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Serious desertification problems were found in alpine grassland of the Qinghai-Tibet Plateau, China. The rehabilitation progress of degraded grassland is slow under natural conditions that have low rainfall and large evaporation. Organic agent-solidified soil is one of the most important measurements that limit desertification and grassland conservation-restoration. However, the characteristics of vegetation growth and development in solidified soil need to be studied in depth. This research is based on the modified carboxymethyl cellulose (MCMC) of independent development. Based on the sand soil taken from moving sandy land of Zoige, potted plants were tested in the environmental chamber at the laboratory. The physical, chemical, and biological characteristics of root soil were monitored for more than 7 months. As a result, the plant biomass in the experimental group increased, lodging rate decreased, drought tolerance and survival rate increased, and the number of plant roots and root surface area index, root cross-sectional area ratio, and root volume ratio increased compared with the matched group. It is shown that MCMC can effectively promote plant root development and improve plant drought tolerance and lodging resistance. We also found that, compared with the matched group, the values of the rhizosphere soil mass, root soil mass, and soil crust layer thickness of the experimental group were much higher, meaning that MCMC has strengthened the root soil-fixation ability and soil-crusting ability of plants. The soil nutrient indexes and bioactivity of the experimental group were higher than the matched group, indicating that MCMC has a positive influence on soil maturation. The quantitative description model of soil aging enhancement of MCMC material during root growth and development was established to explore the soil-fixation mechanism of MCMC plant root succession and provided an important scientific basis and technical support for the conservation and restoration of alpine grassland desertification grassland.
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INTRODUCTION

The Qinghai-Tibet Plateau, known as the roof of the world, covers an area of 2.5 million square kilometers, which is equivalent to a quarter of China’s land area. It is considered the “starting area” and “ecological source” of climate change, and the “headwaters” of Asia (Wang J. S. et al., 2013; Cui et al., 2021). Alpine grassland is the main vegetation type in the Qinghai-Tibet Plateau, accounting for nearly half (44%) of China’s grassland area and 6% of the world’s grassland area (Tan et al., 2010). It has an important impact on geohazards, climate regulation, water conservation, soil formation, and ecosystem stability of the Qinghai-Tibet Plateau and plays an important role in ensuring regional ecological security pattern and responding to global climate change (Sun et al., 2012; Li et al., 2022). In recent years, with the increasing influence of climate change and human activities on the Qinghai-Tibet Plateau, grassland degradation has become an increasingly serious issue (Figure 1; Wang Z. et al., 2016; Liu et al., 2019), which has seriously threatened the ecological environment, biodiversity protection, and animal husbandry economic development of the Qinghai-Tibet Plateau (Zhou et al., 2003). Therefore, restoration and reconstruction of degraded grassland have become one of the hotspots of researchers at home and abroad (Harris, 2010).
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FIGURE 1. Typical desertified alpine grassland. (A) Sanjiangyuan grassland. (B) Zoige grassland.


The grassland degradation and land desertification control have always been the top priority in the protection and construction of ecological security barrier of grassland in the Qinghai-Tibet Plateau (Zhang et al., 2016). Grassland degradation is mainly manifested in two levels, namely, first, vegetation degradation, which is characterized by the decrease in vegetation height, coverage, yield, and quality. Second, soil habitat degradation, which is manifested in the fact that the development direction of soil properties and microbial characteristics is not conducive to the growth of vegetation (Zhou et al., 2014, 2016). In fact, grassland degradation is a cooperative degradation of the vegetation and soil system (Zhan et al., 2019). Therefore, in the process of restoration and management of degraded grassland, we should pay attention to the synergistic restoration of grassland vegetation-soil system, especially the biological components of grassland (plants, animals, or microorganisms) and the structure and function of soil (Zhang et al., 2019).

In the Qinghai-Tibet Plateau, the main control measures of degraded grassland include enclosure, no-tillage and reseeding, fertilization, and artificial grassland construction (Cao et al., 2019; Zong and Shi, 2019; Wang et al., 2020), but each control measure has its own shortcomings. For example, enclosure takes a long closing time and wastes grassland resources (Wu X. W. et al., 2019), and long-term enclosure is not conducive to the restoration and stability of vegetation and may even cause secondary degradation of vegetation (Wu et al., 2010; Deng et al., 2014; He and Kusiak, 2017). After-culture and fertilization will cause great interference to grassland and soil ecosystem; in addition, these measures are more effective for medium and mild degraded grassland (Zong et al., 2021). For severely degraded grassland, such as sandy grassland, these control measures are inadequate.

For severely degraded sandy grassland, its vegetation and soil functions have been basically lost (Li et al., 2006). Therefore, only by changing the physical and chemical properties of degraded grassland soil and restoring the functions of vegetation, soil, and microorganisms, the grassland degradation can be fundamentally solved. At present, the main restoration measure of severely degraded grassland is to use artificial grassland planting (Dong et al., 2020). Artificial grassland planting can increase the number, community coverage, height, and diversity of protophyte in the community in a short time and make the community gradually succeed in the direction of more complete structural composition (Wu S. N. et al., 2019). For example, Ploughe et al. (2021) used biosolids as a soil conditioner to restore degraded grassland. Gravuer et al. (2019) used organic modifiers to increase soil carbon and fertility to restore degraded soil. However, in the artificial grassland planting measures, the vegetation renewal succession is slow and time-consuming, and it has a heavy workload and high cost (Wang C. T. et al., 2013). With the increase in artificial planting years, the artificial grassland vegetation will face the risk of degradation and decay again in the process of restoration due to the invasion of poisonous weeds, water shortage, lack of fertilizer, and other reasons (Seahra et al., 2016).

At present, although a large number of studies have discussed the degradation-restoration of alpine grassland in the Qinghai-Tibet Plateau and put forward a series of restoration measures and technologies (Duan et al., 2016; Yang et al., 2018; Cao et al., 2019), it is still slightly weak in the study of restoration measures and mechanisms of severely degraded grassland. In view of these problems, this article uses the modified carboxymethyl cellulose (MCMC) independently developed by the team as the soil remediation material of sandy grassland. MCMC can improve the adsorption characteristics of soil surface through dialysis cementation and adsorption cementation. After mixing with sandy soil, loose sand particles can be cemented and aggregated together. Even after complete water loss and air drying, a relatively stable crust will be formed on the sand surface to isolate the erosion and migration of wind-sand flow, and the surface crust can lock the lower soil water, slow down the water evaporation, and retain the water and nutrients required for plant growth and development (Yang, 2020). MCMC is mixed with sandy soil to form a soil layer with stability, water-retaining property, and fertilizer-retaining property in order to ensure the normal growth of plants and roots, and then use the growth of plant roots to improve the cohesion and erosion resistance between soil components (Sun and Wang, 2016; Wang H. M. et al., 2016). Thus, the natural succession-joint restoration mode of three-level, i.e., physical-chemical-biological measures is formed, which can be well applied to the management of severely desertified grassland.

Based on the monitoring of indoor potted plants for 7 months, this article measured the growth and development of aboveground parts and roots of plants in the experimental group and control group added with MCMC material, as well as the physical, chemical, and biological characteristics of root-fixed soil. The remediation effect of MCMC material on the vegetation-soil-microorganism system in severely desertified grassland is studied. The change of root-fixed soil properties with the growth and development of plant roots is explored. The characteristics of soil consolidation by MCMC material-plant roots succession are analyzed, and a quantitative description model of soil reinforced by MCMC in the process of root growth and development is established. The mechanism of soil consolidation by root succession of MCMC plants is also revealed, which provides theoretical and technical support for the restoration of degraded grasslands on the Qinghai-Tibet Plateau.



TEST MATERIALS AND METHODS


Experimental Materials


Modified Carboxymethyl Cellulose

MCMC is a soil conditioner made by blending and crosslinking plant cellulose and high molecular polymer in normal temperature water in a certain proportion under the action of additives (as shown in Figure 2). MCMC has a concentration of 1.1% and appears as a colorless and transparent solution, and the basic performance parameters are shown in Table 1. Previous studies have shown that the soil conditioner has strong soil consolidation, wind erosion resistance, rain erosion resistance, and freeze-thaw resistance (Yang et al., 2019a,b).
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FIGURE 2. Schematic structure diagram of MCMC. Blue line, C–C molecular linking; red line, C–C molecular linking.



TABLE 1. Basic performance parameters.

[image: Table 1]


Soil for Test

The test soil was taken from a completely sandy grassland in Tangke Township, Ruoergai County, Sichuan Province (102°33′0.31″E,33°19′51.33″N). The annual rainfall of Zoige grassland is about 600 mm, and the area of existing desertification is 8.03 × 104 ha. Before the relevant tests, the retrieved soil samples were placed in a ventilated and dry place indoors for natural air drying. After semi-drying, large lumps were crumbed and the residual roots of plants were removed. After complete air drying, the soil samples were screened with a 2-mm aperture sieve. After fully mixing, the sieved soil samples were put into waterproof plastic bags and stored indoors in a dry area for standby use. The particle distribution curve of the soil sample measured with an LS I3 320 laser particle size analyzer is shown in Figure 3, which is fine sand soil. The calculation and analysis of the test results show that the average particle size D50 of Ruoergai sandy soil is 0.168 mm, the uniformity coefficient Cu(D60/D10) is 1.67, the gradation coefficient Cg(D30)2/(D10D60) is 1.04, and the specific gravity is 2.635 g/cm3, so it belongs to the poorly graded soil.
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FIGURE 3. Soil particle accumulation curve.




Vegetation for Test

Elymus was used as a grass species in the test because it is a native plant of this area and a drought-tolerant plant commonly used in artificial grassland restoration, and its root systems are well developed with a strong ability to fix soil and can be purchased as a commercial grass seed. The seeds used in this article were purchased from Beijing Millennium Dadi Grassland Ecological Technology Development Co., Ltd. (the seed germination rate measured in the indoor seed germination test can reach more than 95%). Before planting, all grass seeds should be soaked in water at room temperature for 1 h. The grass seeds should be sown on the surface of sand soil, and then a layer of loose fine sand with a thickness of 0.5 cm should be laid, which is wetted by water spray. The sowing density of grass seeds is 24 g/m2.




Sample Preparation

In this article, the root-fixed soil samples were prepared in the flowerpot. The depth of the flowerpot was 24 cm the diameter of the top is 22.5 cm, and the bottom hole allows free seepage. Permeable fibers, 2-cm-thick pebbles (particle size 0.2–0.5 cm), 5-cm base soil (natural fine sand), and 15-cm test soil layer were laid from the bottom to top, with a height of 2 cm reserved on the top.

Before sample preparation, the screened natural soil was put into the oven for drying at 30°C for 48 h (the microbial activity in the sample was retained), the sample was taken out and cooled to room temperature. First, the prepared MCMC and natural soil were evenly mixed according to the mass ratio of 1:4, and the control group was mixed with equal amounts of water and natural soil so that they can then be filled into the flowerpot according to the dry density of 1.45 ± 0.02 g/cm3 in layers. The thickness of each layer was 3 cm. The prepared samples were placed in a constant temperature plant cultivation room for breeding and subsequent index monitoring. During this period, the water supply was manually controlled. The water supply amount refers to the cumulative rainfall (about 400 mm) from April to October in Ruoergai. Water was supplied every other day in the first month, every 5 days in the second to fourth month, and every 7 days in the fifth to seventh month.

The total period of monitoring growth was 7 months, the collection interval was 30 days, and a total of seven collections were made. The monitoring indexes included plant growth and development characteristics and physical, chemical, and biological characteristics of root-fixed soil. The experimental groups added with MCMC were numbered as 0, 1, 2, 3, 4, 5, and 6#, respectively, according to the test time of 0, 30, 60, 90, 120, 150, and 210 days. The test sample, which was prepared using the same volume of water to replace MCMC to mix with soil and keep plant growth for 210 days, was named the control group (referred to as CK). Three groups of experiments in parallel were made for each treatment of sample.



Test Method


Determination of Plant Growth and Development Characteristics

The commonly used characteristic parameters of plant growth and development include total stem length (TLR), leaf width (WL), and plant aboveground biomass (PB). The plants with uniform plant distribution and good growth condition were selected as the measurement object, and at least five repetitions were ensured each time. Before collecting plants the sundries on the surface of the soil were first cleaned, and then the roots of the plants were aligned and cut to collect the aboveground parts of the plants. The test method of TLR was to measure the TLR of each plant from the ground to the leaves with an electronic Vernier caliper. The test method of WL was to measure the average WL of each plant with an electronic Vernier caliper. The test method of PB was to collect different parts of the plant and bake them in an oven at low temperature (60°C) for 72 h, and then measurements were taken after the quality became stable (Cornelissen et al., 2003).



Determination of Physical Parameters of Roots

Plant root characteristic parameters are closely related to soil mechanical strength and soil permeability coefficient. Common plant root characteristic parameters include root surface area index (RAI), root cross-sectional area ratio (RAR), and root volume ratio (Rv). Except for leaf area, all basic characteristic parameters directly depend on root growth morphological indexes.

The potted plant was inverted after cutting off the root, the silt attached around the root with small water flow was washed and dried at low temperature after cleaning, and the root was unfolded to shoot a full picture. Then, according to the natural extension state of the plant, samples were taken from three layers of 0–5, 5–10, and 10–15 cm along the depth direction. The root system of Elymus dahuricus Turcz with a diameter of 0.2–2 mm was investigated, and the characteristic parameters of the root system and the mechanical strength of the root system were measured.


Root Surface Area Index

The cleaned plant roots were measured using the image analysis method (Lopez et al., 2001; Zhou et al., 2021). In the measurement process, the overall 360° direction of the plant roots was photographed with a high-resolution camera, and then the images taken from different angles were superimposed to generate a three-dimensional complete root image through the image superposition processing method. Then, the three-dimensional root image was rasterized, the grid size was set, each grid was controlled to be the same as the picture’t pixels, the grids of all roots were accumulated in a specific depth, and the plant root area index was measured according to the conversion coefficient of 12 pixels per millimeter. The horizontal extension area of plant root system was calculated by measuring the maximum extension length of root system in the horizontal direction (Dr) as the diameter of horizontal cross section. RAI can be calculated as follows (Eq. 1):

[image: image]

where Δh is the specific depth calculated, generally taken as 10 mm, Dr is the maximum extension length of the root system in the horizontal direction, di is the diameter of the ith root system (mm), and n is the total number of roots.



Root Cross-Sectional Area Ratio

When measuring RAR, the root-taking method was the same as the above RAI, except that the depth was measured every 50 mm (Gray and Leiser, 1982). Vernier caliper was used to measure the diameter of plant root system on each depth section, and then statistical analysis was performed between zones at an interval of 0.5 mm (the root system with diameter less than 0.5 mm could be ignored due to its small proportion). The cross-sectional area of each root can be calculated on the assumption that the root is cylindrical. RAR can be calculated as follows (Eq. 2):

[image: image]

where Dr is the maximum extension length of roots in the horizontal direction, di is the diameter of the ith root (mm), and n is the total number of roots.



Root Volume Ratio

Using the image analysis method, that is, assuming that the plant root system is cylindrical, the root length and diameter measured by image analysis can indirectly calculate Rv. The calculation formula is as follows (Eq. 3):

[image: image]

where Dr is the maximum extension length of roots in the horizontal direction, di is the diameter of the ith root (mm), and n is the total number of roots.




Test of Physical Properties of Root-Fixed Soil


Mechanical Strength Test

The shear strength of root-fixed soil samples was measured using DJY-4 electric quadruple direct shear instrument. Root-fixed soil samples are semi-undisturbed soil taken from potted plants. The sampling method refers to the on-site sampling in the Standard for Geotechnical Testing method (GB/T50123-1999). In the direct shear test, four levels of vertical forward pressure of 50, 100, 150, and 200 kPa were applied to a group of four samples, respectively, and the strain rate of 0.8 mm/min used for rapid shear. The shear stress-displacement change curve at different times was monitored to obtain the shear strength t different times the horizont, the τ-P curve was drawn, and then the interfacial cohesion C and internal friction angle φ of soil were calculated.



Permeability Test

The sampling method refers to the mechanical strength sample. The undisturbed sample was air-dried at room temperature and cured for 28 days, vacuumized, and saturated. It was soaked in water for 24 h before the test. The permeability test device is South 55-type variable head permeability equipment, which is composed of permeability vessel (installing cylindrical sample) and head regulation device.




Test of Chemical Characteristics of Root-Fixed Soil

The content of nutrient elements such as water, carbon, nitrogen, phosphorus, and potassium in soil is the key to plant growth, which in turn affects the fixation of plant roots to soil, while plant growth also affects soil water and physical and mechanical characteristics. Therefore, the measurement indexes of soil physical and chemical properties include soil pH value, soil organic matter (SOM), total nitrogen (TN), available phosphorus (AP), available potassium (AK), carbon nitrogen ratio (C/N), and cation exchange capacity (CEC). Refer Table 2 for the test and analysis methods and some instruments of the above properties.


TABLE 2. Analysis methods of soil physical/chemical/biological properties.

[image: Table 2]


Test of Biological Characteristics of Root-Fixed Soil

The test of soil biological index has very high requirements for the preservation of samples before test and needs to be taken at any time. Biological characteristic indexes include microbial biomass carbon (MBC), microbial biomass nitrogen (MBN) of the sample and soil enzyme activity (sucrase, protease, urease, phosphatase, and catalase), and root-fixed soil enzyme activity is the reaction of soil biological activity and characterizes the change of soil fertility characteristics. The significance and analysis methods of each biological property index are shown in Table 2.





ANALYSIS OF TEST RESULTS

Basic physical, chemical, and biological characteristics of root-fixed soil with and without MCMC treatment in each event are shown in Table 3.


TABLE 3. Basic physical, chemical, and biological characteristics of root-fixed soil.

[image: Table 3]

Plant Growth and Development Characteristics and Tolerance

Plant development characteristic parameters such as TLR, WL, and PB were tested, and the results are shown in Figure 4A. Seven months after planting, TLR, WL, and PB of plants in the experimental group and control group were 25.6 mm, 6 mm, and 6.27 g/m2 and 19.8 mm, 5 mm, and 3.93 g/m2, respectively. Compared with the control group, the stem length of the experimental group increased significantly, WL widened slightly, and PB increased by 59.65%, which indicates that MCMC could effectively promote the growth of plant stems and leaves. Monitoring the development characteristics of the aboveground parts of plants for 7 months, Figures 5, 6 show the lodging characteristics and drought stress monitoring results of plants within 1 and 3 months of growth, respectively. The results show that the lodging rate of the plants cultivated in the experimental group is reduced by more than 60%, and the survival rate of drought tolerance is increased by more than 80%. The results showed that MCMC soil enhanced the drought resistance and lodging resistance of plants, and ensured the root system to develop well in extreme environments.


[image: image]

FIGURE 4. Characteristic parameters of vegetation. (A) Plant growth and development characteristics. (B) Development characteristics of plant roots.



[image: image]

FIGURE 5. Plant growth status with and without MCMC at different times. (A) Plant growth 1 month (left, experimental group; right, control group). (B) Plant growth 1 month (left, experimental group; right, control group).



[image: image]

FIGURE 6. Observation of plant drought stress tolerance with and without MCMC at different times. (A) Experimental group after 1 month. (B) Control group after 1 month. (C) Experimental group after 3 months. (D) Control group after 3 months.




Development Characteristics of Plant Roots

The test results of characteristic parameters such as RAR, RAI, and Rv of plant roots are shown in Figure 4B. The plant root system of the control group and experimental group after 7 months is shown in Figure 7. The number and length of root system in the experimental group are significantly better than those in the control group. After 7 months of planting, RAR, RAI, and Rv of roots in the experimental group and control group were 17 × 10–4, 0.235, 0.798%, and 9.2 × 10–4, 0.148, and 0.314%, respectively. Compared with the control group, after MCMC treatment, the number of roots increased two times, and the characteristic indexes such as RAR, RAI, and Rv increased nearly one time, indicating that MCMC can effectively promote the development of plant roots and make plant roots grow coarser. Conversely, the good development of plant root system in the material soil is the basis of strengthening the fixation of root system to the soil.


[image: image]

FIGURE 7. Plant root growth status with and without MCMC at different times. (A) The whole appearance of plant. (B) Control group. (C) Experimental group.




Basic Physical Properties of Root-Fixed Soil

The agglomeration of root-fixed soil in the experimental group is shown in Figure 8, and the basic physical properties are shown in Figure 9. After 7 months, the rhizosphere soil content, root-fixed soil content, and soil crust thickness of the experimental group were 1.84, 2.63, and 1.96 times that of the control group, respectively. The experimental results reveal that plant root systems have stronger network and soil particle fixation ability in MCMC-improved soil and can form the topsoil stable crust layer faster, thus strengthening the water stability of soil agglomeration.


[image: image]

FIGURE 8. Agglomeration of root-fixed soil reinforced with organic materials. (A) 1 month. (B) 3 months. (C) 7 months.



[image: image]

FIGURE 9. Basic physical properties of root-fixed soil.




Chemical and Biological Characteristics of Root-Fixed Soil

The test results of the main chemical characteristics in root fixed soil are shown in Figure 10. With the growth of plants, it can be found that the pH value of root-fixed soil in the experimental group is always maintained between 7.5 and 8.0, while the contents of SOM, TN, AP, AK, and CEC gradually increase, indicating that the addition of MCMC reduces the pH value of natural soil, the nutrients in MCMC root-fixed soil are gradually accumulated, the fertilizer-holding capacity of soil is continuously enhanced, and the soil is gradually matured, which continues to develop in the direction conducive to plant growth. The chemical characteristics of root-fixed soil after 7 months of growth are shown in Table 3. The pH value of natural root-fixed soil is slightly alkaline, while the pH value of MCMC root-fixed soil is more neutral. Compared with the control group, soil nutrient indexes such as SOM, TN, and AP in the experimental group are significantly higher, while AK content is basically the same. At the same time, the C/N ratio of the control group was significantly higher than that of the experimental group, which will make the microorganisms in the soil to consume more nitrogen when decomposing organic matter, further reducing the nitrogen in the soil and causing nitrogen deficiency of plants.


[image: image]

FIGURE 10. Chemical characteristics of plant root-fixed soil.


Soil enzyme activity is often used to characterize the response of soil treatments to soil fertility levels and is a sensitive indicator of soil quality (Chen et al., 2003). Figure 11 shows the biological characteristic index of root-fixed soil after 7 months of growth. The invertase, protease, urease, phosphatase, catalase, MBN, and MBC in the experimental group and control group are 1.10 × 104 μg/g⋅2 h, 150 μg/g⋅48 h, 122 μg/g⋅24 h, 35.9 μg/g⋅h, 112 μg/g⋅20 min, 25.5, 194, and 1.35 × 104 μg/g⋅2 h, 200 μg/g⋅48 h, 122 μg/g⋅24 h, 17.8 μg/g⋅h, 128 μg/g⋅20 min, 22.0, 170, respectively. Compared with the control group, the content of sucrase reflecting soil biological activity and fertility in the experimental group increased by 22.73%, the content of protease reflecting the soil nitrogen source hydrolysis level increased by 33.33%, the content of urease-reflecting soil urea nitrogen hydrolysis level was the same, and the content of phosphatase, which reflects the decomposition level of soil organic phosphorus, decreased nearly double, so it can be seen that there is an obvious difference. This may be related to the pH value of the soil. Because the pH value of the control group and experimental group is greater than 7, it is alkaline, which inhibits the activity of acid phosphatase in the root-fixed soil, whereas the pH value of the control group is greater and the alkalinity is stronger, which will significantly enhance the activity of alkaline phosphatase in the soil. Catalase exists only in living cells and is a direct characterization of microbial activity (Skujiņš and Burns, 1976), whereas the catalase content of the experimental group increased by 14.29%, which directly indicates that there are more microorganisms and stronger activity in the experimental group. The above analysis results show that the addition of MCMC enhanced soil enzyme activity, significantly increased the content of soil nutrients, significantly accelerated the transformation and accumulation of nutrient elements, and significantly increased the number of microorganisms, which fully proves the enhancement effect of MCMC on plant root-fixed soil “maturation.” The MBN and MBC indexes related to soil-available nutrients are also higher, indicating that the effective nutrients of the experimental group are better than the control group as a whole. MCMC contributes to the transformation and enrichment of soil nutrient elements, enhances the nutrient cycle in the soil, and increases the soil-available nutrients that can be used for plant growth.


[image: image]

FIGURE 11. Biological characteristics of root-fixed soil after 7 months of growth.





DISCUSSION


Quantitative Strengthening Model of Modified Carboxymethyl Cellulose-Reinforced Sand

Root system can improve the properties of MCMC root-fixed soil. In addition to the agglomeration, permeability, and mechanical strength of MCMC root-fixed soil, the fertility level in soil will also change during root growth and development (Minh et al., 2003; Nghiem et al., 2004; Xiao et al., 2011). Aggregation (f1) is characterized by rhizosphere soil, which is the stable part of root-fixed soil, permeability (f2) is characterized by the cumulative change of permeability coefficient, and mechanical strength (f3) is characterized by the cumulative change of cohesion and internal friction angle. Since the root system has no obvious effect on the internal friction angle of the material reinforced soil, f3 is only characterized by cohesion. The organic matter (SOM) in the soil can be transformed into nutrients for plant absorption through the decomposition of soil microorganisms, which promotes the growth and development of plants. At the same time, it can also affect soil structure, aeration, permeability, adsorption, and buffering. Within a certain content range, the content of organic matter in soil was positively correlated with soil fertility level, so soil fertility (γ) can be comprehensively characterized by SOM content.

Figure 12 shows the changes in cohesion and permeability coefficient of MCMC root-fixed soil in 7 months. The dry mass of MCMC root-fixed soil increases the most. With the development of root system, the cohesion increases by 177% and the permeability coefficient decreases by 78% at most. It shows that in the process of plant root development the content of MCMC root-fixed soil increases linearly with the increase in growth time, the permeability coefficient decreases exponentially, and the cohesion increases linearly. A quantitative description model of soil reinforced by MCMC in the process of root growth and development was established.


[image: image]

FIGURE 12. Physical properties of MCMC root-fixed soil. (A) Rhizosphere soil change of MCMC root-fixed soil. (B) Cohesion change of MCMC root-fixed soil. (C) Permeability coefficient change of MCMC root-fixed soil. (D) SOM content change of MCMC root-fixed soil.


The relational expression between the enhancement change of various performance indexes of MCMC root-fixed soil and the plant growth and development time can be corrected as follows:
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where f is the change percentage of each index parameter, and x is the plant growth and development time.

It was assumed that the outdoor plants grew for 6 months and the old roots did not decay while the new roots were generated the next year. With t representing the number of days, according to the relationship between the indoor MCMC root-fixed soil performance index enhancement percentage and plant growth time (4–7), the relationship between the outdoor MCMC root-fixed soil performance index enhancement percentage and plant growth time is as follows :
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As natural cementation material, the content of SOM has a positive impact on the shear strength, aggregation, and permeability of the soil itself (Li et al., 2016). Therefore, the soil maturation index γ should also be considered in the calculation of the root-strengthening effect of different characteristics of MCMC root-fixed soil. γ is related to the soil classification standard of each region in the national soil census table and is specified in combination with the soil fertility status of each region. Assuming that the comprehensive root strengthening index is F(t), then

[image: image]

where δi is the weight value of influence of MCMC root-fixed soil aggregation, cohesion, internal friction angle, and permeability coefficient on root soil reinforcement, and γ represents the soil maturation coefficient, which is a constant.



Mechanism and Ecological Significance of the Modified Carboxymethyl Cellulose Plant Root Succession Soil Fixing on Alpine Grassland Restoration

MCMC adsorbs water molecules with long molecular chain interwoven soil particles-polar functional groups, which greatly enhances the ability of soil water retention and evaporation reduction, enhances the drought resistance and lodging resistance of plants, and makes plants survive the most difficult seedling stage. Moreover, MCMC can make the root system and plant develop better, the physical properties such as the rhizosphere soil, root-fixed soil, and soil crust thickness are gradually strengthened, the nutrient contents such as SOM, TN, AP, AK, and CEC are gradually increased, and the pH, cohesion, and permeability coefficient of root-fixed soil are gradually improved. Although MCMC is gradually deteriorated with the influence of environmental factors and the soil consolidation effect is weakened, the soil consolidation effect of roots is gradually enhanced with the growth and development of root system in order to realize the successive soil consolidation method of “tradeoff” and “complementary advantages” by using MCMC plant roots.

In conclusion, this article summarized the process mechanism of soil fixation by MCMC plant roots according to the schematic diagram shown in Figure 13. The first is the initial use of MCMC-stabilized soil-fixing effect to protect the normal growth of plants. In the medium term, after the reinforcement effect of MCMC was reduced, the soil-fixation effect of the root system was enhanced to maintain the material-root soil joint reinforcement and ensure the normal succession of plants. In the later stage, the soil-fixation effect disappeared with MCMC degradation, and the soil-fixation effect of mature plant roots played a major role. When the soil between roots is basically transformed into rhizosphere soil, that is, the properties of soil, including matter, chemical and biological aspects are comprehensively improved, that is, the stable soil fixation of natural plants, the succession of MCMC and plant roots, and the long-term stable ecological restoration of sandy land. As shown in Figure 14, a desertification grassland on Lhasa treated by MCMC from 2017 to 2020 verified the abovementioned laws.


[image: image]

FIGURE 13. Successional soil consolidation mechanism of MCMC plant root.
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FIGURE 14. The restoration effect of a desertification grassland on Lhasa treated by MCMC from 2017 to 2020. (A) Filmed in the summer of 2017. (B) Filmed in the summer of 2018. (C) Filmed in the summer of 2019. (D) Filmed in the summer of 2020.


However, the quantitative evaluation of the MCMC aging process and its characteristics of reducing evaporation and water conservation to enhance the drought tolerance of plants needs further study.




CONCLUSION

1. In the experimental group compared with the control group, plant biomass increased by 59.65%, the lodging rate of plants decreased by more than 60%, the survival rate of drought tolerance increased by more than 80%, RAR, RAI, and Rv increased one time, and the number of plant roots increased two times. It is shown that the addition of MCMC significantly enhanced the drought tolerance and lodging resistance of plants, ensured the root system developed well in an extreme environment, and made plants grow better.

2. The rhizosphere soil mass, root-fixed soil mass, and soil crust thickness of the experimental group were 1.84, 2.63, and 1.96 times that of the control group, respectively. It is indicated that the addition of MCMC can effectively fix the soil particles, promoting the formation of a stable topsoil crust faster and strengthening the water stability of soil agglomeration, which accelerated the maturation of sandy soil.

3. On the one hand, MCMC enhanced the water retention and evaporation capacity of sandy soil, helping plants to pass through the most difficult seedling stage. On the other hand, MCMC improved soil cementation structure, improved soil physical, chemical, and biological properties, and jointly promoted plant and root development. With the weakening of the MCMC soil-fixing effect, the effect of root soil fixing was gradually enhanced, and the organic agent-plant root succession soil fixing was established to realize grassland restoration.
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