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Abstract

The organic-inorganic composite polymer amendment (SAP) can be an effective way to enhance the
stress resistance of sand crops in arid areas and increase productivity. The sandy soil in arid areas
lacks water and fertilizer retention, and suffers from compound salt damage, which restricts crop
growth and leads to insufficient nutrient absorption and weak stress resistance. In addition, the
existing amendments have high costs and poor net benefits, which cannot meet the needs of local
agricultural development. Therefore, there is an urgent need for low-cost and efficient soil
improvement solutions. This study proposes a new improvement plan for organic-inorganic
composite soil conditioner (SAP) to address the compound salt damage problem faced by rapeseed
feed in sandy soils in arid areas. The study investigated the six treatment methods were compared
through field experiments(CK:Organic fertilizer+chemical fertilizer; T1:Organic fertilizer+ chemical
fertilizer+SAP;T2: Organic fertilizer+chemical fertilizer+PI humic acid type; T3: Organic
fertilizer+chemical fertilizer+PII concave convex rod type; T4: Organic fertilizer+chemical
fertilizer+PI+PII; HF: The effect of single application of chemical fertilizer)on nutrient absorption,
physiological characteristics, yield and quality of rapeseed for feed.The results showed that the
combination of organic-inorganic composite SAP, P, PII, and PI+PII alleviated salt damage in sandy
soil and increased nutrient content in various organs of crops. Analysis shows that composite SAP
treatment performs the best. At the same time, (1)Salt damage alleviation: Compound conditioners
increased root K* content by 57.14-63.09%, decreased Na* content by 60.16%, and significantly
improved K*/Na‘ratio (p<0.05); (2)Physiological improvement: The total chlorophyll content (TCC)
increased by 86.85%, the highest SOD/POD enzyme activity increased by 161.58%, and the dry matter
accumulation increased by 376.8%; (3)Yield and quality: T1 treatment increased yield by 148.32%,
increased stem and leaf crude protein content by 86.05%, and reduced crude fiber by 43.59%;
(4)Economic benefits: The net profit (NR) of SAP treatment reached 197.62 dollars per hectare,
significantly better than other treatments (p<0.05).The comprehensive evaluation found that organic-
inorganic composite SAP conditioners can synergistically improve the yield and quality of rapeseed
feed in sandy areas by improving soil aggregation structure, enhancing antioxidant enzyme activity
and photosynthetic efficiency, providing an economically effective solution for sustainable
agricultural development in arid regions.

Keywords: composite soil conditioner; sandy soil in arid areas; feed rapeseed; yield and quality

1. Introduction

As one of the world’s important oil crops, rapeseed (Brassica napus L.) holds a pivotal position in
the edible oil and feed markets. China is the world’s largest producer of rapeseed, accounting for
nearly 40% of the global market share. In 2023, China’s total rapeseed production was 16.3174 million
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tons (CNBS, 2023). In recent years, the rapeseed planting area in Xinjiang, China has steadily
increased. Xinjiang is located in the hinterland of the Eurasian continent, with a wide range and large
area of land desertification, with a total area of 74.6821 million hectares of desertified land [1].Soil
desertification and drought stress have led to a reduction of approximately 3.5 million tons in cereal
crop yields in Xinjiang, with a yield loss rate of about 8% [2]. In the past three years, there has been a
shortage of forage in the southern region of Xinjiang, and at the same time, the low forage production
in the area has led to an imbalance between supply and demand. With the frequent occurrence of
extreme weather, there is an urgent need to adopt soil improvement and agronomic measures to
mitigate the adverse effects of the environment on crop yield [3,4].

Organic inorganic composite soil conditioners and nutrients are effective measures to enhance
crop response to abiotic stress[5,6]. Compared with starch and potassium soil amendments, SAP is
more effective in alleviating crop growth under adverse conditions and has economic and
environmental advantages[7]. SAP is a high molecular weight polymer with low cross-linking
density, insolubility in water, high water swelling ability, and strong water suction. It is widely used
as an improver in cereal field crops[8]. The polymer chain structure of SAP is beneficial for improving
the adhesion between easily dispersed particles (1-100nm), promoting the formation of water stable
aggregate structures, and improving crop water absorption and utilization efficiency[9]. In addition,
research on the application of SAP in arid areas has found that it can promote the formation of larger
aggregate structures in soil, increase soil moisture content, improve pH, electrical conductivity, and
soil bulk density, alleviate the negative effects of drought or salt stress on crop growth, increase crop
yield, and achieve better results when combined with organic fertilizers[10,11]. However, there is a
significant difference in its yield increasing effect, which is related to the time SAP is applied to soil,
the strength of crop nutrient requirements, as well as microbial and climatic conditions[12]. The lack
of feed raw materials in arid areas is one of the main problems in the development of animal
husbandry[13], and there is an urgent need to find an efficient, low consumption, and sustainable
way to supply forage. The emergence of oilseed rape and its supporting planting and utilization
technology provides a feasible solution to alleviate the shortage of feed raw materials. The application
of compound SAP to improve the growth of oilseed rape under drought stress in the arid northwest
region is still unclear.

At present, the main research on improving desertified land in Xinjiang is mostly focused on
building new efficient water-saving irrigation projects, establishing sand fixation and compaction
projects, and establishing farmland protective forest networks[14-16]. There are relatively few
studies exploring the comprehensive benefits of crop yield and quality from the perspective of soil
improvement. The synergistic mechanism between soil ecosystem, root nutrient absorption and
transport, and crop growth is crucial for crop growth[17-19]. Microbial activity, changes in soil
physicochemical properties, and nutrient accumulation in soil ecosystems can directly reflect the
practical application significance of composite SAP for crop growth[20-22]. In addition, the
comprehensive evaluation based on multiple indicators can scientifically reveal the effect of
composite SAP, avoid the bias of human evaluation, and provide scientific reference for objectively
analyzing the impact of composite SAP on the growth of oilseed rape in desertified land.

Therefore, we conducted a field experiment on sand fed rapeseed in Hotan, Xinjiang, China to
evaluate the effects of applying organic-inorganic composite improved conditioners on the nutrients
of various organs, leaf photosynthesis, enzyme activity, and yield and quality of rapeseed fed in
desertified land. The aim of this study is to investigate whether organic-inorganic composite
amendments reduce drought stress and increase feed rapeseed yield? Secondly, clarify the changes
in key indicators of SAP’s effectiveness in improving desertified soil in arid areas. At the same time,
the optimal planting plan for oilseed rape in arid and desertified areas using composite SAP to
alleviate abiotic stress was proposed. The research results will contribute to the application of
composite SAP in arid areas to improve desertified land, enhance the growth of oilseed rape in arid
areas, and ensure the feasibility of increasing yield. This will provide new insights for growers to use
amendments rationally to improve the growth of oilseed rape in arid areas.
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2. Materials and Methods

2.1. Experimental Site

The field experiment was conducted at Pishan Farm in Hotan Prefecture, Xinjiang, China
(N37°13'35.2", E77°47'38.9") (Figure 1a, b). The soil type of the experimental site is desertified soil
(Figure 1c, d). Before the experiment began, topsoil (0-20cm) was collected and its basic properties
were measured (Table 1). The climate in this region is a warm temperate arid desert climate in the
northern hemisphere, with an average temperature of 11.9°C, an annual sunshine of 2466.8 hours, a
frost free period of 190-205 days, an annual average precipitation of 48.2 mm, and an annual average
evaporation of 2450 mm.
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Figure 1. The basic situation of the experimental area in Pishan County.

Table 1. Soil properties of the experimental sites (0-20cm soil layer).

Organic Alkali Available
EC hydrolyzable
. K*content Na*content Carbon . phosphorus
Harvesting pH value - - nitrogen
(mgkg') (mgkg?) (0QC) content
(ms/cm) — content (gkg )
B8 (mg kg 1) e
Firstcut  9.31 1.54 22.13 4521 3.17 3.13 10.26
Second cut  9.56 1.55 21.86 46.18 3.08 3.18 9.86

2.2. Experimental Design

The rapeseed variety selected for this experiment is “Huayouza 62”. In order to verify the
optimal application rate of organic-inorganic compound improved conditioner in the field, we first
conducted a field experiment in April 2021 using organic fertilizer (18t-hm2)+chemical fertilizer
(N:180kg-hm?2,  P:120kg-hm?, ~ K:105kg-hm?)+SAP, namely organic fertilizer+chemical
fertilizert0%SAP(CK), organic fertilizertchemical fertilizer+0.25%SAP(1.5t-hm?),  organic
fertilizer+chemical fertilizer+0.5%SAP(3t’hm?),and organic fertilizer+chemical fertilizer+1%SAP
(6t'hm?2). According to the comprehensive analysis of the first harvest, 1%SAP (6t'hm2) showed the
most significant improvement in soil water and fertilizer retention capacity, alleviation of soil salt
damage, and increase in soil microbial diversity index and abundance compared to other treatments
(p<0.05).
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We found that organic fertilizer (18t-hm?)+chemical fertilizer (N:180kg-hm?, P:120kg-hm?,
K:105kg-hm?)+1% SAP (6t-hm?) had the best effect, and subsequent field trials of different organic-
inorganic composite conditioners will be conducted at this dosage. The later experiment adopts a
split zone design, with irrigation treatment (flood irrigation) as the main zone and the addition of
organic-inorganic composite soil conditioners as the secondary zone. The specific application amount
is shown in Table2. After thoroughly mixing organic fertilizer, chemical fertilizer, and amendments,
a one-time application was carried out on August 10, 2021. A rotary tiller was used to plow the land
to a depth of 5-10cm. After the field was leveled, rapeseed seeds were sown on August 15, resulting
in 18 plots through 6 treatments and three repetitions. Rapeseed is sown in sandy plots with a width
of 6m and a length of 10m. Each plot is planted with a plant spacing of 20cm and a row spacing of
50cm, and a protective embankment with a width of 0.45m is set up. Relevant indicators are measured
on the 15th, 30th, 45th, and 60th days after emergence.

On the day after sowing, all communities were irrigated with the same amount of water (45mm)
to promote seed germination and emergence. According to local production practices, irrigation is
not carried out from the emergence of rapeseed to the rapid growth period (0-45 days). Irrigation
treatment will be implemented starting from the rapid growth period of leaves (after 45 days)
(irrigation will be carried out during the seedling stage, budding stage, flowering stage, and silique
ripening stage throughout the entire growth period, with a total irrigation amount of 4000 m3/hm?),
until three weeks before harvest. We followed local sand planting practices for other field
management measures.

Table 2. Application rates of organic-inorganic composite improved conditioning agents under different

treatments.
Treatment Fertilization plan
K Organic fertilizer18t-hm-2+Fertilizer(N:180kg-hm2, P:120kg-hm?,
K:105kg-hm?)

- Organic fertilizer18t-hm2+Fertilizer(N:180kg-hm2, P:120kg-hm?2,
K:105kg-hm2) + SAP(6 t-hm?)

. Organic fertilizer18t-hm2+Fertilizer(N:180kg-hm2, P:120kg-hm2,

K:105kg-hm2) +PI(6 t-hm2)

- Organic fertilizer18t-hm2+Fertilizer(N:180kg-hm?2, P:120kg-hm-
2 K:105kg-hm2) +PII(6 thm?2)

T4 Organic fertilizer18t-hm-2+Fertilizer(N:180kg-hm?2, P:120kg-hm?,
K:105kg-hm2) +PI+PII(6t-hm2)

HF N:180kg-hm?2, P:120kg-hm2,K:105kg-hm2

2.3. Determination of Plant Nutrient Content

On the 15th, 30th, 45th, and 60th day after emergence, three rapeseed plants with fully unfolded
leaves were selected for each plot. The total nitrogen content of plants (roots, stems, leaves) was
evaluated using the Kjeldahl nitrogen determination method, the total phosphorus content was
determined using the vanadium molybdenum yellow colorimetric method, and the K+and
Natcontent of plants was analyzed using flame photometry. According to the method proposed by
Hou et al. (2018)[25], the total nitrogen content (TN) was evaluated and calculated using formula (1);
The total phosphorus content was analyzed according to the method of Hou et al. (2018)[25], using a
spectrophotometer UV-1900i (Shimadzu (China) Co., Ltd. Shanghai, China) to measure the
absorbance of the solution at a wavelength of 440nm. Then, the total phosphorus content was
calculated based on the absorbance value and the standard curve, and the total phosphorus content
(TP) was calculated using formula (2); The content of K*and Na‘in plants was determined using the
method described by Liu et al. (2015)[26], and the K*and Na*content was calculated using formula

®)-
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(V-Vp)xcxocx14.01

TN(g/kg) = — - ()

In the formula, V is the volume of standard acid consumed for titration of the sample (mL); Vo

is the standard acid volume consumed for titration blank (mL);c: Standard acid concentration (mol/L);
a is the division multiple (total constant volume of boiling solution/volume absorbed during
measurement); 14.01 is the molar mass of nitrogen (g/mol); M is the dry weight mass of the sample

(8)
_ PXVXtsx10~4

TP(g/kg) =——

m
In the formula, @ represents the phosphorus concentration (ug/mL) of the test colorimetric

solution obtained from the standard curve; V represents the constant volume of color reaction (mL),
and ts is the division multiple (total constant volume of digestion solution/volume of digestion
solution absorbed during color development); M is the mass of the plant sample (g); 10* is the
coefficient that converts ug to g and adjusts it to a percentage (10-¢ x 100=104).

K'/Na'(g/kg) = % x 10 (3)
Among them, V represents the total volume of the sample solution (mL), such as the constant

volume of the extraction solution; M represents the dry weight mass of the plant sample (g), which
needs to be dried at 105°Cand weighed; 10-*: Unit conversion coefficient (becauselp g/g=10%).

2.4. Determination of Chlorophyll Content

To investigate the long-term physiological response of oilseed rape to organic-inorganic
composite SAP, PI, PII, and PI+PII, 5 samples were randomly selected from each plot. Chlorophyll
pigments were extracted from frozen mature leaf samples at absorption wavelengths of 665, 649, and
453nm, and analyzed using a fluorescence spectrophotometer UV-1900i (Shimadzu (China) Co., Ltd.
Shanghai, China) according to the method of Mahdavinia et al. (2004)[27].

2.5. Antioxidant Enzyme Activity

The SOD activity was evaluated according to the method of Geng et al. (2016)[29], based on the
ability of SOD to inhibit NBT photochemical reduction at 560 nm. The POD activity was analyzed
according to the method of Geng et al. (2016)[29], based on the ability of POD to oxidize
orthomethoxyphenol to 4-orthomethoxyphenol with hydrogen peroxide at 470 nm.

2.6. Determination of Dry Matter Accumulation

Randomly select 5 plants from each community, and blanch their roots, stems, and leaves in a
drying oven DHG-9030A (Jing Hong Laboratory Instrument Co., Ltd, Shanghai, China) at 105 °C for
30 minutes. Then, reduce the temperature to 85 °C and dry until constant weight is achieved.
According to the method of Li et al. (2013)[30], dry matter accumulation (DMA) was evaluated.

2.7. Yield, Quality, and Net Revenue (NR)

During the harvest period of two crops, select 3m2 of rapeseed from each plot, separate the grain
parts separately, weigh them, and calculate the total yield using formula (4). Measure the content of
crude protein (CP), crude ether extract (CEE), and crude fiber (CF) in the stems and leaves of the
previously retrieved plants. CP is directly calculated based on formula (5). CEE was determined
using Soxhlet extraction method, while CF was analyzed using filter bag differential method
according to the methods of Barberan et al. (2015)[33].

TY = per aera yieldxplanting area (4)
CP (%) = total nitrogen x6.25x100 )

Net income (USD ha) is calculated using formulas (6, 7) based on total revenue (TR), agronomic
costs (AC), and other costs (OC).

NR = TR — AC — OC (6)
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TR=TY*Tice (7)
In the formula, NR represents net income; TR stands for Total Revenue (TR, USD ha), which
can be calculated by multiplying the yield of two crops (TY, t ha) by the current year’s selling price
(Tprice, USD t1). AC stands for agricultural cost (USD ha). OC represents other costs.

2.8. Model Description and Application

Entropy Weight Method (EWM) is an objective assignment method used to reduce bias caused
by subjective assignment and determine the weights of indicators. TOPSIS is a multi-objective
decision-making method that can identify the best solution from comparative studies of multiple
options and objectives Wu et al. (2016)[34]. In this study, EWM combined with TOPSIS (EWM-
TOPSIS) was used to evaluate the optimal application treatment, which balanced the comprehensive
benefits among TY, Quality, TCC, and NR under six treatments.

Firstly, based on the method described by Prober et al. (2015)[35], a raw data matrix (X) was
established for 6 treatments (xi, i=1,2,3,..., n) and 4 evaluation metrics (x; j=1,2,3,..., m). Then, EWM
was used to determine the weights of these indicators based on formula (8-12) . It is worth noting that
our four evaluation indicators are all positive indicators (the larger the value, the better), and there is
no need to perform inverse processing before calculating the weights.

X117 Xy
X=]": NG
Xit Xy
_ xjj—min (Xjj)
Yij = max(xjj)—min (x;;) ©)
b; j = ;lu (10)

&= h (o )Zn bl]ln (bu) 11)
1-e
I (1-ej)
In the formula, xj represents the value of the j-th evaluation index processed in the i-th step; B

wj = (12)
is the ratio of the i-th evaluation objective under the j index; E; is the entropy value of the j index; W;
is the weight of indicator j.

Secondly, according to formula (13-16), normalize the normalized data and obtain the
normalization matrix. The weighted matrix was obtained by multiplying the normalization matrix
with the weights of each evaluation indicator. Determine the positive and negative ideal solutions
(the Zrand Z-) using a weighted matrix.

Vij . .
ajj = ——= i=1,2,..,n;j=1,2,..,m (13)
\[Z’l’yizj
Zij = W] X ai]' (14)
all X Wl b alp X Wm
Zi*]. = : : (15)
anl XW]_ ce an me
ma
- *+
zZij = n, m(z1 V23T, e, 2 y
o )
zZij = (z1 v Z ey Zom

Finally, based on formulas (17, 18), the Euclidean distance (the D*and D -) and the relative
closeness (Ci) of each indicator to the positive and negative ideal solutions were determined using
positive and negative ideal solutions. The higher the Ci value, the better the effect. Therefore, each
treatment is sorted according to the size of the Ci value .
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(D} = jzj(z;;-—z;ﬂz

{ W)

07 = (%@ -7
Ci= = (19)

= —1—
D;f +D;

2.9. Statistical Analysis

Before analyzing the data, Shapiro Wilk and Levene tests were performed on the collected data
using SPSS 25.0 (SPSS Inc., Chicago, USA). When the test results met p>0.05, it was considered that
the data met the requirements of variance homogeneity and full distribution, and subsequent analysis
of variance could be conducted. In this study, SPSS 25.0 software (SPSS Inc., Chicago, USA) was used
to perform a two factor analysis of variance (ANOVA) with fixed factors of days after emergence and
treatment with conditioning agents, and harvesting as a random factor. Duncan’s multiple range test
was used to compare the significant differences between treatments (p<0.05). In addition, the
statistical data was visualized by Origin 2024 (Originlab, USA).

3. Results

3.1. Root K*, Na* Content and K+*/Na+ Ratio

The application of organic-inorganic composite SAP, PI, PII, and PI+PII soil improvement and
conditioning agents all increased the root K*content and K*/Na*, while reducing the Na*content. The
K*content increased most significantly at 60 days in T1 (SAP) and T4 (PI+P1I), with increases of 57.14%
and 63.09%, respectively (p<0.05) (Figure 2a). The Na+content showed a decreasing trend in T1, T2,
T3, and T4 treatments. Among them, T1 (SAP) showed the most significant effect (p<0.05), with a
maximum reduction of 60.16% at 30 days, while the Na*content decreased relatively steadily in other
treatments (Figure 2b). Although K*/Na*showed an overall increase (Figure 2c), T1 (SAP) showed the
most significant difference in increase compared to other treatments (p<0.05), indicating that SAP had
a more advantageous effect within 60 days compared to other treatments.

3.2. Stem K*, Na* Content and K*/Na* Ratio

The K*content in the stem significantly increased by 114.12% at 30 days in T1 (SAP) (Figure 2d),
with the most significant effect (p<0.05). Therefore, K*/Na‘increased significantly by 468.15% at 30
days in T1 (p<0.05). Although T2 (PI), T3 (PII), and T4 (PI+PII) showed an increase (Figure 2f), their
overall effect was weaker than SAP treatment. Meanwhile, each treatment reduced the Na*content in
the stem within 60 days (Figure 2e), indicating that the organic-inorganic composite conditioning
agent has a significant effect on reducing soil Na*content.

3.3. Leaf K*, Na* Content and K*/Na* Ratio

The K*content in leaves increased by 6.99%, 49.56%, 45.29%, and 49.21%, respectively, within 60
days of SAP application (Figure 2g). Therefore, K*/Na*increased by 48.45%, 138.69%, 12.75%, and
145.49%, respectively, within 60 days of T1 application (Figure 2i). At the same time, although there
was a significant increase in K*content and K*/Natafter PI, PII, and their combined application, the
SAP effect was significantly better than its single and combined application effects (p<0.05). In
addition, the Na+content in the leaves (Figure 2h) showed a significant decrease within 60 days
(p<0.05).
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Figure 2. Based on the treatment of different organic-inorganic composite modifiers, the overall trend of K,
Na‘content, and K*/Na* changes in the roots, stems, and leaves of oilseed rape at different emergence days is

similar. Therefore, the combined results show that.

3.4. Root Nutrient Content

The overall nitrogen and phosphorus content in the roots showed an increasing trend. At 60
days, nitrogen content increased by 268.18% and 254.55% in T1 and T4 treatments (Figure 3a), while
phosphorus content increased by 30.30% and 30.09% in T1 and T4 treatments (Figure 3b). However,
the nitrogen and phosphorus content of T2 and T3 treatments showed a relative decrease within 60
days. After applying composite SAP, the nitrogen and phosphorus content in the roots significantly
increased (p<0.05), and was higher than the treatments of composite PI, PII, and PI+PII. In addition,
the combined application of PI+PIl was also more effective than its single use. The composite SAP
has a significant improvement effect on the soil structure of desertified land. Compared with PI and
PII, SAP has the most significant effect on soil and plant nutrients (p<0.05).

3.5. Stem Nutrient Content
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The nitrogen and phosphorus content of the stem increased significantly at 60 days, with the
highest increase of 80.85% and 68.09% in T1 and T4 (Figure 3c). At the same time, the phosphorus
content increased significantly by 18.83% and 15.23% in T1 and T4 at 45 days, respectively (Figure
3d), while the increase in nitrogen and phosphorus content was relatively stable in other treatments.
After applying composite SAP, the nitrogen and phosphorus content in plant stems was significantly
higher than that of composite PI, PII, and PI+PII stems (p<0.05), and composite SAP enhanced the
mobility of phosphorus in the soil, significantly increasing the accumulation of nitrogen and
phosphorus nutrients in stems.

3.6. Nutrient Content of Leaves

The nitrogen and phosphorus content in the leaves showed an increasing trend within 60 days.
Especially at 45 and 60 days, the increase was most significant. The nitrogen content of T1 and T4
treatments increased by 28.30% and 25.37% at 45 days, and by 103.23% and 87.90% at 60 days (Figure
3e). At the same time, the phosphorus content of T1 and T4 increased by 30.68% and 29.39%,
respectively, after 45 days; Increase by 19.65% and 19.30% at 60 days (Figure 3f). After applying
organic-inorganic composite SAP, PI, PII, and PI+PII conditioners, the nitrogen and phosphorus
content of leaves significantly increased. The application effect of PI+PIl was better than that of PI
and PII alone, but its overall effect was weaker than that of composite SAP, with the composite SAP
having the most significant effect (p<0.05).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. The variation trend of nitrogen and phosphorus nutrient content in the roots, stems, and leaves of

rapeseed feed at different emergence days.

3.7. Chlorophyll Content

The overall trend of chlorophyll content is increasing. Figure 4 shows that the application of
organic-inorganic composite SAP, PI, PII, and PI+PII all increased the chlorophyll content of leaves,
with the composite SAP treatment being the most optimal, followed by PI+PIl treatment. SAP
improved the Chl-a, Chl-b, Carotenoid content (CC), and TCC of leaves, achieving significant
differences (p<0.05) between SAP and PI+PII in most growth stages. In addition, increasing the total
chlorophyll content (TCC) in leaves has a promoting effect on improving net photosynthetic rate (Pn)
and transpiration rate (Tr), thereby increasing nutrient accumulation.
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Figure 4. Trend of chlorophyll content in rapeseed feed at different seedling emergence days.

3.8. Antioxidant Enzyme Activity

The results in Figure 5 indicate that there were significant differences (p<0.05) in SOD and POD
levels between the aboveground and underground parts of crops at 30 and 45 days.The application
of SAP, PI, PII, and PI+PII all increased the activities of SOD and POD in the aboveground and
underground parts of oilseed rape feed, with SAP showing the most significant effect (p<0.05). The
overall difference in SOD activity between aboveground and underground parts is relatively small,
with an increase of 65.29% in SOD activity after 45 days of application of SAP in the underground
part. However, there was a significant difference in POD activity between aboveground and
underground parts (p<0.05), with SAP application increasing POD activity by 161.56% and 161.58%
at 30 and 45 days above ground, while SAP application increased POD activity in underground parts
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by 19.94% and 40.31%, respectively. Except for the overall good effect of PI+P1II, the effects of PI and
PII are average. In summary, the amendment can improve the nutrient availability and SOD and
POD activities of desertified soil, which is beneficial for maintaining soil fertility and productivity,
and has a positive effect on promoting crop yield.
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Figure 5. SOD and POD enzyme activities in the aboveground and underground parts of rapeseed under

different treatments.

3.9. Changes in Dry and Fresh Substances

The application of composite SAP and PI+PII had a significant effect on the accumulation of dry
and fresh matter (p<0.0001). The results in Figure 6 show that the fresh weight of T1 treatment
increased by 366.27% at 30 days; T4 increased by 152.83% at 45 days. At the same time, its dry weight
significantly increased by 376.8% at 30d, 45d, and 60d of T1; 258.21% and 196.56%; T4 significantly
increased by 151.69% and 93.04% at 45 and 60 days (p<0.0001). In addition, the use of composite SAP
significantly improved the fresh and dry weight of plants compared to PI, PII, and PI+PIIl. Composite
SAP, PI, PII, and PI+PII further increased the daily growth rate (DGR) of rapeseed feed by increasing
soil nutrient content, thereby increasing the dry matter accumulation (DMA) during the harvest
period, especially under composite SAP treatment, followed by PI+PII treatment.
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PI, PII and PI+PII were applied. Note: “x+++” indicates extremely significant,that is p<0.0001.

3.10. Comprehensive Evaluation

According to Table 3, the TY, Quality, TCC, and NR of rapeseed feed were comprehensively
evaluated using the EWM model combined with the TOPSIS model (EWM-TOPSIS), and similar Ci
and Rank were obtained in two growing seasons. Under different treatment conditions of the two
crops, T1 (composite SAP) treatment had the highest Ci, which was recommended by the model,
followed by T4 (composite PI+PII) treatment.

Table 3. To objectively evaluate the improvement effect of different treatments based on the TY, Quality, TCC,
and NR of oilseed rape harvested in two seasons, the entropy weight TOPSIS method was used to

comprehensively evaluate the TY, Quality, TCC, and NR of oilseed rape harvested in two seasons.

Euclidean Relative
Weighted matrix Rank
Harvest Irrigation ~ Spraying distances closeness
TY Quality TCC NR Di* Dr GCi
CK 0.033 0.001 0.006  0.051 0.26 0.29 0.30 5
T1 0.04 0.136 0.128  0.02 0.15 0.36 0.81 1
flood T2 0.01 0.131 0.083  0.002 0.20 0.35 0.51 3
First crop
irrigation T3 0.041 0.006 0.007  0.069 0.06 0.38 0.46 4
T4 0.01 0.118 0.096  0.007  0.41 0.06 0.66 2
HF 0.03 0 0 0 0.31 0.22 0.28 6
CK 0.026 0.001 0.004  0.056 0.21 0.36 0.41 5
T1 0.03 0.136 0.128  0.08 0.12 0.41 0.82 1
flood T2 0.043 0.005 0.009  0.078 0.20 0.35 0.53 4
Second crop

irrigation T3 0.01 0.133 0.081  0.003 0.05 0.39 0.59 3
T4 0.02 0.122 0.089  0.006 0.31 0.08 0.68 2
HF 0.02 0 0 0 0.36 0.21 0.26 6
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Note: TY, taproot yield; TCC, total content of chlorophyll;NR, net revenue.

3.11. Redundancy Analysis of Production and Quality

To clarify the effects of each treatment on the nutrient content, chlorophyll, K*, Na*, yield
components, and quality of feed rapeseed, redundancy analysis (RDA) was conducted. Figure 7A
shows that leaf crude fiber is positively correlated with Na*in roots, stems, and leaves, and negatively
correlated with stem and leaf crude protein and fat; There is a positive correlation between stem fiber
and stem phosphorus; The crude protein and fat in stems and leaves are positively correlated with
root nitrogen and phosphorus, root K+, stem nitrogen, stem K, leaf nitrogen and phosphorus, leaf K+,
Chl-a, Chl-b, TCC, and carotenoids. T1 and T4 are positively correlated with stem and leaf crude fat
and stem and leaf crude protein, while HF treatment is positively correlated with leaf crude fiber. In
summary, Na*in roots, stems, and leaves restricts the formation of crude fat and crude protein. The
use of organic-inorganic composite SAP and PI+PII treatment in desertified areas promotes the
increase of nutrient, K*, and chlorophyll content in feed rapeseed, thereby promoting the synthesis
of crude protein and crude fat, which is beneficial for its quality improvement.

The results in Figure 7B indicate that Na+in roots, stems, and leaves is positively correlated with
CK and HF treatments; Stem phosphorus showed a positive correlation with T2 and T3 treatments;
Yield and fresh weight per plant are positively correlated with root nitrogen, root phosphorus, root
K+, stem nitrogen, stem K, leaf nitrogen, leaf phosphorus, and leaf K*; The T1 and T2 treatments are
positively correlated with yield and fresh weight per plant. Therefore, applying organic-inorganic
composite SAP and PI+PII treatment in desertified soil can increase the nutrient content of rapeseed
feed, thereby promoting an increase in fresh weight per plant and correspondingly increasing its

yield.
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Figure 7. (A) RDA analysis of nutrient content, photosynthetic pigment, K*, Na* and quality in different organs
of rape.(B) RDA analysis of nutrient content, photosynthetic pigment, K, Na* and output components in

different organs of rape.
4. Discussion

4.1. Organic Inorganic Composite SAP Improves Soil Ecological Environment, Enhances Antioxidant
Enzyme Activity in Feed Rapeseed Leaves, and Improves Plant Growth

The organic-inorganic composite SAP improves soil nutrition by reducing soil salinization and
increasing soil aggregate structure, thereby promoting the growth of oilseed rape as feed. Rapeseed
feed subjected to desertification and drought stress not only clears accumulated reactive oxygen
species (ROS) by upregulating leaf SOD and POD activities, but also increases osmotic potential
through soil water and fertilizer retention to prevent excessive water loss in plants[37,38]. The
application of composite SAP, PI, PII, and PI+PII significantly improved soil physicochemical
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properties and increased SOD and POD activities in oilseed rape leaves and plant nutrient content
under drought stress. Among them, the composite SAP had the most significant effect (p<0.05), which
may be related to the upregulation of drought resistant gene expression and enhanced cell stability
by applying SAP and other amendments[39-41], and the increase in related metabolic enzyme
activity [42,43], thereby improving plant stress resistance and promoting growth under drought
stress.

4.2. Application of Organic-Inorganic Composite SAP to Improve the Photosynthetic Capacity of Rapeseed
Leaves in Feed, Increase Yield and Quality

The organic-inorganic composite SAP conditioner has a positive soil conditioning effect on the
physiological characteristics of rapeseed feed. Compound SAP, PI, PII, and PI+PII increased dry
matter accumulation during harvest by increasing TCC in rapeseed leaves, with compound SAP
being the most significant (p<0.05). The increase in TCC in plant leaves may be related to the increase
in leaf nutrients and photosynthetic enzyme activity after SAP application[44,45]. The increase in
TCC enables plants to accumulate substances more efficiently and intensively[46,47], thereby
increasing the yield of oilseed rape as feed. The improvement of TCC and LAI may be attributed to
the deposition of nutrient elements around the leaf cell wall after the application of composite SAP,
which protects the cell membrane and prevents a decrease in chlorophyll content[48,49]n the other
hand, it may be due to an increase in enzyme activity related to chlorophyll synthesis, which in turn
increases chlorophyll content[50,51]. Both improvements enable plant leaves to receive and capture
more light energy for material production. As the growth period prolongs, compound SAP, PI, PII,
and PI+PII can significantly increase plant biomass, with compound SAP showing the most
significant effect. Therefore, the application of composite SAP is more effective in increasing the yield
of rapeseed feed compared to PI, PII, and PI+PII. It should be noted that rapeseed feed is aimed at
harvesting fresh grass feed, and its quality greatly affects the feeding effect of forage animals.
Compound SAP can effectively improve the quality of forage by increasing crude protein while
reducing crude fiber content[52,53]. The results showed that the application of composite SAP, PI,
PII, and PI+PII increased the crude protein content in the stem by 65.98% -70.10%, and decreased the
crude fiber content by 22.21% -43.59%; The crude protein content in the leaves increased by 86.05% -
86.85%, and the crude fiber decreased by 12.37% -18.86%, which is consistent with the actual growth
of the plants[54]. Among them, the compound SAP showed the best effect and significantly improved
the quality of rapeseed feed.

4.3. Organic Inorganic Composite SAP Promotes Nutrient Absorption in Rapeseed Feed and Its
Environmental Advantages

The mechanism by which roots acquire nutrient ions and subsequently transport and maintain
the concentration in cell fluid determines the survival of plants in sandy areas [55]. The organic-
inorganic composite SAP, PI, PII, and PI+PII conditioners improved the TN, TP, and TK of rapeseed
feed, with the composite SAP showing the best effect. This may be related to the fact that composite
SAP, PJ, PII, and PI+PII enhance soil adsorption and gas exchange capacity, accelerate aboveground
water consumption, and promote root extension to deeper soil layers[56]. We found that SAP
significantly increased the TY and NR of rapeseed feed by 148.32% and 197.62%, respectively.
Applying composite SAP, PI, PII, and PI+PII avoids excessive economic losses by increasing crop TY.
In addition, the main reason why composite SAP treatment did not improve NR more than PI+PII is
that the effect of related polymer materials is limited. Therefore, in future research, materials with
better effects than polyacrylamide, humic acid, and attapulgite should be sought to carry out research
on their combined application with organic fertilizers and chemical fertilizers. More noteworthy is
that SAP has the characteristics of being non-toxic to plants and the environment, highly absorbable,
and rapidly transported in various organs of plants. It can also serve as a carrier to accurately deliver
some growth regulators, osmotic regulators, and nutrients to plants[57,58], promote crop growth,
and improve stress resistance to abiotic factors [59]. Therefore, our research and development based
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on SAP as a new soil improvement regulator provides a feasible strategy for alleviating crop
environmental stress.

4.4. Potential Advantages of Combining Organic-Inorganic Composite SAP with Practical Applications and
Its Differences from Single Soil Conditioners

Most of the arid areas in Xinjiang, China use water-saving irrigation projects and other measures
to alleviate drought stress [3]. SAP, as a multifunctional soil improvement and conditioning agent,
has shown significant potential for water conservation, yield increase, and soil improvement in
practical applications [60]. If the two are combined in actual planting, it can further improve the
quality and upgrade of agriculture in arid areas of Xinjiang. In addition, this study shows that the
use of organic-inorganic composite SAP has significant advantages over a single soil improvement
agent, and the difference between it and a single soil improvement agent is obvious. This may be due
to the fact that polymer composite materials can combine materials with different properties through
physical or chemical methods, which can leverage the advantages of each component and
compensate for the shortcomings of a single material[61,62]. At the same time, the combination of
organic-inorganic compounds effectively achieved increased yield and improved quality of rapeseed
feed. In the future, it is necessary to combine precision agriculture technology to further explore the
value of organic-inorganic composite soil conditioners in sustainable agriculture.

5. Conclusions

Different organic-inorganic composite soil conditioners are used in desertified land to improve
the soil structure, thereby enhancing the efficiency of plant water and fertilizer utilization and
increasing its benefits on the yield and quality of rapeseed feed. Especially, the stress resistance effect
is more significant after applying the composite conditioner of organic fertilizer+chemical
fertilizer+1% SAP (6t-hm?). The addition of organic-inorganic composite soil conditioners
significantly reduced the harm of salinization and improved the physiological, biochemical, and
antioxidant metabolism mechanisms in feed rapeseed compared to the use of organic-inorganic and
HF treatments alone. The results indicate that, based on the local practice of planting sandy soil, the
optimal ratio for combining organic fertilizer, chemical fertilizer,and SAP is organic fertilizer18t-hm-
2tFertilizer(N:180kg-hm2,P:120kg-hm?, K:105kg-hm?)+SAP6t-hm2 It can be recommended to
improve the soil fertility and growth characteristics of rapeseed feed. In addition, a comprehensive
evaluation of all treatments in the region (sandy soil) found that the application of composite SAP is
a potential practice that can improve the growth, yield, and quality of oilseed rape in desertified and
arid areas, and is environmentally friendly, achieving economic and environmental advantages.
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