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Abstract: Plant communities and their environments are a vital part of synecology research.
In this study, we investigated the characteristics of three typical medicinal perennial herbs,
Glycyrrhiza uralensis, Rheum altaicum, and Ferula sinkiangensis, and examined their response to
local soil properties in Altay Prefecture, China. A total of 29 species belonging to 15 families and
25 genera were recorded. In terms of the target medicinal plants, the importance value was low
and community structures were exceedingly simple. Quantitative classification based on WARD
cluster analysis suggested that each medicinal plant can be classified into one of three types: annual
herbaceous, perennial herbaceous, and subshrub or shrub. Interestingly, the plants gradually
transformed from exhibiting nonresistance to xerophytes or halophytes. An investigation of the soil
properties beneath the medicinal plants showed that nutrients in black soil were much more abundant
than those in sandy and saline soil. Except for leaching phenomenon, the nutrient contents in the soil
surface layer (0-10 cm) were higher than those in deep layers (10-20 cm and 20-40 cm), and to some
extent, the nutrient contents were inversely proportional to the depth of the soil. The redundancy
analysis (RDA) results of the medicinal plants and their relationship with soil properties indicated
that the main soil variables impacting the distribution of G. uralensis were available potassium
(AK), aspect (ASP), soil moisture (SM), total nitrogen (TN), and total phosphorus (TP); SM, electric
conductivity (EC), elevation (ELE), ASP, pH value (pH), available nitrogen (AN), soil organic content
(SOC), and the carbon/nitrogen (C/N) ratio had positive effects on the distribution of R. altaicum.
FE. sinkiangensis grew better in habitats with high contents of SM, EC, TN, AN, available phosphorus
(AP), total potassium (TK), and AK. This study aimed at providing effective suggestions for artificial
cultivation, conservation, and resilience of Chinese medicinal plants.

Keywords: medicinal plants; vegetation diversity; ordination analysis; soil nutrients; elevation

1. Introduction

Vegetation characteristics of plant communities are the products of the interaction between
plants and their living environments within a succession of community structure and changes in
biodiversity [1,2]. The relationship between plant communities and their habitats is vital in the field of
plant ecology research [3]. In terms of natural plant communities, the differences in their compositions
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result from the combined effects of environmental factors at different scales [2,4,5]. Environmental
factors, especially soil physical and chemical properties, as well as soil nutrients, directly or indirectly
shape natural plant communities [6].

Soil-plant interactions are closely related to soil nutrients such as nitrogen (N), phosphorus (P),
and potassium (K) [7]. Many studies show that the contents of N, P, and K in soil are related to
vegetation species richness, and unimodal patterns among N, P, and K have become the accepted
classical theory [8-10]. Hejcman et al. (2010) reported that species richness did not change much
following exogenous application of N and P to Rengen Grassland, while it is worth noting that the
application of P and K fertilizer had significant effects on species composition [11]. Research into
vegetation in the Yilong Lake Basin of Yungui Plateau in China found that the total nitrogen (TN),
total phosphorus (TP), total potassium (TK), and available potassium (AK) in soil could significantly
promote the growth of local shrubs and herbs [12]. Xu et al. (2011) found that the contents of TN, TK,
and phosphorus (AP) in soil had significantly positive effects on the local vegetation diversity in the
mountainous region of Ili River Valley, China [13]. The carbon/nitrogen (C/N) ratio in soil cannot only
be used to evaluate the balance of soil nutrients and the mineralization capacity of soil N, but can also
explain the species composition and characteristics of vegetation by quantifying soil conditions [14].
The soil pH, to some extent, can alter the content of soil nutrients, thereby shaping the vegetation
composition or diversity. The species richness of annual herbs, perennial herbs, and semi-shrub plants
increases linearly with soil pH, whereas the richness of shrubs and trees has no significant correlation
with soil pH [15]. In addition, soil moisture (SM) is an important factor interacting with soil pH to
determine the diversity of vegetation. Hdjek et al. (2007) found that the diversity of species in southern
Siberia increased linearly with the soil pH, and only when the soil water decreased did the diversity
of the species pool decline [16]. Besides the abovementioned soil properties, the soil organic content
(SOC) can regulate a community’s species composition and diversity [17]. Zuo et al. (2012) reported
that the composition of a plant community was determined collectively by soil physical and chemical
properties such as soil TN, C/N, pH, and SOC [18]. However, so far it is not clear how medicinal plants
respond to different soil properties.

Rheum altaicum A. Los., Ferula sinkiangensis K. M. Shen, and Glycyrrhiza uralensis Fisch are typical
medicinal plants in Altay Prefecture in China, whose habitats are black soil, sandy soil, and saline soil,
respectively. G. uralensis is widely distributed in Altay Prefecture, R. altaicum is a distinctive traditional
Chinese herb belonging to Rheum L., and F. sinkiangensis is a medicinal plant in Altay Prefecture.
These are typical representatives of the medicinal plants in this region. In China, these three medicinal
plants are frequently used as important medical resources for multiple diseases, e.g., alleviating cough,
heat clearing, detoxifying, stopping diarrhea, blood stasis, gastropathy, insect removal, etc. [19-21].
Apart from its pharmaceutical functions, the ecological values of G. uralensis, such as for water
conservation and fixing sand, have been utilized in arid and semiarid ecosystems. Moreover, rhubarb
can be used as a natural insecticide for crop protection [22,23]. However, the vegetation characteristics
and response to soil properties of these Chinese traditional herbal medicines remain to be elucidated
in arid and semi-arid regions of northwestern China.

In this study, we aimed to clarify the vegetation characteristics of medicinal plants and their
response to soil properties. We addressed the following two questions in this study: (1) What
is the species composition of three medicinal plant communities, e.g., G. uralensis, R. altaicum,
and F. sinkiangensis, in northwestern China? (2) How do the vegetation characteristics of the three
medicinal plant communities respond to local soil properties, especially soil nutrients? This research
provides a theoretical basis for the protection and sustainable utilization of traditional medicinal
plant resources.
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2. Materials and Methods

2.1. Study Area

The experiment was conducted in Altay Prefecture, affiliated with the Xinjiang Uygur Autonomous
Region on the northwestern border of China (44°59'35”-49°10’45” N, 85°31'57”-91°01'15" E;
see Figure 1), during the growing seasons of 2015 and 2016. The area has the basic characteristics of
a temperate continental climate, with some exceptions. The mean annual temperature at the study
site is 3.3 °C—4.1 °C (mean temperature in the Altai Mountains: —4 °C to 2 °C, mean temperature
in the Gobi Desert: 6 °C-8 °C) and the mean annual precipitation is 300-500 mm. Altay Prefecture
consists of mountains mixed with the Gobi Desert. Due to the advantageous geographical position and
climatic conditions, various plants can grow together. Because of the precipitation and soil nutrition,
the number of community structural levels and biological diversity in mountainous areas are much
higher than those in the Gobi region. The research area was established in the surrounding region of
Altay city and Fuyun County (Figure 1). Northern Altay Prefecture is bordered by the Altai Mountains
and is surrounded by the Gobi Desert to the east, west, and south, so its territory includes mountains,
fault basins, desert, and plains, which leads to a complex terrain and landform and great differences in
elevation. The complex and changeable landform results in abundant grassland types, which provides
a material basis for the diversification of local medicinal plants. However, due to the harsh climate
conditions, the growth of medicinal vegetation in this area is limited, and the local plants are mainly
xerophytes with saline-alkali tolerance and strong reproduction ability.
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Figure 1. A map of the survey locations of G. uralensis, R. altaicum, and F. sinkiangensis communities
and their environmental factors in Altay Prefecture, China.

2.2. Experimental Design

Firstly, we chose the sample plots for our ecological investigations mainly because of the large
space, the desire for no animal interference, and the three target medicinal plants, which were dominant
species in their respective sites. Since all the tested plots were covered only with herbaceous plants,
sparse shrubs, and no trees, we established 30 sample plots (size: 30 X 30 m?) and each sample plot
included three subplots (size: 4 x 4 m?) arranged along a walking line (Figure S1). The distance
between two sampling plots was 2-3 km. The details of the investigation included the following:

(1) Plant species, abundance, height, crown width, herb layer coverage, and shrub layer coverage.
(2) Accurate positioning, elevation, aspect, and soil type of each sample site.
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2.3. Descriptive Statistical Analysis

The importance value is a comprehensive quantitative index to study the status and function of a
certain species in a community [24,25]. The importance value was calculated as follows:

relative density + relative frequency + relative dominance

Importance value = 3 / )

where relative density is the density of one species (the density of all species x 100%), relative frequency
is the frequency of one species (the frequency of all species X 100%), and relative dominance is the
coverage of one species (the dominance of all species x 100%).

We used the Patrick richness index (R), Simpson index (D), Shannon-Wiener index (H’), interspecies
encounter rate (PIE), Pielou community evenness index (J), and Simpson dominance index (C) to
represent the species diversity. The calculation formulas of these indexes are as follows:

R=S )
D - 1—2(%)2 3)
Hy = —Z(%)m(%) @
PIE = Z[W} ()
C :Z(%f, @

where Ni is the number of individuals of a species in each quadrat, N is the total number of plant
individuals in each quadrat, and S is the number of species in each community.

2.4. Soil Collection and Processing

In the growing seasons of R. altaicum, F. sinkiangensis, and G. uralensis, we collected saline soil,
black soil, and sandy soil, respectively, from their habitats for a soil property analysis. In order
to acquire soil properties of superior quality, it was indispensable to avoid choosing sites such as
microtopographic positions, roads, and stony soil, which might impact the soil physical and chemical
properties during the collection. Soil samples were divided into three layers (0-10, 10-20, and 2040 cm)
during the collection. Subsequently, the soil samples were transported to the laboratory to determine
their physical and chemical properties, which were investigated at least three times during each project.

The soil samples were air-dried, cleaned of impurities, and sieved (the pH value, hydrolytic
nitrogen, available phosphorus, and available potassium contents of soil samples were determined
through 1 mm sieving detection, while the electrical conductivity and total nitrogen, total phosphorus,
total potassium, and organic matter of soil samples were determined through 0.15 mm sifting). As was
described in Table 52, SOC was measured using the Walkley-Black wet oxidation method [26]. TN was
determined using the Kjeldahl method [27]. Soil moisture was measured after oven drying at 105 °C
for 6-8 h. Electric conductivity (EC) was measured using a conductivity meter (YQ-012, Shanghai,
China). Soil pH was measured using a pH meter (PHS3E, Shanghai, China) with pure water [28].
Available nitrogen (AN) was measured using the alkali hydrolysis diffusion method. TP and AP were
analyzed using the molybdenum blue method after digestion with concentrated HCIO, + H;SO4
and extraction with 0.5 mol L' NaHCOj3 at pH 8.5 [28]. TK and AK were measured using heating
digestion (HClO, + HF) and the CH3COONHj, lixiviation method by a flame photometer [28].
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2.5. Description of Statistical Analysis and the Working Model

WARD cluster analysis (based on the Euclidean distance) and verification for plots of medicinal
plant communities were programmed using R language. The relationship between medicinal
plant communities and environmental factors was investigated using the redundancy analysis RDA
(CANOCO, version 5.0). SPSS software (version 17.0) was used for the statistical tests. Soil data were
assessed using analysis of variance (ANOVA). The schematic representation of this work is shown
below (Figure 2).

Vegetation characteristics of three medicinal plant
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Figure 2. A technology roadmap illustrating the vegetation characteristics and response to the soil
properties of G. uralensis, R. altaicum, and F. sinkiangensis communities in Altay Prefecture, China.

3. Results

3.1. Vegetation Characteristics of Medicinal Plant Communities

A total of 29 species, belonging to 15 families and 25 genera, were recorded in 30 sampling plots
(Table S1). The medicinal R. altaicum communities were widely distributed in grassland consisting of
pebbly and fertile black soil and a sloped piedmont area on the sunny side of the Altai Mountains,
at 1808.8 m mean altitude. Furthermore, the average height, total coverage, and partial coverage
of the R. altaicum communities were 41 cm, 67.67%, and 16.97%, respectively. The F. sinkiangensis
communities were distributed in the biotope of the Gobi Desert with gravel sand in the upper layer and
gray—cinnamon brown soil in the lower layer. The average height of the F. sinkiangensis communities
was 80 cm. On average, there were 29 individuals of F. sinkiangensis in each quadrat, with 10.90% partial
coverage. Similarly, the vegetation coverage was minimal, with an average of 24.52%. The G. uralensis
communities, which preferred to inhabit saline—alkali soil, were widely distributed in patches in the
plain of Altay Prefecture. In the quadrats, the average height of G. uralensis was 42 cm, with an
average of 44.2 plants. The vegetation coverage was not high, and the partial coverage of G. uralensis
accounted for 17.42% of the total quadrat. Except for annual and perennial gramineous plants, most
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of the associated plants of the three typical medicinal plants were from the Rosaceae, Asteraceae,
Leguminosae, Gramineae, and Chenopodiaceae families (Table 1).

Table 1. Community structures of G. uralensis, R. altaicum, and F. sinkiangensis in Altay Prefecture.
Ph: Phanerophytes, Ch: Chamaephytes.

Main
Altitude, m  Accompanying Height, m
Species

Plant Crown
Number Canopy, m

Community

Type 2 Canopy, %  Life Form

P. australis
A. pungens
G. uralensis 637.4 S. alopecuroides 0.42 442 0.28 x 0.25 17.42 Ph
P. asiatica, and
A. sparsifolia

S. hybridum
A. argyi
R. altaicum 1808.8 L. microphylla 0.41 19.8 0.39 x 0.34 16.97 Ch
B. sibirica, and
P. argentea

S. tianschanica,
S. europaea
F. sinkiangensis 997.2 A. splendens 0.80 28.5 0.42 % 0.29 10.9 Ph
O. aciphylla, and
K. foliatum

3.2. Vegetation Biodiversity of Medicinal Plant Communities

As a quantitative index to measure the status and functions of plant species in communities,
the importance value is the most widely used to evaluate the species diversity. As shown in Table 2,
medicinal plants in Altay Prefecture were dominant species to some extent in their communities;
interestingly, some accompanying species caused formations of codominant species with them in
the communities. In the community of R. altaicum, the difference between the importance value of
R. altaicum and that of the subdominant species, Artemisia argyi, was only 0.02. The importance value
of F. sinkiangensis was 0.42, similar to its codominant species, Stipa tianschanica. Coincidentally, as the
importance values of Aeluropus littoralis and G. uralensis were 0.41 and 0.37, respectively, they dominated
their community equally. In general, the dominant species in the medicinal communities we studied
were all herbaceous plants.

Table 2. Importance values of dominant species in G. uralensis, R. altaicum, and F. sinkiangensis
communities in Altay Prefecture.

Community SMai'n Quantity Rela.tiveo Relative . R?lative . Importa?ce Biomass, g
pecies Density, % Frequency, % Dominance, % Value, %

G. uralensis 44.2 9.23 66.67 35.83 37.24 79.66
G. uralensis A. pungens 271 56.60 46.67 18.87 40.71 12.37
P. asiatica 85.7 17.90 46.67 18.16 27.58 24.28
R. altaicum 19.8 438 66.67 25.08 32.04 255.00
R. altaicum S. hybridum 120 26.57 46.67 11.25 28.16 27.13
A. argyi 175 38.74 33.33 16.49 29.52 12.26
F sinkiangensis 28.5 27.61 53.33 44.45 41.80 267.00
. sinkiangensis S. europaea 16.6 16.09 46.67 12.04 24.93 215.90
S 29.3 28.39 66.67 29.57 41.54 29.35

tianschanica

As depicted in Table 3, the degree of Patrick richness index (R) and Interspecies encounter rate (PIE)
in G. uralensis, R. altaicum, and F. sinkiangensis communities in Altay Prefecture was comparatively low,
and the maximum values of Simpson index (D), Shannon-Wiener index (H’), PIE, Pielou community
evenness index (J), and Simpson dominance index (C) were 0.80, 1.85, 0.80, 0.90, and 0.37, respectively.
The change trends reflected by D and H’ were basically the same, meaning that the variation of the
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species diversity level was dependent on species richness. The variation trends of the species diversity
index and community dominance were the opposite: the C value of R. altaicum was 0.25 and that of
F. sinkiangensis was 0.24; however, the H’ values of R. altaicum and F. sinkiangensis were almost eight
times higher than the C value.

Table 3. Species diversity indexes of G. uralensis, R. altaicum, and F. sinkiangensis communities in Altay
Prefecture. Data are shown as the mean + SD. Different lowercase letters in the columns (* and ) depict
significant differences (p < 0.05).

Community R D H’ PIE J C

G. uralensis 12 0.6318 £0.07722 1.3705 + 0.1072 2 0.7152 + 0.3397 b 0.6591 % 0.0516 0.3682 £ 0.1114
R. altaicum 12 0.7647 +0.1439P 1.8528 + 0.1015 0.0302 £ 0.06822  0.7456 + 0.0408 *>  0.2353 + 0.0457 2
. sinkiangensis 7 0.7955 + 0.1012° 1.7331 + 0.0911 b 0.8033 = 0.0880 P 0.8906 + 0.0468 P 0.2045 + 0.0346 2

Based on the WARD clustering method, quantitative classification was carried out on
the survey quadrats of the three medicinal plants (Figure 3A-C), and the results were
verified by the Mantel optimal cluster number (Figure 3D-F). The survey quadrats of
the three medicinal plants were divided into three categories based on the best Pearson
correlation (maximum values were 0.843, 0.548, and 0.855, respectively). Therefore, we named
the G. wuralensis communities G1 (Plantago depressa—Alchemilla pinguis—Glycyrrhiza uralensis
association), G2 (Sophora alopecuroides—Glycyrrhiza uralensis—Phragmites australis association), and G3
(Glycyrrhiza uralensis—Alhagi sparsifolia—Nitraria sphaerocarpa association). The communities of
R. altaicum were named G4 (Sedum hybridum—Potentilla argentea—Rheum altaicum association),
G5 (Artemisia argyi—Rheum altaicum—Berberis sibirica association), and G6 (Rheum altaicum—Artemisia
argyi—Cotoneaster multiflorus—Lonicera microphylla association), and F. sinkiangensis communities
were named G7 (Stipa tianschanica—Ferula sinkiangensis—Achnatherum splendens association),
G8 (Ferula sinkiangensis—Nitraria  sphaerocarpa—Stipa  tianschanica  association), and G9
(Ferula sinkiangensis—Kalidium foliatum—Oxytropis aciphylla association).

The associated species in G1 were mainly annuals, such as Suaeda salsa and Salsola ruthenica
(Figure 3A). The dominant species in G2 was the perennial herb Sophora albizzia, and the associated
species were mainly herbaceous plants, Potentilla argentea, Aeluropus pungens, and Aeluropus pungens
(Figure 3A). The dominant species in G3 was G. uralensis, and interestingly, the codominant existed in
G3, e.g., Alhagi sparsifolia and Nitraria sphaerocarpa. The associated species in G3 were Plantago asiatica
and Taraxacum altaicum (Figure 3A). In Figure 3B, the dominant species in this association of G4
was a perennial herb, Sedum hybridum, and the associated species in G4 were mainly annual herbs,
Artemisia argyi and Polygonum divaricatum. In the G5 group, R. altaicum played the role of a subdominant
species in this group and the associated species in G5 included the herbs Anemone narcissiflora,
Potentilla argentea, and Spiraea media (Figure 3B). The dominant species in this association of G6 was
also R. altaicum, and the associated species in G6 were mainly herbaceous plants, Potentilla argentea
and Heteropappus altaicus (Figure 3B). In terms of the F. sinkiangensis association, the dominant species
was Stipa tianschanica in G7 (Figure 3C). However, F. sinkiangensis in the G8 or G9 groups acted
as the dominant species, but in G9, the next most prevalent species were Kalidium foliatum and
Oxytropis aciphylla, with Salicornia europaea being incidental (Figure 3C).
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Figure 3. Results of quantitative classifications and Pearson tests of the G. uralensis, R. altaicum,
and F. sinkiangensis communities in Altay Prefecture. (A): the quantitative classification of G. uralensis,
(B): the quantitative classification of R. altaicum, (C): the quantitative classification of F. sinkiangensis,
(D): the Pearson test of G. uralensis, (E): the Pearson test of R. altaicum, (F): the Pearson test of
F. sinkiangensis.

3.3. Soil Properties in Altay Prefecture

Firstly, to better evaluate the environmental situation, we compared the physical and chemical
properties of black soil, sandy soil, and saline soil, such as SM, EC, pH, TN, TP, TK, C/N, SOC, AN, AP,
and AK. In terms of the soil physical properties, there were obvious differences in the SM and EC of
black soil, sandy soil, and saline soil in Northern Altay Prefecture. The SM of black soil was 1.34 and
1.26 times higher than that of sandy soil and saline soil, respectively (37.26% on average; see Figure 4A).
The EC of the three soils with different depths showed little difference, but there was no consistency in
the trend change with soil depth: the EC of saline soil increased with the deepening of soil; on the
contrary, sandy soil was negatively correlated with soil depth. There was no obvious change in black
soil with changes in soil depth. Overall, the EC of black soil was significantly higher than that of saline
soil and sandy soil, with values of 2.45 pus/cm, 1.44 ps/cm, and 0.71 ps/cm, respectively (Figure 4B).

The pH of saline soil in the 0-40 cm layer was 8.64, while the average pH of sandy soil was 7.49,
and that of black soil was 7.06, i.e., little variation. There were no significant differences by depth for
the same soil, which indicated that the change in pH was independent of the soil depth (Figure 4C).
The SOC in the three different types of soil was significantly different. The SOC in saline soil was
the lowest (7.73 g/kg), indicating that soil under stress was relatively barren. The SOC of black soil
was much higher than that of the other two soil types (7.17 times higher than that of saline soil and
3.51 times higher than that of sandy soil; see Figure 4D).
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In terms of chemical properties, the contents of TN, TP, and TK differed significantly among the
different soil types. The content of TN in black soil was 109.56% higher than that of sandy soil and
4.12 times higher than that of saline soil. The content of TN in the 0-10 cm layer of sandy soil was
0.75 g/kg, while the content of TN in the 10-20 cm layer decreased to 0.62 g/kg. The content of TN
in the 2040 cm layer was 0.64 g/kg, which was not significantly different from that in the 10-20 cm
layer. The content of TN in saline soil first increased and then decreased as the soil depth deepened.
The level of TN in the middle layer of soil was the highest, with a value was 0.39 g/kg (Figure 4E).
As shown in Figure 4F, the results of the TP contents in different soil types were not significantly
different: 0.96 g/kg (black soil), 0.78 g/kg (sandy soil), and 0.49 g/kg (saline soil). In terms of soil depth,
the contents of TP in the middle-level soil (10-20 cm) were 0.68 g/kg in saline soil and 0.81 g/kg in
sandy soil. On the whole, the TP content showed a positive correlation with the amount of vegetation
and was mainly distributed in the upper and middle layers of the soil. The content of TK in saline soil
fluctuated greatly with soil depth. Specifically, the content of TK in the 0-10 cm layer of black soil
was 1.66 times higher than that in the middle layer (10-20 cm) and 1.73 times higher than that in the
lower layer (20-40 cm, Figure 4G). Moreover, TK was evenly distributed in sandy and black soils. For
instance, the TK contents in the black soil surface, middle, and lower layers were 19.85 g/kg, 17.38 g/kg,
and 18.27 g/kg, respectively (Figure 4G).
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Figure 4. Soil properties of the G. uralensis (saline soil), R. altaicum (black soil), and F. sinkiangensis
(sandy soil) communities in Altay Prefecture. (A): results of SM, (B): results of EC, (C): results of pH,
(D): results of SOC, (E): results of TN, (F): results of TP, (G): results of TK, (H): results of AN, (I): results
of AP, (J): results of AK.

As shown in Figure 4H, the contents of AN were monitored in the three different soil types.
The values were 192.38 mg/kg in black soil, 89.02 mg/kg in sandy soil, and 134.75 mg/kg in saline
soil. The content of AN varied upon the depth of saline soil. The content of AN in the deepest soil
(2040 cm) was 79.27% higher than that in the intermediate layer of soil (10-20 cm). The AP contents
of black and sandy soil were mainly concentrated in the surface soil (12.41 mg/kg and 10.20 mg/kg,
respectively). The AP content of saline soil was 9.22 mg/kg, but it was the highest in the deepest
layer (2040 cm, Figure 4I). The AK content in sandy soil was slightly higher than that in saline soil
(161.00 mg/kg and 156.43 mg/kg, respectively), while the AK content in black soil was higher than that
in the above two soil types (1.14 and 1.17 times higher, respectively). In each soil type, there was a
significant difference between the soil layers. The AK contents of all three soil types decreased with the
deepening of soil. The AK contents in the 0-10 cm layer were higher than those in the 10-20 cm and
20-40 cm layers, but the differences were not obvious: 198.17 mg/kg (black soil), 195.00 mg/kg (sandy
soil), and 193.39 mg/kg (saline soil) (Figure 4]).

3.4. Response of Medicinal Plants to Their Soil Properties

Based on the RDA results of the three medicinal plant communities, the first two ordering axes
explained 96.5% (G. uralensis), 88.5% (R. altaicum), and 80.9% (F. sinkiangensis) of the relationship between
species and soil properties, indicating that the first two ordering axes reflected most of the information
between the three medicinal plant communities and their soil properties. The closer the sampling points
in the RDA diagram, the higher the degree of similarity between them, i.e., the species distribution in
the quadrat was similar. The closer the distribution of species in the RDA sequence diagram, the more
similar the adaptability of species to the soil conditions. The arrow length of each soil property indicated
its contribution to the ordering axes. Thirteen soil properties of the medicinal plants contributed to
the ordering axes: 67.4% (G. uralensis), 70.7% (R. altaicum), and 64.9% (F. sinkiangensis). As shown
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in Figure 3A, the plants that were furthest from licorice were Aeluropus pungens, Phragmites australis,
Taraxacum altaicum, Plantago asiatica, etc., indicating that these species had different adaptations to soil
conditions relative to licorice. G. uralensis was located in the lower left corner of the RDA diagram,
which AK basically coincided with it, indicating that the positive correlation between them was the
strongest. In addition, elevation (ELE), SM, AK, TN, and other soil properties also had positive
correlations in terms of the distribution of G. uralensis. However, ELE, pH, and SOC had insignificant
effects on licorice (Figure 5A).
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Figure 5. Redundancy analysis (RDA) results for the medicinal plant communities (G. uralensis,
R. altaicum, and F. sinkiangensis) and their environmental factors in Altay Prefecture. G. uralensis:
Glycyrrhiza uralensis, A. sparsifolia: Alhagi sparsifolia, P. australis: Phragmites australis, P. australis:
Plantago depressa, A. pungens: Aeluropus pungens, S. alopecuroides: Sophora alopecuroides, N. sphaer:
Nitraria sphaerocarpa, R. altaicum: Rheum altaicum, S. hybridum: Sedum hybridum, B. sibirica: Berberis sibirica,
C. multiflorus: Cotoneaster multiflorus, P. argentea: Potentilla argentea, A. argyi: Artemisia argyi, L. microphylla:
Lonicera microphylla, F. sinkiangensis: Ferula sinkiangensis, S. europaea: Salicornia europaea, A. splendens:
Achnatherum splendens, S. tianschanica: Stipa tianschanica, K. foliatum: Kalidium foliatum, O. aciphylla:
Oxytropis aciphylla.

An RDA diagram of R. altaicum showed that the soil properties, such as aspect (ASP), AN, AK,
TN, and TP, had greater influences on the distribution of R. altaicum than the other soil properties
examined (Figure 5B), while ASP, C/N, AK, EC, and SOC influenced the distribution of F. sinkiangensis
(Figure 5C).

4. Discussion

4.1. Medicinal Value of Medicinal Plants and Their Community Characteristics

The medicinal properties of plants determine their functions in curing diseases. For instance,
G. uralensis is mainly used for cough relief, heat clearing, and detoxification [19]; R. altaicum can be
used for diarrhea, blood stasis, and constipation [20]; and F. sinkiangensis acts against indigestion,
gastropathy, and insects [21]. Examining these properties allows us to better understand how plants
respond to their living habitats and which parts of the plants can provide value. This will be an
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important research direction in future studies. The environment plays an important role in vegetation
development as it supports all material resources for living plants [3,29]. In Altay Prefecture, G. uralensis,
R. altaicum, and F. sinkiangensis are three kinds of typical medicinal plants from different habitats.
Because Altay Prefecture has a temperate continental climate, it is hot and dry, and plants find it hard
to survive [30]. Therefore, there are few plants that can survive and occupy a certain space in such a
hostile environment, which causes the codominant plants to jointly maintain the structure and function
of the community. Indeed, in a previous study, warming increased the capacity of reproduction and
importance value of codominant species Elymus nutans and Poa pratensis in a rugged area, the Tibetan
Autonomous State of Qinghai Province, China [25]. In addition, the reason for the low species diversity
of medicinal plants in Altay Prefecture is the intense competition among species, especially for water
and nutrients, which is strongly consistent with the theory proposed by Alexandra and Peter [31].
Furthermore, the local vegetation, which mainly consists of xerophytes with strong reproduction ability
and saline or drought tolerance, possesses typical desert characteristics.

We divided each medicinal plant community into three large associations using the WARD method.
In general, the three associations of the licorice community included annual pioneer meadow plants such
as grasses, perennial herbs, and shrubs, which generally reflected the fact that the licorice community
in Altay Prefecture had a relatively large threshold of environmental adaptations. The communities of
R. altaicum, which grew under the best environmental conditions (rich in soil nutrients), were neither
halophytes nor xerophytes, and the degree of plant biodiversity was relatively high. The associated
species in the community were mainly xerophytes, such as Kalidium foliatum and Oxytropis aciphylla.
Interestingly, although the growing environments of the three medicinal plant communities were
entirely different, some similarities were found in the quantitative classification. The dominant species
in G1 group were mainly annual herbs, accompanied by some annual Chenopodiaceae plants, such as
Salsola ruthenica and Suaeda salsa, which were the pioneer plants in the community. Plants in the
G2 group had gradually evolved into perennial herbs and preferred wet conditions, such as reeds.
In the G3 group, the plants, e.g., Alhagi sparsifolia and Nitraria sphaerocarpa, were mainly salt- and
drought-tolerant perennial semi-shrub plants. The dominant and associated species in the G4 group
were mainly herbaceous plants, which were different from the licorice communities in that annual and
perennial herbaceous plants existed simultaneously, while shrub species appeared in the G5 and G6
groups, such as Lonicera microphylla and Berberis sibirica. There were similar changes in the vegetation of
the G7-G9 groups with gradual succession to strong tolerance to drought (Salicornia europaea in G8 and
Kalidium foliatum in G9). Previous research shows that the pioneer species of annual Chenopodiaceae
plants, such as Salsola ruthenica, Suaeda salsa and Chenopodium glaucum, have great effects on reducing
the salt concentration and improving soil conditions [32,33]. An increasing proportion of perennials in
a community has a positive influence on the stability of the community [34]. Vegetation succession in
desert areas is mainly a result of the response to groundwater changes [35]. In the process of adapting
to an arid desert environment, plant communities gradually transform from hydrophilic plants to
xerophytic plants due to the further deepening of groundwater, so that desert vegetation replaces
meadow vegetation to form dominant species that are better adapted to the habitat [36]. This research
basically accords with the succession dynamics presented above. The pattern of succession in this
study is consistent with the previous research of Parraga-Aguado and Odland; however, the only
difference is that the final stage of succession in this study was shrubs and subshrubs as opposed to
trees in Parraga-Aguado and Odland’s research [37,38].

Community succession refers to the development process in which a plant community undergoes
a transformation series and finally tends to stabilize over time and with the change in environmental
conditions in the region [39]. Frederic (1916) reported that the climax of plant community succession
was mainly determined by climatic conditions [40]. As long as the dominant species in the community
is well adapted to the climate factors in the region and given enough time, the community will develop
into a top-level community, namely, a unit top-level community [40]. In this study, the medicinal plants
had a relatively stable temperate continental climate, hot and dry all year long. The general vegetation
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succession ranking was annual herbs—perennial herbs—subshrubs, hydrophilic plants—xerophytes,
halophytes, or shrubs, which basically conforms to the hypothesis of a unit top-level community.

4.2. Soil Properties in Altay Prefecture

High-quality soil is beneficial for water storage, under which plants grow vigorous and rivalrous
plants form dominant species [41]. In the SM correlation of the different soil types, the black soil
beneath R. altaicum mainly originated from mountains with an altitude of nearly 2000 m, where there
is a lot of moist air mass, and the rainfall in this region was higher than that of the saline soil and the
sandy soil with a relatively low altitude. Therefore, the SM of black soil was higher than that of any
other soil type.

Nutrient elements in the soil play vital roles in terms of improving the production and growing
stage of plants [42]. The black soil had the highest vegetation coverage, the thickest humus layer, and the
largest accumulation of TN, which was mainly distributed in the surface layer (0-10 cm). However,
parts of the researched soil exhibited leaching, which was reflected by the higher nutrient contents in
the deeper soil layers [43]. For example, unlike black and sandy soil, both the AN and AP contents in
the deepest layer (2040 cm) of saline soil were the highest of the three layers, which indicated that the
infiltration of nutrient elements was caused by leaching. The TK content was the highest in saline soil,
which might be due to the fact that only a few salt-tolerant halophytes such as G. uralensis survived on
adverse conditions, and most salt-sensitive plants could not maintain the balance of K*/Na™ under
high-salt conditions [44]. Therefore, K* was lost from plants into the soil, the soil TK content increased,
and K* was mainly concentrated in the soil surface.

In the SOC correlation of the different soil types, the plant coverage in black soil was relatively
high, and there was relatively more plant litter. Numerous SOC components were incorporated into
the soil, which caused more SOC components in black soil. Plant litter was mainly concentrated on
the surface of the soil, so the SOC content was the highest of all the layers. Over time, with the help
of rainfall and wind, plant litter might transfer from the surface to the bottom layer of the soil and,
to some extent, the content of SOC was inversely proportional to the depth of the soil.

4.3. Relationship between Medicinal Vegetation and Soil Properties

In a natural state, the distribution of plants is the product of long-term adaptation to the
environment. The long-term succession makes plants develop in an orderly direction that is more
adaptable to the environment until it becomes stable. As an important geomorphic unit in Altay
Prefecture, the Altai Mountains play a crucial role in the distribution of soil conditions in this region,
having the most significant influence on geographical factors such as altitude and slope direction,
which lead to a change in the plant community structure and species diversity in the study area.
As shown in Figure 3, the reason the AK content in soil was the most important factor in the ecological
adaptability of licorice was that AK is used directly by plants and K* metabolism is more vigorous
than in salt-sensitive plants [44]. Altitude had a significant influence on the distribution of R. altaicum
in the Altai Mountains, which might be related to disturbance behaviors such as artificial grazing
and digging. Moreover, the soil properties that were positively correlated with the distribution of
the three medicinal plants were SM, ASP, AN, and AP. In previous studies, soil water was proven to
play a major role in the distribution of perennial plant species in semi-arid areas [45]. Furthermore,
Ma et al. (2012) reported that, in a relatively arid environment, the most important soil variable
affecting the composition and distribution pattern of transitional vegetation was the soil moisture
content [34]. The nitrogen level has a positive effect on above- and belowground plant biomass [46].
Phosphorus is one of the essential mineral elements in plants and plays an important role in plant
growth, photosynthesis, metabolism, and other physiological processes [47].
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5. Conclusions

Our findings suggest that the diversity of R. altaicum, F. sinkiangensis, and G. uralensis communities
is simple in Altay Prefecture. The soil nutrients in the medicinal plant communities were low, except
in black soil on the hillside of the Altai Mountains. Moreover, the nutrient contents were inversely
proportional to the depth of the soil in most cases; however, portions of the soil exhibited the effect of
leaching, which caused the nutrients in the surface of the soil (0-10 cm) to be lower than those at the
10-20 cm and 20—40 cm soil depths. Stages of succession, with plants transforming from exhibiting
nonresistance to xerophytes or halophytes, specifically to be better adapted to their harsh living
conditions, were observed for the medicinal plants in Altay Prefecture. The RDA results indicated that
diverse responses to the environment depended on the various types of medicinal plants; however,
SM, ASP, AN, and AP showed positive correlations with all the researched medicinal plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/24/10306/s1,
Figure S1: Sample layout of G. uralensis, R. altaicum, and F. sinkiangensis communities in Altay Prefecture.
Table S1: Species found in G. uralensis, R. altaicum, and F. sinkiangensis communities in Altay Prefecture. Table S2:
Test methods on physical and chemical soil properties of G. uralensis, R. altaicum, and F. sinkiangensis communities
in Altay Prefecture.
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Abbreviations

R Patrick richness index

D Simpson index

H’ Shannon-Wiener index

PIE Interspecies encounter rate

] Pielou community evenness index
C Simpson dominance index

ELE  Elevation

Ph Phanerophytes

Ch Chamaephytes

ASP  Aspect

SM Soil moisture

PH pH value

EC Electric conductivity
SOC  Soil organic content
TN Total nitrogen

P Total phosphorus

TK Total potassium

C/N  Carbon/nitrogen ratio
AN Available nitrogen
AP Available phosphorus
AK Available potassium
RDA  Redundancy analysis
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