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Abstract: Rocky desertification is a form of land degradation occurring in tropical and subtropical 

regions, characterized by the destruction of vegetation and soil erosion caused by natural or 

anthropogenic factors, resulting in extensive areas of exposed bedrock. Field tests were conducted in 

three townships—Bolin, Longlai, and Longlei—within Fengshan County, Guangxi Zhuang 

Autonomous Region, China, to evaluate the effects of various fertilizers (compound fertilizers, slow-

release fertilizers, and bio-organic fertilizers) on soil fertility, enzyme activity, bacterial diversity, and 

the growth performance of Mahonia fortunei (Lindl.) Fedde, aiming for ecological restoration and 

economic development. The findings indicated that the use of bio-organic fertilizers significantly 

enhanced soil fertility and enzyme activities, specifically urease, sucrase, and acid phosphatase, 

followed by slow-release fertilizers, and subsequently compound fertilizers. In comparison to the use 

of compound fertilizers, bio-organic fertilizers can enhance the organic matter content by 30.4%, 

15.73%, and 21.83%, and the total nitrogen content by 19.4, 3.82, and 2.66 g/kg in the Bolin, Longlai, 

and Longlei regions, respectively. In the Bolin and Longlai regions, the utilization of bio-organic 

fertilizer yielded the maximum total phosphorus concentration, surpassing compound fertilizer by 

85.45% and 53.37%, respectively. In the Longlei region, the total phosphorus concentration in the soil 

was about equivalent to that of compound fertilizer and bio-organic fertilizer, measuring 1.107 and 

1.113 g/kg, respectively. Furthermore, the soil's available nitrogen, phosphorous, and potassium 

reached their peak levels when bio-organic fertilizers were applied. Urease activity increased by 

181.82%, 29.29%, and 25.83%, while sucrase activity rose by 201.52%, 33.13%, and 26.22%, 

respectively, compared to the administration of compound fertilizer. The activity of acid phosphatase 

increased by 27.85%, 25.59%, and 40.49%, individually, when compared to the application of 

compound fertilizer. Unlike compound fertilizer, bio-organic fertilizer improved the diversity and 

abundance of beneficial soil microorganisms while promoting the growth of Mahonia fortunei (Lindl.) 

Fedde. In Bolin, Longlai, and Longlei, the concentrations of Boron (B), Copper (Cu), Zinc (Zn), and 

Iron (Fe) in the soil peaked with the application of slow-release fertilizers. Specifically, the Cu content 

increased by 151.65%, 69.97%, and 24.51%, respectively, in comparison to the use of compound 

fertilizers; the levels of these micronutrient elements were more comparable when bio-organic 

fertilizers and compound fertilizers were utilized. In the Longlei region, the use of slow-release 

fertilizers resulted in Mahonia fortunei (Lindl.) Fedde achieving a maximum plant height and ground 
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diameter of 3.62 cm and 4.5 cm, respectively, surpassing the measurements obtained with compound 

fertilizer by 9.04% and 18.42%. This research illustrated the application of bio-organic fertilizer and 

slow-release formulations. Fertilizer significantly contributed to the amelioration of rocky 

desertification and the enhancement of vegetation, thereby offering a more effective solution for the 

restoration of rocky desertification flora, particularly for the cultivation of understorey cash crops. 

Keywords: rocky desertification; compound fertilizers; slow-release fertilizers; bio-organic fertilizers; 

soil nutrients; bacterial diversity 

 

1. Introduction 

Rocky desertification refers to the degraded terrain in the Karst area, characterized by soil and 

vegetation loss due to widespread and imprudent land usage. This results in heightened soil erosion, 

exposing bedrock, diminishing land productivity, and the emergence of a desert landscape[1-3]. 

Restoring and re-establishing vegetation in Rocky desertification zones is a crucial component of 

ecological restoration aimed at mitigating soil degradation and improving soil quality in these areas, 

which result from reverse succession and vegetation extinction[4-6]. A significant Karst region exists 

in southwest China, predominantly in Guizhou, Guangxi, Yunnan, and Chongqing[7,8]. Many of 

these regions are economically disadvantaged as a result of rocky desertification. Planting Chinese 

medicinal plants beneath trees, a method referred to as the "non-timber understorey economy" in 

China, akin to agroforestry, can enhance the local economy while mitigating rocky 

desertification[9,10]. Presently, an increasing number of researchers are concentrating on cultivating 

various medicinal herbs beneath forest canopies. For instance, Zhou et al. cultivate Panax notoginseng 

(Burkill) F.H. Chen in forested areas[11], while Zhou et al. investigate the cultivation model of 

economic plants in young Cunninghamia lanceolata forests[12]. Additionally, Li et al. assess food 

cultivation beneath Styphnolobium japonicum forests[13]. The Mahonia fortunei (Lindl.) Fedde, 

characterized by economic efficiency, thermophilicity, drought tolerance, shade preference, and frost 

resistance, was selected for understorey planting to enhance the local economy, as many of these 

regions are economically disadvantaged due to rocky desertification[14]. 

The application of fertilizer is essential for the district's agricultural practices to enhance crop 

yield and quality due to degraded, low-fertility soils that hinder plant growth[15,16]. Compound 

fertilizer is a category of chemical fertilizer comprising two or more nutrients, specifically nitrogen, 

phosphorus, and potassium. Nonetheless, prolonged and frequent application of this fertilizer type 

will lead to a reduction in soil organic matter, increased soil erosion, and diminished microbial 

community diversity, ultimately resulting in decreased soil fertility and exacerbated soil 

deterioration[17-20]. Slow-release fertilizers release nutrients more gradually than regular fertilizers, 

which improves crop fertilizer utilization, lowers fertilizer application frequency, and lessens 

environmental pollution from chemical fertilizers. Certain crops may provide higher yields when 

utilizing slow-release fertilizers[21-23]. The growth of crops, soil fertility, and soil health are 

significantly linked to soil microorganisms, a crucial element of the soil microecosystem. Their 

activities and composition significantly influence the sustainability of agriculture[24-26]. A novel 

fertilizer, termed bio-organic fertilizer, is produced from animal dung and plant and animal leftovers 

through the incorporation of useful microorganisms that fix nitrogen, available phosphorus, and 

available potassium, and facilitate various fermentation processes[27,28]. This fertilizer can enhance 

soil quality and augment nutrient availability[29].In numerous rocky desertification regions of 

Guangxi, compound fertilizers have been utilized to supply nutrients for vegetation and Chinese 

herbs. However, the application of bio-organic fertilizers to degraded red soil can enhance soil 

nutrients and stimulate plant growth[30], similarly, the use of bio-organic fertilizers on saline soil not 

only ameliorates its physicochemical properties but also boosts fertility[31]. Furthermore, the 

implementation of slow-release fertilizers in sandy soil improves fertilizer utilization rates while 
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mitigating environmental impacts[32]. Consequently, bio-organic and slow-release fertilizers may 

exert a more pronounced beneficial effect on rocky desertification soil.  

This study aims to evaluate the impact of compound fertilizers on soil characteristics and the 

growth of Mahonia fortunei (Lindl.) Fedde, cultivated in forested areas across three townships in 

Fengshan County, Guangxi, located within the Rocky Desertification Zone where vegetation 

restoration efforts have been implemented. We incorporated slow-release fertilizers and bio-organic 

fertilizers into the research. We also conducted field trials to investigate the effects of these fertilizers 

on the soil properties of the rocky desertification areas and the growth of the Mahonia fortunei (Lindl.) 

Fedde planted in the understory. The aforementioned study identified the most appropriate fertilizers 

for rocky desertification regions, which can enhance local economic revenue while rehabilitating 

these areas, and serves as a reference for future fertilizer application in rocky desertification zones. 

2. Materials and Methods 

2.1. Introduction of the Research Region 

The research region encompasses the Longlai, Longlei, and Bolin townships in Fengshan 

County, Guangxi Zhuang Autonomous Region, China (Figure 1). The region experiences a 

subtropical monsoon climate characterized by brief, arid winters, prolonged, rainy summers, 

comparable spring and autumn seasons, and the absence of extreme cold or high heat. The average 

annual temperature is 19.2°C, the lowest average temperature is 7.7°C, the coldest average 

temperature is 10.5°C in January, the hottest average temperature is 26°C or so in July, the highest 

average temperature is 31°C, the annual rainfall is 1,564.0 millimeters, and there is a 362-day frost-

free period. The Longlai test site has a slope of 30°, an elevation of 868.6m～879.0m, a longitude of 

106°47′50′′～106°47′53′′, and a latitude of 24°32′33′′～24°32′37′′; the Longlei test site has a slope of 0°, 

an elevation of 874m～875.8m, a longitude of 106°47′14′′, and a latitude of 24°31′13′′; the Bolin test 

site has a slope of 30°, an elevation of 784.7m～785.5m, a longitude of 106°50′28′′～106°50′43′′, and a 

latitude of 24°28′24′′～24°28′25′′. 

 

Figure 1. Location of the study region. 

2.2. Materials 

Compound fertilizer (NPK compound fertilizer, purchased from Guangxi Huawuot Group Co., 

total nutrient content≥30%); Slow-Release Fertilizer (Produced by the Guangxi Academy of Forestry, 

total nutrient content≥30%); Bio-organic Fertilizer (Purchased from Guangxi Huawuot Group Co., 

total nutrient content≥5%). 
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Mahonia fortunei (Lindl.) Fedde: it is a kind of warm temperate zone plant, that has strong cold 

resistance, and is not strict on soil requirements, grows best on loose fertile, well-drained sandy loam, 

so it can be planted in Guangxi rocky desertification areas.  

2.3. Experimental Design 

In Longlai, Longlei, and Bolin three test sites were planted in Mahonia fortunei (Lindl.) Fedde, 

planting density of 0.5 × 0.5m, delineated three areas where different fertilizers, 0.25 kg per plant, 

fertilization once a year. Fertilizer application method: dig a fertilization trench of length × width × 

depth: 12.5 ×12.5 ×12.5 cm on average at a position of 20-25 cm from each herb, put in the fertilizer, 

and cover the soil in time.  

After two years, samples were taken from five to six sites within each standard plot using the 

multi-point mixing method (inter-root and non-inter-root soils were taken separately, and then they 

were uniformly mixed). Humus and pollutants on the soil surface were removed first. One sample, 

weighing around 1.0 kg, was placed into a self-sealing bag, air-dried, and then pulverized to measure 

soil organic matter, total nitrogen, and total phosphorus after the soil samples were mixed using the 

quadratic approach at each location. Following the aforementioned collection procedure, roughly 15 

g of soil samples were placed in a test tube and placed in a bucket of dry ice before being returned to 

the lab for enzyme activity measurement and microbiological detection. 

2.4. Test Methods 

Soil organic matter was determined by the external heating method of potassium dichromate; 

Soil total nitrogen content was determined by an element analyzer (Vario MACRO Cube, Elementar, 

Germany); the available nitrogen was determined by the alkaline diffusion method; the total nitrogen 

was determined by the semi-trace Kjeldahl method; the total phosphorus and available phosphorus 

were determined by UV–visible spectrophotometry and the total potassium and available potassium 

were determined by flame spectrophotometry[32,33]; Shanghai Lingen Biotechnology Co., Ltd. was 

tasked with assessing the soil bacterial diversity, enzyme activity, and trace element content; urease, 

phosphatase, and other enzymes were assessed using the procedures outlined in Methods for 

Determining Soil Microbial Biomass and Their Applications. 

Three plants with the same fertilizer were chosen at random to measure the height of the plants 

and the length of their roots at the same time as the soil sample. 

2.5. Data Processing 

Multiple comparisons (p=0.05) using the LSD technique, one-way ANOVA (one-way ANOVA) 

using SPSS 20.0 software, and Pearson correlation analysis of soil nutrients, microbial counts, enzyme 

activities, and development of the Mahonia fortunei (Lindl.) Fedde under various fertilizer applications 

were carried out.  

3. Results 

3.1. Effect of Different Fertilizer Applications on Soil Organic Matter and Nitrogen, Phosphorus, and 

Potassium Content of Soil 

Figure 2A demonstrates that the use of bio-organic fertilizer yielded the highest soil organic 

matter content in the same area; in the Bolin region, the organic matter content was 37.03 g/kg, 

representing a 48.23% increase compared to compound fertilizer, while in the Longlai region, it 

reached 54.082 g/kg, 35.83% higher than that of compound fertilizer; in the Longlei region, the organic 

matter content attained 51.78 g/kg, which was 23.45% greater than with compound fertilizer 

application. The subsequent application of slow-release fertilizer elevated the organic matter content 

in the Bolin region to 28.397 g/kg, reflecting an increase of 11.65% compared to the application of 

compound fertilizer; in the Longlai region, it attained 46.733 g/kg, marking a 17.37% increase over 
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compound fertilizer; and in the Longlei region, the organic matter content reached 42.503 g/kg, 

representing a 1.33% increase relative to compound fertilizer application. 

 

Figure 2. Effect of application of different fertilizers on the content of soil organic matter (A), total nitrogen (B), 

total phosphorus (C), and total potassium (D). 

Figure 2B illustrates that the utilization of bio-organic fertilizer succeeded by compound 

fertilizer in the same area yielded the maximum total nitrogen concentration in the soil. The total 

nitrogen concentration was 2.67 g/kg in the Bolin region, 3.82 g/kg in the Longlai region, and 2.66 

g/kg in the Longlei region during the application of bio-organic fertilizer. These levels were 19.89%, 

13.35%, and 11.44% higher, respectively, than those achieved with the application of compound 

fertilizer. Conversely, the use of slow-release fertilizer yielded the lowest total soil nitrogen content. 

The application of bio-organic fertilizer in the Bolin and Longlai locations resulted in the highest 

soil total phosphorus content (0.803 and 1.227 g/kg, respectively), which was 85.45% and 53.37% 

higher than that of compound fertilizer (Figure 2C). In the Longlei region, the total phosphorus 

content of the soil was 1.107 g/kg for bio-organic fertilizer and 1.113 g/kg for compound fertilizer, 

respectively. The total phosphorus content of the soil was higher for compound fertilizers. Except for 

Bolin, where the total phosphorus level was higher than when compound fertilizer was applied, 

Longlai and Longlei had lower total phosphorus contents when slow-release fertilizer was used.  

Figure 2D illustrates that the application of compound fertilizer yielded the highest total soil 

potassium concentrations in Bolin and Longlei, measuring 15.843 g/kg and 16.93 g/kg, respectively. 

This was 15.84% and 7.25% superior to bio-organic fertilizer and 35.51% and 8.56% superior to slow-

release fertilizer. The content increased by 35.51% and 8.56% relative to the use of slow-release 

fertilizer, and by 15.84% and 7.25% relative to the use of bio-organic fertilizer. The utilization of bio-

organic fertilizer yielded the highest total potassium concentration in the soil of the Longlai region 

(12.723 g/kg), surpassing compound fertilizer and slow-release fertilizer by 12.56% and 16.59%, 

respectively. 

In the same region, the utilization of bio-organic fertilizer yielded the highest soil available 

nitrogen content (Figure 3A), succeeded by slow-release fertilizer; in Bolin, Longlai, and Longlei, the 
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available nitrogen content measured 201.06, 372.797, and 301.557 mg/kg, respectively, representing 

increases of 45.12%, 34.96%, and 22.9% compared to the application of compound fertilizer. The 

nitrogen content in Bolin, Longlai, and Longlei was 179.457, 308.027, and 246.363 mg/kg, respectively, 

with the application of slow-release fertilizer. This was an increase of 29.53%, 11.51%, and 0.41% 

compared to the content with the application of compound fertilizer. 

 

Figure 3. Effect of application of different fertilizers on the content of soil available nitrogen (A), available 

phosphorus (B), and available potassium (C). 

Figure 3B shows that the application of bio-organic fertilizer resulted in the highest soil available 

phosphorus content in the same region. The amounts of available phosphorus in the three regions of 

Bolin, Longlai, and Longlei were 18.767, 17.75, and 18.46 mg/kg, respectively. These amounts were 

102.73%, 58.87%, and 42.47% higher than those obtained when compound fertilizer was applied. The 

available phosphorus levels of Bolin, Longlai, and Longlei were then 10.567, 11.997, and 14.543 

mg/kg, respectively, when slow-release fertilizer was administered. These contents were 14.15%, 

7.37%, and 12.24% greater than those obtained when compound fertilizer was applied. 

Figure 3C illustrates that in the same area, the application of bio-organic fertilizer resulted in the 

highest available potassium content in the soil. The available potassium levels for Bolin, Longlai, and 

Longlei were 83.243, 147.13, and 216.581 mg/kg, reflecting increases of 173.80%, 29.22%, and 20.65%, 

respectively, compared to the application of compound fertilizer. Secondly, upon the application of 

slow-release fertilizer, the available potassium concentrations for Bolin, Longlai, and Longlei were 

69.74, 114.565, and 198.433 mg/kg, representing increases of 129.39%, 0.62%, and 10.54% above those 

of compound fertilizer, respectively. 

3.2. Effect of Different Fertilizer Applications on Soil Micronutrient Content 

Figure 4A illustrates that the incorporation of slow-release fertilizer yielded the maximum 

elemental boron concentration in the specified area, succeeded by compound fertilizer and bio-

organic fertilizer. The B-element concentrations were 0.132, 0.303, and 0.497 mg/kg in the districts of 
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Bolin, Longlai, and Longlei, respectively, with the application of slow-release fertilizer. This 

represented increases of 15.79%, 102%, and 25.82% compared to the activity during the application 

of compound fertilizer. Upon the application of bio-organic fertilizers, the boron content in the Bolin, 

Longlai, and Longlai regions was measured at 0.114, 0.15, and 0.395 mg/kg, representing increases of 

56.16%, 1.35%, and 48.50% compared to the application of compound fertilizers, respectively.  

 

Figure 4. Effect of application of different fertilizers on the content of B (A), Cu (B), Zn (C), and Fe (D). 

Figure 4B illustrates that the maximum elemental Cu concentrations of 0.687, 0.583, and 1.453 

mg/kg were recorded in the Bolin, Longlai, and Longlei regions, respectively, upon the application 

of bio-organic fertilizer, representing increases of 151.65%, 69.97%, and 24.51% compared to the 

application of compound fertilizers. When slow-release fertilizers were utilized, the Cu content in the 

Longlai and Longlei regions was comparable; however, in the Bolin region, the Cu content was 

elevated with the administration of bio-organic fertilizers compared to compound fertilizers. 

Figure 4C illustrates that the maximum elemental Zn concentration was seen in the same area 

with the application of bio-organic fertilizer, and the total Zn content across the three zones was 

greater with slow-release fertilizer than with compound fertilizer. The elemental Zn concentrations 

in the Bolin, Longlai, and Longlei locations were 4.287, 4.547, and 5.813 mg/kg, respectively, after the 

application of bio-organic fertilizer, representing increases of 242.35%, 28.56%, and 25.82% compared 

to the application of compound fertilizer. 

Figure 4D indicates that within the same location, the application of bio-organic fertilizer 

resulted in the highest elemental Fe level, followed by slow-release fertilizer, while the lowest 

elemental Fe content was seen with the addition of compound fertilizer. The elemental boron 

concentration was 4.993, 3.623, and 9.653 mg/kg in the Bolin, Longlai, and Longlei districts, 

respectively, during the application of bio-organic fertilizer, representing increases of 59.37%, 33.54%, 

and 36.67% compared to the levels seen during the application of compound fertilizer. The 

application of bio-organic fertilizer elevated the Fe concentration in the Bolin, Longlai, and Longlei 
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regions by 39.90%, 26.32%, and 32.20%, respectively, resulting in concentrations of 4.383, 3.427, and 

9.337 mg/kg. 

3.3. Effect of Different Fertilizer Applications on Soil Enzyme Activities 

Figure 5A illustrates that soil urease activity peaked following the application of bio-organic 

fertilizer in the designated area. The soil urease activity recorded in Bolin, Longlai, and Longlei was 

0.093, 0.543, and 0.57 mg/(g*24h), respectively, all exceeding the levels observed with compound 

application. The activity increased by 181.82%, 76.87%, and 30.43% after the use of fertilizer. Secondly, 

the application of slow-release fertilizer resulted in soil urease activity levels of 0.063, 0.42, and 0.453 

mg/(g*24h) in the areas of Bolin, Longlai, and Longlei, respectively, representing increases of 90.91%, 

36.81%, and 3.66% compared to the activity observed with compound fertilizer. 

 

Figure 5. Effect of application of different fertilizers on the activities of soil urease (A), sucrase (B), and acid 

phosphatase (C). 

Figure 5B clearly demonstrates that the use of bio-organic fertilizer produced the highest soil 

sucrase activity in that area, succeeded by the use of slow-release fertilizer. In the Bolin, Longlai, and 

Longlei districts, soil sucrase activity measured 31.69, 39.303, and 36.293 mg/(g*24h) following the 

application of bio-organic fertilizer. These values were individually 201.52%, 118.46%, and 70.93% 

more than the activity observed with the application of compound fertilizer. In Bolin, Longlai, and 

Longlei, the soil sucrase activities were 11.57, 29.522, and 28.753 mg/(g*24h), respectively, following 

the application of slow-release fertilizer. These values exceeded the activities with compound 

fertilizer by 10.09%, 64.09%, and 35.42%, respectively. 

Figure 5C illustrates that soil acid phosphatase activity peaked with the application of bio-

organic fertilizer, followed by slow-release fertilizer in the same region. Soil acid phosphatase activity 

measured 1.786, 2.223, and 2.37 mg/(g*24h) in the Bolin, Longlai, and Longlei districts, respectively, 
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following the application of bio-organic fertilizer. This represented an increase of 45.56% compared 

to the activity observed with compound fertilizer, which showed increases of 36.97% and 70.87%. 

Upon the application of slow-release fertilizer, soil acid phosphatase activity measured 1.397, 1.77, 

and 1.687 mg/(g*24h) in the regions of Bolin, Longlai, and Longlei, respectively, representing 

increases of 13.85%, 9.06%, and 21.63% compared to the compound fertilizer. 

3.4. Effects of Different Fertilizer Applications on the Growth of Mahonia fortunei (Lindl.) Fedde 

Figure 6A illustrates that in the Bolin and Longlai regions, the maximum plant height of Mahonia 

fortunei (Lindl.) Fedde reached 1.807 cm and 2.23 cm, respectively, with the application of bio-organic 

fertilizer, representing increases of 20.22% and 22.33% compared to the use of compound fertilizer. 

In the Longlei region, the maximum plant height of Mahonia fortunei (Lindl.) Fedde reached 3.62 cm 

with the application of slow-release fertilizer, representing a 9.04% increase compared to compound 

fertilizer. This was followed by a height of 3.47 cm with bio-organic fertilizer, which was 4.52% higher 

than that achieved with compound fertilizer. 

 

Figure 6. Effect of application of different fertilizers on the Mahonia fortunei (Lindl.) Fedde of plant height (A) and 

ground diameter (B). 

Figure 6B illustrates that in the Bolin and Longlai regions, the ground diameter of the Mahonia 

fortunei (Lindl.) Fedde was maximized with the application of bio-organic fertilizer, measuring 3.1 cm 

and 3.7 cm, respectively, representing increases of 1.08% and 20.64% compared to the application of 

compound fertilizer. In the Longlai region, the maximum ground diameter of Mahonia fortunei (Lindl.) 

Fedde reached 4.5 cm with the application of slow-release fertilizer, representing an increase of 18.42% 

compared to compound fertilizer. The diameter was 4.133 cm with bio-organic fertilizer, which was 

11.1% greater than with compound fertilizer. 

3.5. Effect of Different Fertilizer Applications on the Soil Bacterial Communities in Different Regions 

The diversity indexes of soil bacterial communities comprise the Shannon index, Simpson index, 

Chao1 index, and ACE index. A higher Shannon index signifies greater community diversity; a 

higher Simpson index denotes an uneven species distribution and a more significant ecological role 

of dominant organisms; the Chao1 index reflects the estimated species richness in the sample; and a 

higher ACE index indicates increased species complexity within the community. From Table 1, it can 

be seen that in the same area, the chao1 index, ACE index, and shannon index of the soil were highest 

when bio-organic fertilizer was applied, followed by when slow-release fertilizer was applied. 
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Table 1. Soil bacterial diversity indices in different regions under different fertilizer applications. 

Treatment Chao1 ACE Shannon Simpson 

BLINC 2479.75±98.46e 2903.83±184.02e 6.97±0.19bc 0.9952±0.0022b 

BLINO 6242.78±551.51b 7681.87±733.17b 7.32±0.10ab 0.9982±0.0003ab 

BLINS 2714.07±357.17e 3227.64±348.53de 7.11±0.16a 0.9984±0.0005ab 

LLAIC 4836.93±220.27c 5270.23±253.01c 7.00±6.86bc 0.9974±0.0002a 

LLAIO 12054.50±740.03a 14476.99±1075.97a 7.43±0.02a 0.9987±0.0001a 

LLAIS 6276.02±66.94b 7220.52±25.25b 7.31±0.01ab 0.9982±0.0003ab 

LLEIC 3363.22±439.94de 4007.23±597.46cde 7.21±0.14abc 0.9977±0.0007ab 

LLEIO 6126.36±140.22b 7054.35±158.76b 7.26±0.03abc 0.9968±0.0004ab 

LLEIS 4034.46±225.71cd 4629.97±328.63cd 6.91±0.13c 0.9962±0.0013ab 

Where BLINC refers to the application of compound fertilizer in the Bolin region, BLINO refers to the application 

of bio-organic fertilizer in the Bolin region, BLINS refers to the application of slow-release fertilizer in the Bolin 

region, LLAIC refers to the application of compound fertilizer in the Longlai region, LLAIO refers to the 

application of bio-organic fertilizer in the Longlai region, LLAIS refers to the application of slow-release fertilizer 

in the Longlai region, LLEIC refers to the application of compound fertilizer in the Longlai region, LLEIO refers 

to the application of slow-release fertilizer in the Longlai region Bio-organic fertilizer, LLEIS slow-release 

fertilizer applied in Longlei district. 

The species distribution of the top 10 bacteria at the gate level is shown in Figure 7, which shows 

that when compound fertilizers were applied in the Bolin region, Proteobacteria, Acidobacteria, 

Firmicutes, and Verrucomicrobia predominated; when bio-organic fertilizers were applied, 

Proteobacteria, Acidobacteria, Chloroflexi, and Verrucomicrobia predominated; and when slow-

release fertilizers were applied, Proteobacteria, Acidobacteria, Actinobacteria, and Bacteroidetes 

predominated. Compound fertilizers in the Longlai district were dominated by Proteobacteria, 

Acidobacteria, Actinobacteria, and Planctomycetes; bio-organic fertilizers were dominated by 

Proteobacteria, Acidobacteria, Actinobacteria, and Gemmatimonadetes; and slow-release fertilizers 

were dominated by Proteobacteria, Acidobacteria, Chloroflexi, Planctomycetes, Gemmatimonadetes, 

and Nitrospirae. When compound fertilizers were used in Longlei, Proteobacteria, Acidobacteria, 

Firmicutes, Bacteroidetes, Chloroflexi, and Planctomycetes were present in greater numbers than 

when bio-organic fertilizers were used. Similarly, when slow-release fertilizers were used, 

Proteobacteria, Acidobacteria, Firmicutes, Bacteroidetes, Chloroflexi, and Planctomycetes were the 

most prevalent. 
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Figure 7. The abundance of soil-dominant bacterial phyla in different regions with different fertilizers applied. 

4. Discussion 

4.1. Effect of Application of Different Fertilizers on Soil Fertility in Different Regions 

Soil organic matter, a substantial carbon reservoir, plays a crucial role in the formation and 

stabilization of soil aggregates, affects soil fertility, and serves as a primary nutrition source for 

crops[33-35]. Nitrogen, phosphorus, and potassium are vital components influencing plant growth 

and development[36], with nitrogen specifically associated with photosynthesis, chlorophyll 

concentration, and crop output[37-39]. Our experimental results indicate that soil organic matter, 

total nitrogen, total phosphorus, available nitrogen, available phosphorus, and available potassium 

were maximized in the Bolin, Longlai, and Longlei regions following the application of bio-organic 

fertilizers (Figure 2A, Figure 2B, Figure 2C, Figure 3). According to the research conducted by Nardi 

et al. [40] and Liu et al. [41], bio-organic fertilizers demonstrate superior efficacy in enhancing soil 

organic matter, total nitrogen, total phosphorus, available nitrogen, available phosphorus, and 

available potassium compared to compound and slow-release fertilizers. The total potassium level of 

the soil was greater in the Bolin and Longlai regions with the application of compound fertilizer, 

however it was similar to that of the bio-organic fertilizer. Nonetheless, the Longlai region had the 

highest total potassium content in soil upon the application of bio-organic fertilizer (Figure 2D), 

potentially linked to the degree of rocky desertification. Research indicates that the slow-release 
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mechanism maintains elevated nutrient levels in the soil, allowing slow-release fertilizers to 

gradually disperse over an extended period following their application. This study found that the 

levels of accessible nitrogen, phosphate, and potassium were greater with the use of slow-release 

fertilizers in the districts of Bolin, Longlai, and Longlei compared to compound fertilizers, 

corroborating previous research.  

4.2. Effect of Application of Different Fertilizers on Soil Micronutrient Content in Different Regions 

B, Cu, Zn, and Fe, as vital micronutrients for plant development[42], are crucial to plant growth. 

B is essential for the integrity and functionality of the cell wall, and, in contrast to most other 

micronutrients, the plant root system necessitates a continual external supply of trace levels of boron; 

otherwise, membrane function deteriorates within minutes[43,44]. Cu can form stable complexes 

with numerous organic compounds and engage in various redox events within the cell; it also plays 

a role in photosynthesis, respiration, and cell wall remodeling in plants[45,46]. Zn functions as a 

catalytic or structural cofactor in numerous enzymes and regulatory proteins[47], and is crucial for 

chlorophyll production, carbohydrate creation, tryptophan synthesis, and protein synthesis[48-50]. 

Fe significantly contributes to photosynthesis, chlorophyll biosynthesis, and several fundamental 

metabolic activities in chloroplasts, owing to its redox activity that facilitates the acceptance and 

donation of electrons[51,52]. Research conducted by Yaganoglu, E et al. [43] and Maqueda, C et al. 

[44] indicates that the micronutrient content in soil is greater with the use of bio-organic fertilizers 

compared to chemical fertilizers. The correlation between chemical fertilizers and soil organic matter 

content with soil micronutrient concentration was substantial (Figure 8). The use of slow-release 

fertilizer yielded the highest soil micronutrient levels in the regions of Longlai, Longlei, and Bolin, 

maybe due to the inclusion of micronutrients in the fertilizer formulation. In accordance with 

previous studies, the soil's micronutrient content was greater with the application of bio-organic 

fertilizer compared to compound fertilizer (Figure 4). 
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Figure 8. Correlation between soil organic matter, total nitrogen, total phosphorus, total potassium, available 

nitrogen, available phosphorus, available potassium, trace elements, enzyme activities, and plant growth. 

4.3. Effect of Application of Different Fertilizers on Soil Enzyme Activities in Different Regions 

Soil enzymes are essential for soil energy conversion and nutrient cycling, and they serve as 

important indicators of microbial activity, soil fertility, and land quality changes[53,54]. A positive 

link between soil organic matter content and soil enzyme activity was identified[55]. The 

decomposition products of microorganisms, plant roots, and organic matter from plants and animals 

are the principal sources of soil enzymes. The creation and growth of soil humus are intricately 

connected to soil enzyme activity[56]. Bio-organic fertilizer, rich in microorganisms and plant and 

animal wastes, exhibits superior soil enzyme activity compared to chemical fertilizers. The utilization 

of bioorganic fertilizers in the Longlai, Longlei, and Bolin regions yielded the highest activities of soil 

urease, sucrase, and acid phosphatase in our research. These activities exhibited a positive correlation 

with the quantity of soil organic matter (Figures 5 and 8). 

4.4. Effects of Applying Different Fertilizers on the abundance, Diversity, and Structure of Soil Bacteria in 

Different Regions 

Soil microorganisms significantly affect the decomposition of organic matter, nutrient 

conversions, plant growth, and soil quality, with the type of fertilizer directly associated with 
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differences in soil bacterial diversity[57-59]. Prior studies indicate that prolonged application of 

chemical fertilizers diminishes soil bacterial variety[60,61], whereas the primary organic elements, 

manure, and crop wastes, enhance soil bacterial diversity upon application[62-64]. The use of 

chemical fertilizers alongside crop residues mitigates the effect of chemical fertilizers on soil bacterial 

diversity[65]. This study demonstrated that the use of bio-organic fertilizers in Bolin, Longlei, and 

Longlai yielded the highest indices of soil bacterial diversity (Shannon) and abundance (Chao1, ACE). 

This indicates that the use of bio-organic fertilizers correlated with greater soil bacterial variety and 

abundance compared to compound fertilizers and slow-release fertilizers. This pertains to the 

characterization of agricultural crop leftovers and animal manure as substrates in bio-organic 

fertilizers. 
The abundance of Proteobacteria was greater in Longlai, Longlei, and Bolin compared to 

compound and slow-release fertilizers, likely attributable to the adaptability of the phylum 

Ascomycetes to nutrient-rich environments[66]. Conversely, the abundance of Actinobacteria was 

lowest in bio-organic fertilizers, possibly due to the limited competitiveness of Chloroflexi in such 

nutrient-rich conditions. Competitiveness exhibited diminished prevalence in nutrient-dense 

soils[67]. The soil bacterial diversity index (Shannon) and abundance indices (Chao1, ACE) were 

elevated with the application of slow-release fertilizers compared to compound fertilizers, indicating 

that slow-release fertilizers can enhance soil microbial abundance and diversity, thereby supporting 

sustainable agricultural development[68]. 

5. Conclusions 

Three types of fertilizers—compound, slow-release, and bio-organic—can be utilized in rocky 

desertification areas to achieve ecological restoration and economic development. The application of 

bio-organic fertilizer results in the highest levels of soil organic matter, total nitrogen, total 

phosphorus, available nitrogen, available phosphorus, and available potassium in the regions of 

Bolin, Longlai, and Longlei, in comparison to compound fertilizer and slow-release fertilizer. This 

significantly enhances soil fertility and fosters a more conducive environment for crop cultivation. 

These three regions have the highest soil enzyme activity, enhancing both soil microbial activity and 

soil fertility, which are crucial for the amelioration of rocky desertification. In Bolin, Longlai, and 

Longlei, the application of slow-release fertilizers resulted in the highest concentrations of B, Cu, Zn, 

and Fe, surpassing those observed with compound and bio-organic fertilizers. This not only 

replenished the plants with essential trace elements but also augmented their photosynthetic capacity 

and stimulated their growth. Moreover, the application of slow-release fertilizers in the Longlei 

region, as opposed to compound or bio-organic fertilizers, resulted in the optimal height and ground 

diameter of Mahonia fortunei (Lindl.) Fedde. This may be attributed to the presence of micronutrients 

in slow-release fertilizers. 

Consequently, the synergistic application of bio-organic fertilizer and slow-release fertilizer may 

enhance ecological restoration and economic development in rocky desertification regions. Based on 

this study, follow-up experiments will be carried out in the future on the slow-release fertilizer, bio-

organic fertilizer, and the combined use of the two in different ratios to explore the effects of a single 

fertilizer and the combined use of different ratios on the rocky desertification area and the growth of 

the Mahonia fortunei (Lindl.) Fedde. 
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