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• N balances in the root zones of
intercropped corn and tomatoes were
evaluated.

• Soil NO 3-N concentrations in 0–40 cm
were higher in tomato region than corn.

• NO3-N exchange between the bare-corn
regions was lower than the bare-
tomato.

• HYDRUS-2D modified was calibrated
and validated using experimental data.
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The competition mechanisms between crop species for water and nutrients, especially nitrate (NO3-N), in
intercropping ecosystems are still poorly understood. Therefore, an experiment involving high (300 kg ha−1

for corn and 250 kg ha−1 for tomato), medium (210 kg ha−1 for corn and 175 kg ha−1 for tomato), and low
(150 kg ha−1 for corn and 125 kg ha−1 for tomato) N-fertilizer applications (HF, MF, LF, respectively) was con-
ducted in the corn and tomato intercropping ecosystem during 2014 (a calibration period for modeling) and
2015 (a validation period for modeling). Themodified HYDRUS-2D codewas used to analyze soil NO3-N concen-
trations (SNC) in the middle between corn rows (Pc), between corn and tomato rows (Pb), and between tomato
rows (Pt), NO3-N exchange in the horizontal direction between different regions, NO3-N leaching from the corn,
the bare, and the tomato region, and N uptake by crops. Simulated SNCs were in good agreement with measure-
ments, with RMSE, NSE, andMRE of 0.01–0.06 mg cm−3, 0.75–0.98, and 8.7–19.1%, respectively, during the vali-
dation period (2015). Average SNCs in the 0–40 cmsoil layerwere different between Pc, Pt, and Pb. IntensiveNO3-
N exchange in the horizontal direction occurred during the second stage (Day After Sowing [DAS] 37-113 in
2014; DAS 29-120 in 2015). NO3-N exchange between the corn and bare regions was lower than between the
tomato and bare regions due to smaller concentration gradients. However, in the vertical direction, NO3-N
leaching from the corn region in both years was 4.1 and 8.8 times larger, respectively, than from the tomato
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region under HF since NO3-N mainly moved from the tomato region to the corn region. Our results reveal the
competition between corn and tomato for N and provide a rationale for formulating and optimizing different fer-
tilizer regimes for different crops in the intercropping ecosystem.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Water and fertilizer uptake capacities of multiple crops in an
intercropping ecosystem can be very different because of complex agro-
nomic practices and different crop properties. If these differences were
optimally managed, the intercropping ecosystem could not only im-
prove the land equivalent ratio (LER) (Martin et al., 2018; Iqbal et al.,
2019), water-fertilizer utilization efficiency (Singh et al., 2017; Chen
et al., 2019; Du et al., 2019), and light utilization efficiency (LUE), it
could also increase crop yields (Hauggaard et al., 2016; Raza et al.,
2019; Streit et al., 2019). The intercropping planting pattern can not
only increase farmers' income but also has many additional advantages.
Therefore, intercropping ecosystems have been extensively usedworld-
wide, including in Germany (Streit et al., 2019), Brazil (Batista et al.,
2019), India (Das et al., 2019), Pakistan (Iqbal et al., 2019), and China
(Zhou et al., 2019).

Usually, soil water and nitrogen distributions in intercropping
ecosystems are different than in single-crop fields because of differ-
ent resource acquisition strategies, growth, and root distributions of
various crop species (Scalise et al., 2017; Chen et al., 2019; Zhao et al.,
2019). For example, the results of an experiment in a corn/soybean
intercropping ecosystem under full irrigation indicated that the
corn roots not only penetrated deeper than those of soybean but
also extended into the soybean part of the field to absorb more re-
sources (Gao et al., 2010). Similarly, there were significant differ-
ences in the crop root systems in the tomato/corn intercropping
ecosystem during the growing season, while the crop root systems
of the two species overlapped and competed for soil water and nitro-
gen (Li et al., 2017).

Root distributions of different crops could cause variations in soil
water distributions in the horizontal direction. For example, although irri-
gation volumes (with the same irrigation frequency) for tomatoes were
lower than for corn, the soil water content (SWC) in the shallow root
zone (0–40 cm)of tomatoeswas higher than in the corn region, especially
in the 0–20 cm soil layer (Li et al., 2015). Similarly, SWCs in the alfalfa re-
gion were lower than in the corn region in the alfalfa/corn intercropping
field under identical irrigation regimes, which caused a low water stress
of alfalfa, and the water stress increased as corn grew (Sun et al., 2018).

The movement of nitrogen is closely related to soil water flow, and
the difference in SWCs in an intercropping ecosystem could also cause
variations in nitrogen distributions, further increasing an intensive ni-
trogen competition between the crop species. For example, in the
corn/pea intercropping and sole crop ecosystems, intercropped pea ac-
cumulatedmore N than sole pea during the cropmaturity period, while
the opposite occurred for corn (Zhao et al., 2019). Hu et al. (2016) fur-
ther found that the N competition capacity of pea was 1.35 times larger
than of corn. These examples indicate that theN competition capacity of
pea is stronger than of corn in the corn/pea intercropping ecosystem.
Yang et al. (2016) investigated the long-term effects of an intercropping
agroforestry ecosystem (jujube trees with winter wheat/summer corn)
on the soil fertility balance. Their results showed that the intercropping
ecosystem significantly decreased soil nutrient contents and crop yields,
but increased nutrients on the edge of the tree canopy.

In general, optimal nitrogen applications are essential for improving
the nitrogen use efficiency (NUE) in the field (Wang et al., 2018; Raza
et al., 2019a, 2019b; Noulas et al., 2018). For example, Hartmann et al.
(2015) found that a higher recovery efficiency (the components of
NUE) could be achieved when the N supply was reduced by
100 kg ha−1 from the standard farmers' practice without reducing the
crop yield of summer-corn orwinter-wheat,while reducing the residual
soil mineral N. Nitrate distributions and NUE in intercropping ecosys-
tems were reported in several previous studies (e.g., Ding et al., 2014;
Sun et al., 2018; Zhao et al., 2019). However, these studies provided lit-
tle insight in the water-nitrogen competition between different crop
species and were usually carried out under surface irrigation that did
not account for various needs of two species in an intercropping ecosys-
tem, causing excessive nitrogen leaching anddecreasingNUE, especially
for nitrate (Liu et al., 2019). Moreover, these studies did not properly
quantify nitrogen fluxes, and due to high time and labor costs, they
did not provide a sufficiently long time series of data to evaluate N
and water mass balances. Numerical simulations with a calibrated
model can overcome these problems and can better reveal soil water
and nitrate dynamics.

The HYDRUS-2Dmodel (Šimůnek et al., 2016) has been widely used
in the literature to simulate the movement of soil water (Simone et al.,
2019, Fan et al., 2018, Filipović et al., 2014; Grecco et al., 2019, Rai et al.,
2019, Karandish and Šimůnek, 2018), nitrogen species (He et al., 2018;
Grecco et al., 2019; Elasbah et al., 2019), soil salts (Xu et al., 2019), and
heat (Rai et al., 2019; Ren et al., 2018). This model can capture the dy-
namic nature of these factors and be used to optimize their spatial and
temporal distributions (Cichota et al., 2018). Additionally, HYDRUS-2D
is flexible to accommodate different types of boundary conditions and
it is thus widely used to simulate complex conditions. For instance,
Wang et al. (2011) estimated subsurface lateral flow and associated
NO3-N losses by modeling the water and nitrogen budgets using
HYDRUS-2D in the citrus tree/peanut intercropping ecosystem. On the
other hand, Li et al. (2015a, 2015b) used HYDRUS-2D to investigate
soil water dynamics in the root zone of the tomato/corn intercropping
ecosystem.

Although Li et al. (2015a, 2015b) set independent boundary condi-
tions for each crop, only one set of root water uptake parameters (for
the stress response function) could be used in version 2.0 of HYDRUS-
2D for two crops, without distinguishing between different water and
nitrogen uptake capacities of different crops in an intercropping ecosys-
tem. Therefore, the modified version of HYDRUS-2D, allowing input of
two sets of parameters for two vegetations, was used in this study.
This modified version can describe the competition between different
crops in an intercropping ecosystem for water and nutrient resources.

While earlier studies mainly focused on water or NO3-N dynamics,
there were no studies evaluating exchange processes of soil NO3-N in
the horizontal direction between different crop regions (i.e., the amount
of NO3-N moved from one region to another region). The exchange pro-
cess of soil NO3-N in the horizontal direction is an important process,
which can reveal the competition for resources by different crops and
provide a rationale for formulating and optimizing different fertilizer re-
gimes. Therefore, it is still necessary to quantitatively assess the NO3-N
competitionbetweendifferent crops in an intercropping ecosystem toop-
timize fertilization.

Themain objectives of this study thus are (i) to collect soil water and
NO3-N concentration data and (ii) to calibrate and validate themodified
version of HYDRUS-2D that considers two different crops to evaluate
these data and simulate soil water and NO3-N dynamics. Additional ob-
jectives are (iii) to assess the temporal and spatial soil NO3-N distribu-
tions, (iv) to analyze the exchange of soil NO3-N in the horizontal
direction, and (v) to asses differences in N balances in root zones of
corn and tomatoes in an intercropping ecosystem.



Table 1
Agricultural activities during the growing seasons of 2014 and 2015.

Number Date Agricultural activities Remarks

1 April 21 in 2014 and April 25
in 2015

Corn sowing and the base
fertilizer application

Before sowing, 300–450 kg ha−1 of Diammonium phosphate ((NH4)2HPO4, N ≥ 18%), and 150 kg ha−1

of Potassium sulfate (k2SO4) were applied in the field as basal fertilizer.
2 May 10 in 2014 and May 6 in

2015
Tomato transplanting Laboratory-reared before transplanting

3 May 18 and 27 in 2014 and
May 19 in 2015

Irrigation Irrigations of corn and tomato are 30 and 22.5 mm, respectively.

4 June 4 in 2014 and June 11 in
2015

Irrigation and the
N-fertilizer application

Irrigations of corn and tomato are 30 and 22.5 mm, respectively; 30% of the total N-fertilizer

5 June 18 in 2014 and June 26
in 2015

Irrigation Irrigations of corn and tomato are 30 and 22.5 mm, respectively.

6 July 8 in 2014 and July 4 in
2015

Irrigation and the
N-fertilizer application

Irrigations of corn and tomato are 30 and 22.5 mm, respectively; 40% of the total N-fertilizer

7 July 23 and 30 in 2014 and
July 19 and 27 in 2015

Irrigation Irrigations of corn and tomato are 30 and 22.5 mm, respectively.

8 August 10 in 2014 and
August 15 in 2015

Irrigation and the
N-fertilizer application

Irrigations of corn and tomato are 30 and 22.5 mm, respectively; 30% of the total N-fertilizer

9 August 25 in 2014 and
August 20 in 2015

Irrigation of the corn filed Irrigation is 30 mm

10 September 10 in 2014 and
September 6 in 2015

Tomato harvesting

11 September 26 in 2014 and
September 23 in 2015

Corn harvesting

Note: Events 3 and 7 have more than one day.
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2. Material and methods

2.1. Study site, climate and soil description

The study was conducted at the Baleng Saving Water experimental
site (40°20′15”N，107°02′05″E) in the Hetao irrigation district, Inner
Mongolia, China, over two cropping seasons (from 2014 to 2015). This
area, i.e., the Baleng Saving Water experimental site, is characterized by
a typical arid climate with mean annual sunlight of 3180 h, mean annual
rainfall of 201mm(very arid conditions),mean annual potential evapora-
tion of 2259mm(based on30 years), andmean annual air temperature of
7.7 °C. The soil in the experimental areawas classified as silt loamwith the
following characteristics in the 0–100 cm soil layer: the bulk density of
1.52 g cm−3, the average field capacity (θfc) of 0.34 cm3 cm−3 (the
Fig. 1. The modeling domain, boundary conditions (a), and planting pattern (b) for the corn/t
regions, respectively. Lines 1 and 2 are between regions I and II, and II and III, respectively. Lin
respectively. Points Pc, Pb, and Pt are located in the middle between corn rows, between corn a
volumetric water content). Additionally, the soil in the tillage layer
(0–20 cm) was homogeneous, with total nitrogen of 3.00 g kg−1, an or-
ganic matter of 56.11 g kg−1, available nitrogen of 1.42 mg kg−1, potas-
sium of 76.90 mg kg−1, and phosphorus of 7.07 mg kg−1.

2.2. Experimental design and treatments

The corn seeds (Z. mays L. cv. Zhongdi 77) were sown at the end of
April, and the tomatoes (Solanum lycopersicum. cv. Dunhe 48) were
transplanted into the intercropping field after cultivation in a green-
house at the beginning of May in the 2014 and 2015 seasons. The har-
vest dates were September 26 and 23 for corn in 2014 and 2015,
respectively, and September 10 and 6 for tomato, respectively
(Table 1). The planting pattern was “one film mulch, one drip line,
omato intercropping ecosystem. Numbers I, II, and III refer to the corn, bare, and tomato
es 3, 4, and 5 are located at a depth of 100 cm below the corn, bare, and tomato regions,
nd tomato rows, and between tomato rows, respectively.
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two crop lines,” and two rows of tomatoes were sown between corn
rows (Fig. 1). The seed rate was 11,000 viable seeds ha−1 for corn, and
the real number of transplanted tomato plants was 408 for each plot.

Before sowing, 300 kg ha−1 of Diammonium phosphate ((NH4)
2HPO4,N ≥ 18%), and 150 kg ha−1 of Potassium sulfate (K2SO4)were ap-
plied by broadcast fertilization in the field as basal fertilizer. The exper-
imental design was a completely random design comprising of three
replicates of three topdressing treatments, i.e., 9 field plots. Every plot
was 9.2 m wide and 15 m long. The high N-fertilizer application of
300 kg ha−1 for corn (HFc) and 250 kg ha−1 for tomato (HFt) was
based on local recommendations. Additionally, different levels of N-
fertilizer, i.e., 70% and 50% of recommended N-fertilizer, were applied
in the corn and tomato fields. There were thus three levels of applied
topdressing N-fertilizer: HFc and HFt (the local recommendation), MFc
and MFt (70% of the local recommendation), and LFc and LFt (50% of
the local recommendation). The Carbamide solution (CO(NH2)2,
N ≥ 32%) as topdressing was applied in the field in the elongation
stage (30% of the total N-fertilizer), the tasseling stage (40% of the
total N-fertilizer), and the filling stage (30% of the total N-fertilizer),
each time accompanied with drip irrigation with an emitter discharge
of 2.4 L h−1 and a distance of 30 cm. The watermeter (with an accuracy
of 0.001 L) was set up to monitor water flow. The groundwater table at
the experimental site was monitored using the auto water level logger
(Onset Computer Inc.; U20L-01, Hobo, USA) and was 83–248 cm deep
in 2014 and 2015. Large variations in the depth of the groundwater
table were caused by a nearby irrigation canal. A list of performed agri-
cultural activities is summarized in Table 1.

2.3. Measurements and methods

Meteorological data, i.e., daily precipitation, solar radiation, air tem-
peratures, air humidity, and wind speed, were collected in the experi-
mental field using the automatic meteorological station (Onset
Computer Inc.; U30, Hobo, USA) at 30 s intervals, and the 10-min statis-
tics (average) were computed. Reference crop evapotranspiration (ET0)
was then calculated using the Penman-Monteith approach (Allen et al.,
1998). Daily evapotranspiration (ETc) rates for different crop stages
were calculated by multiplying ET0 by Kc (the crop coefficient) that
were taken from the FAOpaper (No.56). A list of specific dates of the dif-
ferent crop stages for corn and tomato is summarized in Table 2.

The initial soil water contents (SWCs) were measured using gravi-
metric measurements before sowing. TDR probes (IMKO GmbH Inc.;
IPH, TRIME-PICO, Germany) were installed in the middle between
corn rows (Pc), between corn and tomato rows (Pb), and between to-
mato rows (Pt) (Fig. 1) for measuring SWCs during the crop growing
season. SWCs were taken once every 7 days at soil depths of 0–20,
20–40, and 40–100 cm, and the data were verified by gravimetric mea-
surements at periodic intervals (Skaggs et al., 2004).

Soil samplings for nitrate (NO3-N) concentrations were taken at the
same locations as SWCs every two weeks. Soil samples were shaken
with 2mol L−1 KCl (1:5 soil:solution ratio) for 1 h, and the obtained ex-
tract was analyzed using a spectrophotometer (Beijing General Instru-
ment Co. LTD., TU-1901, General Instrument, CHN). Total N uptake
was determined on the same dates using ten plants randomly harvested
from each plot to determine total N uptake by the crop stem, leaves, and
grains. These samples were first kept for 30 min at 105 °C temperature
Table 2
The dates of different crop stages for corn and tomato used to compute ETp during 2014
and 2015.

Crop Year Early season Mid-season Late season

Corn 2014 April 21–May 27 May 28–August 12 August 13–September 26
2015 April 25–May 23 May 24–August 23 August 24–September 23

Tomato 2014 May 10–June 1 June 2–August 15 August 16–September 10
2015 May 6–June 5 June 6–August 18 August 19–September 6
and then conserved at 75 °C temperature in the oven to reach a constant
weight. After crushing and sifting, a 0.2 g sample was weighted by a
weighing paper, boiledwith 5mLof concentratedH2SO4, and thenmea-
sured by aflow analyzer (Brown ruby Inc., AA3, SEAL, Germany). The ul-
traviolet spectrophotometry method (GB/T 32737-2016) and the semi-
micro Kjeldahl method (Bremner and Keeney, 1965) were applied to
determine NO3-N concentrations in soil (SNC) and total N in crops
(Nc) using the following formulas:

SNC ¼ ρ� V � D� γs

m
ð1Þ

where SNC is the NO3-N concentration (mg cm−3), ρ is the mass con-
centration of NO3-N in the chromogenic solution (mg mL−1), V is the
volume of the chromogenic solution (mL), D is the dilution ratio (-), m
is the soil mass (g), and γs is the dry bulk density (g cm−3).

Nc ¼ C � V � VT � 14
Vs

� 6:25� 1000 ð2Þ

In Eq. (2),Nc is the total N concentration in the crop stem, leaves, and
grains (mg kg−1), C is the mass concentration of HCl in the titrant
(mg mL−1), V is the volume of the titrant (mL), VT is the total volume
of the solution (mL), and Vs is the volume of the measured solution
(mL).

NU ¼ mc � Nc ð3Þ

In Eq. (3), NU is N uptake (mg), and mc is the dry mass of the crop
(kg).

The leaf area meter (Li-3000, LI-COR, USA) and a tape (with the ac-
curacy of 0.1 cm) were used to measure the leaf area and crop height,
respectively, for corn and tomatoes with three replicates once every
7–15 days and the leaf area index (LAI) was calculated using the FAO
method (Allen et al., 1998).

Root samples for corn and tomatoes under good growth conditions
were collected froma soil transect using amethod of Li et al. (2017) dur-
ing the elongation stage (June 12 and 8 in 2014 and 2015, respectively),
the tasseling stage (June 25 and 18 in 2014 and 2015, respectively), the
filling stage (July 11 and 18 in 2014 and 2015, respectively), and the
maturation stage (August 20 and 23 in 2014 and 2015, respectively).
These samples were collected every 5 cm down to a depth of 50 cm
where higher roots density occurred, and then every 10 cm below the
50-cm depth until no roots were found. The root samples were first
washed and solarized, and then scanned using the Epson Perfection
V700 PHOTO. The roots parameters (the root length, root surface area,
and root volume) were determined using the WinRHIZO software.

2.4. Modeling description

2.4.1. Modeling introduction
The HYDRUS-2D model modified to consider simultaneously two

vegetations was used to simulate the transient two-dimensional move-
ment of water and solutes in the soil profile. This program numerically
solves the Richards equation for variably-saturated water flow and
advection-dispersion equations for solute transport. The model addi-
tionally allows the specification of different root water and solute up-
take parameters for different crops, which affects the spatial
distribution of water and nitrate between irrigation cycles. The solute
equation considers the advective-dispersive transport in the liquid
phase, as well as diffusion in the gaseous phase. The theoretical part of
the model is described in detail in the technical manual (Šimůnek
et al., 2016).

2.4.2. Soil hydraulic properties
The soil hydraulic parameters for the vanGenuchten-Mualemmodel

for different soil layers (0–30, 30–100, and 100–250 cm) were



Table 3
Soil textural properties and soil hydraulic parameters for the 0–250 cm soil layer.

Soil layer
(cm)

Soil particle size
distribution (%)

Residual soil water content
θr

Saturated soil water content
θs

Shape parameter
α

Shape parameter
n

Saturated hydraulic conductivity
Ks

Clay Silt Sand (cm3·cm−3) (cm3·cm−3) (cm−1) (−) (cm·day−1)

0–30 4.8 39.0 56.2 0.03 0.41 0.02 1.45 55.4
30–100 3.0 56.1 40.9 0.04 0.42 0.01 1.63 52.0
100–250 8.3 59.2 32.5 0.05 0.41 0.01 1.63 37.9
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estimated using the Rosetta software package (Schaap et al., 2001) in
HYDRUS-2D. Initial estimates of soil hydraulic parameters were based
on soil textural information (% of sand, silt, and clay) and the bulk den-
sity. Additionally, these values of soil hydraulic parameters (e.g., shape
parameters and the saturated hydraulic conductivity) for three soil
layers were further manually calibrated by comparing simulated and
observed values of SWCs and SNCs. Calibrated values of soil hydraulic
parameters are shown in Table 3.
2.4.3. Root water uptake parameters for corn and tomato
HYDRUS-2D was modified to consider water and N uptake by roots

of two vegetations, i.e., to allow different parameters for root water up-
take by corn and tomatoes. Root water extraction was computed ac-
cording to the Feddes model (Feddes et al., 1978; Šimůnek and
Hopmans, 2009) adapted for two-dimensional conditions with two
crops:

S hð Þ ¼ α1 hð Þ � b1 x; zð Þ þ α2 hð Þ � b2 x; zð Þ½ � � Tp � St ð4Þ

where Tp is the potential transpiration rate (cm day−1), St is the surface
length associated with transpiration (cm), b1(x,z) and b2(x,z) are root
water uptake distribution functions (cm−2) for corn and tomatoes, re-
spectively, which can be calculated based on measured root distribu-
tions (Fig. 2), and a1(h) and a2(h) are root water uptake stress
reduction functions for corn and tomatoes, respectively, which can be
Fig. 2. Measured average distributions of corn and tomato roots du
calculated as follows:

α hð Þ ¼

h1−h
h1−h2

h2bh≤h1

1 h3≤h≤h2
h−h4
h3−h4

h4≤hbh3

8>>>>>><
>>>>>>:

ð5Þ

where h1 is the anaerobic point pressure head (cm), h2 and h3 are opti-
mal interval pressure heads (cm), h4 is the wilting point pressure head
(cm); specific parameters are listed in Table 4 (Wesseling and
Brandyk, 1985).

2.4.4. Solute parameters
Solute reaction processes include nitrification, denitrification, vola-

tilization, immobilization, and mineralization. In this study, the denitri-
fication process and the losses in the form of N2O-N can be neglected
because this reaction occurs mainly under saturated conditions
(Ravikumar et al., 2011). The processes of immobilization and mineral-
izationwere also neglected, similarly as inmany othermodeling studies
(Ravikumar et al., 2011; Ramos et al., 2012; Tafteh and Sepaskhah,
2012), due to the low clay content in the experimental soil, which is
often correlated with these two processes. Ammonia volatilization
was neglected due to the fertilizer application with irrigation water
(Ramos et al., 2012). The applied fertilizer was ammonium nitrate,
which transforms first into NO2-N, and then further into NO3-N. Since,
the nitrification process from NO2-N to NO3-N is much faster than
ring May–July (a) and July–September (b) in 2014 and 2015.



Table 4
Parameters of the stress response function for root water uptake by corn and tomato.

Crop h1 (cm) h2 (cm) h3 (cm) h4 (cm)

Corn −15 −325 −600 −8000
Tomato −30 −800 −1500 −8000
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from NH4-N to NO2-N, the nitrification process can be assumed to pro-
ceed directly from NH4-N into NO3-N, which is consistent with many
other studies (Wang et al., 2010; Tafteh and Sepaskhah, 2012). The ni-
trification process in HYDRUS-2D is simulated as a first-order decay re-
action. The nitrification rates for reactions in the liquid and solid phases
were set to 0.12 and 5.9 d−1, respectively (Castaldelli et al., 2018). The
temperature and water content dependencies of the nitrification pro-
cess were not considered, similarly as in many other modeling studies
(Ravikumar et al., 2011; Ramos et al., 2012; Tafteh and Sepaskhah,
2012; Li et al., 2015a, 2015b). This study also assumed that NO3-N is
present only in the dissolved phase, while ammonium is also adsorbed
to the solid phase. The distribution coefficients (Kd) were thus set to 0
and 3.5 cm3 g−1 for NO3-N and NH4-N, respectively (Hanson et al.,
2006).

Soil longitudinal and transversal dispersivities (DL and DT, respec-
tively) and the molecular diffusion coefficient in free water are needed
to determine the components of the dispersion tensor. Longitudinal
dispersivities (DL) were considered to be 10, 10, and 5 cm for the
0–30, 30–100, and 100–250 cm soil layers, respectively; these values
were obtained using the trial-and-error calibration method, i.e., by
Table 5
RMSE, NSE, andMRE for measured and simulated SWCs and SNCs under high (HF), medium (M
and tomato rows (Pb), and between tomato rows (Pt) during calibration (2014) and validation

Year Treatments Depth (cm) Crop regions

Pc

RMSE NSE

2014 SWCs HF 0–20 0.03 0.85
20–40 0.02 0.92
40–100 0.03 0.90

MF 0–20 0.04 0.83
20–40 0.03 0.84
40–100 0.03 0.90

LF 0–20 0.04 0.87
20–40 0.03 0.88
40–100 0.03 0.93

HF 0–20 0.03 0.83
SNCs 20–40 0.01 0.99

40–100 0.02 0.89
MF 0–20 0.02 0.85

20–40 0.02 0.86
40–100 0.01 0.95

LF 0–20 0.03 0.92
20–40 0.04 0.87
40–100 0.02 0.97

2015 SWCs HF 0–20 0.03 0.82
20–40 0.02 0.90
40–100 0.03 0.90

MF 0–20 0.04 0.86
20–40 0.05 0.85
40–100 0.04 0.91

LF 0–20 0.04 0.86
20–40 0.02 0.90
40–100 0.03 0.88

HF 0–20 0.03 0.82
SNCs 20–40 0.03 0.90

40–100 0.02 0.86
MF 0–20 0.03 0.83

20–40 0.02 0.92
40–100 0.01 0.90

LF 0–20 0.03 0.82
20–40 0.03 0.85
40–100 0.01 0.90
comparing simulated and observed values of soil NO3-N concentrations.
The transverse dispersivity (DT) was taken as one-tenth of DL (Hanson
et al., 2006; Ramos et al., 2012). Molecular dispersivity coefficients of
NH4-N and NO3-N in free water were set to be 0.064 and
0.068 cm2 h−1, respectively (Cote et al., 2003).

2.4.5. Initial and boundary conditions
The two-dimensional transport domain was defined as a rectangle

with a width of 100 cm and a depth of 250 cm (Fig. 1). Observed values
of SWCs were used as the initial condition in the model. Due to the
coarse soil texture and the low initial fertilizer content, the initial condi-
tions for NH4-N and NO3-N concentrations were defined to be zero. Be-
sides, horizontal distributions of initial SWCs and NO3-N concentrations
were assumed to be uniform.

Four boundaries were defined in HYDRUS-2D, i.e., the upper bound-
ary, the bottom boundary, and two lateral boundaries (the left and right
boundary). The time-variable flux and atmospheric boundary condi-
tions were specified at the two emitters (in corn and tomato rows)
and the soil surface, respectively, to represent drip irrigation and to
apply precipitation, potential evaporation, and transpiration fluxes, re-
spectively. Potential evaporation (Ep) and transpiration (Tp) can be ob-
tained as fractions of potential evapotranspiration (ETp) (Campbell
and Norman, 1989), while ETp can be obtained by multiplying ET0
with the crop coefficient (Kc) as follows:

ETp1 ¼ ET0 � Kc1 ð6Þ
ETp2 ¼ ET0 � Kc2 ð7Þ
F), and low (LF) N-fertilizer applications in regions between corn rows (Pc), between corn
(2015).

Bare area

Pt Pb

MRE RMSE NSE MRE RMSE NSE MRE

11.0% 0.03 0.95 10.0% 0.02 0.93 10.2%
7.6% 0.02 0.96 7.3% 0.02 0.95 8.6%
8.1% 0.02 0.99 7.2% 0.03 0.96 8.8%

12.1% 0.04 0.85 12.0% 0.02 0.95 9.8%
10.0% 0.03 0.93 9.1% 0.04 0.92 10.5%
9.6% 0.03 0.98 7.5% 0.03 0.88 10.8%

11.2% 0.04 0.85 11.5% 0.04 0.81 13.5%
10.5% 0.02 0.92 10.3% 0.03 0.90 10.6%
9.8% 0.03 0.95 8.7% 0.03 0.91 9.8%

11.2% 0.04 0.82 10.4% 0.05 0.85 12.7%
9.9% 0.02 0.97 9.9% 0.03 0.93 10.6%
8.6% 0.02 0.87 8.5% 0.02 0.88 9.3%

12.9% 0.03 0.88 11.7% 0.03 0.81 19.5%
15.8% 0.04 0.83 15.4% 0.04 0.82 18.9%
11.5% 0.04 0.87 13.1% 0.01 0.84 16.9%
10.1% 0.05 0.82 12.7% 0.05 0.80 16.7%
13.1% 0.04 0.84 10.5% 0.04 0.84 14.8%
10.5% 0.03 0.89 9.1% 0.02 0.91 12.2%
11.7% 0.03 0.89 10.6% 0.04 0.83 12.5%
9.2% 0.02 0.96 9.7% 0.02 0.86 9.1%
8.4% 0.03 0.92 10.5% 0.03 0.95 7.9%

11.5% 0.03 0.89 10.1% 0.02 0.86 12.3%
12.4% 0.02 0.94 7.6% 0.07 0.82 12.7%
10.1% 0.03 0.92 9.6% 0.03 0.87 8.7%
12.8% 0.04 0.90 9.9% 0.05 0.79 14.3%
9.7% 0.03 0.91 8.1% 0.03 0.84 11.7%

10.8% 0.03 0.91 9.6% 0.03 0.89 8.8%
12.0% 0.04 0.95 12.0% 0.04 0.84 13.7%
10.6% 0.03 0.95 9.7% 0.04 0.96 10.7%
8.7% 0.02 0.96 8.9% 0.02 0.98 9.1%

13.5% 0.04 0.84 15.7% 0.06 0.75 18.1%
10.7% 0.02 0.87 12.7% 0.05 0.83 15.1%
12.2% 0.02 0.91 11.5% 0.02 0.88 13.2%
14.2% 0.04 0.81 14.5% 0.06 0.83 15.4%
11.5% 0.03 0.85 11.7% 0.05 0.86 13.7%
10.2% 0.02 0.83 13.4% 0.03 0.87 11.3%
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Tp1 ¼ 1− exp −k � LAIð Þf g � ETp1 ð8Þ

Tp2 ¼ 1− exp −k � LAIð Þf g � ETp2 ð9Þ

Ep1 ¼ ETp1−Tp1 ð10Þ

Ep2 ¼ ETp2−Tp2 ð11Þ

where ETp1 and ETp2 are the potential evapotranspiration rates in the
corn and tomato regions (cm day−1), respectively, Tp1 and Tp2 are the
potential transpiration rates in the corn and tomato regions (cmday−1),
respectively, Ep1 and Ep2 are the potential evaporation rates in the by
corn and tomato regions (cm day−1), respectively, and Kc1 and Kc2 are
the crop coefficients for corn and tomato, respectively, that were
taken from the FAO paper (Allen et al., 1998). Kc1 is equal to 0.30 during
the early season, 1.20 during the mid-season, and 0.35 during the late
season; Kc2 is 0.60 during the early season, 1.15 during the mid-
season, and 0.70 during the late season (Allen et al., 1998). The extinc-
tion coefficient k is equal to 0.39 for corn (Li et al., 2018) and 0.65 for to-
mato (Cruz et al., 2014).

The emitter fluxes in the corn and tomato regions were represented
in HYDRUS-2Dwith two 10 cm long time-variable boundary conditions
and were calculated as follows:

q ¼ Q=L0 ð12Þ

where q is the boundary flux (cm day−1), Q is the actual emitter flux
(cm2 day−1), and L′ is thewidth of the variable flux boundary condition
(cm).

The solute flux across a particular boundary or between two regions,
qc (mg cm−2 day−1), can be calculated using the following equation:

qc ¼ q� SNC ð13Þ
Fig. 3. Simulated soilwater contents (SWCs) in regions between corn rows (Pc), between corn an
40–100 (bottom) cm soil layers in 2014 (left) and 2015 (right) for the high N-fertilizer applica
where q is the water flux (cm day−1), and SNC is the NO3-N concentra-
tion (mg cm−3). The solute exchange (the amount of NO3-Nmoving be-
tween different regions), Qs (mg cm−1), can be calculated using the
following equation:

QS ¼ qc � L� t ð14Þ

where L is the length of the boundary or mesh-line (cm), i.e., the line
separating the two regions, and t is the time (day).

A time-variable head boundary condition was applied along the bot-
tom boundary, which considers the effect of the shallow groundwater
table on flow and soil nitrate dynamics. Additionally, the third-type
Cauchy boundary condition was used for solute transport along all
boundaries with specified water fluxes (at the top boundary), while the
second-type Neumann boundary condition was used for solute transport
along outflow boundaries (at the bottom boundary). Two lateral bound-
aries of the flow domain were assigned a no-flow boundary condition.

2.5. Statistical analysis

Significant differences in soil water contents and soil NO3-N concen-
trations were analyzed using the ANOVA method using the SPSS soft-
ware (SPSS Inc., 20.0., USA). For evaluating the model performance in
simulating soil water dynamics and the NO3-N fate and transport
under different N-fertilizer applications, the root mean square error
(RMSE), the Nash-Sutcliffe (NSE), and the mean relative error (MRE)
were computed for observed and simulated values. The specific formu-
las are as follow:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

X
i¼1

n

Si−Oið Þ2
s

ð15Þ
d tomato rows (Pb), and between tomato rows (Pt) in the 0–20 (top), 20–40 (middle), and
tion (HF).
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NSE ¼ 1−

X
i¼1

n
Si−Oið Þ2
P

i¼1

n

Oi−O
� �2

ð16Þ

MRE ¼ 1
n

X
i¼1

n j Si−Oi j
Si

� 100% ð17Þ

where Si andSare individual andmean simulated soil NO3-N concentra-
tion values (mg cm−3), respectively, Oi and O are individual and mean
observed soil NO3-N concentration values (mg cm−3), respectively,
and n is the number of observed values.

3. Results

3.1. Soil NO3-N concentration calibration and verification

Observed values of soil water contents (SWCs) and soil NO3-N con-
centrations (SNCs) under different N-fertilizer application levels at dif-
ferent crop locations during 2014 and 2015 were used for model
calibration and validation, respectively. Table 5 shows that RMSE, NSE,
and MRE for measured and simulated SWCs under different N-
fertilizer application levels (HF, MF, LF) during the calibration period
(2014) are in the range of 0.02–0.04 cm3 cm−3, 0.81–0.99, and
7.2–13.5%, respectively, and for SNCs in the range of
0.01–0.05 mg cm−3, 0.80–0.99, and 8.5–18.9%, respectively. During
the validation period (2015), they are in similar ranges of 0.02–0.07
cm3cm−3, 0.79–0.96, and 7.6–14.3%, respectively, for SWCs, and
0.01–0.06 mg cm−3, 0.75–0.98 and 8.7–19.1%, respectively, for SNCs.
Additionally, visual inspection (Figs. 3 and 4)was used to assess the cor-
respondence between simulated and observed SWCs and SNCs under
the high N-fertilizer application (HF). Small statistical errors between
Fig. 4. Simulated soil NO3-N concentrations (SNCs) in regions between corn rows (Pc), betwe
(middle), and 40–100 (bottom) cm soil layers in 2014 (left) and 2015 (right) for the high N-fe
simulated and observed SNC values during both calibration and valida-
tion periods indicate that HYDRUS-2D can well capture the NO3-N dy-
namics even though the processes of volatilization, immobilization,
and mineralization have been neglected.

3.2. Soil NO3-N distribution in the soil profile in an intercropping ecosystem

In order to evaluate the effects of different N-fertilizer application
levels on soil NO3-N distributions in the soil profile (0–100 cm) of the
corn/tomato intercropping ecosystem, DAS 80 and 85 in 2014 and
DAS 84 and 89 in 2015 were selected (i.e., one day before and five
days after the N-fertilizer application).

One day before the N-fertilizer application (DAS 80 in 2014 and DAS
84 in 2015), SNCs in the middle between corn rows (Pc) and tomato
rows (Pt) were higher than in the middle between corn and tomato
rows (Pb) because film mulching reduced water vapor exchange (soil
evaporation) between the surface soil and the atmosphere and pro-
moted the mineralization rate. The average SNCs under the high N-
fertilizer application (HF) in the shallow soil layer (0–40 cm) were
32.1 and 47.5% higher in Pc and Pt, respectively than in Pb during 2014
and 2015, 22.8 and 34.2% higher, respectively under the medium N-
fertilizer application (MF), and 16.4 and 24.2% higher, respectively
under the low N-fertilizer application (LF). Additionally, the roots of
corn and tomato were mainly distributed in the 0–40 cm soil layer.
Since N uptake of corn was considerably higher than that of tomato,
the SNC in Pc was lower than in Pt in the shallow soil layer. The average
SNCs for HF, MF, and LF were on average in both years (2014 and 2015)
reduced by 30.9, 24.8, and 19.8%, respectively, in Pc compared with Pt.

SNCs increased in all treatments after the N-fertilizer application
(Fig. 5b, d, f, h, j, and l). There were obvious increases in SNCs in the Pc
and Pt regions due to direct fertilizer applications. Moreover, the SNC
in Pb increased not only due to the high N-fertilizer application but
en corn and tomato rows (Pb), and between tomato rows (Pt) in the 0–20 (top), 20–40
rtilizer application (HF).
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also due to the flow of NO3-N with irrigation water from the crop re-
gions (Pc and Pt) to the bare region (Pb). However, there were little var-
iations in the SNC in Pc and Pt in the 40–100 cm soil layer because of a
lower irrigation water footprint.

3.3. Soil NO3-N dynamic in the horizontal direction

The modeling domain was divided into three regions for studying
NO3-N exchange in the intercropping ecosystem, i.e., the corn region
(I), the bare region (II), and the tomato region (III) (Fig. 1). Additionally,
the entire crop growing season was divided into three growth stages,
similarly to the crop stages for computing ETp (Table 2): the first stage
(DAS 0-36 in 2014 and DAS 0-28 in 2015, i.e., slow NO3-N exchange),
the second stage (DAS 37-113 in 2014 and DAS 29-120 in 2015,
i.e., intensive NO3-N exchange), and the third stage (DAS 114-158 in
2014 and DAS 121-151 in 2015, i.e., stable NO3-N exchange).

In general, the roots of the two cropsmay overlap during the late crop
growing season, resulting in one crop taking up resources from another
crop's root zone. However, since this process was relatively small, the
soil NO3-N concentration was not much affected by the overlap of the
two root systems. In order to differentiate between the effects of different
resource absorption capacities of the two crops on soil NO3-Nmovement
in the intercropping ecosystem, it was assumed in this study that the crop
roots grew only in its own root zone, and the two root systems do not
overlap. Therefore, the N competition mechanisms of different crops can
be found using the analysis of NO3-N exchange between different regions.
Fig. 5. Simulated soil NO3-N concentrations (SNC) in the region between corn rows (Pc), betwee
one day before (DAS 80 and 84 in 2014 and 2015, respectively) andfive days after (DAS85 and8
(MF), and low (LF) N-fertilizer application. (a, b, e, f, i, and j for 2014; c, d, g, h, k, and l for 201
During the first stage, there was no intensive NO3-N exchange due to
relatively dry soil and small concentration gradients. As crops grew, NO3-
N exchange between different root zones increased. During the second
stage, NO3-N moved in both year in the horizontal direction from the
crop regions (I and III) to the bare region (II) (Fig. 6), and simulated
NO3-N exchange was 38.4, 26.9, and 19.2 mg cm−1 under HF, MF, and
LF, respectively. Simulated outflow of NO3-N from the bare region (II)
into the crop regions (I and III) was 4.6, 3.2, and 2.3 mg cm−1 under HF,
MF, and LF, respectively, and annual net inflows (inflow of NO3-N into
minus outflow of NO3-N out of the region) were 33.9, 23.7, and
16.9 mg cm−1, respectively. On the other hand, different N-fertilizer ap-
plications and different uptake capacities of corn and tomato caused dif-
ferent NO3-N inflow into the bare region (II) from the corn and tomato
regions (I and III, respectively). Average simulated NO3-N exchanges be-
tween the corn region (I) and the bare region (II) were 12.5, 8.8, and
6.3mg cm−1 under HF, MF, and LF in both years, respectively, while aver-
age simulatedNO3-Nfluxeswere 0.10, 0.07, and 0.05mg cm−2 day−1, re-
spectively. Average simulated NO3-N exchange of 25.9, 18.1, and
13.0 mg cm−1 under HF, MF, and LF, respectively, were transferred from
the tomato (III) to the bare region (II) in both years, while the average
soil NO3-N flux was 0.21, 0.14, and 0.10 mg cm−2 day−1. Additionally,
the soil NO3-N also moved from the bare region (II) to the crop regions
(I and III) during someperiods of theN-fertilizer application. For example,
averageNO3-Nexchange between the bare (II) to the corn region (I)were
3.6, 2.5 and 1.8 mg cm−1 under HF, MF and LF in both year, respectively,
while 1.0, 0.7 and 0.5 mg cm−1 of NO3-N were transmitted into the
n corn and tomato rows (Pb), and between tomato rows (Pt) in the soil profile (0–100 cm)
9 in 2014 and 2015, respectively) theN-fertilization application for the high (HF),medium
5).



Fig. 6. Simulated soil NO3-N fluxes in the horizontal direction between the corn (I) and bare (II) regions (left, a and c) and between the tomato (III) and bare (II) regions (right, b and
d) during 2014 (top, a and b) and 2015 (bottom, c and d). SF refers to the daily solute flux while SF refers to the mean values of the solute flux during different crop stages. Subscripts
HF, MF, and LF refer to the high, medium, and low N-fertilizer applications, respectively.
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tomato region (III). During the late crop growing season (i.e., during the
third stage), large NO3-N exchange occurred only in the corn region
(I) because tomatoes had stopped growing. An average NO3-N flux from
the bare (II) to the corn region (I) was 2.9, 2.0, and 1.5 mg cm−1 under
HF, MF, and LF in both years, respectively.

3.4. N balance in the root zone of the corn/tomato intercropping ecosystem

Differences in the spatiotemporal ecological functioning of corn and
tomato resulted in great differences in the N balance between different
root zones of the intercropping ecosystem. The physiological activity of
corn was clearly stronger than that of tomato under different N-
fertilizer application levels (Fig. 6). N uptake by corn in 2014 and 2015 in-
creased by 38.3% and 42.2%, respectively, compared to tomatoes (Table 6)
under the high N-fertilizer application (HF). Additionally, there were sig-
nificant differences in NO3-N leaching in the corn and tomato regions.
NO3-N leaching in the corn region in both years was 4.05 and 8.79
Table 6
Simulated components of the N balance and the N use efficiency (NUE) for corn and tomato un
2015.

Year Treatment Corn

Applied (kg ha−1) Uptaken
(kg ha−1)

Leached
(kg ha−1)

Soilend
(kg ha−

2014 HF 300.00 222.42 26.43 51.15
MF 210.00 156.83 18.59 34.58
LF 150.00 105.14 18.26 26.60

2015 HF 300.00 219.57 21.17 59.27
MF 210.00 155.75 11.40 42.85
LF 150.00 105.55 7.06 37.38
times larger than in the tomato region, respectively. First, more N-
fertilizerwas applied in the corn region,which correspondingly increased
NO3-N leaching in that region. Second, there was intensive NO3-N ex-
change in the horizontal direction between different crop regions, while
NO3-Nmainlymoved from the tomato region (the higher NO3-N concen-
tration) to the corn region (the lower NO3-N concentration). As a result,
NO3-N leaching in the tomato region was low. Meanwhile, the soil NO3-
N storage (i.e., Soilend) in the root zones of corn and tomato variedwidely
because of the imbalance in the supply and demand of NO3-N. The soil
NO3-N storage in the root zone of corn was 51.9% and 52.5% lower than
in the tomato region in 2014 and 2015, respectively.

Both N uptake in and NO3-N leaching from the root zone decreased
when an application of the N-fertilizer was reduced by 30% (the me-
dium N-fertilizer application, i.e., MF). N uptake of corn and tomato in
both years under MF were 27.7% and 25.6% lower than under HF,
while NO3-N leaching decreased by 37.9% and 54.1%, respectively.
When the N-fertilizer application was reduced by 50%, N uptake of
der the high (HF), medium (MF), and low (LF) N-fertilizer applications in years 2014 and

Tomato

1)
NUE Applied

(kg ha−1)
Uptaken
(kg ha−1)

Leached
(kg ha−1)

Soilend
(kg ha−1)

NUE

0.74 250.00 137.15 6.53 106.32 0.55
0.75 175.00 104.08 3.37 67.55 0.59
0.70 125.00 63.69 1.39 59.91 0.51
0.73 250.00 121.67 3.45 124.88 0.49
0.74 175.00 88.65 1.39 84.96 0.51
0.70 125.00 57.60 0.56 66.84 0.46
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corn and tomato in both years were 52.3% and 53.1% lower than under
HF, while NO3-N leaching decreased correspondingly 48.8% and 81.2%,
respectively. Additionally, the N use efficiency (NUE) increased
nonlinearly with an increase in the N-fertilizer application due to the
nonlinearity between the leaf area and N-fertilizer application. For ex-
ample, the highest NUE can be found for the MF treatment, when it
was 3.5% and 9.9% higher than for HF and LF, respectively. Therefore,
the MF treatment (210 kg ha−1 for corn and 175 kg ha−1 for tomato)
is suggested to be the optimal fertilization strategy in the corn/tomato
intercropping ecosystem.

3.5. Analysis of soil NO3-N concentrations

Since the NO3-N movement was consistent for all N-fertilizer appli-
cation levels, only the NO3-N behavior in the plot with the high N-
fertilizer application (HF) was visually analyzed (Fig. 4). Overall, hori-
zontal differences in SNCs under different crop locations decreased
with an increase in the soil depth (Fig. 4). However, SNCs varied widely
in the middle between corn rows (Pc), corn and tomato rows (Pb), and
tomato rows (Pt) due to differences in applied N-fertilizer amounts, irri-
gation volumes, and N uptake in the intercropping ecosystem. An obvi-
ous difference in SNCs in different horizontal locations (i.e., Pc, Pt, and
Pb) can be found in the 0–40 cm soil layer; the difference is highly signif-
icant (P b .01), especially in the 0–20 cm soil layer. The average SNCs in
the 0–20 cm soil layer in both years (2014 and 2015) were 30.9%, and
63.4% higher in Pc and Pt, respectively, compared to Pb during the coex-
istence period (May–September),while the average SNC in Ptwas 29.7%
higher than in Pc. As a result, there were large horizontal solute concen-
tration gradients in the shallow soil layer (0–40 cm) in the corn/tomato
intercropping ecosystem. On the other hand, there were no significant
differences (P N .05) in SNCs under different treatments and crop re-
gions in the deep soil layer (40–100 cm) due to intensive N uptake by
crops in the shallow soil layer.

4. Discussion

4.1. Soil NO3-N distribution in an intercropping ecosystem

The distribution of soil NO3-N in different crop regions of an
intercropping ecosystem varied widely due to differences in N uptake
capabilities of different crops. Generally, soil NO3-N concentrations
(SNCs) in the region of a crop with higher N uptake were lower than
in the region of a crop with lower N uptake. These differences increased
in response to an increase in the N-fertilizer application rate (Ojiem
et al., 2014; Akanksha et al., 2019). For example, Tsialtas et al. (2018)
used the 15N natural abundance method to assess the N competition
between the pea and oat and found that the SNC in the oat region was
lower than in the pea region of the oat/pea intercropping ecosystem.
Similarly, there was a higher SNC in the corn region of the corn/soybean
intercropping ecosystem (Chen et al., 2019). Additionally, Ma et al.
(2018) indicated that both the root length and distribution ofwheat sig-
nificantly increased, while the corn root growth was suppressed in the
wheat/corn intercropping ecosystem. It seems that the crop with stron-
ger root activity absorbs resources from the region of the other crop,
whichmay cause the rooting depth of the cropwith stronger root activ-
ity to decrease while increasing the rooting depth of the crop with
weaker root activity. Overall, the main competition for resources in
intercropping ecosystems was concentrated in the 0–40 cm soil layer
(Yang et al., 2017; Tian et al., 2018; Chen et al., 2019). Similar results
were obtained in this study, with significant differences in SNC found
in the 0–40 cm soil layer. The SNC in the corn region decreased on aver-
age by 29.7% compared to the tomato region in both years. On the other
hand, due to different N-fertilizer applications for different crops in the
intercropping ecosystem, larger solute concentration gradients were
formed in the horizontal direction, which caused NO3-N movement
from the region with higher solute concentrations to the region with
lower solute concentrations (Hillel et al., 1981; Šimůnek and Suarez,
1993). For example, the percentage of N transferred from the pea region
with higher solute concentrations to the oat region with lower solute
concentrations was between 14.8 and 26.8% (Tsialtas et al., 2018). Sim-
ilarly, 9.6% of N was transferred from Dalbergia odorifera to Eucalyptus
urophylla under the 3 g pot−1 urea treatment (Yao et al., 2019). This
study similarly revealed that during the stage with an intensive solute
exchange, NO3-N moved in the horizontal direction from the crop re-
gion (a high concentration region) to the bare area (a low concentration
region) (Fig. 6).

4.2. Soil NO3-N competition in an intercropping ecosystem

It is important to assess the spatial and temporal N competition be-
tween the two crop species to improve field productivity of an
intercropping ecosystem (Duan et al., 2019). The difference in N absorp-
tion by intercrop species was mainly affected by the root activity, while
the crop roots with a stronger activity usually had a relatively strong N
uptake capability (Marschner, 2013). For example, Li et al. (2019) stud-
ied the N uptake by calla lily in the calla lily/rubber tree intercropping
ecosystem. They found that N in the leaves, tubers, and roots of
intercropped calla lily was reduced by 11.0%, 20.6%, and 22.6%, respec-
tively. Xie and Kristensen (2016) revealed, based on the analysis of
the Relative Competition Index (RCI), that interspecies competition fa-
cilitated the growth of leek but hampered that of dyer's woad. Nissen
et al. (1999) indicated that although N uptake by cabbage was stronger
than that by eucalyptus, the trees can still benefit from the
intercropping ecosystem. Similar results were obtained in this study,
in which the physiological activity of corn was stronger than that of to-
mato in the corn/tomato intercropping ecosystem (Fig. 6). Additionally,
the nonuniformity of the soil NO3-N distribution has resulted in differ-
ences in N uptake in different root zones of the intercropping ecosystem
as well (Fu et al., 2019; Li et al., 2019). For instance, N uptake by corn in
2014 and 2015 increased by 38.3 and 42.2%, respectively, compared to
that by tomato, while the SNC in the corn region decreased on average
by 29.7% compared with the tomato region in both years (Fig. 4 and
Table 6). Similar results were reported by Chen et al. (2019) and Fan
et al. (2018), who found that N uptake by corn was higher than by soy-
bean, and the residual NO3-N in the corn region was lower than in the
soybean region.

5. Conclusion

The updated version of HYDRUS-2D capable of considering parame-
ters for two vegetations was used for an intercropping ecosystem. Nu-
merically simulated results showed that soil water contents (SWCs)
and soil NO3-N concentrations (SNCs) were in good agreement with
measurements for scenarios with high (300 kg ha−1 for corn and
250 kg ha−1 for tomato), medium (210 kg ha−1 for corn and
175 kg ha−1 for tomato), and low (150 kg ha−1 for corn and
125 kg ha−1 for tomato) N-fertilizer applications (HF, MF, and LF, re-
spectively) during the validation (2015) period. Significant differences
in SNCs in the corn, tomato, and bare regions could be found in the
0–40 cm soil layer due to differences in NO3-N applications to different
regions and limited NO3-N exchange between root zones of different
crops. The intensive exchange of NO3-N in the horizontal direction
was found during the second stage (DAS 37-113 in 2014 and DAS 29-
120 in 2015). Because of the low soil water potential and soil NO3-N
concentrations gradient between the corn region (I) and the bare area
(II), the exchange of NO3-N between these regions was lower than be-
tween the tomato region (III) and the bare area (II). Additionally, NO3-
N leaching in the vertical direction in the corn region was higher than
in the tomato region, while N uptake by corn was higher compared to
that by tomato. Overall, the results of this study can thus be very useful
in designing optimal N-fertilizer applications for intercropped fields.
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