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No-till and nitrogen
management improve soybean
yield by increasing the net
photosynthetic rate in an arid
area of northwest China
Kangxu Zhang, Huangcheng He, Jinbao Jiao and Jianguo Liu*

Agriculture Department, Shihezi University, Shihezi, Xinjiang, China
No-till (NT) farming minimizes disturbance to agricultural ecosystems and regulates
the water cycle in dryland agriculture. This study investigated the interactive effects
of tillage practices and nitrogen (N) application on soybean (Glycine max L.)
photosynthesis and yield to optimize N management in NT systems. Field
experiments (2023–2024) in Shihezi, Xinjiang, employed a split-plot design with
tillage (conventional tillage, CT; no-till, NT) as main plots and N rates (0, 105, 150,
195 kg N ha-�; denoted N0, N1, N2, N3) as subplots, generating eight treatments
(CTN0, CTN1, CTN2, CTN3, NTN0, NTN1, NTN2, NTN3). The NTN2 system
signi�cantly increased soil water storage (SWS) and soil total nitrogen (STN) relative
to NTN0 (P < 0.05), enhanced soybean leaf area index (LAI) during R4-R6 stages, and
improved SPAD values, net photosynthetic rate (Pn), and stomatal conductance (Gs),
ultimately boosting grain yield (GY) by 75.7–83.4% versus NTN0 (P < 0.05). Crucially,
N2 application mitigated tillage-induced constraints, enabling NT to achieve yields
comparable to CTN2 (P > 0.05). Thus, integrating no-till with 150 kg N ha-� optimizes
soybean productivity and resource ef�ciency in arid northwestern China.
KEYWORDS

no-till farming, nitrogen management, soil total nitrogen, photosynthesis, soybean yield
1 Introduction

Improving soybean (Glycine maxL.) yield is a primary agricultural goal, achieved
through breeding, dense planting, optimized cultivation, and rational fertilization (De
Notaris et al., 2019; Franco-Luesma et al., 2025; Seepaul et al., 2023). Conventional tillage
temporarily reduces soil compaction and enhances root growth (Hu et al., 2023; Piao et al.,
2019; Vizioli et al., 2021), but long-term use depletes soil nutrients and exacerbates water
evaporation in semi-arid regions (Hati et al., 2021; Kang et al., 2023). No-till (NT) systems
minimize soil disturbance, increase aggregate stability, and reduce erosion (Foloni et al.,
2023; Zhang et al., 2021), while improving microbial-mediated nitrogen cycling (Li et al.,
2023). However, prolonged NT may elevate surface compaction and nutrient strati�cation,
restricting root function (Dai et al., 2021).
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Yield formation depends on cultivation practices and
environmental factors (e.g., water, nitrogen, temperature). Water
stress suppresses dry matter accumulation, root vitality, and
photosynthesis, whereas adequate soil moisture delays leaf senescence,
increases LAI, and elevates chlorophyll content and photosynthetic rates
(Wang et al., 2023, 2024). Crop responses to water stress are nitrogen-
dependent (Zhou and Oosterhuis, 2012): nitrogen promotes chlorophyll
synthesis and LAI expansion (Bassi et al., 2018). Optimal nitrogen
application enhances photosynthesis and WUE (Guo et al., 2021; Yue
et al., 2022), but excess nitrogen inhibits grain �lling and induces
nitrogen loss (Li X, et al., 2024; Zhang W, et al., 2020). Consequently,
optimizing nitrogen fertilizer application emerges as a pivotal strategy
for ensuring soil fertility and increasing crop yield (Suarez-Tapia et al.,
2018). Crucially, nitrogen stability varies with tillage practices,
potentially disrupting leaf nitrogen allocation and photosynthetic
development (Majrashi et al., 2023; Zhang et al., 2023).

While NT with nitrogen fertilization elevates yields (Ferna�ndez-
Ortega et al., 2023; Sainju et al., 2021), its physiological basis—
particularly the synergy between soil water-nitrogen dynamics and
photosynthetic parameters—is poorly understood. Soil water and
nitrogen availability are closely associated with crop growth and
linked to aboveground photosynthesis (Lamptey et al., 2017; Wang
et al., 2013). We posit that NT-nitrogen integration conserves soil
water, improves nitrogen availability, and augments LAI, SPAD,
and photosynthetic capacity, ultimately increasing yield. This study
examines NT-nitrogen interactions under semi-arid irrigation to:
(i) determine effects on soybean photosynthetic parameters; (ii)
establish relationships among soil water-nitrogen dynamics,
photosynthesis, and yield; (iii) inform soybean and nitrogen
management in northwest China’s arid oasis systems.
2 Materials and methods

2.1 Overview of the study area

The experiment was conducted at the Shihezi University
Experimental Station (44°18�N, 86°03�E) from 2023 to 2024. The site
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is located at an elevation of 435 m, with a mean annual precipitation of
208 mm and mean annual potential evaporation of 1,660 mm. The
region has a temperate continental arid climate, characterized by limited
rainfall, abundant sunshine, and suf�cient thermal resources. Temporal
variations in temperature and precipitation during the soybean growing
season are shown in Figure 1. The physicochemical properties of the soil
(0–60 cm depth) in the experimental �eld are presented in Table 1.
2.2 Experimental design

A split-plot design with two factors was used. The main plot
factor was tillage method: conventional tillage (CT) and no-till
(NT). The subplot factor consisted of four nitrogen application
rates: 0 kg•ha-� (N0), 105 kg•ha-� (N1), 150 kg•ha-� (N2), and 195
kg•ha-� (N3). The eight treatments were replicated three times. Each
plot measured 20 m� (4 m × 5 m). Soybeans (cv. Haojiang 35,
growth period 92 days) were sown on 2 July 2023 and 4 July 2024 at
a depth of 2–3 cm, with row spacing of 30 cm, plant spacing of 6 cm,
and a density of 5.55×105 plants•ha-�. Chemical fertilizers included
urea (46% N), potassium dihydrogen phosphate (52% P2O5, 34%
K2O), and potassium sulfate (51% K2O). Irrigation was applied nine
times during the growing season, synchronized with fertilizer
application. Detailed fertilization rates are provided in Table 2.
Other �eld management practices followed local standards.
2.3 Measurements and calculations

2.3.1 Grain yield
At maturity, ten uniformly growing plants were selected from

each plot for indoor threshing to determine yield components and
grain yield.

2.3.2 Soil water storage
Soil water content was determined by the drying method. Post-

harvest, soil samples were taken from 0–60 cm depth at 20 cm
intervals to measure soil water storage (SWS).
FIGURE 1

Temperature and rainfall during soybean growth period.
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2.3.3 Soil total nitrogen
Soil samples from the 0–60 cm layer were collected after

harvest, air-dried, and sieved. Soil total nitrogen (STN) was
determined using the semi-micro Kjeldahl method at 20 cm
depth intervals.

2.3.4 Leaf area index
During the peak �owering period (R2), peak podding period

(R4), and grain �lling period (R6), �ve uniformly growing soybean
plants were selected from each experimental plot. The leaf area of
each plant was measured using a LI-3000A leaf area meter to
calculate the leaf area index (LAI).
2.3.5 Leaf chlorophyll content
During the R2, R4, and R6 stages of soybean growth, �ve

soybean plants with uniform growth were selected from each plot.
The SPAD values of the soybean trifoliate leaves were measured
using a portable SPAD-502 chlorophyll meter. The mean value of
each leaf was obtained through three independent measurements,
with a particular effort to avoid the veins present within the
leaf structure.
2.3.6 Photosynthetic parameters
In the course of the R2, R4, and R6 phases of soybean

development, a portable photosynthesis system (LI-6400, USA)
was utilized to identify �ve soybean plants exhibiting uniform
growth from each plot. The net photosynthetic rate (Pn),
transpiration rate (Tr), stomatal conductance (Gs), and
intercellular CO2 concentration (Ci) of the inverted trifoliate leaf
Frontiers in Agronomy 03
were measured between 10:00 and 13 :00 on sunny,
cloudless mornings.
2.4 Statistical analysis

Data were organized using Microsoft Excel 2021. Statistical
analyses were performed using IBM SPSS Statistics 20.0. A two-way
analysis of variance (ANOVA) appropriate for the split-plot design
was applied to test the signi�cance (P < 0.05). Prior to ANOVA,
assumptions of normality (Shapiro-Wilk test) and homogeneity of
variances (Levene’s test) were veri�ed. Mean separation was
conducted using Tukey’s Honestly Signi�cant Difference (HSD)
test. Data visualization was performed using Origin 2021.
3 Results

3.1 Grain yield

Analysis of variance indicated that the main effects of year (Y)
(p < 0.001), tillage (T) (p < 0.001), nitrogen (N) (p < 0.001), and the
interactions of Y×T (p = 0.032), T×N (p < 0.001), and Y×T×N (p <
0.001) signi�cantly affected soybean yield. The interaction of Y×N
was not signi�cant (p = 0.262) (Table 3). Speci�cally, under N0
conditions, yield under CT was 7.7–36.5% higher than under NT (P
< 0.05) (Figure 2). Nitrogen application markedly increased yield in
both systems up to the N2 rate (150 kg ha-�). Compared to CTN0,
CTN2 yield increased by 14.5–42.6%, while the response was
even greater under NT, with NTN2 yield increasing by 75.7–
TABLE 2 Fertilization application for soybeans throughout the growth period.

Stage
Application rate (kg ha-1)

N0 N1 N2 N3 P2O5 K2O

Seedling stage - �owering stage 0 0 0 0 23.25 14.70

Flowering period - pod setting period 0 89.13 68.57 48.00 23.25 14.70

Pod setting stage - grain �lling stage 0 105.87 81.44 57.00 27.75 19.80

Grain stage - mature stage 0 0 0 0 27.75 19.80
TABLE 1 Physicochemical properties of the soil (0– 60 cm depth) in the experimental farmland.

Year Depth
(cm)

Organic matter
(g•kg-1)

Olsen phosphorus
(mg•kg-1)

Available potassium
(mg•kg-1)

Alkali-hydrolyzable nitrogen
(mg•kg-1) pH

2023

0-20 15.16 10.4 146.74 59.85 7.6

20-40 14.40 9.65 127.69 31.27 7.7

40-60 8.72 6.21 121.41 21.93 7.8

2024

0-20 22.01 13.68 198.54 81.66 8.2

20-40 16.14 11.73 194.36 71.23 8.3

40-60 13.94 10.35 162.80 56.75 8.5
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83.4% relative to NTN0. However, increasing the rate to N3 (195 kg
ha-�) did not improve yield further; both CTN3 and NTN3 yields
were signi�cantly lower than those of their respective N2
treatments. The two-year average yield for NTN3 was numerically
8.9% higher than CTN3. These results suggest that while higher
nitrogen rates can partially compensate for yield reduction under
NT, the optimal N rate is system-dependent, and maintaining yield
under NT requires precise N input management combined with
long-term soil improvement.
3.2 Production composition factors

The hundred-seed weight and number of seeds per plant were
signi�cantly in�uenced by the main effects of year (Y) (p < 0.001),
tillage (T) (p = 0.001 for hundred-seed weight; p < 0.001 for seeds per
plant), nitrogen (N) (p < 0.001 for both), and the interactions of Y×N
(p < 0.001 for both), T×N (p < 0.001 for both), and Y×T×N (p < 0.001
for hundred-seed weight; p = 0.005 for seeds per plant). The Y×T
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interaction was not signi�cant for hundred-seed weight (p = 0.777)
but was signi�cant for the number of seeds per plant (p < 0.001)
(Table 3). Overall, CT resulted in signi�cantly higher hundred-seed
weight and more seeds per plant than NT when averaged across
nitrogen levels (Table 4). Nitrogen application up to the N2 rate
consistently improved yield components in both tillage systems. The
NTN2 treatment demonstrated substantial improvements, increasing
the number of seeds per plant by 35.8–51.1% compared to NTN0
across both years (P < 0.05). Under CT conditions, the N2 rate also
signi�cantly increased yield components compared to CTN0.
Conversely, increasing the nitrogen application to the N3 rate led
to a consistent reduction in both hundred-seed weight and seeds per
plant relative to the N2 rate in both tillage systems, indicating a
negative effect of excessive nitrogen on yield formation. Notable
interannual variability was observed in the response of hundred-seed
weight to tillage practices. Nevertheless, the NTN2 treatment
effectively enhanced yield components, with the number of seeds
per plant reaching 37.09 and 64.50 in 2023 and 2024, respectively,
representing signi�cant improvements over the NTN0 treatment.
TABLE 3 Effects of tillage and nitrogen fertilizer application on soybean yield, 100-seed weight, and number of seeds per plant.

Year (Y) Treatment Grain yield (kg•ha-1) 100-seed weight (g) Number of seeds per plant (pcs)

Tillage practice (T)

2023
CT 3878.71a 18.43a 35.2a

NT 3415.75a 17.76b 31.48b

2024
CT 3230.77a 16.84a 69.48a

NT 3046.19b 16.27a 55.1b

Nitrogen level (N)

2023

N0 2887.25c 15.79c 30.8b

N1 3414.33b 16.49c 34.55ab

N2 4614.58a 21.28a 35.8a

N3 3672.77b 18.82b 32.2ab

2024

N0 2309.87c 16.52ab 50.1d

N1 3057.67b 17.16a 63.45b

N2 4193.25a 16.38ab 78.75a

N3 2993.13b 16.17b 56.85c

Analysis of variance

Y <0.001*** <0.001*** <0.001***

T <0.001*** 0.001** <0.001***

N <0.001*** <0.001*** <0.001***

Y×T 0.032* 0.777ns <0.001***

Y×N 0.262ns <0.001*** <0.001***

T×N <0.001*** <0.001*** <0.001***

T×N×Y <0.001*** 0.005** <0.001***
Different letters denote signi�cant differences among treatments with the same factor and year. Symbols *, **, and *** indicate signi�cance at p < 0.05, 0.01, and 0.001, respectively; ns indicates no
signi�cant difference.
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3.3 Soil water storage

Soil water storage (SWS) was not signi�cantly in�uenced by any
main effects or interactions. The main effects of year (Y) (p = 0.119),
tillage (T) (p = 0.854), nitrogen (N) (p = 0.996) and the interactions of
Y×T (p = 0.932), Y×N (p = 0.703), T×N (p = 0.593), and Y×T×N (p =
0.223) were not signi�cant (Table 5). Despite the lack of statistical
signi�cance, observed values showed considerable variation between
years under different treatments (Figure 3). In 2023, under the N0
condition, SWS was numerically higher under CT than under NT
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across the 0–60 cm soil pro�le. By contrast, in 2024, NTN0 showed
numerically higher SWS than CTN0 at the same depths. Nitrogen
application at the N2 rate increased SWS relative to N0 in both tillage
systems. Notably, the NTN2 treatment in 2024 maintained numerically
higher SWS in the 20–60 cm layers compared to CTN2, with increases
ranging from 12.5% to 21.7%. Additionally, the highest SWS values
under nitrogen application were consistently observed in the N2 and N3
treatments. These results demonstrate that nitrogen application
signi�cantly in�uenced SWS, with the NTN2 regime exhibiting
improved water retention in subsurface layers during the second year.
FIGURE 2

Effects of cultivation practices and nitrogen levels on soybean yield. Different letters denote signi�cant differences (p < 0.05) within the same year.
TABLE 4 Effects of cultivation practices and nitrogen levels on the composition factors of soybean yield. Different letters denote signi�cant
differences (p < 0.05) within the same year.

Year Tillage practice (T) Nitrogen level (N) 100-seed weight (g) Number of seeds per plant (pcs)

2023

CT

N0 14.98e 37.09a

N1 16.79d 35.09a

N2 22.46a 35.27a

N3 19.48bc 32.73a

NT

N0 16.59d 24.55b

N1 16.19de 33.91a

N2 20.10b 37.09a

N3 18.17c 31.64a

2024

CT

N0 16.51bc 52.70de

N1 16.46bc 78.70b

N2 17.51ab 93.00a

N3 16.89ab 53.50d

NT

N0 16.53abc 47.50f

N1 17.86a 48.20ef

N2 15.25c 64.50c

N3 15.44c 60.20c
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3.4 Soil total nitrogen

Soil total nitrogen (STN) content was signi�cantly in�uenced by
the main effect of year (Y) (p = 0.001) and the interaction of Y×N (p <
0.001). The main effects of tillage (T) (p = 0.232), nitrogen (N) (p =
0.407) and the interactions of Y×T (p = 0.898), T×N (p = 0.561), and
Y×T×N (p = 0.304) were not signi�cant (Table 5). Considerable
interannual variation was observed under the N0 condition. In 2023,
STN under CTN0 was signi�cantly higher than under NTN0 across
all sampled soil layers (P < 0.05) (Figure 4). Conversely, in 2024, this
trend was reversed in the upper soil layers (0–40 cm), where NTN0
surpassed CTN0 by 36.0–49.4%. The application of nitrogen at the
N2 rate signi�cantly increased STN under both tillage systems (P <
0.05). The NTN2 treatment consistently demonstrated substantial
improvements in STN compared to NTN0, with increases of 51.1–
135.1% observed across the two years. Notably, in 2024, NTN2 also
resulted in numerically higher STN values than CTN2 in the
subsurface layers (20–60 cm). These results indicate that while
tillage practice alone did not signi�cantly affect STN, its interaction
with nitrogen application played a crucial role in determining soil
nitrogen content, with the NTN2 combination showing particularly
bene�cial effects on soil nitrogen status.
3.5 Leaf area index

Leaf area index (LAI) was signi�cantly in�uenced by the main
effects of tillage (T) (p < 0.001) and nitrogen (N) (p = 0.007). The
main effect of year (Y) (p = 0.637) and the interactions of Y×T (p =
0.395), Y×N (p = 0.523), T×N (p = 0.427), and Y×T×N (p = 0.464)
were not signi�cant (Table 6). CT resulted in signi�cantly higher
LAI than NT across growth stages and nitrogen levels (Figure 5).
Nitrogen application markedly improved LAI in both tillage
systems, with the N2 rate consistently producing the highest LAI
values across all growth stages. The most substantial improvements
were observed under the NT system with N2 application. NTN2
TABLE 5 Effects of tillage and nitrogen fertilizer application on soil
water storage and total soil nitrogen content.

Year
(Y) Treatment Soil water

storage (mm)
Soil total

nitrogen (g•kg-1)

Tillage practice (T)

2023
CT 21.3a 0.51a

NT 21.08a 0.46a

2024
CT 25.01a 0.69a

NT 24.42a 0.63a

Nitrogen level (N)

2023

N0 21.17b 0.59a

N1 19.2c 0.65a

N2 21.21b 0.35b

N3 23.17a 0.34b

2024

N0 23.89a 0.47d

N1 26.74a 0.57c

N2 24.8a 0.88a

N3 23.42a 0.73b

Analysis of variance

Y 0.119ns 0.001**

T 0.854ns 0.232ns

N 0.996ns 0.407ns

Y×T 0.932ns 0.898ns

Y×N 0.703ns <0.001***

T×N 0.593ns 0.561ns

T×N×Y 0.223ns 0.304ns
Different letters denote signi�cant differences among treatments with the same factor and year
(p < 0.05). Symbols **, and *** indicate signi�cance at p < 0.01, and p < 0.001, respectively; ns
indicates no signi�cant difference.
FIGURE 3

Effects of cultivation practices and ntrogen levels on soil water storage.
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