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Abstract: Natural solutions by which humans can overcome challenges have been severely hampered
by biodiversity losses. It is essential to understand the key natural variables that influence changes
in community diversity to maintain ecosystem function. The Ziwuling area has a natural recovery
succession history of 150 years. Therefore, a survey was conducted to compare species composition
characteristics across different vegetation recovery stages while also providing a phylogenetic and
taxonomic response to the correlation between beta diversity and soil stoichiometry. The results
showed that beta diversity and endemic plants had a similar single-peak temporal pattern. Soil
organic carbon (SOC) accumulation was significantly positively correlated with total nitrogen (TN)
and was also negatively correlated with total phosphorus (TP). Overall, soil TN, time since vegetation
restoration (TVR in years), and W-SS (endemic woody plants at each stage) were able to explain 94.3%
of the total variation in beta diversity. Temperate species such as Carex lanceolata, Lespedeza bicolor,
and Sophora davidii are the basis for community construction. Community beta diversity patterns
are the result of a mixture of ecological (e.g., climate patterns and soil nutrients) and evolutionary
processes. This study combined plant resource needs with how they respond to natural recovery
times in order to provide useful knowledge to protect biodiversity, the nutrient cycle, and the function
of restoration ecology.

Keywords: vegetation succession; community assembly; β-diversity; phylogenetic beta diversity;
ecosystem function

1. Introduction

With the help of the Kunming–Montreal Global Biodiversity Framework, humans
are making a peace treaty with the natural world in the hopes of stopping the rapid
deterioration of biodiversity around the world [1]. Biodiversity plays a crucial role in
maintaining the prosperity of Earth’s ecosystems and human societies [2,3]. Furthermore,
biodiversity may have widespread effects on ecological processes and functions, in terms of
both space and time [4,5]. Understanding the causes and patterns of changes in biodiversity
has been at the center of recent ecological studies, considering its growing importance as a
reflection of the complexity of natural ecosystems [6]. If we understand these processes, we
will be better equipped to protect species and ensure a healthy ecology [7].

Beta (β) diversity is a key aspect of biodiversity, since it reflects variations in species
composition across communities and at various geographical and temporal scales, while
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mediating the relationship between alpha (α) and gamma (γ) diversity [8,9]. The dynamics
of biodiversity patterns are more accurately captured by describing β-diversity, as opposed
to α-diversity, at the local scale [10]. The mechanism of biodiversity maintenance can be
revealed through the study of β-diversity, which therefore provides a foundation for our
understanding of not only interactions between species and their environment, but also the
function of numerous ecological processes in community development [11,12]. Ecological
niche theory and neutral theory have dominated the discussion on the mechanics of β-
diversity generation over the past two decades [13–15]. Ecological niche theory emphasizes
the involvement of deterministic processes, such as habitat filtering and competitive exclu-
sion, in the formation of communities, on the premise that ecological niche differentiation
is necessary for species coexistence [16,17]. Neutral theory downplays the significance of
environmental selection in favor of random processes, such as dispersion limitation and
ecological drift, in shaping the composition of communities [18,19]. Mounting evidence has
indicated that ecological niche theory and neutral theory are not mutually exclusive, but
rather, that the ecological mechanisms underlying their development may vary in relative
importance across sampling scales [20–23]. However, the key points of these analyses are
the constraints imposed by environmental filtering and disparities in geographic distribu-
tion across spatial distances [24–28]. Regarding time variation, there is a lack of written
information on the relationship between β-diversity and environmental variables.

Meanwhile, to deal with climate change, the world has been putting more effort
into restoring forests to provide better ecological services and biodiversity benefits [29].
However, scientists have had difficulties agreeing on a common afforestation strategy [30].
This is due to the fact that environmental variables, in addition to spatial heterogeneity,
may play a shifting role in determining species composition over time [31,32]. Community
formation may also be affected by shifts in interspecific interactions and propagule dissem-
ination over time [33–36]. This further emphasizes the need to understand the primary
environmental variables that steer the patterns of community assembly and diversity shifts.
The process and nature of community succession are embodied in the interactions between
vegetation and soil [37]. In natural ecosystems, soil C:N:P stoichiometry is a major limiting
nutrient factor linked to many different types of plant change, while also being crucial
to ecosystem stability [38–40]. According to Güsewell’s research, soil C buildup and the
limiting effects of N and P components can significantly affect how vegetation changes over
time [41]. Therefore, predicting diversity shifts, deciphering nutrient cycling mechanisms,
and developing effective management and revegetation strategies all require an under-
standing of how β-diversity fluctuates over time and how it relates to soil stoichiometric
characteristics [36,42].

Therefore, this investigation was conducted in a perfect natural testing environment
found in a temperate zone (Ziwuling region of the Loess Plateau, China). The vegetation in
the Ziwuling area has been undergoing a natural recovery process for more than 150 years,
with some of the territory having reached the top climax stage as a result [43]. Well-
functioning plant communities, which are important for evaluating the mechanisms of
community assembly and diversity maintenance, can spontaneously form due to the natural
succession process [44,45]. This study analyzed the variation in species composition across
different stages of vegetation restoration in this area, using a combination of taxonomic
and phylogenetic methods, and provides an answer to the correlation between β-diversity
and soil stoichiometry. Compared to taxonomic β-diversity, phylogenetic β-diversity is
able to show how a species evolved and how closely related it is to other species. Therefore,
it provides information on how species compete with each other in groups [46]. Herein,
we aim to answer the following research questions: (1) What are the characteristics of
changes in the assemblage and β-diversity of plant communities in temperate zones at
different stages of long-term vegetation recovery? (2) How do soil C:N:P stoichiometry
characteristics vary at different stages of recovery? (3) What are the links between plant
community β-diversity, soil C:N:P stoichiometry, time since vegetation restoration (TVR;
in years), and endemic plants at each stage (SS)? This study combines plant nutrient
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requirements with their response to natural recovery times, thereby offering valuable
information for biodiversity conservation and preservation as well as for ecological function
restoration.

2. Materials and Methods
2.1. The Study Sites and Approach

This research was conducted in the Ziwuling Nature Reserve, which is located in the
temperate Loess Plateau area of China (34◦50′–36◦50′ N, 107◦30′–109◦40′ E) (Figure 1a).
Over the past 150 years, since humans began to reduce their activity in this area as of
1866, vegetation has recovered to create a densely forested temperate natural secondary
forest setting [43]. Eight standard square sample plots of typical vegetation types (trees,
20 × 20 m; shrubs, 10 × 10 m; grass, 1 × 1 m; [47]) for various restoration periods were
established between 2020 and 2021 (Figure 1b), using a “space for time” strategy [48],
with six sites for each phase (random vegetation sampling), across a total of 48 sites. The
specific information is shown in the Supplementary Materials (Table S1). Recovery time
was determined using a comprehensive analysis based on the results of the relevant forestry
department and other relevant reports [49–53]. The names and numbers of the species at
each sample site were recorded, and the species names were carefully cross checked at
https://powo.science.kew.org/ (accessed on 25 December 2022) and the Flora of China [54].
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2.2. Soil Sampling and Laboratory Analyses

In this study, soil samples were obtained from the 0–40 cm soil layer using a soil
borehole sampler, with four replicates of each type of soil sample. After natural air-drying
to remove plant roots and other impurities, soil organic carbon (SOC), total nitrogen (TN),
and total phosphorus (TP) were measured [55]. The H2SO4-K2Cr2O7 [56], Kjeldahl [57],
and ammonium molybdate methods [58] were used to determine the SOC, TN, and TP,
respectively. The bulk density (BD) of the soil was also determined using the cutting ring
method.

2.3. Data Processing

The Bray–Curtis dissimilarity index, which measures the dissimilarity (dab) of commu-
nity components across sample sites with varying recovery times, was used in this study to
compute taxonomic β-diversity (Equation (1)) [59,60].

dab = 1− 2A
2A + B + C

(1)

where A represents the number of species present in samples a and b; B represents the
number of species specific to sample a; and C represents the number of species specific to
sample b.

The R package V. PhylloMakert 2 (build.nodes.1 and scenario 3) was used to gener-
ate species-level phylogenetic trees based on the evolutionary tree of Jin and Qian [61].
The picante package was used to compute the phylogenetic β-diversity between sample
sites [62], that is, the mean pairwise distance (MPD; Equation (2)) and the mean nearest
taxon distance (MNTD; Equation (3)) [63].

MPD =
1
2

(
na

∑
i=1

fidib +
nb

∑
j=1

f jdja

)
(2)

MNTD =
1
2

(
na

∑
i=1

fimindib +
nb

∑
j=1

f jmindja

)
(3)

where species i is not equal to species j; dib is the mean pairwise phylogenetic distance
(MPD) between species i from sample a and all species from sample b; na represents the
number of species in sample a; fi represents the relative abundance of species i in sample
a; and mindib represents the mean nearest taxon phylogenetic distance (MNTD) between
species i in sample a and all species in sample b. Additionally, MPD reflects the degree of
aggregation of different taxa near the root node of the phylogenetic tree, whereas MNTD
reflects the degree of aggregation near the terminal branch [64].

SOC, TN, and TP stocks (g/m2) were calculated using Equation (4):

Soil SOC, TN, or TP stock = X. × BD × T × 10 (4)

where X. is the soil organic carbon (SOC), total nitrogen (TN), of total phosphorus (TP)
content of the soil (g/kg), BD is the density of the bulk soil (g/cm3), and T is the soil layer
thickness (cm).

2.4. Statistical Analysis

A polynomial fit was performed to better understand how the β-diversity index of
plant communities changed over time after restoration. Prior to the analysis, we ensured
that all data were adequate by checking for normality and homogeneity of variance. Any
data that did not fit these assumptions were transformed using a logarithmic or power
function. One-way analysis of variance (ANOVA) and Duncan’s test (p < 0.05) were used
to compare SOC, TN, and TP content and their ratios across different stages of vegetation
restoration. The significant effects of soil C:N:P stoichiometry, TVR (in years), and SS on
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β-diversity were analyzed using the Mantel test (9999 permutations), with correlations
being evaluated using Pearson’s correlation analysis [60]. Redundancy analysis was sub-
sequently used to further quantify the contributions of soil stoichiometry, TVR, and SS to
β-diversity. IBM SPSS Statistics 24 (International Business Machine, NY, USA) and R 4.0.5 (R
Foundation for Statistical Computing, Vienna, Austria) were used for all statistical analyses.
The Venn diagram was constructed by using Bioinformatics and Evolutionary Genomics
software (available at http://bioinformaics.psb.ugent.be/webtools/Venn/, accessed on
25 December 2022) (Ghent University, Ghent, Belgium) [65].

3. Results and Analysis
3.1. Differences in Vegetation Assemblage between Stages

In this study, it was found that the 150-year vegetation recovery sequence supported
128 species of seed plants (Table S2), which represented 39 families and 99 genera. The
two most common types of flora were Carex lanceolata and Lespedeza bicolor, both of which
were found in seven successional stages (10–150 TVR). Sophora davidii was found in six
successional stages (20–150 TVR). The total of endemic plants contained in each stage (T-SS)
showed an initial increase, followed by a downward trend, peaking at 70 TVR (Figure 2).
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Figure 2. Venn diagram of the different stages of vegetation restoration. Each circle represents a
collection of species at one stage. The numbers outside the circles are the corresponding vegetation
restoration periods (in years). The red font inside the circles indicates the total number of endemic
plants at each stage (T-SS). Endemic plants occur in one stage only. The black numbers in the circles
indicate the plants common to the corresponding stages.

3.2. Beta Diversity and Endemic Plants in Different Stages

The number of species at different levels were examined in this study to determine
how community taxonomic and phylogenetic β-diversity changed over time as a function
of vegetation restoration age. As shown in Figure 3, the relationship between β-diversity
and TVR exhibited a single peak over the 150 years analyzed. However, the peak period
varied between 60 and 120 TVR, depending on the β-diversity index. All three β-diversity
indices indicated that herb plants peaked earlier, followed by the total plant level, with
woody plants peaking last. In addition, different levels of SS (endemic plants at each stage)
also showed single peaks during the natural recovery of the vegetation.

http://bioinformaics.psb.ugent.be/webtools/Venn/
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Figure 3. Trends in β-diversity of plant communities and endemic plants in different periods.
(a) Trends in the Bray-Curtis dissimilarity index of plant communities with vegetation restoration;
(b) Trends in beta diversity index of the mean pairwise phylogenetic distance (Beta-mpd) of plant
community with vegetation restoration; (c) Trends in beta diversity index of the mean nearest taxon
phylogenetic distance (Beta-mntd) of plant community with vegetation restoration; (d) Trends in
the endemic plants at each stage with vegetation restoration; **—p < 0.01; *—p < 0.05. Endemic
plants occur in one stage only. “Total” represents the overall plant level of the investigated plant
communities. “Herb” represents the herb plant level in the investigated plant communities. “Woody”
represents the woody plant level in the investigated plant communities.

3.3. Patterns of Soil C:N:P Stoichiometry in Different Stages

Soil C:N:P stoichiometric characteristics differed significantly among the different
vegetation restoration periods (Figure 4). The SOC and TN reserves were significantly
higher during all stages after vegetation restoration than in the farmland stage (0 years).
The SOC and TN trends were similar, showing an initial increase, before decreasing. TP
reserves were highest in the farmland stage and remained relatively constant afterwards.
Soil C:N showed an overall increasing trend and was the highest at 150 TVR. In addition,
the changes in C:P and N:P ratios were consistent, with highest soil C:P and N:P ratios
being observed at 120 TVR.
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different restoration periods.

3.4. Relationship between Beta Diversity and Soil C:N:P Stoichiometry

The results of the Mantel test showed that the Bray–Curtis index of community β-
diversity was significantly and positively correlated with both SOC and TN at the total
plant and herb levels (p < 0.05, Figure 5a). This revealed that the difference in composition
between total plant and herb levels in the community increased with the difference in SOC
and TN at different periods. The Bray–Curtis index of woody plants was also significantly
and positively correlated with SOC, TP, C:N, C:P, and N:P ratios (p < 0.05). The phylogenetic
Beta-mpd index was significantly and positively correlated with TN, T-SS, and W-SS at
the total plant level (p < 0.05, Figure 5b). Furthermore, T-SS and H-SS were significantly
and positively correlated with the Beta-mpd index of the herb plants (p < 0.05). Beta-mpd
indices of woody plants were also significantly and positively correlated with SOC, TN, and
TVR (p < 0.05). The phylogenetic Beta-mntd index was highly significantly and positively
correlated with TN at the total plant level (p < 0.05, Figure 5c). However, the Beta-mntd
index of herb plants did not reach significant levels of correlation with soil stoichiometry,
TVR, or SS. The Beta-mntd indices of woody plants were significantly and positively
correlated with SOC, TN, T-SS, and W-SS (p < 0.05). In addition, strong correlations were
found among the factors affecting changes in taxonomic and phylogenetic β-diversity.
There was a strong consistency among the soil stoichiometry factors, although these were
all negatively correlated with TP. In addition, vegetation restoration significantly increased
SOC and C: N ratios in the soil.
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Figure 5. The Mantel test on the relationship between plant community β-diversity ((a), the Bray-
Curtis dissimilarity index; (b), beta diversity index of the mean pairwise phylogenetic distance; (c),
beta diversity index of the mean nearest taxon phylogenetic distance) and soil C:N:P stoichiometry,
TVR, and SS. ***—p < 0.001; **—p < 0.01; *—p < 0.05. TVR indicates the time after vegetation
restoration (in years). SS indicates endemic plants at each stage; endemic plants occur in one stage
only. “Total or T” represents the overall plant level of the investigated plant communities; “Herb
or H” represents the herb plant level in the investigated plant communities; and “Woody or W”
represents the woody plant level in the investigated plant communities.

The results of the redundancy analysis in Figure 6 showed that the total of soil stoi-
chiometry, TVR, and W-SS explained 99.30% of the β-diversity, while the first and second
axes explained 77.22% and 21.32% of the variation in β-diversity, respectively. After remov-
ing the conditional term effects, TN was the most important factor influencing the variation
in β-diversity (56.5%), followed by TVR (31.2%) and W-SS (6.6%). All aforementioned
indicators were significant (p < 0.05).
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4. Discussion
4.1. Beta Diversity and Soil C:N:P Stoichiometry in Different Recovery Periods

After reviewing the geographic zoning of Chinese seed-plant genera, it was deter-
mined that Carex lanceolata, Lespedeza bicolor, and Sophora davidii are all temperate species,
as described by Wu [66]. This seemed understandable, because the study area was located
in the warm temperate deciduous broadleaf forest zone [67]. Meanwhile, 68.3% of all
endemic species were found to be temperate in nature, after analysis across all stages.
This indicated the superior adaptability of temperate species, which was the result of the
long-term adaptive evolution of plants in response to historical and other factors [68]. The
midterm stage of vegetation recovery (70 TVR) had the fewest globally distributed species
compared with the early (0–40 TVR) and late (120–150 TVR) stages of recovery. This was
related to the random dispersal capacity of the species [69]. Caccianiga et al. [70] also
discovered that species with superior colonization ability typically predominate during the
early stages of succession.

The results from measures of both β-diversity and endemic plants in this study
supported a similar single-peak temporal pattern that was consistent with the intermediate
succession hypothesis [71]. Several previous studies have also demonstrated that the
patterns of β-diversity were not strictly linear [12,72,73]. According to Tang et al. [74],
the decrease in surface air temperature in China during the 1950s–1960s was much more
pronounced than globally or in the Northern Hemisphere, while the warming since the
early 1980s did not appear to be more pronounced than that in the 1930s–1940s. This
climate pattern was similar to our findings with endemic plants and β-diversity across time.
Here, it was inferred that the TVR was indicative of the underlying changes in climatic
patterns. González-Megías et al. [75] also discovered a gradual increase in temporal-scale
β-diversity, which had been primarily influenced by the northward migration of species
distribution as a result of global warming. Therefore, climate plays a significant role in
determining species diversity variation between communities [76–78]. In addition, it was
discovered in this study that woody plants excluded more than herbaceous plants among
closely related species, but all herbaceous plants competed earlier and more intensely under
broader genealogical relationships. This was because woody plants allowed for greater
vertical ecological niche differentiation, thereby reducing competition between species
with only tenuous evolutionary connections [79]. Plants use complementary ecological
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niches to access more resources, whilst the similarity and differentiation of species are both
influenced by a wide range of community-building processes [80].

Nutrient-rich soil is critical for plant growth and development and also plays a role in
shaping the composition and diversity of plant communities [81]. The results of this study
showed that the soil C:N:P stoichiometric characteristics changed with TVR. Strong corre-
lations were found between SOC and other stoichiometric features, while SOC increased
significantly with increasing TVR. This was because plants affected SOC and TN through
processes such as root secretion and apoplast decomposition [82,83]. The opposite was true
for TP, which was significantly negatively correlated with SOC. This was because, while ar-
tificial addition affected TP during the farmland phase (0 years), the balance between plant
uptake and soil matrix weathering processes determined TP during the other phases [84,85].
Increases in TVR led to higher soil C:N ratios, since plants absorbed nitrogen to increase
their ability to release carbon into the soil through photosynthesis. N input has also been
shown to promote SOC accumulation in an ever-growing body of research [41,86]. The C:P
and N:P ratios in the soil increased and then decreased as the TVR increased. This was
because the limiting effects of N or P on vegetation growth became less pronounced as C
fixation increased, due to the high complementarity of plants in light acquisition [87,88].
At 135 TVR (mixed coniferous forest), lower soil C:N, C:P, and N:P ratios were observed
compared to those at 120 TVR (coniferous forest), which was attributed primarily to com-
petition among woody plants. Chen and Chen [39] found that species mixing could reduce
the C:N, C:P, and N:P ratios when they were high in the background soil.

4.2. Relationships among Beta Diversity, Soil C:N:P Stoichiometry, Time since Vegetation
Restoration, and Endemic Plants at Each Stage

The succession of plant communities occurs due to interactions between plants and soil,
with soil properties playing a significant role in this process [37]. In addition to reflecting the
outcomes of the symbiotic interaction between the community and the soil prior to a given
successional stage, the status of soil nutrients at a given stage also determined subsequent
succession [89]. Soil C:N:P stoichiometry is a significant indicator of soil nutrients [90,91].
In this study, β-diversity and soil C:N:P stoichiometric characteristics were both found to
have had a strong correlation during the vegetation restoration process, using the Mantel test.
Species may retouch ecological niches through priority effects, thereby creating favorable
conditions for the growth and reproduction of members of the community that joined the
ecosystem later [92,93]. Competition for scarce resources may be a major factor in shaping
outbreaks of species diversity, as evidenced by the sharp increase in T-SS from 40 to 70 TVR.
This fit with Clements’ classical view of succession and is a characteristic of the promotion
model [94]. There appears to be a universal pattern in nature, while Hanusch et al. [73]
suggested that there may be a threshold for ecosystem development between 40 and 60 years.

Additionally, redundancy analysis (RDA) confirmed that soil TN, TVR, and W-SS were
the primary factors explaining the variation in β-diversity (94.3% total). Collectively, these
elements serve as regulators of the β-diversity shifts, and these results are in agreement
with those reported by Villa et al. [95]. The strongest explanatory power was found for
soil TN, indicating that soil nutrients played a significant role in species allocation at a
local scale [20,96]. Unfortunately, these criteria alone could not be used to quantitatively
distinguish between deterministic and stochastic processes, because various ecological
processes may result in similar outcomes [97]. Changes in species composition may result
from a combination of deterministic (e.g., species adaptation to climate or soil nutrient
differences) and stochastic (e.g., restricted dispersal) processes, with delayed responses of
some species to climate change or other historical processes also playing a role. Additionally,
these factors fluctuate dynamically during plant–soil feedback, which can affect species
coexistence [98].

It is clear that various processes interact to produce β-diversity patterns [99]. It
is important to remember that during the vegetation succession of the Loess Plateau,
evolutionary history was embedded in the community assembly process. The historical-
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evolutionary hypothesis can account for this [100,101]. Carex lanceolata, Lespedeza bicolor,
and Sophora davidii can live alongside other species for a long time and play important
ecological roles, such as fixing nitrogen and preventing soil erosion [102,103]. Therefore,
these plants all have significant biohistorical value. The rate of recovery of Loess Plateau
vegetation can be increased by raising the prevalence of these three plants while keeping
C, N, and P inputs under reasonable control. Species dispersal, environmental filtering,
biological interactions, evolutionary processes, climatic and geological history, and possibly
other unknown processes all contributed to the temporal patterns of plant community
β-diversity observed in this study. It is suggested that in the future, long-term continuous
observations be carried out and that more data be collected on environmental factors and
biodiversity across a range of trophic levels, to facilitate integrated studies.

5. Conclusions

Ecological and evolutionary processes largely shape variations in the species com-
position within a community. The formation of a temporal pattern of single peaks in
β-diversity and accumulation of SOC was critically dependent on the limiting effect of N or
P. Species with high dispersal ability can provide conditions for explosive growth in species
diversity by increasing soil nutrient accumulation through facilitative effects. Temperate
species form the basis of the community, and they can improve resource capture capacity
by reducing competition through spatially differentiated ecological niches. Plants such
as Carex lanceolata, Lespedeza bicolor, and Sophora davidii all have significant biohistorical
value and should therefore be considered for future vegetation restoration projects on
the Loess Plateau. More biotic and abiotic factors should be included in future studies to
quantitatively distinguish the contribution of different processes to β-diversity. This will
aid in the complete elucidation of the mechanisms by which temperate plant communities
maintain their biodiversity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14030553/s1, Table S1: Vegetation survey sample site information
at the Ziwuling study area on the Chinese Loess Plateau; Table S2: The 128 species of seed plants
included in the vegetation restoration sequence of this study.
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