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Abstract: Biostimulants sprayed exogenously boost crop yield and quality. However, the effects
of the co-application of biostimulants and fertilizers as base fertilizers in soil are still uncertain.
The objective of this study was to investigate the overall effects of reducing N levels in conjunc-
tion with the application of biostimulants on the yield formation and N utilization of wheat and
maize. Therefore, based on the winter wheat-summer maize rotation system in the modern R&D
base of Sichuan Agricultural University, soil enzyme activities, soil inorganic nitrogen dynamic
content, crop nitrogen accumulation and transportation, crop yields, and composition were deter-
mined. To achieve this, a total of nine treatments were established based on the winter wheat—
summer maize rotation system. The experiment included the following treatments: no fertil-
ization (CKO0); one-time application of common compound fertilizer (CK1, applied at a rate of
225 kg ha~!); common compound fertilizer as base fertilizer + urea as topdressing fertilizer (CK2,
applied at a rate of 225 kg ha™!, base/topdressing, 6/4); biostimulant + common compound fer-
tilizer with 20% or 30% N reduction (jf-20%, jf-30%); biostimulant chelated urea-formaldehyde
fertilizer reducing N by 20%, 30%, or 40% (jn-20%, jn-30%, or jn-40%); and biostimulant chelated
urea-formaldehyde fertilizer reducing N by 40% and combined with organic fertilizer, thereby to-
tally reducing N by 27% (jny-27%). The results demonstrated that the application of a biostimulant
increased the activities of urease, nitrate reductase, and nitrite reductase in the soil of wheat and
maize during the flowering stage. At the same time, the amount of residual nitrate and ammonium
N in the soil at maturity was reduced. Furthermore, when N application was appropriately reduced,
wheat and maize plants treated with jf, jn, and jny showed a significant increase in N assimilation
after the flowering stage, resulting in higher N accumulation in the grains at maturity and ultimately
improving the yield compared to CK1 and CK2. The combined use of biostimulants also had a
significant positive impact on N use efficiency (NUE). During the two-year period, the NUE in the
wheat season showed an increase ranging from 6.70% to 24.00% compared to CK1 and from 5.30% to
22.60% compared to CK2. Similarly, in the maize season, the NUE increased by a range of 11.60%
to 22.57% compared to CK1 and from 11.78% to 22.75% compared to CK2. Overall, biostimulants
enhanced N absorption and transportation by matching crop N requirements in the mid-to-late
stages and improved NUE and yield under appropriate N reduction. This study contributes to the
design of improved measures for N reduction and yield stabilization in order to promote sustainable
agricultural development.

Keywords: winter wheat-summer maize; biostimulant; nitrogen accumulation; yield; nitrogen use
efficiency; soil enzyme activity
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1. Introduction

Wheat-maize is a major rotation system in the world and plays a crucial role in food
security. According to projections, global maize and wheat production will need to increase
by 67% and 38%, respectively, by 2050 to meet the growing population’s demands. How-
ever, the current increase rate is insufficient to reach this target [1,2]. Therefore, enhancing
the yield of wheat and maize has become a crucial challenge for modern agricultural
production. With the rising demand for food and the decreasing availability of arable
land [3], agricultural producers often choose to increase the use of chemical fertilizers
to achieve higher crop yields. However, this approach increases production costs and
reduces the N utilization rate [4]. Moreover, excess N can lead to severe environmen-
tal issues, including soil degradation and groundwater contamination through nitrate
infiltration [5-7].

Improving the efficiency of N use is crucial to sustainable agricultural production [8].
Slow-release fertilizers showed greater potential for increasing the NUE of crops, such as
urea-formaldehyde. However, matching dynamic nutrition with the nutrient demand of
crops is challenging [9-11]. Moreover, the high cost of slow-release fertilizers hinders their
application in field production [12]. Therefore, organic fertilizer with slow-release fertilizers
has also become common because of its renewable nature and environmental protection.
It can enhance soil aggregation, increase soil organic carbon storage, and promote soil
enzyme activity [13,14]. However, organic fertilizers have lower nutrient content and
slower nutrient release rates than chemical fertilizers, which may not effectively meet
production requirements [15,16]. Therefore, it is necessary to find a way to make up for the
deficiency of the above fertilizer.

Biostimulants increase microbial activity, which enhances crop growth and produc-
tivity by improving environmental conditions and increasing tolerance to biotic or abiotic
stresses [17,18]. Biostimulants derived from natural extracts include free amino acids,
humus extracts, seaweed extracts, and chitin and its derivatives (such as chitosan) [19].
Among them, seaweed extracts and chitosan are extensively studied. Seaweed extracts
are rich in hormones, amino acids, and other substances that significantly contribute to
crop growth and development. Moreover, the polysaccharides and alginic acid in seaweed
extracts act as chelating agents in the soil, facilitating the adsorption and slow release of
nutrients and stabilizing the granular structure and colloid characteristics of the soil [20-22].
Chitosan and its derivatives are a type of natural polyamine glucose commonly derived
from the shells of shrimps, crabs, and shellfish. They are widely used in agricultural pro-
duction as plant growth regulators and soil conditioners [23,24], for example by increasing
the levels of soluble proteins and other cold-resistant substances in plants, effectively com-
bating low adversity in cold conditions. In addition, biostimulants can also enhance soil’s
physical and chemical properties, improve nutrient utilization efficiency, and promote plant
growth through their exceptional adsorption capacity, film formation, and slow-release
properties [25-27]. These results suggest the possible potential of reduced fertilization for
biostimulants combined with fertilizers.

Currently, numerous studies have focused on the role of in vitro spraying of crops
with biostimulants in increasing yield and improving quality [28,29]. However, the impact
of their simultaneous application with fertilizers on soil nutrient release, N acquisition,
and N utilization by crops remains unclear. This study aimed to investigate the combined
effects of N and biostimulants on soil N content, soil enzyme activity, N acquisition, and
utilization by plants in a winter wheat-summer maize rotation system. The findings will
help find better solutions for improving annual crop yields and N utilization efficiency.

2. Materials and Methods
2.1. Site Description and Materials
The experiment was carried out in May 2021 and ended in May 2023, and the site

was located at the Modern Agriculture Research and Development Base of Sichuan Agri-
cultural University in Qiquan Town, Chongzhou City, Sichuan Province (30°53'25” N,
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103°63'43" E). The location has a humid subtropical monsoon climate zone and sandy
loam soil. The basic fertility was measured before sowing, the specific values are shown in
Table 1, and the meteorological data are shown in Figure 1. The meteorological data for the
crop growth period in each quarter have been separated by dotted lines in Figure 1, and the
time for measuring basic fertility is the interval between maize harvest and wheat sowing.

Table 1. Soil fertility of the experiment site over two years.

NH;*-N NO3~-N

-1 -1 4 3 -1 -1
Years pH SOM (gkg1) TN (gkg™!) (mg kg~1) (mg kg 1) AP (mgkg~!) AK(mgkg1)
2021-2022 6.87 20.2 1.8 24 4.3 11.8 85.6
2022-2023 6.91 19.3 1.7 24 44 11.6 84.4

SOM: soil organic matter; TN: total N; NH*-N: ammonium N; NO; ~-N: nitrate N; AP: available phosphorus;
AK: available potassium.
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Figure 1. Meteorological data of the experiment site over two years.

The wheat variety used in the experiment was Shu Mai 133 and the maize variety was
Zheng Hong No.6. The used fertilizer materials included biostimulants (homogeneous
liquid) and biostimulant chelated urea-formaldehyde fertilizers (solid fertilizer with N:P:K
ratio of 25:9:16). The biostimulant used in this experiment was a complex formed by
polymerizing seaweed polysaccharide and chitosan with a nonionic active agent, which
was obtained from Jijian Bio-technology Co., (Chengdu, China). The organic fertilizer had a
nitrogen, phosphorus, and potassium ratio of 0.98:1:0.5. Common compound fertilizer had
an N:P:K ratio of 26:10:16. Urea with an effective nitrogen content of 46%, organic fertilizer,
common compound fertilizer, and urea were purchased from the local agricultural market.

2.2. Experimental Design and Management

The winter wheat-summer maize crop rotation model was implemented in this study,
with the previous crop being wheat. Following the harvest, all straw was removed from
the experimental plot to ensure that soil fertility was not compromised. The plot was then
tilled and sorted. Each plot in the experiment had an area of 21 m? (4.2 x 5 m), and there
were 3 replicates per treatment, resulting in a total of 27 plots. Wheat was sown in rows
and covered with soil after sowing. The row spacing of each plot was 20 cm, with a total
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of 21 rows. The initial seedling density was set at 2.0 x 10° plants ha~!. Sowing dates
for wheat were 27 October 2021 and 24 October 2022, with harvest dates of 8 May 2022
and 4 May 2023, respectively. The topdressing dates for CK2 were 24 November 2022 and
22 November 2023, respectively. For maize, it was sown in acupoints with a row spacing of
70 cm and a hole spacing of 25 cm. The initial seedling density at the four-leaf stage was
5.72 x 10* plants ha~!. Maize was sown on 13 May 2021 and 19 May 2022, respectively,
and harvested on 2 September 2021 and 11 September 2022, respectively. Except for urea
as topdressing, other fertilizers were used as base fertilizers after crop seeding. The field
management practices for wheat and maize were consistent with those followed in local
high-yield fields. The study conducted a single-factor randomized block test consisting of
nine treatments. These treatments were named as follows: CKO (control, no fertilization),
CK1 (control, one-time fertilization of common compound fertilizer with a conventional N
application rate of 187.5 kg ha~! in wheat and 225 kg ha~! in maize), CK2 (comparison,
which involved using common compound fertilizer as base fertilizer and urea topdressing).
The N application amount was conventional, with 187.5 kg ha~! in wheat and 225 kg ha !
in maize. The ratio of basal fertilizer to topdressing fertilizer was 6:4. jf-20% and jf-30% (the
biostimulant and common compound fertilizers were stirred and mixed; compared to the
common N application rate, it was reduced by 20% and 30%, respectively); jn-20%, jn-30%,
and jn-40% (the biostimulant chelated urea-formaldehyde fertilizer was used; compared
with the common N application rate, it was reduced by 20%, 30%, and 40%, respectively);
and jny-27% (jn-40% treatment was used and mixed with organic fertilizer, compared
with the common N application rate, it was reduced by 27%). Except for topdressing, the
fertilizer was applied once as the base fertilizer. The fertilization treatment and N reduction
gradient are shown in Table 2.

Table 2. Fertilization treatment and N reduction gradient.

N%
Wheat Maize (Compared
Treatment to Common Top]cs;z:iing
Fertilization Patterns and N Dosage  Fertilization Patterns and N Dosage = Compound
Gradients (kg ha—1) Gradients (kg ha—1) Fertilizer)
CKo No Fertilizer 0.0 No Fertilizer 0.0 —
—100
Common compound Common compound
CK1 fertilizer (721 kg ha™1) 187.5 fertilizer (865.5 kg-hafl) 225.0 1:0
Without topdressing without topdressing 0
Common compound Common compound
fertilizer (432 kg ha=1) + fertilizer (519 kg-hafl) + )
cK2 Urea (163 kg ha=1) 187.5 Urea (195.6 kg~ha_1) 2250 0 6:4
Seedling topdressing Belling stage topdressing
Biostimulant Biostimulant
s (3000 mL ha~1) + Common (3000 mL ha~1) + Common .
j-20% compound fertilizer 150.0 compound fertilizer 180.0 —20 10
(577 kg-ha™1) (692 kg-ha™1)
Biostimulant Biostimulant
i£-30% (3000 mL ha—1) + Common 1313 (3000 mL ha—1) + Common 1575 1:0
compound fertilizer ’ compound fertilizer ’ _30 '
(505 kg-ha=1) (606 kg-ha=1)
Biostimulant chelated Biostimulant chelated
n-20% urea-formaldehyde 150.0 urea-formaldehyde 180.0 1:0
fertilizer (525 kg-ha™1) fertilizer (720 kg-ha=1) —20
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Table 2. Cont.
. N%
Wheat Maize (Compared Base/
Treatment to Common Top di(sa:sing
Fertilization Patterns and N Dosage  Fertilization Patterns and N Dosage = Compound
Gradients (kg ha—1) Gradients (kg ha—1) Fertilizer)
Biostimulant chelated Biostimulant chelated
jn-30% urea-formaldehyde 131.3 urea-formaldehyde 157.5 1:0
fertilizer (450 kg-ha—1) fertilizer (630 kg-ha™1) —30
Biostimulant chelated Biostimulant chelated
jn-40% urea-formaldehyde 112.5 urea-formaldehyde 135.0 1:0
fertilizer (450 kg-ha—1) fertilizer (540 kg-ha™1) —40
Biostimulant chelated Biostimulant chelated
urea-formaldehyde urea-formaldehyde
jny-27% fertilizer (450 kg-ha™1) + 137.0 fertilizer (540 kg-ha™1) + 164.0 1:0
Organic fertilizer Organic fertilizer =27

(2500 kg-ha=1)

(3000 kg-ha=1)

2.3. Sampling and Measurements
2.3.1. Soil N Content and Enzyme Activity

At the nodulation, flowering, and maturation stages of wheat and the flowering and
maturation stages of maize, five points were randomly selected in each plot, and the soil
layer of 0-20 cm was evenly obtained, mixed, and dried naturally, and then ground through
a 20-60 mesh sieve for the determination of soil N and related enzyme activities. Nitrate
N was determined by the potassium chloride leaching ultraviolet spectrophotometer
method, ammonium N was determined by the potassium chloride leaching indigo phenol
blue colorimetric method, soil urease activity was determined by the sodium phenol
hypochlorite colorimetric method (expressed as NH4*-N produced in the culture solution
within 24 h) [30], and soil nitrate reductase activity and soil nitrite reductase activity were
determined by Soil Nitrate Reductase (NR) ELISA Research Kit and Soil Nitrite Reductase
(NiR) ELISA Research Kit produced by Jiangsu Enzyme Immunity Industry Co.

2.3.2. Plant N Accumulation, Transportation, and Yield

During the flowering and maturity of wheat, 30 uniform samples of wheat plants were
randomly retrieved from each plot, bagged in separate organs, and then dried at 105 °C for
30 min and then at 80 °C until constant weight. After being ground through a 60-mesh sieve
and digested in concentrated HySOj, the N content of the relevant parts was measured by
the Kjeldahl N fixation method. In addition, before harvest, 1 m? of wheat plant samples
were randomly selected in each plot to count the fertile spike numbers and the grain
numbers of 30 spikes, and, finally, 3 m? of wheat samples were randomly harvested in
each plot and threshed to calculate the yield according to the standard moisture content
of 13% and to measure the thousand kernel weight. During the flowering and maturation
stages of maize, five plants were selected and treated as wheat, and then the N content
of each organ was measured. At harvest, the number of rows and kernels of 40 maize
plants was continuously investigated, and the final threshing was carried out according
to the standard moisture content of 14% to calculate the yield and measure the weight of
500 grains.

The calculation formula was as follows [31,32]:

N transportation in pre-flowering nutrient organs (stem and leaf) = N accumulation in
nutrient organs at anthesis — N accumulation in nutrient organs at maturity

N transportation rate of pre-flowering nutrient organs = (N accumulation of nutrient
organs at anthesis — N accumulation of nutrient organs at maturity) /N accumulation of
nutrient organs at anthesis x 100%
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Contribution of pre-flowering nutrient organ N translocation to seed N accumulation
at maturity = (N accumulation in nutrient organs at flowering — N accumulation in nutrient
organs at maturity)/N accumulation in grain N at maturity x 100%

N assimilation after flowering = N accumulation in grains at maturity — N transloca-
tion in nutrient organs before flowering

Contribution of post-flowering camp N assimilation to seed N accumulation at matu-
rity = post-flowering N assimilation/seed N accumulation at maturity x 100%

N harvest index (NHI) = seed N accumulation/total plant N accumulation

NUE = (aboveground N uptake of plants in N application area — aboveground N
uptake of plants in N non-application area)/N application x 100%

N partial productivity (NPP) = grain yield /N applied

Economic benefits = grain yield benefits — cost of production (fertilizer seed pesticide
costs, land rent, field management costs, and seed and pesticide costs)

2.4. Date Analysis

The Excel2010 software was used to collate the experimental data; the IBM SPSS Statis-
tics 22.0 software was used for variance analysis (ANOVA). The least significant difference
(LSD) method was used for the significance test (p < 0.05). The image visualization was
performed by Origin 2021.

3. Results
3.1. Soil N Supply Capacity

Under the combined treatments with biostimulants, soil nitrate N and ammonium
N levels tended to decrease in the jointing, flowering, and maturation stages of wheat
compared to CK1 and CK2. This decline was particularly significant at the maturation
stage. In particular, the soil nitrate and nitrogen contents decreased in the first year by
14.90% to 23.40% and 12.3% to 21.1%, and in the second year by 9.9% to 18.6% and 9.3% to
18.0%. Similarly, at the maturation stage, the content of ammonium N in the soil decreased
significantly by 16.5% to 20.0% and 16.5% to 20.1% in the first year and by 2.9% to 5.5%
and 2.1% to 4.7% in the second year. At the maturation stage, maize levels of nitrate N and
ammonium N in the soil treated with biostimulants were significantly lower than those in
CK1 and CK2. Particularly, the soil nitrate and nitrogen contents decreased from 3.9% to
6.1% and 3.1% to 5.3% in the first year and from 3.3% to 5.6% and 3.8% to 6.1% in the second
year. Meanwhile, in the first year, the ammonium N content also decreased significantly by
6.1% to 11.4% and 5.8% to 11.1%, respectively (Table 3).
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Table 3. Effect of soil nitrate and ammonium N contents in different growth periods under the combined treatments with biostimulants.

Content

Treatment

Wheat (2021-2022)

Wheat (2022-2023)

Maize (2021-2022)

Maize (2022-2023)

Jointing Stage Flowering Maturation Jointing Stage Flowering Maturation Flowering Maturation Flowering Stage Maturation
Stage Stage Stage Stage Stage Stage Stage

Ck1 1781 £079a  2042+0.34a 10.85 £ 0.86 a 1774 +£0.12a  205+0.18ab 1185+ 02a 30.69 £0.57 a 1312+ 044 a 2852+ 043¢ 1256 £0.23 a
Ck2 1775+ 040a  20.39 £0.68 a 10.53 £ 0.45a 17.87 £ 02a 20.67 £0.35a 11.76 £ 0.33 a 30.6 £0.61a 13.01+021a 28.76 £ 0.28 bc 1263+ 0.21a
£-20% 17234+ 0.13ab 1882+ 0.66bc  9.00 £0.74bc 1658 £029bc 1996 £0.32bc  10.67+0.18b 3045+ 043 a 12.61 £0.13b 29.25+0.23a 12.03 £0.09b
NO; -N £-30% 1732 £048ab 1811 £0.49c 8.48 £0.24c 16.81 £ 0.18bc  19.54 +0.14 ¢ 1052 £0.2b 30.45+£0.32a 12.46 £0.22b 2912+ 0.35a 1192+ 0.13b
(mg-kg™1) n-20% 17.74 £ 0.67 a 19.01 £0.23b 9.23+0.54b 1696 £0.29b 2037 £035ab 10154+ 0.15bc 3041 +056ab 1251+ 0.25b 29.16 £0.13 a 1205+ 0.11b
in-30% 17.06 = 0.32ab 1842 +£123bc 859 £0.33bc  16.65+£0.27bc  19.95 £ 0.23 bc 9.87£0.23 ¢ 29.53 £1.01c 1232 £0.34b 29.12 £ 0.38a 1215+ 021D
n-40% 16.37 £0.84b 18.16 £0.17 ¢ 8.31+0.30c¢ 16.55 £ 0.37 ¢ 19.61 £0.17 ¢ 9.64+047 ¢ 29.8 & 0.53 bc 1234 £ 0.32b 29.02 +0.17 ab 11.86 £0.17b
ny-27% 17.624+0.59ab 1890 £026bc 924 +£0.30Db 1696 £ 031b 2044 +033ab 10524+0.19b  3045+049a 12.53 £0.27b 29.21+0.14a 1211 £0.13b
Ck1 595+ 0.16a 8.98 £0.18 a 490 £054a 593+021a 8.88 £ 0.41 ab 529 £026a 13.89 £ 0.26 a 797 £0.28 a 12.93 4+ 0.21 be 741 £0.13 ab
Ck2 597+02la 9.074+0.28a 490+0.18a 593+ 0.12a 8.96+03a 525+021a 13.81 £036a 7954+ 024a 12.87 £0.30 ¢ 742 +0.25ab

£-20% 5.66 £0.11b 7944+ 015bcd  3.94+0.19b 5.69 £0.17b 8.83 £0.23 ab 51+0.18b 13.72+0.25a 7.35+£0.24 bc 13.11 £ 0.11 abc 730 £0.29b

NH*-N £-30% 5324017 c¢ 7.86 £ 0.15 cd 3.99+0.13b 558+ 0.16cd 873+£0.17ab  5.08+0.12bc 1353 £ 040 a 7.23 +£0.12bc 12.96 £+ 0.22 bce 744+ 031a
(mg-kg™1) in-20% 589+ 0.17ab  8.16 +0.14bc 4114+012b 5654+ 025bc 872+ 0.11ab 515+ 0.16 b 1344+ 0.13 a 7.2+ 0.28 be 13.04 £ 0.15 abc 7.35+£0.10 ab
n-30% 535+027c¢ 820+ 0.19b 3.92+0.13b 548 +0.33d 8.55 £ 0.17 be 510+ 0.24b 1277 £032b 723 +£0.25bc 133+£011a 7.36 £0.33 ab
in-40% 515+ 0.12c¢ 7.68+0.18d 3.99 +£0.09b 550+ 0.18d 8264+ 0.10c¢ 5004+ 021c 1273 £0.39Db 7.06 +0.15¢ 13.19 £ 0.06 ab 733 £0.12ab
ny-27% 578 £0.15ab  8.09 +0.22 bc 4.09£0.18b 566 £022bc  8.66 £ 0.39 ab 514 £0.23b 1350+ 041 a 749+02b 13.09 + 0.16 abc 7.36 £0.16 ab

Values in the same column followed by different letters indicate significant differences (p < 0.05); n = 3.
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3.2. Soil Enzyme Activity

Under the combined treatments with biostimulants, the soil urease activity fluctuated
as wheat growth progressed. At first, it increased, then it decreased, and, finally, it increased.
Similarly, for maize, the soil urease activity showed an increasing trend followed by a
decreasing trend as growth progressed (Figure 2). At the jointing stage of wheat, the
combined treatments with biostimulants had much lower soil urease activity than CK1
and CK2 (Figure 2a,d). Conversely, at the flowering stage, the urease activity increased.
In 2021-2022, the urease activity increased significantly by 2.0% to 8.7% and 2.8% to 9.5%
(Figure 2b), and in 2022-2023, it increased by 3.4% to 7.7% and 3.4% to 7.7% (Figure 2e).
Changes in soil urease activity caused by biostimulants were the same at the maturation
stage as they were at the jointing stage—both were below CK1 and CK2 levels (Figure 2c,f).
In addition, as for maize, when combined with biostimulant, the urease activity increased
at the flowering stage compared to CK1 and CK2. In 20212022, the increases were 1.9% to
10.7% and 2.5% to 11.3%, respectively (Figure 2g). In 2022-2023, the increases were 3.1% to
10.4% and 0.8% to 7.9%, respectively (Figure 2i). However, at maturity, the urease activities
were below CK1 and CK2 levels (Figure 2h,j).

| Ck1 Ck2 j£-20% jf-30% jn-20% jn-30% jn-40% jny-27%
a a
by be b o g b
44 a a 4 b 2 ab ab 4
b d g b [
¢ bed g q ¢ : 1
34 34 3
17 17 17
0 — 0 - - 0 -
(a)21-22 Wheat jointing stage (b) 21-22 Wheat flowering period ( ¢ )21-22 Wheat maturation stage
a ;
'51‘ a a . 2 b b b b p b
& 41 4“4, f ap 2 a ap 2 44
-4} b b b b
°b be ¢
& 34 3 3
Z 14 14 14
+
bl
e 0 0 0
% (d) 22-23 Wheat jointing stage (e )22-23 Wheat flowering period ( f) 22-23 Wheat maturation stage
- a
6 a . 61 @ boooab o c ab
;3 54 N c ® be be c 5
s ‘1 y
(g 2 24
g
= 11 1
= 0 0
8 ( g ) 21-22 Maize flowering period (h) 21-22 Maize maturation stage
6 6 a a be c abe be be ab
59 d cd i abe b bed bed ab 51
44 4
24 24

(i) 22-23 Maize flowering period

G ) 22-23 Maize maturation stage

Figure 2. Soil urease activity in different growth periods under the combined treatments with
biostimulants. Soil urease activity of wheat during the jointing stage (a,d), flowering stage (b,e), and
maturation stage (c,f) in 2021-2022 and 2022-2023. Soil urease activity of maize during the flowering
stage (g,i) and maturation stage (h,j) in 2021-2022 and 2022-2023. Different letters indicate significant
differences (p < 0.05); 21-22 means 2021 to 2022; 22-23 means 2022 to 2023; n = 3.

The application of biostimulants combined with fertilizers decreased soil nitrate re-
ductase activity during the jointing stage of wheat (Figure 3a,d). However, at the flowering
stage, it showed varying degrees of increase compared to CK1 and CK2. In the first year,
there was an increase of 0.3% to 3.6% and 0.7% to 3.8% (Figure 3b), and in the second year,
there was an increase of 0.5% to 6.5% and 1.4% to 4.3% (Figure 3e). At the maturation stage,
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soil nitrate reductase activity decreased below CK1 and CK2 (Figure 3c,f). For maize, after
biostimulant treatment, the soil nitrate reductase activity in the flowering stage increased
compared to CK1 and CK2. In the first year, there was an increase of 0.2% to 7.0% and 0.7%
to 6.7% (Figure 3g), and in the second year, there was an increase of 0.1% to 3.1% and 0.9%
to 4.5% (Figure 3i). However, at the maturation stage, the soil nitrate reductase activity
decreased below CK1 and CK2 (Figure 3h,j).

I Ck1 Ck2 jf-20% jf-30% jn-20% jn-30% jn-40% jny-27%
404 ,p a 4.0 4.0
35 abcabe be  beabe | 55) pe ¢ WP abe 2 2 pe 2 | g5
3.0 3.0 3.0
2.5 2.5 254 ab 3 ab bc be , . ab
2 00 — 0.0 - - 0.0 -
Do (a) 21-22 Wheat jointing stage (b)21-22 Wheat flowering period ( ¢)21-22 Wheat maturation stage
&b
;404 4.0 a 4.0
— a a ab ,p b abc ab ab
g 35 be ¢ ¢ 2 |35] be ¢ be be 3.5
2L 3.0 3.0 3.0
N 2.5 2.5 250 2 % gpoab , oab . ab
2
>
£ 00 0.0 0.0 :
< (d)22-23 Wheat jointing stage (e)22-23 Wheat flowering period (£)22-23 Wheat maturation stage
v
@«
g 45 - . - 45
2 a0 b b b b b a0l
’ a b bc abc
£ 35 35/ € ¢ b b
° .
=
<
=]
g 051 0.5
b=}
© 00 - . - 0.0 n -
n (g)21-22 Maize flowering period (h) 21-22 Maize maturation stage
4.0 a 4.0
be c 2 ab ab be bc b b
35 35{ 2 ab pc A aab
0.5 0.5
0.0 . . . 0.0 . -
(i) 22-23 Maize flowering period (j) 22-23 Maize maturation stage

Figure 3. Soil nitrate reductase activity in different growth periods under the combined treatments
with biostimulants. Soil nitrate reductase activity of wheat during the jointing stage (a,d), flowering
stage (b,e), and maturation stage (c,f) in 2021-2022 and 2022-2023. Soil nitrate reductase activity
of maize during the flowering stage (g,i) and maturation stage (h,j) in 2021-2022 and 2022-2023.
Different letters indicate significant differences (p < 0.05); 21-22 means 2021 to 2022; 22-23 means
2022 to 2023; n = 3.

Biostimulant treatments decreased soil nitrite reductase activity during the wheat
jointing stage (Figure 4a,d). However, during the flowering stage, activity increased
compared to CK1 and CK2 to varying extents. In 2021-2022, the activity increased by 1.2%
to 2.8% (Figure 4b); in 2022-2023, it increased by 0.02% to 1.1% (Figure 4e). Nevertheless,
there were no significant differences in activity between the biostimulant and CK treatments
at maturity (Figure 4c,f). Similarly, the soil nitrite reductase activity trend during the maize
flowering stage was comparable to that of wheat (Figure 4g,i), but the overall activity was
higher in maize. However, the nitrite reductase activity was lower than that of CK1 and
CK2 at maturity.
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Soil nitrite reductase activity (umol.g.d™)

Ck1 Ck2 jf-ZO% if-30°/o ]'n-ZO% jn-30% jn-40% ]'ny-27%
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Figure 4. Soil nitrite reductase activity in different growth periods under the combined treatments
with biostimulants. Soil nitrite reductase activity of wheat during the jointing stage (a,d), flowering
stage (b,e), and maturation stage (c,f) in 2021-2022 and 2022-2023. Soil nitrite reductase activity
of maize during the flowering stage (g,i) and maturation stage (h,j) in 2021-2022 and 2022-2023.
Different letters indicate significant differences (p < 0.05); 21-22 means 2021 to 2022; 22-23 means
2022 to 2023; n = 3.

3.3. Plant N Transport and Accumulation

Biostimulant treatments enhanced N accumulation and transportation in wheat and
maize (Table 4). In 2021-2022, N accumulation in wheat grain showed a significant increase
of 4.0% to 8.0% and 2.5% to 6.5% in jn-20% and jny-27% treatments compared to CK1 and
CK?2, respectively. Similarly, the total N accumulation was significantly increased by 4.3%
to 7.0% and 2.7% to 5.4% in the jn-20% and jny-27% treatments, respectively. However,
all treatments exhibited lower pre-flowering N translocation compared to the CK1 and
CK2 treatments, while post-flowering N assimilation showed a significant increase of
33.7% to 72.9% and 30.0% to 68.1% in 2021-2022 and 47.7% to 83.9% and 58.3% to 97.0% in
2022-2023, respectively. This trend was more pronounced in the jn treatments compared
to the jny treatments. Further analysis revealed that biostimulant treatments increased
post-flowering N assimilation’s contribution to wheat grain N accumulation. Specifically,
in 2021-2022, this contribution was significantly increased by 11.7% to 14.3% and 12.7% to
13.9% compared to CK1 and CK2 treatments, respectively (Table 4).
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Table 4. Effect of N accumulation and translocation in different growth periods under the combined

treatments with biostimulants (kg ha™1).

N Accumulation N N Assimi- Trarl:lsfer
Content  Treatment Vegetative Vegetative Grain Total Trar}sloca- lation Rate CGNT CGNA
Organs Organs . Plant tion (Post- - o o
. . (Maturation . . (Pre (%) (%)
(Flowering (Maturation Stage) (Maturation  (Pre- Flowering) Flowering
Stage) Stage) 8 Stage) Flowering) %)
CKO — — — 91.3 — — — — —
Ck1 134.6 + 231+1.2 146.1 + 169.3 + 1115 + 347 +23 828+ 1.1 763+16 237+12
6.3 a b 23 cd 4.7 cd 43a e a a b
s K2 136.1 + 23.7+09 148.2 + 171.8 + 1124 + 357+23 82.6 +1.3 759+16 241+13
I 53a b 4.9 bc 6.1c 51a e a a b
gl £20% 1152 + 21.8 £0.7 1479 + 169.7 + 934+ 4.3 545+ 2.1 81.1+1.3 63.2+14 368+1.0
o Jimete 45b c 42bc 5.6cd b be b b a
8 £30°% 106.1 + 21.5+0.7 133.1 £ 154.6 + 845+35 48.6 35 797+17 635+26 365+t14
§ J ¢ 35¢ c 62e 48e cd d bc b a
< . o 118.8 + 246 +£0.5 1519 + 176.5 + 942 +43 57.7+43 793+ 1.8 62.0+2.8
z n-20% 43b a 49b 3.8b b ab c b BE2la
in-30%% 1152 + 23.0+0.3 142.7 + 165.7 + 922+47 505£22 80.0 £ 0.8 64.6 + 0.5 354+04
Ja-obie 47b b 6.7d 34d be cd be b a
in-40% 104.0 + 21.4+0.3 1289 + 150.4 + 826+52 464+26 794+09 641+05 359407
37¢ c 75e 6.7 e d d c b a
. o 121.1 + 233+0.2 157.8 + 181.1 + 97.8+7.1 60.0+73 80.7 £ 1.1 62.0 + 4.5
jry-27% 7.1b b 65a 65a b a be b BE12a
CKoO — — — 90.7 — — — — —
1364 + 263 +1.2 147 £ 5.5 173.3 + 110.2 + 369+37 807+14
Ck1 32a a abc 5.4 ab 35a C ab 75E27a H+ld
. K2 138.6 + 263+1.2 146.8 + 173.0 £2 1123 + 344+24 810+14 765+09 235+ 1.1
g 25a a 1.2 bc ab 41a c a a d
& i£-20% 118.1 + 228+ 1.8 149.8 + 172.6 + 953+26 545445 80.7 +1.3 63.6+13 364+15
N 1.6b b 1.3 abc 29 ab b b ab b c
8 £.30% 109.8 + 221+15 1432 + 165.3 + 87.7+23 555+52 799 +1.5 614+38 386+14
s ) ¢ 2.8 cd b 51c 6.6 c c b ab bc bc
2 . o 108.2 + 226 +29 1534 + 176.0 + 8.5+34 678+24 791+15 558+18 442+17
= jn-20% 6.2 cde b 1.7 ab 44a cd a b d a
n-30% 1054 + 22+17 145.7 + 167.9 + 832+27 625+6.2 79.0 +1.8 572+31 428+12
Jnstivo 2.1de b 74c 7.1bc d ab b od ab
-40% 103.3 + 213 +21 143.6 + 164.9 + 82.1+38 61.6+65 794+09 572+36 428+14
J ° 58e b 32c¢ 19¢ d ab ab cd ab
. o 1119 + 153.7 + 176.7 + 889 +28 648+37 794+07 578+£22 422412
ny-27% 29¢ 23+£08b 15a 22a c a ab od ab
CKO — — — 100.53 — — — — —
CKl 100.7 + 503+ 1.6 1242 + 174.6 + 504+ 1.5 739+24 500+08 406+04 594405
24e c 3.6d 59d d od c cd bc
. K2 1014 + 504 +1.7 1238 + 174.2 + 509 + 1.1 728 +22 503+09 412+04 588404
q 3.8 de c 3.1d 69d cd d c bc cd
CQII H£20°% 105.8 + 50.7 +1.7 130.0 £ 180.7 + 55.1 +£2.5 749 +1.9 521 +11 424+08 57.6+07
b ) ¢ 3.4b bc 44c 72c¢ a cd a a e
8 £.309 101.7 + 489 +0.8 1255 + 1744 + 527 +21 728 +1.8 519+13 420+£02 58.040.3
9 Jrome 42d d 28d 69d b d a ab de
K=} ‘n-D0% 108.6 + 523+ 1.1 141.0 £ 193.3 + 56.3+£23 84.7+29 51.8 £ 1.1 399+1 60.1 £0.9
= ) ° 2.0a a 35a 59a a a a cde abc
1309 103.8 + 51.6 +1.7 132.7 + 184.4 + 521+09 80.6+21 502+06 393+08 60.7+04
) ° 3.1c ab 3.8b 52b be b C e a
n-40%% 98.4 + 2.1 486 +1.2 126.1 + 174.7 + 499 +1.0 762+ 1.4 50.6 +1 395+1 60.5 + 0.5
Jn=sivo f d 1.9d 34d d c be de ab
Y279 108.5 + 525+19 139.0 + 191.5 + 56+ 19a 83.1 +3.1 51.6 +0.7 40.3+0.1 59.7 + 0.8
my ° 43a a 33a 74 a ' ab ab cde abc
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Table 4. Cont.
N Accumulation N - N
Vi . Vi . Total - ] NlAs'51m1- Transfer
Content Treatment egetative egetative Grain ota rar}s oca- ation Rate CGNT CGNA
Organs Organs . Plant tion (Post- Pre- o o
. . (Maturation . . (Pre (%) (%)
(Flowering (Maturation (Maturation  (Pre- Flowering) ;
Stage) ) . Flowering
Stage) Stage) Stage) Flowering) %)
CKO — — — 772 — — — — —
CKkl 843+16 408=+05 111.5 £ 153.9 + 435+18 679+19 516+13 391+13 609+13
a ab 44 cd 35b b d ab ab cd
R CK2 847+15 413+12 110.3 £ 152.6 + 435+19 668+13 513+12 394+11 606=+1.6
R a a 2.7cd 45b b d b ab od
§ 000 850+ 18 402+1.1 118.0 £ 160.4 + 448+11 7324+11 527+14 380409 620+£25
& ] ? a bc 75b 51a a b a b c
§ £.300% 828+17 40.0+13 107.3 + 148.4 + 428+13 645+22 517+11 399+13 601+13
S Jrote b bed 32cd 3.6cd b d ab a d
N < ono 793+13 395+09 1241 + 163.6 + 39.7£09 844£10 501£09 320£07 68.0=+0.7
T jn-20%
p c cd 42a 42a c a c d a
1-30% 782+12 393+08 1115+ 152.0 + 389+13 726+21 497+09 349+07 651=+07
) ? d d 3.7c¢ 2.7 bc c bc c c b
h-40% 782+£0.7 395+08 106.9 + 147.6 + 387+£10 682+13 495+06 363+13 63.7+£13
) ’ d cd 3.3d 3.1d c cd c c b
iny-279% 795+14 40.0+£1.0 1225+ 163.4 + 395+15 83.0+14 497+09 323+£06 67.7£06

C

bed 3.9ab 32a C a c d a

Values within the same column followed by different letters indicate significant differences (p < 0.05). CGNT:
contribution to grain N of pre-flowering N translocation; CGNA: contribution to grain N of post-flowering N
assimilation. CKO was only used to calculate related indexes of N utilization and did not participate in ANOVA;
n=3.

Biostimulant treatments contributed to the total N accumulation in the reproductive
organs of summer maize at maturity. Compared to CK1 and CK2, the treatments jf-
20%, jn-20%, and jny-27% showed a significant improvement of 4.6% to 13.5% and 5.0%
to 13.9% in 2021-2022 and 5.9% to 11.3% and 7.0% to 12.5% in 2022-2023, respectively.
Additionally, biostimulant treatments reduced pre-flowering N translocation and increased
post-flowering N assimilation in summer maize. This effect was particularly observed
in jn and jny treatments, which significantly increased post-flowering N assimilation in
maize by 3.2% to 12.5% and 4.7% to 14.0% in 2021-2022 and 7.0% to 24.2% and 8.7% to
24.2% in 2022-2023. Furthermore, biostimulant treatments increased the contribution of
post-flowering N assimilation to kernel N accumulation. The jn and jny treatments showed
a significant increase of 2.8% to 7.1% and 3.2% to 7.4% in 2022-2023, compared to CK1 and
CK2 (Table 4).

3.4. Yield and Yield Composition

The application of biostimulants within the appropriate N reduction was found to
maintain the stability of wheat and maize yields (Table 5). From 2021 to 2022, the fertile
spike numbers of wheat treated with biostimulants showed no significant difference com-
pared to CK1 and CK2. However, apart from the two treatments of jf-30% and jn-40%, the
other treatments increased by 1.1% to 5.9% compared to CK1. Specifically, jf-20%, jn-20%,
and jny-27% showed higher spike numbers of 0.2% to 2.9%. In 2022-2023, under the treat-
ments of jn-20%, jn-30%, and jny-27%, the fertile spikes of wheat increased significantly by
4.5% to 6.7% compared to CK2. Except for the reduction in jn-40% treatment, the fertile
spike numbers in the other treatments showed no significant difference compared to CK1
and CK2. Additionally, there was no significant difference in yield after the application of
biostimulants, except for the reduction of jf-30% and jn-40% (Table 5).
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Table 5. Effect of yield and yield composition under the combined treatments with biostimulants.
Wheat Maize
Fertile .
Year Treatment o ke ot 1000-Grain  Yield Row Kernel  500-Grain Yield
Numbers . Weight (g) (kg ha=1) Numbers Numbers Weight (g) (kgha-1)
411 per Spike
(10* ha1)
CkO 331.0 29.8 50.0 4284.5 11.8 27.8 164.6 5431.3
413.0 £9.3 50.7 £ 0.8 7618.7 + 166.9 + 0.6 9766.8 +
Ck1 ab 485+ 12a ab 825 abc 155+01b 398+1.1b a 121 od
4227 + 7782.8 + 1672+ 1.1 9738.2 +
Ck2 102 ab 487+09a 490+05c 499 ab 156+01b 397+£09b a 136.7 d
o £-20% 417.7 £9.3 465+11b 491+ 11c 7633 + 68.7 15.8 +0.2 409+11a 166.9 + 0.5 9957.4 +
o ab abc ab a 43.7b
q . 402.0 £8.3 7533.5 + 15.9 £ 0.1 402 +13 166.6 + 1.3 9804.9 +
| -30%
g ~ 425 3bi 8.2 oo 459.9510(;99C 78326(566Ci 15 9a:kl 0.2 W 167 7ai 0.4 1&22;1466(;
in-20% ab 492+ 14a be 1014 a ab 408 +£08a a 12742
. o 419.7 £73 50.7 £ 0.7 7562.5 + 15.7 £ 0.1 167.1 + 1.1 9966.9 +
in-30% ab 463+12b ab 33.7 be ab 395+13b a 465b
. o 401.0 £59 7468.8 + 15.9 £ 0.1 167.3 + 0.7 9776.3 +
jn-40% b 448+ 10c b515+06a 53.9 ab 39.7+12b a 572 cd
ny-27% 4373478 487+ 15a 487+12c 78404 & 162+ 02a 40.8+09a 1678 £08 10252.7 +
a 942 a a 131.8a
CkO 273 32.1 48.9 3528.4 12.3 20.1 129.6 3107.7
389.0 £ 6.9 7728.3 + 152 4+0.2 1343+ 0.7 6680.5 +
Ck1 bed 485+13a 500+04a 45.9 ab ab 35+ 1.3ab ab 897 b
383.7 £ 4.7 483 +09 7608.6 + 15.2 £ 0.1 345+ 1.8 134.7 £ 0.6 6516.4 +
Chk2 cd ab 496+02a 79.4 ¢ ab ab ab 118.4 bc
. o 397.7 £29 481+13 7634.5 + 1544+ 0.3 355+1.4 134.8 £ 0.6 6950.8 +
g jE-20% abc ab 4974042 20.2 be ab ab a 944 a
Y . 373.7 £ 8.8 7443.6 + 15.0 £ 0.1 349 4+ 0.6 132.7 £ 0.4 6643.7 +
| -30%
g jf-30% d 480+12b 495+03a 514d ab ab ab 495b
N in-20% 408.3 +£ 3.9 482 + 0.7 498 +08a 7725.1 + 157+01la 363+10a 134 +£0.7 6986.4 + 40
a ab 88.9 ab ab a
. o 401.0 + 48.1 + 0.6 7653.9 + 15.6 £0.3 33.74+1.2 1321+ 0.3 6566.4 +
jn-30% 10.5 ab ab 495£07a 30 7he ab be b 86.3 be
. o 380.0 £7.2 74404 + 15.3 £ 0.6 132.8 +£ 0.8 6369.5 +
n-40% d 479+ 05b 49.7+0.7a 1125d ab 327+ 13c ab 126.6
. o 409.3 £9.3 483+ 1.1 78124 + 1348 + 0.8 6891.1 +
ny-27% a ab 500+0.1a 5494 157+01a 358+1.1a a 116.7 a

Values within the same column followed by different letters indicate significant differences (p < 0.05). CK0 was
only used to calculate related indexes of N utilization and did not participate in ANOVA; n = 3.

From 2021 to 2022, the row numbers of maize under biostimulant treatments increased
by 1.3% to 4.5% and 0.6% to 3.9% compared to CK1 and CK2, respectively. The most
significant increase was observed in the jny-27% treatment. The kernel numbers signifi-
cantly increased by 2.5% to 2.8% and 2.8% to 3.0% under the jf-20%, jn-20%, and jny-27%
treatments compared to CK1 and CK2, respectively. Regarding yield, the biostimulant
treatments showed a significant increase of 2.0% to 5.0% and 2.3% to 5.3% compared to CK1
and CK2, respectively, except for jf-30% and jn-40%. In 2022-2023, kernel numbers showed
no significant difference, except for jn-40%, which showed a decrease. Furthermore, the
jf-20%, jn-20%, and jny-27% treatments exhibited significant yield improvements of 3.2% to
4.6% and 5.8% to 7.2% for CK1 and CK2, respectively (Table 5).

3.5. N Utilization

The combined application of biostimulants and fertilizers with N reduction signifi-
cantly improved the NUE and N partial productivity (NPP) of wheat and maize, and the
N harvest index (NHI) also increased (Table 6). Compared with CK1 and CK2, the NUE
of biostimulant-treated wheat was significantly increased by 6.7-24.0% and 5.3-22.6% in
2021-2022, and that of maize was significantly increased by 11.6-22.6% and 11.8-22.8%,
respectively. In addition, the NPP of wheat was significantly increased by 25.4%-63.6% and
22.7-60.0%, and that of maize was significantly increased by 27.4-66.8% and 27.8-67.3%
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compared to CK1 and CK2, respectively. In 2022-2023, NUE under biostimulant treatment
was significantly higher by 7.6% to 14.4% and 8.3% to 15.2% in wheat and 11.1% to 18.5%
and 11.7% to 19.1% in maize, respectively, compared to CK1 and CK2. In addition, the NPP
was significantly higher in wheat by 22.6% to 58.8% and 25.0% to 61.9% and in maize by
27.4% to 66.8% and 27.8% to 67.3% compared to CK1 and CK2, respectively (Table 6).
Table 6. Effect of N utilization under the combined treatments with biostimulants.
Wheat Maize
Year Treatment  (UE (%) NPP NHI (%) NUE (%) NPP NHI (%)
o (kgkg_l) o () (kgkg_l) ()
Ck1 41.6 =15b 40.6 =0.3b 86.3+0.1b 329 +03f 434 +05f 712 +£02d
Ck2 43 +05b 415+04Db 862+ 0.3b 327+04f 4334+0.1f 71.1+0.1d
q j£-20% 523+ 24a 509 +04a 87.1+0.7a 445+ 09e 553+ 02e 720+02c
I £-30% 483+t 14a 574+ 0.7 a 86.1 £0.3b 469 £04d 623 +02c 7194+ 04c
a' n-20% 56.8 +2.6a 52.1+03a 86.1+0.2b 515+ 1.6¢c 56.7 +0.4d 729+ 04 a
I jn-30% 56.7 +2.6a 576 £ 1.1a 86.1 +£0.6b 532+13b 63.3+03b 720+ 03¢
in-40% 525+ 0.6a 664+10a 858 £0.2b 549+ 09a 724+ 11a 72.2 £ 0.3 bc
ny-27% 65.6 =1.0a 573+ 03a 8714+02a 555+ 14a 625+ 0.7 c 72.6 +£ 0.6 ab
Ck1 447 £ 0.6d 421+02f 848 +05b 34.1+0.8d 308+04g 724 +05cd
Ck2 439 +09d 413+01g 848 £05b 335+1.1d 30.0+0.1h 723 £0.8 cd
Q j£-20% 5234+ 05¢ 51.74+0.1e 868+ 1.0a 46.3 £ 1.3 bc 39.6 £05f 73.6 £1.1c
= j£-30% 531+11c 577 £0.3c¢ 86.6 +04a 452 +£28¢ 427 +0.3d 724 +04d
ﬁl in-20% 54.0 £ 0.8 ¢ 527 £02d 872+ 04a 48.0+13b 405+ 02e 758 +08a
< n-30% 543 + 1.2 bc 593 +02b 86.8 = 0.5a 475+ 0.6 b 432+ 0.2c¢ 734+ 0.7b
jn-40% 59.1+09a 669 +02a 87.1+0.8a 522+ 18a 491 +04a 724 +04Db
ny-27% 58.3 £ 1.1ab 57.8 £0.1c¢ 87.0+03a 526 +05a 441 +03b 750+ 09a

Values within the same column followed by different letters indicate significant differences (p < 0.05). NUE: N use
efficiency; NPP: N partial productivity; NHI: N harvest index; n = 3.

4. Discussion
4.1. Co-Application of Biostimulant and Fertilizer as Base Fertilizer in Soil Improves
Nutrient Utilization

Seaweed polysaccharides and chitosan are biostimulants that regulate soil nutrient
availability [33]. When seaweed polysaccharides are applied to the soil, they can retain
soil nutrients through colloidal adsorption. This leads to increased nutrient availability
and utilization during the mid-to-late stages of crop growth [21,34,35]. Similarly, chi-
tosan exhibits good adsorption and slow-release properties. Its amino groups can form
complexes with soil nutrients, resulting in slow nutrient release and improved nutrient
availability [36,37]. The molecular chain structure of urea-formaldehyde, used in the jn
treatment, helps reduce the rate of N release in the fertilizer. Similarly, jny treatment with
organic fertilizer can enhance soil’s physical and chemical properties, affecting nutrient
absorption and utilization efficiency [38,39]. This study found that wheat and maize sig-
nificantly improved N use efficiency and N partial productivity under the jf, jn, and jny
fertilization treatments compared to common fertilization methods. Furthermore, the N
use efficiency was higher in the jn and jny treatments compared to the jf treatment, which
could be attributed to the combined effect of urea-formaldehyde and organic fertilizer.

4.2. Biostimulants Improve Nutrient Availability and Reduce Residues by Regulating Soil
Enzyme Activity

Biostimulants have been found to significantly affect enzyme activity in soil. Studies
on rape plants have shown that combining biostimulants with N reduction can increase
the multiplication rate of soil microorganisms, which are typically present during the
flowering stage. Consequently, the increase in soil enzyme activity from flowering to
maturity will ultimately influence the transformation and availability of soil N [40]. Urease
activity is crucial in converting urea to NH4*, making urease activity closely linked to soil
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N levels [41]. Traditional fertilizers accelerate the hydrolytic conversion process of urea
through urease, resulting in an early peak of ammonium N and high N loss [42]. However,
in this study, after N reduction with a biostimulant, wheat and maize showed a decrease
in soil urease activity during the early reproductive period and an increase during the
mid-to-late reproductive period. This delayed the appearance of the ammonium N peak,
which was more favorable for N accumulation in the mid-to-late stages of crop growth.
Consequently, it provided a foundation for N conversion and improved N utilization. Soil
nitrate reductase converts soil nitrate N into nitrite N, which is then catalyzed by nitrite
reductase to form hydroxylamine (NH,OH). This hydroxylamine is further catalyzed to
use superscript and subscript for crop utilization [43]. In this study, applying biostimulants
effectively increased soil nitrate reductase and nitrite reductase activities during the mid-to-
late stages of wheat and maize. This led to better maintenance of nutrient levels in the soil
and facilitated the accumulation of N above ground during the mid-to-late growth stages
of crops. Soil ammonium and nitrate N contents are closely related to crop N accumulation.
According to this study, the nitrate N and ammonium N amounts decreased in the early
stages due to the effects of N reduction combined with biostimulants. However, the
ammonium N and nitrate N peaks were observed in the mid-to-late stages. Soil ammonium
N and nitrate N content also showed a tendency to decrease in the flowering stage of
wheat and maize compared to conventional N application. This decrease can be attributed
to soil nitrification and denitrification, as well as crop N uptake and utilization [44]. In
the end, both ammonium and nitrate nitrogen residues in mature maize and wheat were
much lower than they would have been with regular fertilization. This helped reduce
environmental risks.

4.3. Biostimulants Combined with N Reduction Fertilizer Promoted Plant N Accumulation
and Transportation

Both pre-flowering nutrient organ nitrogen transport and post-flowering assimilated
nitrogen distribution have an impact on crop seed nitrogen accumulation. Improving
the transport and distribution of N during both stages is an effective strategy to stabilize
and increase crop yields [45]. Numerous studies have demonstrated the significant im-
pact of biostimulants on enhancing N uptake and transportation in crops. For instance,
utilizing biostimulants derived from seaweed extracts can effectively prolong the aging
process of wheat flag leaves. Moreover, these biostimulants have been found to enhance
N absorption during the late stages of reproduction, leading to a significant increase in N
accumulation in wheat grains. Consequently, this promotes overall yield improvement in
wheat crops [29]. In addition, applying seaweed extract at the 5th leaf stage and silking
stage of maize can promote the accumulation of dry matter in the middle growth stage
and, finally, increase the yield by 38% compared with control [28]. Under the influence of
biostimulants, the N accumulation and transportation of wheat and maize plants during
the mid-to-late stage of this experiment also exhibited alterations. The decreasing trend
in crop N accumulation under jf, jn, and jny treatments at the flowering stage can be at-
tributed to nutrient release regression. However, the crops maintained good growth in the
mid-to-late stage. This enhanced post-flowering N uptake and translocation, leading to an
increased contribution of post-flowering assimilation of N to seed N accumulation. Conse-
quently, seed N accumulation was enhanced, ultimately promoting fertile spike numbers
and grain numbers in wheat and increasing row numbers and kernel numbers in maize.
Furthermore, jn and jny treatments had a more pronounced effect on promoting post-
flowering N accumulation, which could be attributed to the combination of biostimulants
and fertilizers.

4.4. Biostimulants Combined with N Reduction Fertilizer Increases Economic Efficiency

In addition, a well-designed fertilizer treatment needs to focus not only on fertilizer
utilization and yield but also on ease of application and the ability to achieve higher
economic efficiency. Biostimulants are commonly used as separate foliar sprays after
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fertilizer application. Although this method can improve crop yield and N use efficiency,
it increases labour costs [29,46,47]. In contrast, the one-time application of biostimulants
combined with fertilizers as base fertilizer, as explored in this study, proved to be more
convenient and efficient. In terms of cost, all biostimulant treatments decreased except for
jn-20%, which showed a small increase in cost. The combination of appropriate fertilizer
N reduction and biostimulants has been found to increase the economic benefits of wheat
(Figure 5a,b) and maize (Figure 5c,d). This is primarily due to lower costs while maintaining
a stable output. In addition, maize is more profitable than wheat. This can be attributed to
the higher soil enzyme activity during the maize growing season, which results in greater
soil transformation and nutrient supply intensity. As a result, maize has an increased degree
of N transfer and distribution, leading to higher production and economic performance.
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Figure 5. Effect of economic benefits of wheat and maize under the combined treatments with
biostimulants. The total investment and net proceeds of wheat in 2021-2022 (a) and 2022-2023
(b); The total investment and net proceeds of maize in 2021-2022 (c) and 2022-2023 (d). Different
letters indicate significant differences (p < 0.05); 21-22 means 2021 to 2022; 22-23 means 2022 to
2023. The costs are as follows: liquid biostimulant (21 USD per litre); common compound fertilizer
(616 USD per ton); organic fertilizer (37.8 USD per ton); urea (588 USD per ton); biostimulant
chelated urea-formaldehyde fertilizer (742 USD per ton); the total remaining field management fees,
seed pesticide costs, and land rent (1470 USD per season); local wheat prices in 2021 and 2023 are
463.4 USD and 456.4 USD per ton, respectively; the prices of maize are 364 USD and 399 USD per ton,
respectively; n = 3.

5. Conclusions

Biostimulants have been found to be beneficial in improving N use efficiency and
yield of crops under low N applications. When a biostimulant is used in combination
with a common compound fertilizer, a stable yield can be achieved with a 20% reduction
in N dosage. Similarly, when a biostimulant is used with chelated urea-formaldehyde
fertilizer, N reductions of 20-30% can be achieved while maintaining a stable yield. When
a biostimulant is used with chelated urea-formaldehyde fertilizer and organic fertilizers,
the yield goes up and the amount of nitrogen used goes down by 27%. When nitrogen
reduction was used with a biostimulant, the peak of soil nutrient release was pushed back,
and soil enzyme activity, nitrogen accumulation, and nitrogen transport were all improved
during the middle to late stages of crop growth. Ultimately, this leads to improved N
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utilization efficiency and economic benefits. Further research is required to investigate the
nitrogen reduction effect of biostimulants combined with compound fertilizers in different
soil textures and regions.
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