
Water and fertilizer management regulates soil
quality, bacterial community structure and function,
and yield in Panax Notoginseng
Hao Tan 

Southwest Forestry University https://orcid.org/0000-0002-7523-1108
Yunfei Tuo 
Xiang Chang 
Jiaping Liang 
Liang Qi Yang 
Xiahong He 

Research Article

Keywords: Water and fertilizer management, Panax notoginseng, SQI-MDS, Structure and function of soil
bacteria, Yield

Posted Date: September 9th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-4724157/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Plant and Soil on November 26th, 2024.
See the published version at https://doi.org/10.1007/s11104-024-07068-w.

https://doi.org/10.21203/rs.3.rs-4724157/v1
https://doi.org/10.21203/rs.3.rs-4724157/v1
https://orcid.org/0000-0002-7523-1108
https://doi.org/10.21203/rs.3.rs-4724157/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11104-024-07068-w


 

 1 

Water and fertilizer management regulates soil quality, bacterial community structure and function, and 1 

yield in Panax Notoginseng 2 

Hao Tana,c,Yunfei Tuoa,c*,Xiang Changa,c,Jiaping Liangb, Qiliang Yangb,*,Xiahong Hea,c* 3 

aCollege of soil and water Conservation,Southwest Forestry University,Kunming 650224,China 4 

bCollege of Modern Agricultural Engineering,Kunming University of Science and Technology,Kunming 5 

650500,China 6 

cYunnan Provincial Key Laboratory for Conservation and Utilization of In-forest Resource,Southwest 7 

Forestry University,Yunnan Kunming,650224 8 

*Corresponding author at:College of soil and water Conservation, Southwest Forestry University, Kunming 9 

650224,China (Y. Tuo;X. He), and College of Modern Agricultural Engineering,Kunming University of 10 

Science and Technology,Kunming 650500,China (Q. Yang). 11 

E-mail address: tyunfei@163.com (Y. Tuo); yangqilianglovena@163.com(Q. Yang);  12 

hxh@swfu.edu.cn (X. He). 13 

 14 

 15 



 

 2 

Abstract  16 

Background Proper water and fertilizer management can improve soil quality, regulate soil microbial 17 

community balance, and increase crop yield. However, the overall soil quality of Panax notoginseng under 18 

different irrigation and fertilization levels are still unclear.  19 

Methods We set up an experiment with W1F1, W1F2, W1F3, W1F4, W2F1, W2F2, W2F3, W2F4, W3F1, 20 

W3F2, W3F3, W3F4 irrigation and fertilization treatments and a non-irrigated and non-fertilized CK as a 21 

control in Panax pseudoginseng farmland during 3 consecutive years. The differences of TDS covering 13 22 

soil physicochemical properties and biological indicators in the fruiting stage of Panax notoginseng under 23 

different irrigation and fertilization treatments were analyzed, and the effects of different irrigation and 24 

fertilization treatments on the structure and function of soil bacterial community in a phyla level were 25 

further explored. The soil MDS was selected by principal component analysis and Norm value combined 26 

with Pearson correlation analysis, and the SQI-MDS was employed to comprehensively evaluate the soil 27 

quality of Panax notoginseng under each irrigation and fertilization treatment and the corresponding yield 28 

was associated.  29 

Results The data showed that the soil physicochemical properties and Alpha diversity index, structure, and 30 

function of bacterial in Panax notoginseng under different irrigation and fertilization treatments in three 31 

years had significant difference. In 3 years, the coupling water and fertilizer treatments compared to single 32 

fertilization or irrigation had more unique bacteria phyla, the Acidobacteriota, Actinobacteriota, Chloroflexi, 33 

and Proteobacteria were the dominant bacteria phyla in each fertilization or irrigation treatment, the 34 

Acidobacteriota and Firmicutes phylum demonstrated significant difference in the W3 and F3 treatment, 35 

respectively, and the values of multiple positive soil physicochemical indicators and bacterial functional 36 

metabolism potential under the W3F3 treatment were significantly greater than CK. In addition, the 37 

functional richness of soil beneficial bacteria in Panax notoginseng increased with the increased planting 38 
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years. The soil MDS included pH and Shanno indicators, and the fitting effect between SQI-MDS-NL and 39 

SQI-TDS were better in each year. The irrigation and fertilization regimes under the top three soil quality 40 

were the same and the soil quality under the W3F3 treatment was in the top three in every year. Furthermore, 41 

the yield in Panax notoginseng under the W3F3 treatment in 2018-2019, 2019-2020，and 2021-2022 year 42 

increased by 1.63 times, 1.29 times, and 0.95 times compared with CK, respectively.  43 

Conclusions This study provides a reference for understanding the overall soil condition of Panax 44 

notoginseng under different irrigation and fertilization regimes in the long term and formulating the 45 

optimization plan of irrigation and fertilization management increasing the yield in Panax notoginseng. 46 

Keywords: Water and fertilizer management, Panax notoginseng, SQI-MDS, Structure and function of soil 47 

bacteria, Yield 48 

 49 

Introduction 50 

As a precious but limited natural resource on land, soil is a key carrier for the survival and development of 51 

human beings, plants, and animals (Kahsay et al., 2023; Elmujtar et al., 2019), and it plays an important 52 

role in ecosystem balance (Zhang et al., 2022). Excessive irrigation caused soil nutrient leaching loss and 53 

reduced water and fertilizer utilization, and excessive fertilization leaded to soil acidification and mineral 54 

excess (Liu et al., 2022; Li et al., 2020). According to the conditions of crop water and fertilizer demand, 55 

irrigation and fertilization are reasonably coordinated in time, quantity, and ways, and the negative effects 56 

of single fertilization or irrigation on soil fertility can be offset by the coupling of water and fertilizer, so as 57 

to improve soil fertility and water and fertilizer utilization efficiency (Li et al., 2021; Wang et al., 2021). In 58 

the process of sustainable agricultural development, the development of efficient irrigation and fertilization 59 

mode is the key to improving crop yield, water and fertilizer utilization efficiency, and soil quality, so 60 

scientific exploration of water and fertilizer management strategies and mechanisms is the key to achieving 61 
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sustainable development for local agricultural (Wang et al., 2023). Soil quality refers to the ability of soil 62 

to maintain plant production, animal survival and reproduction, ecological environment quality, and human 63 

health within the boundary of ecosystem (Arshad et al., 2022). Effective soil quality assessment can 64 

improve soil productivity and sustainability, and promote soil ecological balance (Ma et al., 2020). Soil 65 

quality can be comprehensively reflected by physical, biological and chemical indicators (Vasu et al., 2021), 66 

soil indicators are interdependent and interact with each other, a single indicator may be one-sided and 67 

unfavorable to soil quality evaluation (Atanu et al., 2014), and while it is difficult to conduct soil quality 68 

comprehensive evaluation of with numerous indicators. Researchers construct an evaluation index system 69 

by screening indicators using qualitative (Karlen et al., 2003), quantitative (Masoud et al., 2020), and semi-70 

quantitative methods. Semi-quantitative method means that experts select representative indicators from a 71 

large number of indicators. quantitative method is that minimum data set was quantitatively obtained by 72 

principal component analysis (Li et al., 2019), factor analysis (Liu et al., 2018), partial least squares 73 

regression (Li et al., 2023), and other statistical methods. Considering the collinear relationship among soil 74 

indicators, index acquisition cost, soil structure complexity, and other factors, the minimum data set can 75 

reduce data redundancy and reflect soil quality by the least indicators (Yuan et al., 2020). Presently, 76 

common soil quality evaluation methods at home and abroad include soil quality index (Rezapour et al., 77 

2023), Technique for Order Preference by Similarity to Ideal Solution (Adebo et al., 2020), grey correlation 78 

analysis (Zhou et al., 2020), Analytic hierarchy Process (Shahnazari et al., 2021), principal component 79 

analysis (Jin et al., 2021), fuzzy comprehensive evaluation (Xue et al., 2021), comprehensive index (Zhang 80 

et al., 2021), and dynamic method (Hussain et al., 2019). Soil quality index method has been widely used 81 

by domestic and foreign researchers in soil quality evaluation of farmland and forest land due to its 82 

simplicity and high flexibility (Davari et al., 2020; Yang et al., 2023; Shao et al., 2020). Therefore, soil 83 

quality index method based on minimum data set can effectively evaluate soil quality. 84 
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Panax notoginseng is a medicinal plant widely cultivated in southwest China, and its extract has been 85 

increasing in the global market year by year (Tang et al., 2024). In recent years, researches have mainly 86 

focused on the pharmacological effects of Panax notoginseng (Mengnan et al., 2023), and the influences of 87 

chemical additives and different water and fertilizer management measures on soil nutrients in Panax 88 

notoginseng, and yield and quality of Panax notoginseng (Zhao et al., 2022; Tuo et al., 2023). There is no 89 

report on the soil quality evaluation in Panax notoginseng under different water and fertilizer management, 90 

and it is not clear how the optimization of water and fertilizer can increase the yield of Panax notoginseng 91 

by improving soil physicochemical properties and bacterial structure and function. Therefore, we conducted 92 

the soil collection and determination experiment of the fruiting period of Panax notoginseng under different 93 

water and fertilizer conditions in three years. This study aims to: analyze the differences of soil 94 

physicochemical properties and bacterial Alpha diversity index in Panax notoginseng under different water 95 

and fertilizer treatments; further explore the soil bacterial community structure and function in Panax 96 

notoginseng under different water and fertilizer treatments; evaluate soil quality in Panax notoginseng under 97 

different water and fertilizer treatments by SQI-MDS and compare the corresponding yield. This study will 98 

provide a reference for understanding the soil quality and bacterial community structure and function of 99 

Panax notoginseng under different water and fertilizer conditions and sustainable production in Panax 100 

notoginseng. 101 

Materials and methods 102 

Study area 103 

The study area is located in Luxi County, Honghe Prefecture, Yunnan Province (Fig. 1), and which 104 

geographical location is 103°42′E and 24°24′N. It belongs to the North subtropical monsoon climate. the 105 

rainy season is from June to October, the average annual rainfall is 850 mm, the average annual sunshine 106 

is 2122 hours, the frost-free period is 272.7 days, the summer is warm and humid, and the winter is dry. 107 
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The highest altitude is 2448 m, and the lowest altitude is 824 m. The main soil type is red soil，and pH is 108 

4.8~6.9. 109 

 110 

Fig.1 Location map of the study area 111 

Sample setting and sample collection 112 

We carried out the cultivation experiment in Panax notoginseng in Dalishu of Luxi County from 2018 to 113 

2021. The growth period of Panax notoginseng included rooting period (November to January of the 114 

following year), seedling period (February to April), flowering period (May to July), and fruiting period 115 

(August to October). In this experiment, German-American water-soluble organic fertilizer was used, with 116 

main components N content ≥21%, P2O5 content ≥21%, K2O content ≥21%, humic acid content ≥6%, B 117 

content ≥0.1%, and Mo content ≥0.007%. Furthermore, we took irrigation quantity level (W) and 118 

fertilization level (F) as control factors, the 3 irrigation levels of W1 (5 mm), W2 (10 mm), and W3 (15 119 

mm) and the 4 fertilization levels of F1 (48.00kg·hm-2), F2 (72.00 kg·hm-2), F3 (93.00 kg·hm-2), and F4 120 

(120.00 kg·hm-2) were set up, the 10 mm, 5 mm, and 15 mm represented 60%, 80%, and 40% of field 121 
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capacity, respectively, and all combination of W and F series had W1F1, W1F2, W1F3, W1F4, W2F1, 122 

W2F2, W2F4, W3F1, W3F2, W3F3 and W3F4, with CK as the control (without irrigation and fertilization). 123 

In addition, the each of treatments set for three replicates, with a total of 39 plots, and every plot was 16.70m 124 

long and 1.50m wide and covered 5mm thick pine needles in the ground. The micro-sprinkler irrigation 125 

network was installed in the whole experimental field, the irrigation amount was controlled by the water 126 

meter and water valve of the micro-sprinkler irrigation system, and irrigation was conducted once a week. 127 

Moreover, the plastic film and a three-layer shading network were used to avoid the influence of natural 128 

precipitation and sunlight on Panax notoginseng, respectively, and at the beginning of each growth period, 129 

the required Water and fertilizer were piped to the treatment plots. In the fruiting period of the 2018-2019, 130 

the 2019-2020, and the 2020-2021, the three 1 m×1 m sampling sites were set up on the upper, middle, and 131 

lower parts of each plot, and litter and gravel on the surface in the sampling sites were removed. In addition, 132 

soil samples of 0-60 cm soil layer were collected, packed into numbered self-sealing bags, and sealed, and 133 

the soil samples were stored away from light and brought back to the laboratory as soon as possible. The 134 

part of the fresh soil sample stored at 4° was used for the determination of microbial related-indicators, the 135 

other part was used for the determination of soil moisture content, ammonium nitrogen, and nitrate nitrogen, 136 

and the air-dried sifted soil sample was used for the determination of other soil physical and chemical 137 

indicators. The three plants of Panax notoginseng with the same growth were collected in each plot, and 138 

the washed tubers were put into a kraft paper bag and green for 30 minutes at 105℃. Then the tubers dried 139 

to constant weight and their average values were measured the yield of Panax notoginseng. 140 

Soil analysis 141 

According to Soil Agrochemical Analysis and Environmental Monitoring, the soil moisture content was 142 

determined using the drying method (Yang et al., 2008). The total nitrogen was determined using the 143 

Kjeldahl method ((Bremner and Mulvaney, 1982), the hydrolyzed nitrogen was determined by the alkaline 144 
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hydrolysis diffusion method (Li et al., 2022), the ammonium nitrogen and nitrate nitrogen were determined 145 

using the continuous flow analyzer (AA3, SEAL, Germany, Guggenberger et al., 2003), the total 146 

phosphorus was measured by the molybdate colorimetry method (Murphy et al., 1962), the available 147 

phosphorus was determined using the ammonium fluoride-hydrochloric acid extraction of molybdenum-148 

antimony resistance colorimetric method (Olsen et al., 1954), the total potassium and available potassium 149 

were determined by the flame spectrophotometry (Pages et al., 1982), the organic carbon determined using 150 

the dichromate oxidation and titration method (Kalembasa et al., 1973), and the soil pH was measured by 151 

pH meter with the soil to water ratio was 1:2.5 (Thomas et al., 1996). 152 

Soil microbial indicators determination 153 

The DNA of each 0.5g soil sample was extracted by employing the E.Z.N.A. soil kit (Omega Bio-tek, 154 

Norcross, GA, U.S.). The integrity of DNA was detected by 1% agarose gel electrophoresis, and the 155 

concentration and purity of the DNA were determined and extracted, respectively, using a nano-156 

spectrophotometer (Drop2000, Thermo Fisher Scientific, USA). The V3-V4 variable region was amplified 157 

using priming 338F(5 '-ACTCCTACGGGGAGGCAGCAG-3') and 806R(5 '-158 

GGACTACHVGGGGTWTCTAAT-3') (Zhang et al., 2020). The PCR amplification procedure was initial 159 

denaturation at 95℃ for 3 min, denaturation at 95℃ for 30 s (27 cycles), annealing at 55℃ for 30 s, 160 

extension at 72℃ for 30 s, and finally extension at 72℃ for 10 min. The amplicons were extracted from 161 

2% agarose gel and the PCR products were purified using the AxyPrep DNA gel extraction kit (Axygen 162 

Biosciences, Union City, CA, U.S.). The purified PCR products were sequenced on the Illumina MiSeq 163 

platform, then the sequence was filtered, and the sequence quality was controlled. At 97% sequence 164 

similarity level, the sequencing sequences were clustered into OUT, and finally the bacterial community 165 

composition at different classification levels was determined. The microbial DNA extraction, PCR 166 
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amplification and 16S rRNA gene sequencing were conducted by Biocon Biotechnology Co., LTD. 167 

(Shanghai, China). 168 

Yield determination of Panax notoginseng 169 

 170 

Where Yi is the yield of each water and fertilizer treatment, kg/hm2; Gi is the weight of a single tuber in 171 

Panax notoginseng under each water and fertilizer treatment, kg; Ni is the actual planting number of panax 172 

notoginseng in each water and fertilizer treatment; Si is the effective planting area of Panax notoginseng in 173 

each water and fertilizer treatment area, hm2. 174 

SQI-MDS 175 

MDS construction 176 

The MDS of soil quality was constructed according to principal component analysis and Norm value. The 177 

specific idea is as follows: Using one-way analysis of variance to test the differences of soil indicators, 13 178 

indicators with significant differences were taken as the TDS; Principal component analysis was performed 179 

on the indicators of the TDS, the principal component with eigenvalue ≧ 1 was extracted, and the 180 

indicator load of the same principal component was > 0.5 which divided into a group; If the index load of 181 

an indicator was higher than 0.5 in two principal components, it was classified as the group with low 182 

correlation with other indicators, the Norm values of each group were calculated respectively; The 183 

indicators within 10% of the highest Norm value of each group were selected to enter the MDS; If multiple 184 

indicators meet the condition, Pearson correlation analysis was carried out on them; when the correlation 185 

coefficient among indicators was significantly greater than 0.5, the indicator with the highest Norm value 186 

was selected to enter the MDS. When the correlation coefficient among indicators was <0.5, all indicators 187 

can be retained.  188 
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Norm value is the comprehensive load of each index in all components. The larger Norm value is, the more 189 

soil quality information is reflected. 190 

The calculated formula of Norm value is as follows: 191 

 192 

Where  is the comprehensive load of the m th variable on the first n principal components whose 193 

eigenvalue is greater than 1,  is the load of the m th variable on the n th principal component;  is 194 

the n th principal component eigenvalue. 195 

SQI evaluation method 196 

In this study, two linear models were employed to convert the measured values of soil indicators into values 197 

of 0 to 1, and two linear models were obtained by the following formulas. 198 

 199 

 200 

Where  is the linear model score (0~1),  is the measured value of soil indicator,  is the maximum 201 

measured value of soil indicator,  is the minimum measured value of soil indicator. 202 

The measured values of soil indicators are converted to 0~1 scores by nonlinear model. When soil indexes 203 

have a positive effect on soil fertility, the slope is 2.5; otherwise, the slope is -2.5. The nonlinear model is 204 

as follows: 205 

 206 

Where  is the nonlinear model score (0~1),  is the highest score,  is the measured value of soil 207 

indicator, e is the average value of soil indicator, and c is the slope of the equation. 208 

The SQI of MDS and TDS were calculated according to equation 6. 209 
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 210 

Where  is the soil quality indicator,  is the weight of the i th indicator, and the weight of each 211 

indicator is equal to the ratio of the common factor variance of the corresponding indicator to the sum of 212 

the common factor variance of all indicators,  is the score of the i indicator, and a is the indicator number. 213 

Statistical Analysis 214 

the original data was processed using Excel 2013, a One-way ANOVA and Duncan’s multiple comparison 215 

in SPSS27.0 software were employed to analyze the significance of differences in soil physicochemical and 216 

microbial indicators under different water and fertilizer treatments, the factor analysis in SPSS27.0 software 217 

was used to screen the minimum data set, Mantel analysis between microbial Alpha diversity indexes and 218 

soil physicochemical indicators was obtained by R language, and FAPROTAX function prediction of 219 

bacterial communities under different water and fertilizer treatments was obtained using the Lingbo 220 

Microclass online analysis (http://www.cloud.biomicroclass.com/CloudPlatform). In different water and 221 

fertilizer treatments, the difference diagram of soil quality evaluation index was got by Origin Pro, the 222 

composition percentage accumulation figure and the FAPROTAX function percentage accumulation figure 223 

in bacteria community were obtained by Chiplot online platform (https://www.chiplot.online), the Upset 224 

Wayne figure of bacterial community by OmicStudio online analysis platform 225 

(https://www.omicstudio.cn/tool.), the correlation network heat map of soil physicochemical properties 226 

with microbiological indicators was got by R language ggplot2, and the pyramid figure of soil quality 227 

interaction and a lollipop figure of yield were obtained by Genescloud online platform 228 

(https://www.genescloud.cn/home). 229 

Results and analysis 230 
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Differences in soil quality evaluation indicators of Panax notoginseng under different water and fertilizer 231 

treatments 232 

Fig. 2 shows the differences in soil physicochemical and microbial indicators of Panax notoginseng under 233 

different water and fertilizer treatments in each year. The values of SOM, TN, NH4-N, NO3-N, TP, AP, TK, 234 

AK, and SMC of each water and fertilizer treatment in 2018-2019, 2019-2021, and the 2020-2021 are 235 

significantly higher than CK(P<0.05). In three years, the SOM content increases by 0.75~7.00 times, the 236 

TN content increases by 0.14~1.25 times, the NH4-N content increases by 0.67~2.29 times, the NO3-N 237 

content increases by 0.20~1.62 times, the TP content increases by 0.31~2.90 times, the AP content increases 238 

by 0.48~3.36 times, the TK content increases by 0.24~1.04 times, the AK content increases by 0.23~1.44 239 

times, and the SMC increases by 0.61~18.27% (Fig. 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, 2j). The pH of CK in 240 

2018-2019 was significantly higher compared to the W1F1, W1F2, W2F1, W2F2, W2F4, W3F1, and W3F3 241 

treatments(P<0.05), and the pH of CK in 2019-2020 and the 2020-2021 was significantly higher than each 242 

water and fertilizer treatment (Fig. 2i). Furthermore, the microbial indicators under different water and 243 

fertilizer treatments had significant difference (P<0.05, Fig. 2k, 2l, 2m), Where Shannon index under the 244 

W3F1treatment in 2020-2021year had the smallest value, but Simpson index was the largest. 245 

In conclusion, there were obvious differences in soil physicochemical and biological indicators in Panax 246 

notoginseng under different water and fertilizer treatments in each year. In addition to soil pH, each water 247 

and fertilizer treatment significantly increased the values of soil positive indicators in Panax notoginseng 248 

compared with CK in each year. 249 

 250 
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 251 

Fig. 2 Differences in soil quality evaluation indicators under different water and fertilizer treatments 252 

Note: SOM represents organic matter, TN represents total nitrogen, NH4-N represents ammonium nitrogen, NO3-N 253 

represents hydrolyzed nitrogen, TP represents total phosphorus, AP represents available phosphorus, TK represents total 254 

potassium, AK represents available potassium, and SMC represents soil moisture content. different lowercase letters 255 
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represent the different water and fertilizer treatments have significant differences (P<0.05), and the error bar is represented 256 

by standard deviation. 257 

Effects of different water and fertilizer treatments on soil bacterial community in Panax notoginseng 258 

Fig. 3 reflects the soil bacteria of Panax notoginseng under single irrigation, fertilization and different water 259 

and fertilizer treatments. In 2018-2019, the soil bacterial communities of the W series irrigation and CK 260 

belong to 33 phyla, the soil bacterial communities in the F fertilization series and CK belong to 31 phyla, 261 

and the soil bacterial communities in all irrigation and fertilization treatments and CK belong to 26 phyla 262 

(Fig. 3a). In 2019-2020, the soil bacterial communities in the W series irrigation and CK belong to 33 phyla, 263 

the soil bacterial communities in the F fertilization series and CK belong to 31 phyla, and the soil bacterial 264 

communities in all irrigation and fertilization treatments and CK belong to 25 phyla (Fig. 3b). In 2020-265 

2021, the soil bacterial communities of W series irrigation and CK belong to 24 phyla, the soil bacterial 266 

communities in F fertilization series and CK belong to 24 phyla, and the soil bacterial communities in all 267 

irrigation and fertilization treatments and CK belong to 19 phyla (Figure 3c). The results show that the 268 

similarity of soil bacterial phylum under the coupling of water and fertilizer was smaller than that under 269 

single fertilization or irrigation. In addition, the similarity of soil bacterial phylum under the water and 270 

fertilizer treatment, single fertilization, and single irrigation also decreased with the increase of planting 271 

years in Panax notoginseng. 272 
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 273 

Fig. 3 Upset Wayne diagram of soil bacterial community under irrigation, fertilization, and the coupling 274 

water and fertilizer (phylum level) 275 

Fig. 4 shows the composition of soil bacterial community in Panax Notoginseng under different water and 276 

fertilizer treatment levels. In 2018-2019, the relative abundance of 10 phyla soil bacterial under each water 277 

and fertilizer treatment and CK is greater than 1.00%, and their relative abundance accounts for 93.77%-278 

95.55% of all phyla. In 2019-2020, the relative abundance of 11 phyla soil bacterial under each water and 279 

fertilizer treatment is greater than 1.00%, and their relative abundance are 94.28%-96.72% of all phyla. In 280 

2020-2021, the relative abundance of 8 phyla soil bacterial under each water and fertilizer treatment is 281 

greater than 1.00%, and their relative abundance accounts for 91.06%-97.92% of all phyla. The relative 282 

abundance in the dominant Acidobacteriota, Actinobacteriota, Chloroflexi, and Proteobacteria are 8.12%-283 
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30.23%, 11.55%-30.83% and 6.55%-15.58%, 23.79%-39.64% in 2018-2019, respectively, and the relative 284 

abundance of Acidobacteriota in CK, Actinobacteriota and Chloroflexi in the W3F2 treatment, and 285 

Proteobacteria in the W3F4 treatment is the highest (Fig. 4a). The relative abundance in the dominant 286 

Acidobacteriota, Actinobacteriota, Chloroflexi, and Proteobacteria are 10.54%-22.39%, 19.71%-28.44%, 287 

8.71%-15.87%, and 23.91%-31.87% in 2019-2020, respectively, and the relative abundance of 288 

Acidobacteriota in the W3F1 treatment, Actinobacteriota in the W2F3 treatment, Chloroflexi in the W2F2 289 

treatment, and Proteobacteria in the W1F3 treatment is the highest (Fig. 4b). The relative abundance in the 290 

dominant Acidobacteria, Actinobacteria, Chloroflexi, and Proteobacteria are 17.42%-23.12%, 10.81%-291 

24.59%, 5.67%-24.30%, and 28.59%-64.91% in 2020-2021, respectively, and the relative abundance of 292 

Acidobacteriota in the W1F2 treatment, Actinobacteriota in the W3F2, treatment and Proteobacteria in the 293 

W3F1 treatment is significantly higher than CK (Fig. 4c). To sum up, the Acidobacteriota, Actinobacteriota, 294 

Chloroflexi, and Proteobacteria are dominant bacteria in each water and fertilizer treatment during three 295 

years, and the coupling of water and fertilizercan increase or decrease the relative abundance of dominant 296 

bacteria phylum. 297 

 298 

Fig. 4 Composition of soil bacterial community in Panax Notoginseng with different water and fertilizer 299 

treatments (phylum level) 300 

LEFSE analysis is employed to confirm the soil bacteria phyla in Panax notoginseng show significant 301 

differences in irrigation and fertilization levels (Fig. 5). When the LDA score of a soil bacteria phylum 302 
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exceeds 2.0, it is considered that there is a significant difference in the level of irrigation and fertilization. 303 

The Latescibacterota under the F1 treatment has significant differences in 2018-2019, (Fig. 5a). The 304 

Acidobacteriota in the level of W3 has a significant difference, the Verrucomicrobiota in the level of F4 has 305 

a significant difference, and Firmicutes in the level of F3 has a significant difference in 2019-2020 (Fig 5b). 306 

The Acidobacteriota and Verrucomicrobia in the level of W1 have a significant difference, while the 307 

Unclassified phylum in the level of F2 has a significant difference in 2020-2021 (Fig. 5c). Therefore, there 308 

was a significant difference in the performance of irrigation and fertilization treatment in the three years, 309 

and the main bacteria phyla include Latescibacterota, Acidobacteriota, Firmicutes, and Verrucomicrobia. 310 

 311 

Fig. 5 Difference analysis of LEFSE of soil bacteria in Panax notoginseng after irrigation and fertilization 312 
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Fig. 6 demonstrates FAPROTAX analysis is used to predict the function of soil bacterial community in 313 

Panax notoginseng under different water and fertilizer treatments (Fig.5)., there are 7 bacterial functional 314 

relative abundances greater than 1%, and the functional relative abundance in nitrogen_fixation, the 315 

human_pathogens_pneumonia, human_pathogens_all, and animal_parasites_or_symbionts under the 316 

W1F2, W3F1, and W3F3 treatments compare to CK is significantly higher in 2018-2019 (Figure 6a). In 317 

2019-2020, there are 9 bacterial functional relative abundances greater than 1%, and the functional relative 318 

abundance in nitrogen_fixation and aerobic_chemoheterotrophy, nitrate_reduction, and chemoheterotrophy 319 

under the W2F3, W3F1, and W3F3 treatments is significantly higher than CK (Fig. 6b). From 2020 to 2021, 320 

the 11 bacteria functional relative abundances are greater than 1%, and bacteria functional relative in 321 

handling aerobic_ammonia_oxidation and nitrification under the W2F3, W3F2, W3F3 treatments is 322 

significantly greater than that of CK, and the relative abundance of nitrogen_fixation and 323 

aerobic_chemoheterotrophy in the W3F2 and W3F3 treatments was significantly higher than that in CK 324 

(Fig. 6c). The data show that the functional metabolic potential of soil bacteria under the W1F2, W3F1, and 325 

W3F3 treatments in 2018-2019, the W2F3, W3F1 and, W3F3 treatments in 2019-2020, and the W2F3, 326 

W2F3, W3F2, and W3F3 treatments in 2020-2021 are higher than CK. In addition, with the increase of 327 

planting years of Panax notoginseng, the soil bacteria of Panax Notoginseng were more functional. 328 

 329 

Fig. 6 Relative abundance of bacterial community function based on FAPROTAX under different water 330 

and fertilizer treatments 331 

Determining the MDS 332 
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To eliminate the information overlap caused by too many indicators, the principal component analysis of 333 

13 indicators was carried out. The results of principal component analysis and Norm values of each index 334 

are shown in Table 1. The first 3 PC eigenvalues of 2018-2019, and the first 4 PC eigenvalues of 2019-335 

2020 and 2020-2021 are all>1. The cumulative variance in 2018-2019 is 66.865%, and  336 

the cumulative variance in 2019-2020 and 2020-2021 are 70.762% and 75.238%, respectively, indicating 337 

that they can represent most of the information of soil quality. In Table 1, the absolute value of the indicator 338 

load of each component is higher than 0.5, and no absolute value of the indicator load is greater than 0.5 in 339 

many components. Thus, we obtain the primary indicator according to the range in maximum Norm value 340 

of 10%. In 2018-2019, the primary indexes of the first group are TN, NH4-N, NO3-N, NO3-N, AP, and AK, 341 

the second group has Chao1 and Shannon, and the third group has pH and SMC. In 2019-2020, the primary 342 

indicators of the first group have NO3-N, AP, and AK, the second group has Chao1 and Shannon, and the 343 

third group has pH and SMC. In 2020-2021, the primary indicators of the first group are TN, NH4-N, NO3-344 

N, NO3-N, TP, AP, and AK, the second group has Chao1, Shannon, and Simpson, and the third group has 345 

pH and SMC. We further screened MDS based on the correlation analysis (Fig. 7). In 2018-2019, TN has 346 

the largest Norm value and the correlation coefficient with AP is less than 0.5. So TN and AP are selected 347 

into MDS. The correlation coefficient between Shannon and Chao1 in the second group is significantly 348 

close to 0.5. However, Shannon has the highest Norm value, it is chosen to MDS. the Norm value of pH in 349 

the third group is largest, but SMC is significantly negatively correlated with pH, and pH is selected as 350 

MDS. In a similar way, The MDS indicators in 2019-2020 have NO3-N, AK, Shannon, pH, SMC, and TK, 351 

and the MDS indicators in 2020-2021 have AK, NH4-N, Shannon, pH, SMC, and SOM. In sum up, the 352 

MDS indicators of soil quality evaluation in three years are Shannon and pH, and SMC is also selected as 353 

MDS in the last two years. The annual index screening filter is more than 50% larger, which can effectively 354 

simplify the evaluation index system. 355 
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Table 1 Load matrix and Norm values of each index 356 

Year Indicator PC1 PC2 PC3 PC4 Group Norm 

2018-2019 

TN 0.819 -0.197 -0.071  1 1.728 

NH4-N 0.727 0.106 0.394  1 1.615 

NO3-N 0.829 -0.031 0.012  1 1.720 

TP 0.785 0.147 -0.035  1 1.644 

AP 0.754 0.060 -0.162  1 1.583 

AK 0.750 -0.002 0.042  1 1.556 

TK 0.598 -0.456 0.257  1 1.517 

Chao1 -0.130 0.764 0.283  2 1.280 

Shannon 0.172 0.858 -0.063  2 1.382 

Simpson -0.173 -0.816 0.160  2 1.336 

SOM 0.274 0.058 0.633  3 1.0601 

pH 0.378 0.200 -0.732  3 1.332 

SMC -0.118 0.205 0.825  3 1.229 

Eigenvalues 4.299 2.410 1.983    

Variance % 33.072 18.541 15.252    

cumulative variance % 33.072 51.613 66.865    

2019-2020 

TN 0.688 0.124 -0.306 -0.035 1 1.338 

NH4-N 0.562 0.270 0.460 -0.218 1 1.300 

NO3-N 0.821 -0.06 -0.131 0.249 1 1.538 

TP 0.587 0.298 0.389 -0.229 1 1.317 

AP 0.745 0.014 -0.297 0.132 1 1.424 

AK 0.534 0.495 -0.352 -0.161 1 1.395 

Chao1 -0.164 0.861 -0.007 0.204 2 1.521 

Shannon -0.294 0.888 -0.203 0.155 2 1.643 

Simpson 0.265 -0.782 0.252 -0.191 2 1.476 

pH 0.394 -0.227 -0.664 -0.276 3 1.234 

SMC 0.276 0.475 0.568 -0.415 3 1.295 

TK 0.415 0.0350 0.304 0.650 4 1.114 

SOM 0.325 -0.273 0.282 0.455  0.977 

Eigenvalues 3.342 2.931 1.727 1.187   

Variance % 25.706 22.548 13.285 9.134   

cumulative variance % 25.706 48.254 61.538 70.672   

2020-2021 

TN 0.706 0.014 0.355 0.125 1 1.523 

NH4-N 0.672 0.180 0.327 -0.331 1 1.515 

NO3-N 0.760 0.208 -0.139 0.095 1 1.623 

TP 0.773 0.248 -0.167 0.016 1 1.666 

AP 0.737 -0.119 0.116 -0.130 1 1.550 

TK 0.515 0.354 0.071 0.391 1 1.301 

AK 0.772 0.221 -0.349 -0.136 1 1.697 

Chao1 0.421 -0.86 0.121 -0.041 2 1.7357 

Shannon 0.421 -0.869 0.076 0.062 2 1.7467 

Simpson -0.313 0.901 0.046 -0.102 2 1.6987 

pH 0.482 0.279 -0.641 -0.137 3 1.343 
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SMC 0.191 0.504 0.687 -0.269 3 1.281 

SOM 0.148 0.230 0.144 0.845 4 1.048 

Eigenvalues 4.273 3.018 1.347 1.143   

Variance % 32.871 23.216 10.361 8.789   

cumulative variance % 32.871 56.087 66.448 75.238   

 357 

Fig. 7 Correlation relationship between soil evaluation indicators 358 

Indicators Weight 359 

The weights of TDS and MDS were calculated using common factor variance (Table 2). From 2018 to 2019, 360 

the weight of Shannon in MDS is 0.306, and the weight of pH, AP, and SMC are all above 0.200. In 2019-361 
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2020, the weights of AK and pH rank first and second, while the weights of TK, NO3-N, SMC, and Shannon 362 

rank last four. The weight of SMC, NH4-N, and Shannon in 2020-2021 is 0.204, 0.198, and 0.195, 363 

respectively, and SOM has the least weight in MDS. It can be seen from the above that both Shannon and 364 

pH in the past three years have effects on the soil quality of Panax Notoginseng, indicating that bacterial 365 

diversity and soil pH play an important role in the long-term stability of soil quality. 366 

Table 2 Common factor variance and weight of TDS and MDS 367 

Year Indicator 

TDS MDS 

common 
factor 
variance 

Weight 

common 
factor 
variance 

Weight 

2018-2019 

SOM 0.479 0.055   

TN 0.715 0.082 0.659 0.234 

NH4-N 0.696 0.080   

NO3-N 0.688 0.079   

TP 0.639 0.073   

AP 0.599 0.069 0.706 0.251 

TK 0.686 0.079   

AK 0.564 0.065   

pH 0.719 0.083 0.589 0.209 

SMC 0.737 0.085   

Chao1 0.682 0.078   

Shannon 0.770 0.089 0.860 0.306 

Simpson 0.721 0.083   

2019-2020 

SOM 0.467 0.051   

TN 0.583 0.063   

NH4-N 0.648 0.071   

NO3-N 0.758 0.0825 0.749 0.169 

TP 0.637 0.069   

AP 0.661 0.0719   

TK 0.689 0.0750 0.774 0.174 

AK 0.691 0.0752 0.871 0.196 

pH 0.724 0.079 0.85 0.192 

SMC 0.797 0.087 0.608 0.137 

Chao1 0.81 0.088   

Shannon 0.941 0.102 0.584 0.132 

Simpson 0.782 0.085   

2020-2021 

SOM 0.809 0.083 0.131 0.030 

TN 0.639 0.065   

NH4-N 0.701 0.072 0.869 0.198 

NO3-N 0.649 0.066   
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TP 0.687 0.070   

AP 0.588 0.060   

TK 0.549 0.056   

AK 0.785 0.080 0.808 0.184 

pH 0.74 0.0757 0.829 0.189 

SMC 0.834 0.085 0.895 0.204 

Chao1 0.934 0.096   

Shannon 0.942 0.096 0.858 0.195 

Simpson 0.923 0.094   

SQI-MDS confirmation 368 

Generally, the total data set can obtain high accuracy for soil quality evaluation, but there are many 369 

indicators, which is easy to make the experiment complicated and time-consuming. Therefore, it is 370 

necessary to establish the minimum data set to simplify the evaluation index and ensure the reliability. The 371 

linear and nonlinear scoring methods are used to evaluate SQI-TDS and SQI-MDS, the determination 372 

coefficients between SQI-MDS and SQI-TDS of the nonlinear models in 2018-2019, 2019-2020, and 2020-373 

2021 are 0.779, 0.746, and 0.767, respectively, and the determination coefficients between SQI-MDS and 374 

SQI-TDS of the linear model are 0.600, 0.702 ,and 0.619, respectively, indicating that the fitting accuracy 375 

of SQI-MDS and SQI-TDS under the nonlinear model is high (Fig. 8a, 8b, 8c). Therefore, SQI-MDS-NL 376 

can better evaluate the soil quality in Panax Notoginseng. 377 

 378 
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Fig. 8 Comparison between SQI-TDS and SQI-MDS under linear and nonlinear models 379 

Note: SQI-MDS-NL indicates soil quality index of minimum data set under linear model, and SQI-MDS-NL indicates soil 380 

quality index of minimum data set under nonlinear model. 381 

Soil quality and yield of Panax Notoginseng under different water and fertilizer treatments 382 

Fig. 9 shows the SQI-TDS and SQI-MDS-NL of Panax Notoginseng under different water and fertilizer 383 

regimes. In 2018-2019, the top three SQI-TDS are W3F1, W3F3, and W1F2, while the top three SQI-MDS-384 

NL are contrary it. In 2019-2020, the top three SQI-TDS are W3F3, W3F1, and W2F3, and the top three 385 

SQI-MDS-NL are W3F3, W2F3, and W3F1. The top three SQI-TDS and SQI-MDS-NL in 2020-2021 are 386 

W3F3, W2F3, and W3F2, respectively. In short, the top three water and fertilizer treatments of SQI-TDS 387 

and SQI-MDS-NL are the same in each year, and the W3F3 treatment has been in the top three. 388 

Yield is an important index to measure soil fertility, and the yield of Panax Notoginseng in each water and 389 

fertilizer treatment is greater than CK (Fig. 10). From 2018 to 2019, W1F2>W3F3>W3F1 are the first three 390 

outputs in Panax Notoginseng under different water and fertilizer regimes, which are 1.78 times, 1.63 times, 391 

and 1.40 times higher than CK, respectively. In 2019-2020, W3F3>W2F3>W2F1>W3F1 are the top four 392 

outputs in Panax Notoginseng under different water and fertilizer treatments, respectively, which increase 393 

by 1.29 times, 1.20 times, 1.16 times, and 1.13 times compared with CK. In 2020-2021, 394 

W3F3>W2F3>W3F2 are the top three outputs in Panax Notoginseng under different water and fertilizer 395 

treatments, which are 0.95 times, 0.88 times, and 0.81 times higher than CK, respectively. 396 
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 397 

Fig. 9 Soil quality of Panax Notoginseng under different water and fertilizer regimes 398 

 399 

Fig. 10 Yield of Panax Notoginseng under different water and fertilizer regimes  400 

Discussion 401 

Soil quality evaluation indicators under different water and fertilizer treatments 402 

Water and fertilizer are two single factors that affect soil fertility, and their interaction causes significant 403 

differences in soil nutrients. Shen et al. (2014) explored the effects of different water and fertilizer schemes 404 

on soil physicochemical properties, microbial community structure and function in Panax Notoginseng, and 405 

found that there were significant differences in soil physicochemical properties under different water and 406 

fertilizer treatments. Yang et al. (2023) studied the effects of water-fertilizer coupling on the ecological 407 

environment and yield of muskmelon and found that under the same fertilization level, soil nitrate nitrogen 408 

and available phosphorus contents showed an increased trend followed by decreased trend with the increase 409 

of irrigation, while available potassium showed an increasing trend. Cheng et al. (2024) set different 410 

irrigation and nitrogen fertilizer levels, and found that there were significant differences in the response of 411 
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organic matter and nitrate nitrogen to the coupled combination of water and fertilizer. Wang et al. (2018) 412 

demonstrated that different irrigation and nitrogen, phosphorus, and potassium ratio fertilizers had 413 

significantly different effects on soil chemical properties and cotton yield. In this study, there were 414 

significant differences in soil physicochemical indicators in Panax Notoginseng under different water and 415 

fertilizer treatments in three years. Soil acidification in China is often caused by nitrogen input (Zhu et al., 416 

2018), Shi et al. (2022) found that long-term application of organic fertilizer can reduce soil pH. In this 417 

study, the soil pH value in Panax Notoginseng under the W3F1 treatment in three years was lower than CK. 418 

This is due to the fact the large nitrogen content of organic fertilizer applied in W3F1 treatment, the nitrate 419 

formed by nitrogen fertilizer under leaching would take away the soil calcium and magnesium plasma, 420 

resulting in the weakening of soil pH. Soil microbial diversity plays an important role in improving soil 421 

health and ecological function (Chou et al., 2024; Zhou et al., 2024). In this study, the positive index values 422 

in soil nutrient under W3F1 treatment were lower than CK, and the available substrate of bacteria decreased, 423 

resulting in a lower Shanno index in bacteria. In addition, in this study, there were differences in the 424 

bacterial Alpha diversity index under different water and fertilizer conditions, which is because physical 425 

and chemical processes are indispensable for soil formation (Mcbratney et al., 2024). Soil physicochemical 426 

properties differences under different water and fertilizer conditions led to differences in soil 427 

microorganisms. It is often insufficient to only describe the Alpha diversity of bacterial. This study further 428 

analyzed the structure and function of soil bacterial phylum in Panax Notoginseng under the water and 429 

fertilizer treatments, and we found that the dominant bacterial phyla in the coupled water and fertilizer were 430 

Acidobacteriota, Actinobacteriota, Chloroflexi, and Proteobacteria. Wu et al. (2016) found that 431 

Actinobacteriota and Proteobacteria had the maximum relative abundance when comparing the rhizosphere 432 

bacterial structure and function of healthy and root rot Panax Notoginseng. In this study, by Lefse method, 433 

we identified soil bacteria phyla in Panax Notoginseng with significant differences in different irrigation 434 
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and fertilization treatments, and the bacterota, Acidobacteriota, Firmicutes, and Verrucomicrobia had 435 

significant differences in the irrigation and fertilization treatments in the three years. Shen et al. (2024) 436 

analyzed the soil microbial structure in Panax Notoginseng under the coupled water and fertilizer under 437 

different growth stages, they demonstrated the main phyla affecting the variation of bacterial community 438 

structure and composition in irrigation and fertilization treatments were Actinobacteria, Gemmatimonadota, 439 

Proteobacteria, Nitrospirae, Acidobacteria, Chloroflexi, Verrucomicrobia, and Firmicutes. It is worth noting 440 

that the functional richness of soil bacteria in Panax Notoginseng under different water and fertilizer 441 

treatments were compared by FAPROTAX function prediction in this study, and we founded the relative 442 

abundance of function in nitrogen_fixation, human_pathogens_pneumonia, human_pathogens_all, and 443 

animal_parasites_or_symbionts in the first year and nitrogen_fixation, aerobic_chemoheterotrophy, 444 

nitrate_reduction, chemoheterotrophy, aerobic_ammonia_oxidation, and nitrification in the last two years 445 

was significantly higher than CK. Furthermore, with the increase of planting years, soil bacterial 446 

community function in Panax Notoginseng under W3F3 treatments was more abundant. This indicated that 447 

the proper water and fertilizer treatments could change the harmful function to the beneficial function of 448 

the soil bacteria community in Panax Notoginseng, and the longer the stage stayed in the soil, the functional 449 

richness of soil bacteria also increased. 450 

Soil quality under different water and fertilizer treatments 451 

Soil is an extremely complex and variable system, and soil quality plays an important role in maintaining 452 

environmental quality and animal and plant health, often reflecting soil quality through the integration of 453 

chemical, physical, and biological processes (Zhang et al., 2021; Valani et al., 2020). Many scholars 454 

evaluate soil quality through comprehensive evaluation index system covering physical, chemical, and 455 

biological factors (Yu et al., 2023; Marion et al., 2022). The TDS can evaluate soil quality information more 456 

comprehensively, but too many indicators lead to overlapping soil quality information and increase the time 457 
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and cost (Teng et al., 2024). In this study, principal component, Norm value and combined correlation 458 

analysis were used to screen MDS, which is widely used in soil quality evaluation by reducing collinearity 459 

between indexes and retaining a large amount of soil quality information. We found the MDS indicators of 460 

soil quality evaluation in Panax Notoginseng in 2018-2019 included TN, AP, Shannon, and pH; in 2019-461 

2020, there are NO3-N, AK, Shannon, pH, SMC, and TK; in 2020-2021, there are AK, NH4-N, Shannon, 462 

pH, SMC, and SOM. The results showed that there were no soil physical indicators in the first year of MDS, 463 

but there were soil physical, chemical, and biological indexes in the second two years of MDS. The reason 464 

is that soil SMC and soil pH of Panax Notoginseng in the first year showed a significant negative correlation 465 

and the correlation degree was higher, and the pH can respond to soil quality information better, so soil 466 

SMC was excluded. Biological indicators react rapidly to the environment and are widely concerned (Chen 467 

et al., 2022), Tuo et al. (2024) Select the optimal water and fertilizer scheme based on soil microbial carbon 468 

and nitrogen and enzyme activities for Panax Notoginseng cultivation and recommend W3F4 treatment as 469 

the optimal water and fertilizer regime. However, soil quality information cannot be accurately reflected by 470 

biological indicators alone. Yu et al. (2023) established MDS with unstable carbon components, TK, 471 

sediment content, and Shanno index to accurately evaluate soil quality after afforestation in southwest 472 

China. In this study, bacterial Alpha index was used as the biological index, and bacterial Shanno index 473 

was selected as the soil MDS in Panax Notoginseng under different water and fertilizer. Moreover, based 474 

on soil quality index method, the comprehensive evaluation of soil quality in Panax Notoginseng under 475 

different water and fertilizer treatments showed that the fitting effect of SQI-MDS-NL, SQI-MDS-L and 476 

SQI-TDS was good, but SQI-MDS-NL was better. This is consistent with the conclusion of Teng et al. 477 

(2024) that the best model for soil quality assessment in tobacco was SQI-MDS-NL. The SQI-MDS 478 

evaluation under different water and fertilizer treatments was only carried out in this study area. However, 479 

its applicability in different study areas requires more research. 480 
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conclusions 481 

In this study, water and fertilizer treatment led to differences in soil physicochemical indexes of Panax 482 

Notoginseng, and which further affected the structure and function of soil bacteria in Panax Notoginseng, 483 

resulting in significant differences in overall soil quality. The MDS indicators of soil quality evaluation in 484 

2018-2019 included TN, AP, Shannon, and pH, the 2019-2020 were NO3-N, AK, Shannon, pH, SMC, and 485 

TK, and the 2020-2021 were AK, NH4-N, Shannon, pH, SMC, and SOM. The SQI-MDS-NL better 486 

represented soil quality information than SQI-MDS-L. By evaluating soil quality under different water and 487 

fertilizer treatments in Panax Notoginseng based on SQI-MDS-NL, the top three soil quality in Panax 488 

Notoginseng in 2018-2019 were W3F1, W3F3, and W1F2; The top three in 2019-2020 were W3F3, W3F1, 489 

and W2F3, and the top three in 2020-2021 were W3F3, W2F3, and W3F2, where W3F3 treatment has been 490 

in the top three, and the corresponding output of W3F3 treatment was also in the forefront. Thus, W3F3 491 

regime should be recommended first in the long-term planting of local Panax Notoginseng. 492 
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