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ABSTRACT

Different simulation models were used to evaluate drainage and nitrogen fertilizer movement to ground-
water. The objectives of this study were to evaluate the HYDRUS-1D model for simulation of water and
nitrate leaching in different nitrogen fertilization rates (as urea) and variable and fixed alternate furrow
irrigation (VAFI, FAFI) and continuous furrow irrigation (CFI) of rapeseed and maize planted in 36 field
lysimeters. Results indicated that seasonal drainage in rapeseed field was reduced 39% and 72% under
VAFI and FAF], respectively compared with CFI. These reductions for maize were 40% and 57%, respec-
tively. For rapeseed, NO3-N leaching was reduced 40% and 69% under FAFI and VAFI compared with that
obtained under CFl, and it was increased up to 55% by increasing N application rate to 200-300 kg ha~!
compared to O N application rates. For maize, NO3-N leaching was reduced similarly under VAFI and FAFI
(56%) compared with CFI, and it was increased up to 67% by increasing N application rate to 300 kg ha~!
compared to ON application rates. Furthermore, for both crops, HYDRUS-1D model was able to simu-
late deep percolation water (NRMSE of 0.11 and 0.094 for rapeseed and maize, respectively), NO3—-N
leaching (NRMSE of 0.14 and 0.18 for rapeseed and maize, respectively) with a very good accuracy even
though the water and NOs~ flow in soil surface layer was 2-dimensional. The measured and predicted
crop N-uptake was different and this difference was attributed to the excluding root nitrogen uptake
in the measured values and neglecting N mineralization, denitrification and microbial immobilizatrion

processes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Water is an important factor for crop production especially for
rapeseed and maize in arid and semi-arid regions. Partial root dry-
ing irrigation by alternate furrow irrigation (AFI) and drip irrigation
is an appropriate procedure for management of deficit irrigation
in these regions. In these irrigations, deep percolation and surface
evaporation are reduced and less water is used (Sepaskhah and
Kamgar-Haghighi, 1997; Sepaskhah and Hosseini, 2008; Ahmadi
et al, 2010).

Nitrogen (N) plays an important role in crops grown with sup-
plementary irrigation (Tavakoli and Oweis, 2004). It is important
to use an optimum amount of water and nitrogen for best manage-
ment of crop production in arid and semi-arid regions because the
application of an excess amount of water causes nitrogen leaching
below the root zone (Gheysari et al., 2009; Wang et al., 2010), and
causing economic losses for farmers.

Fars province in south of Iran is the main agricultural produc-
tion region with wheat, rapeseed and maize as main crops. In
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this region, N fertilizer applications have increased in recent years
and resulted in higher N accumulation in soil. However, N fertil-
izer use efficiency is low in this region (Sepaskhah and Hosseini,
2008; Pirmoradian et al., 2004). Anions like NO3~ are not adsorbed
by soil clay particles and are easily leached by deep percolation
water. Therefore, N fertilizer losses resulted in groundwater nitrate
(NO3~) contamination. Many studies have reported N accumula-
tion and leaching in soil profiles with different irrigation schedules
(Li et al., 2007; Hu et al., 2006; Wang et al., 2010). However, there
are few investigations on the leaching of N with different rates of
fertilizer application and water saving irrigation methods. Further-
more, more knowledge on the environmental impact of fertilization
and irrigation is needed to reduce the groundwater contamination
and economic losses (Ersahin and Karaman, 2001).

Simulation models are appropriate tools for identifying best
irrigation and N fertilization management. Different simulation
models were used to evaluate the N fertilizer movement to ground-
water (Li and Ghodrati, 1994; Jala et al., 1994; Ersahin and Karaman,
2001). Among different investigators, Ersahin and Karaman (2001)
and Follett (1995) applied NLEAP (Nitrate Leaching and Economic
Analysis Package) model to simulate N leaching in lysimeter and
field with different rates of N fertilizer application and indicated
that the model simulation predicted the N leaching with acceptable
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Table 1
Physical properties of soil at the experimental site.

Depth Clay Silt Sand Organic matter Bulk density Field capacity Permanent wilting
cm % % % gcem 3 cm? cm—3 point
cm® cm—3

0-15 30 35 35 2.0 1.25 0.32 0.11
15-30 30 35 35 2.0 1.32 0.36 0.12
30-50 39 38 23 - 1.36 0.36 0.14
50-70 40 39 21 0.7 1.42 0.39 0.16
70-100 40 39 21 0.7 1.42 0.39 0.16

accuracy. Stewart et al. (2006) used APSIM (Agricultural Production
Systems Simulator) model to estimate the N contamination of deep
percolation water in sugarcane fields and indicated that this model
can be applied for proper management of water and N leaching.

HYDRUS1-D model has been used to study the leaching of accu-
mulated N in the soil profile under heavy rainfall, high irrigation
rates in growing season and different amounts of initial accu-
mulated N (Wang et al,, 2010). At regions with water scarcity,
water saving irrigation like alternate furrow irrigation (AFI) is
used for different crops (Sepaskhah and Kamgar-Haghighi, 1997;
Samadi and Sepaskhah, 1984; Sepaskhah and Khajehabdollahi,
2005; Sepaskhah and Parand, 2006; Sepaskhah and Ghasemi,
2008; Sepaskhah and Hosseini, 2008). In furrow irrigation water
infiltration in the soil surface layer occurs in horizontal and
vertical directions (2-dimensional) and infiltration water front
from the two adjacent furrows overlap in horizontal direction.
In this irrigation method water and NO3~ flow is occurred in 2-
dimensional condition at the soil surface and HYDRUS-2D and other
2-dimensional models should be used to describe the water and
NO;3~ flow. However, HYDRUS-2D model is more complicated than
HYDRUS-1D model and further it is not easily accessible. On the
other hand, in deep soil layer the gravitational 1-dimensional flow
may be prevailed and water and NO3~ flow in deeper soil profile
might be described by HYDRUS1-D model.

Crevoisier et al. (2008) simulated water and nitrogen transfer
under continuous furrow irrigation (CFI) and AFI with equal applied
water depth using HYDRUS-1D and HYDRUS-2D for CFI and AFI.
They indicated that 2-D model simulated water transfer better
than 1-D model especially in case of AFI. Furthermore, soil nitrate
simulation was acceptably precise in the case of CFl and less precise
in AFI between irrigation events. On the other hand, AFI combined
with reduced applied water depth has not been considered in a sim-
ilar study to those reported by Crevoisier et al. (2008). Combined
use of AFI and reduced applied water is considered as water saving
or partial root-zone irrigation (WSI/PRI) that enhanced the water
productivity as reported by Sepaskhah and Ahmadi (2010) and
Ahmadi et al. (2010). Therefore, in this study we tried to simulate
water and nitrogen leaching in combined uses of AFI and reduced
applied water depth by using HYDRUS-1D model. This model is
used due to the finding of Mailhol et al. (2007) that indicated the
difference between initial N profiles measured under ridge and
under furrow is reduced and 2-dimensional problem may turn to
1-dimensional especially at deep soil profile. Many investigators
considered the lower boundary conditions in flow of water and N
transfer in furrow irrigation as free drainage (Abbasi et al., 2004) as
my occur in 1-dimensional condition. Furthermore, it is interesting
to consider 1-dimensional HYDRUS model that is simpler and
easier than 2-D cases where 2-D HYDRUS model has not resulted
in a very accurate findings (Crevoisier et al., 2008). Therefore,
HYDRUS-1D model can be considered as a non-sophisticated
N leaching model for average input and output fluxes of water
and nitrogen. Williams and Kissel (1991) indicated that simple
N-leaching based on average percolation potential would be useful
in identifying problematic irrigation system. Once a problematic

irrigation system is identified, more detailed simulation model can
be used to address complex fertilizer management problems.

To the knowledge of authors, there is no report on the study
of HYDRUS-1D model to simulate the leaching of applied N fertil-
izer under continuous furrow irrigation (CFI) and alternate furrow
irrigation (AFI) with reduced irrigation water depth.

The objectives of this study were to evaluate the HYDRUS-1D
model for simulation of water and NO3~ leaching at different N
fertilization rates and in water saving irrigation, i.e., fixed and vari-
able alternate furrow irrigation (FAFI, and VAFI, respectively) and
full irrigation, i.e., continuous furrow irrigation (CFI) of rapeseed
and maize in field lysimeters.

2. Materials and methods
2.1. Experimental site

This study was conducted in Bajgah area, Fars province, Iran
for growing season (2008-2009). This growing season casually
occurred in a drought year with an annual rainfall of 175 mm (44%
of mean annual rainfall). However, a considerable portion of precip-
itation occurred in winter while the rapeseed crop was in dormant
period in this season as it is in normal years. The physical properties
of soil in the study area are shown in Table 1. The soil is a clay loam
(Fine, mixed, mesic, Typic Calcixerepts) with a deep water table
in the Bajgah Agricultural Experiment Station of Shiraz University
located 16 km north of Shiraz (29°, 36’ N, 32° 32’ E, 1810 MSL).
Chemical analysis of the soil water extract and used irrigation water
is shown in Table 2. Chemical analysis of irrigation water and soil
saturation extract indicated that there is no salt hazard in irrigation
water that could affect the soil saturation extract. However, there is
some nitrate in the irrigation water that should be considered in N
balance in soil. This experiment was conducted in a cluster of water
balance lysimeters contained 36 square units (9 x 4) with dimen-
sions of 1.5m x 1.5m x 1.1 m each. The number of lysimeters was
equal to the number of experimental treatments x replicates (i.e.,
4 x 3 x 3=36). A layer of 0.05 m gravel was placed at the bottom of
each unit and soil layer with height of 1.0 m was placed on top of
the gravel layer. Therefore, soil surface was 0.05 m lower than the
edge of each unit for irrigation water catchment. A drain tube was

Table 2
Chemical analysis of soil saturation extract and irrigation water.

Properties Unit Saturation extract Irrigation water
pH 7.49 7.20
Electrical conductivity dSm-! 1.10 0.76
Chloride meqL-! 1.18 0.40
Calcium meqL-! 2.10 0.28
Magnesium meqL! 3.85 0.79
Sodium meqL! 1.01 0.35
Potassium meqL-! 0.20 0.01
Bicarbonate meqL! 0.29 0.07
Phosphorous meqL! 0.013 0.003
Nitrate meqL-! - 0.11
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Fig. 1. Schematic diagram of planting in lysimeters.

installed under the gravel filter in each unit to drain the deep per-
colation water. These drains were connected to different sumps to
collect the deep percolation water. The spacing between the units
was 0.3 m. The wall and bottom of the units were concrete and was
coated with water proof bitumen.

Total furrow length was more than 6 m that lysimeter wall
divided itinto 4 sections each with 1.5 mlong. Two ends of each fur-
row were blocked by lysimeter walls. By this setup we constructed
different short furrow irrigation units that simulated furrow irriga-
tion with 2-dimensional infiltration with uniform infiltration along
the 1.5 m furrow length.

2.2. Experimental design

The experimental design was complete randomized design with
factorial arrangement (4 x 3) and three replications. Experimen-
tal treatments were four levels of nitrogen (0, 100, 200, and
300 kgha~1) and three furrow irrigation methods (continuous fur-
row irrigation, CFI, fixed alternate furrow irrigation, FAFI, and
variable alternate furrow irrigation, VAFI). While CFI is consid-
ered as a full irrigation, alternate furrow irrigation (i.e., FAFI and
VAFI) are considered as water saving or partial root-zone irrigation
(WSI/PRI), respectively. In CFI, water was applied to every furrow
at each irrigation event. In FAFI, water was applied to fixed alter-
nate furrows throughout the growing season, and in VAFI water
was applied to alternate furrows which were dry in the preceding
irrigation cycle. Each unit for rapeseed (Brassica napus L.) contained
three furrows with two complete furrow ridges of rapeseed (with
two rows of plants) at middle of lysimeter and two half furrow
ridges of rapeseed at left and right sides with one row of plant
(Fig. 1). Furrows in each lysimeter were V-shaped with 1.5 m long
and 0.5 m spacing between furrows. Each unit for maize (Zea mays
L.) contained three V-shaped furrows similar to those for rapeseed.
However, one row was planted on each furrow ridge. Furrow spac-
ing of 0.5m for rapeseed is a local farmer practice. However, for
maize the row spacing is smaller than the common practice in order
to accommodate 4 rows of plants in a lysimeter with a plant pop-
ulation similar to that in field practice. Therefore, wider spacing
within plant row was used.

The soil in each unit was tilled by shovel. During the soil prepa-
ration phosphorous at a rate of 46 kg ha—! as triple super phosphate
and 30% of the N treatments for rapeseed (0, 30, 60, and 90 kg ha~1)
and 50% of N treatments for maize (0, 50, 100, and 150kgha~1) as
urea were mixed with the soil. The remaining N (70% and 50% of
each treatment for rapeseed and maize, respectively) was applied

at the initiation of the vegetative growth at late winter-early spring
for rapeseed and 60 days after seed emergence for maize, respec-
tively. The top dressing of N was applied to every furrow in CFI and
to the furrows which were irrigated in FAFI and VAFI.

After the land preparation, seed of Licord cultivar was planted
in two rows on top of the furrow ridges (a total six rows in each
lysimeter) with spacing between rows of 0.25 m and 150 seeds per
m? with seeding spacing on row of 0.025 m. Seeding date was 28
September in 2008. Maize seed of single-cross 704 cultivar was
planted in one row on top of the furrow ridges (a total of four rows
in each lysimetyer) with spacing between rows of 0.5m and 13
seeds per m? with seeding spacing on row of 0.15 m. Seeding date
was 18 June in 2009.

Mean air temperatures and relative humidity during the grow-
ing season were 11.1°C and 46.6% for rapeseed and 22.1°C and
42.9% for maize, respectively. During first and second week after
seed emergence, rapeseed and maize were thinned to the given
spacing on each row. Weeds were removed by hand weeding every
2-week intervals. In spring, aphids and other pests were controlled
by using an appropriate pesticide every 2-week for three times for
rapeseed and two times for maize. At the podding stage of rape-
seed, the plots were covered by screen to prevent the pods from
bird invasion.

Irrigation water was applied in 7-day interval as a local prac-
tice, and soil water in the root zone was raised to the field capacity
according to following equation:

n

dn = (6 —0)Az (1)

i=1

where d;, is the net irrigation water, m, 0¢; and 6; are the volumetric
soil water contents at field capacity and before irrigation, respec-
tively inlayeri, m3 m~3, Azis the soil layer thickness, m, and nis the
number of soil layers. Then, the gross irrigation water was deter-
mined by dividing the d,, by irrigation application efficiency of 70%
that is a common irrigation efficiency used by farmers in the well
managed fields. We used E; of 70% to mimic the more risked condi-
tions regarding the leaching process. Volume of irrigation water for
each irrigation treatment was determined by multiplying the irri-
gated furrow area by the respective gross irrigation water depth.
The volume of gross irrigation water was applied with a flexible
hose and measured with a volumetric flow meter. The applied
depth of irrigation water in the lysimeters with short furrows is
assumed to be equivalent to the average depth of water applied in
long furrows in real practice. The water application depth is not the
same under AFI and CFI due to the fact that under AFI half of the
field or furrows are irrigated. The first and second irrigation events
for rapeseed were applied in CFl in all irrigation treatments (about
25 mm each) to obtain uniform and vigorous seed germination and
vegetation stands. For maize the first to third irrigation events were
applied in CFl with a total depth of 150 mm in these three irrigation
events. Figs. 2 and 3 show the amounts of crop evapotranspiration
(ETp), rainfall, irrigation water applied for each irrigation event of
CFl, FAFI, and VAFI for rapeseed and maize, respectively. ET, was
determined by K. x ET, in which K¢ is the crop coefficient and ET,
is the reference evapotranspiration.

The water content of soil in depths of 0.15, 0.3, 0.5, 0.7, and
1.0 m was measured by neutron probe before each irrigation event.
A dz of 10cm would allow a more accurate estimation of the soil
water on a given soil depth, however a dz of 20-30 cm was used
to reduce the frequency of neutron meter use for longer durability
of the apparatus. The access tube of neutron probe was installed in
the bottom of the middle furrow in CFI and in the middle and side
furrows in the AFL. The mean soil water content in furrows was used
in Eq. (1) to determine the irrigation water depth.
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Fig. 2. Crop potential evapotranspiration (ETp), rainfall and applied irrigation (CFI,
VAFI, FAFI) water during rapeseed growing season.

Initial soil NO3-N was determined in soil samples at depths of
0-0.3, 0.3-0.6, and 0.6-0.9 m before N application (Chapman and
Pratt, 1961). Soil samples for rapeseed at each soil depth were taken
from three different replicates and a composite sample was consti-
tuted for a given depth. Samples for this measurement were taken
in 23 September, 2008 and 14 June, 2009 for rapeseed and maize,
respectively. The residual soil NO3-N at each experimental treat-
ment was determined at the same depths after harvest (14 June,
2009 and 17 October, 2009 for rapeseed and maize, respectively).
The residual soil NO3-N at harvest for rapeseed was considered as
initial soil NO3-N for maize.

After eachirrigation event or rainfall, the deep percolation water
was collected and its total volume was measured by volumetric
cylinder. NO3 concentration in the deep percolation water was
immediately determined by spectrophotometer. Nitrate leaching at
each irrigation and rainfall event was determined by multiplication
of volume of deep percolation water and nitrate concentration.

Plants from two middle ridges with a length of 1.5 m (i.e., 4 rows
for rapeseed and 2 rows for maize, respectively) were harvested.
Finally, seeds were separated from straw and weighed. Further-
more, the oven-dried weight of straw was determined. Samples
from seeds and straw were used to determine the N contents in mg
kg~1 by Kejldahl procedure (Bremner and Mulvaney, 1982). Mea-
sured grain yield and N uptake were used in a two-way statistical

ET,/Irrigation water, mm

0 T T T T T T
0 20 40 60 80 100 120 140

Days after planting

Fig. 3. Crop potential evapotranspiration (ETp) and applied irrigation (CFI, VAFI,
FAFI) water during maize growing season.

analysis and the means were compared by Duncan multiple range
test.

2.3. Model description

HYDRUS-1D model was developed by Simunek et al
(2008) to simulate the 1-dimensional flow of soil water, heat,
solute and viruses in variably saturated-unsaturated media
(www.HYDRUS.com). In the present study, this model (ver-
sion 3.00) was applied to predict the leaching of nitrate from
the surface-applied nitrogen as urea and excess water from
surface-applied irrigation as CFI and AFIL.

Furrow irrigation is governed by a 2-dimentional water transfer
process. However a 1-dimensional flow model is used to describe
the water and NO3 ™~ leaching. It is clear that 2-dimensional model
should be used to describe the soil water contents, pressure heads,
and NO5~ concentration distribution in the surface layer of lysime-
ter. However, we tried to describe the bottom fluxes of water and
NO;3~ by the 1-dimensional HYDRUS1-D model. 30% and 70% of N
application for rapeseed and maize was applied uniformly before
land preparation and the rest was applied to every furrow at CFl and
to irrigated furrows with 1.0 m apart that is not very far. Therefore,
in general HYDRUS-1D model could be suitable for simulation of N
leaching at a higher soil depth (1.0 m). In this case the upper bound-
ary of water and nitrogen on the soil surface can be considered on an
average 1-dimansional as a whole. We used HYDRUS model since
it is soil water and salt transfer model and it is more appropriate
for simulation of leaching water and nitrogen in the rooting zone in
field. Therefore, results of the present study may justify the use of
HYDRUS-1D model for leaching water and nitrogen in the rooting
zone. Furthermore, the role of plants in water and nitrogen uptake
that grown on the all ridges, water redistribution process in the
rooting zone, and simulation of the leaching water and nitrogen at
a depth higher than which concerned by the 2-D process justified
the use of HYDRUS-1D instead of HYDRUS-2D.

2.3.1. Soil water movement
Soil water movement for the experimental situation has been
described in the model (Simunek et al., 2008) as follows:

a0 9 oh
93] s o
Boundary and initial conditions are:

H=nh(z) at —100<z<0, t=0 3)
oh

-K| —=+1)=E(t) atz=0, t>0 4)
0z

oh

&:0 atz=-100, t>0 (5)

where 6 is the soil volumetric water content (cm3 cm=3); h is the
water pressure head (cm); K is the unsaturated hydraulic conduc-
tivity (cmd~1); z is the vertical axis (upward positive) depending
on the origin of the surface flux; E(t) is the rate of infiltration or
evapotranspiration (cmd~1) that is time variable flux for irriga-
tion or rainfall option in the model; S is the root water uptake rate
(cm3 cm~3d-1) that is considered as Feddes et al. (1978) function;
h; is the initial soil water pressure head (cm). In this study, the free
drainage was used as the bottom boundary. Therefore, Eq. (5) was
considered that dh/dz=0.In Eq. (5), z= —100 was considered due to
the maximum soil depth and root depth of 100 cm.

The value of S was determined by Feddes et al. (1978) equation
as follows:

S= Ol(h)smax (6)
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Table 3

Values of the coefficients of equation for root water uptake [Eq. (6)], cm.?
Plant ho hopt han haL hs
Rapeseed 0 -1 -500 —-900 —16,000
Maize -15 -30 -325 —600 —8000

2 Water uptake is assumed to be zero close to saturation (i.e., wetter than some
arbitrary “anaerobiosis point” h, ). Root water uptake is also zero for pressure heads
less than the wilting point (hs). Water uptake is considered optimal between pres-
sure heads hope and hy, whereas for pressure heads between h; and hs (or h, and
hopt) water uptake decreases (or increases) linearly with pressure head.

where S is the rate of root water uptake, Smax is the maximum rate
of root water uptake and «(h) is the coefficient of root water uptake.
The coefficients of Eq. (6) are presented in Table 3 (Simunek et al.,
2008). In this equation, water uptake is assumed to be zero at close
to saturation (i.e., wetter than some arbitrary “anaerobiosis” point,
ho). Root water uptake is also zero for pressure heads less than the
wilting point (h3). Water uptake is considered optimal between
pressure head hopt and hy, whereas for pressure heads between h;
and h3 (ho and hopt) water uptake decreases (or increases) linearly
with pressure head.

Root growth was described by the logistic growth function that
is defined as follows (Simunek et al., 2008):

Lg(t) = Linfr(t) (7)

f(0) = Lo

Lo+ (Lm — Lo)e" (8)

where Lg(t) is the root depth at time t (cm); L, is the initial root
depth (seeding depth, cm); Ly, is the maximum root depth (cm);
t is the number of days after planting; and r is the root growth
ratio that is 0.03 and 0.07 for rapeseed and maize, respectively.
The maximum root depth of rapeseed and maize were 100 cm and
100 cm, respectively, and seeding depths were 5cm and 10 cm for
rapeseed and maize, respectively.

Soil water hydraulic properties were the model inputs. van
Genuchten (1980) and Mualem (1976) functions were represented
the soil water retention, 8(h) and hydraulic conductivity, K(h). Soil
water hydraulic parameters are presented in Table 4.

Water and nitrogen uptake process was considered in the
HYDRUS-1D version used in this study. Furthermore, crop evap-
otranspiration is used directly in the model with no separation of
soil surface evaporation from transpiration.

2.3.2. Soil NO3-N transport

Similar to the study of Wang et al. (2010), in this study,
we assumed that soil organic N was mineralized directly into
NO3-N and ammonia volatilization was ignored due to irrigating
soil immediately after nitrogen fertilizer application. Furthermore,
experimental results in soils in this region showed that NO3-N
concentrations were much higher than NH4-N concentrations
(Sepaskhah and Yousefi, 2007), therefore we did not consider the
NH4-N movement.

Soil NO3;-N movement is described as follows (Simunek et al.,
2008):

ae-c) o oC dq-C)
at :az[e'D<8z>}_ T )

In case of no nitrogen application treatment, boundary and ini-
tial condition are:

C=0Cy(z) at —100<z<0, t=0 (10)
%g:o, atz=-100, t>0 (11)

where C is the NO3-N concentration in soil solution (mgL-1); D is
the effective dispersion coefficient of the soil matrix (cm2 d—1); and
Sc is the sink term that includes mineralization, microbial immobi-
lization and denitrification and is shown as follows:

Sc:sxcr"rkmin—kimXC—kdenXC (12)

where ky,;, is the mineralization rate constant (g cm=3 d=1); k;y,, is
the microbial immobilization rate constant (d=1); kg, is the deni-
trification rate constant (d=1); S is the plant water uptake (cmd-1)
and C; is the outflow nitrogen concentration that is a function of
soil nitrogen concentration (C) and maximum root nitrogen uptake
coefficient (Cgm ). The values of Cgy for rapeseed and maize were
0.03 and 0.01, respectively that were obtained by model calibra-
tion. In concept, the rhizosphere dynamics of water and nutrient
uptake is very complex, and may have to consider differentiation
between passive and active N uptake, N mineralization and deni-
trification (Bar-Yosef, 1999). In order to avoid these complications
of which the relative magnitude and relevance is yet to be deter-
mined, this study makes the typical assumption that root uptake
of ammonium and nitrate is strictly passive and assumes that the
other listed mechanisms are not occurring (Hanson et al., 2006).
Therefore, nitrogen uptake is considered as the multiplication of
plant water uptake by the soil mineral nitrogen concentration.

NO3-N movement was considered a few days after irrigation
events, therefore microbial immobilization and denitrification pro-
cesses are ignored. The model is used to simulate the transport
of NO3-N while N was applied in form of urea. In this study we
assumed that the urea is instantaneously nitrified to NO3~. This
is justified by the fact that nitrification is fast compared to other
process and it takes a few days (Havlin et al., 2006). Furthermore,
there is some residual NO3 ~ in soil before urea application that can
be leached.

In case of nitrogen application treatments, the boundary condi-
tions are as follows:

aC

—9-D<>+q-C:qo-Co(t), atz=0, t>0 (13)

0z
where Cy(t) is the nitrogen application rate at different times.
Therefore, in model application, the concentration boundary con-
ditions and free drainage were options that were used in the model.

Table 4
Soil hydraulic properties used in the HYDRUS-1D model.2
Soil layer(cm) Texture Particle fraction BD 0, 0s o n 1 K
(%) (gem3) (ecm? cm—3) (ecm? cm—3) (em™1) (cmd1)
Clay Silt Sand
0-15 Clay loam 30 35 35 1.25 0.11 0.47 0.0109 1.480 0.5 22.16
15-30 Clay loam 30 35 35 1.32 0.12 0.45 0.0110 1474 0.5 15.24
30-50 Clay loam 39 38 23 1.36 0.14 0.46 0.0122 1414 0.5 12.16
50-70 Clay 40 39 21 1.42 0.16 0.45 0.0122 1.399 0.5 8.58
70-100 Clay 40 39 21 1.42 0.16 0.45 0.0122 1.399 0.5 8.58

2 BD is the soil bulk density, 0, is the soil residual water content, 0; is the soil saturation water content, «, n, and [ are the parameters of soil hydraulic functions, and K; is

the soil saturated hydraulic conductivity.
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2.4. Model calibration

In this model, soil is divided in different layers and physical
properties are used as inputs (Table 4). In order to use minimum
number of data as input in running the model, the parameters for
soil water retention curve (van Genuchten, 1980) were estimated
by the HYDRUS-1D model by using the soil particle fractions, bulk
density (Table 4) and soil residual water content as 0.16 cm? cm 3.
The estimated values of o, nand K (Table 4) are close to those deter-
mined by Mahbod and Zand-Parsa (2010) as 0.014cm™!, 1.33 and
20.6 cm d—1, respectively. Furthermore, initial soil water content,
residual soil mineral nitrogen content, and cropping duration are
used in the model. Initial soil water contents for rapeseed and
maize in different soil depths were 0.25-0.29cm3 cm~3 (mean
value of 0.28cm3 cm~—3) and 0.24-0.30cm3 cm=3 (mean value of
0.275 cm3 cm~3), respectively. Mean initial soil mineral nitrogen
(SMN) for rapeseed was 80.9kgha~! and the residual soil min-
eral nitrogen (SRMN) at N application rates of 0, 100, 200, and
300kgha~! for rapeseed were 70.6, 89.3,119.5, and 117.7 kgha™!,
respectively. These values were considered as the initial SMN for
maize. The cropping duration of rapeseed and maize were 256
and 118 days, respectively. Amounts of rainfall, irrigation water,
root depth, nitrogen fertilizer application rate at different times
are inserted in the model. Nitrate concentration in irrigation water
is also given as input (6.6 mgL~1). By using single crop coefficient
(K¢) of rapeseed and maize from Shaabani (2007) and Shahrokhnia
(2009), respectively and daily reference evapotranspiration (ET,),
the daily crop evapotranspiration (ETp) was calculated K¢ x ET,
(Allen et al., 1998) and used in the model. The values of daily
ET, were determined by using modified Penman-Monteith equa-
tion (Razzaghi and Sepaskhah, 2012) and daily measured weather
parameters in a nearby weather station. The values of ETp, and irri-
gation water at different treatments are presented in Figs. 2 and 3
for rapeseed and maize, respectively.

Soil solute transport parameters were the model inputs. They
were modified to calibrate the model. The modified longitudinal
dispersivity and molecular diffusion coefficient of NO3-N in free
water (D,) were used as 1.0cm and 1.65 cm?2 d—1, respectively.

2.5. Model performance criteria

Outputs of the model were drainage water (deep percolation),
nitrate concentration of drainage water (NO3-N) and crop nitrogen
uptake. The outputs of the model were compared by the measured
values using following statistical parameters:

RMSE — {1/n [Z;(x,» _ y,»)z} }0'5 (14)
/0y % - Y]

[
NRMSE = 0

(15)

where RMSE and NRMSE are the root mean square error and nor-
malized root mean square error, respectively, n is the number of
observations, X is the measured values, Y is the estimated values
and O is the mean values of measured data.

n 2
d:l_{ S - Y) } 6
S (X — O+ [Y; — Oel)?

where d is the index of agreement and O, is the mean value of
estimated data. The value of NRMSE and d approaches 0.0 and 1.0,
respectively, for the accurate estimation. 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 is more accurate.

3. Results and discussion
3.1. Yield

Grain yield for rapeseed and maize are shown in Table 5. At N
application rates of 200 and 300kgha~!, grain yields of rapeseed
were statistically similar at CFI and VAFIL. However, their values
were statistically lower at FAFI. At N application rates of less than
200kgha~!, grain yields of rapeseed at CFI were higher than those
at VAFI and FAFI and FAFI resulted in lower grain yields of rapeseed
than VAFI (p <0.05). These results indicated that at lower N applica-
tion rates, higher water application is needed to obtain higher yield,
while N application rate of 200 kgha~! is the optimum and in this
N application rate, VAFI with lower water application resulted in
similar yield of rapeseed to CFI (7% reduction) with lower water
application (25%).

At N application rates of 200 and 300kgha~!, grain yields of
maize were statistically similar at VAFI and FAFIL. However, they
were statistically lower at N application rates of 0 and 100 kg ha~!.
At CFI, their yields increased as a function of N application rates.
Grain yields of maize decreased at CFI, VAFI and FAFI, respectively
at 0-200 kg ha—1. However, they were statistically similar at VAFI
and FAFI at N application rate of 300 kg ha~!. In general, for maize
itis indicated that under water shortage, if VAFI is going to be used,
lower N application rate is appropriate to be used (i.e., 200 kgha~1),
while under full irrigation condition, higher N application rate (i.e.,
300kgha~1) is appropriate

3.2. Deep percolation

Predicted and measured values of cumulative deep percola-
tion (DP) at different days after planting for different irrigation
treatments are presented in Figs. 4 and 5 for rapeseed and maize,
respectively. Cumulative DP values for rapeseed increased rapidly
at around 190 days after planting. This is obtained due to higher
irrigation water depth applied at irrigation events after this time
because of rapid growth of rapeseed crop that is occurred due to
increase in air temperature at this time. In general, the cumula-
tive DP is lower at VAFI and FAFI compared with CFI. This occurred
because of lower volume of irrigation water in VAFI and FAFI that
was distributed in a given volume of soil compared with CFI. There-
fore, the DP is reduced in VAFI and FAFIL.

Maize was planted immediately after rapeseed harvest. There-
fore, the initial soil water content was higher than those occurred
in rapeseed field at initiation of vegetative growth at late winter or
early spring. Due to low amount of rainfall in autumn and winter
in rapeseed growing season (175 mm) the soil water content at the
initiation of vegetative growth at late winter or early spring was

Table 5
Grain yield (kg ha—') of rapeseed and maize in different irrigation and N treatments.

Nitrogen application Irrigation method

rate, kgha! - - -
Ordinary Variable alternate Fixed alternate
furrow furrow furrow
Rapeseed
0 1889c¢” 1351d 844f
100 2208b 1800c 1054e
200 3444a 3210ab 1812c¢
300 3420a 3200ab 1850c
Maize
0 4326f 2087h 1390i
100 6969c¢ 3337g 2314h
200 10553b 6419cd 5747e
300 11274a 6468cd 5987e

" Means followed by the same letters in each crop are not significantly different
at 5% level of probability.
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Fig. 4. Deep percolation at different days after planting under different irrigation
methods for rapeseed.

lower than those for maize. Therefore, DP losses for maize were
higher than those occurred in rapeseed (Figs. 4 and 5). This differ-
ence among two crops occurred because of higher initial soil water
content in maize field at planting compared to soil water content
of rapeseed field at initiation of vegetative growth at late winter or
early spring.

Different irrigation treatments received very different irrigation
doses that could explain the different amount of DP and nitrate
leached between the different treatments. Although these differ-
ences would be more attributable to the irrigation amounts than
to the irrigation practice itself, however for rapeseed grain yields
were similar at CFI and VAFL. This indicates that with reduction in
irrigation water dose in VAFI, DP and leached NO3-N decreased
while grain yield was not reduced for rapeseed. Therefore, the irri-
gation method in practice is important in irrigation and nitrogen
management to reduce the water and nitrogen losses with no yield
loss.

The measured values of DP matched well the predicted values.
This indicated that the HYDRUS-1D model is capable to predict DP
at different irrigation regimes. These evaluations for rapeseed and
maize are shown in Figs. 6 and 7, respectively by comparing lin-
ear relationship between the predicted and measured values of DP
with the 1:1 line. The slope of the linear relationship is statistically
equal to 1.0 and the values of NRMSE and d are 0.11 and 0.993
for rapeseed, and 0.094 and 0.994 for maize that are close to 0.0
and 1.0. These indicated a high accuracy of the prediction of DP by
HYDRUS-1D model for rapeseed and maize.
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Fig. 5. Deep percolation at different days after planting under different irrigation
methods for maize.
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Fig. 6. Relationship between predicted and measured values of deep percolation for
rapeseed.

3.3. NO3-N leaching

Values of measured and predicted cumulative leached NO3-N
at different days after planting for different irrigation methods and
nitrogen application rates are shown in Figs. 8 and 9 for rapeseed
and maize, respectively. For rapeseed, maximum leached NO3-N
at CFl was 7.5 and 11.0kgha~! at 0 and 300 kg ha~! N application,
respectively. These values were 2.0 and 3.5 kg ha~! for FAFI and 4.0
and 6.5 kg ha~! for VAFI, respectively. In general, leached NO3-N is
lower at VAFI and FAFI compared with those at CFI. Furthermore,
these values are lower at lower N application rates.

For maize, maximum leached NO3-N at CFI was 16.0 and
55.0kgha~! at 0 and 300 kgha~! N application rates, respectively.
These values were 8.0 and 24.0kgha~! for FAFI and 9.0 and
25.0kgha~! for VAFI, respectively. In general, leached NO3-N is
lower at VAFI and FAFI compared with those at CFI. This occurred
as a result of lower DP in VAFI and FAFI compared with CFI
(Figs. 4 and 5). These values are lower at lower N application rates.
In general, the NO3-N leaching in this study is much lower than
those reported by Wang et al. (2010) in a loam to silt loam soil
with mean annual rainfall of 560 mm and flooding surface irriga-
tion. Therefore, lower NO3—-N leaching in the present study was due
to higher irrigation efficiency, low seasonal rainfall and heavier soil
texture.

Figs. 8 and 9 indicated that the HYDRUS-1D model predicted
the leached NO3-N accurately. To show the accuracy of predic-
tion of leached NOs-N, it was compared with the measured values
in Figs. 10 and 11 for rapeseed and maize, respectively. The lin-
ear relationship between the measured and predicted values of
leached NO3-N was compared with the 1:1 line. The slope of the
linear relationship is statistically equal to 1.0 and the values of
NRMSE and d are 0.14 and 0.992 for rapeseed and 0.18 and 0.992

250

y = 0.944x+ 3.081
R?=0.992

200 d=0.997
RMSE=6.675

150 NRMSE=0.079

100

50

Predictited deep percolation, mm

0 50 100 150 200 250

Measured deep percolation, mm

Fig. 7. Relationship between predicted and measured values of deep percolation for
maize.
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for maize, respectively that are close to 0.0 and 1.0. These indicated
a high accuracy of the prediction of leached NO3;-N by HYDRUS-
1D model for rapeseed and maize. It seems that although we used
1-dimensional model for 2-dimnsional problem, it was able to
describe the bottom fluxes reasonably well. Although it is antic-
ipated that at some depth the bottom fluxes of water and NO3~
can be 1-dimensional, however we do not have experimental evi-
dence or comparison of results with 1- and 2-dimensional models
to sustain that hypothesis.

3.4. Crop N uptake

Predicted cumulative crop N uptake for rapeseed and maize as a
function of days after planting (DAP) and different irrigation meth-
ods and N application rates are presented in Figs. 12 and 13. N
uptake in Figs. 12 and 13 are given in mg cm~2, however the cumu-
lative N uptake at the harvest are converted to kgha~! and pre-
sented in Table 6. Tafteh (2010) reported that potential dry matter
yields of 28.8tha~! and 7.6 tha~! for maize and rapeseed, respec-
tively are associated with N application rates of 200-300kg ha!
that could result in N uptake of those given in Table 6. It is indi-
cated that for rapeseed up to 170 DAP the rate of N uptake (slope of
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Fig. 9. Nitrate leaching at different days after planting under different irriga-
tion methods and N application rates for maize: (a) Okgha~?, (b) 100 kgha-!, (c)
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Fig. 11. Relationship between predicted and measured nitrate leaching for maize.

curves in Fig. 12) was lower and it increased at a higher rate later on
(Fig. 12). This occurred due to application of second half of N fertil-
izer at 165 DAP and occurrence of reproduction stage of rapeseed.
The values of measured and predicted N uptake for rapeseed at har-
vestas kgha~! are shown in Table 6. Predicted values of N uptake at
harvest are the end point of curves in Figs. 12 and 13. Mean values
of N uptake were compared by using Duncan multiple range test at
probability level of 5%. There is no statistically significant difference
between crop N uptake in different irrigation methods at O N appli-
cation rate (p<0.05). At N application rates of 100-300kgha~!,
there is no statistically significant difference between N uptake

[

i
w 15 — N0
£
M - =Nl
= 1
= -- N2
= 05
= et L= a e N3
(3
o 0
4] 50 100 150 200 250 300
Days after planting

~ 2
s
g s —
] - = NL
B 1 -
5 e - = =N2
= o,
= 0.5 e L -
S __M N3

0]

C 100 200 300
Days after planting

. 2
E
@ 15 e
£
o == Nl
= 1
g2 -~ N2
= G.5
= i
z N3
5]
o g

0 50 Lo 150 200 250 3C0
Days afler plantling

Fig. 12. Predicted crop N uptake at different days after planting under different
irrigation methods (upper CFl, middle FAFI, lower VAFI) in different N application
rates for rapeseed.
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Fig. 13. Predicted crop N uptake at different days after planting under different
irrigation methods (a: CFl, b: FAFI, c: VAFI) in different N application rates for maize.

in CFI and VAFI, however it was decreased at FAFI (p<0.05). N
uptake in FAFI was reduced 35% compared with CFL. In general,
at all irrigation methods, N uptake increased as N application rate
increased.

Table 6
Seasonal measured and predicted crop N-uptake (kgha~!) by HYDRUS-1D model
for rapeseed and maize under different irrigation methods and N application rates.

N application rates, OFI? VAFI FAFI
kgha!
Meas. Predic. Meas. Predic. Meas. Predic.

Rapeseed

0 22.6fg" 30.0 19.8fg  31.0 15.3g 35.0
100 37.7e 40.0 35.0e 55.0 25.3f 48.0
200 104.6b 120.0 99.2b 110.0 68.8d 90.0
300 145.5a 163.0 1479a 160.0 90.6¢ 130.0
Maize

0 89.3efg 85.0 32.8g 62.0 52.2fg 68.0
100 157.0e 155.0 63.2fg  91.0 88.0efg  120.0
200 237.0ab 260.0 164.8cd 180.0 185.2c 234.0
300 279.0a 282.0 206.4bc 263.0 224.6ab 271.0

" Means followed by the same letters in each trait are not significantly different
at 5% level of probability.

2 OFlis ordinary furrow irrigation, VAFI is variable alternate furrow irrigation, and
FAFl is fixed alternate furrow irrigation.
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Fig. 14. Relationship between predicted and measured crop N uptake for rapeseed.

For rapeseed, N uptake order is CFI > VAFI>FAFI and their dif-
ferences are statistically significant (p <0.05) (Table 6). The lower
N uptake in FAFI than that in VAFI is due to the considerable reduc-
tionin top dry matter in FAFI as reported by Tafteh (2010). However,
N uptake order for maize is CFI> FAFI>VAFI, although the differ-
ences in FAFI and VAFI are not statistically significant (p<0.05).
Not considerable higher N uptake in FAFI occurred due to not con-
siderable lower top dry matter and higher N content in FAFI (Tafteh
and Sepaskhah, 2012).

For maize, up to 50 DAP the rate of N uptake increase was lower
and it increased at a higher rate later on (Fig. 13). This occurred
due to application of second half of N fertilizer at 50-60 DAP,
and occurrence of reproduction stage. The values of measured and
predicted N uptake for maize are shown in Table 6. There is no
statistically significant difference between N uptake in different
irrigation methods at ON application rate. At N application rates
of 100-300kgha~1, there is no statistically significant difference
between N uptake at FAFI and VAFI. However it was higher at CFI.
N uptake in AFI (mean value at VAFI and FAFI) was reduced 31%
compared with CFI In general, at all irrigation methods, N uptake
increased as N application rates increased and this increase was
77% at 300 kg Nha~! compared with 0kg Nha~1.

At harvest, predicted crop N uptake by HYDRUS-1D model at
different irrigation methods and N application rates are compared
with the measured values in Figs. 14 and 15 for rapeseed and maize,
respectively. The relationship between measured and predicted
crop N uptake at harvest is compared with the 1:1 line. The slope of
this line is not different from 1.0. However, the intercept is about 15
and 25 kg ha~1 higher than 0.0 for rapeseed and maize, respectively.
These are obtained due to not considering the root N uptake in
the measured values, and neglecting N mineralization, denitrifica-
tion and microbial immobilizatrion processes. Therefore, if 10-15%
of top N uptake were included in the top N uptake the intercepts
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Fig. 15. Relationship between predicted and measured crop N uptake for maize.

would have been equal to 0. Similar results were reported for rape-
seed by Zlatko and Zdenko (2005) that indicated a root N uptake
of rapeseed is about 18-26% of total crop N uptake. Furthermore,
Biernath et al. (2008) reported that N uptake for maize root was
5-20% of total N uptake that is in correspondence to those obtained
in this study.

The values of NRMSE and d for total crop N uptake are 0.24 and
0.967 for rapeseed and 0.228 and 0.954 for maize, respectively. The
values of d are close to 1.0. However, the values of NRMSE are not
close to 0.0 that indicated a fair accuracy of HYDRUS-1D model in
prediction of crop N uptake for rapeseed and maize that might be
due to not considering root N uptake in total crop N uptake. The
overall crop N uptake was determined in plants that are sampled
from the furrows irrigated and not irrigated in VAFI and FAFI. There-
fore, 1-dimensional HYDRUS-1D model was able to describe the N
uptake as well.

4. Conclusions

HYDRUS-1D model was used to simulate the transport of NO3-N
of the applied N fertilizer with different rates under CFI and AFI
(PRD). For rapeseed, the amounts of NO3-N leaching in 1.0 m soil
profile under CFI, FAFI and VAFI were 8.7, 5.2 and 2.7kgha!,
respectively and it was increased from 4.7 kgha~! for no N appli-
cation to 7.3kgha~! for 200-300 kgha~! N application rates. For
maize, the mean amounts of NO3-N leaching in 1.0 m soil profile
under VAFI and FAFI were similar (13.8 kgha~1) and it was higher
under CFI(31.1kgha~1). It was increased from 10.3 kgha~! inno N
application rate to 31.4kgha~! in 300 kg ha~! N application rate.

N uptakes for rapeseed were similar under CFI and VAFI
(71.5kgha=') and it was increased from 19.2kgha=! to
128.0kgha~! in N application rates from 0 to 300 kgha~!. For
maize, N uptakes were similar under VAFI and FAFI (127 kgha™1)
and it was higher under CFI (200kgha~!). Furthermore, it was
increased from 50kgha~! to 250kgha~! in 0 to 300kgha~!N
application rates.

Seasonal deep percolation in rapeseed field was reduced 39%
and 72% under VAFI and FAFI, respectively compared with CFI.
These reductions for maize were 40% and 57%, respectively. It is
concluded that for both crops, HYDRUS-1D model was able to
simulate deep percolation, and NO3;-N leaching with a very good
accuracy (NRMSE of 0.11 and 0.094 for DP of rapeseed and maize,
and 0.14 and 0.18 for NO3-N leaching of rapeseed and maize,
respectively). However, difference between the measured and pre-
dicted N-uptake was occurred and it was attributed to the excluding
root nitrogen uptake in the measured values.
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