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Optimizing nitrogen
management in grain
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Diversi�ed cropping systems exhibited enhanced resource utilization ef�ciency, yet
the nitrogen (N) allocation mechanisms and utilization patterns in economic-grain
rotation systems remain poorly understood. This study investigated the cross-
seasonal N allocation dynamics and photosynthetic responses to N reduction in a
garlic–maize rotation system through a three-season �eld experiment with graded
N treatments (garlic, 300 and 240 kg N ha�1; maize, 220, 175, and 130 kg N ha�1). N
reduction increased soil water-�lled pore space (WFPS) by 5.2%–8.7% during maize
seasons but decreased it in garlic seasons. It also reduced topsoil (0–20 cm) NO3

�–
N accumulation by >15% compared to deeper layers. Leaf physiological parameters
—including leaf area index (LAI), SPAD values, and net photosynthetic rates—
declined by 18%–32% under N reduction, with garlic demonstrating higher
sensitivity. Residual N from preceding garlic crops stabilized maize LAI (± 6.5%),
indicating compensatory inter-season adjustments. Critical thresholds were
identi�ed: maize achieved optimized grain nitrogen partitioning (65% to 72%) and
a 22% improvement in nitrogen use ef�ciency (NUE) with a reduction of 45 kg N ha�1

without a signi�cant yield penalty (less than 5%). Conversely, garlic experienced a
23% increase in stem nitrogen translocation when nitrogen was reduced by 60 kg N
ha�1, which resulted in a 34% decrease in bulb allocation. Annual N reduction
(8.65%–28.85%) enhanced maize agronomic ef�ciency (+40%) but reduced garlic
yields (4.2%–27.5%) and partial factor productivity (�18%). These results reveal
contrasting, crop-speci�c N allocation strategies and support the development of
demand-driven N management to balance productivity and economic outcomes in
multi-cropping systems.

KEYWORDS

garlic-maize rotation system, nitrogen allocation dynamics, nitrogen utilization,
nitrogen distribution, photosynthetic coupling
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1 Introduction

Diversi�ed cropping systems, occupying 12% of global arable
land, deliver over 873.95 billion kg of food annually while critically
supporting global food security (Waha et al., 2020; Londoæo Parra,
2023; Taras et al., 2021). Optimizing nutrient management in these
systems requires aligning fertilization strategies with crop-speci�c
demands to reduce input without compromising productivity
(Araya et al., 2021; Kaur et al., 2024). As the most prevalent
agrochemical, nitrogen (N) fertilizers contribute ~50% to global
yield increases (Munasinghe–Arachchige and Nirmalkanda, 2020).
However, China’s accelerated N consumption contrasts with
stagnant agronomic ef�ciency, underscoring the urgency for
strategic reduction (World Bank, 2016; Luo et al., 2024). While
moderated N applications conserve yield ef�ciency, achieving
seasonally balanced N allocations remains challenging in
economic-grain rotations—a system enhancing productivity and
ecosystem resilience (Daly and Hernandez–Ramirez, 2020; You
et al., 2023). Therefore, further exploration is needed to balance
the N requirements of each crop growth season to achieve the
optimal production in multiple cropping systems (Garbelini et al.,
2022; Liu et al., 2024). Excessive N inputs during cash crop phases
create dual challenges: inef�cient utilization and environmental
leaching, and incomplete accounting of residual N impacts (Zhao
et al., 2020; Rose et al., 2023).

Physiologically, optimal N levels enhance photosynthetic
capacity through increased leaf area index and chloroplast density
(Jafarikouhini et al., 2020), thereby improving light interception
and assimilating partitioning to harvest organs (Gao et al., 2023).
Both N de�ciency and excess disrupt this equilibrium—the former
limits growth through impaired photomorphogenesis (Kang et al.,
2023), while the latter extends vegetative phases and reduces harvest
index (Wang et al., 2020). Soil moisture-mediated NO3

�–N
dynamics further complicate N management, with water-�lled
pore space (WFPS) exhibiting contradictory effects: enhancing
nitri�cation rates (Liang et al., 2022) versus promoting plant
uptake dilution (Krevh et al., 2023). N application changes the
concentration of NO3

�–N, affecting crop uptake of soil nitrogen (Li
et al., 2023). During this process, soil moisture participates in and
affects the formation and distribution of NO3

�–N (Shi et al., 2022).
At present, the in�uence of soil moisture on NO3

�–N is
controversial. Appropriate soil moisture will enhance nitri�cation
and increase NO3

—N. However, it may also enhance the crop’s
ability to absorb and dilute nitrogen, decreasing NO3

�–N (Liang
et al., 2022; Krevh et al., 2023). Adjusting the N application rate will
affect the concentration of nitrifying substrates, further increasing
the complexity of changes in NO3

�–N (Li et al., 2023). Therefore,
clarifying the relationship between moisture and NO3

�–N, as well as
their impact on crop photosynthesis during the growing season, can
provide scienti�c evidence for soil environmental changes and crop
physiological responses.

As a cash crop, garlic has the function of alleviating continuous
cropping obstacles or balancing soil nutrients in the multiple
cropping system (Alam et al., 2019). In some regions, the
intercropping of garlic and grain crops is a high-yield and
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diversi�ed production system, but excessive nitrogen application
also affects the stability of the agricultural system’s ecological
environment (Jaggi and Raina, 2008; Tang et al., 2012; Wang
et al., 2022). Current evidence regarding economic-grain rotation
systems remains fragmented. Most studies have focused only on
nitrogen reduction within a single season or solely on yield and
nitrogen use ef�ciency (NUE). The cross-seasonal carryover of
residual nitrogen and its impact on crop-speci�c nitrogen
allocation priorities are rarely quanti�ed. Additionally, the
interaction between soil water and nitrate, which regulates NO3

�–
N availability, is often treated as a confounding background factor
rather than a direct driver of photosynthetic performance. This
leaves the in�uence of changes in WFPS and NO3

�–N on
photosynthesis, dry matter/nitrogen partitioning, and yield trade-
offs across successive cash and grain crop seasons unclear.
Therefore, we designed a maize–garlic multiple cropping
experiment in the Guanzhong region, reducing nitrogen levels by
60 kg ha�1 (G240) during the garlic growing season, and 45 kg ha�1

(M175) and 90 kg ha�1 (M130) during the maize growing season,
based on the local conventional nitrogen application rate G300M220

(300 kg ha�1 for garlic and 220 kg ha�1 for maize). By measuring the
soil WFPS and NO3

�–N in the 0–40-cm soil during the crop growth
period, the photosynthetic capacity of plants during key growth
periods, the distribution characteristics of dry matter and nitrogen
absorption, crop yield, and calculating nitrogen utilization
ef�ciency, a structural equation model elucidated the N reduction
impacts across soil–crop physiological interfaces. This
multidisciplinary approach aims to 1) quantify soil N–water
coupling under gradient N regimes, 2) decipher WFPS/NO3

�–N
effects on photosynthetic thresholds, and 3) establish system-level N
allocation strategies balancing economic-grain priorities. We hope
to establish an optimized nitrogen (N) management framework for
economic-grain rotation systems by modulating annual N inputs
based on real-time soil nitrate dynamics and crop-speci�c
photosynthetic responsiveness and nitrogen assimilation ef�ciency.
2 Materials and methods

2.1 Study site

The experiment was conducted in the �eld from June 2019 to
May 2022 at the Institute of Water-Saving Agriculture in Arid Areas
of China, Northwest A&F University, China (34°21�N, 108°10�E,
524.7 m asl). The site is located in the hinterland of the Guanzhong
Plain, which is a semi-humid and drought-prone area, and the
planting system involves two crops each year (Figure 1). The
growing season for maize is from June to September, and the
growing season for garlic is from October to May. Figure 2 shows
the daily mean temperature and precipitation during the crop
growing stages. The 0–20 cm-layer of the top soil contained 16.56
g kg�1 organic matter, 45.37 mg kg�1 alkali-hydrolyzed N, 13.29 mg
kg�1 available phosphorus, and 109.62 mg kg�1 available potassium.
The soil bulk density was 1.32 g cm�3, and the pH was 7.20
(Liu et al., 2023).
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2.2 Experimental design and �eld planting

The garlic–maize multiple cropping system experiment was
designed as a single-factor completely randomized block trial. Two
levels comprising conventional N application at 300 kg ha�1 (G300)
and 20% less N application at 240 kg ha�1 (G240) were tested in the
garlic growing season. Three levels comprising conventional N
application at 220 kg ha�1 (M220), 20% less N application at 175
kg ha�1 (M175), and 40% less N application at 130 kg ha�1 (M130)
were tested in the maize season. Thus, six treatments were tested,
comprising G300M220, G300M175, G300M130, G240M220, G240M175,
and G240M130, with three replicate plots for each treatment and a
total of 18 plots. The area of each plot was 24 m2 (4 m × 6 m).
Phosphorus fertilizer (P2O5: 150 kg ha�1) and potassium fertilizer
(K2O: 150 kg ha�1) were applied to the soil in both seasons as basal
fertilizer during the sowing period. In the two maize growing
seasons, N fertilizer was applied to the soil in a 5-cm-deep furrow
with topdressing on July 29, 2019, June 29, 2020, and June 23, 2021.
In the �rst garlic growing season, N fertilizer was applied to the soil
once in a 5-cm-deep furrow on May 8, 2020. In the second and third
garlic growing seasons, 50% of the N fertilizer was applied to the soil
as a base fertilizer by rotary tillage (15-cm depth) on September 24,
2020, and October 20, 2021, and the other 50% was applied to the
soil in a 5-cm-deep trench as topdressing on March 20, 2021, and
March 25, 2022. The speci�c fertilization methods are shown in
Supplementary Table 1.

The garlic variety Cangshan was sown on September 23, 2019,
September 24, 2020, and September 25, 2021, with a planting density
of 400,000 ha�1 plant (row spacing = 25 cm, plant spacing = 10 cm),
and harvested on May 22 in the following year. The maize variety
Zhengdan 958 was sown on May 22, 2019, May 24, 2020, and May 27,
2021, with a planting density of 66,667 plants ha�1 (row spacing =
60 cm, plant spacing = 25 cm) and harvested on September 21.
Frontiers in Plant Science 03
Weeding, pest control, and irrigation were performed during the trial
according to the local agricultural management practices.

2.3 Soil water-�lled pore space and NO3
�–

N concentration

Soil samples of 0–40 cm were taken from each treatment during
critical stages of crop growth and before fertilization. A portion of
the soil samples was dried to measure soil mass moisture content,
and WFPS was calculated based on soil bulk density (Thilakrathna
and Hernandez�Ramirez, 2021). The other part of fresh soil
samples passed through a 2-mm sieve, and the concentration of
NO3

�–N was determined using a �ow analyzer (AutoAnalyzer
3-AA3, SEAL Analytical, Norderstedt, Germany).

2.4 Leaf area index, SPAD, and
photosynthetic rate

The total leaf area at the �ower bud differentiation stage (FBS)
and bulb enlargement stage (BES) of garlic, the 12-leaf stage (V12),
and silking stage (R1) of maize was measured and calculated
according to the method of Aldesuquy et al. (2014), and the leaf
area index (LAI) was calculated using Equation 1 based on the unit
land area:

LAI = o(Leaf�length � Leaf�width) � 0:75

� planting�density (1)

where the leaf length and width were measured for all fully
expanded green leaves (m) of each plant, 0.75 was the calculation
coef�cient of leaf area, and the planting density was calculated
according to the unit land area (plant m�2). While measuring the
leaf area, the relative chlorophyll values of the base, middle, and tip
FIGURE 1

Geographical location of the experimental site.
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of each leaf were measured using a portable SPAD-502 chlorophyll
meter (Konica Minolta, Inc., Tokyo, Japan), and the average relative
chlorophyll value of the plant leaves was calculated.

In the garlic growing season, the research method of Dong et al.
(1993) was improved. The sunny weather was selected, and the
GXH-305 infrared CO2 analyzer was used for measuring in the �eld
at 9:00–11:00 a.m. The box for measuring the photosynthetic
assimilation of the colony was composed of two parts: the box
and the base. The height of the box was 1.2 m, the length was 0.8 m,
the width was 0.7 m, the outer cover was a transparent polyester
plate, and the transmittance was 95%. During the measurement, the
lower base tank was �lled with water to seal the box. The canopy
apparent photosynthesis (CAP) was calculated using Equation 2:

CAPmmol�CO2�m
�2s�1

= DC �
V
10

� 6 �
60

� m
�

44
22:4

� 6:313 �
273

(273 + T)
=S (2)

where �C is the difference of CO2 concentration measured
successively in the interval time (mL L�1), V is the assimilation
chamber volume (L), �m is the measurement time (min), T is the
average temperature in the assimilation chamber (°C), and S is the
area of land occupied by the group (m2).

In the growing season of maize, the net photosynthetic rate (Pn)
of maize functional leaves was measured using a portable
photosynthesis instrument Li-6400 (Li-COR Inc., Lincoln, NE,
USA) in sunny weather from 9:00 to 11:00 am.

2.5 Accumulation and distribution of dry
matter and nitrogen in crops

Ten garlic plants were sampled in the FBS and BES for each
treatment. The samples were dried in an oven at 105 °C for 30 min
and then dried to constant weight at 75 °C to determine the dry
matter mass. The above-ground maize plant parts were sampled in
the V12 and R1, with three replicates for each treatment. The drying
and weighing methods were the same as those used for garlic.

The dried plant samples were broken into powder according to
different organs. After digestion reaction, the N content in the
samples was determined using a Kjeltec 8400 automatic analyzer
(FOSS Analytical AB, Höganäs, Sweden), and the N absorption and
accumulation in different organs were calculated according to the
dry matter quality.
Frontiers in Plant Science 04
2.6 Crop yield and nitrogen uptake

Garlic stems and bulbs were collected at the harvest, with three
replicates for each treatment and two rows from each plot, and the
fresh weights were recorded. Ears were harvested from maize plants
in the maturity stage, with three replicates for each treatment. Two
rows were harvested from each plot. After threshing, air drying, and
weighing, the yield was calculated at a moisture content of 14%. The
nitrogen use ef�ciency (NUE), partial factor productivity of
nitrogen (PFPN), and agronomic ef�ciency of nitrogen (AEN)
were calculated using Equations 3–5, respectively.

Nitrogen�use�efficiency�(NUE, % ) = (U � U0)=F (3)

where U is the total nitrogen content of the above-ground part
of the crop after fertilization, U0 is the total nitrogen content of the
above-ground part of the crop during the harvest period without
fertilization (see Supplementary Table 2), and F represents the
amount of fertilizer input.

Partial�factor�productivity�from�applied�N�

(PFPN,kg�kg�1),PFPN = Y=F

(4)

where Y represents the crop yield of nitrogen treatment, and F
represents the amount of fertilizer input.

Agronomic�efficiency�of�applied�N�

(AEN,kg�kg�1),AEN = (Y � Y0)=F

(5)

where Y represents the crop yield of nitrogen treatment, Y0
represents the crop yield without nitrogen treatment, and F
represents the amount of fertilizer input.
2.7 Statistical analyses

Statistical analyses were performed using SPSS 25.0 (IBM Corp.,
Armonk, NY, USA). Duncan’s multiple comparison method in one-
way ANOVA analysis was used to test the signi�cance at a p < 0.05
level. According to the method described by You et al. (2020), the
SmartPLS 4.0 (University of South Alabama, USA) software was
used to conduct path analysis based on the water-�lled pore space,
NO3

�–N contents, dry matter, leaf photosynthetic characteristics,
yield, and nitrogen uptake due to fertilizer application.
FIGURE 2

Precipitation and daily average temperature during the experiment.
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3 Results

3.1 Soil water-�lled pore space

The response of 0–40-cm soil WFPS to N application was
different during the growth season of maize and garlic crops.
Reducing the N application rate during the maize growing season
increased soil WFPS (Figures 3a–c). Compared with G300M220,
G300M175 and G300M130 increased soil WFPS by 1.40% and
2.60%, respectively, in the 0–40-cm soil layer during the planting
period. Compared to G240M220, G240M175 had a 1.10% increase in
WFPS. However, reducing the N application rate during the garlic
growing season reduced soil WFPS (Figures 3d–f), and reducing 60
kg N ha�1 during the garlic growing season decreased WFPS by
1.75%–4.22%. In summary, reducing N application increased soil
WFPS in the maize season but decreased it during the garlic season,
indicating a contrasting water response between the two crops.

3.2 Soil NO3
�–N

The soil NO3
�–N signi�cantly increased after N application and

showed a decreasing trend with the N reduction in 0–40-cm soil
(Figure 4). Compared to the garlic growing season, the
concentration of NO3

�–N in the maize growing season was
higher. The effect of N application frequency and amount on
NO3

�–N was relatively small in the two growth seasons of garlic.
Compared with G300M220, reducing N application rates by 8.65%–
28.85% decreased NO3

�–N by 5.49%–21.18%. The decrease in
NO3

�–N in the surface soil was greater than that in the lower
Frontiers in Plant Science 05
soil, with a decrease of 4.19%–12.84% in the 0–20-cm soil layer and
a decrease of 2.41%–8.66% in the 20–40-cm soil layer. Compared
with the garlic growing season, reducing N fertilizer has a stronger
inhibitory effect on NO3

�–N during the maize growing season.
Overall, N reduction consistently lowered soil NO3

�–N content,
with a more pronounced decrease in the maize season and in the
surface soil layer.

3.3 Leaf photosynthetic characteristics

There were differences in the response of LAI and SPAD to N
reduction during the growth period of the two crops. During the
garlic growing season, reducing 60 kg N ha�1 signi�cantly decreased
the LAI by 12.29% and 15.94%, as well as the SPAD by 8.26% and
4.46% in the FBS and BES, respectively (Figures 5a, c). During the
maize growing season, reducing 45 kg N ha�1 in the previous crop at
300 kg ha�1 had no signi�cant impact on LAI and SPAD. However,
at 240 kg ha�1 in the previous crop, it signi�cantly decreased LAI by
29.88% and 12.10%, and SPAD by 9.15% and 11.13%, respectively,
in the V12 and R1. Reducing 90 kg N ha�1 in the current season
further signi�cantly decreased the LAI and SPAD of maize
(Figures 5b, d). Reducing 60 kg N ha�1 signi�cantly decreased the
CAP of garlic by 36.26% and 35.64% in the FBS and BES,
respectively, and the CAP decreased with the N reduction in the
previous maize growing season. Reducing 45 kg N ha�1 in the
current season had little effect on the Pn of maize, while reducing 90
kg N ha�1 signi�cantly decreased Pn by 15.76% and 13.69% in the
V12 and R1, respectively. Taken together, N reduction negatively
affected photosynthetic traits in both crops, although the sensitivity
FIGURE 3

The spatial distribution of WFPS in 0�40 cm soil with different fertilization treatments changed with planting time. The blue arrow in the �gure
indicates supplementary irrigation, and the amount of irrigation each time is 100 mm.
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of LAI, SPAD, and gas exchange parameters varied with crop type
and prior N management.

3.4 Accumulation and distribution of dry
matter and nutrients

Compared with G300M220, a reduction of 8.65%–28.85% annual
N application decreased the dry matter accumulation of garlic by
5.53%–29.41%, with a decrease in the ratio of leaf dry matter and an
increase in the ratio of bulb dry matter (Figure 6a). Under the N
application rate of 300 kg ha�1 in the garlic season, reducing N in
the previous maize growing season increased the N absorption rate
of garlic bulbs. Decreasing the N absorption rate to 90 kg ha�1 in the
maize growing season and 60 kg ha�1 in the garlic growing season
(G240M130) signi�cantly decreased the N absorption rate of garlic
and garlic bulbs (Figure 6b). Compared with G300M220, except for
G300M175, other N reduction treatments signi�cantly decreased the
dry matter accumulation of maize by 9.55%–22.11% (Figure 6c).
The effect of reducing 45 kg N ha�1 in the maize season or 60 kg N
ha�1 in the garlic season on the N uptake of maize was not
signi�cant (Figure 6d). When applying 300 kg N ha�1 in the
garlic growth season, reducing the N application rate in the maize
season increased the dry matter mass and N absorption rate of the
grains. G240M130 signi�cantly decreased the dry matter mass and
nitrogen absorption rate of grains. In brief, reducing N application
generally reduced dry matter accumulation and altered its
partitioning, while N uptake was in�uenced by both current and
previous season N rates.
Frontiers in Plant Science 06
3.5 Crop yield and nitrogen use ef�ciency

Table 1 shows that, compared to G300M220, except for G300M175,
a signi�cant reduction of 11.54%–28.85% in nitrogen application
signi�cantly reduced maize yield by 10.84%–29.38%. Moreover,
reducing 60 kg N ha�1 in the previous crop further decreased maize
yield. Compared with G300M220, the annual N application rate
reduced by 8.65%–28.85% and signi�cantly decreased garlic yield
by 4.23%–27.52%, and the decreasing trend of garlic yield increased
with the reduction in N in the previous maize season. Reducing 45
kg N ha�1 in the maize season signi�cantly increased the NUE by
18.28%, while reducing the N application rate by 11.54%–28.85%
decreased the NUE by 3.93%–31.04%. Reducing the N application
rate in the maize growth season increased the partial factor
productivity of nitrogen (PFPN) and agronomic ef�ciency (AEN),
but reducing the N application rate in the previous crop further
decreased the PFPN and AEN of the maize. Drought caused garlic
production to be signi�cantly lower in the �rst year than in other
years and decreased the differences in NUE, PFPN, and AEN
between different N application treatments. As the N application
rate decreased, the NUE, PFPN, and AEN of garlic showed a
downward trend. In the second year, compared to G300M220, the
reduced N application rate of 8.65%–28.85% decreased NUE by
3.06%–49.65%, PFPN by 4.89%–20.97%, and AEN by 8.47%–
54.61%. Overall, N reduction tended to decrease yield in both
crops, while its effect on NUE depended on the crop and the
extent of N reduction, with maize showing some potential for
improved NUE under moderate reduction.
FIGURE 4

The spatial distribution of NO3
�– concentration in 0�40 cm soil with different fertilization treatments changed with planting time. The red arrow in

the �gure indicates nitrogen application.
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