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Abstract: In this study, we established a feasible fertilization programming method for wheat
production by exploring the effects of the combined application of chemical and organic fertilizers
on wheat yield, nutrient uptake, soil nutrient content, and fertilizer utilization. Six treatments, no
fertilizer (CK), conventional fertilizer (CF), optimized fertilizer (with reduced fertilizer amount) (RF),
chemical fertilizer with organic fertilizer extract (RPAE), partial replacement of chemical fertilizer with
raw amino acid powder (RAF), and partial replacement of chemical fertilizer with raw humic acid
powder (RHF), were set up for a field experiment. The fertilizer application rates for the RF treatment
were calculated based on fertilization-monitoring techniques (30.3% nitrogen and 24.8% phosphorus
reductions in 2022 and 23.0% nitrogen and 1.5% phosphorus reductions in 2023). The effects of
different fertilizer treatments on yield, dry matter accumulation, plant nutrient accumulation, soil
nutrients, and nutrient utilization in wheat were investigated. The results showed that, on the basis
of 23% nitrogen and 1.5% phosphorus reductions, there was no significant difference in wheat yield
between the RF and CF treatments and that the utilization rate of nitrogen fertilizer was improved.
The application of organic fertilizer promoted dry matter accumulation in different organs of wheat;
increased plant nutrient accumulation; improved soil nutrient content, nutrient utilization rate,
nutrient partial productivity, and nutrient agronomic use efficiency; and ensured stable and increased
crop yield. Specifically, compared with CF, the RPAE, RAF, and RHF organic fertilizer treatments
increased wheat yield by 3.85%, 1.97%, and 0.67%, respectively, and the utilization of nitrogen and
phosphorus fertilizers induced by these treatments significantly increased by 40.46%, 39.28%, and
37.46% (nitrogen) and by 9.83%, 8.91%, and 7.46% (phosphorus), respectively. As a result of our
experiment, we concluded that RPAE exerted the best effects among the three organic fertilizer
treatments (RPAE, RAF, and RHF) and that its use can result in a higher wheat yield and fertilizer
utilization rate in drip-irrigated wheat fields. The results of this study provide a theoretical basis
for the combined application of chemical and organic fertilizers, which is conducive to sustainable
agriculture development.

Keywords: spring wheat; organic materials; drip irrigation organic fertilizer; soil fertilization;
nutrient utilization

1. Introduction

Wheat is the main grain crop in China and an indispensable food resource for humans.
In 2022, wheat accounted for 19.87% of the total area and 20.06% of the total production of
grain crops in China [1]. Fertilizer application is the key to ensuring stable or even increased
wheat production [2,3]; however, high yield is generally achieved with the over-application
of chemical fertilizers, which not only increases the cost of cultivation but also causes
environmental pollution, hindering sustainable agriculture development [4—6]. Therefore,
there is an urgent need to reduce the excessive use of chemical fertilizers by optimizing
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the existing application methods and to promote fertilizer sustainable and efficient use in
food production.

Cao et al. [7], on the basis of soil measurement and fertilization tests on winter wheat
in the drylands of north Weibei, Shaanxi Province, optimized application monitoring tech-
nology for nitrate nitrogen (in a 1 m soil layer), phosphorus, and potassium. In their study,
the following formulae were used: amount of nitrogen applied = crop target yield nitrogen
requirement + soil nitrate nitrogen safety threshold in 1 m soil prior to harvesting/sowing-
soil nitrate nitrogen in 1 m soil prior to harvesting/sowing; amount of phosphorus and
potassium applied = crop target yield phosphorus and potassium requirement x phospho-
rus and potassium application coefficient. With their method, they successfully obtained a
stable yield based on a 25.2% reduction in nitrogen fertilizer. Huang [8], in a related study
during the harvesting period, subsequently proposed fertilization monitoring techniques
based on effective soil nitrogen, phosphorus, and potassium measurement; crop nutrient
demand; and soil nitrate nitrogen safety thresholds. Fertilization-monitoring techniques
have become the main optimized fertilization techniques in use in the agricultural sector
in China. At Xinjiang in the northwestern arid zone, precipitation is low, evaporation
is high, and water resources are scarce. As drip irrigation has the advantages of water
resource conservation and improved irrigation efficiency and can be used in conjunction
with fertilizers to achieve precise fertilization, this method has become one of the most
important technologies for sustainable agriculture development in the arid zone of Xinjiang.
Most wheat irrigation methods have evolved from traditional large-area flood irrigation
and fertilizer-spreading cultivation to drip irrigation and water—fertilizer integration tech-
nology, which, in the case of Xinjiang, has made significant contributions to the increase in
crop sowing area and yield [9].

China is rich in organic fertilizer resources, but their ineffective use results in their
waste, while their rational use would greatly contribute to sustainable agriculture devel-
opment. The rich nutrients and organic substances in organic fertilizers can effectively
improve soil fertility and fertilizer efficiency [10,11]. Increasing the application of organic
fertilizers in agricultural production is an effective measure to maintain soil productivity,
reduce the use of chemical fertilizers, and achieve cost savings [12,13]. Currently, organic
fertilizers that can be used with drip irrigation are mainly composed of amino acids and
humic acids, as well as organic fertilizer extracts that are leached in solution. Among them,
organic amino acid fertilizers are usually made from pre-treated plant and animal raw
materials; they not only provide organic nitrogen and carbon sources to plants but also pro-
mote the absorption of nitrogen by crops and improve the fertilizer utilization rate [14,15].
Mineral-source organic humic acid fertilizers are prepared with pre-treated weathered
coal, lignite, and peat as raw materials; they not only enhance crop resistance but also
promote crop growth and development and improve soil fertility [16,17]. Organic fertilizer
leaching solutions are obtained by leaching organic fertilizer or straw and other wastes in
solution and are usually rich in organic matter, nitrogen, phosphorus, potassium, and other
nutrients, as well as microorganisms, enzymes, hormones, and other biologically active
substances. Compost tea made with acid leached organic fertilizer not only improves the
soil structure but also promotes crop growth and increases nutrient uptake by crops [18,19].
As shown in Xinjiang, these organic fertilizers can be easily and conveniently applied with
drip irrigation technology, presenting broad application prospects.

With the development of agriculture, organic-inorganic fertilizer blending has become
an effective measure to reduce the application of chemical fertilizers and plays an important
role in improving the fertilizer utilization rate and soil and crop quality, representing a
green, healthy, and sustainable technological solution [20-22]. Previous studies have mainly
focused on the role and mechanism of organic fertilizers under conventional nitrogen
application, and relatively few studies have been conducted on whether organic fertilizers
that can be used with drip irrigation can maintain or even improve crop yield when
applied with reduced chemical fertilizer amounts; even fewer studies have focused on the
application of different organic fertilizers that can be used with drip irrigation in wheat.
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Since different types of organic fertilizers have different impacts on crop growth and
development, in this study, we hypothesized that the use of different organic and inorganic
formulations could improve the fertilizer utilization efficiency and fertilize the soil with
the aim of guaranteeing increased and stable wheat yields. To this end, three organic
fertilizers that can be used with drip irrigation were selected to partially replace chemical
fertilizers and used in field experiments. We investigated the effects of the drip irrigation
application of chemical fertilizers partially replaced with organic fertilizer on wheat growth
and yield, nutrient utilization, and soil nutrients to provide theoretical support for the
rational fertilization of wheat fields in the oasis of Xinjiang.

2. Materials and Methods
2.1. Study Region-Geoclimatic Characterization

The experimental area was located in the agricultural trial field of Shihezi University,
Shihezi City, Xinjiang (44°31" N, 85°91’ E). The area of Shihezi has a typical temperate
continental climate, with the following annual average values: temperature of 7.7 °C, pre-
cipitation of 200 mm, and evaporation of 1700-2200 mm. The soil type in the experimental
area was gray desert soil with the following characteristics: pH 8.33, soil organic matter
(SOM) of 16.73 g kg1, alkaline hydrolyzable nitrogen (AN) of 50.78 mg kg~!, available
phosphorus (AP) of 13.17 mg kg~! (AP), and available potassium (AK) of 213.40 mg kg ~!.

2.2. Experimental Design

The field experiment was conducted in 2022-2023, and the test crop was spring wheat
(Xinchun 38). The experiment was based on a randomized complete block design with six
treatments, each replicated three times, and the area of each plot was 29.7 m? (5.5 x 5.4 m).
The treatments were as follows: no fertilizer (CK), conventional fertilizer (CF), optimized
fertilizer (reduced fertilizer amount) (RF), chemical fertilizer with organic fertilizer extract
(RPAE), partial replacement of chemical fertilizer with raw amino acid powder (RAF), and
partial replacement of chemical fertilizer with raw humic acid powder (RHF). The fertilizer
application rates for the RF treatments were calculated based on fertilization-monitoring
techniques (30.3% nitrogen and 24.8% phosphorus reductions in 2022 and 23.0% nitrogen
and 1.5% phosphorus reductions in 2023). The amounts of fertilizers applied with each
treatment in both years are shown in Table 1. The fertilizer application rate for fertilizer
reduction was calculated in accordance with Cao et al. and Huang [7,8]; i.e., we combined
the nutrient requirements for the target yield, nitrate nitrogen content in 1 m of soil, and
quick-acting phosphorus and potassium content in the 0—40 cm soil layer. The tested
chemical fertilizers were urea (N > 46.0%), heavy superphosphate (P,O5 > 46%), mono-
ammonium phosphate (N > 12% and P,O5 > 61%), and potassium sulfate (K,O > 52%).
The organic fertilizers included the extract developed by our research group [19] (organic
matter content of 6.2 g L1, N of 0.6 g L™!, P,Os of 36.89 g L', and K,O of 2.17 g L™ 1),
mineral-source xanthic acid powder (N + P,Os5 + K,O > 5% and organic matter > 60%),
and agricultural amino acid powder (N + P05 + KO > 22% organic matter > 30%).

The seeds were sown on 4 April 2022, and 31 March 2023, at a sowing rate of about
300 kg ha~!; they were planted in four 15 cm equal rows with 1 watering tube and were
drip-irrigated with a total water volume of 6000 m® ha~! during the wheat fertility period.
The irrigation and fertilization strategies were consistent with those reported in previous
research [21]. The fertilization and irrigation schedules for the two wheat growing seasons
are shown in Table 2 (note that 10% of irrigation volume is emergence water). Water meters
were used to control the irrigation amount in each treatment group. A fraction of 20%
of the total chemical fertilizer application was used as basal fertilizer, and all the three
kinds of organic fertilizers were applied by using drip irrigation; the remaining fertilizer
amount was applied by using the same method but in a later stage, with a total of five
fertilizers being applied in the fertility period. Fertilization was performed five times
during the reproductive period, where 10% of the total fertilizer amount was applied
during the seedling, flowering, and filling stages, 30% during the jointing stage, and 20%
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during the booting stage. The other cultivation management measures were consistent
across treatments.

Table 1. Fertilization doses of different treatments.

Base Fertilizer (kg ha—1) Top Dressing Total Nutrient Content
Year  Treatment (Chemical Fertilizer) Chemical Fertilizer (kgha=1)  Different Organic Fertilizers (kg ha=1)

N P,05 K,O N P,05 K,O (Lha~1 orkgha1) N P,05 KO

CK 0 0 0 0 0 0 0 0 0 0

CF 60 26.6 0 240 106.4 0 0 300 133 0

2022 RF 41.8 20 6 167.2 80 24 0 209 100 30

RPAE 41.8 0 6 165.6 0 18.1 2710 209 100 30

RAF 41.8 20 6 167.2 80 24 600 209 100 30

RHF 41.8 20 6 167.2 80 24 300 209 100 30

CK 0 0 0 0 0 0 0 0 0 0

CF 60 26.6 0 240 106.4 0 0 300 133 0

2023 RF 46.2 26.2 6 184.8 104.8 24 0 231 131 30

RPAE 46.2 0 6 182.7 0 16.3 3550 231 131 30

RAF 46.2 26.2 6 184.8 104.8 24 600 231 131 30

RHF 46.2 26.2 6 184.8 104.8 24 300 231 131 30

Note: In the table, in the column Different Organic Fertilizers, the unit of the RPAE treatment is L ha~!, and the
unit of the RAF and RHF treatments is kg ha~!.

Table 2. Fertilization and irrigation schedules during 2022 and 2023 wheat growing seasons.

Stages Seedling Jointing Booting Flowering Filling
2022 26 April 7 May 22 May 7 June 19 June
2023 24 April 6 May 22 May 6 June 18 June
Topdressing 10 30 20 10 10
proportion (%)
Irrigation amount (%) 20 20 20 15 15

2.3. Plant Sampling and Analysis

In 2022-2023, 10 wheat plants of similar size were taken from each plot in the seedling
stage (the end of April), jointing stage (mid-May), filling stage (the end of June), and
harvesting stage (mid-July) and were divided into stems, leaves, seeds, and husks (the clas-
sification was performed according to their organ characteristics, which differed according
to the development stage). The fresh samples were dried at 105 °C for 30 min and subse-
quently dried at 75 °C to a constant weight for wheat dry matter weight determination.
Nitrogen, phosphorus, and potassium contents in each organ of wheat were measured after
sample crushing. At the time of wheat harvest, from each experimental plot, we randomly
selected three 1 m? sample plots for testing, and the number of spikes, the number of grains
per spike, the weight of 1000 kernels, and the yield obtained following each treatment were
determined. Plant samples were digested with H,SO4—H>0O;, nitrogen was measured by
using the Neismo colorimetric method, phosphorus was measured by using the vanadium-
molybdenum yellow colorimetric method, and potassium was measured by using a flame
photometer [23].

2.4. Soil Sampling and Analysis

At the time of wheat harvest in both 2022 and 2023, five random soil subsamples
(0-20 cm) were collected from each plot by using a soil auger (5 cm in diameter) to remove
debris, and were then mixed. Subsequently, the soil samples were air-dried, pulverized,
and sifted with 1.00 mm and 0.15 mm sieves for soil nutrient determination.

Soil alkaline hydrolyzable nitrogen (AN) was determined in 2.00 g of air-dried soil by
using the alkaline diffusion method. Soil available phosphorus (AP) was determined in
2.50 g of soil by using sodium bicarbonate extraction and molybdenum-antimony resistance
colorimetry. Soil available potassium (AK) was determined in 5.00 g of air-dried soil by
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using ammonium acetate extraction and flame spectrophotometry. Soil organic matter
(SOM) was determined in 0.1000 g of air-dried soil by using the high-temperature, external
heating-based potassium dichromate oxidation volumetric method. The above methods
for determining the properties of the soil sampled were based on Bao’s work [23].

2.5. Data Statistics and Analysis

The following equations were used in our calculations:

Plant nutrient accumulation (kg ha—!) = weight of dry matter per plant x number of
ears per hectare X plant nutrient content;

N or P recovery efficiency (RE, %) = (plant nutrient (N or P) accumulation in fertilized
area — plant nutrient (N or P) accumulation in non-fertilized area)/nutrient (N or P)
application rate x100%;

N or P agronomic use efficiency (AUE, kg kg~!) = (yield of fertilizer treatment —
control yield) /nutrient (N or P) application rate;

N or P partial factor productivity (PEP, kg kg 1) = yield of fertilizer treatment/nutrient
(N or P) application rate;

Microsoft Excel 2021 and Origin 2021 were used for data processing and mapping,
SPSS 26 software was used for statistical analysis and one-way ANOVA, and the new
multiple-range method (Duncan) was used for multiple comparisons.

3. Results
3.1. Climatic Conditions

Figure 1 shows the temperature and rainfall data graphs for the two consecutive
wheat growing seasons. It can be seen that there was a small difference in temperature
between the two. The difference in rainfall was also very small, but the months in which
precipitation occurred varied: in 2022, it rained in early April, late May, and July, and in
2023, in mid-April, mid-May, late June, and early July. Given the above, in this study, for
the same fertility period, only the timing of irrigation was changed, while the amount of
irrigation remained the same.
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Figure 1. Daily temperature and precipitation data for 2022-2023 spring wheat growing seasons.
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3.2. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on the Dry
Matter Accumulation of Wheat

As shown in Figure 2, the application of organic fertilizer significantly (p < 0.05)
increased the dry matter weight of wheat. In 2022, there were no significant (p > 0.05)
differences between the fertilizer treatments at the seedling and filling stages. CF, RPAE and
RAF treatments had significantly (p < 0.05) higher dry matter weight than RF treatments at
the filling and harvesting stages, and RHF treatment dry matter weight was significantly
(p < 0.05) different from that of RF treatments only at the harvesting stage. Dry matter
weight of RPAE treatment was significantly (p < 0.05) higher than that of other treatments at
harvest and increased by 1.46%, 11.31%, 2.57%, and 3.08% compared with CF, RF, RAF and
RHF treatments, respectively. In 2023, dry matter weights of organic fertilizer treatments
RPAE, RAF, and RHF were significantly (p < 0.05) higher than those of RF treatment
throughout the grown period. Dry matter weight of RPAE treatment was significantly
(p < 0.05) higher than that of treatments with a single application of chemical fertilizer
treatments, CF and RF, throughout the grown period. Dry matter weight of CF treatment
was significantly (p < 0.05) higher than that of RF treatment only at the harvesting stage
and there were no significant (p > 0.05) differences in the rest of the period. The dry
matter weight increased by —4.31%, 5.79%, 4.33%, and 2.25% in RE, RPAE, RAF, and RHF
treatments compared with CF treatment at harvest, respectively. The order of dry matter
weight magnitude for different treatments was RPAE > RAF > RHF > CF > RF > CK.
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Figure 2. Effects of different treatments in different periods on dry matter of wheat from 2022 (a)
to 2023 (b). Note: Different lowercase letters in the figure represent the significance of differences
between treatments in the same growth period at the 0.05 level.
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3.3. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on Wheat Yield
and Its Constituent Factors

As can be seen from Table 3, yield and its components were significantly (p < 0.05)
higher in the fertilized treatments than in the non-fertilized treatments, and the organic
fertilizer treatments increased the number of wheat spikes, 1000-grain weight, and yield.
In the first year of the experiment, there were no significant (p > 0.05) differences in the
number of grains in spikes among the fertilizer treatments. The 1000-grain weight and
yield of wheat under RF treatment were lower than those of the other fertilizer treatments
and were significantly (p < 0.05) different. Fertilizer treatments CF, RF, RPAE, RAF, and
RHEF significantly (p < 0.05) increased wheat yield by 38.19%, 26.67%, 35.52%, 35.24%,
and 33.97% compared with CK treatment, respectively. The CF treatment increased the
wheat yield by 8.34%, 1.93%, 2.14%, and 3.05% compared with RF, RPAE, RAF, and RHF
treatments, respectively. In the second year of the experiment, there were no significant
(p > 0.05) differences in the number of spikes and kernels per spike between the fertilizer
treatments. Wheat yield and 1000-grain weight were higher than values under RF treatment
but not significantly (p > 0.05) different under CF treatment. Values of organic fertilizer
treatments RPAE, RAF, and RHF yield were significantly (p < 0.05) higher than those
of RF treatment, and yields of fertilized treatments CF, REF, RPAE, RAF, and RHF were
significantly (p < 0.05) increased by 39.17%, 33.16%, 44.52%, 41.91%, and 40.10% compared
with those of CK treatment, respectively. Organic fertilizer treatments RPAE, RAF, and RHF
increased wheat yield by 3.85%, 1.97%, 0.67%, and 8.54%, 6.57%, and 5.21% compared with
chemical fertilizer alone treatments CF and RF, respectively. The order of yield magnitude
for different treatments was RPAE > RAF > RHF > CF > RF > CK.

Table 3. Effects of different treatments on wheat yield and its components.

Year Treatment SI()Iljll(:nl:I::?E)er 1000-Grain Weight (g)  Kernels per Spike Yield (kg ha—1)
CK 439.67 + 643 ¢ 31.85 + 0.56d 3137 +£038b 439237 + 11236
CF 483.00 + 458 a 35.67 +0.35a 3523+071a  6069.93 + 165.07 a
RF 458.00 + 8.19b 34.07 + 0.12 c 3567 +1.71a 5563.86 & 11.57 b
2022 RPAE 47867 + 8.14 2 35.53 + 0.42 ab 35.00 + 0.17 a 5952.63 + 67.41 a
RAF 472.33 + 11.06 ab 3520 + 0.17 ab 3573+ 055a  5940.07 + 103.20 a
RHF 471.00 + 13.23 ab 35.03 +0.15b 3567 +038a 588454 + 15358 a
CK 416.67 +2.89b 30.23 + 0.68 32.10 + 0.89 b 404243 + 78.36
CF 458.00 + 11.27 a 3320 + 0.72 ab 3700+ 035a 562596 + 18,52 ab
RF 45133 £ 12342 32.50 + 0.71 b 3657+ 071a 538285 + 147.13 b
2023 RPAE 469.67 + 1026 a 3437+ 1.14a 36.67 + 1.66 a 584228 + 14.17 a
RAF 458.67 + 15.04 a 3397 + 091 a 3673 +055a 573670 = 121.51 a
RHF 457.67 £ 1450 a 33.63 + 0.79 ab 3640 +070a 566348 + 226.80 a

Note: Different lowercase letters after the same column of data in the same year indicate the significance of
differences between treatments at the 0.05 level.

3.4. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on Nutrient
Uptake in Different Organs

3.4.1. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on
Nitrogen Accumulation in Plants

As can be seen from Figure 3, the nutrient content of wheat under each fertilization
treatment was significantly (p < 0.05) higher than that of CK treatment at all fertility stages.
In 2022, there were no significant (p > 0.05) differences in plant nitrogen accumulation
among fertilization treatments at the seedling and jointing stages. Plant nitrogen accu-
mulation of CF, RPAE, RAF, and RHF treatments was significantly (p < 0.05) higher than
that of RF treatment at the filling and harvesting stages. At the harvesting stage, the RF,
RPAE, RAF, and RHF treatments increased the plant nitrogen accumulation by —3.69%,
1.21%, 0.47%, and 0.64% compared with CF treatment, respectively. In 2023, there were no
significant (p > 0.05) differences in plant nitrogen accumulation among organic fertilizer
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treatments at all fertility stages. Plant nitrogen accumulation of organic fertilizer treatments
RPAE, RAF, and RHF was significantly (p < 0.05) different from that of RF treatment at
the jointing, filling, and harvesting stages. Plant nitrogen accumulation of CF treatment
was significantly (p < 0.05) different from that of RF treatment only at the harvesting stage.
At the harvesting stage, RF, RPAE, RAF, and RHF treatment had increased plant nitrogen
accumulation by —7.35%, 3.72%, 3.11%, and 2.66% compared with CF treatment, respec-
tively. The order of plant nitrogen accumulation magnitude for in different treatments was
RPAE > RAF > RHF > CF > RF > CK.

240 ~
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150 L b . a ab ab E;—a:—ji

—E—:m*
120 - d £
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b 7177
e
0 B - T 2 BT TR 19 $”—’ [T
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Figure 3. Effects of different treatments in different stages on nitrogen accumulation in wheat from
2022 (a) to 2023 (b). Note: Different lowercase letters in the figure represent the significance of
differences between treatments in the same growth period at the 0.05 level.

3.4.2. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on
Phosphorus Accumulation in Plants

As can be seen in Figure 4, there were no significant (p > 0.05) differences in plant
phosphorus accumulation between fertilizer treatments at the seedling stage in 2022. Phos-
phorus accumulation in RPAE, RAF, and RHF plants under organic fertilizer treatments
was significantly (p < 0.05) higher than that of RF treatment at the jointing and harvesting
stages, while phosphorus accumulation in CF treatment plants was significantly (p < 0.05)
different from that of RF treatment only at harvesting. At the harvesting stage, the RF,
RPAE, RAF, and RHF treatments increased the plant phosphorus accumulation by —2.56%,
2.53%, 0.45%, and 1.80% compared with CF treatment, respectively. During 2023, phos-
phorus accumulation in RPAE, RAF, and RHF plants under organic fertilizer treatments
was significantly (p < 0.05) different from that of chemical fertilizer application treatments
except at the seedling stage, when there were no significant (p > 0.05) differences. RF, RPAE,
RAF, and RHF treatments increased plant phosphorus accumulation by —4.01%, 2.97%,
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1.60%, and 1.95% compared with CF treatment at harvest stage, respectively. The order of
phosphorus accumulation in plants magnitude for different treatments was RPAE > RHF >
RAF > CF > RF > CK.
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Figure 4. Effects of different treatments in different periods on phosphorus accumulation in wheat
from 2022 (a) to 2023 (b). Note: Different lowercase letters in the figure represent the significance of
differences between treatments in the same growth period at the 0.05 level.

3.4.3. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on
Potassium Accumulation in Plants

As can be seen in Figure 5, in the first year of the experiment, potassium accumulation
of organic fertilizer treatments RPAE, RAF, and RHF plants was significantly different from
that of RF treatments at the jointing, filling, and harvesting stages. The CF plant potassium
accumulation treatment was significantly different from the RF treatment at filling and
harvesting stages. RF, RPAE, RAF, and RHF treatments increased plant potassium accumu-
lation by —6.25%, 3.11%, 0.29%, and 1.85% compared with CF treatment at harvest stage,
respectively. During 2023, potassium accumulation in organic fertilizer treatments RPAE,
RAF, and RHF plants was significantly different from that of chemical fertilizer alone treat-
ments CF and RF, except at the seedling stage, when there were no significant differences.
The CF plant potassium accumulation treatment produced significant differences from the
RF treatment at jointing and harvesting stages. At the harvesting stage, the RF, RPAE, RAF,
and RHF treatments increased the plant potassium accumulation by —2.21%, 5.58%, 3.63%,
and 4.80% compared with CF treatment, respectively. The order of potassium accumulation
in plants magnitude for different treatments was RPAE > RHF > RAF > CF > RF > CK.
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Figure 5. Effects of different treatments in different periods on potassium accumulation in wheat
from 2022 (a) to 2023 (b). Note: Different lowercase letters in the figure represent the significance of
differences between treatments in the same growth period at the 0.05 level.

3.5. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on Soil
Nutrient Content

As shown in Table 4, the application of organic fertilizer increased the soil available
nutrient and organic matter content. The alkaline hydrolyzable nitrogen content of CF,
RPAE, RAF and RHF treatments was significantly (p < 0.05) higher than that of RF treatment
in the two-year experiment. The alkaline hydrolyzable nitrogen content of RF, RPAE, RAF,
and RHF treatments was increased by —2.32%, 2.13%, 1.50%, and 0.22% compared with CF
treatment in 2023, respectively. The order of soil alkaline hydrolyzable nitrogen magnitude
for different treatments was RPAE > RAF > RHF > CF > RF > CK.

In the two-year experiment, there were no significant (p > 0.05) differences in soil
available phosphorus content among CF, RE, RAF, and RHEF, and the available phosphorus
content of the RPAE treatment was significantly (p < 0.05) higher than that of the RF
treatment. In 2023, the available phosphorus content of CF, RF, RPAE, RAF, and RHF
treatments was increased by —0.07%, 4.94%, 3.36%, and 4.28% compared with CF treatment,
respectively. The order of soil available phosphorus magnitude for different treatments
was RPAE > RHF > RAF > CF > RF > CK.
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Table 4. Effects of different treatments on soil nutrient content.

Year Treatment AN (mg kg—1) AP (mg kg1) AK (mg kg™1) SOM (g kg1
CK 48.18 £ 0.20 ¢ 11.12 £ 1.06 ¢ 200.60 £1.14 ¢ 16.72 £ 0.08 ¢

CF 53,554+ 040a 14.70 £ 0.25 ab 21292 £2.68b 17.61 £0.11b

2002 RF 52.73 +0.88 b 14.24 £ 0.06 b 217.12 £ 3.54 ab 1748 £0.17b
RPAE 53.78 = 0.53 a 1549 £ 0.23 a 22652 £9.74 a 1899 £ 0.76 a

RAF 53.724+0.35a 15.21 £ 0.17 ab 22551 £254a 18.44 +0.33 a

RHF 53.67 £ 0.20 a 15.31 £ 0.49 ab 226.27 £8.22a 1879+ 0.14 a

CK 4757 + 148 ¢ 10.23 £ 0.06 ¢ 194.06 +7.10d 15.93 +£0.18 d

CF 5346 =020 a 15.17 £0.04 b 22251 £2.48 ¢ 17.89 £ 0.49 ¢

2023 RF 5222 +£0.20b 15.16 £0.10b 226.26 + 2.48 bc 17.74 + 0.16 ¢
RPAE 54.60 4+ 0.59 a 1592 £ 0.23 a 239.70 £5.33 a 20.16 =020 a

RAF 5426 =020 a 15.68 £+ 0.44 ab 234.07 £1.95 ab 19.40 £0.10b

RHF 53,58 £ 0.34 a 15.82 £ 0.44 ab 239.70 + 8.66 a 19.73 £+ 0.69 ab

Note: AN, AP, AK, and SOM indicate the alkaline hydrolyzable nitrogen, available phosphorus, available
potassium, and soil organic matter, respectively. Different lowercase letters after the same column of data in the
same year indicate the significance of differences between treatments at the 0.05 level.

In the two-year experiment, the organic fertilizer treatments RPAE, RAF, and RHF
had significantly (p > 0.05) higher levels of available potassium than the CF treatment,
and there were no significant (p > 0.05) differences between the CF and RF treatments.
In 2022, the organic fertilizer treatments RPAE, RAF, and RHF had increased levels of
available potassium compared with the RF treatment but the differences were not significant
(p > 0.05). In 2023, the RPAE and RHF treatments had significantly (p < 0.05) higher levels of
available potassium than the RF treatment. RF, RPAE, RAF, and RHF treatments available
potassium content were increased by 1.69%, 7.73%, 5.20%, and 7.73% compared with CF
treatment, respectively. The order of soil available potassium magnitude for different
treatments was RPAE > RHF > RAF > CF > RF > CK.

In the two-year experiment, the application of organic fertilizer significantly (p < 0.05)
increased the organic matter content compared with chemical fertilizer alone and there
were no significant (p > 0.05) differences in organic matter content between CF and RF of
chemical fertilizer-alone treatments. In 2023, there was a significant (p < 0.05) difference in
organic matter content between organic fertilizer treatments RPAE and RAF. The organic
matter content of RF, RPAE, RAF, and RHF was increased by —0.84%, 12.69%, 8.44%,
and 10.29% compared with CF treatment, respectively. The order of soil organic matter
magnitude for different treatments was RPAE > RHF > RAF > CF > RF > CK.

3.6. Effects of Reduction of Chemical Fertilizer Combined with Organic Fertilizer on
Nutrient Availability

As can be seen from Table 5, the application of organic fertilizers increased the nutri-
ent utilization rate, agronomic use efficiency, and partial productivity of wheat. In 2022,
nutrient utilization rate, agronomic use efficiency, and partial productivity of organic fer-
tilizer treatments RPAE, RAF, and RHF were significantly (p < 0.05) higher than those of
chemical fertilizer-alone treatments CF and RE, while there were no significant (p > 0.05)
differences among organic fertilizer treatments. There were significant (p < 0.05) differences
in nutrient utilization rate and partial productivity, and no significant (p > 0.05) differences
in agronomic use efficiency between RF and CF treatments. In 2023, the organic fertilizer
treatments RPAE, RAF, and RHF had significantly (p < 0.05) higher nutrient utilization
rate, agronomic use efficiency of nitrogen fertilizer, and partial productivity of nitrogen
fertilizer than the chemical fertilizer-alone treatments CF and RF, and there were no signifi-
cant (p > 0.05) differences among the organic fertilizer treatments. RF and CF treatments
differed significantly (p < 0.05) only in the utilization rate of phosphorus fertilizer and
partial productivity of nitrogen fertilizer. Organic fertilizer treatments RPAE, RAF, and RHF
significantly (p > 0.05) increased the utilization rate of nitrogen and phosphorus fertilizers
by 40.46%, 39.28%, 37.46%, and 28.98%, 27.90%, 26.22%, 9.69%, 5.95%, 6.88%, and 21.17%,
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17.03%, and 18.07% compared with CF and RF treatments, respectively; agronomic use
efficiency of nitrogen and phosphorus fertilizers increased by 47.54%, 39.02%, 32.95%, and
34.31%, 26.55%, 21.03%, 15.37%, 8.56%, 3.86%, and 34.31%, 26.39%, 20.92%, respectively;
partial productivity of nitrogen and phosphorus fertilizers increased by 34.88%, 32.43%,
30.77% and 8.54%, 6.57%, 5.24%, 5.44%, 3.52%, 2.20%, and 8.54%, 6.57%, 5.21%, respectively.
The order of utilization rate of nitrogen fertilizer, agronomic use efficiency of nitrogen fertil-
izer, and partial productivity of nitrogen fertilizer magnitude for all treatments was RPAE
> RAF > RHF > RF > CF. The order of phosphorus fertilizer utilization rate of phosphorus
fertilizer, agronomic use efficiency of phosphorus fertilizer, and partial productivity of

phosphorus fertilizer magnitude for all treatments was RPAE > RAF > RHF > CF > RE.

Table 5. Effects of different treatments on wheat fertilizer utilization rate.

RE (%) AUE (kg kg1) PEP (kg kg™1)
Year Treatment
N P N P N P
CF 28.64 +1.36 ¢ 17.89 £0.54 d 5.59 £0.83b 12.61 £1.87b 20.23 = 0.55 ¢ 4564 +1.24 ¢
RF 3772+ 1.69b 22,10 £0.32 ¢ 5.61 £0.59b 11.72 £1.23b 26.62 +0.06 b 55.64 +0.12b
2022 RPAE 4221 4+220a 2547 £ 0.17 a 747 £ 082 a 1560 £1.72 a 2848 +0.32a 59.53 + 0.67 a
RAF 4154 +09%4 a 24104+ 0.77b 741 +£1.03a 1548 £2.15a 28.42 + 049 a 5940 +1.03a
RHF 4169 +1.85a 24.99 + 0.26 ab 714+ 1.10a 1492 +£230a 28.16 = 0.73 a 58.85 +1.54a
CF 2798 +1.09b 18.16 £2.47b 528 £0.74b 11.91 £ 1.68 ab 18.75 £ 0.49 ¢ 42.30 +=1.10 ab
RF 30.47 = 0.68b 1644 +£1.20 ¢ 5.80 £ 0.53 b 10.23 £0.94b 2330+ 0.71b 41.09 +1.26 b
2023 RPAE 39.30+181a 1992 +£3.19a 779 2028 a 13.74 £ 0.49 a 2529 + 0.06 a 4460 +=0.11a
RAF 38.97 094 a 1924 £ 1.66 a 734 4+0.19a 1293 £0.34 a 2483 +0.53 a 43.79 + 093 a
RHF 38.46 +161a 1941 £ 284 a 7.02 +£0.69 a 12.37 £1.21 ab 2452 + 098 a 43.23 +1.73 ab

Note: RE, AUE, and PEP indicate the recovery efficiency, agronomic use efficiency, and partial factor productivity,
respectively. Different lowercase letters after the same column of data in the same year indicate the significance of
differences between treatments at the 0.05 level.

4. Discussion

Previous studies have shown that amino acid fertilizers, humic acid fertilizers, and
organic fertilizer extracts, when combined with chemical fertilizers, can effectively balance
the supply of nutrients, meet the demand for nutrients during crop growth in a timely
manner, facilitate nutrient uptake and utilization by crops, promote crop dry matter accu-
mulation, and help to increase crop yield [24-26]. In this study, there were no significant
differences in dry matter and nutrient accumulation between plots subjected to organic
fertilizer treatments (RPAE, RAF, and RHF) and those subjected to treatments with chemical
fertilizers alone (CF and RF) in the seedling and jointing stages, which may have been due
to the slow-release effect of organic fertilizers, resulting in no influence on the growth of
wheat in the early stages. Organic fertilizers need to be first degraded and decomposed
by microorganisms, which release the nutrients for plant uptake, whereas the nutrients in
chemical fertilizers are relatively more readily available for direct uptake and use by plants.
The RPAE, RAF, and RHF organic fertilizer treatments effectively balanced the nutrient
supply and promoted dry matter accumulation and nutrient uptake in wheat in the later
stages. These results are consistent with those of other studies [27,28]. In the harvesting
stage, the RPAE, RAF, and RHF treatments contributed to wheat growth to a greater extent
in 2023 than in 2022, probably due to the slow action of organic fertilizers. Compared
with the single application of the CF (conventional fertilizer) and RF (reduced chemical
fertilizer amount) treatments, the RPAE (with organic fertilizer leachate), RAF (with raw
amino acid powder), and RHF (with raw humic acid powder) treatments all promoted
wheat growth and development by increasing dry matter accumulation during different
growth periods, promoting crop nutrient uptake and utilization rate, increasing plant NPK
accumulation, and increasing wheat spike number and thousand-grain weight, which in
turn increased wheat yield. The organic fertilizer treatments increased the yield of wheat,
with RPAE showing the best effect in terms of increased yield. According to this parameter,
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the different treatments were ordered as follows: RPAE > RAF > RHF > CF > RF. This
may have been due to the facts that the unique microorganisms and metabolites in organic
fertilizer extract promote the growth of root microorganisms, enhance the absorption and
utilization of nutrients by the plant, and promote the accumulation of dry matter, thus
increasing the yield of wheat [29,30].

Soil available nutrients are those nutrients present in the soil that can be directly
absorbed and utilized by plants. Available nutrient contents are important indicators of
soil fertility and are essential to improving crop yield [31]. In this study, the RPAE, RAF,
and RHF treatments increased soil alkaline hydrolyzable nitrogen, available phosphorus,
available potassium, and organic matter content compared with the CF and RF single-
application treatments, and this created a basis for wheat yield increase. This result may
be due to two reasons. (1) Organic fertilizers accelerate organic matter transformation:
Through the application of organic fertilizers and the consequent decomposition and trans-
formation of their contents, additional organic matter is brought to the soil, increasing the
pre-existing SOM, which is one of the important indicators of soil fertility. (2) The combined
application of chemical and organic fertilizers can bring their respective advantages into
play. The readily available nutrients in chemical fertilizers can meet the nutrient demand
of crops, while the substances in organic fertilizers can improve the soil environment and
increase the activity of soil microorganisms, thus promoting the release of nutrients in
organic fertilizers and improving their utilization rate [32]. The RPAE treatment resulted in
the highest soil alkaline hydrolyzable nitrogen, available phosphorus, and organic matter.
This may have been due to the fact that acid leached organic fertilizer-based compost tea
has lower pH; its application, following physicochemical and chemical reactions, lowers
the pH of calcareous soils, which activates soil nutrients and has a positive effect on their
retention [19,33].

The fertilizer utilization rate is the main indicator of fertilizer absorption and utilization
by crops; partial productivity reflects the combined effect of soil base nutrient level and
fertilizer application; agronomic use efficiency is an accurate indicator for evaluating the
efficiency of fertilizer yield increase [34]. Chemical fertilizer partial replacement with
organic fertilizer not only improves nutrient use efficiency in crops and reduces fertilizer
input but also prevents soil acidification and salinization caused by excessive chemical
fertilizer application [35,36]. In the present study, we showed that in the second year of the
experiment, the phosphorus fertilizer utilization rate, partial productivity, and agronomic
use efficiency were reduced in plots that had been subjected to the RF treatment compared
with those that had undergone the CF treatment, which is inconsistent with the findings of
other studies [37]. This may be related to the amount of fertilizer input; in our experiment,
nitrogen fertilizer was reduced by 23.0%, while phosphorus fertilizer was reduced by
only 1.5%. Compared with the CF and RF single-application treatments, the RPAE, RAF,
and RHF treatments allowed the effects of organic fertilizers and chemical fertilizers to
be obtained, which not only ensured the supply of nutrients during the growing season
but also promoted the growth and development of the crops, facilitated crop nutrient
uptake and utilization, reduced the loss of chemical fertilizer input, and contributed to
the increase in the yield of wheat; in turn, this increased the fertilizer utilization rate,
partial productivity, and agronomic use efficiency [28]. Overall, the combined application
of organic and chemical fertilizers is a feasible fertilizer reduction measure to promote
wheat growth and development, increase yield, fertilize the soil, and improve the nutrient
utilization rate.

5. Conclusions

On the basis of 23% nitrogen and 1.5% phosphorus reductions, the RF treatment
improved the utilization rate of nitrogen fertilizer and ensured the stable yield of the oasis
wheat field. Our results indicate that the application of organic fertilizer can promote
the accumulation of dry matter in all organs of wheat, increase the accumulation of plant
nutrients, improve soil nutrient contents, increase the fertilizer utilization rate, and ensure
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stable and increased crop yields. The RPAE, RAF, and RHF organic fertilizer treatments
increased wheat yield by 3.85%, 1.97%, and 0.67%, respectively; further, the utilization rate
of nitrogen and phosphorus fertilizers was significantly increased by 40.46%, 39.28%, and
37.46% (nitrogen) and 9.83%, 8.91%, and 7.46% (phosphorus), respectively, compared with
the CF treatment. Among them, the RPAE treatment resulted in higher wheat yield and
fertilizer utilization rate in the drip-irrigated wheat fields. Therefore, the combined appli-
cation of organic and inorganic fertilizers is a feasible fertilization scheme and theoretical
basis for wheat production which is conducive to the sustainable development of wheat
fields in Xinjiang.
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