amount of water, higher amounts of drainage water and nitrate
leaching are occurred. Similar findings were reported by
Cameira et al. (2003), Vazquez et al. (2006), Gheysari et al.
(2009), and Sepaskhah and Tafteh (2012). Based on Fig. 4, the
maximum NO3-N concentration in drainage water was ob-
served about 47 and 60 days after planting resulted from in-
tensive rainfall events for 2 years, respectively. In contrast, the
minimum nitrate concentration values observed for the last
irrigation applied at the end of growing season for both years.

Indeed, the major point in this study is the reduction of total
leached nitrate to underground water resources which is ob-
tained by these strategies.

In the case of groundwater that is the source of irrigation
water, although nitrate concentration increases under VAFI,
more underground water is also saved in the water resource.
So, higher nitrate concentration with more remained under-
ground water in VAFI is against the lower nitrate concentra-
tion with less amount of remained water resource in OFI.
Therefore, the final nitrate concentration in undergroundwater
may not be a concern in VAFI condition.

Solute parameters in HYDRUS-1D were calibrated by the
use of NO3-N concentration in the drainage water under the
lysimeters in the first year of study, and they were used to
simulate NO3-N transport in the second year (validation).
The calibrated longitudinal dispersivity and the molecular
diffusion coefficients in free water were finally close to the

values reported by Abbasi et al. (2003) and Li et al. (2015) for
3 to 34 cm for dispersivity and 1.64 cm2 day−1 for molecular
diffusion coefficients, respectively. In the case of HYDRUS-
1D predictions for leached NO3-N concentration, results com-
pared with the measured values by using the statistical indices
of NRMSE and d. The NRMSE were lower than 0.1 with d
indices higher than 0.94 for both years and all treatments and
indicated that HYDRUS-1D predictions were more favorable
for solute concentration of drainage water in comparison with
the amount of drainage water. Based on the statistical indices,
model predictions could accurately match with the NO3-N
concentration of drainagewater below the safflower root zone.

The seasonal leached nitrate under safflower field was cal-
culated based on drainage water and NO3-N concentrations
(Table 3). The lowest leached nitrate was 54.3 and 33.1 kg ha−1

for 2 years, respectively, that were observed in non-fertilized
VAFI treatments with in-furrow planting method. This is
mainly due to the reduction of downward water flux in
VAFI regime and in-furrow planting method. Results indicat-
ed that VAFI reduced NO3-N leaching by 27 and 47% com-
pared with full irrigation treatments for 2 years, respectively.
Meanwhile, leached nitrate increased by increasing the N ap-
plication rates (Table 3). The cumulative leached nitrate dur-
ing safflower growing season is shown in Fig. 5 with respect
to the effects of irrigation strategies and N fertilization rate on
nitrate leaching. In-furrow planting method reduced N loss
below the safflower root zone about 2% compared with on-
ridge planting method although it was not statistically signif-
icant (Table 3). On the other hand, highest nitrate loss was
94.8 and 81.8 kg ha−1 for the first and second year, respec-
tively, that occurred in the full irrigation plots with on-ridge
planting method and 92 kg ha−1 N application rate. This issue
is mainly resulted from higher volume of drainage water be-
low the root zone and higher N application rate. Moreover, N

Table 3 Seasonal drainage water
and leached nitrate below the
safflower field in different years,
irrigation strategies, planting
methods, and N application rates

Year Irrigation strategy On-ridge planting In-furrow planting

N0 N1 N2 N0 N1 N2

Seasonal drainage water (mm)

2012–2013 OFI 573 a 502 bc 427 d 528 b 488 c 377 e

VAFI 276 f 270 f 254 gf 252 gf 230 g 219 g

2013–2014 OFI 547 a 549 a 555 a 519 ab 474 b 485 b

VAFI 209 c 171 cd 147 d 145 d 140 d 127 d

Seasonal leached NO3-N (kg ha−1)

2012–2013 OFI 77.6 cd 81.4 bc 94.1 a 76.9 cd 94.8 a 84.0 b

VAFI 57.2 f 58.7 f 74.6 d 54.3 f 57.9 f 69.1 e

2013–2014 OFI 59.9 c 69.1 b 81.8 a 61.7 c 70.2 b 81.0 a

VAFI 35.5 de 41.0 d 34.6 de 33.1 e 37.2 de 40.6 de

N0: nitrogen application at rate of 0 kg N ha−1 ; N1: nitrogen application at rate of 46 kg N ha−1 ; N2: nitrogen
application at rate of 92 kg N ha−1

OFI ordinary furrow irrigation, VAFI variable alternate furrow irrigation
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Fig. 3 Mean values of cumulative drainagewater measured and predicted
by HYDRUS-1D in 2012–2013 (a calibration) and 2013–2014 (b vali-
dation). Measured (squares), predicted (lines). I1: ordinary furrow

irrigation; I2: variable alternate furrow irrigation; N0: non-fertilized plots;
N1,2: average of fertilized plots by N1 and N2 levels
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Fig. 4 Mean values of NO3-N concentration in drainage water measured
and predicted by HYDRUS-1D in 2012–2013 (a calibration) and 2013–
2014 (b validation). Measured (squares), predicted (lines). I1: ordinary

furrow irrigation; I2: variable alternate furrow irrigation; N0: non-
fertilized plots; N1,2: average of fertilized plots by N1 and N2 levels
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Fig. 5 Cumulative leached nitrate measurements below the safflower
root zone. On-ridge planting method in year 2012–2013 (a1). On-ridge
planting method in year 2013–2014 (a2). In-furrow planting method in
year 2012–2013 (b1). In-furrow plantingmethod in year 2013–2014 (b2).

I1: ordinary furrow irrigation; I2: variable alternate furrow irrigation; N0:
nitrogen application at rate of 0 kgN ha−1; N1: nitrogen application at rate
of 46 kg N ha−1; N2: nitrogen application at rate of 92 kg N ha−1

Table 4 Safflower N uptake in
different years, irrigation
strategies, planting methods, and
N application rates

Characteristics On-ridge planting In-furrow planting

N0 N1 N2 N0 N1 N2

Seed N uptake (kg ha−1)

2012–2013 OFI 37.8 ef 64.1 cd 75.0 ab 45.3 e 73.0 abc 83.7 a

VAFI 36.1 f 60.8 d 73.2 abc 43.0 e 69.0 bc 81.4 ab

2013–2014 OFI 38.0 f 65.8 d 78.0 bc 49.4 e 74.0 c 82.4 ab

VAFI 43.5 ef 63.1 d 76.5 c 50.0 e 76.1 bc 87.2 a

Straw N uptake (kg ha−1)

2012–2013 OFI 44.4 e 69.0 c 90.1 b 51.4 e 79.8 bc 108.3 a

VAFI 43.7 e 66.6 cd 105.0 a 51.2 ed 86.4 bc 113.3 a

2013–2014 OFI 49.1 fg 73.5 d 92.6 bc 53.3 e 86.1 c 112.4 ab

VAFI 43.5 g 63.7 d 107.0 c 58.2 e 86.1 bc 127.8 a

Total crop N uptake (kg ha−1)

2012–2013 OFI 82.2 fg 133.1 d 165.2 bc 96.7 ef 152.9 c 192.0 a

VAFI 79.8 g 127.4 d 178.3 ab 94.2 ef 153.5 bc 194.6 a

2013–2014 OFI 87.1 g 139.3 e 170.7 cd 102.6 f 160.1 d 194.8 b

VAFI 87.0 g 129.4 e 183.5 c 108.2 f 162.2 d 215.0 a

N0: nitrogen application at rate of 0 kg N ha−1 ; N1: nitrogen application at rate of 46 kg N ha−1 ; N2: nitrogen
application at rate of 92 kg N ha−1

OFI ordinary furrow irrigation, VAFI variable alternate furrow irrigation
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loss was more intense at initial stages of safflower growing
season coincided with autumn and winter rainfalls (Fig. 5).
Therefore, initial rainfall events play an important role in in-
creasing NO3-N leaching from farms, and it is required to
consider some management policies for these situations. In
this respect, Cavero et al. (1999) suggested that reducing the
soil NO3-N content before fall and winter period would de-
crease the risk of nitrate leaching. Application of minimum N
fertilization rates during the previous summer crop can be an
effective instance for this approach. On the other hand, saf-
flower N uptake is minor at initial growing stages due to the
low distributed root system as reported by Jabloun et al.
(2015). Therefore, it would be more proper to postpone N
fertilization from planting time to the middle of growing sea-
son when root system actively absorbs nitrate.

Regarding of the accuracy of HYDRUS-1D predictions for
leached NO3-N transfer, it was compared with the calculations
based on the measured drainage water and concentration of
leached nitrate values. TheNRMSEwere lower than 0.2 with d

indices higher than 0.96 for both years and all treatments.
Besides, the relationship between predicted and measured
leached NO3-N compared with 1:1 line (not presented), and
it was resulted in a line slope of 1.07 and r2 of 0.97.
Consequently, model prediction is agreed with the measured
NO3-N transfer below the root zone although it was accom-
panied with a minor overestimation by the model. This over-
estimation may be associated with consideration of one-
dimensional movement by the model.

Safflower N uptake

The measured safflower N uptake is consisted of seed N up-
take and aboveground straw N uptake (Table 4). The highest
values of N uptake by safflower seeds were 83.7 and 87.2 kg
N ha−1 for both years, respectively, that were obtained in plots
with 92 kgN ha−1 and in-furrow plantingmethod. Besides, the
highest amounts of straw N uptake observed as 113.3 and
127.8 kg N ha−1 that occurred in the same plots. There were

Fig. 6 The cumulative safflower N uptake predicted by HYDRUS-1D. a
OFI treatments in year 2012–2013. b VAFI treatments in year 2012–
2013. c OFI treatments in year 2013–2014. d VAFI treatments in year

2013–2014. P1: on-ridge planting; P2: in-furrow planting; N0: nitrogen
application at rate of 0 kgN ha−1; N1: nitrogen application at rate of 46 kg
N ha−1; N2: nitrogen application at rate of 92 kg N ha−1
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not any significant differences between the irrigation strate-
gies for N uptake in seeds and straw. Hence, VAFI regime did
not impose any limitation for safflower N uptake. The mini-
mum N uptake by seed was measured as 36.1 and 38.0 kg
N ha−1, and they were 43.7 and 43.5 kg N ha−1 for straw in the
first and second year, respectively. These values occurred in
N0 treatments, and they were not significantly influenced by
irrigation strategies or planting methods. Generally, seed N
uptake was approximately 40 to 50% of total safflower N
uptake, and the rest of N uptake (50–60%) was accumulated
in straw. Similarly, straw N uptake reported to be about 65%
of total safflower N uptake by Yau and Ryan (2010). Total
safflower N uptake reached the maximum value of 194.6 and
215 kg N ha−1 in the first and second year, respectively.
Indeed, they were under 92 kg N ha−1 application rate, in-
furrow planting method and VAFI strategy. In this respect,
total aboveground safflower N uptake was reported as about
150 and 200 kg N ha−1 by Jones and Tucker (1968) and Bassil
(2000), respectively. The lowest safflower N uptake was ob-
served in N0 by mean value of 79.8 and 87.0 kg N ha−1 with-
out taking significant influence from irrigation regimes or
planting methods (Table 4). Statistical analysis of seed N up-
take, straw N uptake, and total safflower N uptake indicated
that VAFI strategy had no significant effect on reducing the N
uptake (Table 4). Therefore, VAFI strategy can be an alterna-
tive for safflower in regard to the amount of N uptake. On the
other hand, in-furrow planting method significantly enhanced
safflower N uptake (in seed, straw, and whole crop) compared
with on-ridge planting by mean amounts of 16 and 19% for
first and second year, respectively. This may have resulted
from the presence of better conditions in furrows in terms of
water and nitrogen availability. In addition, application of
46 kg N ha−1 enriched N uptake by 61 and 54% for both years,
respectively. Whereas, they were enhanced about 29% by ap-
plication rate of 92 kg N ha−1 compared with 46 kg N ha−1.
Similarly, application of 40 and 80 kg N ha−1 in the study of
Elfadl et al. (2009) led to a significant increase in safflower
seed yield compared with the control. Generally, N uptake
increased as N application rate increased for all treatments.
Generally, the results expressed higher N uptake in in-
furrow planting and VAFI due to lower leached NO3-N and
less amount of water applied for VAFI. The higher biomass
production reported by Shahrokhnia and Sepaskhah (2016) in
these conditions may also verify this finding.

The cumulative safflower N uptake predicted by
HYDRUS-1D is presented in Fig. 6. It is observed that N
uptake proceeded slowly after sowing up to about 130 and
160 DAFI for 2 years, respectively. This is where the stem
elongation of safflower has begun, and also, the first stage of
N application was used. Afterward, N uptake was increased at
a higher proportion till the harvest, specifically with a higher
steep trend in fertilized plots. Generally, crop N uptake had a
rapid increase approximately from the second half of

safflower growing period that was related to the activity of
root system for N absorption and development of canopy.

The predicted seasonal N uptake by HYDRUS-1D model
was compared with the mean measured values (n = 12) at end
season. The values of NRMSE and dwere 0.098 and 0.975 for
the first year and 0.071 and 0.984 for the second year, respec-
tively. These indicated that HYDRUS-1D could predict saf-
flower N uptake with acceptable accuracy. Besides, the slope
of correlation line between the measured and predicted saf-
flower N uptake at harvest (not presented) was 0.94 and 0.99
for two consecutive years, respectively. It is shown that the
predicted N uptake was negligibly lower than the measured
values. This maybe resulted from not considering the process-
es such as organic Nmineralization, direct ammonium uptake,
and active uptake of nitrate by safflower although they were
not much substantial in this study. According to similar inves-
tigations by Simunek and Hopmans (2009), Ramos et al.
(2012), Li et al. (2015), and Deb et al. (2015), dynamics of
N uptake is very complicated in root zone due to involvement
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of both passive and active mechanisms. Therefore, consider-
ing only passive uptake may underestimate the crop N uptake
and overestimate N leaching. These hints are in agreement
with the findings of present study.

Safflower nitrogen uptake approximately used 57 and 65%
of available N (fertilization + NO3-N of soil and water) in both
years, respectively. A simple linear relationship between saf-
flower N uptake and total available nitrogen was obtained for
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irrigation regimes by Eqs. (13) and (14) where NU is the plant
N uptake in kilogram per hectare and TAN is the total avail-
able N in kilogram per hectare.

NU ¼ 0:79 TAN−49:30; R2 ¼ 0:94 for OFI ð13Þ
NU ¼ 0:84 TAN−37:20; R2 ¼ 0:88 for VAFI ð14Þ

According to Eqs. (13) and (14), a threshold value for TAN
is obtained where safflower N uptake begins (Sepaskhah and
Tafteh 2012). Therefore, the threshold values are calculated as
62.4 and 44.3 kg N ha−1 for OFI and VAFI, respectively. The
fitted equations in Fig. 7a indicated that for every TAN, the
safflower N uptake was higher in VAFI compared with OFI.
This is in agreement with findings of Ahmadi et al. (2011) and
Sepaskhah and Tafteh (2012) in which the higher N uptake
was achieved by applying VAFI strategy for the potato and
rapeseed, respectively.

Similar relationship between the safflower N uptake and
the total available nitrogen may be obtained regarding of the
planting method [(Eqs. (15) and (16)].

NU ¼ 0:72 TAN−27:75 R2 ¼ 0:86 for P1 ð15Þ
NU ¼ 0:76 TAN−25:55 R2 ¼ 0:83 for P2 ð16Þ

In analogy, the threshold values were 38.5 and 33.6 kg
N ha−1 for on-ridge and in-furrow planting, respectively,
which are close to each other. However, the fitted equations
in Fig. 7b indicated that for every TAN, the safflower N up-
take was relatively higher in in-furrow planting treatments
compared with the on-ridge. Therefore, higher N uptake was
occurred by application of in-furrow planting method which
may be due to higher availability of water and nitrogen in
furrows and lower N leaching.

Soil NO3-N concentration

The measured soil NO3-N concentration is presented in Fig. 8
at seeding and harvest. It is observed that soil NO3-N concen-
tration of soil top layer at seeding is higher than that in the
bottom layers. It can be attributed to the pre-season applica-
tion of cattle manure in all treatments, and it is gradually
decreased from top to bottom of the soil profile. Soil nitrate
concentration at seeding was in the range of 4 to 11 mg N kg−1

soil for the first year and 1.5 to 8 mg N kg−1 soil in the second
year. Soil nitrate concentration was significantly decreased to
values lower than 2 mg kg−1 soil at harvest for both years of
study. This indicated that safflower has greatly used the soil N
content. This finding agrees with the results of Elfadl et al.
(2009) in which soil N content was strongly reduced after
safflower harvesting. Other studies have pointed to the impor-
tance of residual soil N and the extensive rooting habit of
safflower (Jones and Tucker 1968). According to studies of
Yau and Ryan (2010), safflower was able to take up

accumulated N below the rooting zone of other crops and
reduced nitrate leaching to the groundwater. Gilbert and
Tucker (1967) and Kaffka and Kearney (1998) showed the
response of safflower to pre-planting soil residual N and re-
ported that effect of applied N fertilizer was apparent when the
concentration of soil residual N was low. In contrast to
seeding, soil N concentration at harvest was higher at bottom
soil layers rather than that in the top layers for both years.
Indeed, the N leaching has moved the nitrogen front from
top of the soil to the bottom layers during the season due to
the mobility of NO3-N.

The predicted residual soil NO3-N by HYDRUS-1D was
compared with the measured soil nitrate after harvest. The
mean values of NRMSE and d were 0.081 and 0.789 for the
first year and 0.047 and 0.970 for the second year, respective-
ly. Therefore, it is shown that model predictions are close to
the observed values. Furthermore, the measured and predicted
residual soil NO3-N at harvest were compared with the 1:1
line (not presented) in which the slope of this line was about
0.99 and 1.01 for two consecutive years with r2 = 0.61 and
r2 = 0.93, respectively. Consequently, HYDRUS-1D could
predict the end-season soil N concentration, accurately al-
though it was accompanied by minor errors in the calibration
year (weak r2).

Conclusions

In conclusion, VAFI strategy and in-furrow planting method
can be considered as an alternate management practice for
water conservation and environment preserving. Based on
the results, VAFI strategy successfully reduced the drainage
water below safflower root zone by mean value of 60% com-
pared with the ordinary irrigation strategy. Meanwhile, drain-
age water was decreased by in-furrow planting method aver-
agely by 13% compared with on-ridge planting method. The
concentration of NO3-N in the drainage water percolated be-
low the root zone was maximum in fall and winter seasons
followed by rainfall events. Consequently, low available ni-
trogen content at initial stage of growth (at autumn) is more
favorable in terms of reducing the contamination of under-
ground water resources and preserves the environment.
Furthermore, VAFI regime satisfactorily reduced the seasonal
nitrate leaching below the root zone by mean value of 37%.
Whereas, the reduction of leached N in in-furrow planting
method was not significant in comparison with the on-ridge
planting. In this respect, VAFI and in-furrow planting strate-
gies were found to be the alternatives for reducing drainage
water and contaminant transfer beneath the root zone.
Application of VAFI strategy did not show any negative ef-
fects for N uptake of safflower both in seed and straw.
Moreover, in-furrow planting made 19% higher N accumula-
tion for safflower in comparison with the on-ridge planting
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method. Safflower N accumulation responded to each level of
N application rate, although the rate of increase in crop N
uptake was not remarkable between the 46 and 92 kg
N ha−1. Soil nitrate concentration was decreased during the
growing season indicating that safflower root system has a
great ability in absorption of NO3-N from soil N supplies.
One-dimensional HYDRUS model was used in this study,
and it was able to describe water and nitrogen dynamics rea-
sonably well. In conclusion, application of such a simulating
model will be useful for making proper management decisions
in applying water and fertilizer in a more environmental-
friendly manner.
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