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Introduction: Biochar (BC) and nitrogen (N) application have the potential to
increase grain yield and resource use efficiency in intercropping systems.
However, the effects of different levels of BC and N application in these
systems remain unclear. To address this gap, the study is intended to ascertain
the impact of various combinations of BC and N fertilizer on the performance of
maize-soybean intercropping and determine the optimum application of BC and
N for maximizing the effect of the intercropping system.

Methods: A two-year (2021-2022) field experiment was conducted in Northeast
China to assess the impact of BC (0, 15, and 30 t ha™) and N application (135, 180,
and 225 kg ha™) on plant growth, yield, water use efficiency (WUE), N recovery
efficiency (NRE) and quality in an intercropping system. Maize and soybean were
selected as materials in the experiment, where every 2 rows of maize were
intercropped with 2 rows of soybean.

Results and discussion: The results showed that the combination of BC and N
significantly affected the yield, WUE, NRE and quality of intercropped maize and
soybean. The treatment of 15 t ha™ BC and 180 kg ha™* N increased grain yield
and WUE, while that of 15 t ha™ BC and 135 kg ha™* N enhanced NRE in both
years. Nitrogen promoted the protein and oil content of intercropped maize,
but decreased the protein and oil content of intercropped soybean. BC did not
enhance the protein and oil content of intercropped maize, especially in the
first year, but increased maize starch content. BC was found to have no positive
impact on soybean protein, but it unexpectedly increased soybean oil content.
The TOPSIS method revealed that the comprehensive assessment value first
increased and then declined with increasing BC and N application. BC
improved the performance of maize-soybean intercropping system in terms
of yield, WUE, NRE, and quality while N fertilizer input was reduced. The highest
grain yield in two years was achieved for BC of 17.1-23.0 t ha™* and N of 156-
213 kg ha™ in 2021, and 12.0-18.8 t ha™* BC and 161-202 kg ha™ N in 2022.
These findings provide a comprehensive understanding of the growth of
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maize-soybean intercropping system and its potential to enhance the
production in northeast China.
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1 Introduction

Intercropping maize and soybean is considered as an effective
method for improving land productivity in China (Zhang et al.,
2008). This practice promotes farm biodiversity and resource
efficiency, including land, nutrients, light and water (Ahmed
et al,, 2018; Feng et al., 2019; Igbal et al., 2019; Raza et al., 2019a;
Raza et al., 2019b). However, the spatial distributions of soil water
and fertilizer vary greatly because of maize-soybean intercropping
(Luan etal., 2021; Luo et al., 2022). Moreover, the nutrient supply of
the system falls short of demand owing to such factors as
interspecific competition in the middle and late crop growth
stages (Raza et al, 2022), which may result in crop failure
(Duchene et al,, 2017). Because of this, it is generally considered
for farmers that high fertilizer application improves crop growth
and grain yield. But the fact is that the practice reduces the
intercropped dominance, and negatively affects biological N
fixation of intercropped legume (Zhou and Butterbach-Bahl,
2014), and also has an adverse effect on inter-specific competition
between the intercropped crops. Therefore, it is important for the
intercropping system to increase soil nutrient supply continuously
during the critical period to balance resource competition and reach
the aim of N fertilizer reduction and efficiency increase.

Biochar (BC) is a nutrient-rich solid and insoluble organic
compound. It is produced by the thermal decomposition of organic
matter at the temperature between 200 and 1200°C under the
anaerobic condition (Weber and Quicker, 2018; Farhangi-Abriz
etal, 2021). BC possesses high porosity, a large specific surface area,
and a strong adsorption capacity (Alkharabsheh et al, 2021).
Although it lacks effective N content, it plays a crucial role in
influencing soil nitrogen’s effectiveness by directly or indirectly
impacting such process as nitrification, mineralization, and N
fixation (Jindo et al., 2020). When the practice of combined BC
and compound fertilizer application is conducted, it can improve
nutrient use efficiency through achieving slow-release nutrients
from BC (Mohammad et al., 2022). Previous researches (Seleiman
et al., 2020; Solaiman et al., 2020; Wang et al., 2020) also indicate
that BC combined with N fertilizer raises soil fertility, promotes soil
aggregation, enhances plant N uptake and ultimately improve yield,
water use efficiency (WUE), and N recovery efficiency (NRE).
However, the optimal amounts of BC and N fertilizer vary
depending on the crop’s nutrient requirements and combination
ratio. To maximize crop growth and yield, it is crucial to apply BC
and N fertilizer at suitable rates based on crop nutrient
requirements and soil properties. For example, the application of
5t ha™' of BC with 50 kg ha! of N fertilizer is recommended for
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achieving maximum N fertilizer use efficiency, while the application
of 0 tha! of BC and 100 kg ha™* of N fertilizer is suggested to obtain
the highest maize yield (Omara et al., 2020). Jin et al. (2019) found
that 40 t ha™! BC combined with 90 kg ha™' N fertilizer resulted in
the highest rapeseed yield, while 20 t ha™ BC combined with 90 kg
ha N fertilizer to the utmost degree improved soil available
phosphorus content in the rapeseed field. To improve efficiency,
ensure crop yield, and save costs, it is essential to have scientific
guidance on appropriate BC and N fertilizer applications (Sun et al.,
2019). At present, mathematical models have been utilized to
provide guidance for the application of water and fertilizer in
agriculture (He et al, 2021a; He et al, 2021b), there has been
limited research on mathematical models about BC and N fertilizer
coupling. Additionally, current research on the combination of BC
and N fertilizer mainly focuses on monoculture, with limited studies
on intercropping systems, particularly regarding the comprehensive
regulation and analysis of intercropping yield, water, and N
utilization. Therefore, it is necessary to determine the optimum
application of BC and N for maize-soybean intercropping systems.
This will not only increase crop yield and enhance water and N
utilization but also implement the synergistic effect of BC and N,
leading to increased efficiency and cost savings.

The objective of this study is to address several important
questions regarding the optimal use of BC and N fertilizer
in maize-soybean intercropping systems in northeast China.
Specifically, the study aims to investigate how various
combinations of BC and N fertilizer impact crop yield, WUE,
NRE, and quality. In addition, the study seeks to establish a
systematic evaluation model for the intercropping system and
determine the optimal application of BC and N for maximizing
the benefits of the intercropping system.

2 Materials and methods
2.1 Experimental site

Two-year field experiments in the experimental station of
Water Conservancy College, Shenyang Agricultural University,
China (41°84’N, 123°57’E, and altitude of 44.7 m) were carried
out from May to September 2021 and 2022. The experimental site is
characterized as temperate continental semi-humid monsoon
climate type, with simultaneous precipitation and heat. There is
about 78% of annual precipitation occurring from June to
September in the site. Figure | shows daily rainfall and daily
average temperature during the growth period of intercropped
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FIGURE 1

Rainfall and daily average temperature during the period of test. (A) stands for rainfall and daily average temperature during the period of test in
2021, (B) stands for rainfall and daily average temperature during the period of test in 2022.

crops, when total rainfall and average temperature were 596.2 mm
and 9.0 °C in 2021 (Figure 1A), while they were 796.1 mm and 8.7 °
C in 2022 (Figure 1B). The soil type of this site is brown soil, of
which the physical and chemical properties are presented in Table 1.

2.2 Experimental design

Maize (Zea mays L., cv. Zhengdan 958) and soybean (Glycine
max (Linn.) Merr., cv. Liaodou 32) were selected as materials in the
experiment, where every 2 rows of maize were intercropped with 2
rows of soybean. The commercial BC, produced by pyrolyzing maize
straw under the oxygen-free condition at a temperature of 450 °C,
was purchased from Liaoning Jinhefu Agricultural Development
Company. Its basic physical and chemical properties are given in
Table 2. BC was mixed uniformly into the soil at a depth of 30 cm
before sowing in 2021 but was not applied in the following year. BC
application rates were 0 t ha! (Cp), 15 t ha! (C,) and 30 t ha™' (C,),
while N application rates were 135 kg ha' (N,), 180 kg ha! (N,), 225

TABLE 1 Basic physical and chemical properties of soil.

Total
nitrogen
(gkg™)

Total phosphorus

Total potassium

(gkg™) (gkg™)

0.67 0.47 23.19

TABLE 2 Basic indicators of BC.

Total phosphorus (g-kg™)

Total nitrogen (g-kg™)

10.2 8.1
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Soil organic matter
(gkg™)

33.93

03

kg ha™ (N;). Among them, Nj is the conventional N application,
which was used as control for N application, and the applications of
180 kg ha™' and 135 kg ha™ pointed at N reduction by 20% and 40%
of Ni. The experiment in 2021 was laid out in an orthogonal design
L9 (3%) (Figure 2) by taking CoNj as the control treatment with three
replications, as was that in 2022.

There were 27 experimental plots, each of which was 18 m? (6 m
x 3 m) in size. The distance between rows was 40 cm in maize or in
soybean, and that between adjacent maize and soybean rows was 70
cm (Figure 2). The planting spacing in the maize row was 15 cm,
while that in the soybean row was 20 cm. Besides, a 90 kg ha™ of
P,05 and 120 kg ha™ of K,O were applied evenly with N to
guarantee adequate nutrition in the experimental field fertilizer
before sowing in the two years.. All treatments were under the
normal field management and only natural rainfall was available
without any irrigation during the two growing periods. Maize and
soybean were simultaneously sown on 6 May, 2021 and on 2 May,
2022, and were harvested on 25 September, 2021 and 27
September, 2022.

0~90cm
volume
weight
of soil
(g-cm™)

Field water holding
capacity
(cm3.cm™)

wilting coef-
ficient
(cm3cm™)

1.42 0.38 0.18

Total potassium (g-kg™) organic biochar (g-kg")  pH

15.7 515.0 8.5
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Schematic diagram of maize-soybean intercropping. BC application rates: 0 t ha™ (Cg), 15 t ha™ (Cy) and 30 t ha™ (C,); N application rates: 135 kg
ha™ (Ny), 180 kg ha™ (N), 225 kg ha™ (N3). BC was mixed uniformly into the soil at a depth of 30 cm before sowing in 2021 but was not applied in

the following year. N fertilizer was applied before sowing in the two years.

2.3 Measurements

2.3.1 Grain yield and quality

The grain yield of all maize and soybean plants in each plot was
manually harvested at physiological maturity. Subsequently, their
grain quality, including protein, oil content and starch, was
analyzed using the FOSS near-infrared grain quality analyzer
(Infratec 1241, Foss company, Denmark). It must be noted that
all quality indicators except for soybean starch could be measured
by the instrument, Despite this, soybean protein and oil content
could also to some degree reflect its quality.

2.3.2 Water consumption and water
use efficiency

Soil water content was measured to a depth of 100 cm at 10
cm increments by a soil auger using the oven-dried method before
sowing and at harvest. A set of three probes was installed
manually at a depth of 100 cm in the middle of the rows
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between maize and maize, maize and soybean, soybean and
soybean in each plot.
Water consumption was calculated as follows:

ET=1+P-AW-R-D+K (1)

Where ET is water consumption; Wr is irrigation amount; P is
effective rainfall in the growth stage; AW is the difference of water
storage in the soil planned wetting layer between the beginning and
end of the period; R is surface runoff; D is deep leakage; K is
groundwater supply. Wt was zero because there was no irrigation
in the experiment. Additionally, the experimental plot was flat, and
hence there was no surface runoff loss, namely R=0. Soil moisture
content at a depth of 90 cm to 100 cm did not vary significantly, which
represented no deep leakage (D=0). Deeper groundwater depth was
available, which means that there was no groundwater supply (K=0).

AW was calculated as follows:

Aw = GnPeh )

Py
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Where 6, is 0-100 cm soil mass moisture content (%); h is soil
thickness (cm); py, is average soil bulk density at the depth of 0 ~ 100
cm soil layer (g/cm3 )> P is water density (g/v:m3 ).

WUE was calculated as follows:

WUE =
T ET

Where Y is crop yield (kg ha™).

3)

2.3.3 Nitrogen fertilizer recovery efficiency

N concentration of straw and grain was determined using Auto
Kjeldahl Analysis Equipment (KJELTEC 2300, Foss company,
Denmark) according to the Kjeldahl method. The aboveground N
uptake was equal to straw N uptake and grain N uptake. NRE was
defined as:

Above ground N uptake(fertilizer)-

Above ground N uptake(unfertilized)

NRE =
Total fertilizer N applied

x 100 (4)

2.4 Comprehensive evaluation
system framework

Two steps were involved to conduct the comprehensive
evaluation. One was to categorize the factors and then establish a
hierarchical structure of a system. Another was to analyze the
relationships among the factors in the system in order to gain a
better understanding of the system as a whole.

2.4.1 Evaluation factor set and its sub-factor
set construction

(1) All indices of maize and soybean were divided into yield
index (u;), efficiency index (u,) and quality index (u3).

U = {uy, up, us} (5)

(2) All secondary indices were categorized and determined as
sub-factors. Maize yield (u;;) and soybean yield (u;,) were
categorized as yield indicators, WUE (u,;) and NRE (uy,) were
categorized as efficiency indicators, Maize protein (u3;), maize
starch (u3,), maize oil (u33), soybean protein (u34), soybean oil
(u35) were categorized as quality indicators.

10.3389/fpls.2023.1171547

uy = {uy,up}
Uy = {1, Upp }

Uz = {“31’ Uzp, Uzzs Uzy, ”35}

uij—7

The specific hierarchical model is shown in Figure 3.

2.4.2 Comprehensive evaluation of TOPSIS
2.4.2.1 Factor weight determination

An evaluation system is constructed to determine the subjective
weight on basis of analytic hierarchy process (AHP). And the
questionnaire is used to score each index (1-9 points) in pairs to
compare the importance of the factors. Consistency ratio (Cg) is
then used to check the acceptability of the matrix. When C is less
than 0.10, the consistency test is considered to pass, and the
judgment matrix is acceptable. The specific calculating procedure
is in light of the literatures of Sahoo et al. (2018) and Kundu
et al. (2017).

2.4.2.2 Sub factor weight determination

The entropy method is selected to calculate the objective weight.
It is able to effectively reflect the information implied by the data
and exhibit strong operability (Zhong et al., 2017). The detailed
calculating procedure is according to the literatures of Wang et al.
(2015); Hou et al. (2018) and Liu et al. (2013).

2.4.2.3 Combination weight determination

The combined weighting evaluation method is selected in order
to better balance the subjective and objective demand and improve
the reliability and scientific property of weight distribution based on
the game theory. It is used to determine the comprehensive weight
of a single index of maize-soybean intercropping, that is, a weight
set is constructed based on the two weights of the subjective AHP
and objective entropy,:ue={uy, Ui, ..., U} (k=1,2).

7)

L T L
u= 00 (04 >0, 0 =1)

Where u is weight vector of weight set; oy is linear
combination coefficient.
The game theory method is used to get the combination weight.

(8)

* _ n T . _
W; = Ej:lwleZj ,j=1,2,..,n

Where wy; is subjective weight determined based on AHP; w; is
objective weight determined based on entropy weight method

I [

I 1

‘ Comprehensive evaluation of maize-soyban interropping system | | Objective |
! Factor |

u, uy Lo ]

|

FIGURE 3

Maize-soybean intercropping system comprehensive evaluation hierarchical model

Frontiers in Plant Science

05

frontiersin.org


https://doi.org/10.3389/fpls.2023.1171547
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

2.4.2.4 Euclidean distance determination
The original data matrix of m evaluation indicators and an
evaluation objects is as follows:

X11 X12 - Xin

X1 X2ttt Xop

&)

Xm1 Xm2 + Xmn

The matrix is normalized as follows

Z= [zij]mxn

2j = X/ \| D%

The maximum value Z* is defined as z,

where

+ +

2y st Zy

and the minimum value 7 is defined as z, ~,z, ~, -5z,
The weighted distance is calculated between the ith (i=1, 2,-, n)

evaluation object and positive ideal solution Z;  * or negative ideal

solution Z; T as follows:

D} = /3w (7] - 2 (12)
D = \/3lw (2 -z (13)

D; * is positive ideal solution distance;. D;

ideal solution distance

~ is negative

The score §; of the ith evaluation object is calculated as follows:

D7
Si:_—1+
D; + Dy

1

(14)
S; is comprehensive evaluation score.
2.5 Data analysis

Microsoft Excel 2021 software was used to sort out data, and the
plotting was performed by OriginPro 2023 software. All statistical

A
144 [ Maize Yield 2021
[ Soybean Yield

—"ﬂ

=

=2

=

2

-

]

=)

&

GNp GN, GN; €N,
Treament

CN, CN; &GNy 6N, GN,

FIGURE 4

Yield of maize-soybean intercropping system in 2021 and 2022. (A) shows the yield in 2021 and (B) shows the yield in 2022. Different lowercase
letters indicate significant differences among different treatments (P<0.05). The column bars and error bars represent the mean yield of three
replicates and the standard deviation of the mean, respectively. BC application rates: 0 t ha™ (Co), 15 t ha™ (C4) and 30 t ha™ (C,); N application
rates: 135 kg ha™ (Ny), 180 kg ha™* (N>), 225 kg ha™* (N3). BC was mixed uniformly into the soil at a depth of 30 cm before sowing in 2021 but was
not applied in the following year. N fertilizer was applied before sowing in the two years.
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analysis was conducted using SPSS (IBM, Chicago, USA). MATLAB
2021b software (MathWorks, MA, USA) was used to execute
comprehensive evaluation.

3 Results
3.1Yield

BC and N application significantly affected the yield of maize-
soybean intercropping system in 2021 (Figure 4A) and 2022
(Figure 4B). The C, and C, treatments increased maize yield by
8.76%-23.3% and 3.23%-30.8%, respectively, compared with Co.
The soybean yield showed a declining trend with an increase in N
addition in 2021, while in 2022, while soybean yield increased at
first and then decreased with increasing application rate.
Additionally, soybean yield in 2022 was higher than soybean yield
in 2021. The highest total yield was for C,N,, 11.0 t ha™ in 2021 and
12.1 t ha! in 2022. The application of BC increased the yield of the
maize-soybean intercropping system, but the yield increase effect of
C, was not as good as that of C;.

3.2 Water use efficiency

BC and N application had a significant impact on ET, but their
interaction had no significant effect on it (Table 3). The effect of BC
in 2021 was slightly smaller than that of N fertilizer, on the contrary,
its effect is much greater than that of N application in the next year.
With increase in N application, ET showed an increasing trend,
while it decreased at first and then increased as BC addition was
raised. The maximum ET was noticed at CyN3 and the minimum
one was for C;Nj. It indicated that intercropped crops consumed
more soil water under the condition of the conventional N addition.
BC addition combined with reduced N decreased ET but BC was
always negatively correlated with ET. BC and N application also had
a significant impact on WUE, but the interaction between BC and N
was not significant in the second year. WUE of C;N, was
significantly higher than that of other treatments. Thus, BC

Total Yield(t ha™)

CONI CONZ C0N3 CINI CINZ CIN3

Treament

CZ NI CZ NZ

CZ N!
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TABLE 3 ET and WUE under different combinations of BC and N levels.

WUE(kg-ha'-mm™)

Treatment
2021

CoN, 664.37 + 5.49¢ 830.32 + 1.98ab 12.98 + 0.27¢ 10.65 + 0.27¢
CoN, 670.42 + 2.63ab 832.41 + 2 08a 13.00 + 0.40e 12.81 + 0.40b
CoNj 672.73 + 3.41a 834.65 + 2.21a 13.13 + 0.32¢ 1228 + 0.32b
Ny 657.99 + 2.22abc 812.24 + 1.68e 14.88 + 0.54c 13.53 + 0.54ab
CIN, 664.37 + 2.92bc 813.05 + 3.43de 16.57 + 0.38a 14.90 + 0.38a
CiN; 665.68 + 4.00abc 818.12 + 3.17cde 15.86 + 0.40b 13.68 + 0.40ab
CoNy 662.68 + 4.09bc 817.28 + 2.82cde 14.05 + 0.30d 11.09 + 0.30¢
CoN, 665.17 + 4.26a 821.15 + 5.58cd 15.12 + 0.17¢ 1251 +0.17b
CoN; 667.46 + 6.41bc 822.25 + 4.87bc 14.52 + 0.88cd 13.26 + 0.88b

C 3.69* 46.32* 144,71%% 24.06**

N 437+ 3.52% 16.64** 14.25%
CN 0.16 0.22 4.70* 2.39

Values represent mean + standard deviation of 3 replicates. * Indicates that the effect is significant at a level less than 0.05, and ** indicates that it is extremely significant at a level less than 0.01.
BC application rates: 0 t ha™' (Cp), 15 tha™ (C;) and 30 t ha* (C,); N application rates: 135 kg ha! (N,), 180 kg ha! (N,), 225 kg ha! (N3). BC was mixed uniformly into the soil at a depth of 30
cm before sowing in 2021 but was not applied in the following year. N fertilizer was applied before sowing in the two years.

combined with reduced N fertilization led to reduction in ET and N application (Table 4). Maize straw and grain N uptake showed an
increase in WUE of maize-soybean intercropping system, but high

BC addition could not keep the increasing trend of WUE.

overall increasing trend with increase in N application. However,
total N uptake increased at first and then decreased with increasing
BC application. Total N uptake of the C, treatments increased by
approximately 4.03%~31.8% in 2021 and about 11.1%~19.5% in 2022

.3 Nitrogen uptake and nitrogen
3.5 ogen uptake and oge compared with that of the C, treatments. Among the treatments with

recovery efficienc
y y the same BC level, the highest grain N uptake was observed for C,
BC and N application had a significant impact on straw and grain ~ treatments while C, treatments had the maximum straw N uptake,

N absorption, but the effect of BC application was greater than that of ~ indicating that excessive BC application was unhelpful for N

TABLE 4 N uptake and NRE under different combinations of BC and N levels.

Straw N uptake (kg ha™')  grain N uptake (kg ha™) total N uptake (kg ha™) NRE (%)
Treatment
2021 2022 2021 2022 2021 2022 2021 2022

CoN, 5587 +306d | 5641+076cd | 5497+ 150d | 5857 +378c | 110.83 +256e 11499 +454d | 3325+057cd | 3440 + 2.88bc
CoN, 5398 +373d | 5875+ 196cd | 5652+088d 5892 +25lc | 11050 +35le | 11734 +41dd | 2623+ 195  27.31%2.103d
CoNs 6091 +405bcd | 5395+ 138d 6701 £394bc | 6842+ 211b 12792 +294d 12237 +186d 2873+ 131de | 23.67 % 2.33cd
CIN, 6776 + 2.20ab | 6266+ 1.68bed | 7157 +328b | 69.87+1.52b 13933 +547bc | 13253 £25lc | 50.68+323a | 47.65 % 6.16a
CN, 6254+ 194bc | 58.19+ 1.65cd  83.07+227a  8483+426a 14560 +4.1lab 14303 +372b | 4574+228a 4145+ 552ab
CIN, 7138+ 1.07a | 6098 +575bcd  80.60 £227a | 8439 +275a 15198 +539 14537 +206ab | 3942 £2.40b 3407 + 2.59c
CN, 59.63+385d | 6599+ 19lbc | 55.66+393d | 5646+ 181c | 11530 558e 12244 +3.61d | 3853 + 4.1dbc | 3973 + 4.49b
CN, 733542500 | 69.69 £265ab | 6130 +343cd | 6164+278c | 13465+420cd | 13133 +342c | 39.65+23db 3481 + 2.3dbc
CN;, 7497 £388a | 80.13+505% 6421 £4l6c | 7127 +£335b  139.18 £ 678bc 15140 £6252 3373 £356cd | 36.82 + 3.45b

c 27.45% 2112+ 78.53% 116.28* 80.16* 73.04% 81.80% 2233

N 10.64* 1.05 1720 50.06% 29.94% 37.08% 1529 1157
CcN 544 2,99 273 651 377 7,19 413 163

Values represent mean + standard deviation of 3 replicates. * Indicates that the effect is significant at a level less than 0.05, and ** indicates that it is extremely significant at a level less than 0.01.
BC application rates: 0 t ha™' (Cp), 15 tha™ (C;) and 30 t ha™' (C,); N application rates: 135 kg ha™ (N,), 180 kg ha™ (N), 225 kg ha™ (Ns). BC was mixed uniformly into the soil at a depth of 30
cm before sowing in 2021 but was not applied in the following year. N fertilizer was applied before sowing in the two years.
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transporting from straw to grain. NRE declined with increase in N
application under C, and C,; treatments, but this trend was not
observed for C, treatments. Therefore, reduction in N fertilizer input
was an effective way to improve NRE, but excessive BC application
probably weakened the effect.

Maize protein (Figures 5A, B) and maize oil content (Figures 5C, D)
decreased with an increase in BC application, although the variations
in the two years were slightly different. The first year of BC
application did not have a positive effect on protein and oil content
of maize grain. However, BC had little effect on oil content in second
year while protein content continued to decline. CoN; resulted in the
3.4 Maize and soybean qu ality highest protein and oil content of maize. And maize starch content
(Figures 5E, F) increased with the rising BC application. BC was
found to have no positive impact on soybean protein (Figures 6A, B)
but it unexpectedly increased soybean oil content (Figures 6C, D).

The impact of BC and N application on the quality of
intercropped maize and soybean is presented in Figures 5 and 6.
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FIGURE 5
Maize quality in 2021 and 2022. (A, B) show maize protein content in 2021 and 2022, respectively. (C, D) show maize oil content in 2021 and 2022
respectively, and (E, F) show maize starch content in 2021 and 2022 respectively. Different lowercase letters in the same column mean significant
differences among different treatments at 0.05 level. The column bars and error bars represent the mean maize quality of three replicates and the
standard deviation of the mean, respectively. BC application rates: 0 t ha™ (Co), 15 t ha™ (Cy) and 30 t ha™ (C,); N application rates: 135 kg ha™* (N,),
180 kg ha* (N>), 225 kg ha™* (N3). BC was mixed uniformly into the soil at a depth of 30 cm before sowing in 2021 but was not applied in the
following year. N fertilizer was applied before sowing in the two years.
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FIGURE 6

Soybean quality in 2021 and 2022. (A, B) show soybean protein content in 2021 and 2022, respectively. (C, D) show soybean oil content in

2021 and 2022, respectively. Different lowercase letters in the same column mean significant differences among different treatments at 0.05 level. The
column bars and error bars represent the mean soybean quality of three replicates and the standard deviation of the mean, respectively. BC application
rates: 0 t ha™ (Cp), 15 t ha™ (Cy) and 30 t ha™ (C,); N application rates: 135 kg ha™ (Ny), 180 kg ha™* (N,), 225 kg ha™ (N3). BC was mixed uniformly into
the soil at a depth of 30 cm before sowing in 2021 but was not applied in the following year. N fertilizer was applied before sowing in the two years.

3.5 Comprehensive growth evaluation weights are combined through the principle of game theory
(Supplementary Table 3). The combined game theory weight was

The weight of the model is determined by AHP method then utilized to calculate the ideal solution and comprehensive
(Supplementary Table 1) and entropy weight method  evaluation score by the TOPSIS comprehensive model (Table 5).
(Supplementary Table 2). respectively. The obtained two sets of = The highest overall evaluation score was for C;N,, followed by C;N;

TABLE 5 Comprehensive growth evaluation based on TOPSIS.

Rank
Treatments
2021 2022
CoN, 0.498 0.446 0.232 0.231 0.318 0.341 8 9
CoN, 0.506 0.319 0.176 0.309 0.258 0.492 9 5
CoNs 0.490 0.366 0.235 0.305 0.324 0.454 7 7
CiN, 0.277 0.221 0.393 0.409 0.586 0.649 3 2
CiN, 0.234 0.223 0.489 0.472 0.676 0.679 1 1
CiN; 0.254 0.241 0.410 0.358 0.617 0.597 2 3
CNy 0.381 0.440 0.296 0.235 0.437 0.348 6 8
CoN, 0.293 0313 0.366 0.282 0.555 0473 4 6
CoN; 0.341 0.279 0.297 0.324 0.465 0.537 5 4

BC application rates: 0 t ha™ (Cp), 15 tha™* (C,) and 30 t ha! (C,); N application rates: 135 kg ha! (N)), 180 kg ha! (N,), 225 kg ha (N3). D;* is the positive ideal solution distance; D;” is the
negative ideal solution distance; S; is the comprehensive evaluation score.
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in 2021 and C;N; in 2022. This meant that slight N fertilizer
input in the second year was more beneficial for the overall growth
of the intercropping system under the condition of C;. The lowest
scores were different over the two years, CyN, in 2021 and CyN,
in 2022.

3.6 Mathematical model construction

The comprehensive evaluation scores obtained above were used
to conduct the quadratic polynomial stepwise regression, and then
got the regression equation between BC-N application amount and
comprehensive evaluation indicator.

y1 = 0.6600 — 0.2372x; > +0.0922x, — 0.0473x, >

+0.0085x, + 0.0045x, X, (15)
¥, = 0.6887 — 0.872x; > +0.0393x, — 0.2042x, °
+0.0107x, +0.0173x, X, (16)

Where x; and x, reflect the coding values of N and BC
application BC; y; and y, are the comprehensive assessment
scores for 2021 and 2022.

The combined BC and N had a highly significant impact on the
comprehensive assessment scores with a coefficient of
determination (R?) of 0.944 for y1 and 0.933 for y,. Therefore, the
regression model could be used to assess the impact of BC and N
application on the overall growth of maize-soybean intercropping
system. The positive and negative signs in front of x; and x, indicate
promotion or inhibition, and the level of the coefficient indicates the

1.0

10.3389/fpls.2023.1171547

strength of the influence. Both regression equations demonstrated
that there was a positive role for BC or N application to promote the
complete evaluation score, and the effect of BC was better.
Additionally, the coefficient of x,x, is positive. That is to say BC
and N had a positive coupling effect and both improved the
comprehensive evaluation score.

The reduced dimension was conducted to explore the impact
of single factor-BC or N on the comprehensive evaluation score.
Figure 7 showed the comprehensive assessment value firstly
increased and subsequently decreased as BC or N increased.
The comprehensive evaluation score was maximum when BC
coding value was 0.19 and N coding value was 0.09 in 2021. In
2022, the maximum comprehensive evaluation score was achieved
when BC was 0.02 and N was 0.03N. Besides, the comprehensive
growth assessment score for 2021 varied slowly with rising BC
and N compared to that for 2022, which indicated that the
intercropping growth was more sensitive to the application of BC
and N in 2022.

The quadratic polynomials (Formula 15 and 16) were simulated
for the optimum using Matlab2020b software (Figure 8). The
optimal application range was determined by 90% of the
maximum comprehensive score with the consideration of BC
cost. The ranges were 0.14~0.53 for BC and -0.53~0.71 for N in
2021, and -0.20~0.25 for BC and -0.43~0.49for N in 2022. This is to
say, the ranges of BC were 17.1~22.95 t ha™ in 2021 and 12~18.75 t
ha™ in 2022, and those of N were 156.15~211.95 kg-ha™* in 2021 and
160.65~202.05 kg-ha™' in 2022.Therefore, the optimum
combination was BC of 17.10~22.95 t ha™' and N of
156.15~211.95 kg ha™' in 2021, and 12~18.75 t ha™' and
160.65~202.05 kg ha™" in 2022.
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FIGURE 7

Effects of BC or N application on comprehensive evaluation score of maize-soybean intercropping system. yc1 and yy;s is the function of the single-
factor effect function of on the comprehensive evaluation score in 2021, and yc, and yn; is single-factor effect function of comprehensive

evaluation score in for 2022.

Frontiers in Plant Science

10

frontiersin.org


https://doi.org/10.3389/fpls.2023.1171547
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

>

2021

o o o
o o N

Comprehensive evaluation score
°
2

4 Mos
05
=Y
0 ore
05, o o\0°
8%

FIGURE 8

10.3389/fpls.2023.1171547

-]

2022

o ° ° °
S o > N

Comprehensive evaluation score

. e
Lo

1 03

05 4
'R d\a‘\e‘e
05 o o9
o

Coupling effect of BC and N on comprehensive evaluation score of Maize-Soybean intercropping system in 2021 and 2022

4 Discussion

4.1 Combining BC with N fertilization
increases crop yield

In this study, the combined application of BC and N resulted in
increased yields in the maize-soybean intercropping system, to
varying degrees compared to N application alone. This can be
attributed to the ability of BC to absorb soil nutrients and release
them slowly for crop absorption over an extended period
(Purakayastha et al., 2019). In other words, N fertilizer
supplements the nutrient deficiency of BC, while BC extends the
retention time of fertilizer in the soil (Chen et al.,, 2018). However,
the yield increase was higher in intercropping systems with lower
BC compared to those with higher BC, as excessive BC increases soil
C/N ratio, inhibiting soil microbial decomposition and N
mineralization rate (Xia et al., 2022).

Intercropping, a traditional agricultural practice, offers several
benefits including crop yield increase, resource utilization
enhancement, pest and disease reduction, soil health
improvement, and biodiversity increase (Mugi-Ngenga et al,
2022). However, intercropping systems also face challenges such
as the negative impact of shade for intercropped soybean (Wu
et al., 2016). Limited N fertilizer can restrict the growth of
intercropped maize, thereby reducing the shading effect and
significantly increasing soybean yield (Raza et al, 2019c¢).
Moreover, reducing N fertilizer appropriately can increase
maize’s absorption and utilization of soil N, enhance soybean
nodulation and N fixation ability (Li et al., 2016), and ensure that
both maize and soybean have sufficient N for growth with less N
application (Xu et al, 2020). This study highlights the significant
interaction between BC and N, indicating that incorporating BC
into the soil can increase crop yield in situations where N
fertilizer is limited. The synergistic or complementary
interaction between BC and N improves soil nutrient
availability and enhances slow-release performance of fertilizer
(Chen et al., 2018). These findings are consistent with previous
studies conducted by Guo et al. (2021) and Omara et al. (2020),
suggesting that combined appropriate BC application and
reduced N fertilizer can enhance the productivity of maize-
soybean intercropping system.

Frontiers in Plant Science

11

4.2 Combining BC with N fertilizer
improves ET and WUE

Our results indicated that BC combined with N fertilizer
improved ET and WUE. The improvement of ET may be due to
that small BC particles fill larger soil pores and hence alter soil
water flux, which further decreases soil water depletion caused by
both BC and N fertilizer application (Faloye et al, 2019). The
significant effect of combined BC and N fertilizer addition on
WUE improvement may be attributed to the impact of BC on
ET, soil hydro-physical and chemical properties (Ajayi and Horn,
20165 Faloye et al, 2017). BC application enhances the relative
water content of crop leaves, which leads to increased
photosynthetic activity (Akhtar et al., 2014;
2011). It also promotes water consumption in the early and mid-

Kammann et al.,

term grain filling, which is possibly related to stronger water
absorption capacity of roots (Chen et al, 2010). The increase in
soil moisture content in the plow layer and soil moisture holding
capacity induced by BC addition, is a main mechanism for
increasing crop yield (Jeffery et al.,, 2011; Rogovska et al., 2014).
However, our results showed that excessive BC reduced the
amplification of WUE. High BC level increases soil porosity
and excess hydrophobic compound, resulting in soil water loss
(Jeffery et al, 2015). Castellini et al. (2015) found that BC
application from 15 to 30 t ha™ reduced soil water holding
capacity by 23.5% and increased water consumption, thereby
decreasing WUE, which is consistent with our findings.
Additionally, high BC darkens soil color and then increases its
surface temperature, which reduces water viscosity and surface
tension, accelerates soil water evaporation through radiation
absorption (Yang et al, 2020; Wu et al., 2022). Therefore, only
an appropriate combination of BC and N fertilizer can improve
WUE of th intercropping systems.

4.3 Combining BC with N fertilizer
promotes N uptake and improve NRE

Our results found that BC-N interaction increased crop N
absorption, consistent with the findings of Ibrahim et al. (2020)
who reported that combined BC and N acted as a sustained-
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release N fertilizer, providing sufficient N for crop growth. On the
one hand, BC possesses a highly porous cellular structure and
large specific surface area, enabling it to rapidly absorb N and
other nutrients (Yao et al., 2017). This leads to the reduction in N
leaching loss and improvement in mineral N, thereby increasing
soil available N. BC application improves soil aeration by altering
soil bulk density and porosity, and increases soil available water,
which is beneficial for the alteration of soil N cycle and hence
leads to greater soil mineralization and inorganic N availability
(Xiao et al., 2016a; Xiao et al., 2016b). On the other hand, it is also
helpful to promote maize roots growth and further improve N
uptake through these roots. Additionally, higher N accumulation
during the post-silking period under the BC-added conditions
could not only reduce N remobilization from leaf to grain, but
also maintain functional stay-green leaf, and thus promote dry
matter accumulation and enhance grain yield (Lee and
Tollenaar, 2007).

BC promotes plant N accumulation before and after silking, and
high N transfer efficiency of BC treatment has the promotion of N
transfer from vegetative organs to grains and increases grain N
concentration (Xiao et al., 2017). Interestingly, under the treatments
of C,, N uptake of the straw was higher than that of the grain,
possibly due to that the source-sink incoordination caused by high
BC treatment, which disturbed N transport to the grain (He et al,,
2021). This leads to that the redundant nutrient was kept in such
vegetative organs as stems and leaves, which causes the “luxury
uptake” of nutrients (Travis et al.,, 2017). N application can enhance
soil colloid adsorption and cation exchange capacity, reducing
ammonium N loss (Duan et al, 2018). Proper N application is
therefore useful for increasing the NRE of maize. However, when
excessive N is added, N release is too rapid to match crop
absorption and even substantially consume soil fertility (Xia et al.,
2022). Furthermore, excessive fertilization not only significantly
reduces N use efficiency, but also is unable to improve maize yield
(Zhang et al., 2022; Nasar et al., 2023). The previous studies also
indicate that it is an effective way for reasonable N application to
improve fertilizer utilization efficiency, and N utilization efficiency
initially increases and then decreases as N application increases
(Miah et al., 2016).

4.4 Combining BC with N fertilizer
improves grain quality

Appropriate N application is able to improve maize quality
traits such as grain protein and oil content (Amanullah et al,
2009). In particular, grain protein concentration is continuously
rises with increase in N application (Correndo et al., 2021). It is
noted that both of low and high N applications have the impact
on maize quality, which indicates that it is of great importance for
adequate N application to raise maize quality (Hammad et al,
2011). Our study revealed that maize protein and oil content had
a positive correlation with N application, but was negatively
related to BC application. The reason may be that soil organic
N is converted into inorganic N, which is then absorbed and
utilized by crops (Sharifi et al., 2008). High C/N ratio of BC we
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used reduces the mineralization of organic N (Shen et al,, 2021).
Nitrogen is a crucial component required for the synthesis of
cereal protein and oil (Zhang et al., 2020; Hafiz et al., 2023), and
after plants absorb nitrogen, it is transported to the growth center
organs in large quantities. The nitrogen stored in the vegetative
organs during the early stage of growth begins to move outward
shortly after flowering and is transported to the developing ear or
grain (Ren et al, 2021). However, the results of this study found
that high BC treatment led to N transfer from grain to straw,
which also reduced the protein and oil content of maize. This is
due to that BC competes with the organic-inorganic composite
colloidal cations in the soil to adsorb nutrients which is also
absorbed by crops, resulting in a decrease in protein content
(Keiblinger et al., 2015). Previous studies have found a trade-off
relationship between protein and starch content under given
conditions (Butts-Wilmseyer et al., 2019; Singh et al, 2002),
which is consistent with our findings. High N fertilizer
promotes the increase of starch content in the early stage of
grain filling, but causes crop premature senescence in the later
period, which results in lower starch content for the high N
fertilizer treatment than the normal treatment at harvest (Ma
et al, 2012). The problem may be solved by the BC-N
combination because the slow-release fertilizer effect of BC
reduces the content of available N fertilizer in the soil in the
early stage. It can also be seen from the results of our study that
BC increases maize starch content. Soybean quality is generally
characterized by protein and oil content. Its oil content is strongly
affected by environmental conditions, but its variation trend is
usually contrary to that of protein (Mertz-Henning et al., 2018).
For instance, when BC increases from 0 to 8 t ha', soybean oil
content shows an increased trend but protein content has the
opposite one (Zahra et al., 2018), which is in accordance with our
findings. One possible explanation for the result is that BC absorbs
a large amount of nutrients in the prophase, which are then
gradually released. The released nutrient rate may not coordinate
with soybean protein formation but coordinate with fat formation
(Liu et al., 2021). The other possible explanation for the result is
that soybean protein and oil content may be mainly determined
by the gene (Lin et al., 2022). In addition, soil microorganisms and
environment also have an impact on crop quality (Studnicki et al.,
2016; Kundel et al., 2020).

5 Conclusions

Appropriate BC and fertilizer application can have a positive
impact on crop yield, N accumulation, WUE and NRE while also
reducing ET. However, excessive BC can have negative effects on
crop yield and quality by disturbing N translocation from grain to
straw and reducing the benefits of intercropping. Based on our two-
year experiment, we recommend a combination of 17.1-18.75 t ha™!
BC and 160.65-202.05 kg hac™' N fertilizer to obtain high yields,
water and N fertilizer use efficiency, and quality in the maize-
soybean intercropping system. These findings have important
implications for intercropping management and sustainable
agricultural intensification.
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