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Co-application of polyethylene
oxide (PEO), biochar, and seaweed
fertilizer improves desert soil
properties

Haoying Li%, Huanan Liu**, Bo Qi*, Lianghao Zhai?, Jiashun Ding* & Dan Qiu?

Improving water retention, erosion resistance and nutrients in desert areas is essential for ecological
sustainability. This study evaluated the effects of biochar, polyethylene oxide (PEO), and seaweed
fertilizer on the properties of desert sandy soil, focusing on water retention, erosion resistance, and
soil nutrients. The sandy soil used in the study was taken from the Tengger Desert in Gansu, China,
and an orthogonal experimental design was used to select three different proportions of biochar,
PEO, and seaweed fertilizer. Compared with the control, applying of these three substances decreased
bulk density by 5.8-9.6%, increased porosity by 8.3-14%, and increased water-holding capacity by
2.2-6.7%. The erosion rate decreased by more than 99%, and water-stable aggregates increased

by 9.7-37.4%. Soil nutrients showed varying degrees of increase, and seed germination increased

by 26.7%. The results of the principal component analysis showed that B6P0.652 had the best

overall improvement effect. Therefore, a ratio of 6% biochar, 0.6% PEO, and 2% seaweed fertilizer is
recommended to improve the properties of sandy desert soils. Overall, biochar, PEO, and seaweed
fertilizer can improve the physical properties of desert sandy soil, enhance soil nutrients, and create a
stable and suitable environment for plant growth.

Keywords Desert soil, Water retention capacity, Erosion resistance, Soil aggregate stability, Soil nutrients,
Ecological restoration

Desertification is an environmental problem that seriously affects global ecosystems, climate, agricultural
production, and human development!'=>. Desert soils usually have a low clay content and consist mainly of a
large amount of sand and a small amount of silt*>. As the degree of desertification increases, the bulk density
of the soil increases, and the soil water content, organic matter, and other components decrease®®. In addition,
the weak water retention of desert soils makes it difficult for them to effectively meet the water requirements for
plant growth, thus limiting the recovery of vegetation and the ecological construction process in desert areas'.
Therefore, the key to combating desertification lies in improving the properties of desert soils and enhancing
their water retention and nutrients. In recent years, soil improvement technology has received more and more
attention in improving soil properties! 12,

Biochar is a black material with rich pore space and specific surface area, and pyrolysis temperature and
aging of biochar affect the potential merits of carbon source addition to desert soils'®. The soil improvement
effect of biochar has been reported to originate from the nature of the biochar itself, including the raw material,
pyrolysis temperature, and particle size!*!>. The water-holding capacity of the biochar itself influences the
water-holding capacity of the soil'®!”. Studies have shown that alkaline biochar produced at high temperatures
can improve water-holding capacity and crop growth in sandy soils while increasing soil organic matter and
plant nutrient content'®!®. Smaller particle sizes (<5 mm) of biochar were the most effective in amending the
s0il?*2!, In addition, soil type also affects the effectiveness of biochar?2. It has been studied that biochar has a
significant amelioration effect in sandy soils?>. The application of biochar can improve the agglomerate stability,
water retention capacity, and crop yield of degraded sandy soil, effectively improve the soil structure, increase
the number and stability of agglomerates, and thus enhance the resistance to wind erosion?*?*. In addition,
biochar can improve the water-holding capacity and soil nutrients of sandy soil, enhance the plant root system
and aboveground biomass, and promote crop yield?°. All of the above studies have demonstrated the superior
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performance of biochar in soil improvement. However, it is worth noting that biochar can change the pH and
porosity of soil through its dissolution in a short period, but the change of soil structure requires the interaction
of biochar with plant roots and soil, which is a slow process?.

In addition, polymers that can protect the soil from erosion damage in a short time are becoming increasingly
popular?. Some studies have found that PEO (polyethylene oxide) has significant advantages over substances
such as PAM (polyacrylamide), CMC (carboxymethyl cellulose sodium), and PVA (polyvinyl alcohol). First,
PEO has a high molecular weight, low biotoxicity, and is environmentally friendly?. Second, the flocculation
properties of PEO are not affected by pH and show better stability. In addition, the study found that PEO has a
higher affinity for silica®®, whereas PAM needs to be in soils with a certain clay content to show effectiveness®!32.
To summarize, PEO is more suitable for soil improvement in desert soil areas with very low clay content.

Fertilizers extracted from seaweeds have significant biodegradable properties compared to conventional
fertilizers. This property, coupled with its slower decomposition rate, effectively reduces the potential risk of
over-application of fertilizers, thus achieving ecologically friendly use and conservation®*. Studies have shown
that the addition of seaweed fertilizer improves the drought tolerance of tomato seedlings on sandy soils*.
Seaweed fertilizer also positively affects the growth and yield of wheat and improves the efficiency of farming on
sandy soils®®. A field trial on sandy soils at the Ismailia Agricultural Company showed that the use of seaweed
fertilizers was not only effective in increasing crop yields but also improved soil properties, reduced production
costs, and reduced environmental pollution36. Because of the above advantages, we chose seaweed fertilizer in
this study to investigate its impact on nutrient supply and plant growth in desert soils and to provide a scientific
basis for ecological restoration and sustainable agricultural development.

It has been studied that the combination of biochar and polymers can significantly improve the water-holding
capacity of sandy soils, reduce soil water evaporation and infiltration rate, enhance the stability of aggregates,
and promote crop growth”. In addition, the pairing of biochar with organic fertilizers plays an important role in
promoting C-N-P-S cycling in soil and increasing the number of associated microorganisms*. The combination
of biochar and fertilizer not only enhances plant nutrient uptake but also influences soil nutrient uptake and
carbon dynamics by regulating carbon cycle enzyme activities and soil microbial communities®-*1.

Although some studies have highlighted the key role of biochar, fertilizer, and organic polymers in enhancing
soil properties, relying on biochar and fertilizer alone without the application of organic polymers in desert areas
may result in damage due to wind erosion before the soil structure is improved and the desired soil improvement
objectives are not achieved. At the same time, if we only rely on biochar and polymers to improve desert soils,
although polymers can form a solidified layer so that the soil will not be eroded in the short term, the solidified
layer will gradually degrade over time, and due to the lack of organic matter and clay inside the soil, it will
not be able to form stable aggregates, and will still be subjected to wind erosion in the end. In summary, soil
improvement in desert areas requires comprehensive consideration of several factors.

Therefore, combining biochar, organic fertilizers, and polymers may be a good way to maintain the long-
term productivity of sandy soils and alleviate the effects of drought erosion. Related studies have also confirmed
the effectiveness of biochar-organic polymer-fertilizer combinations for sandy soil improvement and crop
growth*>-*4. However, there are relatively few indicators available for evaluating the effects of biochar, organic
polymers, and fertilizer combinations on sandy soil properties, which makes it difficult to comprehensively
assess the improvement in the overall quality of the soil. Also, there is a lack of clarity regarding the specific
boundaries of substance addition. Therefore, the main objectives of this study are: I. To research the influence of
co-application of the three substances on water holding capacity, dynamic water content, wind erosion resistance,
water stability of aggregates, and soil nutrients in desert soils. II. Assessing the impact of three substances on seed
germination and growth. III. Explore the appropriate application rates of PEO, biochar, and seaweed fertilizer
in desert soils by combining a number of evaluation indexes such as water-holding capacity, aggregate stability,
and germination rate.

Materials and methods

Materials

The soil selected for the study comes from the Tengger Desert. (37° 30'-40° N, 102° 20’-106° E) in Gansu
Province, China. The soil was sieved through a 2 mm sieve before the experiment to remove impurities such as
gravel and grassroots. Subsequently, the particle size distribution was analyzed using an LS-9 laser particle sizer,
as shown in Fig. la. According to the geotechnical test standards; it was determined that the wind-sand soil
sample had a bulk density of 1.61 g/cm® and a natural moisture content of 0.44%.

Biochar was straw charcoal, purchased from Lianyungang Surui Processing Plant. The carbonization
condition was 500 °C for 3 h. The biochar was sieved through a 0.5 mm2*2! sieve before testing. The basic
information of the biochar is: bulk density of 0.55 g/cm?, pH value of 9.8 and C content of 68.7%.

Polyethylene oxide (PEO) was purchased from Shandong Hongquan Chemical Technology Co. The PEO
powder was diluted to 0.2 g/100 ml and then stirred with a stirrer at 8000 r/min to ensure dissolution to give
a 0.2% solution. Mass fractions of 0.2%, 0.4%, and 0.6% were selected for the experiment in this study. These
concentrations were selected based on the available literature and the predominant soils of arid regions**%. The
infrared spectrum (FTIR) of PEO is shown in Fig. 1b.

Seaweed fertilizer purchased from Shandong Akang Co. Seaweed fertilizer content: effective live bacteria > 500
million/g, organic matter >60%, KANO seaweed extract>2%, indole rhizobium >0.3%, shrimp and crab shell
powder + fishmeal >25%, active calcium+silicon+crude protein>30%, Zn+B+Fe+Mn+Mg+ chitin 5%,
Bacillus cereus.
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Fig. 1. (a) Soil particle size distribution. (b) FTIR of PEO solution.

Levels | Biochar (%) | PEO (%) | Seaweed fertilizer (%)
1 2 0.2 1
2 4 0.4 2
3 6 0.6 3

Table 1. Factor level table.

Experimental design
This study examines indoor experiments to find the best combination of three materials to improve desert soil
properties.

An orthogonal array containing three levels of three factors (biochar, PEO, and seaweed fertilizer) was

designed for the study. The factor level table is shown in Table 1, and the orthogonal design matrix is shown in
Table 2.

Water retention test

The mixed 40 g of soil was placed in a container (50 mm diameter and 25 mm high) with a hole in the bottom
and sprayed with PEO solution. The soil was then dried in an oven at 40 °C for 72 h to form a consolidated layer.
Subsequently, it was placed in a container with pure water, and capillary action lifted the water to the upper
part until the surface of the consolidated layer was wet. It was removed after 12 h of saturation, and it is worth
noting that the petri dish was kept well hydrated during this process. Subsequently, the saturated samples were
filtered until the last drop of water was extracted and quickly weighed. The wet samples were dried in an oven
at 40 °C (Fig. 2a). The weight of the sand samples was determined, and the mass of water content calculated at
30 min intervals until the end when the weight was no longer changing and the mass water content was close to
0. Equation (1) shows the formula for W HC (water holding capacity).

WHC = (W, — W)/ W, (1)

where W HC' is the water holding capacity, W1 and Wy are wet soil weight and dry soil weight, respectively.
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Orthogonal design matrix

Sample no. | Biochar | PEO | Seaweed fertilizer
BOP0SO 0 0 0
B2P0.2S1 2% 0.2% | 1%
B2P0.4S2 2% 0.4% | 2%
B2P0.6S3 2% 0.6% | 3%
B4P0.2S2 4% 0.2% | 2%
B4P0.4S3 4% 0.4% | 3%
B4P0.6S1 4% 0.6% | 1%
B6P0.2S3 6% 0.2% | 3%
B6P0.4S1 6% 0.4% | 1%
B6P0.6S2 6% 0.6% | 2%

Table 2. Table of orthogonal experiments for preliminary selection of formulation performance.
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Fig. 2. Schematic diagram of the experimental process.

Wind erosion test

The study conducted wind erosion tests using a small homemade simple wind tunnel. A blower was used instead
of a wind source, and the wind speed was adjustable between 0 and 24 m/s. The test section was a circular
section with a diameter of 14 cm and a length of 60 cm. (Fig. 2b). Treated soils were filled into containers
(160x120x40 mm), sprayed with PEO solution, and placed in a 40 °C drying oven for 72 h to form a
consolidation layer. According to the China Meteorological Administration (CMA), wind speeds of 10-20 m/s
are the main drivers of Tengger dust storms and severe dust storms*’. Therefore, a slope of 15° was chosen to
simulate the windward side of the field dunes, and two wind speeds of 12 m/s and 18 m/s were designed. The
total duration of each group was 40 min, 20 min for each wind speed. The sand was weighed before and after
the test using an electronic scale to work out the erosion modulus of the sand (g/m?/min). After simulated wind
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erosion, crusts were taken from three surface locations of the specimens, and the thickness was measured with a
vernier caliper and averaged. Equation (2) shows the formula for the erosion rate.

R = (my —m1)/(S x T), @
where R is the wind erosion rate, g-m’z-min’l; my is the mass of sandy soil before wind erosion, g; m is the

mass of sandy soil after wind erosion, g; S is the area of sand fixation specimen, m2; 7" is the wind erosion time,
min.

Soil aggregate stability index (wet sieving method)

Physical characteristics of the potting soil were analyzed after harvesting the plants after 50 days. 30.0 g of
topsoil was placed on the top of a sieve with diameters of 2.0, 0.5, 0.25, and 0.075 mm, respectively, which
were then submerged in water and manually moved up and down the sieve in the water approximately 3 cm
50 times over 2 min to separate the aggregate grades (Fig. 2d). Collecting, drying and weighing aggregates
remaining on sieves of different sizes to obtain dry mass. In this study, the distribution of soil aggregates was
characterized by assessing the mean weight diameter (MW D), geometric weight diameter (GM D), and the
proportion of >0.25 mm aggregates (Wo.25). Equations (3), (4), (5) show the formulae for MW D, GM D, and
Wo.25 respectively?®.

MWD =" zw;, (3)
i=1
" wlnz;
GMD = exp <Z’:}L> , (4)
i=1 Wi

Mo .25
Wo.25 = 5
0.2 7 (5)

x; is the average diameter (mm) of the size class 4, and wy; is the weight percentage (%) of aggregate in the size
class 3. M is the total mass (g) of the test soil, and Mo.25 is the mass of >0.25 mm agglomerates.

Pot-planting experiment

The indoor temperature was 20-25 °C, and relative humidity was 50-60% throughout the incubation period.
Ten seeds were sown in free-draining pots (9 cm diameter and 11 cm high) and then covered with 0.5-1.0 cm
of soil, followed by spraying PEO on the soil surface, and in the CK group, an equal quantity of water was
applied (Fig. 2¢). Germination was recorded until no further change by 12 h of light and 50 mL of water daily.
Each treatment was replicated three times. Soil bulk density and porosity were determined using the ring knife
method. After one month, 200 g of soil samples were collected for chemical analysis. Equation (6) is the formula
for porosity determination.

T, =1-2 % 100%, ©)

Pp

where T}, is total porosity, %; ps is soil bulk density, g/cm?; p,, is soil specific gravity (measured by specific gravity
bottle method).

Soil alkali-hydrolyzed (AN), available phosphorus (AP) and potassium (AK) content by alkaline diffusion
method® and combined extraction colorimetry with an ultraviolet spectrophotometer®’, respectively. Soil
organic matter (SOM) was measured using the Walkley-Black method>".

Data analysis
Statistical analyses were performed using SPSS 25.0. One-way analysis of variance (ANOVA) was used for the
data review. Tukey’s HSD method of comparison was used for post hoc test. Before analyzing, all data were
checked for normality, and their means and standard deviations were calculated. When the data did not fulfil the
assumption of normal distribution, the rank sum test was used.

Integrated impact of different rates of treatment on soil was assessed by principal component analysis (PCA),
and the best amelioration strategies were obtained by scoring and ranking.

Results

Water retention of soil

The results of the study showed that the W HC' of the improved soil was significantly higher (p <0.05) compared
to BOP0SO. Figure 3 shows that the maximum W HC of the treatment groups BOP0S0, B2P0.2S1, B2P0.4S2,
B2P0.6S3, B4P0.2S2, B4P0.4S3, B4P0.6S1, B6P0.2S3, B6P0.4S1, and B6P0.6S2 were 17.03, 17.26, 18.18, 18.84,
18.55,20.8, 21.22, 21.71, 19.85 and 19.41% respectively. Compared with BOP0SO, the W HC' of the improved
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Fig. 4. Changes in water content of soil specimens as a function of time for 1% seaweed fertilizer treatment
(a), 2% seaweed fertilizer treatment (b), and 3% seaweed fertilizer treatment (c).

soil in all treatment groups were increased. As can be seen in Fig. 11c, the pores of biochar improved the flow
of air, water, and nutrients through the soil, while storing water and dissolved materials needed for microbial
metabolism, which may be the main reason for the increase in soil water holding capacity.

Figure 4a-c show the moisture trends of soil samples at 1%, 2% and 3% of seaweed fertilizer content
respectively. In these three graphs, we find that the dynamic water content of the groups tends to decrease with
increasing evaporation time. However, compared with the control, the treated soil had a more robust water
retention capacity under the drought experimental conditions. The dynamics of soil dynamic water content
with evaporation time can be classified as a rapid decline and a steady decline. When the same mass of seaweed
fertilizer was added to the soil, the soil samples with high biochar content sustained higher water content in the
pre-drying period. However, after entering the stabilization period at 6 h of the test, soil samples with higher
PEO content presented a more stable water content during the drying period than those with higher biochar
content. After 8 h of drying test, the water content of the treated sample B6P0.6S2 still reached 1.56%. Even the
worst water retention sample, B2P0.2S1, was able to stabilize its water content at 0.99%.

Wind erosion resistance of soils

The test results for wind erosion resistance are shown in Fig. 5a. Each of the treated soil samples showed excellent
resistance to wind erosion compared to the control (BOP0S0). The control group experienced severe erosion
damage at different wind speeds. Specifically, the erosion rate of each group increased with the increase of wind
speed from 12 to 18 m/s. Among them, the erosion rate of the control group jumped from 165.3 to 825.1 g/m%/
min, showing severe wind erosion. Although the B6P0.2S3 (Fig. 5¢) treatment formed a thinner consolidation
layer and the erosion rate increased when the wind speed increased from 12 to 18 m/s, it only increased from
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Fig. 5. (a) Erosion rates and crust thickness under different treatments. (b) Crust thickness measurements. (c)
B6P0.2S3 Picture at the end of wind erosion.

0.381 to 0.602 g/m?/min. The erosion rate was almost negligible compared with the control, which indicated
that the wind speed of sand initiation of the treated soils is all above 18 m/s. At the end of the wind erosion test,
we also measured the thickness of the consolidation layer (Fig. 5b). The results showed that the thickness of the
consolidation layer decreased with the addition of biochar and seaweed fertilizer when the PEO concentration
was 0.2%. It is noteworthy, however, that the consolidation layer was not damaged by wind erosion in all treated
soil samples except for the control.

Aggregate stability of soils

As shown in Fig. 6a, the water-stable soil aggregates were classified into 4 grain scale classes:>2 mm, 0.5-
2.0 mm, 0.25-0.5 mm, and 0.075-0.25 mm. According to the data presented in Fig. 5a, the BOP0S0 treatment
contributed 0 to>2 mm agglomerates, while the B6P0.6S2 treatment had the highest percentage of>2.0 mm
agglomerates at 23.27%. The rate of 0.25-0.5 mm grain size aggregate was significantly (p <0.05) enhanced by
all treatments versus BOP0SO0, with the B2P0.4S2 increasing from 4.43% in BOP0SO to 15.9% in the proportion of
0.25-0.5 mm agglomerates. However, all nine groups of improved soils had significantly (p <0.05) lower rates of
0.075-0.25 mm grain size aggregate than BOP0SO, especially under B6P0.6S2, where the rate of 0.075-0.25 mm
grain size aggregate decreased from 89.13% in BOP0SO to 55.2%.

Figure 6b-d demonstrates the results of Wo.25, MW D, and GM D for the assessment of agglomerate
stability. The X, Y, and Z axes represent the different contents of PEO, biochar, and algal fertilizer, respectively.
Based on the XY mapping, it can be seen that increasing PEO concentration and biochar content, Wo.25, MW D
, and GM D showed an increasing trend. The highest values of 41.52%, 0.663 mm, and 0.61 were reached for
these three indicators under the B6P0.6S2 treatment, respectively. This indicates a positive correlation between
biochar and PEO in improving soil aggregate stability. Similarly, from the XZ mapping, it was found that W 25
, MW D, and GM D increased with increasing content of seaweed fertilizer and PEO, and seaweed fertilizer
and PEO also showed a positive correlation in improving soil aggregate stability. However, the results of YZ
mapping showed that soil Wo.25, MW D, and GM D did not consistently increase with the increase of biochar
and seaweed fertilizer content, but rather reached the highest value at a particular ratio, beyond which it may
decrease, suggesting that the effects of biochar and seaweed fertilizer used in conjunction with each other on the
stability of soil aggregates are positively correlated within a certain range, beyond which they may bring negative
effects.

Plant germination and soil nutrients

Alfalfa was sown on treated soil to study the impact of PEO, biochar, and seaweed fertilizer on plant seed
germination and growth. The pot test showed germination and growth results of alfalfa after 16 days of sowing,
as shown in Fig. 7a,b. The results showed that alfalfa planted on treated soil germinated and grew well compared
to the control (Fig. 7a). Figure 7b showed that the germination percentage of seeds grown in treated sandy soil
was higher (p <0.05) than that of seeds grown in natural sandy soil. The germination percentage of the B2P0.2S1
group was 33.33% higher than that of seeds grown in natural sandy soil. This was closely followed by B4P0.4S3
and B2P0.4S2 with an increase of 26.66 and 23.33, respectively, while the worst performer was B6P0.6S2 with
only 56.67%, but still a rise of 10% relative to the control group. However, with the exact content of seaweed
fertilizer, seed germination tended to decrease with the increase of biochar and PEO content.

As shown in Fig. 7¢, biochar, PEO, and seaweed fertilizer increased (p <0.05) soil nutrient indices compared
to BOP0SO. The increase in seaweed fertilizer content showed a significant positive effect (p <0.05) on soil alkali-
hydrolyzed (AN), available phosphorus (AP), and potassium (AK) content. Soil AN and AP contents increased
significantly (p <0.05) from 32.03 and 1.20 in BOP0SO to 108.67 g/kg and 14.93 g/kg in B4P0.4S3, respectively.
Soil AK content increased from 201.79 g/kg in BOP0SO to 246.43 g/kg under B6P0.2S3 treatment. Soil SOM
increased with the increase of biochar. Significantly higher (p <0.05) soil SOM was observed in B6P0.6S2 and
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B6P0.4S1 compared to BOP0SO. In this case, the SOM of B6P0.6S2 increased from 1.65 to 26.9 g/mg followed by
B6P0.4S1 which increased to 26.47 g/mg.

Changes in soil physical properties

The bulk density and porosity of the different treatments are shown in Fig. 8a. All treatments significantly
increased the porosity and decreased bulk density compared to BOP0SO (p <0.05). With the same amount of
biochar used, porosity gradually decreased with increasing PEO application, reaching a minimum value of 43.5%
under the B6P0.6S2 treatment. In contrast, bulk density showed an increasing trend and reached a maximum
value of 1.49 g/cm® under B4P0.6S1. When the amount of biochar was increased from B0 to B6, the bulk density
increased from 40.06 to 44.23%, while the bulk weight decreased from 1.61 to 1.46 g/cm?. This indicated that the
additions of biochar, PEO, and seaweed fertilizers lowered the bulk density of the soils to a certain extent while
increasing the soil porosity.

Figure 8b demonstrates the grain size distribution of the soil samples after treatments with different
material proportions of allotment. The results showed that the soil grain size of each treatment group was
mainly dominated by fine-sand, followed by medium-sand, while the content of coarse-sand was low (the
largest content of coarse-sand was 8.89% for B4P0.2S2, and the smallest content of coarse-sand was 4.32% for
B2P0.2S1). The content of fine-sand decreased due to the addition of three substances. B2P0.4S2 (45.66%) and
B4P0.4S3 (41.78%) decreased by 42.83% and 45.38% compared to BOP0SO (87.16%), respectively. Whereas, the
content of medium-sand increased. B2P0.2S1 (44.33%) and B6P0.4S1 (39.62%) increased by 33.66% and 28.95%
respectively compared to BOP0SO (10.67%). Although no clay was produced in the treatment groups, the silt
content of the soil increased with the addition of the three substances. B2P0.2S1 showed the smallest increase of
3.81%, and B4P0.2S2 showed the largest increase of 6.62%

Integrated performance evaluation of biochar, PEO, and seaweed fertilizer co-application
The objective of this study was to comprehensively evaluate the improvement of desert physical properties by
different treatments. A system of integrated soil quality assessment indicators was established using the principal
component analysis (PCA). Eleven indicators, including soil saturated water holding capacity (W HC'), bulk
density (BD), porosity (1},), proportion of water-stable aggregates (Wy.25) soil mean weight diameter (MW D
), geometric mean diameter (GM D), alkali-hydrolyzed (AN), available phosphorus (AP), potassium (AK),
organic matter (SOM), and germination rate (GER), were selected for comprehensive ranking.

The matrix of correlation coefficients for the eleven indicators is shown in Fig. 9. Overall, there were
significant correlations between all indicators (p <0.05). Among them, significant positive correlations were
observed between W HC and MW D, GM D, Wy.25, AN, AP, AK, and SOM. Significant negative correlations
were observed between BD and 7}, (p<0.05). The presence of significant correlations between Wy.25, MW D
, GM D, and W HC suggests that changes in soil water holding capacity are closely related to soil aggregate
stability. Similarly, significant correlations between BD, T,, MW D, GM D, Wy.25 AN, AP, AK, SOM, and
germination indicated that plant germination was closely related to improvement in soil physical properties as
well as an increase in nutrients.

The contribution rates of different proportions of biochar, PEO, and seaweed fertilizer treatments were
calculated by applying PCA. Simplify the above eleven indexes into F1 and F2 and calculate the composite score
according to F=0.5266F1+0.2093F2. Table 3 shows that the highest comprehensive ranking was obtained for
B6P0.6S2, followed by B4P0.6S1 and B2P0.6S3.
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Treatment | F1 F2 F Ranking
BOP0SO —1.56741 | —2.23041 | —129.227 | 10
B2P0.2S1 -1.16185 | 0.812687 | —44.1667 | 9
B2P0.4S2 —0.65055 | 0.761027 | —18.3267 | 7
B2P0.6S3 0.575503 | 0.650887 43.93 3
B4P0.2S2 -0.86461 | 0.636077 | —32.2133 | 8
B4P0.4S3 0.48632 | 0.709243 | 40.45333 | 4
B4P0.6S1 1.15764 | —0.68958 | 46.52333 | 2
B6P0.2S3 0.38124 0.56816 | 31.96667 | 5
B6P0.4S1 0.11681 | —0.30298 -0.19 6
1

B6P0.6S2 1.52691 | —0.91512 | 61.24667

Table 3. Orthogonal experimental design and optimal result.

Discussion

Mechanism of biochar, PEO, and seaweed fertilizer on soil water retention

Water is paramount for plant survival, especially in xeric desert areas, and water retention is a crucial focus of
ecological restoration studies. In this study, the biochar increased the moisture holding properties of the soil,
and this is the same as in former studies®. Because the large number of pores (Fig. 10b) and oxygen-containing
functional groups (-OH and ~-COOH) on the surface of the biochar can bind with water molecules, increasing
the retention of water®*. In this study, the particle size of the applied biochar was less than 0.5 mm, and the
tiny biochar particles filled the macropores between the soils, increasing small pores and micropores in the soil
mixture®. The increase in porosity and specific surface area in the soil mixture provided more water storage
pores and adsorption sites for water molecules, thus improving the water retention properties of the soil>>.
At the same time, adding PEO also contributed significantly to the water retention of sandy soils. The presence
of tiny pores in the membrane formed by the PEO solution (Fig. 10a) helps to reduce water flux and improve
retention efficiency”’. But in practice, the PEO solution will cover the surface of the biochar to fill the structural
pores (Fig. 10c), reducing the adsorption capacity of the pore structure of the biochar.

Mechanism of biochar, PEO, and seaweed fertilizer on soil resistance to wind erosion

In this study, PEO enhanced the wind erosion resistance of the soil, with specimens immobilized with only 0.2%
PEO resisting wind speeds of 18 m/s without erosion damage. This was due to the presence of gaps between soil
particles (Fig. 10d). The chemically cemented material fills the gaps (Fig. 10f) in the sand layer after the PEO
solution is sprayed onto the soil surface. As the water evaporates, the material gradually solidifies into a solid,
and the sand is tightly bonded to each other, forming a stable and uniform sand net (Fig. 11a), which effectively
prevents wind dispersion®. As can be seen in Fig. 11b, the carboxyl functional bond in PEO, which improves
the adsorption capacity of the polymer>®, links the loose sand grains into a whole through the macromolecular
chain®. Therefore, it is possible to form a solidified layer on the surface of the sand grains with a certain
degree of resistance to wind erosion. In addition, biochar and seaweed fertilizer added to the soil as organic
matter together improved soil agglomeration, increased the content of silt-clay and medium-sand particles,
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Fig. 11. Mechanism of amelioration of desert soil by co-application of biochar, PEO, and seaweed fertilizer.

and decreased the content of fine sand, thereby reducing wind erosion damage. This finding is consistent with
previous studies®?+%,

Mechanisms of biochar, PEO, and seaweed fertilizer on soil aggregate stability

The content of Wo.25 increased to 15.9% (B2P0.4S2) after co-applicating of biochar, PEO and algal fertilizer
to the desert soil. The hydrophilic groups of the PEO solution cling onto the face of the soil grains (Fig. 11b),
formed chemical bonds, and promoted the formation of agglomerates (Fig. 10e), which improved the binding
capacity of the soil particles and dramatically increased aggregates in a brief time?®. Active functional groups
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within the biochar interface form cationic bridges with soil particles (Fig. 11d). The cations act as a link between
soil particles and organismic elements, contributing to the development of microaggregates and further
incorporation into macroaggregates®!. Clay and organic matter are key to soil agglomerate formation®*%3. The
addition of the three substances elevated the silt-clay and organic matter content of the soil, which provided
the organic bonding between soil particles for the formation of aggregates®®. In addition, where the biochar
and soil particles come into contact with each other, soil microorganisms grow and multiply, producing large
amounts of mycelium and slime®, creating advantageous conditions for the formation of large agglomerates
(Fig. 11e). Because the creation of large polymers in the soil mainly relies on the encapsulation of mycelium and
plant roots in the soil”’. It can be inferred that planting plants can further encourage the development of large
polymers, improve instability of desert soils, and prevent soil erosion.

Recommendations

In this study, biochar and seaweed fertilizer were selected as additives of exogenous organic matter, while
PEO was used as a protective layer. PEO binds soil particles in a short period, while biochar and seaweed
fertilizer enhance soil nutrients in a longer period, thus effectively counteracting the problems of evaporation
of water, wind erosion, and loss of nutrients from desert soils, and providing an effective way of improving the
environment of plant growth in sandy areas. Although these three substances can improve soil properties, it
is not simply a matter of increasing the dosage to get the best results. One: the addition of all three substances
increases production costs. Two: The dense film formed by high levels of PEO on the soil surface clogs soil pores
and interferes with the transfer of air from the soil to the environment, thus affecting the availability of oxygen
for vegetation roots and soil organisms. Third: High biochar and seaweed fertilizers can burn plant roots and
damage plant growth.

In addition, this study determined the optimum treatment condition B6P0.6S2 by principal component
analysis, in which the percentages of biochar, PEO, and seaweed fertilizer were 6%, 0.6%, and 2%, respectively.
Moisturizing capacity, agglomeration stability, and nutrient content of the soil were significantly improved
under this treatment. Although this study elucidated the mechanism of the combined application of these
three substances for desert soil improvement, there are still limitations. For example, during the experimental
operation, the PEO solution would cover the surface of the biochar and fill its pores, which reduced the
adsorption capacity of the pore structure of the biochar as well as the cementing capacity between the PEO
and the soil particles, leading to an unnecessary waste of resources. Therefore, there is a need for a more in-
depth study on the optimal method of applying biochar, PEO, and seaweed fertilizer to the soil. In addition,
the recommended optimal application patterns are based on small-scale laboratory experiments, and follow-
up studies should be conducted with long-term field trials to more realistically assess the effects of these three
substances in sandy desert soils.

Conclusions

Studies have shown that the combined application of biochar, PEO, and seaweed fertilizer can significantly
improve the water retention capacity, erosion resistance, and soil nutrients of sandy desert soils, thus effectively
promoting plant germination. The solidified layer formed by the drying of PEO can resist wind erosion and
enhance water retention of soils under drought conditions. Biochar and seaweed fertilizer fill the gaps between
soil sand particles, reduce soil bulk density, improve water-holding capacity and fertility, and provide more
nutrients for plant growth. In addition, the combined application of these three substances improved the stability
of soil aggregates in a short time, and increased the content of silt. In summary, the combined application of
biochar, PEO, and seaweed fertilizer provides an effective soil improvement program for the sustainable
development of agriculture in sandy areas.

Data availability
The datasets used and/or analyzed in this study are available upon reasonable request from the corresponding
author (Huanan Liu; e-mail: livhuanan@ccit.edu.cn).
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