agronomy

Article

Strip-Till Farming: Combining Controlled-Release Blended
Fertilizer to Enhance Rainfed Maize Yield While Reducing
Greenhouse Gas Emissions

Zhipeng Cheng ¥, Lanfang Bai ¥, Zhen Wang, Fugui Wang, Yukai Wang, Hongwei Liang, Yongqiang Wang,
Meiren Rong and Zhigang Wang *

check for
updates

Citation: Cheng, Z.; Bai, L.; Wang, Z.;
Wang, E; Wang, Y.; Liang, H.; Wang,
Y.; Rong, M.; Wang, Z. Strip-Till
Farming: Combining Controlled-
Release Blended Fertilizer to Enhance
Rainfed Maize Yield While Reducing
Greenhouse Gas Emissions. Agrononty
2024, 14,136. https://doi.org/
10.3390/agronomy14010136

Academic Editor: Claudio Ciavatta

Received: 13 December 2023
Revised: 31 December 2023
Accepted: 2 January 2024
Published: 4 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Agronomy, Inner Mongolia Agricultural University, Hohhot 010019, China;
chengzhipeng@emails.imau.edu.cn (Z.C.); lfbai@imau.edu.cn (L.B.); caul022@imau.edu.cn (Z.W.);
fgwang2008@163.com (FEW.); wangyukaii@163.com (Y.W.); Ixflhw2008@163.com (H.L.);
wangyongqgiang@nwafu.edu.cn (Y.W.); rongmeiren@emails.imau.edu.cn (M.R.)

* Correspondence: zgwang@imau.edu.cn

 These authors contributed equally to this work.

Abstract: The two major concerns of sustainable agriculture are safeguarding food security and reduc-
ing greenhouse gas emissions. Studies on the performance of strip-till with controlled-release blended
fertilizer on rainfed maize grain yield, greenhouse gas emissions, and net ecosystem economic budget
are scarce in the hilly region of northeast China. In this study, the differences between strip-till
(RST) and conventional ridge cropping (CP), straw off-field no-tillage (NT), and no-tillage with straw
mulching (RNT) were comparatively investigated in the conventional fertilizer (Sd) mode. And
meanwhile, four fertilization modes were also set up under strip-till (RST): conventional fertilization
(Sd), controlled-release nitrogen fertilizer blended with normal urea 3:7 (30%Cr), controlled-release
nitrogen fertilizer blended with normal urea 5:5 (50%Cr), and no-nitrogen fertilization. We analyzed
maize yield, greenhouse gas emissions (GHG), greenhouse gas intensity (GHGI), net income and
net ecosystem economic budget (NEEB) for different treatments. The results showed that, under
conventional fertilizer (Sd) mode, the maize yield of RST increased by 4.2%, 6.0% and 7.2% compared
with NT, CP and RNT and the net income increased by 7.0%, 9.7% and 10.0%, respectively. Compared
with CP and NT, although RST increased CO, and N;O emissions, the GHGI of RST was not signifi-
cantly different from CP and NT, and was 8.0% lower than that of RNT. The NEEB of RST increased
by 6.8%, 9.7% and 11.0%, respectively, compared with NT, CP and RNT. Under strip-till, compared
with 30%Cr and Sd, the yield of 50%Cr increased by 4.0% and 9.2% and the net income increased
by 3.5% and 6.9%, respectively. There was no significant difference in GHGI between 50%Cr and
30%Cr, and 50%Cr decreased by 10.4% compared with Sd. The NEEB of 50%Cr increased by 3.8% and
7.4% compared to 30%Cr and Sd. Strip-till combines controlled-release nitrogen fertilizer blended
with normal urea 5:5 (50%Cr) and can be applied as a sustainable strategy to improve the economic
efficiency of maize and reduce environmental costs in the hilly region of northeast China.

Keywords: rainfed maize; strip-till; controlled-release blended fertilizer; greenhouse gas emissions;
net ecosystem economic budget

1. Introduction

The main greenhouse gas emissions from agricultural sources are N,O, CO, and CHy.
These account for about 14% of the total greenhouse gases produced by human activities
and are the main factors causing global warming [1,2]. China’s agricultural greenhouse
gas emissions account for about 17% of total global greenhouse gas emissions [3]. Extreme
climatic conditions such as high temperatures and droughts events emerged frequently
during the past decades over the world due to excessive greenhouse gas emissions, leading
to the concern about declined crop yields. The reduction in greenhouse gas emissions
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from agricultural sources is an indispensable requirement for sustainable agricultural
development. As the world’s largest maize producer, China’s maize production is faced
with an excessive input of nitrogen fertilizer, a low rate of straw return to the field and
frequent plowing [4-6]. How to achieve greater maize productivity and nitrogen utilization
efficiency with lower GHG emissions from limited farmland has been a hotspot of interest
in global agricultural production.

The spring drought is the main factor limiting maize production in the hilly region
of northeast China. Straw mulching is an effective measure to improve water content [7].
Straw mulching is beneficial to the absorption of water and nutrients by maize because of
the downward growth of maize root [8]. However, no tillage with 100% residue coverage
reduces soil temperature, affects the early growth of maize, and leads to lower yield, which
is difficult to popularize in production [9]. The research of Trevini et al. [10] and Licht
et al. [11] shows that strip-till can solve the above problems, increase soil temperature,
improve seedling rate and increase crop yield. Previous research showed that changes
in soil temperature and moisture due to straw mulching can have a strong impact on
GHG emissions from the soil and into the atmosphere [12]. Several studies investigating
GHG emissions under straw-mulched conditions in agricultural fields have reported
inconsistent results due to inconsistent investigations of agronomical measures, as well
as the corresponding geological, mineralogical, and meteorological characteristics [13-15].
The research of Gao et al. [16] shows that maize straw mulching can enhance the activity
of nitrifying and denitrifying bacteria in soil, thus increasing the emissions of N,O in soil.
Jarecki et al. [17] conducted a study which demonstrated that the application of straw
mulch does not have any significant impact on soil N,O emissions. Straw mulching in
a field will increase CO, emission from farmland soil, and straw returned to a field will
provide more C for soil microorganisms, which may stimulate the emissions of CH4 and
CO; from soil [18]. In the hilly region of northeast China, whether strip-till can increase
maize yield and reduce the environmental cost of maize production needs to be verified.

Fertilizer with N in farmland plays an important role in N,O production via nitrifica-
tion and denitrification processes. In agricultural soil, N, O is mainly generated through two
microbial processes: nitrification, the aerobic oxidation of NH;" to NO, ™ and NO3~, and
denitrification, the anaerobic reduction of NO3~ to NO, ~, NO, N>,O and N [19,20]. Previ-
ous studies in field-manipulative experiments showed that N fertilizer application effects
on N,O, CHy and CO; fluxes varied widely in different agricultural soils [21]. Controlled-
release nitrogen fertilizer has the advantage of lasting and stable fertilizer efficiency, which
can reduce NH;* and NO3 ™ residues in farmland, promote nitrogen absorption by maize,
and reduce greenhouse gas emissions [22]. Compared with conventional urea, the gradual
release of nitrogen from controlled-release nitrogen fertilizer decreased and delayed the
peak of NoO flux [23]. However, the release rate of controlled-release nitrogen is easily
affected by environmental factors, and low temperature or drought can easily reduce the
release rate, resulting in nitrogen deficiency in the early growth stage and surplus in the
later growth stage, thus reducing the yield of maize [24,25]. Controlled-release blended
fertilizer is an effective way to reduce the cost of labor and mechanical operations, reduce
greenhouse gas emissions from farmland, and enhance maize yield. Zheng et al. [26] found
that in summer maize production areas, controlled-release nitrogen fertilizers blended with
normal urea can improve maize nitrogen uptake capacity and increase maize yield. Yao
et al. [27] showed that a 1:1 ratio of controlled-release urea to normal urea at the same
N application rate significantly reduced the emission of N,O and environmental costs
of maize production in southwest China. Additionally, Zhang et al. [28] discovered that
a blend of controlled-release urea and normal urea with 1:1 ratio obtained the highest
economic return, and also significantly decreased the net global warming potential. Studies
investigating the optimal ratio of controlled-release urea to normal urea in previous studies
were slightly different due to different farming methods and environmental factors in
different regions. The net ecosystem economic budget (NEEB) is often used to evaluate
agricultural practices for their economic feasibility and environmental sustainability [29].



Agronomy 2024, 14, 136

30f23

Thus, we can use NEEB to evaluate rainfed maize production and identify an effective
strategy to enhance maize yield and reduce environmental losses in the hilly region of
northeast China.

Previous studies on strip-till were mostly concentrated in the subhumid plain areas of
China and there was a lack of relevant studies in the hilly region of northeast China [30].
This study conducted a comprehensive analysis from the perspective of maize yield, green-
house gas emissions and economic and ecological benefits, compared the differences
between different tillage methods, and explored the suitable nitrogen fertilizer manage-
ment measures of trip-till. Therefore, we hypothesized that (1), compared with other tillage
methods, strip-till can increase the yield of rainfed maize without increasing greenhouse
gas emission intensity and reduce NEEB in the hilly region of northeast China. (2) Strip-till
combined with controlled-release blended fertilizer management strategies can enhance
maize yield and also reduce greenhouse gas emissions and loss into the environment. The
results of this study will provide a theoretical basis with which to improve the economic
efficiency of maize and reduce environmental costs in the hilly region of northeast China.

2. Materials and Methods
2.1. Experimental Site and Experimental Materials

The trial was conducted in 2021 and 2022 at the experimental base in Zhalaite Banner,
Xing” an League, Inner Mongolia Autonomous Region, China (46°45’ N, 122°47' E). The
average annual temperature in the region is 3.24 °C, the average annual rainfall is 400 mm,
and the frost-free period is 120-140 days. The number of sunshine hours and rainfall for the
whole reproductive period were 1138.2 h and 650.5 mm in 2021 and 1352.3 h and 390.1 mm
in 2022. The soil type of the trial plot is sandy clay loam. The organic matter content of soil
was 17.5 g kg1, alkaline dissolved nitrogen was 101 mg kg !, fast-acting phosphorus was
32.5 mg kg~!, fast-acting potassium was 115.9 mg kg !, and the pH was 7.9.

The experiment had a randomized block design with three replications, and the maize
variety for test was Dachang Guoyu 918 (Gansu Province Dachang Shengshi seed industry
Co., Ltd., Lanzhou, China), planted at a density of 75,000 plants/ha. Equally spaced
planting was adopted, with a row spacing of 65 cm, 8-row zones, a row length of 30 m, and
a plot area of 156 m2. The seeds were sown on 4 May 2021 and harvested on September
28th; and the seeds were sown on 9 May 2022 and harvested on September 30th.

2.2. Experimental Design

In this study, two experiments were set up with different tillage methods in conven-
tional fertilization and different fertilization patterns under straw mulch strip-tillage:

Experiment 1: Four types of tillage methods were set up: conventional ridge cropping
(CP), straw off-field no-tillage (NT), no-tillage with straw mulching (RNT), and strip-till
(RST).

(1) Conventional ridge cropping (CP): The conventional tillage method of ridging is
adopted by local farmers. After harvesting maize in autumn, all the maize straws are
removed out of field. In the spring of the following year, the fields are prepared with
ridges and sown using planters.

(2) Straw off-field no-tillage (NT): After harvesting maize in autumn, all the maize straw
is removed from the field. In the spring the following year, the no-till planter is used
for maize sowing.

(3) No-tillage with straw mulching (RNT): After harvesting maize in autumn, the stalks
are left to stubble at a height of 30 cm, and all the stalks cover the field over winter. In
the spring of the following year, the no-till planter is used for maize sowing.

(4) Strip-till (RST): After harvesting maize in autumn, the stalks are left to stubble at
a height of 30 cm, and all the stalks cover the field over winter. Before sowing in
the second year, a 1ST-300 type strip tiller is used (Kangda agricultural machinery
Co., Ltd., Siping, China) to clean up the no-straw belt and deep pine, perform deep
ploughing (25-30 cm deep and 25-30 cm wide), crush and compact the soil, and mulch
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between the rows of straw. Then, the no-till planter is used for maize sowing in the
no-straw belt.

All four treatments were fertilized with local conventional fertilization modes, apply-
ing N: 225 kg ha~!, P,Os: 97.5 kg ha™!, and K,O: 58.5 kg ha~!. Specifically, 450 kg ha~!
mixed fertilizer (N: P,Os: KoO = 16-22-13) was applied as a base fertilizer, and 333 kg ha~!
urea was applied at the jointing stage of maize (6-leaf stage of maize).

Experiment 2: Under strip-till (RST) conditions, four fertilization modes were set up:
conventional fertilization (Sd), controlled-release nitrogen fertilizer blended with normal
urea 3:7 (30%Cr), and controlled-release nitrogen fertilizer blended with normal urea 5:5
(50%Cr), with a nitrogen-free zone (0 N).

(1) Nitrogen-free zone (0 N): Without nitrogen fertilizer, potassium chloride and super-
phosphate were applied, and the amount of phosphorus and potassium fertilizer was
the same as that produced with other treatments.

(2) Conventional fertilization (Sd): 450 kg ha~! of mixed fertilizer (N-P,O5-K,O = 16-
22-13) was applied as base fertilizer, and 333 kg ha~! of urea was applied at jointing
stage of maize (6-leaf stage of maize).

(3) Controlled-release nitrogen fertilizer blended with normal urea 3:7 (30%Cr): we used
polyurethane controlled-release urea with a controlled-release N ratio of 30% (N: P,Os:
K,O = 30-13-8) at a fertilizer application rate of 750.0 kg ha~! in a one-time application
at the time of sowing, and no fertilizer was applied during the reproductive period
of maize.

(4) Controlled-release nitrogen fertilizer blended with normal urea 5:5 (50%Cr): we used
polyurethane controlled-release urea with a controlled-release N ratio of 50% (N: P,Os:
K0 = 30-13-8) at a fertilizer application rate of 750.0 kg ha~! in a one-time application
at the time of sowing, and no fertilizer was applied during the reproductive period
of maize. The polyurethane controlled-release urea was kindly provided by MOITH
New Fertilizer Co., Ltd. (Shandong, China) and has a 90-day release longevity.

2.3. Sampling and Measurement
2.3.1. Greenhouse Gas Emissions, Global Warming Potential (GWP), and Greenhouse Gas
Intensity (GHGI)

Greenhouse gas sampling was conducted using the static closed-chamber approach [31].
The static box was made of an opaque PVC plastic plate and the dimensions were 65 cm
(length) x 40 cm (width) x 30 cm (height). Reflective heat insulation film was pasted onto
the surface of the device to reduce temperature changes in the box during sampling. A
small fan and thermometer were placed in the middle of the box, and a hole was punched
in the middle of one side of the box to allow the entry of a silicone tube for gas collection.
Each treatment used three gas chambers. After applying base fertilizer in the field, three
steel bases (65 x 40 x 10 cm) were installed in each experimental plot. A water trough
(2 ecm wide and 2 cm high) was set up on the upper part of the base. Before gas collection,
the water tank was filled with water to a height of about 1.5 cm and the static box was then
placed in the water tank on the base. Greenhouse gases were collected and measured every
day within one week of fertilization and every 10 days in the remaining period. When
a single period of rainfall exceeds 30 mm, it is necessary to increase the number of gas
collection and measurement after rainfall. The collection time was 9:00-11:00 am and gases
were extracted with a 50 mL plastic syringe at 0, 10, 20 and 30 min. The air temperature in
the static box was recorded at the same time. The N,O, CO,, and CH,4 concentrations were
analyzed via gas chromatography (7890A, Agilent, Santa Clara, CA, USA). The N,O, CO,,
and CHy fluxes were calculated as follows [32]:

273 d.

Fn,0, Fco,, Feu, =0 x H x ( )xd—t

— 1
273+ T @
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where F (ug m~2 h~! for N,O, and mg m~2 h~! for CO, and CHy) is the flux, p is the gas

density under the standard state (1.964 kg m~3 for N,O and CO,, and 0.714 kg m 3 for

CHy), H (m) is the chamber height, T (°C) is the air temperature in the chamber, and dc/dt

(mg m~2 h~!) is the change in gas accumulation per unit time. Interpolation was used to

calculate cumulative greenhouse gas emissions during the growing season for maize.
GWP was calculated as follows [33]:

GWP =25 x GCH4 + 298 x GNZO + GCOZ (2)

where GWP (kg CO; eq ha~1) is the global warming potential, Gcp, is the total emission of
CHy during the maize growing season, 25 is the radiative forcing potential of CHy (referring
to the 100-year time frame), Gn,0 is the total emission of N,O during the maize growing
season, 298 is the radiative forcing potential of N,O (referring to the 100-year time frame),
and Gco, is the total emission of CO, during the maize growing season.

GHGI (kg CO; eq kg ~! yield) was calculated as follows [34]:

GHGI = GWP/Grain yield 3)
where GHGI (kg CO, eq kg ~! yield) is the greenhouse gas intensity.

2.3.2. Net Income and Net Ecosystem Economic Budget (NEEB)

Detailed records of maize production inputs, including the cost of purchased seed, fer-
tilizers, pesticides, fuel consumption, labor, etc., are produced over the entire reproductive
period from sowing to harvest.

Net income = Yield gains — Agriculture activity costs (4)
The Net Ecosystem Economic Budget (NEEB) was calculated as follows:
NEEB = Yield gains — Agricultural activity costs-GWP costs ®)

where yield gains are calculated from the current crop-grain price (maize, 2300 CNY t~1)
and maize-grain yield. Agricultural activity costs comprise the expenses from mechan-
ical tillage (7.3 CNY L~1), seed (1020 CNY ha~'), conventional NPK compound fer-
tilizer (3200 CNY t~!), controlled-release nitrogen fertilizer (3200 CNY t~!), common
urea (2000 CNY t1), pesticides and herbicides (450 CNY ha™'), and the price of labor
(24 CNY ha™!) according to current pricing. The GWP costs were calculated on the basis of
carbon-trade prices (103.7 CNY t~! CO,-eq.) and GWP [29].

2.3.3. Yield and Yield Components

In the physiological maturity stage, two rows in the middle of the measured production
area were selected, and all plants in these rows were harvested after the removal of side
plants. The number of harvested ears was counted. Ten plants with uniform ear growth
were selected for the determination of ear rows, row grains, 1000-grain weight, and grain
water content (measured with an LDS-1G moisture content detector), which were converted
into maize yield (converted into hectare yield with 14% water content).

2.4. Statistical Analysis

Analysis of variance (ANOVA) was performed using SPSS 22 (IBM, Inc., Armonk, NY,
USA). The differences among means of the experimental treatments were separated using
the least-significant difference (LSD) test at a 0.05 probability level. Origin 2019 (Origin
Lab, Northampton, MA, USA) software was used to plot graphs.
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3. Results
3.1. Effects of Different Tillage and Fertilization Modes on Maize Yield

The yield of maize in different tillage method in two years was RST > NT > CP >
RNT. The RST had the highest yield of 12.25 Mg ha~! and 11.74 Mg ha~! in 2021 and 2022,
respectively. The average yields of RST in two years were 4.3%, 6.2% and 7.1% higher than
those of the NT, CP and RNT. Furthermore, yield component results demonstrated that the
ear number (p < 0.01) and kernel number per ear (p < 0.05) of maize significantly displayed
variance between treatments. The ear number of RST was 2.2%, 8.5% and 7.7% higher than
that of NT, CP and RNT on average (Table 1). The increase in RST yield was mainly due to
the significant increase in the effective ear number of maize.

Table 1. Effects of different tillage methods on maize yield and yield components.

Year Treatments Ear Number (Ears m—2) Kernel Number per Ear Thousand-Kernel Weight Grain Yiell d
(g (Mg ha-1)
CP 6.62 £0.15b 591.87 + 2.55 ab 297.78 £2.13 a 11.70 £0.17 b
NT 7.07 +£0.13 a 578.13 £1.32¢ 29174 £ 1.25a 11.93 £ 0.22 ab
2021 RNT 6.64 + 0.06 b 596.40 + 3.65 a 29122 +135a 1149 £ 0.19b
RST 7.05+0.08 a 586.53 £ 3.12b 296.38 = 1.56 a 1225+ 0.24 a
CP 6.25 +0.13 ¢ 600.45 +431b 279.07 £ 3.17 ab 10.93 £0.15b
NT 6.63 £0.15b 610.32 + 5.65b 275.86 +2.56 b 11.10 £ 0.17b
2022 RNT 6.38 = 0.08 ¢ 620.66 + 3.89 284.07 £ 1.89a 10.89 + 0.25b
RST 691 +£0.11a 618.73 £ 1.65a 27716 £321b 11.74 £ 0.21 a
Source of variation
Year (Y) ns ** * *
Tillage method (T) ** * ns **
Y xT * *% * %

CP: Conventional ridge cropping. NT: Straw off-field no-tillage. RNT: No-tillage with straw mulching. RST: Strip-
till. Standard errors are presented after “4". Different small letters after the data in a column indicate significant
variance among treatments in the same year (p < 0.05). **, p < 0.01; *, p < 0.05; ns, not significant variance.

Under strip-till (RST), the maize yield from 50%Cr and 30%Cr was significantly higher
than that of Sd in two years (p < 0.05). The average yield of 50%Cr was 13.1 Mg ha~! in two
years, which was 4.0% and 9.2% higher than that of 30%Cr and Sd, respectively. From the
perspective of yield components, the fertilization mode mainly affects the kernel number
per ear and thousand-kernel weight of maize (p < 0.01). The kernel number per ear and
thousand-kernel weight of 50%Cr were the largest, which was not significantly at variance
from 30%Cr, but significantly higher than Sd. Compared with Sd, the kernel number per
ear of 50%Cr increased by 2.5% on average, and the thousand-kernel weight increased by
3.3% on average (Table 2).

3.2. Effects of Different Tillage and Fertilization Modes on Greenhouse Gas Emissions
3.2.1. Effects of Different Tillage and Fertilization Modes on CO, Emission Flux

Our studies have shown that straw mulching increased the CO, emission flux from
farmland. The CO, emission flux of farmland has obvious seasonal variation characteristics.
The emission flux of each treatment was low in the early stage of maize growth. It showed
a trend of increasing first and then decreasing with the advancement of maize growth
process. The peak of emissions appeared in July (Figure 1). There was an increase in
emission flux both with fertilizer application and after rainfall. Between the different tillage
methods, peak emissions occurred 3—4 days after fertilizer application in all treatments,
and the peaks of RNT and RST were higher than those of NT and CP. The RNT had the
highest two-year average maximum emission flux of 943.7 mg m~2 h~! and CP was the
smallest at 887.9 mg m 2 h~!. The CO, emission flux from the farmland of the RNT and
RST in July-August was higher than those in other treatments.
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Table 2. Effects of different fertilization modes on maize yield and yield components.
Ear Number Thousand-Kernel Weight Grain Yield
Year Treatments (Ears m~2) Kernel Number per Ear () (Mg ha-1)
Sd 705+0.11a 586.53 +4.32 b 296.38 + 3.16 ¢ 12.25 +0.13 ¢
2021 50%Cr 7.05 £0.09 a 600.73 £ 3.59 a 31235+ 3.01a 13.23 £ 0.26 a
30%Cr 6.95 £ 0.05 a 601.27 £5.12a 30734 £1.12b 12.84 £ 0.11b
0N 6.90 £0.12 a 565.33 + 5.56 ¢ 263.01 £298d 10.26 £0.27d
Sd 691 £0.11a 618.73 £2.32Db 281.69 £2.89a 11.74 £ 0.31b
2022 50%Cr 6.96 £0.15a 634.83 £ 3.46 a 284.55 +2.36 a 12.89 £ 0.32 a
30%Cr 6.90 £0.13 a 633.56 + 4.56 a 283.65 +2.18 a 12.38 £+ 0.27 ab
0N 6.63 £0.14b 564.53 £5.23 ¢ 255.59 +£3.14b 943 +£0.24c¢
Source of variation
Year (Y) ns ** * ns
Fertilization mode (F) ns ** ** **
Y >< F ns *% *3% *
Sd: Conventional fertilization. 50%Cr: Controlled-release nitrogen fertilizer blended with normal urea 5:5. 30%Cr:

Controlled-release nitrogen fertilizer blended with normal urea 3:7. 0 N: Nitrogen-free zone. Standard errors
are presented after “+”. Different small letters after the data in a column indicate significant variance among

treatments in the same year (p < 0.05). **, p < 0.01; *, p < 0.05; ns, not significant variance.
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Figure 1. Dynamics of CO, emissions fluxes (mean + SD) during the 2021 and 2022 maize growing
seasons in different tillage methods. CP: Conventional ridge cropping. NT: Straw off-field no-tillage.
RNT: No-tillage with straw mulching. RST: Strip-till.

Under strip-till, the trend of CO, emission flux was consistent among different fertiliza-
tion modes, with the peak CO, emission flux of 50%Cr and 30%Cr fields lower than that of
Sd. The CO, emission flux of Sd was higher than that of other treatments after fertilization
at the jointing stage of maize. The reason for this may be that the fertilization operation



Agronomy 2024, 14, 136 8 of 23
disturbed the straw and topsoil, promoted the degradation of straw and soil organic matter,
and increased the CO, emission flux of farmland after fertilization (Figure 2).
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Figure 2. Dynamics of CO, emissions fluxes (mean + SD) during the 2021 and 2022 maize growing
seasons in different fertilization modes. Sd: Conventional fertilization. 50%Cr: Controlled-release
nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer blended

with normal urea 3:7. 0 N: Nitrogen-free zone.

3.2.2. Effects of Different Tillage and Fertilization Modes on Cumulative CO, Emissions

Tillage methods induced significant (p < 0.05) changes in cumulative CO, emissions
during the whole growth period of maize (Figure 3), and straw mulching significantly
increased the cumulative CO, emissions from farmland. The two-year average cumulative
emissions showed RNT (16.5 Mg ha—!) > RST (16.3 Mg ha~!) > NT (14.87 Mg ha~!) > CP
(14.9 Mg ha~!), the RNT treatment was 11% and 10.8% higher than those of the NT and CP,
and RST treatment was 9.6% and 9.4% higher than those of the NT and CP. The cumulative
emissions of CO; in different growth stages of maize showed the largest values at the
jointing—silking stage, accounting for 46~48.8%, and the proportions of sowing—jointing
stage and silking-maturity stage were 27.1~27.9% and 23.6~24.6%, respectively.

Under strip-till, 50%Cr and 30%Cr treatments significantly reduced cumulative CO,
emissions from the farmland compared to conventional fertilization (p < 0.05). Compared
to Sd, 50%Cr (16.0 Mg ha~1) and 30%Cr (15.9 Mg ha~1) were reduced by 2.1% and 2.3%,
respectively. The proportions of the sowing—jointing stage, jointing—silking stage and
silking-maturity stage was 27.6~28.5%, 47.1~48.8% and 23.7~24.8%, respectively (Figure 4).
The results indicated that the CO, emission of maize field in the hilly region of northeast
China mainly occurred before the silk stage, and that the proportion after the silk stage was
relatively small.



Agronomy 2024, 14, 136

9 of 23

24
[ silking stage —Maturity stage 2021 | Silking stage—Maturity stage 2022
- [ Jointing stage— Silking stage [ Jointing stage—Silking stage
£ 1 S%wingflointingastage [ Sowing—Jointing stage
o0
18+ = T .
z < <
g b _a
‘2 c c
2 — ] = —
E 12 — — 1 - -
o —
S ||
O
£
2
3 6 ]
E — | | -
2 - - - -
=
O
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
RST RNT NT cp RST RNT NT cp
Figure 3. Dynamics of CO, cumulative emissions (mean + SD) during the 2021 and 2022 maize
growing seasons in different tillage methods. CP: Conventional ridge cropping. NT: Straw off-field
no-tillage. RNT: No-tillage with straw mulching. RST: Strip-till. Significant differences (p < 0.05)
among treatments are presented by different lowercase letters.
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Figure 4. Dynamics of CO, cumulative emissions (mean + SD) during the 2021 and 2022 maize
growing seasons in different fertilization modes. Sd: Conventional fertilization. 50%Cr: Controlled-
release nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer
blended with normal urea 3:7. 0 N: Nitrogen-free zone. Significant differences (p < 0.05) among
treatments are presented by different lowercase letters.

3.2.3. Effects of Different Tillage and Fertilization Modes on N,O Emission Flux

The results of our study showed that straw-mulched can increase N,O emission flux
after fertilization, and the maximum N,O emission flux of each tillage method was not
significantly different in the growth period of maize. From 1 to 4 days after fertilization,
the N,O emission fluxes of RNT and RST were higher than those of CP and NT. As the
maize growth process moved from sowing to harvesting, the trend of N,O emission on
each cultivation method increased first and then decreased. Both fertilizer application and
the post-rainfall period caused increases in emission flux (Figure 5).

Under strip-till, the N,O emission flux of 50%Cr and 30%Cr was higher than that
of 5d after basal fertilizer application. The N,O emission flux of Sd increased gradually
after fertilization at jointing stage, and the maximum emission fluxes of 50%Cr and 30%Cr
decreased by 29.8% and 34.0% on average compared with Sd during maize growth period
(Figure 6). In conclusion, 50%Cr and 30%Cr treatment can reduce the peak NoO emission
and have a positive effect on reducing N, O emissions in farmland.
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Figure 5. Dynamics of N,O emissions fluxes (mean =+ SD) during the 2021 and 2022 maize growing
seasons in tillage methods. CP: Conventional ridge cropping. NT: Straw off-field no-tillage. RNT:
No-tillage with straw mulching. RST: Strip-till.

3.2.4. Effects of Different Tillage and Fertilization Modes on Cumulative N,O Emissions

Maize straw mulching increased the cumulative emissions of N,O in farmland soil. In
2021, the N,O cumulative emission of the RNT was 3.7 kg ha~!, which was significantly
higher than that NT and CP (p < 0.05). Compared with NT and CP, the two-year average
cumulative N, O emissions of the RNT were increased by 5.3% and 5.8%, and the cumulative
N,O emissions of RST increased by 3.9% and 4.4%, respectively. The cumulative emissions
of maize in different growth stages of each treatment were largest in the jointing stage—
silking stage, where they were 55.4~57.1%. The proportions in the sowing—jointing stage
and silking stage—maturity stage was 26~26.8% and 16.5~17.8% (Figure 7).

Under strip-till, the cumulative emission of N,O was significantly different among
different fertilization modes (p < 0.05). Compared with Sd, 30%Cr (3.4 kg ha—!) and 50%Cr
(3.2 kg ha™1) decreased by 2.9% and 8.6%, respectively. Compared with conventional
fertilization, controlled-release blended fertilizer slightly increased the cumulative N,O
emissions from the sowing to jointing stage, but significantly reduced the cumulative
N,O emissions from the jointing to silking stage (Figure 8). This suggests that the use
of controlled-release blended fertilizer in a strip-till mode can significantly reduce the
cumulative N,O emissions and that the 50%Cr treatment has the most obvious effect,
which is due to the significant reduction in the cumulative N;O emissions in the jointing
stage-silking stage.
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Figure 6. Dynamics of N,O emissions fluxes (mean + SD) during the 2021 and 2022 maize growing
seasons in different fertilization modes. Sd: Conventional fertilization. 50%Cr: Controlled-release
nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer blended
with normal urea 3:7. 0 N: Nitrogen-free zone.
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Figure 7. Dynamics of N,O cumulative emissions (mean + SD) during the 2021 and 2022 maize
growing seasons in different tillage methods. CP: Conventional ridge cropping. NT: Straw off-field
no-tillage. RNT: No-tillage with straw mulching. RST: Strip-till. Significant differences (p < 0.05)
among treatments are presented by different lowercase letters.

3.2.5. Effects of Different Tillage and Fertilization Modes on CH4 Emission Fluxes

The trends of CHy uptake fluxes were basically the same among different tillage
methods, and the maximum uptake fluxes during the reproductive period did not differ
significantly among treatments (Figure 9). Furthermore, the CH4 emission fluxes between
different tillage and fertilization modes were all negative (Figures 9 and 10), indicating
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that during the maize reproductive period the farmland CH, was in an absorptive state,
and that the maize farmland was a weak carbon sink for CHy. Peak CHy4 uptake occurred
2—4 days after fertilizer application. The CHy uptake flux was significantly reduced when
there was rainfall.
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Figure 8. Dynamics of N,O cumulative emissions (mean £ SD) during the 2021 and 2022 maize
2
growing seasons in different fertilization modes. Sd: Conventional fertilization. 50%Cr: Controlled-
release nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer
blended with normal urea 3:7. 0 N: Nitrogen-free zone. Significant differences (p < 0.05) among
treatments are presented by different lowercase letters.
0.2 ———t:06
2021 "
—T A -=  RST "2 0.5
-— -0 -— RNT g = RST
—— -0 -— NT E T RNT
—— —— cp z — NT
~0.1 1 = == CP
i —=> Fertilization g 015 |
s ) 1 2 3 4 s 6 7 1 2 3 4 5 6 7
%n — — — =» Precipitation | Days after base fertilizer Days after topdressing
= W/ \/ I '
2007 TG v W/ 0
<+ 74 = ]
| peggndrT Fo  begbie
o %%%tgﬁ \Eiéi j/ g@”ﬁ- < §‘§<§£§
0.1 1 ]
5 May 15 May 29 June 24 July 5 September
Date
0.2 —~—0:06
2022 =
e A —— RST g -0.05
--9-- RNT 5 === RNT
—— O - NT = 010 T
S0l —— -6 - cCP g s l==cp
= ere e <« -0.
ﬁ.E ————= Fertilization E 1 2 3 4 5 6 7 1 2 3 4 5 6 7
o — — — = Precipitation | Days after base fertilizer Days after topdressing
g
& N |
g 0.0 4 \l/ v/ \l/
- = F& '
£ §:&% .5=8 G -5 _
3] L= \& P NS &3
\:%:1 R B e R
B _F AT
0.1 1 gt\@g‘f
10 May 26 May 2 July 17 July 27 September
Date

Figure 9. Dynamics of CHy emissions fluxes (mean + SD) during the 2021 and 2022 maize growing
seasons in different tillage methods. CP: Conventional ridge cropping. NT: Straw off-field no-tillage.
RNT: No-tillage with straw mulching. RST: Strip-till.
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Figure 10. Dynamics of CH4 emissions fluxes (mean + SD) during the 2021 and 2022 maize growing
seasons in different fertilization modes. Sd: Conventional fertilization. 50%Cr: Controlled-release
nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer blended

with normal urea 3:7. 0 N: Nitrogen-free zone.

Under strip-till, the CHy uptake flux of Sd increased slightly after fertilization at the
jointing stage, which may be due to the uptake of fertilization to soil and the increase in air
circulation, thus promoting the uptake of CHy in soil (Figure 10).

3.2.6. Effects of Different Tillage and Fertilization Modes on Cumulative CH4 Uptake

As shown in Figure 11, the cumulative CH, uptake of NT and CP did not differ
significantly among different tillage methods during the whole growing period, with a
range of 1.57~1.63 kg ha~! among treatments. The proportions of sowing-jointing stage,
jointing—silking stage and silking—jointing stage were 31.9~34.9%, 37.1~40.4% and 27.2~28%,
respectively.

Under strip-till, the Sd treatment had the highest average cumulative CHy4 uptake of
1.6 kg ha~! in both years, and Sd treatment values were significantly higher than those in
other treatments in 2022 (p < 0.05) (Figure 12).

3.3. Effects of Different Tillage and Fertilization Modes on GWP and GHGI

As shown in Tables 3 and 4, during the growth period of maize, the contribution of GWP
mainly comes from CO, (13,298.8-18,209.5 kg ha™1), followed by N,O (950.6-1087.7 kg ha~1),
and the offset effect of CHy (—1.7-—1.5 kg ha~!) absorption in farmland is weak. Among
different tillage methods, the GWP highest value at RNT, which was 10.5% (NT) and
10.4% (CP) higher than those of other treatments, and RST increased by 9.2% and 9.1%,
respectively, compared with NT and CP. Compared with RNT, the GWP of RST decreased
by 1.3% (Table 3). Under strip-till, nitrogen fertilization significantly increased GWP, and
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the GWP was the largest under conventional fertilization. Compared with Sd, the GWP of
50%Cr and 30%Cr decreased by an average of 2.5% and 2.4%, respectively (Table 4).
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Figure 11. Dynamics of CHy cumulative uptake (mean & SD) during the 2021 and 2022 maize
growing seasons in different tillage methods. CP: Conventional ridge cropping. NT: Straw off-field
no-tillage. RNT: No-tillage with straw mulching. RST: Strip-till. Significant differences (p < 0.05)
among treatments are presented by different lowercase letters.
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Figure 12. Dynamics of CHy cumulative uptake (mean + SD) during the 2021 and 2022 maize growing
seasons in different fertilization modes. 50%Cr: Controlled-release nitrogen fertilizer blended with
normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer blended with normal urea 3:7. 0 N:
Nitrogen-free zone. Significant differences (p < 0.05) among treatments are presented by different
lowercase letters.

Analysis of the GHGI from farmland showed that NT, CP and RST did not reach
significant levels (p > 0.05). Compared with RNT, GHGI of NT, CP and RST were reduced
by 12.1%, 10.9% and 8.0%, respectively, (Table 3). Under strip-till, GHGI of controlled-
release blended fertilizer was significantly lower compared to conventional fertilization
treatments. The values of 50%Cr and 30%Cr were reduced by 10.4% and 7.3%, respectively,
compared to Sd (Table 4).

3.4. Analysis of Economic and Environmental Benefits of Different Tillage and Fertilization Modes

As shown in Table 5, RST had the highest Net income among different tillage methods,
which was 7%, 9.7% and 10% higher than NT, CP and RNT, respectively. A combined anal-
ysis of the economic and environmental benefits shows that the NEEB of RST was largest,
which was 6.8%, 9.7% and 11.1% higher than those of NT, CP and RNT, respectively. At the
same time, the result showed that although RST increased the GWP cost, it significantly
increased the maize yield, thus achieving increases in net income and NEEB.
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Under strip-till, controlled-release blended fertilizer significantly reduced GWP costs
and increased Net income and NEEB. The net income and NEED values were the largest
with 50%. Compared with 30%Cr and Sd, net income increased by 3.5% and 6.9%, NEEB
increased by 3.8% and 7.4%. From the analysis of cost composition, it can be seen that
although controlled-release blended fertilizer increases the cost of chemical fertilizer input,
it reduces the cost of labor and mechanical operation. This indicates that controlled-release
blended fertilizer under strip-till can increase farmers’ net income, improve the economic
efficiency of maize cultivation, and reduce the environmental costs of maize production
(Table 6).
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Table 3. Effects of different tillage methods on the global warming potential and greenhouse gas intensity.
A?cu.mulatlon N,O GWP Ac'cu.mulatlon CH; GWP Ac.cu'mulatlon GWP Yield GHGI .
Years Treatments Emission of N,O (ke ha-1) Emission of CHy (ke ha-1) Emission of CO, (kg ha-1) (ke ha-1) (kg CO;z eq kg
(kg ha—1) 5 (kg ha 1) 5 (kg ha~1) 8 8 yield)
CP 342 4+0.1b 1019.2 +18.4Db —1.6 £0.07 a —40+15a 16,456.5 + 56.8 ¢ 17,435.7 + 103.4 ¢ 11,704.9 + 170.3 b 148 £0.09b
2021 NT 34+0.07b 1013.2 +19.6 b —1.6 £0.06 a —39.8+09a 16,455 + 65.3 ¢ 17,428.5 + 55.6 ¢ 11,935.1 + 223.2 ab 1.46 £ 0.07b
RNT 3.65 +0.09 a 1087.7 +12.1a —1.6 £0.08 a —393+03a 18,209.5 + 80.5 a 19,2579 + 105.6 a 11,489.6 + 1924 Db 1.68 £ 0.06 a
RST 357+ 0.1ab 1063.9 + 5.3 ab —1.6 £ 0.06 a —403+05a 17,987 £ 85.3b 19,010.6 +=99.5b 12,258 2412 a 1.55+0.1b
CP 34+012a 998.3 + 156 a —1.7+£0.09 a —41.84+0.7a 13,3529 + 63.2 ¢ 14,309.5 + 45.3 ¢ 10,934.5 + 151.3 b 1.31+£0.1b
2022 NT 34 +0.06a 1013.2 +19.2a —1.6 £0.07 a —40.8+0.8a 13,298.8 + 55.7 ¢ 14,2712 + 55.7 ¢ 11,0979 + 1723 b 1.29 £0.09b
RNT 354+ 0.08a 1043 £ 18.2a —1.6+0.05a —39.8+0.1a 14,8234 + 85.6 a 15,826.4 +99.5 a 10,890.2 4+ 253.2 b 145+ 0.05a
RST 35+0.1a 1040 +21.2a —1.6 £0.04a —40.8+05a 14,608.6 + 56.2 b 156,07.8 + 67.3 b 11,736.2 + 213.7 a 1.33 £ 0.06 b
Source of variation
Year (Y) * * ns ns * ** * *
Tillage methods (C) ns ns ns ns ** o o *
Y X T * * ns ns 3% 3% * *
CP: Conventional ridge cropping. NT: Straw off-field no-tillage. RNT: No-tillage with straw mulching. RST: Strip-till. GWP: Global warming potential. GHGI: Greenhouse gas intensity.
Standard errors are presented after “+”. Different small letters after the data in a column indicate significant variance among treatments in the same year (p < 0.05). **, p < 0.01; *, p < 0.05;
ns, not significant variance.
Table 4. Effects of different fertilization patterns on the warming potential and intensity of greenhouse gas emissions.
A?cu.mulatlon N,O GWP Ac.cu.mulatlon CH, GWP Afct{mulatlon GWP Yield GHGI »
Years Treatments Emission of N,O (kg ha-1) Emission of CHy (ke ha-1) Emission of CO, (ke ha-1) (kg ha-1) (kg COz eq kg
(kg ha—1) 8 (kg ha1) 8 (kg ha—1) 8 8 yield)
Sd 3,57+ 0.11a 10639 + 143 a —1.6 £0.09 a —403+25a 17,987 + 85.3 a 19,010.6 = 95.5a 12,258.0 4+ 263.7 ¢ 1.55+0.1a
2021 30%Cr 34+0.05b 1013.2 +19.6 b —15+0.15a —385+19a 17,5369 + 65.3 b 18,511.6 + 55.6 b 12,8415+ 113.2b 1.44 £+ 0.07 ab
50%Cr 3.19 +0.09 ¢ 950.6 + 12.3 ¢ —154+0.16a —383+21la 17,604.6 + 108.5 b 18,517 = 1156 b 13,231.2 +272.8 a 14 +0.04c
Sd 349+0.1a 1040 +21.2a —1.6 £0.09b —40.8+15b 14,608.6 +52.2 a 15,6079 + 67.3 a 11,736.2 + 3152 b 1.33 £0.06 a
2022 30%Cr 3.4 +£0.08 ab 1013.2 +19.2 ab —15+0.08a —38+18a 14,2984 + 56.7 b 15,273.6 + 55.7 b 12,378.4 + 272.3 ab 1.23 £+£0.09b
50%Cr 325+ 0.05b 968.5 +18.2b —16+0.1a —388+21a 14,299.2 + 105.6 b 15,229 +99.5b 12,894.3 + 238.3 a 1.18 £0.05b
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Table 4. Cont.
A?cu.mulatlon N,O GWP Ac'cu.mulatlon CH; GWP Ac.cu'mulatlon GWP Yield GHGI .
Years Treatments Emission of N,O (ke ha-1) Emission of CHy (ke ha-1) Emission of CO, (kg ha-1) (ke ha-1) (kg CO;z eq kg
(kg ha—1) 5 (kg ha 1) 5 (kg ha~1) 8 8 yield)
Source of variation
Year (Y) ns ns ns ns ** * ns **
Fertilization modes (F) ** ** ns ns * * ** *
Y X F * * ns ns *3% *3% * *
Scheme 50. Cr: Controlled-release nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer blended with normal urea 3:7. 0 N: Nitrogen-free zone.
GWP: Global warming potential. GHGI: Greenhouse gas intensity. Standard errors are presented after “4". Different small letters after the data in a column indicate significant variance
among treatments in the same year (p < 0.05). **, p < 0.01; *, p < 0.05; ns, not significant variance.
Table 5. Analysis of economic and environmental benefits of different tillage methods.
Treatment Seed Cost Fertilizer Cost Pesticide Cost Labor Cost Og:;;ilizrrlllccacl)st GWP Cost PrI(; T;:ntl;m Net Income NEEB
-1 -1 -1 -1 -1 -1 -1
(CNY ha™1) (CNY ha™1) (CNY ha™1) (CNY ha-1) (CNY ha-1) (CNY ha™1) (CNY ha-1) (CNY ha1) (CNY ha™1)
CP 1020 1506 450 157.5 930 1646 £35.2Db 26,035.3 £123.2 ¢ 21,9718 £192.1 ¢ 20,325.8 £196.1 b
NT 1020 1506 450 135 855 1643.6 =45.2b 26,488 +163.2b 22,522 +164.3Db 20,878.4 £ 143.6 ¢
RNT 1020 1506 450 90 765 1819.1 £35.8a 25,736.8 £147.3 d 21,905.8 £169.7 ¢ 20,086.7 £196.2 ¢
RST 1020 1506 450 108.8 840 1795+ 224 a 28,012.3 £182.2 a 24,087.5 £156.8 a 22,2925 £1894 a
CP: Conventional ridge cropping. NT: Straw off-field no-tillage. RNT: No-tillage with straw mulching. RST: Strip-till. NEEB: Net income and net ecosystem economic budget. Standard
errors are presented after “£”. Different small letters after the data in a column indicate significant variance among treatments in the same year (p < 0.05).
Table 6. Analysis of economic and environmental benefits of different fertilization modes.
Treatment Seed Cost Fertilizer Cost Pesticide Cost Labor Cost O;ﬁi:?i?)rrlllccacl)st GWP Cost PrI(; T;:::n Net Income NEEB
-1 -1 -1 -1 -1 -1 -1
(CNY ha-1) (CNY ha-1) (CNY ha-1) (CNY ha—1) (CNY ha-1) (CNY ha-1) (CNY ha-1) (CNY ha—1) (CNY ha-1)
Sd 1020 1506 450 108.8 840 1795+ 224 a 28,012.3 £182.2 ¢ 24,087.5 £ 156.8 ¢ 22,2925 £1894 c
30%Cr 1020 1770 450 86.3 795 1751.8 £ 25.8 ab 29,002.8 = 146.2b 24,881.5 £ 180.3 b 23,129.7 £165.8 b
50%Cr 1020 1950 450 86.3 795 1749.3 £20.3b 30,044.3 £150.3 a 25,743 £ 1234 a 23,993.7 £153.2a

Sd: Conventional fertilization. 50%Cr: Controlled-release nitrogen fertilizer blended with normal urea 5:5. 30%Cr: Controlled-release nitrogen fertilizer blended with normal urea 3:7.
0 N: Nitrogen-free zone. NEEB: Net income and net ecosystem economic budget. Standard errors are presented after “+". Different small letters after the data in a column indicate

significant variance among treatments in the same year (p < 0.05).
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4. Discussion
4.1. Effects of Different Tillage Methods on Maize Yield and Greenhouse Gas Emissions

The results of our study showed that strip-till (RST) could increase maize grain yield
caused by increases in the ear number of maize. Compared with NT, CP and RNT, the
maize yield of RST increased by 4.3%, 6.2% and 7.1%, respectively. This is consistent with
the findings of Trevini et al. [10]. The majority of studies have reported that straw mulching
increases soil water content, and the soil temperature of maize seedbed is increased by strip-
till, thus increasing the maize emergence rate and promoting maize growth [11]. In addition,
strip-till is beneficial to the downward growth of maize roots, promoting the absorption
of water and nutrients by maize [30]. For example, Li et al. [8] indicated that residue
coverage increased soil organic C and nutrients in the 0-5 cm soil layer and soil water
content in 0-30 cm soil layers. In addition, we found that no tillage with straw mulching
(RNT) decreased yield in maize compared with other treatments. Existing research has
shown that no-tillage with 100% residue coverage can decrease maize yield due to lower
soil temperature during the early stages of maize growth and delay the time of emergence
and phenological period [35].

A large number of studies have shown that returning straw to the field increases
the cumulative CO, emissions from soil. However, there are differences in the results
of previous studies in terms of the effects of tillage methods on N,O emissions. The
meta-analysis found that soil CO, emission under conditions of returning straw increased
by 6 times compared with that without straw returning [36]. Wang et al. [37] showed
that no matter what kind of straw used, the returning method would increase soil CO,
emission compared with not returning straw. Buchkina et al. [38] showed that straw return
to the field provided substrates for soil microbial nitrification and denitrification, which
contributed to NoO emissions from agricultural fields. Our results of this study showed
that straw mulching to the field increased the flux of CO, emission and that the difference
in maximum emission flux of N,O between different tillage methods was not significant.
However, straw mulching increased the cumulative emission of N,O in farmland soil.
Compared with NT and CP, RST and RNT increase cumulative emissions of CO; and N,O.
Among them, compared with NT and CP, the cumulative CO, emissions of RNT increased
by 11.0% and 10.8% and the cumulative CO, emissions of RST increased by 9.6% and
9.4% respectively. Compared with NT and CP, the cumulative N,O emissions of the RNT
were increased by 5.3% and 5.8% and the cumulative N,O emissions of RST increased by
3.9% and 4.4%, respectively. The main reason for this is that straw addition will increase
soil water content and produce a large amount of soluble organic carbon, stimulate the
growth and respiration of soil microorganisms, and thus promote the emission of CO, and
N,O from the farmland [39—41]. The cumulative emissions of each treatment at different
growth stages showed the largest at the jointing—silking stage. The reason may be that the
jointing stage to the silking stage is a period of vigorous growth of maize, and the roots and
microbial respiration are strong. In addition, the soil temperature is high and the rainfall is
large during this period, which accelerates the decomposition of farmland straw and the
nitrification and denitrification of soil, resulting in an increase in the cumulative emissions
of CO, and N,O [42,43].

CHy uptake or emission in soil is affected by soil tillage, fertilization, rainfall and
other factors, and is determined by the redox dynamics of CH, via methane-oxidizing and
methanogenic bacteria in the soil, and dryland soils are a sink for CHy [44]. In this study,
the change trend of CHy4 uptake flux between different tillage methods was basically the
same. There was no significant difference in the maximum absorption flux between the
treatments during the growth period of maize, and the cumulative absorption amount
of the straw-mulching treatment (RST and RNT) was slightly lower than that of other
treatments, which did not reach a significant variance. This is consistent with the findings
of Zhang et al. [45]. To analyze the reason for this, microorganisms decompose under
the straw mulch the straw to compete for oxygen in the soil and inhibit the respiration of
methane-oxidizing bacteria, leading to a decrease in the rate of methane oxidation and a
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reduction in methane uptake. Many scholars have studied and analyzed the effect of CHy
gas emissions from agricultural fields under nitrogen application, but there are no uniform
results [46].

4.2. Effects of Different Fertilization Modes on Maize Yield and Greenhouse Gas Emissions under
Strip-Till

Controlled-release blended fertilizer can solve the problem of delayed nitrogen release
caused by low temperatures. The results showed that, compared with the fractional ap-
plication of common urea, controlled-release blended fertilizer significantly increased the
yield of maize by 4.0-21.0% and wheat by 4.8-16.8%, respectively. The blended application
of nitrogen, reduced by 1/3, still obtained the same grain yield as full application of com-
mon urea [26]. This study found that the controlled-release blended fertilizer significantly
increased maize yield under strip-till, and the yield of 50%Cr was the highest, which
increased by 4% and 9.2% compared with 30%Cr and Sd, respectively. The increase in
maize yield is mainly due to the increase in the kernel number per ear and thousand-kernel
weight. The main reason for this result was that the release rate of controlled-release
blended fertilizer was more consistent with the growth of maize, which promoted the
accumulation of biomass and nitrogen before flowering and the transport of biomass and
nitrogen after flowering [47].

Fertilizer application is also a major factor affecting CO, and N,O emissions from
agricultural land, and factors in fertilization practices such as type of fertilizer, application
rate, and application method all affect soil CO, and N;O emissions [48,49]. Studies have
shown that nitrogen application affects soil CO, emissions in two ways: one is by directly
providing nutrients for plant and microorganism growth. Second, by affecting soil pH
value, the activity of microorganisms and the synthesis and decomposition of soil organic
matter are changed, so that CO, emissions are changed [50]. Zhou et al. [51] showed
that the CO, emission of controlled-release nitrogen fertilizer, blended with normal urea
treatment, was significantly lower than that of normal urea treatment. Ji et al. [49] showed
that controlled-release fertilizers blended with conventional urea can slow down the release
of nitrogen from fertilizers, thus reducing the emission of N,O during soil nitrification
and denitrification. This study showed that under strip-till, 50%Cr and 30%Cr treatments
reduced soil CO,, N> O emission fluxes and cumulative emissions compared to conventional
fertilization. Compared with Sd, the cumulative CO; emissions reduced by 2.1% and 2.3%
for 50%Cr and 30%Cer, and the cumulative N;O emissions were reduced by 4.7% and 8.8%,
respectively. The results also show that the N,O emission is mainly concentrated before the
jointing stage of maize, which can adequately inhibit the emission of N,O caused by rainfall
and the temperature rise in the middle and late stages of growth. In conclusion, compared
with multiple applications of common urea, one-time application of controlled-release
nitrogen fertilizer can reduce CO; and N,O emissions in rainfed farmland and promote
carbon sequestration and emission reduction under the premise of maintaining high crop
yield [52].

In this study, under straw mulching, the CHy4 uptake fluxes in maize farmland with
different nitrogen application modes were negative and the variance between treatments
was not significant, and the cumulative CHy uptake of controlled-release blended fertilizer
was slightly lower than that of conventional fertilizer. This might be due to the fact that
the conventional fertilizer treatment increased the number of mechanical operations and
disturbed the farmland more, which inhibited the formation of anaerobic conditions in the
farmland [53].

4.3. Analysis of Economic and Environmental Benefits of Different Tillage Methods

Greenhouse gas intensity (GHGI) can provide a scientific and comprehensive theo-
retical basis for evaluating the sustainable development of agriculture [54]. In this study,
although RST increased greenhouse gas emissions and global warming potential, it also
increased maize grain yield, so the GHGI difference between RST and NT and CP was
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not significant. This suggests that increasing crop yield is an effective measure to reduce
GHGI [55].

In terms of economic benefits, RST significantly increased maize yield, and thus
increased net income by 7.0%, 9.7% and 10.0%, respectively, compared with NT, CP and
RNT treatments. Farmland economic benefit analysis often focuses on yield profit and input
cost, but neglects the relationship between economic benefit and environmental impact [56].
The net ecosystem economic budget is determined by yield benefit, planting cost and GWP
cost, and the environmental and economic benefits are comprehensively analyzed [34].
In this study, NEEB was determined by maize yield gains, agricultural inputs, and GWP
costs, enabling an accurate and comprehensive assessment of the economic viability and
environmental sustainability of different tillage and fertilization treatments. The NEEB of
RST was the largest among the different tillage patterns, which was 6.8%, 9.7% and 11.0%
higher than NT, CP and RNT, respectively. Although RST increased GWP costs, it also
significantly enhanced maize yield, resulting in an increase in net income and NEEB.

4.4. Analysis of Economic and Environmental Benefits of Different fertilization Modes under
Strip-Till

Under strip-till, 50%Cr and 30%Cr reduced GWP by 2.5% and 2.4% and GHGI by 10.4%
and 7.3%, respectively, compared with Sd. It suggests that 50%Cr reduces greenhouse gas
emissions by promoting efficient nitrogen utilization. This is consistent with the findings of
Velthof et al. [57].

In terms of economic benefits, although 50%Cr and 30%Cr increased the cost of
chemical fertilizer input, they reduced the cost of labor and mechanical operation, and
significantly increased the yield of maize. Among these outcomes, the net income of
50%Cr treatment was the largest, which increased by 6.7% compared with Sd, which was
consistent with the research of Yao et al. [27]. The use of 50%Cr increased the yield benefit
and reduced the GWP cost, thus increasing the NEEB. The NEEB of 50%Cr increased by
3.8% and 7.4% compared with 30%Cr and Sd. Overall, these findings specified that the
combination of strip-till and controlled-release blended fertilizer (ratio 5:5) is a possible
management method for obtaining the economic and environmental benefits of maize
production in the hilly region of northeast China.

5. Conclusions

Taken together, our results showed that returning straw to fields could increase cu-
mulative COy, N>O emissions, and GWP. Compared with RNT, strip-tillage have lower
greenhouse gas emissions and GHGI, as well as higher maize grain yield caused by an
increase in the ear number of maize. Strip-tillage has highest net income and NEEB, with
values that were 7.0-10.0% and 6.8-11.0% higher than those of other treatments, respec-
tively. This suggests that strip-tillage is an effective measure to improve maize yield and
balance GHGI. Under strip-till, 50%Cr increased maize yield, the net income and NEEB by
4.0-9.2%, 3.5-6.9% and 3.8-7.4%, respectively, while GWP and GHGI reduced compared
with 30%Cr and Sd. Therefore, the use of strip-till and controlled-release nitrogen fertilizer
blended with normal urea 5:5 (50%Cr) can be applied as an effective strategy to improve
maize yield and economic efficiency, while reducing environmental costs in the hilly region
of northeast China.
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