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Abstract: Overstory and understory vegetation play a vital role in forest ecosystem functionality.
However, it is necessary to enhance the knowledge of their diversity and compositional dynamics
following cessation of disturbance, which is required to inform restoration approaches and the mecha-
nisms required for maintaining disturbance cessation. We conducted a chronosequence spanning 0-1,
5-6, 11-12, 20-24, and 28-34 years since disturbance cessation, and old-growth forests to investigate
the dynamic changes in overstory and understory vegetation diversity and composition, as well
as maintenance mechanisms following the cessation of anthropogenic disturbances in subtropical
regions of Eastern China. The current study results indicated a decrease in understory cover and
periodic fluctuations in the diversity of overstorey and understory vegetation following disturbance
cessation efforts. Specifically, the shrub layer exhibited the highest richness in 28-34 years, while the
herb layer showed the lowest evenness. Multivariate analysis using multiple-response permutation
procedures indicated that the species composition and interspecific quantity ratio of understory
plants in the forest at 28-34 years significantly differ from those in the early closure stage. An
indicator species analysis revealed that more support was given to sun-loving plants after 0-1 years
of the enclosure, while species with shade tolerance and low nutrient requirements were supported
after 28-34 years. The structural equation model results show that 38.8% of the impact on herb
evenness was related to light and substrate diversity. The ecological restoration time mainly indirectly
affects understory vegetation by influencing the upper vegetation, light availability, and substrate
heterogeneity. Overall, this study revealed that cessation of anthropogenic disturbance can maintain
and care for understorey plant diversity and contribute to the sustainable management of forests.

Keywords: anthropogenic disturbances; biodiversity conservation; disturbance cessation; resource
heterogeneity; subtropical forest

1. Introduction

Human activities, including deforestation and excessive resource exploitation, have
led to the degradation of global forests, posing significant threats to biodiversity and
ecosystem functionality [1-4]. Consequently, restoring forest biodiversity, community struc-
ture, and ecological complexity has become paramount in global ecological research [5].
Central to the restoration of degraded forest ecosystems is the role of vegetation, which
enhances soil nutrient cycling and energy flow and contributes significantly to ecosystem
functioning [6,7]. Despite the importance of vegetation in ecological restoration efforts,
there remains a critical gap in our understanding regarding the dynamics of vegetation
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diversity and composition, particularly in the subtropical forests of Eastern China. Com-
prehending these dynamics is essential for developing effective restoration strategies and
maintaining restoration outcomes.

Numerous ecological processes influence vegetation dynamics, including species
evolution, environmental factors, and disturbances [8-10]. These processes operate across
various spatial and temporal scales, shaping patterns of vegetation regeneration and
community development [11,12]. A longstanding debate exists regarding the extent of
restoration achievable in degraded natural secondary forests, which are tree formations
that replace climax forests due to alterations or loss of environmental conditions, often
resulting from degradation of edaphic conditions [8]. According to phytosociological and
symphytosociological models of vegetation succession, a secondary forest undergoes tree
replacement and upward plant dynamics towards a climax stage within the vegetation
series. This concept is supported by Cano-Ortiz et al. (2015) [13], Rivas-Martinez et al.
(1999, 2011) [14,15], Corlett (1994) [16], Chokkalingam and De Jong (2001) [17], and other
researchers in the field.

For example, Norden et al. (2009) [18] proposed that secondary rainforests exhibit high
resilience and can rapidly recover species composition similar to undisturbed forests; others
indicate that the loss of species richness may be irreversible, even over extended periods [19].
These differences highlight the complex interactions between factors affecting vegetation
recovery outcomes following the cessation of anthropogenic disturbance, including species
invasions and environmental conditions [8,20,21]. Moreover, the duration and intensity of
restoration interventions, such as enclosure and cessation of anthropogenic disturbances,
also influence vegetation recovery trajectories [22-25]. Over time, as ecosystems transition
from early to mature stages of restoration, shifts in vegetation structure and composition
occur, affecting the abundance and distribution of species across different strata.

Despite advancements in understanding these dynamics, significant gaps persist
in our knowledge, particularly regarding the mechanisms underlying the maintenance
of restoration outcomes and the interactions between overstory and understory vegeta-
tion [26-29]. Addressing these gaps is crucial for informing evidence-based restoration
practices and enhancing the resilience of subtropical forests in Eastern China [26,27]. The
existing literature provides valuable insights into the dynamics of vegetation diversity and
composition during ecological restoration. However, there remains a notable research gap
concerning the maintenance mechanisms of restoration outcomes, especially in subtropical
forest ecosystems of Eastern China. Understanding how overstory and understory vegeta-
tion interact and influence each other’s dynamics following disturbance cessation efforts is
essential for developing targeted restoration strategies and ensuring long-term ecological
resilience [26-30].

To date, considerable insight has been accumulated into the effects of disturbance
cessation on understory cover, diversity, and composition. To fill critical knowledge gaps in
our understanding of vegetation dynamics following ecological restoration in subtropical
forests, this study aimed to evaluate plant diversity and community composition changes
over the years following disturbance cessation and after enclosure. Additionally, this study
aimed to determine whether specific plant groups emerged during different stages of
recovery, thereby shedding light on the succession patterns within these ecosystems. Lastly,
this study sought to explore the mechanisms influencing understory herb diversity by
considering factors such as overstory, light resources, and substrate diversity post-enclosure.
Specifically, we hypothesized that (1) species richness in the overstory layer will exhibit an
initial increase followed by a subsequent decline with increasing time since disturbance
cessation; (2) increasing enclosure time will result in fluctuations in herb diversity, with
different species indicative of each succession stage; and (3) tree stems’ basal area and
species diversity will directly affect understory vegetation’s coverage and species diversity
over time, with additional indirect effects mediated by changes in light availability and
substrate diversity.
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2. Materials and Methods
2.1. Study Area

This study was conducted in the forests of Qingyang County, Anhui Province, China
(30°19’ to 30°50" N and 117°40’ to 118°07’ E), characterized by a subtropical monsoon
climate featuring hot summers, cold winters, and mild springs and autumns. The mean
annual temperature is 16.1 °C, and the average annual precipitation is 1600 mm, recorded
from 1985 to 2019 at the nearest meteorological station in Qingyang County, Anhui Province.
The soils are classified as brown calcareous soils or Cambisols by the International Union
of Soil Science (IUSS) Working Group (WRB 2014), originating from the weathering of
limestone rock soil with a thickness ranging from 30 to 100 cm. These soils are characterized
by medium to fine-textured parent materials and contain abundant potassium and calcium
but limited phosphorus [31]. The forests within our research area have undergone a
prolonged period of degradation due to excessive utilization, encompassing repeated
instances of selective harvesting, firewood extraction, and grazing. Only a small area retains
primary forest conditions, characterized by minimal human disturbance over the past
100 years and exhibiting the characteristics of climax communities (dominated by deciduous
broad-leaved tree species Liquidambar formosana and Cornus kousa subsp. chinensis) [31,32].
Additionally, mountain closures have protected these study forests from anthropogenic
disturbance since the early 1980s. This measure has been widely adopted due to its low
cost and has become one of China’s main ecological restoration methods [31-36].

2.2. Sampling Design

The chronosequence approach, suitable for studying successional processes over
decadal to centennial time scales, was utilized to sample stands varying in the time since
disturbance cessation [31-36]. All sampled stands were established on similar-condition
sites to ensure that time since disturbance cessation is the primary driver for changes in our
sample stands. These sites share comparable topographic positions, such as middle slopes,
and feature identical parent materials, such as calcareous and silty loam soils (confirmed
through on-site investigation and ribbon tests). Furthermore, these sites shared a common
origin regarding disturbances, specifically repetitive fuelwood harvesting and domestic
grazing [31,32]. Following a preliminary investigation of stand age classes in the study area,
we sampled six age classes in August 2019: 0-1 years, 5-6 years, 11-12 years, 20-24 years,
and 28-34 years since disturbance cessation, and old-growth forests (Figure 1 and Table 1).

Multiple successional pathways are common in disturbance-driven forests, particularly
those subjected to frequent disturbances from diverse agents [26,37]. This study focused
on the broadleaf successional pathway, including Liquidambar formosana Hance, Quercus
acutissima Carruth., and Lindera glauca var. kawakamii.

To mitigate spatial autocorrelation and minimize sampling subjectivity, we employed
stratified random sampling, essential for any statistical test to make inferences about the
population of interest [38]. Initially, we utilized forest history survey data to identify all
available stands (with stand identification numbers) for each age class (i.e., the sampling
frame). Subsequently, we utilized a random number generator in Microsoft Excel 2021 and
R (version 4.0.4) to match random numbers with standard numbers in the database. The
matched stands were selected as candidate stands for sampling. Further, we conducted
a field survey to verify our candidate stands, additionally examining site conditions and
disturbance history through interviews with nearby residents to determine the unenclosed
stands and the degree of degradation (i.e., fuelwood felling) and the type of enclosed forests
(i.e., broadleaf mixed forests such as Liquidambar formosana Hance and Quercus acutissima
Carruth., etc.) of enclosed forests before disturbance cessation.

For each of the six classes, three replicate plots were selected to enhance forest-level in-
ference in these rugged topographies, resulting in 18 sample plots, each spanning an area of
over 1 ha. Distances between stands were set at >100 m to minimize spatial autocorrelation.
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Figure 1. Location of sample sites.
Table 1. Stand characteristics and site properties for six forest types in the study area.
Time Since Closing (Years) 0-1 5-6 11-12 20-24 28-34 Old-Growth
Forest
Mean tree DBH (cm) 84+16Db 6.7+25b 74+£20Db 77+12b 9.7+ 02b 159+0.7a
Mean tree height (m) 8.1+12ab 7.1+ 0.8 ab 87 +3ab 69+08b 82+ 0.8ab 98+11a
Stand density (treesha~!)  200.0+250b 1358'3;5 639.0 116705 5030 14330+ 47904 128305 4140 19750+ 1267.0a
Stem basal area (m? ha™1) 20+0.7c 8.6 £ 5.4bc 8.9 £ 5.7 be 9.7 £2.7bc 166 £59b 429+71a
Tree species richness 43+£06d 9.0+ 1.0ab 6.7+ 06¢ 103 £12a 8.0 £1.0bc 67+15c¢
Overstory composition (%
of stem basal area)
Alangium chinense 011+0.15a 0.06 £0.1a 0 021 +0.36a 0 0
Liquidambar formosana 1.8+08¢ 20+£07c¢ 53 £2.6bc 3.0+£18¢ 82+38b 246+51a
Cornus kousa subsp. 0 0 0 02+04c 55+29b 160+ 46a
chinensis
Other broad leaves 98.1+0.7a 979+ 08a 947 +26a 96.6 +1.8a 863 +3.1b 594+75¢
U“derssg‘?e’rsgz)‘b layer 50.6 + 44.5a 403 +107a 360+ 19.1a 297 +39a 342+121a 19.6+88a
Understory }(‘gr)b layercover 1075 +323ab  1083+386ab 1165+ 194a 822+ 118ab 782+ 218ab 705+ 12.1b
Light available 157+ 32a 7.1 £0.3bc 87+13b 6.1 £1.2bc 56+0.7c 6.6 2.0 bc
Light variability 41+06a 1.0+ 02b 1.6 +£02b 1.3+0.1b 1.7+ 06b 1.5+02b
Substrate diversity 11+01a 08+01Db 08+00Db 08+02b 07+01b 1.1+01a
Soil C (g kg’l) 135+2.0¢c¢ 20.0 £ 2.0bc 22.7 £ 1.5bc 23.6 £3.6b 36.6+72a 411+93a
Soil N (g kg’l) 1.74+0.1c 224+0.1bc 24 4+0.2bc 254+05b 35+£07a 22 4+0.1bc
Soil pH 59+02a 5.4 + 0.6 ab 50+05b 474+03b 47 +05b 48+ 03b
Soil water content (%) 215+45¢ 23.8 £ 3.7bc 28.0 £ 3.7 ab 27.6 + 3.1 abc 28.7 £ 3.7 ab 320+30a

Note: Data are mean =+ SD, n = 3. DBH, diameters at breast height. Different letters indicate a significant difference
at o = 0.05 between years since disturbance cessation. Other broadleaf species included Quercus acutissima, Lindera
glauca, Litsea cubeba, Quercus serrata, Castanea mollissima, Quercus fabri, Pistacia chinensis, Toxicodendron vernicifluum,
Ulmus pumila, Mallotus tenuifolius, Rhus chinensis, and additional rare species.
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2.3. Field Measurements

A 20 m x 20 m plot was randomly allocated for each sampled stand, maintaining
a minimum distance of 100 m from stand edges adjacent to agricultural areas, roads, or
variably aged forests. Subsequently, tree species were identified, and their diameters at
breast height (DBH 1.3 m above the root collar) were measured, along with the height of all
live trees with a DBH of >2 cm. Species-specific basal areas were calculated at the plot level
to determine Shannon’s index based on species-specific basal area proportions [26,37]. The
total abundance at each plot was calculated as the sum of the percent cover of all vegetation
species present, providing a comprehensive assessment of the ecological composition
within the study area. Determination of total species richness relied on the number of
species sampled at each site, while overall evenness quantified how evenly species were
distributed within a site. Evenness was computed following Pielou et al. (1979) [39].

We followed the methodology described in Kumar’s paper [40], using the mean of
the canopy openness measured in each sample (light mean) to express the average light
availability (light availability) while using their standard deviation (light sd) to express
the heterogeneity of light, i.e., the value of inhomogeneity (light variability). We estimated
the percent cover of above-ground bare rock, apoplastic material, exposed soil, upturned
rooted soil, and fallen coarse dead wood debris within each 20 m x 20 m sample plot and
used the formula for Shannon’s diversity index to obtain a substrate diversity index to
assess the heterogeneity of the soil substrate [26,37].

2.4. Data Analysis

To assess changes in soil properties and vegetation diversity over time since dis-
turbance cessation, we conducted one-way analyses of variance (ANOVA) with a least
significant difference (LSD) test, treating time since disturbance cessation as a fixed fac-
tor and soil properties along with vegetation diversity as responses. Before analysis, we
confirmed assumptions of homogeneity and normality using the Bartlett test and Shapiro
test, respectively. In cases where data did not meet the normality assumption, we also
performed non-parametric Kruskal-Wallis tests. Significance was determined at p < 0.05
between groups.

Additionally, we utilized non-metric multidimensional scaling (NMDS) plots to visu-
alize relationships between soil microbial community composition and years since distur-
bance cessation, employing Bray—Curtis distances computed with the “Vegan” package in
R software (version 4.0.4). Subsequently, ANOSIM (999 permutations) in R was employed
to assess significant differences in understory vegetation community composition across
years since disturbance cessation. To investigate variations in understory composition with
years since disturbance cessation, we conducted PerMANOVA (permutational multivari-
ate analysis of variance) tests for understory species separately. PerMANOVA utilized
Bray-Curtis dissimilarity matrices to summarize species composition and conducted 999
permutations to determine statistical significance. We further employed indicator species
analyses using the “indicspecies” package to identify species associated with different years
since disturbance cessation. The ‘multipatt’ command provided lists of species linked to
specific sample groups, and 999 permutations were used to identify statistically significant
species (p < 0.05). We calculated specificity (positive predictive value of species as an indi-
cator of a site group) and sensitivity (probability of finding the species in sites belonging to
the site group) associated with each indicator value.

A structural equation model (SEM) was used to investigate the pathways affecting
the maintenance of understory plant diversity during the enclosure process. Initially, a
model was developed to provide theoretical explanations for the correlation between upper
canopy tree diversity, light availability, substrate diversity, and understory herbaceous
plant diversity based on the observed effects of closure years on understory plants. Before
conducting structural equation modeling, all data underwent a logarithmic transformation,
correlation analysis, and removal of non-significant variables. Subsequently, the “lava”
package was utilized in R software to establish and analyze a structural equation model.
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Model fit was evaluated using chi-square value (CHISQ), degrees of freedom (df), root
mean square approximation error (RMSEA), and comparative fit index (CFI). All analyses
were performed using R version 4.0.4.

3. Results
3.1. Overstory Stem Basal Area and Understory Vegetation Cover

Significant variations were observed in the stem basal area of the overstory (p < 0.001),
shrub cover (p = 0.018), and herb cover (p < 0.001) concerning time since disturbance
cessation (Figure 2 and Table 2). Initially, the stem basal area of the overstory was lowest at
0-1 years (2.0 m? ha~!) but showed a consistent increase over time, reaching 42.9 m? ha!
in old-growth forests. In contrast to the overstory’s stem basal area, shrub and herb cover
decreased gradually over the disturbance cessation period. While no discernible difference
in shrub and herb cover was noted during the early stages of disturbance cessation, a
significant decrease was observed after 30 years of recovery. Interestingly, the cover of
shrubs and herbs in the 28-34 years stage and old-growth forests exhibited similar levels,
indicating a stabilization or plateauing effect in vegetation cover at later stages of recovery.

Table 2. The influence of time since disturbance cessation on vegetative cover, species richness,
evenness, and species composition, examined separately for overstory, shrub layer, and herb layer.

Overstory Layer Shrub Layer Herb Layer
Attribute Df Deviance or Variance Deviance or Variance Deviance or Variance
Explained (%) v Explained (%) P Explained (%) P
Vegetative cover 5 20.68 0.000 428 0.018 1213 0.000
Stem basal area
Species richness 5 16.87 0.000 3.46 0.036 1.97 0.156
Species evenness 5 3.75 0.028 2.02 0.148 5.16 0.009
Shannon index 5 11.08 0.000 2.50 0.090 3.47 0.036
Species composition 5 3.56 0.001 2.79 0.001 2.73 0.001
Note: Deviance explained by each factor (%) is relative to null deviance. Significance at p < 0.05 is in bold.
Stem basal area(m? ha') Cover(m? ha)
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Figure 2. Trends of overstory stem basal area and shrub cover and herb cover in different years since
disturbance cessation.

3.2. Species Richness and Evenness

The richness of the overstory (p < 0.001) and shrub layer (p = 0.036) exhibited significant
influence based on the time elapsed since disturbance cessation (Table 2). In the initial
phase of the enclosure, overstory richness exhibited a rapid increase, peaking at 5-6 years,
followed by a gradual decline. Subsequently, it showed a resurgence after 11-12 years,
reaching a second peak at 2024 years before gradually decreasing again. Conversely,
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the richness of the shrub layer exhibited stability during the initial stages of enclosure,
followed by a notable peak at 28-34 years post-enclosure, subsequently showing a gradual
decline thereafter. Although the richness of the herb layer did not exhibit a statistically
significant change over time (p = 0.156), it reached its maximum at 11-12 years post-closing
time (Figure 3). Furthermore, the evenness in the overstory layer (p = 0.028) and herb layer
(p = 0.009) showed significant variations with time since disturbance cessation (Table 3).
Initially, the overstory evenness was at its lowest, but it increased rapidly with time,
stabilizing after 5 years of enclosure. Herb evenness, on the other hand, reached its lowest
point at 28-34 years. While there was no significant change in shrub evenness, it was
noteworthy that it peaked at 11-12 years (Figure 3).

Richness Evenness

% " layer

4 overstory
050 - shrub

4 herb

0-1 56 11-12 20-24 28-34 Old-growth forest 0-1 5-6 11-12 20-24 28-34 Old-growth forest
Time since closing (years)

Figure 3. Trends of overstory, shrub, and herb richness and evenness in different years since distur-
bance cessation.

Table 3. Indicator species for various years since disturbance cessation.

Time Since Closing (Years) Indicator Species Life Forms Specificity Sensitivity In\c]l;;:z::or
Overstory layer

5-6 Pistacia chinensis Tree 0.954 1 0.977 0.018

11-12 Quercus serrata Tree 1 1 1 0.012
28-34 Castanea mollissima Tree 0.742 1 0.861 0.026
28-34 Litsea cubeba Tree 0.53 1 0.728 0.036
Old-growth forest Liquidambar formosana Tree 0.542 1 0.739 0.004
Old-growth forest Cornus kousa subsp. chinensis Tree 0.886 1 0.941 0.004
Old-growth forest Dead wood Tree 0.897 1 0.947 0.004

Shrub layer

0-1 Alangium chinense Shrub 0.882 1 0.939 0.008

5-6 Nandina domestica Shrub 0.77 1 0.877 0.008

11-12 Celtis biondii Shrub 0.688 1 0.829 0.021

28-34 Spiraea salicifolia Shrub 1 1 1 0.007
Old-growth forest Cornus kousa subsp. chinensis Tree seedling 0.787 1 0.887 0.005

Herb layer

0-1 Oplismenus undulatifolius Gramineae 0.645 1 0.809 0.031

5-6 Nandina domestica Shrub seedling 0.772 1 0.879 0.013

28-34 Dryopteris uniformis Makino Fern 0.787 1 0.887 0.026
28-34 Selaginella tamariscina Fern 0.653 1 0.808 0.028

3.3. Species Composition

The Permanova analysis revealed significant changes in the species composition of
the overstory layer (p = 0.001), shrub layer (p = 0.001), and herb layer (p = 0.001) since
closing time (Table 2). Further analysis using a non-metric multidimensional scaling test
indicated that species in the overstory layer (p < 0.05), shrub layer (p < 0.05), and herb layer
(p < 0.05) exhibited distinct patterns associated with disturbance cessation time (Figure 4).
In the overstory layer, the species composition and interspecific quantity proportion were
similar between 0-1 and 5-6 years, while 11-12, 28-34 years, and old-growth forests
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Figure 4. Non-metric multidimensional scaling ordination of overstory, shrub, and herb layers
species composition for various years since disturbance cessation. Note: Sites nearest each other
in ordination space have similar floristic assemblages, whereas those farther apart are less similar.
Ellipses represent standard errors of the weighted averages of scores corresponding to years since
disturbance cessation.

Similarly, the shrub layer displayed significant differences in species composition and
interspecific quantity proportion between 28-34 years and old-growth forests compared to
the early disturbance cessation stages. The species composition in 5-6, 11-12, 28-34 years,
and old-growth forests were distinctly separated from that of 0-1 years, indicating a pro-
nounced segregation effect. However, the species composition in 2024 years overlapped
with 0-1 years, suggesting a transitional stage in shrub layer composition. In the ordination
space of the herb layer, species composition in 28-34 years and old-growth forests signifi-
cantly differed from that in 0-1 years forests, whereas species composition in 5-6, 11-12,
20-24, and 0-1 years overlapped. Notably, the composition and proportion of species in
the herb layer in 28-34 years were markedly different from those in other years, indicating
a unique community structure in this stage of disturbance cessation.

The indicator species analysis yielded valuable insights into the suitability of different
disturbance cessation stages for specific plant species. During the initial 0-1 years stage,
conditions favored the growth of gramineous herbs like Oplismenus undulatifolius and
tree seedlings belonging to sun-loving plants such as Alangium chinense, indicating their
preferential establishment in this early phase of disturbance cessation. As the disturbance
cessation progressed to 5-6 years, new indicator species emerged, including woody plants
favoring warm and humid environments and exhibiting shade tolerance, such as Nandina
domestica and Pistacia chinensis. A broader array of indicator species appeared with the
passage of disturbance cessation years, particularly in the 28-34 years stage. Here, the
herb layer supported species characterized by shade tolerance and low nutrient demand,
exemplified by species like Dryopteris uniformis Makino and Selaginella tamariscina. Notably,
indicator species of sun-loving plants such as Liquidambar formosana and Cornus kousa
subsp. chinensis, along with the presence of dead trees, distinguished the old-growth forest
(Table 3).

3.4. Linking Resource Availability and Heterogeneity to Herb Diversity

Predictors that showed no significant effect were excluded from the models. The
resulting SEM models provided satisfactory fits for species evenness in the herb layer
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(Figure 5). Notably, overstory evenness exhibited negative direct effects (standardized
coefficient, r = —0.424) and indirect effects via substrate diversity (r = —0.010), and a positive
indirect effect via light availability (r = 0.129) on herb evenness (Figure 5). Moreover, light
availability exerted negative direct effects (r = —0.201) and indirect effects via substrate
diversity (r = —0.205) on herb evenness. These relationships highlight the intricate interplay
between overstory evenness, light availability, substrate diversity, and herb evenness in the
studied ecosystem. The SEM analysis demonstrated that 38.8% of factors influencing herb
evenness originated from overstory evenness, light availability, and substrate diversity,
thereby emphasizing their combined significance in determining herb layer dynamics.

| | (b) Direct effect
Qverstory evenness [ | indirect effect
[ | Total effect

064

0.4

=0.424%

f% .

e 024
Substrate diversity 0544 | ) joht availabili 00 1 =
R=0.310 ( g Eie04d8 ty —!— ‘
\ ) 0.2
‘ R o

-0.4

-0.6

Oversiory evenness  Light availability ~ Substrate diversity

Herb evenness
R2=0.388

Figure 5. Environmental drivers of herb evenness. (a) The structural equation modeling (SEM)
analysis of the effect of overstory evenness, light availability, substrate diversity, and herb evenness.
(b) Direction of total, direct, and indirect effects of overstory evenness, light availability, substrate
diversity, and herb evenness. Note: Red and black solid arrows connecting the boxes represent
significant positive and negative effects (p < 0.05), respectively. Values close to variables refer to the
variance accounted for by the model (R?). Values associated with the arrows represent standardized
path coefficients. *** p < 0.001.

4. Discussion

The research findings reveal that the number of years of closure influences tree diver-
sity, exhibiting a periodic pattern contrary to the initial hypothesis. In the early enclosure
stages, trees experience rapid growth, possibly due to two factors. Firstly, human interfer-
ence in forest ecosystems primarily damages aboveground plant organs or redundant root
systems, allowing plants to thrive and reproduce, aligning with the moderate interference
hypothesis. Secondly, ample resource availability in early enclosure stages favors the
rapid establishment of tree species that prefer sunny conditions and have high nutrient
requirements, facilitating the survival of niche species and contributing to increased species
diversity [26,27].

As the number of years of closure increases, the basal area and biomass of the upper
vegetation continue to rise while resource availability gradually decreases. This uneven
competition for light and resources among tree species increases mortality rates for slower-
growing species [40—42]. During the mid-enclosure period, limited resources in the habitat
may result in less evident ecological niche differentiation among tree species, allowing
for stable coexistence of multiple species. Ecological drift further contributes to increased
species richness within the community [37,43]. After around 20 years of enclosure, tree
richness reaches its highest level. As the community structure evolves, dominant species’
spatial positions also change. In the early enclosure stages, species like maple gradually
retreat, while others like four flowers gain prominence. Subsequently, forest stand crowding
affects resource absorption, reduces available space, and hinders individual tree crown
growth [26,37,44,45]. This intensifies species competition, leading to the withdrawal of
some species from competition. Zonal tree species eventually dominate, forming stable
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communities, and community succession trends toward top-level communities. Our
findings align with the neutral and niche theories, highlighting the complex dynamics of
forest ecosystem succession.

Previous studies on understory vegetation restoration have highlighted the influences
of upper vegetation, light, nutrients, and water on understory vegetation coverage and
richness [46—48]. It was predicted that with increasing closure time, the species richness
of lower vegetation would exhibit a periodic fluctuation trend, initially increasing, then
decreasing, and subsequently increasing again. Research indicates that during the early
stages of the forest closure, low canopy density, ample growth space, and abundant light
and nutrient resources promote the rapid growth of herbaceous plants and shrubs that
thrive in well-lit environments [27,49]. As the forest matures and canopy density rises, a
resource-filtering effect occurs in the upper vegetation layer, reducing the availability of
light and nutrients [47,48]. This results in varying survival abilities among plants in dark
environments due to differences in morphology and physiological characteristics [36,48].
Consequently, some herbaceous and light-loving plants with high nutrient requirements
gradually withdraw from the community, reducing understory shrub and herbaceous
coverage and diversity [48,49]. This study observed a decline in understory herbaceous
coverage and diversity after 5-6 years of enclosure. After 11 to 12 years of enclosure,
removing certain upper-level trees from the community increased resources and space
availability, increasing species diversity in the understory shrubs and herbaceous layers.
However, as enclosure time progresses, tree species diversity increases, increasing canopy
density and decreasing light availability, reducing shrub and herbaceous plant richness.
By 28 to 34 years of enclosure, the tree layer community pattern shifted, with dominant
tree species such as maple and four flowers. This transition affected the spatial distribu-
tion of tree species, shifting from aggregation to uniformity and influencing understory
vegetation diversity.

As the number of years of closure increases, certain tree species with larger growth ca-
pacities restrict water and nutrient transportation to the crown [36,50]. Concurrently, their
physiological functions, such as photosynthesis rate, decline, leading to carbon starvation
or susceptibility to slight disturbances, resulting in mortality [27,51] and gradual gap for-
mation in the canopy. This process contributes to increased species diversity and evenness
among herbaceous plants, fostering the emergence of shade-tolerant and low-resource-
tolerant species, thereby enhancing the complexity of understory vegetation composition
and structure [52]. These changes in understory vegetation can be attributed to resource
diversity and availability shifts. The gradual accumulation of withered and fallen trees
increases light availability, while the buildup of litter and coarse wood residues enhances
substrate diversity. This reduction in intermediate competition facilitates species’ survival
in different ecological niches. The correlation analysis indicated a positive relationship
between herbaceous plant diversity and evenness with light availability, further supporting
these observations.

The correlation analysis results also showed that the evenness of tree species was
negatively correlated with the coverage of shrub species and the evenness of herbaceous
species, and the diversity index of tree species was negatively correlated with the diversity
and evenness of herbaceous species. This result also explains the complex correlation be-
tween different vegetation layers, with the tree layer being the driving factor for understory
vegetation species diversity and coverage [8,53]. Previous studies have found a negative
correlation between shrub coverage and herbaceous coverage, while our research has found
a positive correlation between shrub and herbaceous coverage. This may be due to the
filtering effect of trees on understory resources [47], which causes weak competition in the
shrub layer and insufficient to affect herbaceous coverage.

Previous studies have found that gramineous plants that prefer light and nutrients
will appear in the early stages of recovery [54-56]. In contrast, shade-tolerant ferns will
appear in the later stages of forest development [26,27]. Our study also obtained the same
results. Similarly, our indicator species analysis also found that different indicator plants
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appeared in different years of enclosure. In the early stage of the enclosure, there was
sufficient light and resources, indicating that the species was the rice-seeking grass of the
Poaceae family, while in the later stage of the enclosure, shade-tolerant plants such as the
same-shaped fern and Selaginella were found.

The composition and distribution of understory vegetation communities are signifi-
cantly influenced by the quantity and heterogeneity of environmental resources [48,49,54].
Light availability plays a crucial role in plant community renewal and succession, influ-
encing the spatial distribution of plants. However, the correlation between light avail-
ability /heterogeneity and shrub and herbaceous plant coverage, diversity, and richness is
insignificant (Figure 5). Light conditions impact germination, rooting conditions, growth
status, and functional composition, shaping forest ecosystem vegetation renewal and suc-
cession. Herbaceous plants in particular are susceptible to changes in light resources
compared to upper vegetation [46—48]. Small-scale variations in understory lighting con-
ditions dictate herbaceous plant growth [37], fostering diverse habitats and species with
varying light requirements. The current study revealed that tree diversity, richness, and
evenness influence light availability and heterogeneity, correlating positively with shrub
and herbaceous plant coverage, diversity, and richness. This suggests that tree species com-
position and diversity impact forest light environments, influencing understory vegetation
distribution. Litter degradation and soil nutrient regulation affect understory shrubs and
herbaceous plants’ coverage and diversity [37,48].

Light utilization decreases rapidly as the enclosure is implemented, resulting in upper
vegetation succession and substrate diversity alterations. This is primarily due to the
accumulation of litter, coarse woody residues, and fallen trees. These alterations subse-
quently impact the understory vegetation and herbaceous plants. The availability of light
directly affects the diversity of herbaceous plants and indirectly influences it by altering
temperature, humidity, and decomposition rates, thereby modifying substrate diversity.
Furthermore, the findings of this study reveal that 38.8% of the herbaceous evenness is
influenced by light, upper vegetation evenness, and substrate diversity. This underscores
the significance of considering soil physicochemical properties and site conditions in com-
prehending the dynamics of herbaceous diversity. However, future studies must delve
deeper into the mechanisms driving these dynamics to inform more effective restoration
and management strategies for degraded forest ecosystems.

5. Conclusions

The present investigation offers insights into the vegetation dynamics of subtropical
deciduous broad-leaved forests in Eastern China, following restoration through mountain
closure. Over time, fluctuations in the diversity of the overstory and understory were
observed, revealing specific indicator species prevalent during different closure stages.
Contrary to expectations, soil resources were not the primary determinant of understory
diversity. Instead, 38.8% of the variation in herbaceous evenness was found to be associated
with light availability, while the overstory vegetation influenced substrate diversity. During
the succession phase, these factors primarily influenced understory dynamics through their
impact on the overstory and substrate, emphasizing the importance of considering the
interactions between vegetation layers and environmental factors. This underscores the
significance of disturbance cessation duration, light availability, and substrate diversity in
shaping vegetation dynamics. Furthermore, the observed variations in herbaceous even-
ness were notably influenced by overstory evenness, providing valuable insights into the
intricate interactions of vegetation in restored forest ecosystems. These findings emphasize
that cessation of anthropogenic disturbance can maintain and care for understorey plant
diversity and contribute to the sustainable management of planted forests.
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