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• The modified HYDRUS-2D model can
precisely quantify inter-species nitrogen
competition.
• The most intense competition between
tomatoes and corn occurred 41–120
days after sowing.
• IC4–2 is the optimal system recom
mended for sustainable agriculture
development.
• LERN of the tomato-corn intercropping
system decreased with an increase in the
planting ratio of tomatoes.
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CONTEXT: Intercropping systems have been widely used worldwide due to their high economic benefits and
land-use efficiency. While it is well known that inter-species nutrition competition in intercropping systems leads
to high production efficiency, the effects of different spatial arrangements of intercropping species on these
mechanisms remain unclear.
OBJECTIVE: The objectives of this study were to reveal differences in the soil nitrogen dynamics in the tomatocorn intercropping system with different spatial arrangements of crops and to determine suitable spatial
arrangements.
METHODS: A two-year experiment was carried out during the 2018 and 2019 seasons to determine inter-species
nitrogen competition in the tomato and corn systems with different spatial arrangements. The treatments
included sole corn (SC), sole tomatoes (ST), two rows of tomatoes intercropping two rows of corn (IC2–2), and
four rows of tomatoes intercropping two rows of corn (IC4–2) systems. Additionally, the modified HYDRUS (2D/
3D) model was used to quantify soil nitrogen concentrations, solute fluxes, soil nitrogen distribution, and soil
nitrogen balance in the crop root zone under the SC, ST, IC2–2, and IC4–2 systems.
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RESULTS AND CONCLUSIONS: The modified HYDRUS (2D/3D) model could precisely capture the soil nitrogen
dynamics with nRMSE ranging from 2.8% to 12.4%. In general, soil NH4-N concentrations in the root zone of
tomatoes of different systems decreased as follows: IC2–2 > IC4–2 > ST, while a reverse trend was observed in the
root zone of corn. Compared with soil NH4-N, differences in soil NO3-N among different systems were more
evident due to its higher mobility. IC2–2 had the highest nitrogen flux, cumulative N flux, N uptake (CNU), and
the land equivalent ratio for nitrogen (LERN) among different systems. Among different intercropping systems,
the corn's and tomato's highest crop yields occurred in IC2–2 and IC4–2, respectively, with an average of 13,406.0
and 98,732.3 kg ha− 1 in both years. Additionally, corn and tomato's highest nitrogen use efficiency (NUE)
occurred in IC2–2 and ST, respectively. However, the land-equivalent ratio for nitrogen use efficiency (LERNUE) in
IC4–2 was 5.4% higher than in IC2–2. Therefore, IC4–2 is the optimal intercropping system recommended for
sustainable agriculture development.
SIGNIFICANCE: The findings of this study improve the understanding of the mechanisms of inter-species nitrogen
competition between commercial and grain crops. The study also suggests to the farmers and government
suitable spatial arrangements of an intercropping system that can be adopted to promote the development of
sustainable agriculture.

1. Introduction

esculentum Miller) intercropping system, although the atmosphere's
molecular nitrogen was not transformed to soil ammonium nitrogen to
promote crop nitrogen uptake, nitrogen uptake of the dominant species
increased by restraining nitrogen uptake of the subordinate species
(Long et al., 2021; Zhang et al., 2016). For example, intercropped wheat
increased nitrogen uptake by 54.5–375% compared with sole wheat,
while nitrogen uptake of intercropped corn decreased by 38.3–42.2%
compared with sole corn (Liu et al., 2015). However, research on ni
trogen competition between commercial and grain crops is limited.
It is essential to optimize spatial plant arrangements to take advan
tage of competitive relationships in the intercropping system and ach
ieve maximum economic benefits. Currently, the traditional
intercropping system usually involves one crop row intercropping
another crop row (Gitari et al., 2020), one crop row intercropping two
rows of another crop (Unay et al., 2021), or two crop rows intercropping
two rows of another crop (Galanopoulou et al., 2019). Different spatial
arrangements of various cultivation crops will result in different soil
nitrogen distributions, crop nitrogen uptakes, and nitrogen use effi
ciencies. Chen et al. (2020a) reported that soil nitrate was distributed
mainly in the root zone of tomatoes in the system with two rows of to
matoes intercropping two rows of corn (IC2–2). Choudhary and Choud
hury (2016) illustrated that the CNU in the system with one row of corn
intercropping five rows of soybeans (IC1–5) was higher than that in the
IC1–2 system or in the sole crop system.
Although the nitrogen movement, nitrogen redistribution, and ni
trogen competition in the root zone of the corn-tomato intercropping
system were studied by Chen et al. (2020a), they only focused on ni
trogen competition in one type of the intercropping system (i.e., IC2–2).
However, soil nitrogen dynamics and competition may differ in different
intercropping systems. Various spatial arrangements of tomatoes and
corn may alter the nitrogen movement and distribution in the soil profile
and affect the competitive nitrogen relationship between intercropping
species. Understanding the mechanisms of nitrogen competition in
different tomato-corn intercropping systems and determining the suit
able spatial arrangements are essential for decreasing non-point pollu
tion and promoting the development of sustainable agriculture.
The numerical model HYDRUS (2D/3D) (Šimůnek et al., 2016) can
accurately capture the dynamics of soil water, nitrogen, and salts in
complex subsurface systems due to its flexible boundary conditions (e.g.,
Filipovic et al., 2014; Grecco et al., 2019; Rai et al., 2019). However, the
standard HYDRUS (2D/3D) model only considers one vegetation and
one set of root water uptake parameters, and it cannot distinguish be
tween root water and nitrogen uptakes by different crops in an inter
cropping system (Li et al., 2015). Thus, a modified version of HYDRUS
(2D/3D) was developed to describe inter-species competition for water
and nutrient resources in an intercropping system by considering two
sets of root water uptake parameters for two vegetation (Šimůnek et al.,
2016). This modified model is used in this study to quantify differences
in nitrogen movement, nitrogen distributions, and nitrogen competitive

Intercropping has been widely applied worldwide, e.g., in China (Xu
et al., 2022), Iran (Firouzi et al., 2017), Brazil (De Conti et al., 2019),
and Germany (Nelson et al., 2021). It can effectively optimize plantation
structure (Morugán-Coronado et al., 2020), and improve land use effi
ciency (Latati et al., 2019). In China, especially in the Northwest and
South of China, intercropping systems are often used to improve agri
cultural production (Li, 2016). Intercropping systems improve water use
efficiency, nitrogen use efficiency, and field productivity compared with
sole crop systems (Coll et al., 2012; Daryanto et al., 2020; Drakopoulos
et al., 2021; Jensen et al., 2020; Salehi et al., 2018). In recent years,
intercropping systems using commercial crops, e.g., the tomato-corn
intercropping system, have become more popular because of
increasing economic benefits and controlling soil heavy metal pollution
(Salgado et al., 2021; Upadhyay et al., 2010; van Asten et al., 2011). It
was reported that the net benefit of producing in the tomato-corn
intercropping system could increase by 3467 and 5341 $ ha− 1
compared with the sole corn and sole tomato systems, respectively
(Upadhyay et al., 2010). Moreover, the tomato-corn intercropping sys
tem has been shown to effectively decrease the Cd content in the
rhizosphere soil by 4.7% and 2.1% compared with the sole tomato and
sole corn systems, respectively (Wan et al., 2020). Therefore, it is of
great significance to study the tomato-corn intercropping system to in
crease farmers' income and protect the agricultural ecosystem.
As an essential nutrient substance, nitrogen plays a crucial role in
crop growth (Gaudinier et al., 2018). A reasonable nitrogen application
strategy can effectively improve crop growth and agricultural produc
tion (Groenveld et al., 2021). However, the nitrogen application strategy
is hard to formulate for inter-species of the intercropping system because
of the complicated inter-species competitive relationships. For example,
intensive inter-species competition for nitrogen occurs when soil nitro
gen concentrations in the crop root zone cannot meet crop growth needs
(for low nitrogen application conditions). Depending on its stronger root
uptake ability, the dominant species uptakes soil nitrogen from the root
zone of the subordinate species to meet its crop growth. However,
subordinate species' growth will be limited due to decreasing soil ni
trogen concentrations in the root zone (Dua et al., 2016; Nassab et al.,
2011; Zhang and Li, 2003). Although the growth and development of
both intercropping species can be promoted in high nitrogen application
conditions, this may cause serious non-point source pollution (Manevski
et al., 2014). Particularly soil nitrogen from the root zone of the sub
ordinate species can be easily leached due to its greater concentration
gradient (Chen et al., 2020a). Therefore, a reasonable nitrogen appli
cation strategy needs to be developed by determining the inter-species
nitrogen competition relationship in the intercropping system.
Differences in inter-species nitrogen competition exist in different
intercropping systems (Ghosh et al., 2009; Galanopoulou et al., 2019;
Maitra et al., 2021). In the Gramineaex-Solanaceae (Lycopersicon
2
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Fig. 1. The modeling domain (unshaded region), boundary conditions, and the planting pattern for the ST (a), SC (b), IC2–2 (c), and IC4–2 (d) systems. Points Pc, Pb,
and Pt are located in the middle between corn rows, between corn and tomato rows, and between tomato rows, respectively.

relationship in the tomato-corn intercropping system with different
spatial crop arrangements.
The main objectives of this study are i) to calibrate and validate
modified HYDRUS (2D/3D) using observed soil NH4-N and NO3-N
concentrations, ii) to reveal differences in soil NH4-N and NO3-N dis
tributions in the soil profile, iii) to quantify nitrogen fluxes between the
root zones of tomatoes and corn, iv) to analyze the nitrogen balance and
nitrogen use efficiency in the root zones of tomatoes and corn for
different spatial crop arrangements, and v) to compare the competitive
ratio for nitrogen and the land equivalent ratio for nitrogen in different
systems by scenario simulation.

2. Materials and methods
2.1. Site description
The experiment was conducted at the Jiuzhuang experimental sta
tion (40◦ 41′ N, 107◦ 18′ E; 1041 m above sea level) in the Hetao Irrigation
Area, Inner Mongolia, China. This site is located in an arid agroecological zone with little annual precipitation (144 mm), high evapo
transpiration (593.7 mm), and moderate air temperature (21.2 ◦ C). Soil
texture was classified as a silty sand loam with 7% of sand, 89% of silt,
and 4% of clay (United States Department of Agriculture, 2010). The soil
is moderately alkaline with an average pH of 7.6, organic carbon of 12.1
g kg− 1, available nitrogen of 1.0 g kg− 1, available phosphorous of 0.8 g
3
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were applied as topdressing to tomatoes during the crop growing season,
of which 45, 60, and 45 kg ha− 1 were applied in different crop stages.
The specific fertilization dates for tomatoes were identical to corn. One
drip line was installed between two crop rows, with the emitter spacing
of 30 cm, the emitter discharge of 2.4 L h− 1, and the working pressure of
50–100 kPa. The irrigation uniformity and efficiency of the drip irri
gation system were 98% and 95%, respectively. Two valve and water
meter (with a precision of 0.001 m3) groups were installed on drip lines
to control and monitor water flow on the tomato and corn sides,
respectively. The local recommended irrigation depths for a silty sand
loam (30 mm for corn and 22.5 mm for tomatoes) were applied every
7–15 days (Chen et al., 2022). Moreover, the plastic film (with 0.01 mm
thickness and 80 cm width) was used in each plot, with the fraction of
soil covered by plastic film mulching of 0.8 (Fig. 1).
2.3. Sample collection and analysis
The soil water content (SWC) was determined by three TIME probes
(IMKO GmbH Inc.; IPH, TRIME-PICO, Germany) installed in the middle
of the corn rows (Pc), middle of the tomato rows (Pt), and in the bare
area (Pb). SWCs in 0–20, 20–40, 40–60, 60–80, and 80–100 cm soil
depths were observed once every 3–5 days. The probes were calibrated
using gravimetric measurements (according to Topp et al., 1980),
resulting in the following calibration equation for TIME probes:
(
)
θg = 0.998θT + 0.02 R2 = 0.96
(1)

Fig. 2. Schematic of the four experimental treatments (ST, SC, IC2–2, and IC4–2)
with three replicates (12 plots).

kg− 1, and available potassium of 17.0 g kg− 1 in the 0–30 m horizons.
The soil's bulk density and field capacity in the surface soil layer (0–15
cm) were 1.28 g cm− 3 and 0.30 cm3cm− 3, respectively.

where θg is the soil water content obtained by the gravimetric mea
surement (cm3 cm− 3), and θT is the soil water content obtained by TIME
probes (cm3 cm− 3).
Soil samples for soil nitrogen (NH4-N and NO3-N) were collected
using a soil auger 100 cm long once every 10–15 days. Collection lo
cations for soil nitrogen were identical to those for SWC. Soil NH4-N and
NO3-N concentrations were measured using the spectrophotometric
method (GB/T 32737–2016). A dry soil sample of 40 g was added to 200
mL KCl solutions (2 mol L− 1) and shaken for one hour in a water bath
with a constant temperature of 20 ± 2 ◦ C (Bremner and Keeney, 1965).
The collected solution was filtered and mixed with phenol and sodium
dichloro isocyanurate. After five hours, the soil NH4-N concentration
was determined by ultraviolet spectrophotometry at 630 nm (Beijing
General Instrument Co. LTD., TU-1901, General Instrument, CHN). Also,
1 g of dry soil was placed into the reduction column, and 10 mL of the
NH4Cl solution was added. 0.2 mL of color development reagent was
added to the colorimetric tube. The soil NO3-N concentration was
determined by ultraviolet spectrophotometry at 543 nm.
Nitrogen leaching was determined by multiplying the nitrogen
concentration of the leaching solution by the corresponding water flux.
Water fluxes and soil solutions were measured using self-made field
lysimeters and a PVC tube opened at the bottom and installed at a depth
of 100 cm below the soil surface before corn seeding (Li et al., 2014).
Crop nitrogen uptake was determined using the semi-micro Kjeldahl
method (Bremner and Keeney, 1965). Crop samples (stem, leaves, root,
and grain) were kept for 30 min at 105 ◦ C temperature and then
conserved at 75 ◦ C temperature in the oven to reach a constant weight.
After crushing and sieving, a 0.2 g sample was weighted with a weighing
paper and digested with 5 mL of concentrated H2SO4. The prepared
solution was measured by a flow analyzer (Brown ruby Inc., AA3, SEAL,
Germany) to determine the nitrogen content of each organ. Crop ni
trogen uptake was calculated using the following equation:

2.2. On-farm trials and trial management
Corn seeds were sown on May 1, 2018, and May 4, 2019, while to
matoes were transplanted from the greenhouse on May 20, 2018, and
May 18, 2019. Local cultivars of corn (Zea mays L, cv. Junkai 918) and
tomatoes (Lycopersicon esculentum Miller, cv. Dunhe 47) were used in the
experiment. Experimental treatments consisted of four planting struc
tures: sole corn (SC), sole tomatoes (ST), two rows of tomatoes inter
cropping two rows of corn (IC2–2), and four rows of tomatoes
intercropping two rows of corn (IC4–2) (Fig. 1). The experimental design
was a completely randomized design with three replications (Fig. 2).
Row spacing (50 cm) and crop spacing (30 cm) were identical in
different intercropping systems. Typical local planting densities for corn
and tomato were adopted in this study. Moreover, to obtain higher NUE
and economic benefits for the tomato-corn intercropping system, this
study further increased the planting densities of tomatoes based on the
IC2–2 system. Planting densities of corn in the sole crop, IC2–2, and IC4–2
systems were 60,030, 33,367, and 22,233 seeds ha− 1, respectively,
while planting densities of tomatoes were 60,030, 33,367, and 44,489
seeds ha− 1, respectively. The plot area was 6 m wide and 20 m long,
while a 3 m buffer zone separated the plots. To precisely capture the
inter-species competition for nitrogen during different crop stages, the
entire crop growing season was divided into three growth stages: the
first stage (DAS 0–40, i.e., slow NO3-N exchange), the second stage (DAS
41–120, i.e., intensive NO3-N exchange), and the third stage (DAS
121–140, i.e., stable NO3-N exchange). Moreover, three typical days,
including one day (DAS 103), seven days (DAS 109), and fourteen days
(DAS 115) after the nitrogen fertilizer application, were chosen in the
second stage to explore the differences in soil nitrogen distributions in
different intercropping systems.
At sowing, 120 kg ha− 1 of diammonium phosphate and potassium
sulphate were uniformly applied to all treatments. Additionally, 210 kg
ha− 1 of urea were applied as topdressing to corn during the crop
growing season. 63, 84, and 63 kg ha− 1 were applied on DAS 47, 81, and
102 in 2018, respectively, while the same application amounts were
applied on DAS 44, 75, and 109 in 2019. Moreover, 150 kg ha− 1 of urea

n
∑

NU =

mi c'i

(2)

i=1

where NU is the crop N uptake (mg), mi is the dry matter mass of each
organ (g), and c’ is the nitrogen content of each organ (mg g− 1).
The leaf areas and plant heights were determined by a leaf area meter
4
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(LI-COR Inc. Li- 3000C, LI, USA) and a tape with a precision of 0.1 cm,
respectively. Ten plants of each species from each plot were sampled at
physiological maturity to measure corn and tomato yield. Root samples
for corn and tomatoes under good growth conditions were measured
using root samples collected from a soil transect during each crop
growth stage. 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 (Chen et al., 2020a).
Root samples were scanned using a root system scan (Reagent Instru.;
Perfection 4870photo, Epson, Japan), and the root distribution param
eters were determined using the WinRHIZO software.

CRc =

NU IC-c
× 100%
NU IC-t + NU IC-c

where CRt and CRc are the competitive ratios for nitrogen for tomatoes
and corn in the intercropping system, respectively.
7) Economic benefits
Investment and revenue were considered as the economic benefits.
Investments included the cost of fertilizer, seed, irrigation, machine,
plastic film, pesticides, and labor:
I = IF + IS + II + IM + IPF + ID + IP + IL

2.4. Calculations analysis

NU
× 100%
NI

(3)

R = Y × Pc

where NU is the crop nitrogen uptake (kg ha− 1), and NI is the nitrogenfertilizer application amount (kg ha− 1).

CY
× 100%
NU

(4)

where CY is crop yield (kg ha− 1).
3) Nitrogen use efficiency (NUE):
CY
NUE =
× 100% = UE × PE
NI

(5)

NU IC-t NU IC-c
+
NU SC-t NU SC-c

(7)

where NUEIC-t is the nitrogen use efficiency of tomatoes in the inter
cropping system, NUESC-t is the nitrogen use efficiency of tomatoes in the
sole crop system, NUEIC-c is the nitrogen use efficiency of corn in the
intercropping system, and NUESC-c is the nitrogen use efficiency of corn
in the sole crop system.

NU IC-t
× 100%
NU IC-t + NU IC-c

(13)

NR = TR − TI

(14)

S(h) = Sc (h) + St (h) = αc (h)⋅bc (x, z)⋅Tpc ⋅Lc + αt (h)⋅bt (x, z)⋅Tpt ⋅Lt

(15)

where Sc and St are the root water uptake terms (cm3 cm− 3 day− 1) for
corn and tomatoes, respectively, Tpc and Tpt are the potential transpi
ration rates (cm day− 1) for corn and tomatoes, respectively, Lc and Lt are
the surface lengths associated with transpiration (cm) of corn and to
matoes, respectively, and bc(x,z) and bt(x,z) are root water uptake dis
tribution functions (cm− 2) for corn and tomatoes, respectively. Tp was
obtained as a fraction of potential evapotranspiration (ETp) using Beer's
law. The root density functions for corn and tomatoes (bc(x,z) and bt(x,
z), respectively) were calculated based on the actual root distribution.

6) The competitive ratio for nitrogen (CR) (Zhang et al., 2016):
CRt =

TR = Rt + Rc

2.5.1. Modeling introduction
A modified HYDRUS (2D/3D) model (Šimůnek et al., 2016) simu
lating the transient two-dimensional movement of water and solutes in
the soil profile was adopted to consider two vegetations and two root
water and nutrient uptakes. This model describes water flow and
nutrient transport in variably saturated porous media using the Richards
and convection-dispersion equations, respectively. The solute transport
equation considers the advective-dispersive transport in the liquid phase
and diffusion in the gaseous phase. The theoretical part of the model is
described in detail in its technical manual (Šimůnek et al., 2016) and
Appendix.
Actual root water uptakes of corn and tomatoes in the modified
HYDRUS (2D/3D) model are determined by the potential transpiration
rate (Tp), the root density function, and the piecewise linear water stress
response function proposed by Feddes et al. (1978):

5) The land equivalent ratio for nitrogen use efficiency (LERNUE):
NUEIC-t NUEIC-c
+
NUESC-t NUESC-c

(12)

2.5. HYDRUS (2D/3D) model

(6)

where NUIC-t is the nitrogen uptake of tomatoes in an intercropping
system, NUSC-t is the nitrogen uptake of tomatoes in a sole crop system,
NUIC-c is the nitrogen uptake of corn in the intercropping system, and
NUSC-c is the nitrogen uptake of corn in a sole crop system. LERN is the
summation of the partial LERN of single crops in the intercropping sys
tem. Partial LERN shows the relative competitive abilities of single crops
in the intercropping system. Note that LERN > 1 indicates an advantage
of the intercropping system, and LERN < 1 indicates a disadvantage of
the intercropping system.

LERNUE =

TI = It + Ic

where It and Ic are the investments in the tomato and corn intercropping
systems ($ ha− 1), respectively, and Rt and Rc are the revenues of the
tomato and corn intercropping systems ($ ha− 1), respectively.

4) The land equivalent ratio for nitrogen (LERN) (Salehi et al., 2018;
Szumigalski and Van Acker, 2006; Xu et al., 2020):
LERN =

(11)

where R is the revenue ($ ha− 1), Pc is the local price ($ t− 1). The local
price of tomatoes and corn were assumed to be 74.6 and 450 $ t− 1,
respectively.
The total investment (TI), total revenue (TR), and net revenue (NR)
for various intercropping systems were obtained using the following
equations:

2) Physiological efficiency (PE):
PE =

(10)

where I is the investment sum ($ ha− 1), IF, IS, II, IM, IPF, ID, IP, and IL are
the costs of fertilizer, seed, irrigation, machine, plastic film, pesticides,
and labor ($), respectively.
Revenue was determined based on crop yield (Y) and the local price
per unit of yield (Pc):

1) Uptake efficiency (UE) (Moll et al., 1982; Ahmad et al., 2008; Hajari
et al., 2016; Gao et al., 2018; Fernandez et al., 2022):
UE =

(9)

(8)

5
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Table 1
Soil hydraulic parameters (the residual water content, θr, the saturated water content, θs, the shape parameters, α, n, and l, and the saturated hydraulic conductivity, Ks)
and solute transport parameters (the longitudinal dispersivity, DL, the transverse dispersivity, DT, the distribution coefficient, Kd, and the molecular diffusion coef
ficient, λ) of the 0–20 cm, 20–40 cm, and 40–100 cm soil depths. Note that subscripts 1 and 2 represent NH4-N and NO3-N, respectively.
Depth (cm)

0–20
20–40
40–100

Soil hydraulic parameters

Solute transport parameters
− 1

θr
(cm3 cm− 3)

θs
(cm3 cm− 3)

α (cm )

n
(− )

Ks
(cm day− 1)

l (− )

DL (cm)

DT
(cm)

Kd1
(cm3 g− 1)

Kd2
(cm3 g− 1)

λ1
(cm2 h− 1)

λ2
(cm2 h− 1)

0.053
0.050
0.044

0.436
0.388
0.383

0.006
0.07
0.09

1.63
1.61
1.55

65.1
43.4
22.5

0.5
0.5
0.5

10

1
0.5
0.5

3.5

0

0.064

0.068

The root water uptake stress reduction functions for corn and tomatoes
(ac(h) and at(h), respectively) can be calculated as follows:
⎧
h1 − h
⎪
⎪
h2 < h ≤ h1
⎪
⎪
⎪
⎨ h1 − h2
α(h) =
(16)
1
h3 ≤ h ≤ h2
⎪
⎪
⎪
⎪
h
−
h
4
⎪
⎩
h4 ≤ h < h3
h3 − h4

and cc2 and ct2 are the NO3-N concentrations taken up by corn and to
matoes roots (mg cm− 3), respectively.
2.5.2. Initial and boundary conditions
In the tomato-corn intercropping system, inter-species nitrogen
competition was evaluated in a rectangular domain shown in Fig. 1. The
transport domain was discretized using 1920 two-dimensional trian
gular finite elements to ensure a fine spatial discretization of the area
close to the soil surface. Measured SWCs were used as the initial con
ditions in the model. Additionally, the initial conditions for NH4-N and
NO3-N were set to zero due to the soil profile's initially low soil nitrogen
concentration. At the soil surface, the time-variable flux and atmo
spheric boundary conditions (BC) were specified to represent emitters
and the soil surface between emitters, respectively. The time-variable BC
represented drip irrigation. Since plastic film mulching can effectively
cut off the water vapor transport between the soil surface and the at
mosphere, the mulched soil surface was assigned a “No Flow” BC. The
atmospheric BC includes precipitation, potential evaporation, and po
tential transpiration fluxes. Potential evaporation and transpiration
were obtained as fractions of potential evapotranspiration (ETp), and
ETp was obtained by multiplying reference evapotranspiration (ET0) by
the crop coefficient (Kc). Kc for corn and tomatoes were taken from the
FAO paper (Allen et al., 1998). The extinction coefficients for corn and
tomatoes equal 0.39 (Li et al., 2018) and 0.65 (Cruz et al., 2014),
respectively.
The emitter water and solute fluxes for a particular boundary were
calculated as follows (Chen et al., 2020a):
/ ′
/ ′
qc = Qc Lc = Ic × Lc Lc
(19)

where h1 is the anaerobic point pressure head (cm), h2 and h3 are the
pressure heads between which root water uptake is optimal (cm), and h4
is the wilting point pressure head (cm). The water stress parameters for
corn and tomato provided by Wesseling and Brandyk (1985) were
adopted in this study, i.e., h1, h2, h3, and h4 were set at − 15, − 325,
− 600, and − 8000 cm for corn, respectively; and − 30, − 800, − 1500,
and − 8000 cm for tomatoes, respectively.
The reactive transport of nitrogen species is considered to be
described using a first-order sequential reaction chain, in which NH4-N
first transforms into NO2-N and then further into NO3-N. However,
since the transformation from NO2-N to NO3-N is significantly faster
than the transformation from NH4-N to NO2-N, the intermediate species
(NO2-N) can be neglected in the model (Please see Appendix). Addi
tionally, the denitrification, volatilization, immobilization, and miner
alization processes were neglected in the model, similarly to many other
studies (e.g., Ramos et al., 2012; Tafteh and Sepaskhah, 2012). Chen
et al. (2020b) explained the reasons for this simplification in detail. This
study further assumed that NO3-N is present only in the dissolved phase,
and NH4-N is linearly distributed between the dissolved and adsorbed
phases. Thus, the distribution coefficient (Kd) was set to zero and 3.5
cm3 g− 1 for NO3-N (Kd2) and NH4-N (Kd1), respectively (Hanson et al.,
2006). Additionally, solute transport parameters, including the longi
tudinal dispersivity (DL), the transverse dispersivity (DT), and the mo
lecular diffusion coefficients, depend mainly on soil texture and solute
properties (Table 1). The calibrated longitudinal dispersivity (DL) was
considered 10 cm for 0–20 cm soil layer, 5 cm for 20–40 cm soil layer,
and 5 cm for 40–100 cm soil layer. The transverse dispersivity (DT) was
taken as one-tenth of DL (Cote et al., 2003; Hanson et al., 2006; Ramos
et al., 2012). Also, the molecular diffusion coefficients (λ) for NH4-N (λ1)
and NO3-N (λ2) in free water were set to 0.064 and 0.068 cm2 h− 1,
respectively (Cote et al., 2003; Nakamura et al., 2004). Soil hydraulic
parameters (including the shape parameters, α and n, and the saturated
hydraulic conductivity, Ks) and solute transport parameters (including
the longitudinal dispersivity, DL, and the transverse dispersivity, DT)
were manually adjusted by comparing simulated and observed SWC and
soil nitrogen concentration values until a good accuracy was achieved.
Nutrient uptake by roots is associated with root water uptake S,
which is computed using the following equations:
Ss1 = Sc (h)cc1 + St (h)ct1

(17)

Ss2 = Sc (h)cc2 + St (h)ct2

(18)

5
5

/ ′
/ ′
qt = Qt Lt = It × Lt Lt

(20)

qsc = qc × cc0

(21)

qst = qt × ct0

(22)

where qc and qt are the boundary fluxes (cm day− 1) for corn and to
matoes, respectively, Qc and Qt are the actual emitter fluxes (cm2 day− 1)
for corn and tomatoes, respectively, Ic and It are the irrigation depths
(mm) for corn and tomatoes, respectively, Lc and Lt are the widths of the
canopy (cm) for corn and tomatoes, respectively, Lcˊ and Ltˊ are the
widths of the variable-flux BC (cm) for corn and tomatoes, respectively,
qsc and qst are the solute fluxes across the boundary (mg cm− 2 day− 1) for
corn and tomatoes, respectively, and cc0 and ct0 are the nitrogen con
centrations in irrigation water (mg cm− 3) for corn and tomatoes,
respectively. In this study, I, L, and Lˊ for corn were 3, 40, and 5 cm,
respectively, and 2.25, 40, and 5 cm for tomatoes.
A time-variable pressure head BC was applied along the bottom
boundary to represent the effects of the shallow groundwater table on
water flow and soil nitrogen dynamics. Additionally, the third-type
Cauchy BC was used for solute transport along all boundaries with a
specified water flux BC (at the top boundary), while the second-type
Neumann BC was used for solute transport along outflow boundaries
(at the bottom boundary). Two lateral boundaries of the flow domain
were assigned a no-flow BC.

where subscripts 1 and 2 refer to corn and tomatoes, respectively, Ss is
root nutrient uptake (mg cm− 3 d− 1), cc1 and ct1 are the NH4-N concen
trations taken up by corn and tomatoes roots (mg cm− 3), respectively,
6
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Fig. 3. Observed and simulated soil NH4-N concentrations in Pc (a, b, c, g, h, i) and Pt (d, e, f, j, k, l) in the 0–20 (top), 20–40 (middle), and 40–100 cm (bottom) soil
layers in the ST, SC, IC2–2, and IC4–2 systems during the 2018 (a-f) and 2019 (g-l) seasons.

Fig. 4. Observed and simulated soil NO3-N concentrations in Pc (a, b, c, g, h, i) and Pt (d, e, f, j, k, l) in the 0–20 (top), 20–40 (middle), and 40–100 cm (bottom) soil
layers in the ST, SC, IC2–2, IC4–2 systems during the 2018 (a-f) and 2019 (g-l) seasons.

2.5.3. Scenario analysis
To further assess the mechanisms of the nitrogen competition be
tween tomatoes and corn in different intercropping systems, we carried
out seven scenario simulations, i.e., SC, IC2–2, IC4–2, IC6–2, IC8–2, IC10–2,
and ST. Two important indicators (CR and LERN) were used to evaluate
the nitrogen competition between tomatoes and corn in different
intercropping systems.

2.5.4. Statistical analysis
The statistical difference among different experimental treatments
was determined by the analysis of variance (ANOVA) with a significance
level of 0.05 using Statistical Product and Service Solutions (SPSS)
version 22.0. Moreover, to evaluate the model performance in simu
lating the NH4-N and NO3-N fate and transport, the percent bias
(PBIAS), the index of agreement (IA), and the normalized root mean
square error (Nrmse) were computed in addition to a graphical
7
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Fig. 5. Simulated two-dimensional distributions of NH4-N concentrations one day (DAS 103) (top), seven days (DAS 109) (middle), and fourteen days (DAS 115)
(bottom) after the nitrogen fertilizer application in the ST (a, e, i), SC (b, f, j), IC2–2 (c, g, k), and IC4–2 (d, h, l) systems.

comparison of observed and simulated values.

average PBIAS, IA, and Nrmse for soil NH4-N concentrations in different
systems were 8.2%, 0.86, and 8.6%, respectively, and the corresponding
statistics for soil NO3-N concentrations were 7.5%, 0.84, and 7.8%. In
general, estimation accuracy was good for the ST, SC, IC2–2, and IC4–2
systems, with PBIAS ranging from − 13.3% to 13.5% and Nrmse ranging
from 2.8% to 12.4%. Additionally, IA for soil NH4-N and NO3-N con
centrations in different systems was above 0.82, indicating that the
simulated values agree well with the measured value (Table 1). There
fore, HYDRUS (2D/3D) can be used to evaluate nitrogen competition
between corn and tomatoes in different intercropping systems.
Apparent spatial-temporal differences between soil nitrogen con
centrations were found between different systems. The largest differ
ences in soil NH4-N concentrations among different systems occurred in
the surface soil layer (0–40 cm), especially in 0–20 cm (Fig. 3). In
general, soil NH4-N concentrations at Pt in different systems decrease as
follows: IC2–2 > IC4–2 > ST. Average soil NH4-N concentrations at Pt in
IC2–2 were 19.6% and 10.4% higher than in ST and IC4–2, respectively.
Also, the highest soil NH4-N concentration at Pc in different systems
occurred in the SC treatment, increasing by 2.9% and 12.1% compared
with IC2–2 and IC4–2. However, the highest soil NO3-N concentrations at
Pt and Pc occurred in the ST and IC4–2 treatments, respectively (Fig. 4).
In the 0–20 cm soil layer, the average soil NO3-N concentration at Pt in
ST increased by 28.5% and 15.7% compared with IC2–2 and IC4–2,
respectively. The average soil NO3-N concentration at Pc in IC4–2
increased by 33.8% and 23.1% compared to SC and IC2–2, respectively.
In the 20–40 cm soil layer, the average soil NO3-N concentration at Pt in
ST was 20.5% and 10.9% higher than in IC2–2 and IC4–2, respectively,
while the soil NO3-N concentration at Pc in IC4–2 was 29.6% and 22.1%
higher than in SC and IC2–2, respectively. In the 40–100 cm soil layer,
the average soil NO3-N concentrations at Pt in ST, IC2–2, and IC4–2 were
0.11, 0.11, and 0.10 mg cm− 3, respectively, and the soil NO3-N con
centrations at Pc in SC, IC2–2, and IC4–2 were 0.10, 0.11, and 0.11 mg

n
∑

(Oi − Si )
PBIAS = i=1 ∑
× 100%
n
Oi

(23)

i=1
n
∑

(Si − Oi )2

i− 1

IA = 1 − ∑
n

(|Si − O| + |Oi − O| )2

(24)

i− 1

√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n
∑
1
(Si − Oi )2
n
nRMSE =

i=1

Max(Oi ) − Min(Oi )

× 100%

(25)

where S is the simulated value, O is the observed value, Ō is the mean
observed value, and n is the number of observed values.
3. Results
3.1. Evaluation of HYDRUS (2D/3D)
The soil NH4-N and NO3-N concentrations measured in the root zone
in 2018 were used to calibrate the HYDRUS (2D/3D) model parameters,
while the corresponding data in 2019 were used to verify the simulation
accuracy. The result showed that HYDRUS (2D/3D) could precisely
capture the dynamics of soil NH4-N and soil NO3-N (Table 1). During the
calibration period, the average PBIAS, IA, and Nrmse for soil NH4-N
concentrations in different systems were 2.1%, 0.88, and 7.2%,
respectively. The corresponding statistics for soil NO3-N concentrations
were − 2.2%, 0.89, and 7.2%. During the verification period, the
8
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Fig. 6. Simulated two-dimensional distributions of NO3-N concentrations one day (DAS 103) (top), seven days (DAS 109) (middle), and fourteen days (DAS 115)
(bottom) after the nitrogen fertilizer application in the ST (a, e, i), SC (b, f, j), IC2–2 (c, g, k), and IC4–2 (d, h, l) systems.

cm− 3, respectively.

zone of corn in IC2–2 and IC4–2 decreased by 5.4% and 3.3% compared
with SC, respectively. The MCZ under different systems increased on
DAS 109. The MCZ in the root zone of tomatoes in IC2–2 and IC4–2
decreased by 18.2% and 4.1% compared with ST, respectively. The MCZ
in the root zone of corn in IC2–2 and IC4–2 was 40.2% and 33.0% higher
than in SC, respectively. On DAS 115, when nitrification of NH4-N to
NO3-N was practically over, the differences in soil NO3-N distributions
among ST, SC, IC2–2, and IC4–2 were the highest (Fig. 6). The HCZ in the
root zone of tomatoes in IC2–2 and IC4–2 was 28.5% and 16.1% lower
than in ST, respectively. The MCZ and LCZ in the root zone of tomatoes
in IC2–2 increased by 12.2% and 14.3% compared with ST, respectively,
while it was 5.8% and 2.8% higher in IC4–2. Additionally, the HCZ in the
root zone of corn only occurred in IC2–2 and IC4–2. The MCZ and LCZ in
the root zone of corn in IC2–2 decreased by 26.2% and 9.4% compared
with SC, respectively, while it was 57.0% and 5.5% lower in IC4–2.

3.2. Soil nitrogen distribution in the soil profile under different
intercropping systems
Since soil nitrogen distributions were similar in 2018 and 2019, only
the soil nitrogen distribution in 2018 is shown (Figs. 5, 6). Additionally,
soil nitrogen concentrations in the soil profile were divided into three
zones, i.e., a low concentration zone (0–0.25 mg cm− 3 for NH4-N;
0–0.15 mg cm− 3 for NO3-N, LCZ), a moderate concentration zone
(0.26–0.50 mg cm− 3 for NH4-N; 0.16–0.30 mg cm− 3 for NO3-N, MCZ),
and a high concentration zone (>0.50 mg cm− 3 for NH4-N; >0.30 mg
cm− 3 for NO3-N, HCZ).
On DAS 103, soil NH4-N was mainly distributed in the 0–40 cm soil
layer in different systems. Meanwhile, there were apparent differences
in soil NH4-N distributions between intercropping and sole-crop sys
tems, especially for IC2–2 (Fig. 5). The HCZ in the root zone of tomatoes
in IC2–2 was 31.2% and 8.5% lower than in ST and IC4–2, respectively.
The HCZ in the root zone of corn in IC2–2 increased by 47.4% and 10.4%
compared with SC and IC4–2, respectively. Differences in soil NH4-N
distributions among different systems on DAS 109 were lower than on
DAS 103. On DAS 115, there was nearly no soil NH4-N in the soil profile,
which indicated that soil NH4-N fully transformed into soil NO3-N by
nitrification.
Soil NO3-N, which was present mainly in the 40–60 cm soil layer
(Fig. 6), was distributed more widely (due to the lack of retardation)
than soil NH4-N. On DAS 103, no HCZ occurred under any systems,
except for IC2–2. The MCZ in the root zone of tomatoes in IC2–2 and IC4–2
decreased by 38.8% and 23.9% compared with ST, respectively. How
ever, the MCZ in the root zone of corn in IC2–2 and IC4–2 increased by
26.8% and 33.5% compared with SC, respectively. The LCZ in the root

3.3. Exchange of soil nitrogen between the root zones of tomatoes and
corn in different intercropping systems
A hypothetical vertical line 50 cm away from the dripper (Fig. 1) was
defined to capture the nature of nitrogen competition between inter
cropping species in different intercropping systems. The left and right
regions on two sides of the hypothetical vertical line were denoted as
“Region I" and “Region II,” respectively. The nitrogen flux between
Regions I (i.e., the root zone of corn in the intercropping system) and II
(i.e., the root zone of tomatoes in the intercropping system) across this
vertical line was calculated.
The highest inter-species competition for nitrogen between tomatoes
and corn occurred during the second stage (DAS 41–120) (Fig. 7).
Moreover, the largest nitrogen flux occurred in the IC2–2 system. The
average nitrogen flux in IC2–2 during the second stage in 2018 increased
9
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Fig. 7. Simulated actual (top) and cumulative (bottom) soil nitrogen fluxes in 2018 (left) and 2019 (right) in the horizontal direction between regions I and II (at a
vertical line 50 cm away from the dripper) in the ST, SC, IC2–2, and IC4–2 systems. Note that regions I and II represent the root zone of corn and tomatoes in the
intercropping system, respectively.

Fig. 8. The simulated competitive ratios for nitrogen for tomatoes (CRt) and corn (CRc) in the ST, SC, IC2–2, IC4–2, IC6–2, IC8–2, and IC10–2 systems in 2018 (left) and
2019 (right).

Fig. 9. The simulated land equivalent ratios for nitrogen (LERN) between tomatoes and corn in the IC2–2, IC4–2, IC6–2,IC8–2, and IC10–2 systems in 2018 (left) and
2019 (right).
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Table 2
Statistical results for simulated soil NH4-N and NO3-N concentrations in the middle of two corn rows (Pc) and two tomato rows (Pt) in the systems with sole tomato (ST),
sole corn (SC), two rows of tomatoes intercropping two rows of corn (IC2–2), and four rows of tomatoes intercropping two rows of corn (IC4–2) during calibration (2018)
and validation (2019). PBIAS, IA, and nRMSE are the percent bias, the index of agreement, and the normalized root mean square error, respectively.
Year

Soil
layers
(cm)
Pc
NH4-N
Pt

2018
Pc
NO3-N
Pt
Pc
NH4-N
Pt
2019
Pc
NO3-N
Pt

0–20
20–40
40–100
0–20
20–40
40–100
0–20
20–40
40–100
0–20
20–40
40–100
0–20
20–40
40–100
0–20
20–40
40–100
0–20
20–40
40–100
0–20
20–40
40–100

ST
PBIAS
(%)

IA
(− )

SC
nRMSE
(%)

7.7
− 7.0
8.5

0.93
0.93
0.90

5.4
5.7
6.2

− 9.9
− 8.1
7.2

0.86
0.90
0.92

7.7
6.1
5.4

9.6
11.9
9.3

0.84
0.98
0.96

7.7
10.6
11.4

12.4
9.4
8.6

0.82
0.94
0.86

8.2
6.3
7.4

IC2–2

IC4–2

PBIAS
(%)

IA
(− )

nRMSE
(%)

PBIAS
(%)

IA
(− )

nRMSE
(%)

PBIAS
(%)

IA
(− )

nRMSE
(%)

7.4
8.1
− 9.3

0.92
0.90
0.87

7.1
6.3
8.7

− 10.1
9.4
− 8.8

0.86
0.86
0.89

8.5
6.9
6.5

− 8.4
9.5
10.6

0.90
0.86
0.84

7.8
8.7
9.2

12.6
11.1
9.5

0.84
0.81
0.82

8.6
8.8
4.1

9.6
8.7
10.9
10.8
− 9.0
8.3
− 7.1
− 10.8
− 5.2
− 9.9
− 8.2
7.8
10.8
10.0
9.5
11.9
11.6
− 8.8
11.0
12.0
6.3
10.7
9.5
9.2

0.88
0.84
0.80
0.86
0.86
0.87
0.93
0.80
0.97
0.84
0.88
0.91
0.84
0.83
0.86
0.85
0.88
0.91
0.84
0.84
0.97
0.81
0.88
0.89

5.1
7.7
9.1
9.8
7.4
6.1
5.6
7.3
2.8
8.0
10.4
6.6
8.0
7.9
5.3
9.6
7.7
10.2
9.8
8.7
3.7
8.9
8.4
8.3

− 7.6
− 8.4
− 9.7
7.5
− 8.0
8.6
6.4
− 7.8
5.6
10.0
− 9.4
10.1
12.1
9.2
8.8
11.0
9.1
9.2
9.4
13.5
− 9.9
9.0
4.5
− 13.3

0.94
0.87
0.82
0.94
0.85
0.86
0.93
0.96
0.96
0.87
0.93
0.78
0.77
0.89
0.91
0.82
0.83
0.83
0.84
0.72
0.79
0.79
0.99
0.75

7.4
8.9
7.9
6.2
6.8
7.9
5.7
8.2
5.5
9.0
9.0
11.1
11.5
6.8
8.1
7.6
6.0
10.0
6.4
8.9
7.1
7.6
6.0
12.4

by 76.7%, 47.4%, and 5.8% compared with ST, SC, and IC4–2, respec
tively, while in 2019, it increased by 69.4%, 50.0%, and 5.7%, respec
tively. The highest cumulative nitrogen flux among different systems
occurred in IC2–2. The average cumulative nitrogen flux in IC2–2 in 2018
was 64.3%, 71.4%, and 207.1% higher than in ST, SC, and IC4–2,
respectively, and the corresponding values in 2019 were 90.1%, 87.2%,
and 89.6% higher. IC2–2 had the highest actual and cumulative nitrogen
fluxes among all systems.

Among different intercropping systems, the highest tomato yield
occurred in IC4–2, with an average of 98.8 t ha− 1 in both years, 18.9%
higher than in IC2–2 (P < 0.05). The highest NUE of corn and tomatoes
occurred in IC2–2 and ST, respectively (Table 3). NUE of corn in IC2–2 was
14.1% and 5.6% higher than in SC and IC4–2, respectively. NUE of to
mato in ST was 23.5% and 5.8% higher than in IC2–2 and IC4–2,
respectively. However, the highest LERNUE occurred in IC4–2, with an
average of 2.0 in both years, and it increased by 5.4% compared with
IC2–2 (P > 0.05). Therefore, IC4–2 was better than IC2–2 in terms of
LERNUE for the intercropping system.

3.4. Soil nitrogen balance and nitrogen use efficiency

3.5. Soil nitrogen competition between corn and tomatoes in different
intercropping systems

Inter-species nitrogen competition resulted in apparent differences in
the soil nitrogen balance in the root zone of corn and tomatoes of
different intercropping systems. In general, IC4–2 had higher nitrogen
leaching than IC2–2 and ST from the root zones of corn and tomatoes,
respectively (Table 3). Nitrogen leaching from the corn root zone in
IC4–2 increased by 39.4% compared with IC2–2. Furthermore, nitrogen
leaching from the root zone of tomatoes in IC4–2 increased by 72.9%
compared with ST. However, the highest total nitrogen uptake (i.e., the
sum of nitrogen uptake by corn and tomatoes) occurred in the IC2–2
system, with an average of 241.1 kg ha− 1 in both years. Simulated corn
nitrogen uptake in IC2–2 was 16.3% and 9.1% higher than in SC and
IC4–2, respectively. Tomato nitrogen uptake in IC2–2 was 9.1% and 2.8%
lower than in ST and IC4–2, respectively. Meanwhile, the simulation
accuracy of crop nitrogen uptake is high, with the mean relative error of
only 6.3% and 7.4% for corn and tomatoes, respectively (Table 3). The
nitrogen storage in IC4–2 was apparently higher than in other treatments,
except for ST. The average nitrogen storage in the root zone of corn in
IC4–2 increased by 16.4% and 8.8% compared with SC and IC2–2,
respectively. The average nitrogen storage in the root zone of tomatoes
in IC4–2 was 1.6% higher than in IC2–2, while it was 2.6% lower than in
ST. However, corn biomass was highest in IC2–2, with an average of 29.2
t ha− 1 in both years, 11.1% and 5.3% higher than in SC and IC4–2,
respectively. Among different intercropping systems, the highest tomato
yield occurred in IC4–2, with an average of 130.7 t ha− 1 in both years.
Also, corn yield was highest in IC2–2, with an average of 13.4 t ha− 1 in
both years, 14.1% and 5.9% higher than in SC and IC4–2, respectively.

The result of these scenario simulations showed that the competitive
ratio for nitrogen by corn (CRc) decreased by 5.3% and 4.4% in 2018 and
2019, respectively, with an increase in the planting ratio of tomatoes,
while the competitive ratio for nitrogen by tomatoes (CRt) increased by
7.4% and 7.1%, respectively (Fig. 8). Additionally, the highest LERN
occurred in the IC2–2 system, with an average of 2.0 in both years. With
an increase in the planting ratio of tomatoes, LERN of the tomato-corn
intercropping system decreased by 12.4% and 6.1%, respectively
(Fig. 9).
3.6. Economic benefit analysis of different intercropping systems
Large differences in the economic benefits of different cropping
systems were found due to different crop yields (Table 4). In general,
investment (TI) increased in response to an increase in the planting ratio
of tomatoes. The highest TI (among different intercropping systems)
occurred in the IC4–2 system, with a two-year average of 4839.3 $ ha− 1,
which was 63.5% and 16.7% higher than for the SC and IC2–2 systems,
respectively. However, TI of the IC4–2 system decreased by 18.5%
compared with the ST system. Additionally, the IC4–2 system had the
highest total revenue (TR) among different systems. TR of the IC4–2
system was 37.9%, 60.1%, and 7.6% higher in 2018 and 42.9%, 60.7%,
and 8.6% higher in 2019 than for the ST, SC, and IC2–2 systems,
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respectively. Overall, the highest net revenue (NR) occurred in the IC4–2
system, with an average of 8221.0 $ ha− 1, which was 77.1%, 58.5%, and
2.9% higher than for the ST, SC, and IC2–2 systems, respectively
(Table 4). Therefore, IC4–2 can be recommended as the optimal system to
increase farmer's income.

801.3a
–
597.3c
748.0b
596.0c
–
471.3d
568.7c
–
61.0bc
70.5a
64.3ab
–
48.6d
57.1c
56.2c
1043.4a
–
998.9ab
1095.7a
966.5b
–
861.1c
1005.9a

4.1. Soil nitrogen distribution in the soil profile of the tomato-corn
intercropping system

150
–
150
150
150
–
150
150

–
47.7
16.9
32.9
–
41.6
15.4
20.4

3.7
–
14.5
12.7
1.8
–
12.5
7.6

–
137.5
164.6
145.7
–
123.2
146.8
137.3

103.7
–
94.6
96.1
84
–
76.1
79.6

–
24.8
28.5
31.4
–
45.2
47.8
52.3

42.6
–
40.9
41.2
64.2
–
61.4
62.8

–
125.4c
172.5a
153.7b
–
112.8d
153.2b
130.6c

115.2a
–
89.7c
102.4b
92.5c
–
82.1d
84.8d

–
28.4c
32.0a
29.2b
–
23.6e
26.4d
26.1d

152.2a
–
119.5b
147.6a
117.6b
–
94.3c
113.7b

–
12.8c
14.8a
13.5b
–
10.2e
12.0d
11.8d

120.2a
–
89.6b
112.2a
89.4b
–
70.7c
85.3b

–
0.6b
0.8a
0.7ab
–
0.5c
0.7ab
0.6b

0.8a
–
0.6b
0.7ab
0.6b
–
0.5c
0.6b

–
102.1a
85.8b
87.8b
–
90.4b
78.3c
90.4b

Differences in soil NH4-N distributions in the crop root zone are
primarily affected by the difference in the nitrogen fertilizer application
amounts and root nitrogen uptake (Dittrich et al., 2021). For example,
the soil NH4-N concentrations in the root zone of corn in the IC2–2 and
IC4–2 systems increased by 12.4% and 3.2% compared with the root zone
of tomatoes, respectively (Fig. 3). The causes of this phenomenon are
manifold. On the one hand, the application of nitrogen fertilizer for corn
was higher than for tomatoes, which resulted in high soil NH4-N con
centrations occurring in the root zone of corn after fertilization. On the
other hand, the ability of corn roots to uptake soil NH4-N was low,
causing soil NH4-N to accumulate in the corn root zone (Giles et al.,
2017; Livesley et al., 2002). The variation of the planting ratio of interspecies in different intercropping systems would change the soil profile's
nitrogen distribution. For example, the highest soil NH4-N concentration
in Pc occurred in the SC system among different systems (Fig. 3). The
cause of this phenomenon is that the SC system has the highest planting
ratio of corn. Moreover, the ability of corn roots to uptake soil NH4-N
was low. Therefore, more soil NH4-N was accumulated in the corn root
zone in the SC system compared with the IC2–2 and IC4–2 systems.
However, the highest soil NH4-N concentrations in Pt occurred in the
IC2–2 system among different systems. Since the ability of tomato roots
to uptake soil NH4-N was higher than that of corn roots, soil NH4-N
concentrations in the soil profile increased in response to a decrease in
the planting ratio of tomatoes. Thus, soil NH4-N concentrations in Pt in
the IC2–2 system were higher than in the ST and IC4–2 systems.
Additionally, soil NH4-N in the soil profile of the tomato-corn
intercropping system is mainly distributed in the top 0–40 cm soil
layer. The main reason is that soil particles easily adsorb soil NH4-N after
being hydrolyzed from urea (Kothawala and Moore, 2009; Sasaki et al.,
2002; Teutscherova et al., 2018). Furthermore, the fast nitrification rate
of soil NH4-N limited its redistribution in the soil profile. Al-Wabel
(2019) indicated that soil NH4-N concentrations significantly decreased
15 days after fertilization, while soil NO3-N concentrations increased
considerably. This study similarly found that soil NH4-N was fully
nitrified into soil NO3-N 12 days after fertilization.
Heterogeneous distribution of soil NO3-N was found in the tomatocorn intercropping system. In general, soil NO3-N concentrations in
the root zone of tomatoes were higher than in the root zone of corn
(Chen et al., 2020a). The reason may be attributed to the better ability of
corn roots to uptake nitrate compared with tomatoes (Reed and Hage
man, 1980). Although a high amount of NH4-N accumulated in the root
zone of corn promoted nitrification, soil NO3-N concentrations in the
root zone of corn significantly decreased due to intensive root uptake of
corn. For example, this study found that soil NO3-N concentrations in the
root zone of corn in the IC2–2 and IC4–2 systems decreased by 31.5% and
22.9% compared with the root zone of tomatoes, respectively (Fig. 4).
Nevertheless, soil NO3-N concentrations in the root zone of corn in the
IC4–2 system were higher than in the SC and IC2–2 systems. This can be
attributed to the difference in the planting ratio of the dominant species
(i.e., corn) in different intercropping systems. A high planting ratio of
corn would significantly decrease soil NO3-N concentrations in the root
zone due to its high ability to uptake nitrate. In contrast, a high planting
ratio of tomatoes would increase soil NO3-N concentrations in the root
zone due to their weak ability to uptake nitrate, e.g., soil NO3-N con
centrations in the root zone of tomatoes in the ST system were higher

–
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210
210
–
210
210
210
2019

Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato Corn Tomato
Corn
Corn Tomato Corn Tomato

4. Discussion

ST
SC
IC2–2
IC4–2
ST
SC
IC2–2
IC4–2
2018

Tomato

–
–
1.9b
2.0ab
–
–
2.0ab
2.1a

LERNUE
NUE
PE
UE
Y
\vskip5\hfill\hbox
\rot90{(t ha− 1)
Biomass
\vskip5\hfill\hbox
\rot90{(t ha− 1)
CNU
\vskip5\hfill\hbox
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Applied

Simulated nitrogen balance (kg ha− 1)
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Year

Table 3
Simulated soil nitrogen balance, observed crop nitrogen uptake (CNU), biomass, crop yield (Y), uptake efficiency (UE), physiological efficiency (PE), nitrogen use efficiency (NUE), and the land equivalent ratio for nitrogen
use efficiency (LERNUE) for corn and tomatoes in the systems with sole tomato (ST), sole corn (SC), two rows of omatoes intercropping two rows of corn (IC2–2), and four rows of tomatoes intercropping two rows of corn
(IC4–2) during the 2018 and 2019 seasons.
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Table 4
Crop yields (Y), investments (I), revenues (R), total investments (TI), total revenues (TR), and net revenues (NR) of corn and tomatoes in the systems with sole tomatoes
(ST), sole corn (SC), two rows of tomatoes intercropping two rows of corn (IC2–2), and four rows of tomatoes intercropping two rows of corn (IC4–2) during the 2018 and
2019 seasons. Different letters in the same column indicate a significant difference (P < 0.05) among treatments.
Year

Treatment
ST

2018

SC
IC2–2
IC4–2
ST

2019

SC
IC2–2
IC4–2

Crop

Y (t ha− 1)

I ($ ha− 1)

R ($ ha− 1)

TI ($ ha− 1)

TR ($ ha− 1)

NR ($ ha− 1)

Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato
Corn
Tomato

–
120.2a
12.8f
–
14.8d
89.6b
13.5e
112.2a
–
89.4b
10.2 h
–
12.0 g
70.7c
11.8 g
85.3b

–
5952.4
1786.4
–
767.0
3266.4
575.0
4267.3
–
5919.7
1743.9
–
763.9
3263.3
571.9
4264.2

–
8968.1a
5760.0f
–
6660.0c
6685.1c
6075.0e
8371.2b
–
6670.1c
4590.0 h
–
5400.0 g
5274.9 g
5310.0 g
6364.2d

5952.4

8968.1e

3015.8d

1786.4

5760.0 g

3973.6c

4033.4

13,345.1b

9311.6a

4842.4

14,446.2a

9603.9a

5919.7

6670.1f

750.4e

1743.9

4590.0 h

2846.1d

4027.2

10,674.9d

6647.7b

4836.2

11,674.2c

6838.1b

than in the IC2–2 and IC4–2 systems.
The mobility of soil NO3-N promoted the redistribution of soil NO3-N
in the soil profile (Arauzo et al., 2022; Rath et al., 2021; Zilio et al.,
2020). Soil NO3-N was, in this study, accumulated mainly in the 0–80 cm
soil layer of different intercropping systems (Fig. 6). Ranjbar et al.
(2019) similarly indicated that soil NO3-N was distributed in the 0–60
cm soil layer after fertilization. However, a deeper accumulation zone
for soil NO3-N was found in the previous literature (Izsaki and Ivanyi,
2002). These differences may be attributed to different irrigation stra
tegies. For example, surface irrigation with a high flow may have
resulted in soil NO3-N leaching below the crop root zone in some of these
studies. Drip irrigation with a low flow rate, which is beneficial for soil
NO3-N to storage in the crop root zone, was adapted in this study.

system mainly depends on corn, and an excessive increase in the
planting ratio of tomatoes will reduce the total nitrogen uptake of the
intercropping system. However, LERNUE increased in response to an
increase in the planting ratio of tomatoes. For example, LERNUE in the
IC4–2 system increased by 5.4% compared with the IC2–2 system
(Table 2). The main reason is that the NUE of tomatoes was higher than
that of corn. Thus, NUE in the intercropping system can be effectively
improved by reasonably increasing the planting ratio of tomatoes. The
IC4–2 system can therefore be recommended to local farmers to increase
LERNUE of the intercropping system.
5. Conclusions
HYDRUS (2D/3D), modified to consider two vegetations, can pre
cisely capture the dynamics of soil NH4-N and NO3-N in the tomato-corn
intercropping system. The differences in soil NH4-N among different
systems occurred in the surface soil layer (0–40 cm), especially in the
0–20 cm soil layer. Soil NH4-N concentrations at Pt and Pc of different
systems decreased as follows: IC2–2 > IC4–2 > ST and SC > IC2–2 > IC4–2,
respectively. Compared with soil NH4-N, differences in soil NO3-N in
different systems were more evident due to the mobility of NO3-N. Soil
NO3-N was mainly distributed in the 40–60 cm soil layer. The highest
inter-species competition for nitrogen between tomatoes and corn
occurred during the second stage (DAS 41–120). IC2–2 had the highest
nitrogen flux, cumulative nitrogen flux, and nitrogen uptake among
different systems. However, the highest LERNUE occurred in the IC4–2
system, with an average of 2.0 in both years. Therefore, IC4–2 can be
recommended to local farmlands to increase the NUE of intercropping
systems. Moreover, with an increase in the planting ratio of tomatoes (a
subordinate species), CRt for tomatoes and LERN for the intercropping
system showed increasing and decreasing trends, respectively.

4.2. Nitrogen use efficiency for different intercropping systems
Variations in the planting structure caused apparent differences in
crop nitrogen uptake among different systems. In general, the difference
in crop nitrogen uptake among different systems increased in response
to an increase in the planting ratio of dominant species (Choudhary
et al., 2014; Moghbeli et al., 2019; Neugschwandtner and Kaul, 2015).
For instance, Salehi et al. (2018) showed that the highest crop nitrogen
uptake occurred in the IC2–2 system involving fenugreek and buckwheat,
and nitrogen uptake decreased with an increasing share of buckwheat.
This study similarly found that corn nitrogen uptake in the IC2–2 system
was 16.3% higher than in SC, and tomato nitrogen uptake was 9.1%
lower than in ST. The reason for this is the higher ability of corn to
uptake nitrogen compared with tomatoes (Chen et al., 2020a), i.e., the
competition mechanism increased the physiological nitrogen content of
corn.
Although total nitrogen uptake in the intercropping system can be
improved by increasing the planting ratio of dominant species, the un
reasonable planting structure will break the competitive nitrogen bal
ance for inter-species. For example, the cumulative solute flux in IC2–2
was 77.2% and 79.3% higher than in ST and SC, respectively (Fig. 7).
The main reason is that the IC2–2 system has the larger horizontal solute
gradient between the root zones of tomatoes and corn, especially during
the rapid crop growth stage (i.e., the second stage). However, the cu
mulative solute flux in the IC4–2 system remained near zero, which
indicated that the nitrogen inter-specific competition between tomatoes
and corn reached a relative balance.
Additionally, the competitive ratio for nitrogen of inter-species
reached a relative balance with an increase in the planting ratio of to
matoes, while LERN of the intercropping system markedly decreased
(Figs. 8 and 9). The reason is that nitrogen uptake of the intercropping
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Groenveld, T., Argaman, A., Šimůnek, J., Lazarovitch, N., 2021. Numerical modeling to
optimize nitrogen fertigation with consideration of transient drought and nitrogen
stress. Agric. Water Manag. 254, 106971.
Hajari, E., Snyman, S.J., Watt, M.P., 2016. The effect of form and level of inorganic N on
nitrogen use efficiency of sugarcane grown in pots. J. Plant Nutr. 40 (2), 248–257.
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