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Abstract: Previous research on the relationship between edaphic factors and species diversity patterns
has mostly focused on topsoil between 0 and 30 cm, with less attention paid to deeper layers where
many plant root systems are concentrated. Since considering deeper edaphic layers might help
to unravel the maintenance mechanisms of plant diversity, in the present study we explored the
relationship between vegetation β-diversity and a comprehensive set of soil chemical attributes at
different depths. Based on vegetation and soil data from subtropical broad-leaved forest plots in the
Nanling Mountains, China, we analyzed the driving factors of β-diversity patterns of trees, shrubs,
and herbs using multi-site generalized dissimilarity modeling (MS-GDM). We found that the species
composition dissimilarity of trees, shrubs, and herbs layers in the study area was highly diversified
and dominated by species turnover components. Topsoil chemical properties were the best explainers
for the β-diversity of trees (52.5%), followed by herbs (40.3%) and shrubs (21.8%). With the increase
of soil depth, especially for depth >60 cm, soil chemical elements gradually lost explanatory power.
Regarding the β-diversity of trees, it was mainly affected by altitude and available nitrogen (AN),
total iron (Fe), and nickel (Ni) content in the soil of 0–60 cm depth. Concerning shrubs, the best
β-diversity explainers were altitude, geographical distance, and nutrient elements of the soil above
40 cm. The main factors driving the β-diversity of herbs were altitude, total boron (B), total cadmium
(Cd), and total nickel (Ni) of 0–40 cm soil. Overall, our results suggest that the environmental filtration
process driven by altitude and soil factors, and dispersal limitations represented by geographical
distance, affected the β-diversity patterns of Nanling forest communities.

Keywords: soil depth layer; β-diversity; soil chemical elements; multi-site generalized dissimilarity
modeling

1. Introduction

Biodiversity patterns and changes driven by influencing factors are the core contents
of biodiversity research, and studies about biodiversity patterns and mechanisms are con-
ducive to the conservation and sustainable use of biodiversity [1,2]. As a link between
local biodiversity (α-diversity) and regional biodiversity (γ-diversity), β-diversity quan-
tifies the changes in species composition and diversity along time or space, which has
been widely used in the study of biodiversity in terrestrial and aquatic ecosystems [3–5].
Admittedly, the spatial patterns of β-diversity are mainly affected by geographic distance
and environmental heterogeneity between sites, reflecting the underlying processes of
dispersal limitation and environmental filtering, respectively [6–8]. Since β-diversity is key
to analyzing species-environment relationships, understanding the geographic patterns of
β-diversity and their driving factors is essential to unravelling the mechanisms of species
diversity change [9].

β-diversity is generally measured with indices representing pairwise dissimilarity,
such as the Jaccard and Sørensen dissimilarity indices, which are divided into two com-
ponents: species turnover and nestedness [10]. Species turnover describes the degree of
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species replacement between communities, while nestedness indicates that communities
with low richness result from species loss in communities with high richness. Measuring
the rate of change in species composition is a common method for testing species turnover.
In general, as the spatial distance increases, the similarity of species composition between
plots decreases (or the difference increases) [11]. Explanations for this distance-decay
relationship include deterministic responses of species to biotic and abiotic conditions (e.g.,
niche differentiation and competitive asymmetry), as well as spatial processes by which
species find suitable environments (e.g., dispersal capability) [5,7,12]. For example, Zhang
et al. [13] found that environmental heterogeneity mainly affected the species richness of
the Gutianshan forest plot, while spatial processes dominated the species diversity in the
Barro Colorado Island forest plot. Environmental differences between communities cause
species to exhibit complementary effects on resource use, occupy additional niche space at
different locations, and affect β-diversity [5].

Environmental factors such as soil and physiography usually dominate species dis-
tribution patterns at regional scales [14–16]. Among them, the soil, which contains the
nutrient elements required for plant growth and often exhibits strong spatial heterogeneity,
is widely believed to promote species coexistence and diversity patterns by increasing niche
availability and providing shelters and refuges [17,18]. Early studies provided evidence for
edaphic heterogeneity accounting for most of the variation in species richness and species
distributions of plant communities [19–21]. Zhang et al. [22] found that soil heterogeneity
could explain 88.2% of the tree species distribution in the Gutianshan subtropical forest.
Hall et al. [23] found that the distribution patterns of four species of Entandrophragma Genus
were closely related to soil nutrients (Ca, Mg, and P) in a 100-ha forest plot in Africa. In
addition, the diversity in the vertical distribution of plant roots corresponds to different
plant strategies for soil resource absorption, which is tightly related to species composi-
tion [24–26]. Previous studies on the relationship between species diversity patterns and
environmental factors mainly focus on 0–10 cm topsoil or 0–30 cm soil layers and pay
less attention to the middle and deeper layers where 50% of tree roots are distributed [27].
Therefore, analyzing the effects of soil physicochemical properties on species diversity
patterns at different depths will help to better understand the driving mechanisms of
biodiversity [13].

In the present study, we simultaneously investigated (i) the relationship between
turnover and nestedness components of β-diversity and their environmental correlates of
different plant forms (trees, shrubs and herbs) and (ii) the effects of soil physicochemical
properties at different depths on β-diversity patterns. Additionally, the ‘dispersal limita-
tion’ and ‘environmental filtering’ hypotheses were examined to explain the influencing
mechanism of β-diversity in the well-preserved natural subtropical broadleaved forests of
the Nanling Mountains, in the south of China, We used multi-site generalized dissimilarity
modeling to analyze the effects of geographic distances, altitude and soil chemical proper-
ties of four depth layers on β-diversity patterns of different plant forms, and quantified
the effects of environmental factors on β-diversity components (turnover and nestedness).
Research results could provide scientific basis for the conservation of biodiversity and
forest ecosystems in the Nanling Mountains.

2. Material and Methods
2.1. Study Area

The study area is located in the Nanling National Nature Reserve in the north of
Guangdong Province, China, in the middle of the Nanling Mountains. The area spans three
counties (cities) of Shaoguan and Qingyuan city, namely Ruyuan, Yangshan and Lianzhou,
with 24◦37′ N–24◦57′ N, 112◦30′ E–113◦04′ E, and covers an area of 58,400 ha. The highest
peak in the area is Shikeng Kong, which is 1902 m above sea level and has a relative
elevation difference of 1489 m. The vegetation types of the Nanling Mountains range from
subtropical broad-leaved forest, mixed coniferous and broad-leaved forest, and mountain
broad-leaved brushwood. The study area shows transitional monsoon climate between
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Central Asia and South Asia. The annual average temperature is 17.7 ◦C, with an extreme
minimum temperature of −4.2 ◦C and the extreme maximum temperature of 34.4 ◦C, with
the annual average frost-free period 276 days. The annual average precipitation is 1705 mm,
with the annual average relative humidity 84%. Additionally, the precipitation is mostly
concentrated from March to October, accounting for about 82% of the annual rainfall. The
soils of reserve are mainly red soil, yellow soil and mountain scrubby-meadow soil.

In 2017, 21 forest dynamic plots (40 m × 40 m) and three mountain scrubby-meadow
dynamic plots (20 m × 20 m) following the Center for Tropical Forest Science of China
(CTFS) standard census protocols were established in Nanling National Nature Reserve
(Figure 1). The vegetation types of the plots included evergreen broad-leaved forest,
evergreen coniferous broad-leaved mixed forest, mountain evergreen broad-leaved dwarf
forest and mountain scrubby meadow (see Table S1 for details on the specific composition
of these communities). Each plot was divided into four quadrats as vegetation survey units
(20 × 20 m quadrats for forest plots and 10 × 10 cm for the mountain scrubby-meadow
plots). Each forest plot included three 2 m × 2 m shrub plots and three 1 m × 1 m herb
plots. All the woody stems with ≥1 cm diameter at breast height 1.3 m (DBH) in the plot
were mapped, identified and their DBH, total height and crown width measured. The
shrub species and saplings with DBH < 1 cm and height > 50 cm in the shrub plots were
considered as shrub layer, and their species name, basal diameter and plant height were
recorded. Regarding the herb plots, all the herbaceous plants, lianas, and seedlings of trees
and shrubs with height < 50 cm were considered as herb layers, and their species name,
plant number and height were also recorded.
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Figure 1. Geographical locations of the study area.

2.2. Soil Sampling and Analysis

In 2017, a 12 m × 15 m soil fixed observation plot was set near each fixed forest
plot, which was divided into six 5 × 6 m subplots for stratification (0–20, 20–40, 40–60,
60–100 cm) sampling using soil drill. Each soil sample is a mixed sample composed of
eight-ten samples from the six subplots according to the depth of the same depth layer.
Consequently, every soil sample of a specific depth layer has six measurement repetitions.
From each sample, 22 chemical soil properties were measured. The results included Total
Nitrogen (TN), Total Phosphorus (TP), Total Potassium (TK) and Available Nitrogen (AN),
Available Phosphorus (AP), Available Potassium (AK), Boron (B), Molybdenum (Mo),
Manganese (Mn), Zinc (Zn), Cuprum (Cu), Ferrum (Fe), Selenium (Se), Cadmium (Cd),
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Plumbum (Pb), Chromium (Cr), Nickel (Ni), Hydrargyrum (Hg) and Arsenic (As) were
determined according to the Chinese standards for forest soil determination [28]. Among
them, the Kjeldahl nitrogen method was used to determine TN contents. Molybdenum-
antimony anti-colorimetric method was used to measure TP. The alkaline melting method
was used to determine TK. The alkaline hydrolysis diffusion method was used to determine
AN. The colorimetric method was used to measure AP, and the ammonium acetate leaching
method was used to determine AK. The contents of B, Mo, Mn, Zn, Cu, Fe, Se, Cd, Pb, Cr,
Ni, Hg and As were determined by acid digestion-spectrometer.

To consider the potential random effects of the plots, a linear mixed effects model was
used to test the differences of soil chemical element contents at different soil depths. The
normality of the model residuals was evaluated by the Shapiro–Wilk test, executed in R lan-
guage [29]. Soil elements with significant differences at different soil depths (p-value < 0.05)
were used as potential explainers in the subsequent generalized dissimilarity model. The
averages of element contents and F-test values in different soil layers are shown in Table 1.

Table 1. Elemental contents in different soil depths.

Element Contents
Soil Depths (cm)

F-Value p-Value
0–20 20–40 40–60 60–100

B(mg/kg) 23.72(±1.8) 27.40(±2.0) 27.92(±2.0) 27.35(±2.1) 9.19 <0.0001 ***
Mo(mg/kg) 3.85(±1.1) 4.24(±1.2) 4.20(±1.0) 4.43(±1.2) 2.23 0.0919
Mn(mg/kg) 139.15(±13.1) 155.46(±17.0) 196.49(±23.2) 244.63(±44.2) 7.34 0.0002
Zn(mg/kg) 61.92(±2.9) 80.71(±10.4) 72.79(±2.4) 81.19(±4.4) 2.41 0.0743
Cu(mg/kg) 6.76(±0.8) 5.87(±0.7) 6.43(±0.7) 6.71(±0.9) 4.92 0.0037 **
Fe(mg/kg) 23.03(±1.6) 26.53(±1.8) 26.43(±1.6) 26.06(±1.8) 9.64 <0.0001 ***
Se(mg/kg) 1.45(±0.1) 1.39(±0.1) 1.16(±0.1) 0.93(±0.1) 27.55 <0.0001 ***
Cd(mg/kg) 0.19(±0.01) 0.09(±0.01) 0.07(±0.01) 0.07(±0.01) 70.40 <0.0001 ***
Pb(mg/kg) 78.25(±4.3) 94.88(±10.0) 90.55(±7.8) 106.05(±16.5) 2.16 0.1008
Cr(mg/kg) 26.86(±1.8) 45.21(±2.9) 52.88(±3.5) 51.85(±4.8) 16.03 <0.0001 ***
Ni(mg/kg) 10.43(±0.7) 21.56(±2.1) 25.47(±2.1) 27.81(±2.8) 24.34 <0.0001 ***
Hg(mg/kg) 0.35(±0.02) 0.33(±0.02) 0.31(±0.02) 0.27(±0.01) 10.70 <0.0001 ***
As(mg/kg) 20.11(±1.2) 20.87(±1.6) 20.25(±1.4) 20.56(±1.7) 0.59 0.6237
TN(g/kg) 3.35(±0.2) 2.42(±0.3) 1.87(±0.3) 1.38(±0.2) 41.26 <0.0001 ***
TP(g/kg) 0.24(±0.02) 0.25(±0.02) 0.23(±0.02) 0.19(±0.02) 11.17 <0.0001 ***
TK(g/kg) 22.27(±1.1) 29.78(±1.3) 31.28(±1.1) 32.55(±1.4) 73.28 <0.0001 ***

AN(mg/kg) 246.39(±15.8) 264.39(±27.1) 205.83(±28.7) 150.79(±21.2) 17.77 <0.0001 ***
AP(mg/kg) 1.98(±0.2) 0.84(±0.2) 0.58(±0.2) 0.31(±0.1) 24.10 <0.0001 ***
AK(mg/kg) 80.04(±4.8) 109.88(±7.0) 101.95(±7.2) 110.56(±10.3) 10.59 <0.0001 ***

Notes: p-value < 0.001, ***; p-value < 0.01, **.

2.3. β-Diversity Index

The Sørensen dissimilarity index (βSOR) was expressed by Baselga to measure β-
diversity and we partitioned βSOR into two components, the Simpson dissimilarity index
(βsim) and the nestedness component (βNES) [10]. Among them, βSOR is the most used
β-diversity index, which is based on the proportion of common species in two communities,
combined with spatial turnover and richness difference information. βSIM quantifies the
spatial turnover of species richness gradients, which describes species replacement. βNES
quantifies species loss or gain, describing lower diversity sites as a subset of higher diversity
sites [4]. These indices are defined as follows:

βsor =
[∑i<j min

(
bij, bji

)
] + [∑i<j max

(
bij, bji

)
]

2[∑i Si − ST ] + [∑i<j min
(
bij, bji

)
] + [∑i<j max

(
bij, bji

)
]

(1)

βsim =
[∑i<j min

(
bij, bji

)
]

[∑i Si − ST ] + [∑i<j min
(
bij, bji

)
]

(2)

βnes = βSOR − βSIM (3)
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where bij and bji are the number of species unique to plot i and plot j, Si is the number of
species in plot i, and ST is the number of species in all plots.

2.4. Multi-Site Generalized Dissimilarity Modeling (MS-GDM)

The MS-GDM model is an extension of the generalized linear model proposed by
Ferrier et al. [30]. It can effectively solve the problems of curvilinar relationship between
environmental dissimilarity at extreme values (0 or 1) and community composition dissimi-
larity. The model uses exponential functions to connect environmental data and Bray–Curtis
dissimilarity data [30]. The MS-GDM model is defined as follows:

− ln
(
1− dij

)
= b +

p

∑
k=1

∣∣∣ fk(xki)− fk

(
xkj

)∣∣∣ (4)

where i and j indicate different plots, dij is Bray–Curtis index, and b is fitted regression
coefficient. k is environmental variables (k = 1, 2, . . . , p). xki and xkj are the observed values
of environmental variable k in plots i and j. fk(xki) − fk(xkj) provides the best possible fit
between predicted and observed compositional dissimilarity. fk(xk) = ∑

p
k=1 apk Ipk(xk),

where apk is the fitted coefficient for Ipk, which is the kth I-spline for variable xk, and apk ≥ 0.
In GDM, I-spline fits the hypothesis that composition differences between communities
only increase with distance along environmental gradients

To avoid model overfitting, the length of fitted nodes (Knots) should be equal to the
sum of spline vectors. The default three I-spline splines of minimum (0), median (50%), and
maximum (100%) were used as spline piecewise fit nodes. The GDM approach implements
automatic variable selection by using matrix permutation to verify the significance of the
current model, adding or deleting environmental variables to subsequently evaluate the
performance gains [30]. Then, GDM can output a Partial response graph, in which the
maximum height of the curve represents the relative contribution of each environmental
variable to β-diversity, and the slope of the curve represents the change rate of β-diversity
following environmental gradients [31–33].

In addition to the use of GDM, the relationships between β-diversity components
of trees, shrubs and herbs and each soil chemical properties in different soil depth layers
were estimated using the Person correlation and Mantel test. The statistics, calculations
and geographic mapping in this study were carried out using R software (version 4.1.0),
involving packages such as “vegan”, “betapart” and “gdm” [30,33–35].

3. Results
3.1. β-Diversity Distribution Pattern of Different Plant Forms

A total of 233 species belonging to 132 genera and 70 families were found in plots,
including 200 species of trees, 46 species of shrubs, and 68 species of herbs. By calculating the
β-diversity index of different plant forms, we found that the βSOR of trees, shrubs, and herbs
were 0.87, 0.95 and 0.94, respectively. This indicated that plant species composition differed
greatly among plots in the study area, and the species compositional dissimilarity of shrubs
and herbs was higher. After decomposition of β-diversity into its components (i.e., species
turnover and nestedness), the species turnover was predominant in the three plant forms,
while the nestedness accounted for less than 10%. This implied that the species turnover
component is more important in species composition in the Nanling Mountains (Figure 2).

We found that species compositional dissimilarity of trees, shrubs, and herbs in the
study area increased with distance, indicating that there was an obvious species turnover
of plant community in the Nanling Mountains. Additionally, this was confirmed by the use
of the GDM approach, since the predicted species compositional dissimilarity matched the
observed species compositional dissimilarity of trees, shrubs, and herbs (Figure 3).
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3.2. The Contribution of Environmental Factors to Plant β-Diversity by GDM

Soil chemical properties were the best explainers of tree β-diversity, with a mean
explanation rate of 52.5%, followed by herbs (40.3%) and shrubs (21.8%) (Figure 4). With
the increase in soil depth, the explanation rate of β-diversity of trees and herbs explained by
soil chemical elements gradually decreased, since the explanation rate of chemical elements
in the 0–20 cm soil layer remained consistently higher than the rates of deeper layers. Soil
elements in the 60–100 cm layer showed the lowest explanatory power for β-diversity of
trees, shrub and herbs.
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Figure 4. Contribution of environmental factors to plant β-diversity at different soil depths.

Figure 5 shows the relationship between the species composition matrix and environ-
ment matrix fitted by I-spline function. The parameters of the spline function indicate the
effects of altitude, geographic distance and soil chemical elements at different soil depths
on the β-diversity of trees, shrubs and herbs. The β-diversity of trees was mainly affected
by altitude and the element contents in the 0–60 cm soil layer, including AN (available
nitrogen), Fe and Ni. In addition, the contents of Fe and Se in the 60–100 cm soil layer also
showed important effects on tree β-diversity (Figures S1–S4). The β-diversity of shrubs
was mainly determined by altitude, geographical distance and soil chemical elements in
the 0–60 cm layer, including AN, AP, Cu and Hg in in the 0–20 cm layer, AN, Ni and
Cd in the 20–40 cm layer, and An, As and Hg in the 40–60 cm layer. The chemical ele-
ments in the 60–100 cm soil layer showed little effect on the species composition of shrubs
(Figures S5–S8). The β-diversity of herbs was mainly affected by altitude, B, Cd and Pb
elements, with a stronger effect of the 0–40 cm layer on herb composition in comparison to
deeper soil layers (Figures S9–S12).

3.3. Relationship between Soil Chemical Properties and β-Diversity of Different Plant Forms

The species turnover components of trees were positively correlated with TN, TP,
AN, Cu and Hg at the 20–60 cm soil layer, and Cu and Hg at the 60–100 cm layer. The
nestedness of trees was significantly correlated with the AP, Fe, Cr and Ni contents in the
0–60 cm soil layers. The species compositional dissimilarity of shrubs was significantly
correlated with TN, TP, AN and Cu at the 0–60 cm soil layer, and the turnover component
was significantly correlated with TN and AN. In the 0–20 cm topsoil layer, the turnover
component of herbs was positively correlated with the contents of TP, Cd and Ni, while the
nestedness component was negatively correlated with AP, Cd, and Ni of the 0–20 cm layer
(Tables 2–4).



Forests 2022, 13, 2184 8 of 13

1 
 

 
Figure 5. Sum of I-spline coefficients for environmental factors on β-diversity of trees (a), shrubs
(b) and herbs (c). environmental factors included geographical distance (Dist), altitude (Alt), Boron
(B), Molybdenum (Mo), Manganese (Mn), Zinc (Zn), Cuprum (Cu), Ferrum (Fe), Selenium (Se),
Cadmium (Cd), Plumbum (Pb), Chromium (Cr), Nickel (Ni), Hydrargyrum (Hg) and Arsenic (As),
Total nitrogen (TN), Total phosphorus (TP), Total kalium (TK) and Available nitrogen (AN), Available
phosphorus (AP), Available kalium (AK).

Table 2. The coefficients of Pearson correlation between β-diversity components of trees and soil
factors of different depths.

Soil Properties
β-sor β-sim β-nes

0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm

TN 0.01 0.09 ** 0.11 * 0.12 −0.0002 0.09 0.09 ** 0.00 0.001 −0.08 −0.23 −0.01
TP 0.06 0.04 * 0.03 * 0.07 * 0.01 0.03 * 0.02 0.02 0.00 0.00 0.002 0.00
TK 0.02 0.02 −0.001 0.02 0.01 0.01 −0.004 0.01 0.001 0.00 0.01 −0.01
AN 0.01 0.12 ** 0.13 ** 0.003 0.01 0.11 ** 0.1 ** 0.01 −0.001 0.00 −0.0002 −0.01
AP −0.004 0.04 0.06 0.002 −0.02 0.01 0.05 0.00 0.05 * 0.02 0.001 −0.01
AK 0.031 * −0.0001 0.03 0.02 0.05 * 0.003 0.05 * 0.05 −0.02 −0.03 −0.03 −0.04
B 0.05 * 0.02 −0.002 0.00 0.01 0.01 −0.01 0.00 0.03 0.01 0.03 0.01

Cu 0.07 ** 0.08 ** 0.09 ** 0.07 * 0.06 * 0.06 * 0.06 * 0.04 * 0.00 0.00 0.00 0.01
Fe 0.05 * 0.03 * 0.00 0.01 0.01 0.01 −0.01 −0.001 0.05 * 0.02 0.08 ** 0.07
Se 0.03 * −0.0004 0.002 −0.01 0.05 * 0.001 0.001 −0.003 −0.02 −0.01 0.00 −0.001
Cd 0.004 −0.004 −0.04 0.00 0.01 −0.001 −0.01 0.01 −0.02 −0.01 −0.01 −0.01
Cr 0.001 −0.002 0.0002 −0.02 −0.01 −0.01 −0.01 −0.01 0.06 * 0.01 0.03 −0.001
Ni 0.003 0.01 0.004 −0.01 −0.01 0.001 −0.003 −0.01 0.1 ** 0.04 0.08 * 0.00
Hg 0.01 0.08 *** 0.10 ** 0.04 * 0.02 0.09 *** 0.13 ** 0.04 * −0.03 −0.01 −0.03 −0.004

Notes: p-value < 0.001, ***; p-value < 0.01, **; p-value < 0.05, *.

Table 3. The coefficients of Pearson correlation and Mantel test between β-diversity components of
shrubs and soil factors of different depths.

Soil Properties
β-sor β-sim β-nes

0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm

TN 0.005 0.02 * 0.02 * 0.0004 0.01 0.02 * 0.02 * 0.15 −0.55 −0.01 −0.01 −0.002
TP 0.002 0.02 * 0.01 0.001 0.001 0.01 0.01 0.008 0.002 −0.003 −0.01 −0.0003
TK 0.002 −0.002 −0.01 0-.01 0.001 −0.003 −0.028 −0.02 0.0001 0.004 0.02 0.01
AN 0.02 * 0.04 ** 0.03 0.001 0.02 0.03 * 0.03 * 0.001 −0.01 −0.01 −0.01 −0.001
AP 0.01 0.004 0.02 0.002 0.01 0.01 0.02 0.002 −0.003 −0.005 −0.01 −0.001
AK −0.13 −0.002 0.01 0.001 0.001 0.002 0.004 0.001 −0.003 −0.002 −0.002 0.001
B −0.002 −0.0003 −0.01 −0.01 −0.001 −0.002 −0.02 −0.02 0.0001 0.004 0.01 0.02

Cu 0.02 0.03 * 0.03 0.03 0.01 0.01 0.01 0.01 0.001 0.0006 −0.0001 −0.0004
Fe 0.0001 0.0001 −0.004 −0.01 0.001 −0.001 −0.01 −0.01 −0.002 0.0006 0.01 0.01
Se 0.01 −0.03 0.002 −0.01 0.0003 −0.002 0.001 −0.02 0.003 0.01 −0.03 0.01
Cd 0.003 0.01 −0.002 0.004 0.0001 0.004 −0.001 −0.01 0.002 −0.002 −0.002 0.004
Cr 0.001 0.02 −0.004 −0.003 −0.001 0.01 0.001 −0.001 0.004 −0.006 −0.01 −0.002
Ni 0.01 0.03 0.001 0.0001 0.002 0.02 0.003 0.002 0.0001 −0.001 −0.01 −0.01
Hg −0.01 0.003 0.02 0.01 −0.001 0.0002 0.01 0.02 0.001 0.001 0.001 −0.02

Notes: p-value < 0.01, **; p-value < 0.05, *.

Table 4. The coefficients of Pearson correlation and Mantel test between β-diversity components of
herbs and soil factors of different depths.

Soil Properties
β-sor β-sim β-nes

0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm

TN 0.69 0.04 * 0.01 −0.13 0.01 0.013 0.002 0.002 −0.28 0.65 0.01 0.003
TP 0.14 ** 0.02 0.001 0.05 0.06 ** 0.01 0 0.02 * −0.12 −0.03 0.002 −0.01
TK 0.16 −0.003 −0.02 0.10 −0.04 −0.001 −0.01 −0.0001 0.0002 −0.001 0 −0.001
AN 0.03 * 0.04 * 0.02 0.07 0.01 0.01 0.002 0 0.001 0.01 0.01 0
AP −0.34 0.002 0.001 −0.14 −0.01 0 0.02 0.01 0.02 0.01 0.002 0.02
AK 0.01 0.01 0.03 0.01 0.02 0.01 0.03 0.02 −0.03 * −0.002 −0.01 −0.01
B 0.03 * 0.04 * 0.01 0.04 * 0.03 0.05 * 0.02 0.05 ** −0.02 −0.03 −0.02 −0.03 *

Cu 0.02 0.02 0.02 0.01 0.001 0.002 0.002 0 0.02 0.02 0.02 0.02
Fe 0.02 0.02 0.01 0.02 0.02 0.03 * 0.01 0.03 * −0.01 −0.02 −0.004 −0.01
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Table 4. Cont.

Soil Properties
β-sor β-sim β-nes

0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm 0–20 cm 20–40 cm 40–60 cm 60–100 cm

Se 0.02 0.0004 0.01 0.01 0.01 0.001 0.003 0.01 0.002 −0.1 −0.001 −0.01
Cd 0.15 *** 0.02 0.01 0.01 0.13 *** 0.01 0.01 0.02 −0.04 * −0.009 −0.001 −0.01
Cr −0.0002 0.03 −0.003 0.002 −0.01 0.04 −0.0004 −0.003 0.02 −0.02 −0.001 −0.004
Ni 0.08 ** 0.12 ** 0.03 * 0.02 0.09 ** 0.11 ** 0.03 0.03 −0.05 ** −0.03 −0.02 −0.02
Hg 0.01 0.06 ** 0.05 ** 0.02 0.01 0.05 ** 0.002 0.004 −0.0004 −0.01 0.09 ** 0.01

Notes: p-value < 0.001, ***; p-value < 0.01, **; p-value < 0.05, *.

4. Discussion
4.1. The Predicted Contribution of Different Soil Depths to the β-Diversity of Nanling
Forest Communities

Extensive studies on β-diversity of plant communities have helped to explain the
mechanisms of community assemblage and diversity maintenance [6,36,37]. Through our
study of Nanling ecosystems, it was found that plant species composition of three plant
formations in the Nanling Mountains varies (mean βSOR 0.92) along different community
types, and the species composition dissimilarity of shrubs and herbs was greater than that
of trees. As a mountain ecosystem with a maximum altitude of only 1902m, the plant
β-diversity patterns of the Nanling mountain are similar to that of alpine ecosystems in
China [37,38]. β-diversity was decomposed into species turnover and species nestedness
components, and the species turnover component was dominant, which was consistent
with the research in other subtropical forests [38–40]. It is suggested that the β-diversity pat-
tern of plant communities in the Nanling Mountains may be mainly caused by the species
turnover or community development in different spaces. In addition, the dissimilarity of
plant community species composition increased with the geographical distance. Signif-
icant spatial differences exist in the species composition of Nanling forest communities,
suggesting that plant β-diversity patterns may be affected by dispersal constraints [40,41].

In this study, the GDM model showed 11, 9, 8, and 8 variables were related to the
β-diversity of trees in 0–20 cm, 20–40 cm, 40–60 cm, and 60–100 cm soil depths, respectively.
The soil element contents of 0–20 cm accounted for 63.5% of the β-diversity of trees. There
were 7, 13, 5, and 5 variables significantly explaining the shrub β-diversity in 0–20 cm,
20–40 cm, 40–60 cm, and 60–100 cm depth soil layers, respectively, and 0–20 cm soil element
contents were also the best explainers, up to 30.1% of the β-diversity. Regarding the herb
β-diversity, there were 7, 10, 8, and 9 explainers in 0–20 cm, 20–40 cm, 40–60 cm and
60–100 cm soil layers, respectively. The 0–20 cm also had the highest explanatory ability,
accounting for 45.5% of the herbs’ β-diversity. The distribution of trees (200 species) showed
a more sensitive response to the soil element content heterogeneity than shrubs (46 species)
and herbs (68 species). Previous studies suggested that GDM explained variation in species
turnover for more widespread species, since, by definition, rare species are not shared by
many sites [31,42]. We also speculate that the contribution of predictive variables fitted by
GDM is closely related to the species pool in the study area, but further studies are needed
to verify this [43].

4.2. Relative Effects of Environmental Filtration and Dispersal Limitation on the β-Diversity of
Plant Communities

Many studies have confirmed that environmental filtration and dispersal limitation
are important processes affecting species composition and community assemblage, but
their relative roles in different ecosystems have not been generally concluded [6,44]. Based
on GDM model, the species diversity of plant communities in Nanling showed a spatial
increasing spatial pattern with the geographical distance. Environmental factors at different
soil depths had different effects on the β-diversity of trees, shrubs, and herbs. This suggests
that the environmental filtering process indicated by factors such as soil elements, and
dispersal limitation characterized by geographical distance, both influenced the plant β-
diversity and its components in the Nanling Mountains, which is consistent with previous
studies in other mountains in southern China [38,40,45]. However, the relative contribution
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of environmental filtering and dispersal limitation on β-diversity in Nanling notably differs
from the studies mentioned above, while according to our model, the dispersal limitation
explained 8.78%, 16.64%, and 5.38% of the β-diversity of trees, shrubs, and herbs, while en-
vironmental factors such as altitude and soil explained significantly more. This seems to be
indicative of ecosystem dynamics strongly driven by environmental heterogeneity [39,46],
implying that in the Nanling Mountains ecosystems, environmental heterogeneity plays
the dominant role in changes in species composition.

4.3. Effects of Environmental Factors on Different Components of β-Diversity

There are also some differences in the main factors affecting the species composition
in different plant forms in Nanling. In this study, geographical distance showed a stronger
effect on β-diversity components of shrubs than that of trees and herbs, which might be
related to the heterogeneous dispersal ability of different plant forms. As an environmental
factor reflecting the changes of water and heat conditions in mountain ecosystems, altitude
usually has a significant correlation with species diversity [38,47]. In this study, altitude
had a more important contribution to the species turnover components of tree and herb
species, but a smaller influence on the β-diversity component of shrubs. Due to the nurse
influence from trees, environment heterogeneity in the understory is low, so changes in
precipitation, temperature and light radiation caused by altitude might have a lesser impact
on the habitats of shrubs in the understory. Consequently, the shrubs considered in this
study may not be markedly sensitive to altitude [38,48,49].

With the increase in soil depth, the effects of soil elements on the β-diversity of trees,
shrubs, and herbs gradually decreased, which may be related to changes of the plant fine
root amount with the increase of soil depth [50–52]. The active roots that plants can absorb
nutrient elements and water through are mostly rootlets, and 50%–80% of the rootlets are
located in the soil layer of 0–30 cm depth, and the root numbers decrease sharply after
30 cm depth [53,54]. The 0–60 cm depth soil was the main root distribution area of the tree
species, strongly affected tree species composition. Available nitrogen in the 20–60 cm soil
layer had a significant positive correlation with the turnover components of tree β-diversity,
and available phosphorus in the 0–20 cm soil layer had a significant positive effect with the
nested components of tree β-diversity. The shrub β-diversity and its turnover components
were mainly related to the geographical distance between communities and were affected
by soil factors of 0–40 cm depth soil, such as available nitrogen, phosphorus, potassium,
and other nutrient elements. Soil nitrogen and phosphorus are essential nutrient elements
for plant growth, which participate in various physiological processes of plant growth.
However, the available phosphorus content in southern China’s soils is extremely low,
which limits plant growth [22]. In this study area, the available phosphorus content in the
0–20 cm soil depth was relatively high (1.98 mg/kg on average), but decreased sharply
below the 20 cm soil depth. The average available phosphorus content in the 20–40 cm soil
layer was 0.84 C mg/kg. Therefore, phosphorus was the limiting resource for subtropical
forest species’ growth.

The boron, iron, and copper content in the 0–20 cm soil layer had a significant positive
effect on the β-diversity of trees, and copper in the 20–40 cm soil layer had a positive corre-
lation with shrub β-diversity. Boron is involved in plant cell wall construction and affects
plant metabolic pathways by binding apoplastic proteins of cell walls and membranes
and by interfering with manganese-dependent enzymatic reactions [55]. Iron is essential
for the structure of chloroplasts and mitochondria and for both plant productivity and
nutritional quality [56,57]. Copper is a micronutrient which plays a role in processes such
as photosynthesis, respiration, antioxidant activity, cell wall metabolism and hormone
perception [58,59]. These three rare elements in the topsoil notably affect the tree species
composition where the main rootlets of trees are distributed [60]. The chemical elements
of 0–40 cm soil depth showed a stronger impact on the β-diversity of herbs, which may
be related to the root of the herbaceous layer mainly concentrated in the topsoil [61]. To-
tal nitrogen, total phosphorus, cadmium and nickel had significant positive correlations
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with β-diversity and turnover components of herbs, while the nested components were
mainly negatively affected by available potassium, cadmium and nickel in the 0–20 cm
topsoil. Heavy metals, such as cadmium and nickel, have been reported as phytotoxic at
elevated concentrations, causing growth reduction, yield depression and disorder in plant
metabolism and physiology [62,63].

5. Conclusions

This study provides three findings that might help to understand the species diversity
maintenance mechanisms of different plant forms. First, the contribution of environmental
factors and the dispersal process varied with plant forms, and soil factors had a stronger
influence on the β-diversity of trees than that of shrubs and herbs. Secondly, with the
increase of soil depth, the explanation rate of β-diversity of trees and herbs explained by
soil chemical elements gradually decreased. Finally, the chemical elements of 0–60 cm soil
mainly affected tree diversity, while the main soil factors affecting the β-diversity of shrubs
and herbs were in 0–40 cm depth. We conclude that the deeper soil factors have broaden
our understanding of influencing factors that shape plant communities. We suggest that
models need to consider a broader spectrum of environmental factors that might affect
plant community composition. We also suggest that the species composition and diversity
patterns of the Nanling Mountains system need to be further studied.
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factors on shrubs’ GDM; Figure S6: Partial response for 20–40 cm edaphic factors on shrubs’ GDM;
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for 60–100 cm edaphic factors on shrubs’ GDM; Figure S9: Partial response for 0–20 cm edaphic
factors on herbs’ GDM; Figure S10: Partial response for 20–40 cm edaphic factors on herbs’ GDM;
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