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Article
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Communities at Varying Latitudes in Karst Regions
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Abstract: Exploring the changes in plant functional traits and their relationship with
the environment in karst climax communities across different latitudes can enhance our
understanding of how these communities respond to environmental gradients. In this
study, we focus on climax karst climax plant communities in Guizhou Province, China.
We selected three sample sites located at varying latitudes and analyzed the variations in
functional traits of the plant communities at these latitudes. Additionally, we examined
the relationship between functional traits and environmental factors, integrating species
characteristics and community structure into our analysis. The results indicated that
(1) there were significant differences in both the community leaf aspect ratio and the
community-specific leaf area. (2) Soil organic carbon content exhibited significant variations
across different latitudes, while soil nitrogen content was notably higher in mid-latitude
and low-latitude regions compared to high-latitude areas. The distribution of soil factors
was more concentrated in high and mid-latitude regions, whereas low-latitude areas
displayed more pronounced variability. (3) The primary environmental factors influencing
the climax community in the karst study area included soil water content (SPMC), soil
bulk density (BD), soil organic carbon content (SOC), soil nitrogen content (SNC), and
soil phosphorus content (SPC). Our findings suggest that karst plant communities exhibit
specific combinations of functional traits at distinct latitudes. With increasing latitude, the
community demonstrated a gradual shift in ecological strategy from conservative to more
opportunistic. Most environmental factors imposed limiting effects on plant functional
traits, with plants primarily constrained by BD during growth. Among the responses
of plant functional traits to environmental factors, community-weighted leaf area and
community-weighted chlorophyll content were the most sensitive to soil conditions.

Keywords: latitudinal gradient; climax communities; functional traits; environmental
factors; karst

1. Introduction
Plant functional traits represent the expression of plant function and morphology

under varying environmental conditions. The karst landscape is formed through the
geological processes of water interacting with soluble rocks, such as carbonate rocks,
gypsum, and rock salt. This interaction primarily involves chemical dissolution and
erosion, complemented by mechanical actions, including water erosion, subduction, and
collapse, as well as the phenomena resulting from these processes. Erosion is enhanced by
mechanical processes such as flowing water, submerged erosion, and collapse, along with
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the phenomena resulting from these actions [1]. These traits reflect the ecological strategies
of species and are frequently utilized to explain and predict community and ecosystem
functions [2]. Leaves are essential functional organs in plant photosynthesis and are also the
structures that interact most frequently with the surrounding environment. Investigating
changes in leaf traits to understand plant adaptation to environmental conditions has
become a significant method for studying the structure of plant communities [3]. The climax
community refers to the community structure that emerges at the conclusion of vegetation
restoration, and its characteristics significantly influence the maintenance and stability of
forest ecosystems. Among the factors affecting plant functional traits, soil characteristics are
a crucial component [4]. In studies of plant communities, both topographic and soil factors
can determine the distribution of functional traits [5], and different soil characteristics can
exert varying effects on these traits [6]. Within specific habitats, distinct ecological strategies
may converge or diverge among different communities, and functional traits will respond
accordingly to environmental conditions [7].

Karst areas are highly heterogeneous and characterized by fragility and complexity.
The study of the genesis of plant communities in these regions is significant for under-
standing the adaptation of plant traits to habitat heterogeneity. Research has confirmed
that the leaf functional traits of plants exhibit a pronounced gradient pattern along var-
ious environmental gradients, such as climate and soil. Additionally, there are notable
differences in the functional traits of different plant species under identical environmental
conditions [8]. As a gradient effect encompassing multiple environmental factors, exam-
ining the latitudinal patterns of species diversity is essential for exploring the dynamic
responses of species to their environment, understanding the processes of community
aggregation in different climatic zones, and predicting the future impacts of climate change
on biodiversity [9]. Currently, most studies conducted by ecologists on the mechanisms of
species coexistence in karst habitats are independent pieces of research that are scattered
across various latitudinal belts.

The research conducted by Cheng et al. [10] on the genealogical and functional di-
versity of tropical cloud forest communities in Bawangling, Hainan Island, demonstrated
that habitat filtering is a key factor driving community structure. Kemble et al. [11] found
that the genealogical structure of Panama’s tropical rainforest plant communities gradually
clusters with increasing spatial scales. Additionally, Li et al. [12], in their study of the
species within evergreen-deciduous-broad-leaved mixed forests of the Central Subtropical
Karst, discovered a strong correlation among different plant functional traits, various func-
tional diversity indicators, and multiple functional redundancy indicators, which existed
to varying degrees. In a study examining the phylogeny and functional trait structure of
plant communities across different latitudes, Miao et al. [13] found that environmental
filtering and competitive exclusion predominantly influenced species aggregation in most
communities. Environmental factors such as soil water content, soil acidity and alkalinity,
and average annual air temperature significantly impacted the pattern of plant traits. While
the findings of these studies provide valuable insights into the community dynamics of
their respective zones, the conclusions require further verification and expansion through
subsequent research on communities at different latitudes, due to the lack of continuity in
the scale of the studies.

This paper focuses on karst climax communities at various latitudes, examining
how environmental changes along different latitudinal gradients contribute to regional
variations in vegetation and environmental conditions. The study aims to investigate the
following questions based on species, traits, and environmental factors. (1) How do the
functional traits of karst climax communities vary along the latitudinal gradient? (2) What
are the patterns of adaptation regarding functional traits and environmental factors in
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climax communities across different latitudinal gradients? By addressing these questions,
we can evaluate the ecological and evolutionary processes that influence the ecological
strategies of plants in karst top communities across varying latitudes.

2. Study Area and Research Methodology
2.1. Overview of the Study Area

Typical karst climax communities in Guizhou Province, China, were selected as the
study sample (Figure 1). Field investigations revealed that the soil-forming rocks at the
three sample sites were predominantly dolomite and limestone, with minimal soil coverage,
more exposed rock surfaces, and shallow soil layers present only in depressions and valley
bottoms. In the plant distribution area, the soil-forming rocks include sandstone, sandy
shale, siliceous rock, and carbonate rock. The soil is primarily composed of siliceous-
aluminous yellow–brown loam, followed by siliceous-aluminous yellow loam, yellow
loam, and yellow–brown loam, with the soil layer at the top of the ridge measuring 20 to
30 cm in thickness. We established two criteria for selecting the apex community: first,
our research team had previously studied these plots, and second, the biomass of the
apex community was the most significant in the entire forest, exhibiting greater species
richness, and the plants were larger and less individually differentiated. The external
characteristics of the vegetation indicated that trees were the dominant species, while
shrubs and herbaceous plants were relatively scarce. After consulting with the staff of
the nature reserve, we identified the climax communities in different reserves and used
them as sample sites for this study. The climate of the Dashahe area is characterized by
high humidity and year-round fog and an annual average temperature of 17.7 ◦C, with
annual precipitation ranging from 1200 to 1360 mm, high relative humidity, and a humid
monsoon climate typical of the northern subtropics. The Yuntai Mountain area has an
annual average temperature of 14.1 ◦C, with an extremely high temperature of 39.4 ◦C
and a frost-free period of 209 days; the annual precipitation is 943.3 mm. The Maolan area
experiences a middle subtropical monsoon temperate climate, with an average annual
temperature of 15.3 ◦C, an average annual temperature variation of 18.3 ◦C, and a growing
season lasting 237 days. The annual precipitation in this area is 1752.5 mm, and the average
annual relative humidity is notably high.
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Figure 1. Schematic diagram of the distribution of sample sites in the study area. DSH represents the
sample site in the high-latitude region of Dashahe, YTS reaches the sample site in the mid-latitude
region of Yuntai Mountain, and ML represents the sample site in the low-latitude region of Maolan.
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The minimum sample area was determined to be 900 m2 (30 m × 30 m) using the
‘species-area curve’ method. To ensure ecological significance, three sample plots (replicates)
were established for each climax stage, resulting in a total of nine sample plots covering an
area of 8100 m2. Initially, we set up the sample plots and assessed the diversity of the plant
communities in the study area. During the peak of the growing season, we collected plant
leaves and soil samples from the designated plots.

2.2. Sample Setup

The community composition survey referenced the methods of Fang et al. [14]. In each
sample plot, nine small sample squares were established, and each square was surveyed for
trees, shrubs, and herbs. Specifically, nine tree samples were designated within each plot,
with each tree sample covering an area of 10 m × 10 m. Four shrub samples were arranged
in each plot along the diagonal, with each shrub sample occupying an area of 5 m × 5 m.
Additionally, one herb sample was established within each shrub sample, covering an area
of 2 m × 2 m. Thus, in one sample plot, we collected nine tree samples, each measuring
10 m × 10 m, four shrub samples measuring 5 m × 5 m, and four grass samples measuring
2 m × 2 m. We surveyed and recorded all species within the sample plots and measured
their respective traits.

The basic information for each sample plot at the terminal stage is presented in Table 1.

Table 1. Basic situation of plots.

Sample Site Dominant Species Cover (%) Elevation (m) Longitude (◦) Latitude (◦)

DSH

Fagus longipetiolata,
Cunninghamia lanceolata,

Woonyoungia septentrionalis,
Synedrella nodiflora

85 645.58 107.576389 E 29.102778 N

YTS
Liquidambar formosana, Rhus

chinensis, Styrax confusus,
Pteridium aquilinum

80 667.83 108.116208 E 27.110187 N

ML
Cornus wilsoniana, Lindera

communis, Nandina domestica,
Selaginella tamariscina

90 744.35 108.022222 E 25.258333 N

2.3. Sample Collection and Processing

(1) Plant leaf sampling and processing

Leaf collection is divided into two parts. The first part involves collecting plant leaves
from all species present at the sampling site for trait determination. The second part
focuses on collecting leaves from the dominant species at the site for nutrient analysis.
Prior to this, the dominant species (or those with significant importance values) in each
stratum of the community were identified by integrating preliminary plant surveys with
species diversity data analysis. Subsequently, samples were collected. In each 30 m × 30 m
sample plot containing tree species in the arboreal layer, three to five healthy plants were
selected as sample plants. Leaves from the four cardinal directions of the crowns of these
sample plants were collected using high-pruning shears, resulting in a total of 27 arboreal
sample leaves. The arborvitae leaves were divided into two portions and bagged. A
portion of the samples was used to measure blade thickness using vernier calipers. To
minimize measurement errors, leaf thickness was recorded on the same day the samples
were collected. Additionally, 10 to 20 leaves were prepared for determining leaf area, leaf
length, specific leaf area, and other relevant parameters. The second portion was placed in
a sealed bag, transported to the laboratory, and dried in an oven at 75 ◦C until a constant
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weight was achieved. Subsequently, the dried leaves were crushed in a pulverizer, ground,
sieved, labeled, and stored in bags for the analysis of soil organic carbon content (SOC),
soil nitrogen content (SNC), and soil phosphorus content (SPC).

(2) Soil Collection

Selection of soils corresponding to the vegetation types of plant communities in the
study area. A diagonal sampling method was employed to identify five sampling points
within each sample plot, focusing on the soil layer of 0–20 cm. Due to the thin soil layer
characteristic of karst areas, the actual depth may be less than 20 cm; thus, the specific
depth during sampling shall prevail. The soil samples were mixed in equal volumes
to create a composite sample, which was then placed into a sealed bag for elemental
analyses, including soil organic carbon content (SOC), soil nitrogen content (SNC), and
soil phosphorus content (SPC). Concurrently, a ring knife was used to collect samples
for assessing soil water content and soil bulk density. The retrieved soil samples were
transported to the laboratory, where gravel and debris were removed. The samples were
then air-dried, ground, sieved, bagged, and labeled. The ring knife was dried at 100 ◦C
until a constant weight was achieved, after which the dry weight was determined.

2.4. Determination of Functional Properties and Analysis of Samples

(1) Elemental Determination

The organic carbon content of both plant and soil samples was determined using the
potassium dichromate oxidation-external heating method [15]. Plant samples were digested
using the H2SO4-H2O2 method, while total nitrogen was measured by the indophenol
blue colorimetric method (NY/T2017-2011) [15]. Total phosphorus was assessed using
the molybdenum-antimony colorimetric method (NY/T2017-2011) [16]. For soil samples,
total nitrogen was measured using the Kjeldahl method (LY/T1228-2015) [17], and total
phosphorus was determined by the NaOH melting-molybdenum-antimony colorimetric
method (LY/T1232-2015) [18]. Additionally, the potassium content in both plant and soil
samples was analyzed using flame spectrophotometry.

(2) Determination of Functional Traits

Based on the principles of plant growth characteristics, resource acquisition, nutrient
content and distribution, ease of trait determination, and reliability, six traits were selected
for the assessment of functional traits (Table 2). The determination methods were referenced
from the new manual for standardized measurement of functional traits in plants world-
wide [19]. Leaf thickness was measured using electronic vernier calipers (Deli, DL91150,
Shanghai, China), while chlorophyll content was assessed with a chlorophyll meter (caaKEr,
MLCK-A, Beijing, China). Leaf fresh weight was recorded using a 1 in 10,000 electronic
analytical balance, and leaf dry weight was determined after drying the samples in an oven
and weighing them again with the same analytical balance (Leqi, YT1004, Shanghai, China).
Leaf length, width, and area were scanned and calculated using a scanner in conjunction
with Photoshop software 13.0 (HP, HPScanJet N92120, Shanghai, China). Additionally,
the carbon (C), nitrogen (N), and phosphorus (P) contents, along with their ratios, were
obtained through direct measurements.
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Table 2. Functional trait indicator selection.

Functional Feature Type Data Type Attribute

Leaf thickness (LT) numerical value Leaf blade thickness (mm)
Leaf area (LA) numerical value Mean leaf blade area of species (cm2)

Specific leaf area (SLA) numerical value Fresh leaf area/leaf dry mass (mm2/mg)
Chlorophyll (CHL) numerical value Leaf blade chlorophyll content (%)

Leaf aspect ratio (LWR) numerical value Leaf blade length to width ratio (%)
Leaf tissue density (LTN) numerical value Leaf blade dry weight/leaf volume (g/cm3)

2.5. Data Processing

The community-weighted mean (CWM) of functional traits in karst plant communities
was derived from the weighted average of species’ functional trait values and their relative
abundance [20]. The formula for its calculation is as follows:

CWM =
s

∑
i=1Pi×Vi

where “S” represents the number of species in the community, “Pi” denotes the relative
abundance of species “i”, and “Vi” indicates the value of a functional trait characteristic of
species “i”. The importance value of the arbor layer was calculated as (relative abundance
+ relative frequency + relative dominance based on diameter at breast height)/3 and shrub
and grass layers as (relative abundance + relative frequency + relative cover)/3.

The data were initially collated using Microsoft Excel 2019 and tested for normality
and variance using the Kolmogorov–Smirnov normality test before analysis. Data were
analyzed using SPSS version 25.0 [21], employing one-way ANOVA and Tukey’s HSD for
multiple comparisons to assessing variations in leaf functional traits, soil characteristics,
and other factors across latitudinal gradients in plant communities. Pearson correlation
analysis was conducted to elucidate the relationships between these metrics, with the data
presented as mean ± standard deviation. To further investigate the variation in plant
community leaf functional traits and soil factors, we utilized the ‘ggcor’, ‘vegan’, and
‘ggplot2’ software packages in R version 4.3.2 for correlation analyses. We analyzed violin
plots using the ‘ggpubr’ and ‘cowplot’ packages. Additionally, we conducted Redundancy
Analysis (RDA) of environmental factors and plant leaf functional traits across latitudinal
gradients using the Vegan software package. Furthermore, we employed ‘WGCNA’ and
‘igraph’ for network analyses and ‘reshape’ for bubble plot analyses. All statistical analyses
and visualizations were performed using R version 4.3.2 [22].

3. Results and Analysis
3.1. Changes in Leaf Functional Traits of the Climax Community at Varying Latitudes

As shown in Figure 2, the chlorophyll content of the karst climax community exhibited
significant variations across latitudes, with low latitude (36.42) > high latitude (34.97) > mid-
latitude (30.29). Leaf thickness was significantly greater at high latitudes (0.25) compared to the
other latitudes (both at 0.17). The community leaf area demonstrated a significant difference
between mid-latitude and low latitude, with low latitude (22.07) > mid-latitude (20.15). The
leaf aspect ratio was significantly different, showing mid-latitude (4.30) > low latitude (3.57) >
high latitude (2.79). Significant differences were also observed in the specific leaf area, with low
latitude (346.24) > mid-latitude (307.81) > high latitude (199.47). Community leaf tissue density
was significantly different between mid-latitude and low latitude, with mid-latitude (2.65) >
low latitude (1.61). The distribution of chlorophyll was more dispersed between low and
mid-latitudes, while it was more concentrated at low latitudes. The distribution of leaf
thickness was more concentrated in the high-latitude cluster and more dispersed in the mid-
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and low-latitudes. Chlorophyll distribution was more widely dispersed in the same regional
assay, showing distinct dispersion values in high and mid-latitude communities, while it was
more dispersed in low-latitude areas. In contrast, the distribution of leaf aspect ratios was
more concentrated, displaying distinct discrete values for high- and low-latitude communities,
whereas it was more dispersed in mid-latitude regions.
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statistical analysis, a one-way ANOVA was utilized for comparative assessments. The symbol * indicates
significant differences (p < 0.05), ** indicates highly significant differences (p < 0.01), and NS denotes non-
significant differences. Three individuals were measured per replicate, with three replicates for each cate-
gory and three replicates for each plant community. CWM.CHL (A)—community-weighted chlorophyll
content, CWM.LT (B)—community-weighted leaf thickness, CWM.LA (C)—community-weighted leaf
area content, CWM.LWR (D)—community-weighted leaf aspect ratio. CWM.SLA (E)—cluster-weighted
specific leaf area content, CWM.LTN (F)—cluster-weighted leaf tissue density.

The distribution of specific leaf area was more concentrated, exhibiting distinct discrete
values for the high-latitude and mid-latitude clusters, while it was more dispersed in the
low-latitude region.

3.2. Correlations Between Leaf Traits in the Climax Community

Leaf area exhibited a highly significant positive correlation with specific leaf area
and chlorophyll content (Figure 3). In contrast, specific leaf areas demonstrated a highly
significant negative correlation with leaf tissue density, chlorophyll, leaf thickness, and
leaf aspect ratio. Additionally, leaf tissue density showed a highly significant negative
correlation with leaf thickness. Chlorophyll content was found to have a highly significant
positive correlation with leaf thickness. Finally, leaf thickness exhibited a significant positive
correlation with leaf aspect ratio.

3.3. Changes in Environmental Factors of the Climax Community at Different Latitudes

As illustrated in Figure 4, the soil capacity of the karst climax community exhibited
significant variations across different latitudes, with mid-latitude (1.30) > high latitude (1.17) >
low latitude (0.68). Soil water content also demonstrated notable differences among latitudes,
as indicated by low latitude (31.72) > high latitude (17.38) > mid-latitude (15.75). Furthermore,
soil organic carbon content varied significantly across latitudes, with low latitude (22.37) >
mid-latitude (11.28) > high latitude (4.31). Soil nitrogen content was significantly higher in
mid-latitude (6.66) and low latitude (6.20) compared to high latitude (2.50). Soil phosphorus
content showed significant differences across latitudes, with low latitude (1.60) > high latitude
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(0.74) > mid-latitude (0.57). The SCN was significantly higher at low latitude (3.62) than at
mid-latitude (1.69) and high latitude (1.71). The SCP was significantly greater in low and
mid-latitude (19.73) than in high latitudes (5.73). Additionally, the SNP was significantly
higher in mid-latitude (11.68) compared to high latitude (3.33) and low latitude (4.47). The
distribution of soil factors was more concentrated in the high and mid-latitude regions, while
the low-latitude region exhibited more significant discrete values.
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* Indicates significant difference (p < 0.05), *** indicates highly significant difference (p < 0.001).
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non-significant differences. Three individuals were measured per replicate, with three replicates
for each category. BD (A)—soil bulk density, SPMC (B)—soil water content, SOC (C)—soil or-
ganic carbon content, SNC (D)—soil total nitrogen content, SPC (E)—soil total phosphorus content,
SCN (F)—soil carbon to nitrogen ratio, SCP (G)—soil carbon to phosphorus ratio, SNP (H)—soil
nitrogen to phosphorus ratio. Soil nitrogen–phosphorus ratio.

3.4. Relationships Between Environmental Factors and Leaf Traits in the Climax Community

As demonstrated by the Redundancy Analysis (Figure 5), the first axis of environmental
factors explained 77.27% of the variance in plant functional traits, while the first two axes of
the Redundancy Analysis (RDA) accounted for a total of 88.75% of the explained variance.
The primary environmental factors influencing the climax community in the karst study area
included soil water content (SPMC), soil bulk density (BD), soil organic carbon content (SOC),
soil nitrogen content (SNC), and soil phosphorus content (SPC). Their relative influence, in
descending order, was as follows: BD > SPMC > SPC > SNC > SOC. From the distribution
of the sample sites, it is evident that in the low-latitude region, the specific leaf area of the
community exhibited a positive correlation with soil phosphorus content, soil water content,
and soil organic carbon. Additionally, soil phosphorus content and soil organic carbon
were positively correlated. The first two axes of the Redundancy Analysis (RDA) explained
88.75% of the total variance, indicating that soil phosphorus content and soil moisture content
were the primary environmental factors influencing the area. In the mid-latitude region,
community-weighted leaf area and leaf tissue density exhibited a positive correlation with
soil bulk density, which was identified as the predominant environmental factor. In high-
latitude areas, community leaf thickness, leaf aspect ratio, and leaf dry matter mass exhibited
strong correlations and were more concentrated. Furthermore, chlorophyll emerged as a
prominent community trait in high-latitude regions, displaying a negative correlation with
soil nitrogen content.
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Figure 5. RDA ordination of plant community functional traits with soil factors. The red line is the
plant functional trait and the blue line is the environmental factor.

The network analysis of correlations between community traits and leaf-soil nutrients
is illustrated in Figure 6A. Measurements with a p-value of less than 0.05 are connected by
correlation lines, with red lines indicating positive correlations and blue lines indicating
negative correlations. These measurements are categorized into three groups: community
traits, leaf nutrients, and soil nutrients. The segments of the correlation lines were counted,
resulting in the creation of Figure 6B. As shown in Figure 6B, the size of the circular bubbles
represents the number of correlation lines among the three categories, with specific values
labeled in the figure. A total of 50 correlation lines were identified, of which 4 (8%) were
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between community traits and leaf nutrients. Additionally, there were 5 (10%) correlations
between community traits and soil nutrients, 13 (26%) between leaf nutrients and soil
nutrients, and 28 (56%) correlations among similar measurements (calculated as 4 + 7 + 17).
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Figure 6. Network relationships of community functional traits with leaf nutrients and soil factors.
LCC—leaf organic carbon content, LNC—leaf total nitrogen content, LPC—leaf total phosphorus content,
LCN—leaf C:N, LCP—leaf C:P, LNP—leaf N:P, meanings of the rest of the letters refer to Figures 2 and 4.
In (A), the red line indicates a positive correlation, and the blue line indicates a negative correlation.
cwm stands for community functional traits, LN—leaf nutrient content, EN—soil factor. In (B), the
numbers surrounding the bubbles indicate the total count of correlation links between the variables.

4. Discussion
4.1. Changes in the Laws of Plant Functional Traits in Karst Vertex Communities Across
Different Latitudes

The results of this study indicated that the community-weighted mean specific leaf
area decreased significantly with increasing latitude, which aligns with the latitudinal
distribution patterns of leaf traits identified by Reich [23] and Wright [24]. A lower specific
leaf area (SLA) suggests that the plant community is more adept at utilizing environmental
resources [25]. The study area is characterized by a typical karst plateau rocky desertifi-
cation landscape, which has relatively limited soil and water resources. As plant traits
change, leaves enhance water use efficiency by minimizing water loss due to transpira-
tion. Additionally, plant communities improve their adaptability to the environment by
optimizing nutrient utilization and conserving water. These findings are consistent with
the conclusions drawn by Liu et al. [26], Zhang et al. [27], and Li et al. [28]. As latitude
increases, hydrothermal conditions diminish, leading to increased environmental stress.

High-latitude polar communities are predominantly characterized by coniferous
forests, where coniferous leaves are adapted to minimize water loss by increasing leaf
thickness. In this study, the community-weighted mean leaf thickness (CWM.LT) decreased
with decreasing latitude, while the community-weighted mean leaf area (CWM.LA) in-
creased with decreasing latitude (Figure 2C). This suggests that plants enhance their leaf
surface area by reducing leaf thickness (LT) and increasing leaf area (LA) to effectively
capture light resources [29]. Additionally, communities characterized by thinner leaves
were observed at lower latitudes, a condition attributed to plant adaptations aimed at mini-
mizing aerobic respiration and conserving nutrients. Furthermore, the results indicated
that leaf tissue density was significantly higher in mid-latitudes compared to other regions.
This phenomenon is likely due to the pronounced impact of human activities on areas
outside the mid-latitude apex community [30]. Species within these stands adapted to their
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environment under stressful conditions primarily by developing mechanical resistance,
reducing nutrient cycling, and employing other defensive strategies against high-input
pressures. These strategies included decreasing leaf area (LA), enhancing photosynthetic
rates, and increasing leaf thickness density (LTD) to cope with the resource-poor peak scrub
landscape characteristic of the region [31]. Species within these stands have adapted to
environmental stressors primarily by enhancing their mechanical resistance, reducing nu-
trient cycling, and employing various defense strategies against high-input pressures (e.g.,
decreasing leaf area, increasing photosynthetic rates, and enhancing leaf tissue density).
These adaptations are essential for survival in the resource-limited peak scrub landscape of
the region [32]. Our results indicate that CWM.CHL, CWM.LT, CWM.LA, and CWM.LTN
exhibit insignificant changes in trait characteristics across latitudes, demonstrating trait
convergence. Trait convergence typically arises from environmental filtering and competi-
tive exclusion. Specifically, environmental pressures can limit the range of viable species,
leading to similar traits among different species that adapt to the environment. This
phenomenon occurs due to environmental filtering, resulting in trait convergence at the
community level [33]. Additionally, trait convergence may also arise when competitively
advantaged species with similar trait values exclude competitively disadvantaged species
with differing trait values [34].

4.2. Changes in Soil Factors in Karst Vertex Communities at Varying Latitudes

Karst landscapes represent a fragile ecological environment characterized by high
habitat heterogeneity and complex geomorphology. The distribution and changes in
soil nutrients significantly influence plant functional traits, as well as their growth and
development [35,36]. The nutrient content of soil fractions serves as a crucial indicator for
characterizing the composition and quality of soil organic matter [37]. The SCN can be
utilized to assess the rate of decomposition of soil organic matter, while the SCP indicates
the availability of effective phosphorus in the soil. Additionally, the SNP is the most
effective indicator for predicting nutrient limitations in forest ecosystems.

In this study, the SCN, SCP, and SNP of the climax community soils were found to
be 2.33, 14.41, and 6.50, respectively. These values are relatively low compared to global
forest soils [38] (14.5, 211, and 14.6) and national terrestrial surface soils [39] (14.4, 136,
and 9.3). This finding aligns with the study by Liu et al. [40], which suggests that the soil
phosphorus levels are high while nitrogen levels are deficient, indicating an N-limited
type of soil. When comparing soils across different latitude climax communities, it was
observed that low-latitude areas exhibit higher soil water content, soil organic carbon, and
soil phosphorus content, with significantly higher C:N ratios than other regions. The harsh
living environment of the Maolan Karst forests, which grow on dolomite and limestone,
results in very little soil presence and a high ratio of bare rock. Soil is primarily found in
depressions and at the bottoms of valleys, where a shallow layer of soil exists. Additionally,
scattered humus soil can be found in some stone gullies and crevices [41]. The soil surface
is often covered with dead leaves, contributing to a soft, moist, and organic matter-rich
environment. The distribution of soil factors is more concentrated in high and mid-latitude
areas, while low-latitude areas exhibit more pronounced discrete values [42].

4.3. Response of Plant Functional Traits in the Climax Community to Environmental Factors at
Different Latitudes

The environmental factors that decisively influence the distribution of plant functional
traits are usually different at different scales, and the distribution of functional traits at a
given site is often the result of cascading filtration from large to small scales as well as the
combined effects of multiple factors [43]. The distribution patterns of community functional
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traits along spatial environmental gradients at large scales often stem from differences in
functional traits within communities [7,24].

In this study, Redundancy Analysis (RDA) demonstrated a strong correlation between
soil factors and leaf functional traits, consistent with the findings of Wang et al. [44]. Key
environmental factors influencing plant functional traits in the climax community of the
karst study area included SNC, BD, SPC, SPMC, and SOC (Figure 5). In low-latitude
areas, these environmental factors were influenced by a greater number of additional
environmental variables, leading to a stronger dependence of plant nutrient content on
soil nutrients (Figure 6). Some of these nutrients were utilized for plant growth and
organic matter accumulation, while others helped plants resist nutrient deprivation. The
impact of total soil nitrogen was particularly pronounced in low-latitude regions, where
communities dominated by glossy balsam and balsam trees exhibited a conservative
strategy characterized by a combination of low specific leaf area and leaf thickness [32].
The results of this study also indicated that the functional traits of plant communities at low
latitudes may be influenced by soil water content, soil phosphorus content, and soil organic
carbon, particularly affecting changes in community-specific leaf area. This finding aligns
with the research conducted by Zhou et al. [45]. Specific leaf area serves as a functional
trait indicator that characterizes the interactions between plants and their environments; it
is generally smaller in barren or harsh conditions and larger in resource- and nutrient-rich
environments. Furthermore, both intraspecific and interspecific specific leaf areas tend to
increase with rising temperatures but decrease with increased solar radiation, indicating
that plant leaves are thinner in warmer environments and thicker in well-lit conditions [46].
Our study revealed a significant decrease in specific leaf areas with increasing latitude,
suggesting that habitat barrenness intensifies in karst climax communities as latitude
increases. Under similar conditions, temperatures in the karst climax community decline
with increasing latitude. The functional traits of plant communities in mid-latitudes
may be influenced by soil nitrogen content and soil bulk density, particularly affecting
community leaf area and leaf tissue density. The size of the leaf area directly impacts
photosynthetic efficiency, which, to some extent, reflects the level of plant production [41].
Mid-latitude regions are more susceptible to human activities, and species within these
stands primarily adapt to environmental stressors by developing mechanical resistance,
reducing nutrient cycling, and employing other defensive strategies against high input
pressures (e.g., reducing leaf area, enhancing photosynthesis rates, increasing leaf thickness
density, etc.) [47].

The functional traits of plant communities in high-latitude regions may be influenced
by soil nitrogen content and soil organic carbon levels. However, changes in the functional
traits of these plant communities—excluding chlorophyll—are not significantly driven
by soil factors. This suggests that the structure and complexity of plant communities
result from a combination of multiple soil factors rather than the influence of a single soil
factor [48].

In this study, the primary soil factors were ranked as follows: BD > SPMC > SPC >
SNC > SOC. This ranking may be attributed to the shallow and thin soil layers characteristic
of karst areas, which exhibit limited water and fertilizer retention capacity. Additionally,
soil erosion can deplete both water and soil organic carbon, resulting in reduced water
content and organic carbon levels in the study area. The explanation rate of environmental
factors on functional traits, as illustrated in Figure 6, supports this observation. In karst
regions, environmental heterogeneity significantly influences plant leaf traits, which can
vary considerably both between and within species. Generally, these traits exhibit a
combination that results in lower specific leaf area and leaf area. This trait combination
suggests that plants are likely to develop a set of drought-resistant traits to adapt to the
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physiological drought induced by habitat characteristics, such as shallow karst soils and
soil water leakage.

5. Conclusions
(1) Karst plant communities display distinct functional trait combinations at varying

latitudes. As latitude increases, the resource utilization traits shift to a combination
characterized by high leaf thickness (LT) and low specific leaf area (SLA). In terms
of overall changes, the functional traits of the apex communities exhibited some
convergence effects, which may be attributed to the limited variation in environmental
pressures with latitude in the karst region;

(2) Bulk density (BD), soil microbial carbon (SPMC), soil nitrogen carbon (SNC), soil
phosphorus content (SPC), and soil organic carbon (SOC) play a significant role in
the changes in functional traits during the process of plant restoration. Plants are
primarily limited by bulk density (BD) during growth, and most environmental factors
exert a limiting effect on plant functional traits. Furthermore, many plant functional
traits can only fulfill their roles under specific environmental conditions. Among
the various responses of plant functional traits to environmental factors, community-
weighted mean leaf area (CWM.LA) and community-weighted mean chlorophyll
content (CWM.CHL) were found to be the most sensitive to soil factors.

Author Contributions: Conceptualization, G.X.; methodology, G.X. and Y.W.; software, G.X. and
Y.W.; validation, Z.C., Y.J., Y.L. (Yao Lu) and Y.L. (Yi Liang); formal analysis, G.X.; investigation,
G.X., R.Z. and J.T.; resources, Y.W.; data curation, G.X.; writing—original draft preparation, G.X.;
writing—review and editing, G.X., Y.W. and Z.C.; visualization, Y.W.; supervision, Z.C.; project
administration, Y.W.; funding acquisition, G.X. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Science and Technology Support Project of Guizhou
Provincial Science and Technology Department (Qiankehe Support [2023] General 048). Guizhou
Provincial Science and Technology Program (Grant number: Qiankehejichu-ZK [2024] General 601).

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, J.; Wang, Y.; He, N.; Ye, Z.; Chen, C.; Zang, R.; Feng, Y.; Lu, Q.; Li, J. Plant functional traits regulate soil bacterial diversity

across temperate deserts. Sci. Total Environ. 2020, 715, 136976. [CrossRef] [PubMed]
2. He, N.; Li, Y.; Liu, C.; Xu, L.; Li, M.; Zhang, J.; He, J.; Tang, Z.; Han, X.; Ye, Q.; et al. Plant Trait Networks: Improved resolution of

the dimensionality of adaptation. Trends Ecol. Evol. 2020, 35, 908–918. [CrossRef]
3. Li, T.; Deng, Q.; Yuan, Z.Y.; Jiao, F. Latitudinal changes in plant stoichiometric and soil C,N,P stoichiometry in loess Plateau. Chin.

J. Environ. Sci. 2015, 36, 2988–2996.
4. Zhang, L.; Tan, X.; Dong, Z.; Zheng, J.; Yuan, Z.; Li, C. The relationship between plant functional traits and soil physicochemical

properties in the riparian zones of downtown Chongqing. Acta Ecol. Sin. 2023, 43, 1892–1902, (In Chinese with English Abstract).
5. Liu, M.; Li, L.; Che, Y.; Jiao, J. Functional traits of plant leaves at different succession stages in alpine meadow. Bull. Bot. Res. 2019,

39, 760–769, (In Chinese with English Abstract).
6. Zhou, X.; Xin, J.; Huang, X.; Li, H.; Li, F.; Song, W. Linking leaf functional traits with soil and climate factors in forest ecosystems

in China. Plants 2022, 11, 3545. [CrossRef]
7. He, N.; Yan, P.; Liu, C.; Xu, L.; Li, M.; Van Meerbeek, K.; Zhou, G.; Zhou, G.; Liu, S.; Zhou, X.; et al. Predicting ecosystem

productivity based on plant community traits. Trends Plant Sci. 2023, 28, 43–53. [CrossRef]
8. Ackerly, D.; Cornwell, W. A trait-based approach to community assembly: Partitioning of species trait values into within- and

among- community components. Ecol. Lett. 2007, 10, 135–145. [CrossRef]
9. Corlett, R.; Westcott, D. Will plant movements keep up with climate change? Trends Ecol. Evol. 2013, 28, 482–488. [CrossRef]

13



Plants 2025, 14, 183

10. Chen, Y.; Zhang, H.; Wang, X.; Long, W.; Li, C.; Fang, Y.; Fu, M.; Zhu, K. Effects of functional diversity and phylogenetic diversity
on the tropical cloud forest community assembly. Chin. J. Plant Ecol. 2019, 43, 217–226, (In Chinese with English Abstract).
[CrossRef]

11. Kembel, S.; Hubbell, S. The phylogenetic structure of a neotropical forest tree community. Ecology 2006, 87, S86–S99. [CrossRef]
[PubMed]

12. Li, Y.; Liang, S.; Zhou, L.; Liang, S.; Ning, J.; Mo, J.; Li, D. Maintenance of species diversity in evergreen deciduous broad-leaved
mixed forest of karst hills in central subtropical region based on functional traits. Acta Ecol. Sin. 2024, 44, 4400–4411, (In Chinese
with English Abstract).

13. Miao, L.; Liu, M.; Xiao, Y.; Yang, C.; Wang, Q.; Wang, M. Studies on phylogeny and functional traits structure of plant communities
at different latitudes. Acta Ecol. Sin. 2024, 44, 317–329.

14. Fang, J.; Wang, X.; Shen, Z.; Tang, Z.; He, J.; Yu, D.; Jiang, Y.; Wang, Z.; Zheng, C.; Zhu, J.; et al. Methods and protocols for plant
community inventory. Biodivers. Sci. 2009, 17, 533–548, (In Chinese with English Abstract).

15. Bao, S.D. Soil Agrochemical Analysis, 3rd ed.; Agricultural Press: Beijing, China, 2005; pp. 45–52.
16. NY/T2017-2011; Determination of Nitrogen, Phosphorus and Potassium in Plants. Ministry of Agriculture: Beijing, China, 2011.
17. LY/T1228-2015; Determination of Nitrogen in Forest Soil. Ministry of Agriculture: Beijing, China, 2015.
18. LY/T1232-2015; Phosphorus Determination Methods of Forest Soils. Ministry of Agriculture: Beijing, China, 2015.
19. Pérezharguindeguy, N.; Díaz, S.; Garnier, E. New handbook for standardised measurement of plant functional traits worldwide.

Aust. J. Bot. 2013, 61, 167–234. [CrossRef]
20. Lavorel, S.; Grigulis, K.; McIntyre, S.; Williams, N.; Garden, D.; Dorrough, J.; Berman, S.; Quétier, F.; Thébault, A.; Bonis, A.

Assessing functional diversity in the field-methodology matters. Fun. Ecol. 2008, 22, 134–147. [CrossRef]
21. The SPSSAU Project. SPSSAU, Version 25.0. Online Application Software. 2022. Available online: https://www.spssau.com

(accessed on 12 February 2024).
22. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. 2020. Available

online: https://www.R-project.org/ (accessed on 12 February 2024).
23. Reich, P. The world-wide “fast-slow” plant economics spectrum: A traits manifesto. J. Ecol. 2014, 102, 275–301. [CrossRef]
24. Wright, I.; Reich, P.; Westoby, M.; Ackerly, D.; Baruch, Z.; Bongers, F.; Cavender-Bares, J.; Chapin, T.; Cornelissen, J.; Diemer, M.;

et al. The worldwide leaf economics spectrum. Nature 2004, 428, 821–827. [CrossRef]
25. Liu, R.H.; Bai, J.L.; Bao, H.; Zhao, J.J.; Jiang, Y.; Liang, S.C.; Li, Y.J. Variation and correlation in functional traits of main woody

plants in the cyclobalanopsis glauca community in the karst hills of Guilin, southwest China. Chin. J. Plant Ecol. 2020, 44, 828–841,
(In Chinese with English Abstract). [CrossRef]

26. Liu, M.X.; Nan, X.N.; Zhang, G.J.; Li, B.W.; Xu, L.; Mu, R.L.; Li, L.; Yu, R.X. Relationship between species diversity and functional
diversity of plant communities on different slopes in alpine meadow. Acta Ecol. Sin. 2021, 41, 5398–5407, (In Chinese with English
Abstract).

27. Zhang, Z.K.; Zheng, X.X.; Lin, H.Z.; Lin, X.; Hang, L.J. Summary of changes in plant functional traits and environmental factors
in different successional stages of island plants. Acta Ecol. Sin. 2019, 39, 3749–3758, (In Chinese with English Abstract).

28. Li, Y.J.; Zheng, J.M.; Wang, G.Z.; Zhou, J.X.; Liu, Y.G.; Ha, W.X. A study of functional traits of natural secondary forests and their
influencing factors in different succession stages in Karst areas: A case study of Dahei mountain, Yunnan province. Acta Geosci.
Sin. 2021, 42, 397–406, (In Chinese with English Abstract).

29. Wu, X. Effects of plants functional traits and diversity on forest biomass and productivity along latitudinal gradient and during
successional stages. Chin. J. Plant Ecol. 2018, 42, 562–572, (In Chinese with English Abstract).

30. Zhang, J.Y. Characteristics of plant communities across the natural tropical coniferous forest -broadleaved forest ecotones in
Hainan Island, China. Trends Ecol. Evol. 2020, 35, 908–918, (In Chinese with English Abstract).

31. Lu, M.M.; Huang, X.C.; Ci, X.Q.; Yang, G.P.; Li, J. Phylogenetic community structure of subtropical forests along elevational
gradients in Ailao Mountains of southwest China. Chin. Biodivers. 2014, 22, 438–448, (In Chinese with English Abstract).

32. Wang, Y.; Zhang, L.; Chen, J.; Feng, L.; Li, F.; Yu, L. Functional diversity of plant communities in relationship to leaf and soil
stoichiometry in karst areas of southwest China. Forests 2022, 13, 864. [CrossRef]

33. Keddy, E. Assembly and response rules: Two goals for predictive community ecology. J. Veg. Sci. 1992, 3, 157–164. [CrossRef]
34. Mayfield, M.; Levine, J. Opposing effects of competitive exclusion on the phylogenetic structure of communities. Ecol. Lett. 2010,

13, 1085–1093. [CrossRef]
35. Liu, M.X. Studies on physiological and leaf morphological traits for photosynthesis on different slopes in a subalpine meadow.

Acta Ecol. Sin. 2017, 37, 8526–8536, (In Chinese with English Abstract).
36. Kang, L.L. Effects of Karst Habitat Heterogeneity on Plant Leaf Functional Traits and Soil Nutrients. Master’s Thesis, Guizhou

University, Guiyang, China, 2021. (In Chinese with English Abstract).
37. Wang, S.Q.; Yu, G.R. Ecological stoichiometry characteristics of ecosystem carbon, nitrogen and phosphorus elements. Acta Ecol.

Sin. 2008, 28, 3937–3947, (In Chinese with English Abstract).

14



Plants 2025, 14, 183

38. Cleveland, C.C.; Liptzin, D. C: N: P Stoichiometry in soil: Is there a “redfield ratio” for the microbial biomass? Biogeochemistry
2007, 85, 235–246. [CrossRef]

39. Tian, H.; Chen, G.; Zhang, C.; Jerry, M.; Chars, A. Pattern and variation of C: N: P ratios in China’s soils: A synthesis of
observational data. Biogeochemistry 2010, 98, 139–151. [CrossRef]

40. Liu, N.; Yu, L.F.; Zhao, Q.; Wu, Y.N.; Yan, L.B. C: N: P stoichiometry of leaf-litter-soil continuum in secondary forests of the rocky
desertification regions of the karst plateau. Chin. J. Appl. Environ. Biol. 2020, 26, 681–688, (In Chinese with English Abstract).

41. Liu, Y. Effects of Soil Depth on Plant Community Structure and Biomass in Karst Region. Ph.D. Thesis, Southwest University,
Chongqing, China, 2020. (In Chinese with English Abstract).

42. Wang, Q.; Rong, L.; Wang, M.J.; Ye, T.M.; Li, T.T.; Yang, W.S.; Li, X. Response of leaf functional traits of woody plants to degraded
karst soil in central Guizhou. Earth Environ. 2022, 50, 639–647, (In Chinese with English Abstract).

43. Liu, X.J.; Ma, K.P. Plant functional traits-concepts, applications and future directions. Sci. Sin. Vitae 2015, 45, 325–339, (In Chinese
with English Abstract). [CrossRef]

44. Wang, Y.; Zhang, L.; Chen, J.; Feng, L.; Li, F.; Yu, L. Study on the relationship between functional characteristics and environmental
factors in karst plant communities. Ecol. Evol. 2022, 12, e9335. [CrossRef]

45. Zhou, T.; Cui, Y.C.; Ye, Y.Y.; Zhao, W.J.; Hou, Y.J.; Wu, P.; Ding, F.J. Leaf functional traits of typical karst forest plants under
different niches. J. Cent. South Univ. For. Technol. 2022, 42, 129–140, (In Chinese with English Abstract).

46. Shui, W.; Guo, P.P.; Zhu, S.F.; Feng, J.; Sun, X.; Li, H. Variation of plant functional traits and adaptive strategy of woody species in
degraded karst tiankeng of Yunnan province. Sci. Geogr. Sin. 2022, 42, 1295–1306, (In Chinese with English Abstract).

47. Huang, L.J.; Yu, Y.M.; An, X.F.; Yu, L.L.; Xue, Y.G. Leaf functional traits, species diversity and functional diversity of plant
community in Tiankeng forests. Acta Ecol. Sin. 2022, 42, 10264–10275, (In Chinese with English Abstract).

48. Wang, X.R.; Xing, Y.J. Research progress on the effects of environmental factors and community dynamics on plant species
diversity. Int. J. Ecol. 2021, 10, 608–617, (In Chinese with English Abstract). [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

15



Citation: Zhang, H.; Zheng, X.; Wu, Y.;

Xu, B.; Cui, P.; Zhou, X.; Fang, Y.; Xie,

L.; Ding, H. Impact of Microtopography

and Neighborhood Effects on

Individual Survival Across Life

History Stages. Plants 2024, 13, 3216.

https://doi.org/10.3390/

plants13223216

Academic Editors: Xugao Wang,

Zuoqiang Yuan and Chengjin Chu

Received: 11 October 2024

Revised: 8 November 2024

Accepted: 14 November 2024

Published: 15 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Impact of Microtopography and Neighborhood Effects on
Individual Survival Across Life History Stages
Haonan Zhang 1,2,*,† , Xiao Zheng 2,†, Yi Wu 2, Baokun Xu 1,2, Peng Cui 2, Xu Zhou 2, Yanming Fang 3 , Lei Xie 3

and Hui Ding 2,*

1 Innovative Research Team for Forest Restoration Mechanisms, Chishui National Ecological Quality
Comprehensive Monitoring Stations, Nanjing Institute of Environmental Sciences, Ministry of Ecology and
Environment (MEE), Nanjing 210042, China

2 Research Center for Nature Conservation and Biodiversity, State Environmental Protection Scientific
Observation and Research Station for Ecology and Environment of Wuyi Mountains, State Environmental
Protection Key Laboratory on Biosafety, Nanjing Institute of Environmental Sciences, Ministry of Ecology and
Environment (MEE), Nanjing 210042, China

3 Co-Innovation Center for Sustainable Forestry in Southern China, College of Life Sciences, Key Laboratory of
State Forestry and Grassland Administration on Subtropical Forest Biodiversity Conservation,
Nanjing Forestry University, Nanjing 210037, China

* Correspondence: zhn@nies.org (H.Z.); nldinghui@sina.com (H.D.); Tel.: +86-18614055380 (H.Z.)
† These authors contributed equally to this work.

Abstract: Understanding drivers of plant community assembly and individual survival in forest
ecosystems is crucial for effective conservation and management. While macro-scale factors influenc-
ing vegetation patterns are well documented, the combined impact of microtopographic variations
and neighborhood effects at neighborhood scales, particularly in subtropical forests, requires further
study. To contribute to this area of research, we established a 9.6 ha dynamic plot in a subtropi-
cal evergreen broad-leaved forest to examine the interplay between microtopographic factors and
neighborhood effects on individual plant survival across different life stages. We conducted a com-
prehensive analysis of microtopographic variables and neighborhood effects, with individual plant
survival censused through repeated surveys at 5-year intervals. Mixed-effects models were employed
to assess the combined influence of these factors across life stages. Our results reveal that both
microtopographic factors and neighborhood effects significantly influence plant survival, with their
impacts varying across life stages. Water availability, represented by flow direction, emerged as a
consistently critical factor throughout all life stages. Elevation and the topographic position index
showed significant positive effects on survival, particularly in later life stages, possibly reflecting
adaptations to light acquisition and water drainage. The influence of topographic factors intensified
with succession, while the impact of neighborhood effects, particularly asymmetric competition
and conspecific negative density dependence, changed as plants matured. This study enhances our
understanding of forest community assembly, emphasizing the importance of considering abiotic and
biotic factors across multiple scales for effective forest conservation and management. It provides
insights into mechanisms driving spatial variation in community composition, crucial for preserving
biodiversity in heterogeneous forest landscapes.

Keywords: microtopographic variables; neighborhood effects; plant survival; subtropical forest

1. Introduction

Plants, as autotrophic and sessile organisms, exhibit life-long immobility following es-
tablishment, leading to a strong correlation between the spatial distribution of plant species
and local environmental factors. At both global and regional scales, climate, topography,
and geomorphology play pivotal roles in determining the types and distribution patterns of
vegetation [1,2]. Locally, although climatic variables such as precipitation and temperature
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tend to be more homogeneous, microtopographic variations become pronounced, partic-
ularly in tropical and subtropical mountainous forests [3–5]. These variations in terrain
create diverse microhabitats and microclimates within short distances, significantly influ-
encing vegetation patterns and ecological processes [3–9]. Investigating such variations is
crucial for understanding the drivers of spatial variation in community species composi-
tion, especially for the conservation of rare and endangered plants and the management
of forests [10–12]. Insights from these studies can significantly inform strategies for forest
conservation and restoration following environmental disturbances [13].

Topography emerges as a critical factor in shaping forest landscape heterogene-
ity [3]. Factors like elevation, slope, aspect, and terrain curvature substantially influ-
ence environmental conditions such as soil moisture, nutrient availability, sunlight, and
microclimate [14–17]. These factors, in turn, affect plant growth, reproduction, and survival,
consequently determining forest structure and composition. Micro-scale topographic varia-
tions promote spatial heterogeneity, essential for plant distribution at finer scales [18,19].
Topography acts as a key driver and filter in forest regeneration, influencing species distri-
bution based on specific habitat requirements [20–22]. This influence manifests in distinct
patterns, with gullies supporting higher biodiversity, ridges favoring drought-tolerant
species, and valleys accommodating resource-demanding species [23,24]. Consequently,
these topography-induced variations regulate essential resources such as water and light
availability, affecting plant survival and growth, which ultimately shapes species distri-
bution and canopy architecture, contributing to the overall forest structure and compo-
sition [1,25]. Microtopography can significantly affect the spatial distribution of species
by indirectly affecting soil, moisture, and other environmental factors, especially some
species with obvious habitat preferences [4,5]. To elucidate the mechanisms underlying
these topography-driven patterns, researchers often quantify the influence of environmental
regulation on species distribution by examining individual plant survival as explained by
environmental variables [4,26–28]. This approach provides a crucial pathway for under-
standing how microtopography impacts forest species distribution patterns, offering insights
into the complex interplay between topographic features and plant community dynamics.

Species interactions, such as resource competition and facilitative mutualism, im-
portantly influence the spatial structure of species at neighborhood scales in addition to
environmental factors [9–11,29,30]. In forests, although the distribution of environmental
resources like light, water, and nutrients may appear relatively uniform locally, they are typ-
ically limited. Variations in individual plant sizes and local densities lead to differences in
competitive abilities. Consequently, smaller plants differ significantly in their resource uti-
lization efficiency compared to larger plants, resulting in a size-proportional (asymmetrical),
uneven distribution of these limited resources among individuals [31,32]. This competition
is significantly influenced by the density and size of neighboring trees surrounding a focal
individual, affecting the resources available for its growth and survival [33,34]. The impact
of these neighborhood interactions on the survival–mortality trade-offs in plant individuals
is often attributed to density-dependent mortality (NDD), typically categorized into con-
specific and heterospecific negative density dependence (CNDD and HNDD) [31,35–40].
Furthermore, studies investigating the relationship between biodiversity and individual
survival have become more prevalent [41–43]. The observed positive correlation between
diversity and survival suggests that diversity in heterospecific assemblies at small spatial
scales may enhance microclimatic conditions and improve light interception [30,44–46].

Collectively, abiotic and biotic factors interact to influence individual survival within
forest dynamics, underscoring the importance of considering resource competition and
plant interactions in microenvironmental studies. Species interactions exhibit significant
scale dependency, with richer interspecies interactions like neighborhood diversity and
asymmetrical competition observed at smaller scales. Therefore, analyzing microtopog-
raphy’s impact on individual survival at the neighborhood level aids in quantifying the
synergistic effects of species interactions, as noted by numerous scientists who partition
community structure variation into components explained by environmental conditions
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and species interactions [4,40,47–49]. This approach further elucidates the roles of eco-
logical processes such as environmental filtering, competitive exclusion, and mutualistic
coexistence in forest dynamics [4,12,28,50–53]. Quantifying the interactions among forest
community structure, individual spatial distribution, environmental factors, and neighbor-
hood effects is thus essential for understanding their driving mechanisms.

To address these challenges, we established a dynamic plot of 9.6 hectares
(240 m × 400 m) within a subtropical evergreen broad-leaved forest [54,55], aiming to
systematically analyze the effects of microtopography and neighborhood species interac-
tions on tree survival. Based on the preceding literature review and theoretical insights,
we propose several scientific hypotheses to guide our research: (H1) Microtopographic
factors and neighborhood effects jointly influence the survival of individuals. (H2) The
asymmetrical competition resulting from individual size is significantly correlated with
plant survival, with larger individuals having a higher probability of survival. (H3) The
influence of microtopographic factors and neighborhood effects on survival varies across
different life history stages. (H4) Different species exhibit distinct survival probabilities
in response to microtopographic conditions and neighborhood effects. Specifically, the
32 dominant species demonstrate significant interspecific differences. This integrated per-
spective is crucial for advancing conservation and restoration strategies, particularly in
heterogeneous forest landscapes.

2. Results
2.1. Microtopographic and Neighborhood Effects on Tree Survival

Microtopography and neighborhood effects were analyzed for their influence on
individual tree survival across different spatial scales. Elevation, topographic position
index (TPI), and flow direction consistently exhibited positive effects on survival across
all scales, with relationships generally significant (Figure 1a,d,f). This suggests that topo-
graphic factors regulating light availability (elevation and TPI) and water availability (flow
direction) strongly influence individual survival. Flow direction, in particular, not only
significantly promoted survival at all scales but also demonstrated the largest effect size,
indirectly indicating that water availability is a crucial determinant of survival. Aspect
also positively affected survival probability, but only at smaller scales (Figure 1b). In
this study, higher aspect values corresponded to south-facing slopes, while lower val-
ues represented north-facing (shaded) slopes. The positive correlation suggests higher
survival probabilities for individuals on shaded slopes. While TRI and slope exhibited
positive and negative influences, respectively, these effects were not statistically significant
(Figure 1c,e).

Regarding neighborhood effects, asymmetric competition based on individual diame-
ter at breast height (DBH) significantly impacted survival. A strong positive correlation
was observed between individual DBH and survival rate, indicating higher survival for
larger trees (Figure 1g). Conspecific negative density dependence (CNDD) was also de-
tected, demonstrating a significant negative impact on individual survival (Figure 1i).
Interestingly, a positive effect of diversity on individual survival was also observed
(Figure 1h).

In summary, as hypothesized (H1 and H2), both microtopographic factors and neigh-
borhood effects play a role in influencing individual tree survival. Furthermore, asymmetric
competition related to individual size significantly correlates with survival, with larger
individuals exhibiting higher survival rates.
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ual tree survival at neighborhood scales. Dots represent estimated parameter effects, with error bars 
indicating standard errors. A semi-transparent gray dashed line indicates a null effect (parameter 
estimate of zero) in each subplot. 
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intensified with successional stage (Figure 2c). Although some parameter estimates were 
non-significant at certain stages, this overall trend suggests that as individuals grow and 
develop, their survival becomes increasingly influenced by these relatively stable environ-
mental factors. Adult trees, in particular, exhibit a stronger dependence on these factors. 

In contrast to the shifting influence of environmental factors, the positive effect of 
asymmetric competition on survival decreased significantly with successional stage and 
individual growth (Figure 2g). This indicates that asymmetric competition among adult 
trees has a considerably weaker impact on survival compared to earlier life stages, and 
the effect is non-significant for adult trees. The analysis of conspecific negative density 
dependence (CNDD) revealed a significant negative effect on survival, which weakened 
with life stage progression (Figure 2h). This suggests that adult trees (i.e., larger trees) 
exhibit greater tolerance to CNDD, although the magnitude of this change is relatively 
small (R2CNDD = 0.13). Neighborhood diversity consistently demonstrated a significant 

Figure 1. Parameter estimates of microtopographic (a–f) and neighborhood effects (g–i) on individual
tree survival at neighborhood scales. Dots represent estimated parameter effects, with error bars
indicating standard errors. A semi-transparent gray dashed line indicates a null effect (parameter
estimate of zero) in each subplot.

2.2. Microtopographic and Neighborhood Effects Across Life Stages

The influence of microtopography and neighborhood effects, including individual
size, on individual tree survival was analyzed across different life history stages. The
positive effects of elevation, aspect, TPI, TRI, and flow direction on survival progressively
increased from early to late life stages (Figure 2a,b,d–f), while the negative effect of slope
intensified with successional stage (Figure 2c). Although some parameter estimates were
non-significant at certain stages, this overall trend suggests that as individuals grow and
develop, their survival becomes increasingly influenced by these relatively stable environ-
mental factors. Adult trees, in particular, exhibit a stronger dependence on these factors.

In contrast to the shifting influence of environmental factors, the positive effect of
asymmetric competition on survival decreased significantly with successional stage and
individual growth (Figure 2g). This indicates that asymmetric competition among adult
trees has a considerably weaker impact on survival compared to earlier life stages, and
the effect is non-significant for adult trees. The analysis of conspecific negative density
dependence (CNDD) revealed a significant negative effect on survival, which weakened
with life stage progression (Figure 2h). This suggests that adult trees (i.e., larger trees)
exhibit greater tolerance to CNDD, although the magnitude of this change is relatively small
(R2

CNDD = 0.13). Neighborhood diversity consistently demonstrated a significant positive
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effect on survival across life stages, but similarly to CNDD (Figure 2i), the magnitude of
change with succession was minimal (R2

NSR = 0.16).
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dicted for 32 dominant tree species using mixed-effects models, revealing significant in-
terspecific variation (Figures 3 and 4). Among microtopographic factors, elevation, aspect, 
TPI, and flow direction generally exerted positive effects on survival during early life 
stages, particularly the Sapling_1 stage (Figure 3a1,a2,a4,a6). However, this consistency 
diminished across life stages, suggesting that habitat preferences diverge as individuals 

Figure 2. Parameter estimates of microtopographic (a–f) and neighborhood effects (g–i) on individual
tree survival across different life history stage. Dots represent estimated coefficients with error bars
depicting standard errors. Positive coefficients indicate positive effects, while negative coefficients
indicate negative effects. Significance levels: • p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001. In the inset
figure, R-squared values represent the regression coefficient for changes across life stages, and light
blue lines illustrate the trend of neighborhood effects across life stages.

Overall, these findings support Hypothesis 3, demonstrating that the influence of
microtopography and neighborhood effects on survival varies across life history stages.
Specifically, the impact of microtopographic factors on individual survival increases from
early to late stages, while the influence of neighborhood effects decreases or remains
relatively constant.

2.3. Interspecific Variability

As hypothesized (H4), different species exhibited varying survival probabilities in re-
sponse to microtopography and neighborhood effects. Survival probabilities were predicted
for 32 dominant tree species using mixed-effects models, revealing significant interspe-
cific variation (Figures 3 and 4). Among microtopographic factors, elevation, aspect, TPI,
and flow direction generally exerted positive effects on survival during early life stages,
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particularly the Sapling_1 stage (Figure 3(a1,a2,a4,a6)). However, this consistency dimin-
ished across life stages, suggesting that habitat preferences diverge as individuals grow.
Notably, the influence of flow direction remained relatively stable throughout the life
cycle, indicating the persistent importance of water availability for survival within the
observed timeframe.
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on survival was relatively consistent across species but gradually weakened (decreasing 
slope) throughout the life cycle. This decline was particularly pronounced in the later 
adult stage (Figure 4e1), which explains the non-significant overall effect observed in Fig-
ure 2g. Furthermore, neighborhood species richness (NSR) and CNDD exhibited rela-
tively consistent negative and positive effects, respectively, during the seedling stage (Fig-
ure 4a2,a3). However, these effects became increasingly variable in later life stages (Figure 
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Figure 3. Relationship between six microtopographic factors (elevation: (a1–e1), aspect: (a2–e2),
slope: (a3–e3), TPI: (a4–e4), TRI: (a5–e5) and flow direction: (a6–e6)) and survival probability among
32 species across life stages at a scale of 2.5 m. The figure displays predicted survival probability for
each of the 32 observed species across life stages at a scale of 2.5 m, and other test scales are 5 m, 10 m,
and 20 m; see Figure S3–S5 in the Supplementary Files. Different species are represented by different
colors in the lines (see Figure S5 in the Supplementary Files): the solid line represents a positive effect
and the dotted line represents a negative effect. Predicted survival probability is back-transformed
from the generalized linear mixed model as described in the text, and all neighborhood effects were
Z-score-transformed at quantification.

Regarding neighborhood effects, the positive influence of asymmetric competition
on survival was relatively consistent across species but gradually weakened (decreasing
slope) throughout the life cycle. This decline was particularly pronounced in the later
adult stage (Figure 4(e1)), which explains the non-significant overall effect observed in
Figure 2g. Furthermore, neighborhood species richness (NSR) and CNDD exhibited rel-
atively consistent negative and positive effects, respectively, during the seedling stage
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(Figure 4(a2,a3)). However, these effects became increasingly variable in later life stages
(Figure 4(d2,e2,d3,e3)).
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at quantification.

3. Discussion

Topography acts as both a driver and filter in forest natural regeneration, significantly
influencing species distribution based on specific habitat requirements [20–22]. This filter-
ing effect is particularly evident in its impact on individual plant survival during natural
regeneration processes [3–5]. Characteristically, valleys and lowlands, with their deeper,
fertile soils and ample moisture, support species with higher resource demands [3,14,24].
Our study provides empirical evidence for these topographical influences. At scales be-
tween 2.5 m and 5 m, individual survival rates were notably higher on shaded aspect
(Figure 2b). Furthermore, flow direction significantly promoted individual survival across
all tested scales (Figure 2f), supporting the notion that water availability is a crucial factor
in individual survival. This finding aligns with previous research indicating that flow
direction influences soil moisture distribution, which in turn affects seedling establishment
and growth [5]. Areas aligned with optimal flow directions tend to retain more moisture,
thereby reducing drought stress and enhancing nutrient uptake efficiency. Consistent
water availability can also buffer plants against extreme weather conditions, contributing
to higher survival rates [5,56,57]. Interestingly, we also detected significant positive effects
of elevation and TPI on individual survival (Figure 2a,d), possibly reflecting the adaptation
of light-demanding or drought-tolerant species to ridges with shallower, well-drained
soils [15–17]. Although we did not directly assess soil characteristics, the existing literature
suggests that higher elevations and specific topographic positions often correlate with
distinct soil moisture regimes and nutrient availability [56–59]. For instance, ridges may
offer better drainage, which benefits species adapted to lower moisture conditions, while

22



Plants 2024, 13, 3216

valleys may retain more nutrients and moisture [5]. Future studies incorporating soil
analyses would provide a more comprehensive understanding of how elevation and TPI
influence plant survival through soil-mediated mechanisms.

Beyond topographical factors, neighborhood effects also significantly influenced in-
dividual survival. Notably, DBH showed a strong positive correlation with survival
probability, indicating that initial plant size is crucial in determining resource acquisi-
tion capabilities within our 5-year monitoring period [5,13,51,52]. Consistent with classic
studies, conspecific negative density dependence (CNDD) significantly reduced species
survival [31,35–37,40]. Conversely, aligning with recent research, diversity promoted
individual plant survival [30,44–46]. In summary, our study reveals that small-scale topo-
graphic factors exhibit strong spatial variation, with their impact on individual survival
often rivaling the degree of variation seen across broad environmental or biogeographic
gradients [1,2].

The process of plant community assembly is dynamic and unfolds over time, with distinct
assembly mechanisms emerging at various stages of plant growth [5,9,27,30,38–40,49]. This
mechanism is profoundly influenced by external environmental factors and interspecific in-
teractions among individual plants [3–5,18,40,49]. Our study quantifies the impact of these
influential factors on individual survival across different life history stages, decomposing
them into two crucial aspects: microtopography and neighborhood effects. Interestingly,
we observed that as succession progresses, plant growth significantly alters the response
patterns of individual survival to microtopographic factors and neighborhood effects.
Specifically, topographic factors that promote individual survival exhibit stronger positive
effects in later life stages, while those with negative impacts show more pronounced in-
hibitory effects. In particular, the positive effects of elevation, TPI, TRI, flow direction, and
aspect on survival intensify with succession, potentially reflecting the increased demand for
resources such as light and water as plants grow and their size increases [49]. Conversely,
the negative impact of slope on survival strengthens over time, indicating the influence of
environmental filtering on individual survival [49]. Notably, despite considerable variation
in species’ responses to different topographic factors (Figure 4), flow direction maintains a
relatively stable influence throughout the life cycle (Figure 3(a6–e6)). This suggests that
water availability remains one of the most critical factors affecting individual survival
throughout the observed life history stages.

Furthermore, by examining the effects of asymmetric competition, diversity, and
conspecific negative density dependence (CNDD) on individual survival, we observed
that plant growth also increases tolerance to competition. We attribute this to varying
regulatory mechanisms of asymmetric competition across different life history stages. Ini-
tially, we observed a significant positive correlation between individual size and survival
probability in early life stages. However, this correlation diminishes as life stages progress,
with the promoting effect of individual size on species survival decreasing and becoming
non-significant in the mature tree stage (Figure 2g). This indicates the presence of signifi-
cant asymmetric competition within the plot, where larger individuals possess stronger
competitive abilities [5,51–53]. As growth and development continue, the disparity in
individual sizes gradually decreases, further reinforcing the notion that asymmetric com-
petition among large trees has a reduced impact on individual survival [51]. Notably, the
relationships between CNDD, diversity, and survival become less stable in early life stages
as life stages progress (Figure 4(d2,e2,d3,e3)). Specifically, plants’ tolerance to CNDD gradu-
ally increases with individual growth. This result supports classic conclusions from CNDD
research, namely, that negative density-dependent mortality is most pronounced in early
life stages of plants [39]. It also aligns with the aforementioned perspective on asymmetric
competition, suggesting that competition among mature trees gradually becomes more
symmetric, potentially leading to a decrease in density-dependent mortality caused by
CNDD [51,53]

While this study provides valuable insights into the effects of topography and neigh-
borhood dynamics on individual plant survival, it is important to acknowledge certain
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limitations. One notable limitation is the absence of an analysis of soil nutrient availabil-
ity across the study area. In a landscape covering nearly 10 hectares, soil properties can
exhibit significant spatial variability, leading to differences in nutrient availability that
may influence plant growth and survival. Soil nutrients play a critical role in sustaining
plant health and resilience, and variations in nutrient levels could potentially affect the
outcomes observed in our study. Consequently, the omission of soil nutrient analysis may
limit the comprehensiveness of our findings. Future research should incorporate detailed
assessments of soil nutrient profiles to better elucidate their impact on forest natural re-
generation and to provide a more holistic understanding of the factors driving individual
plant survival.

4. Materials and Methods
4.1. Study Area and Plot Establishment

The research was carried out in Wuyishan National Park, situated in the northwest
region of Fujian Province, China. This locale experiences an average annual temperature of
19.2 ◦C and receives roughly 1600 mm of precipitation each year. In this region, red soil is
the most extensively distributed zonal soil type, ranging from riverbeds at an elevation of
160 m to mountainous areas up to 1100 m. The predominant vegetation in this area consists
of subtropical evergreen broad-leaved forests (Wu, 1980), although past commercial logging
has predominantly transformed these original forests into secondary growth [49,54]. The
site underwent selective logging of the Chinese fir plantations originally used for timber
production, with efforts made to preserve native forest species during the thinning process.

Within this secondary subtropical evergreen broad-leaved forest, a 9.6-hectare dynamic
plot was established in 2013, located at 27◦35′24.23′ ′ N, 117◦45′55.43′ ′ E, and measuring
400 m by 240 m (Figure 5). The plot features moderate topographic variability, with
elevations ranging from 450 to 580 m. Formerly part of the Sixin Forestry plantation,
the area was subject to logging in the 1960s and has since experienced six decades of
natural regeneration.
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the basic conditions of elevation; specific factors such as aspect and slope are shown in Figure S1 in
the Supplementary Files. The shadow effect illustrates terrain undulations in orthographic view.

4.2. Repeated Censuses and Individual Tree Survival

In accordance with the CTFS (Center for Tropical Forest Science) survey protocols,
the entire plot was divided into 240 large quadrats (20 m × 20 m), and each large quadrat
was further subdivided into 16 smaller plots (5 m × 5 m), totaling 3840 small plots. These
smaller quadrats were used as work units to measure the relative position, DBH (diameter
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at breast height), and other individual attributes of all trees. Two censuses were conducted
in the dynamic plot between 2013 and 2018. During these censuses, species identity,
location, DBH, height, and crown base height were recorded for all trees with DBH ≥ 1 cm.
The first census showed a total of 68,336 tree individuals (including branches and sprouts)
with DBH ≥ 1 cm, belonging to 173 species, 88 genera, and 48 families. The co-dominant
families included Fagaceae, Ericaceae, and Elaeocarpaceae, with co-dominant species
including Castanopsis carlesii, Castanopsis fordii, Castanopsis eyrei, and Schima superba. No
single species was overwhelmingly dominant (Table S1 in the Supplementary Files), and
the stand structure indicated that the forest community in our study was still in the early
stage of secondary succession because most tree individuals were saplings [49,54]

Tree survival was determined using binary code for each individual (1 for survival,
0 for death), focusing solely on trees alive at the start of the interval to compute survival
probability. We selected 32 co-dominant tree species based on their importance values,
abundance, and average DBH (diameter at breast height) from the plot for this study
(Tables S1 and S2 in the Supplementary Files). Importance values (IVs) were calculated by
combining the percentages of relative abundance, relative dominance (DBH), and relative
frequency for these 32 co-dominant species, reflecting their overall ecological significance
within the community [54,55].

4.3. Microtopographic Factors and Neighborhood Effects

Within our dynamic forest plot, fundamental microtopographic variables, including
mean elevation, aspect, and slope, were assessed for each subplot (Figure 5 and Figure S1 in
the Supplementary Files). Following Center for Tropical Forest Science (CTFS) protocols, the
plot was divided into 240 quadrats (20 m × 20 m), each further subdivided into 16 subplots
(5 m × 5 m). Elevation, aspect, and slope were measured in each subplot using a total station.
These measurements were then used to generate a digital elevation model (DEM) of the plot,
from which microtopographic variables were derived [4,49]. Higher aspect values in the
DEM correspond to south-facing slopes, while lower values represent north-facing (shaded)
slopes. To explore the influence of microtopography on ecological processes within plant
communities, we also derived and quantified more complex microtopographic factors from
the DEM data, such as the terrain position index (TPI), terrain ruggedness index (TRI), and
flow direction [56,57]. The TPI evaluates terrain position by calculating the mean elevation
difference between each pixel and all neighboring pixels in a DEM. The TRI quantifies
terrain roughness by computing the root mean square of the elevation differences between
each pixel and its eight adjacent pixels in a DEM. Flow direction, derived from the DEM,
represents the direction of water flow based on elevation differences between a central
pixel and its eight neighbors. Higher flow direction values indicate areas of greater water
accumulation, suggesting increased water availability for plants in those locations [56,57].
Microtopographic variables for focal tree species at different neighborhood scales were
calculated and visualized using R Studio (based on R version 4.2.3), utilizing the packages
“spatstat (version 3.0-3)” and “raster (version 3.6-2)”.

Size-asymmetric competition was assessed by examining the relationship between
individual tree size (diameter at breast height, DBH) and survival [40,49,51,53]. DBH
was measured for each tree, and its location within the plot was recorded (Figure S2a in
the Supplementary Files). Repeated censuses over a five-year period tracked individual
survival, allowing us to test Hypothesis 2 (H2), which posited that larger individuals
(greater DBH) exhibit higher survival rates. DBH was chosen as a proxy for individual
size due to its reliability and ease of measurement in large-scale field surveys (with over
60,000 individuals censused per survey). Neighborhood species richness (NS; Figure S2b
in the Supplementary Files) assesses biodiversity by counting distinct tree species within
a specified radius around each focal tree. For any given focal tree i, NSR is precisely
calculated as the total number of immediate heterospecific neighbor species, mathematically
represented as NSRi = ∑j ̸=i Nj, where N denotes the recorded number of species for each
neighboring tree j. This measure allows for an in-depth analysis of how the survival of a

25



Plants 2024, 13, 3216

focal tree is influenced by the species diversity of its immediate surroundings. The NSR
around each individual was calculated for four radii (2.5, 5, 10, or 20 m). The conspecific
neighborhood competition indices (CNDD; Figure S2c in the Supplementary Files) were
calculated by evaluating the DBH area of neighboring trees of the same species [30,38,39].

The indices were formulated as CNDDi = ∑j ̸=i
πD2

j
4 , where Dj represents the diameter

at breast height (DBH) of neighboring trees [30,39]. We computed the microtopography
factor and neighborhood effect indices for neighborhoods of different radii: 2.5, 5, 10, and
20 m [5,30,39]. Neighborhood effects for focal tree species at different neighborhood scales
were calculated and visualized using R Studio (based on R version 4.2.3), utilizing the
package “spatstat (version 3.0-3)”.

4.4. Microtopographic and Neighborhood Effects on Tree Survival

Generalized linear mixed-effects models (GLMMs) with binomial error structures
were used to analyze the influence of microtopographic factors and neighborhood effects
on tree survival across life history stages. Microtopographic factors (elevation, slope, aspect,
TPI, TRI, and flow direction) and neighborhood effects (size-asymmetric competition, NSR,
and CNDD) were included as predictors [5,30,39,40]. To facilitate comparison and improve
model stability and interpretability, given the disparate scales of predictors like competition
indices and species richness, all predictors were Z-score-transformed. For all individuals, a
basic model was fitted at each of life stages, from the focal individual.

ln
(

pij/
(
1 − pij

))

= β0j + β1Elevation ijp + β2 Aspectijp + β3Slopeijp
+β4TPIijp + β5TRIijp + β6Flow directionijp
+β7Size asymmetricijp + β8NSRijp

+β9CNDDijp+εj +pq

where pij is the predicted survival probability of each focal tree i of species j growing in
quadrats q. We included all microtopographic factor and neighborhood effect variables as
fixed effects in our model. The coefficients β1 to β9 represent the effects of these variables
on survival probability. The random effect structure incorporates crossed random effects
for species identity and plot identity to account for the variability in survival probabilities
across different species and quadrats (small plots). This includes εj, random intercepts and
slopes for species j. This term accounts for baseline survival probability differences across
species and allows the effects of microtopographic factor and neighborhood interaction to
vary among species. It also includes pq, random intercepts for quadrats, accounting for
potential differences in baseline survival probabilities across different quadrats [30,39,40].

Furthermore, the inclusion of random intercepts and slopes for species j in the models
allowed us to predict species-specific responses (i.e., survival probabilities) to microtopo-
graphic factors and neighborhood interactions. This approach facilitated testing Hypothesis
4, which stated that different species exhibit distinct survival probabilities in response to
these factors. We examined the survival responses of 32 dominant tree species to nine
predictors. We used the “lme4 1.1-32” package in R to run the basic model for each life
stage (based on R version 4.2.3).

5. Conclusions

Our study provides crucial insights into the complex dynamics of plant community
assembly in forest ecosystems, focusing on the understudied impact of microtopographic
variations and neighborhood effects at local scales. We demonstrate that both microtopo-
graphic factors and neighborhood effects significantly influence individual plant survival
across different life stages in a subtropical evergreen broad-leaved forest. This research
reveals that topographic factors, particularly those related to water availability (flow di-
rection) and light acquisition (elevation and TPI), consistently impact survival throughout
plant life cycles. Notably, the effects of these factors intensify as succession progresses,
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reflecting changing resource demands and environmental filtering. At fine scales (2.5 m
to 5 m), survival rates were higher on shaded aspects. Elevation and TPI also showed
significant positive effects on survival, though the mechanisms behind these relationships
require further investigation. We observed that the influence of both topographic factors
and neighborhood effects (size-asymmetric competition, CNDD, and NSR) varies across life
history stages. As plants mature, their tolerance to competition increases, with the impact
of individual size (DBH) on survival probability decreasing in later life stages. Conspecific
negative density dependence (CNDD) shows a decreasing influence on mortality in mature
plants, supporting classic theories of density-dependent effects being most pronounced
in early life stages. These findings underscore the need for multiscale, temporally explicit
approaches in forest ecology research and management. By elucidating the interplay be-
tween abiotic and biotic factors across plant life stages, our study contributes to a more
nuanced understanding of forest community assembly processes. This comprehensive
view has important implications for conservation and restoration strategies, particularly in
heterogeneous forest landscapes.

One notable limitation of our study is the absence of an analysis of soil nutrient avail-
ability across the study area. In a landscape covering nearly 10 hectares, soil properties can
exhibit significant spatial variability, leading to differences in nutrient availability that may
influence plant growth and survival. We observed that the survival rates of different species
are influenced by topographic factors and biotic interactions, reflecting species-specific
traits. However, further investigation is needed to understand the underlying causes of
these phenomena. Future research could integrate functional trait data to distinguish
the resource acquisition strategies of different taxa, such as comparing pioneer species
with resource-conservative species in their responses to topographic factors and species
interactions. Long-term studies across diverse forest ecosystems are necessary to unravel
these complex ecological interactions and inform effective forest management practices in
the face of global environmental changes. Understanding these interactions thoroughly
will be foundational in formulating strategies that ensure the resilience and sustainability
of forest ecosystems.

Supplementary Materials: The following Supplementary Files can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13223216/s1, Figure S1. Spatial variation in microtopographic
predictors at the neighborhood scale: elevation (a), aspect (b), slope (c), terrain position index (d),
terrain ruggedness index (e), and flow direction (f). The maps were generated using an Epanechnikov
kernel with a bandwidth of 5, and the intensity values range from blue (low) to purple (high).
Figure S2. Spatial variation in neighborhood effect predictors at the neighborhood scale: DBH size
asymmetry (a), neighborhood species richness (b), and CNDD (c). The maps were generated using an
Epanechnikov kernel with a bandwidth of 5, and the intensity values range from blue (low) to purple
(high). Figure S3. Relationship between microtopographic (elevation, aspect, slope, TPI, TRI, and
flow direction) and individual survival across life stages at a scale of 5 m. The inter-census predicted
survival probability for each of the 32 co-dominant tree species is represented by lines of different
colors, with solid lines indicating a positive relationship and dashed lines indicating a negative
one. The predicted individual survival was obtained by back-transforming from the general linear
mixed models, with all diversity effects quantified by Z-score transformation. Figure S4. Relationship
between microtopographic (elevation, aspect, slope, TPI, TRI, and flow direction) and individual
survival across life stages at a scale of 10 m. The inter-census predicted survival probability for each
of the 32 co-dominant tree species is represented by lines of different colors, with solid lines indicating
a positive relationship and dashed lines indicating a negative one. The predicted individual survival
was obtained by back-transforming from the general linear mixed models, with all diversity effects
quantified by Z-score transformation. Figure S5. Relationship between micro topographic (elevation,
aspect, slope, TPI, TRI, and flow direction) and individual survival across life stages at a scale of
20 m. The inter-census predicted survival probability for each of the 32 co-dominant tree species is
represented by lines of different colors, with solid lines indicating a positive relationship and dashed
lines indicating a negative one. The predicted individual survival was obtained by back-transforming
from the general linear mixed models, with all diversity effects quantified by Z-score transformation.
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Figure S6. Relationship between neighborhood effect (size asymmetry, CNDD, and NSR) and
individual survival across life stage at a scale of 5 m, 10 m, and 20m. The inter-census predicted
survival probability for each of the 32 co-dominant tree species is represented by lines of different
colors, with solid lines indicating a positive relationship and dashed lines indicating a negative one.
The predicted individual survival was obtained by back-transforming from the general linear mixed
models, with all diversity effects quantified by Z-score transformation. Table S1. Basic characteristics
of the 32 co-dominant tree species in a dynamic forest plot in the Wuyi Mountains, China. Note:
Species names and family assignments in the table are based on the Flora of China and conform to
the accepted names in Plants of the World Online (PoWO; https://powo.science.kew.org/). Table S2.
Forest dynamics of the 32 co-dominant tree species in the subtropical evergreen broad-leaved forest
plot in the Wuyi Mountains, China, for the years 2013 and 2018.
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Abstract: Assessing the functional traits and ecological stoichiometric characteristics of dominant
species across different life forms within plant communities in karst environments and investigating
the inherent connection between them can provide insights into how species adjust their functional
attributes in response to habitat heterogeneity. This approach offers a more comprehensive under-
standing of ecosystem processes and functions in contrast to examination of the taxonomic diversity
of species. This study examines the relationship between the functional characteristics of dominant
species in plant communities of various life forms in karst environments, focusing on deciduous
leaf–soil ecological stoichiometry. The investigation relies on community science surveys, as well
as the determination and calculation of plant functional traits and ecological stoichiometries, in
plant communities of various life forms in Guizhou (a province of China). The findings of our study
revealed considerable variability in the functional trait characteristics of dominant species across
different plant-community life forms. Specifically, strong positive correlations were observed among
plant height (PLH), leaf area (LA), leaf dry matter content (LDMC), and specific leaf area (SLA) in
the dominant species. Additionally, our results indicated no significant differences in leaf ecological
stoichiometry among different life forms. However, we did observe significant differences and strong
positive correlations between soil N:P, withered material C:N, and apomictic C:P. Furthermore, our
study found that plant height (PLH), leaf area (LA), and specific leaf area (SLA) were particularly
sensitive to the ecological stoichiometry of soil and apomixis. The results of our study suggest that
the functional traits of diverse plant-community life forms in karst regions are capable of adapting to
environmental changes through various expressions and survival strategies. The development of
various plant-community life forms in karst areas is particularly vulnerable to phosphorus limitation,
and the potential for litter decomposition and soil nutrient mineralization is comparatively weaker.
The functional traits of various plant-community life forms in karst regions exhibit greater sensitivity
to both the soil’s C:N ratio and the C:N ratio of apomictic material. Habitat variations may influence
the ecological stoichiometric characteristics of the plant leaf–apomictic soil continuum.

Keywords: life forms; plant community; functional traits; ecological stoichiometry; karst

1. Introduction

As ecology continues to evolve, plant functional traits have proven to be an important
means of exploring various ecological frontiers [1]. Plant functional traits serve as a
crucial link between plants and their environment [2] and also reflect the variability of
species in terms of growth, survival, and reproduction. This statement contributes to
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a more comprehensive understanding of the distribution of plant species, the process
of community formation, and ecosystem function [3]. Presently, there is a substantial
body of research focused on plant functional traits, which includes the examination of
leaf, branch, and stem traits, as well as root traits, in order to elucidate the relationships
among these traits [4]. Moreover, it is essential to investigate the correlation between
plant characteristics and the environment in order to comprehend the mechanisms of
coexistence at different spatial and temporal levels and to analyze the dynamics of species in
reaction to environmental fluctuations. Secondly, it is essential to investigate the correlation
between plant characteristics and the environment in order to comprehend the coexistence
mechanisms at different spatial and temporal levels and to analyze the dynamic attributes
of species in reaction to environmental fluctuations [5]. The functional traits of plant leaves
have been shown to be closely associated with plants’ capacity to utilize resources and, to
some extent, can indicate their survival strategies for adapting to environmental changes [6].
The examination of functional traits in plant leaves can enhance our comprehension of
how leaf physiology reacts to environmental fluctuations [7]. Various indicators of plant
functional traits, such as specific leaf area, leaf nitrogen content, leaf thickness, leaf dry
matter content, chlorophyll content, leaf relative water content, stem tissue density, leaf
carbon content, stem nitrogen content, stem phosphorus content, and other traits, are
commonly selected [8–10].

Ecological stoichiometry pertains to the proportion of vital chemical elements impli-
cated in ecological interactions and processes [11]. The interconnected organic systems of
plants and soils necessitate the analysis of their carbon (C), nitrogen (N), and phosphorus (P)
contents and ratios, which are essential for the energy cycle and stability of ecosystems [12].
The southwestern karst region is considered to be one of the most ecologically vulnerable
areas in China, and the ecological and environmental challenges have emerged as a bot-
tleneck constraining the economic and social development of the region [13]. Ecological
chemometrics combines the basic principles of biology, chemistry, and physics, including
those of ecology and chemometrics, taking into account the first law of thermodynamics,
the principle of natural selection for biological evolution, and the theory of the central
law of molecular biology [14]. The rapid advancement of ecological chemometrics has
attracted growing attention from scholars, who are exploring various aspects of this tech-
nique. Previous studies have documented the ecological and chemometric properties of
soils in diverse karst ecosystems [15,16]. Recently, a study was conducted to analyze the
eco-chemical quantification of leaves from dominant species in secondary karst forests. The
C:N:P stoichiometry of the leaf–deciduous leaf–soil continuum in secondary forests was
calculated [17]. Carbon (C), nitrogen (N), and phosphorus (P) are essential elements for life,
with nitrogen and phosphorus serving as the primary limiting factors in natural terrestrial
ecosystems [18]. The contents of these elements have the potential to influence the species
composition and productivity of plant communities. The biogeochemical processes of sys-
tems are responsible for regulating the cycling of nutrients, as indicated by reference [19].
Hence, carbon (C), nitrogen (N), and phosphorus (P) are crucial in ecosystem processes
and serve as connections between community species diversity, plant functional traits,
and ecological stoichiometry [20]. Utilizing this framework to investigate the inherent
connection of ecosystem processes and their feedback effects can lead to a deeper under-
standing of ecosystem nutrient cycling principles and system stabilization mechanisms.
Variations in leaf traits among different life forms lead to differences in the requirement
for and utilization of light, precipitation, temperature, nutrients, and other resources [21].
These variations also result in a wide range of adaptations to different topographic condi-
tions [22]. Hence, it is essential to examine the relationship between functional traits and
ecological stoichiometry in various plant life forms in order to comprehend the mechanisms
underlying biodiversity maintenance and the survival tactics of plants.

Plant functional traits play a crucial role in illustrating the connection between plants
and their environment, revealing the adaptive strategies and regulatory mechanisms
that plants employ in particular environments [23]. The capacity of plants to obtain
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and utilize resources is also pertinent. The stoichiometric characteristics of elements
such as carbon (C), nitrogen (N), and phosphorus (P) in organisms are closely linked to
their stability, community species composition, and biogeochemical cycling processes.
These characteristics serve as potent instruments for examining nutrient restriction and
cycling [24]. The functional traits and ecological stoichiometric characteristics of forest
plants are subject to influence by environmental factors, which in turn constrain ecosystem
processes and functions. Consequently, an examination of their fundamental characteristics
and inherent relationships can lay the groundwork for the sustainable management of
forest ecosystems.

Based on this premise, this paper aims to uncover the functional traits and ecological
stoichiometric characteristics of various life forms within plant communities in karst regions
and to finally clarify the interaction between soil and vegetation. This will be achieved
through community surveys and the measurement or calculation of plant functional traits
and ecological stoichiometric indexes. The ultimate goal is to offer insights for research on
the mechanisms involved in the establishment of forest communities and the preservation
of biodiversity in karst environments.

2. Research Methods
2.1. Study Area

The Huaxi District is located in the southern region of Guiyang City, Guizhou Province, in
China (106◦27′–106◦52′ E, 26◦11′–26◦34′ N), within the watershed area that separates the Yangtze
River system and the Zhujiang River system. The total land area encompasses 953.83 km2, with
94% of the territory exhibiting a karstic landscape. This includes a mountainous and hilly
topography, delicate habitats, and a low land-carrying capacity. Due to its elevated plateau, the
region experiences a highland monsoon humid climate, characterized by an average annual
rainfall of 1178.3 mm and an average annual temperature of 14.9 ◦C (Figure 1).
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2.1.1. Soil Environment

The study area is situated in the hilly regions of Guizhou and Zhongshan on the
Yunnan–Guizhou Plateau. The terrain is characterized by higher elevations in the southwest
and lower elevations in the northeast. Denuded hills are interspersed with basins, valleys,
and depressions, with a relative height difference of 100–200 m. The geological structure is
primarily marked by north–south-trending structures, with rock layers in Huaxi District
occurring in a monoclinal form. Large folds or faults are absent from the surface of the
study area, indicating a relatively simple structural complexity. The main exposed strata
in Huaxi District consist of the Quaternary and Middle Triassic Yangliujing Formation,
with uniform rock strata and no structural passage. However, due to regional structural
influences, the rock mass is relatively fractured. The predominant soil type in the study
area is yellow soil, which is the most prevalent zonal soil type. Yellow soil is formed under
warm and humid subtropical monsoon bioclimate conditions, with predominantly acidic
pH levels, followed by neutral and less alkaline characteristics [25].

2.1.2. Description of Karst Vegetation

Three distinct plant communities in the region, namely, the grass–shrub plant commu-
nity (CG), the shrub plant community (GM), and the tree–shrub plant community (QG),
were selected for the study based on the findings of previous research [26]. Two equa-
tions were utilized to ascertain the predominant species of trees, shrubs, and herbs. The
final dominant species were identified as follows: dominant tree species include Lindera
communis, Itea yunnanensis Franch., Quercus fabri, and chestnut Castanea mollissima Blume,
among others, while the dominant shrub species mainly consist of Rhamnus leptophylla,
Rosa multiflora, Glochidion puberum, Pyracantha fortuneana, Coriaria nepalensis, Sarcococca
ruscifolia, Rosa cymosa, Rhamnus heterophylla, Viburnum foetidum var ceanothoides, and Myrsine
africana. The dominant herbaceous plant species mainly include Imperata cylindrica, Senecio
asperifolius, Erigeron canadensis, Carex capilliformis, and Ficus tikoua.

2.2. Sample Setup

Three sample plots were chosen as replicates for each plant-community life type in
this study, resulting in a total of nine standard sample plots.

The research team conducted a survey and sampled plant communities between
April and August 2021. In accordance with the principles of representativeness, typicality,
and consistency, the research sample plots were chosen based on areas with similar slope
positions, slope directions, and other land conditions. The sample plots were established
at a size of 10 m × 10 m for the herbaceous stage and 30 m × 30 m for the other stages.
Small sampling squares were designated within the sample plots to aid in conducting
plant surveys.

Nine small sample plots, each measuring 10 m × 10 m, were established within the
arborvitae community. A single 4 m × 4 m shrub-layer sample plot was established within
each tree plot. A 1 m × 1 m herb-layer sub-sample square was positioned within each
shrub-layer sub-sample square. Consequently, there were nine sample plots designated for
the tree layer, nine for the shrub layer, and nine for the herb layer within the tree–shrub
plant community. Given the presence of three replicate sample plots, the total count of
sample plots within the arboreal–shrub community amounted to 81.

Nine small sample squares, each measuring 4 m × 4 m in area, were established
in both the grass–shrub plant community and the shrub plant community to represent
the shrub layer. A 1 m × 1 m herbaceous-layer sample plot was established within each
shrub-layer sample plot. Consequently, there were nine sub-samples of shrubs and nine
sub-samples of herbaceous plants in both the grass–shrub plant community and the shrub
plant community. Therefore, there were a total of 36 small sample squares within these
two plant communities. The two plant communities comprised a total of 108 small sample
squares, with each community having 3 replicate sample plots.
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In total, three plant communities with varying life forms were investigated, encom-
passing 81 herbaceous sample plots, 81 shrub sample plots, and 9 tree sample plots. The
study ultimately documented the nomenclature, height, diameter at breast height, and
crown width of both tree and shrub species. The study also recorded the names, quantities,
average heights, and ground coverage of herbaceous plants to assist in the assessment of
the functional traits of dominant species.

2.3. Sample Collection and Processing

The measurement of the plant sample was divided into two parts. The initial step
entailed the selection of all plants within the sampling area, followed by the use of high
pruning shears to cut the branches of the sampled plants in the four directions of the
crown (south, east, north, west). Approximately 20 healthy and disease-free leaves were
then collected from each branch to form a mixed sample. The second step involved
selecting the top three significant values (dominant species) within the sampling area as
the sampled plants and combining each dominant species from each stage into a single
sample. The importance value of the tree stratum was determined by aggregating the
relative multiplicity, the relative frequency, and the relative significance, then dividing
the sum by 3. Similarly, the significance of the shrub and herb stratum was calculated
by combining the relative abundance, the relative frequency, and the relative cover, then
dividing by 3.

A total of 27 collection nets, each measuring 1 m × 1 m, were deployed across three
plant communities, with 9 nets in each community. The samples were collected in Septem-
ber 2021 and retrieved in March 2022. The “S” sampling method [27] was utilized to collect
soil samples from the 0–20 cm depth range in each plant community. The samples were
obtained from a limited sampling area (less than 20 cm, based on the actual depth) and were
subsequently combined in equal volumes to form a composite sample. Several leaf samples
were collected from the initial section, and 27 leaf samples, 27 deadwood samples, and
27 soil samples were collected from the subsequent section. The plant and litter samples
were subjected to initial heating at 105 ◦C for 2 h, followed by drying at 75 ◦C until a
constant weight was achieved. The soil samples were dried at room temperature in an
indoor environment. All samples were finely ground, sieved through a 60-mesh sieve, and
stored in a well-ventilated area for nutrient analysis.

2.4. Determination of Functional Properties and Analysis of Samples

Six metrics were selected to measure plant functional traits, comprising plant height
(PLH), leaf thickness (LT), chlorophyll content (CHL), leaf dry matter content (LDMC), leaf
area (LA), and specific leaf area (SLA). The approach for determination was established
according to the recently developed manual for standardized measurement of global plant
functional traits [28]. The fresh weight of the leaves from each plant sample was determined.
The samples underwent baking at 60 ◦C for 72 h until they achieved a consistent weight.
The measurement of the leaves’ dry weight was conducted. LDMC is determined by
dividing the dry weight of leaves by the fresh weight of leaves. Leaf thickness was assessed
with electronic vernier calipers (Deli, DL91150, Qingdao, China), whereas leaf length
and area were determined through scanning and subsequent calculations using an HP
scanner in conjunction with Photoshop software 2023 (HPScanJetN92120, Wuhan, China).
The specific leaf area (SLA) was determined by dividing the leaf area by the leaf dry
weight. The chlorophyll content of the leaves was assessed using a chlorophyll meter
(Linde, LD-YD, Jining, China). Plant leaf area (LA) was determined through direct field
measurements, while leaf dry matter content (LDMC) was calculated as the ratio of the
leaf’s weight after drying to its fresh weight. The organic carbon content (Soil_C) was
quantified using the potassium dichromate oxidation–external heating method [29]. Plant
and litter samples underwent digestion using the H2SO4-H2O2 method. The total nitrogen
content in litter and leaves was assessed through the indophenol blue colorimetric method
(Litter_C, Leaf_C) (NY/T2017-2011) [30], whereas the total phosphorus content in litter
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was determined using the molybdenum antimony colorimetric method (Litter_P, Leaf_P)
(NY/T2017-2011) [30]. Soil samples underwent testing for total nitrogen utilizing the
Kjeldahl nitrogen determination method (Soil_N), as per the LY/T1228-2015 standard [31],
and for total phosphorus using the NaOH melting–molybdenum antimony colorimetric
method (Soil_P), in accordance with LY/T1232-2015 [32].

2.5. Data Processing

The data were initially organized using Microsoft Excel 2019. Prior to analysis, the data
underwent normality testing and were then subjected to ANOVA. The data were analyzed
utilizing SPSS 25.0 statistical software [33]. One-way analysis of variance (ANOVA) and
Tukey’s honestly significant difference multiple-comparisons test were utilized to evaluate
the differences in functional trait values, leaf-litter–soil nutrient content, and ecological
stoichiometry across different life forms within plant communities. Pearson correlation
analysis was employed to elucidate the association between these metrics, and the data
were reported as means ± standard deviations. To further examine the patterns of variation
in functional traits and leaf litter–soil stoichiometry, multivariate analysis was conducted
using the “ggcor”, “vegan”, “dplyr”, and “ggplot2” packages in R version 4.3.2. Software
packages in the R 4.3.2 programming language were used for psychological analysis [34].

3. Results and Analysis
3.1. Characterizing Changes in Functional Traits of Dominant Species in Plant Communities with
Different Life Forms

As illustrated in Figure 2, there was notable variation in the functional traits of domi-
nant species across different plant-community life forms. The plant leaf area index (PLH)
exhibited significant variation among different life forms within karst plant communities,
with tree–shrub communities demonstrating the highest values, followed by shrub commu-
nities and grass–shrub communities. Meanwhile, there was no significant difference in leaf
thickness (LT) between grass–shrub and shrub communities. However, leaf thickness was
significantly greater in shrub communities compared to tree–shrub communities. Moreover,
the leaf area (LA) exhibited a statistically significant increase in tree–shrub communities
compared to grass–shrub communities. No significant differences were observed in LDMC,
SLA, or CHL among plant communities with different life forms. The correlation analysis
of plant functional traits indicated a strong positive correlation between leaf area (LA)
and plant height (PLH), as well as between leaf area (LA) and leaf dry matter content
(LDMC). The study found a significant positive correlation between PLH and LDMC, as
well as a significant positive correlation between specific leaf area (SLA) and LA. Further-
more, there was a notable inverse relationship between SLA and chlorophyll (CHL) and
LDMC (Figure 3).

3.2. C, N, and P Contents of Leaf Litter and Soil of Dominant Species in Plant Communities with
Different Life Forms

The carbon (C), nitrogen (N), and phosphorus (P) contents of leaf litter and soil
for dominant species in plant communities with different life forms indicate that there
were no significant differences in Leaf_C or Leaf_P among the various plant communi-
ties. However, Leaf_N exhibited notable variations across the various life forms, with
arborvitae demonstrating the highest values, followed by shrubs and then grass–shrubs
(Figure 4). Moreover, the Litter_C content was notably higher in the shrub areas in com-
parison to the grassy shrub areas. Significant variations in Litter_N and Litter_P were
observed among different life forms within arboreal communities, with the ranking be-
ing grass–shrub > shrub > arboreal communities. Significant differences were observed
in Soil_C and Soil_N among various life forms of plant communities, with the order be-
ing shrub > grass–shrub > arboreal communities. Furthermore, Soil_P displayed notable
variations among various life forms within plant communities, with the ranking being
grass–shrub community > shrub community > tree–shrub community.
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Figure 2. Variations in functional traits of dominant species within plant communities of diverse
life forms. In the field of statistics, one-way ANOVA is employed for conducting comparative
analysis. * Indicates significant difference (p < 0.05), ** indicates highly significant difference (p < 0.01)
*** indicates highly significant difference (p < 0.001). NS signifies no significant difference and lack of
ecological statistical significance. Three individuals were measured for each replication, and three
replications were conducted for each category of life. Stages are indicative of plant communities
characterized by varying life forms. PLH—plant height, LT—leaf thickness, LDMC—leaf dry matter
content, LA—leaf area, SLA—specific leaf area, CHL—chlorophyll. The term “CG” denotes a plant
community consisting of grass and shrubs, “GM” refers to a plant community dominated by shrubs,
and “QG” represents a plant community characterized by a combination of trees and shrubs. The
changes in functional traits of plant communities under different life forms are characterized by PLH
(A), LT (B), LDMC (C), LA (D), SLA (E), and CHL (F).

3.3. Characterization of Changes in Leaf-Litter–Soil Ecological Stoichiometry of Dominant Species
in Plant Communities with Different Life Forms

The investigation into the variations in the leaf-litter–soil ecological stoichiometry
of dominant species in plant communities with diverse life forms indicated a significant
difference in Leaf_C.N between grass–shrub (58.35) and tree–shrub (27.22) communi-
ties. However, the leaf ecological stoichiometry showed no significant differences among
dominant species in plant communities with different life forms. Additionally, Leaf_N.P
(CG—16.27, GM—17.33, QG—17.81) and Leaf_C.P (CG—625.68, GM—602.56, QG—643.59)
did not display significant variations across plant communities with different life forms.
Conversely, Litter_C.N (CG—16.68, GM—24.25, QG—19.92) and Litter_C.P (CG—362.34,
GM—478.86, QG—436.22) consistently exhibited notable variances across various plant-
community types. Specifically, the shrub community displayed significantly elevated
levels compared to the tree–shrub community, while the tree–shrub community exhib-
ited significantly higher levels than the grass–shrub community. Litter biomass, however,
showed no significant variations across various types of plant communities. Moreover,
Soil_N.P demonstrated notable variations across various plant-community types, with the
shrub community (6.92) showing superior performance compared to the tree–shrub (6.02)
community and the latter outperforming the grass–shrub (4.83) community. The value
of N exhibited significant variation across various plant communities, with the highest
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levels found in shrub communities, followed by arboreal–shrub communities and then
grass–shrub communities. Furthermore, Soil_C.P was notably elevated in the shrub (84.75)
and tree–shrub (88.64) communities in comparison to the grass–shrub (34.29) community
(Figure 5). Further examination of the ecological stoichiometry of leaf litter and soil for dom-
inant species across various plant-community life forms uncovered notable correlations.
Specifically, Leaf_N.P demonstrated a highly significant positive correlation with Leaf_C.P,
whereas Litter_C.N displayed a highly significant positive correlation with Litter_C.P. Fur-
thermore, there were highly significant positive correlations observed between Soil_C.N,
Soil_C.P, and Litter_C.P, and Soil_N.P showed a highly significant positive correlation with
Soil_C.P (Figure 6).
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Figure 3. Correlations of functional traits of dominant species in plant communities with varying
life forms. PLH—plant height, LT—leaf thickness, LDMC—leaf dry matter content, LA—leaf area,
SLA—specific leaf area, CHL—chlorophyll. * Indicates significant difference (p < 0.05), ** indicates
highly significant difference (p < 0.01), *** indicates highly significant difference (p < 0.001).

3.4. Relationships between Functional Traits of Dominant Species and Deciduous Leaf-Litter–Soil
Ecological Stoichiometry in Plant Communities with Different Life Forms

The relationships between the functional traits of dominant species in various life
forms within plant communities and the ecological stoichiometry between deciduous
leaf litter and soil were examined. The results revealed that specific leaf area (SLA) was
significantly positively correlated with Soil_N.P; plant height (PLH) exhibited a signif-
icant positive correlation with Litter_C.N, Litter_C.P, Soil_C.P, and Soil_C.N; leaf area
(LA) showed a significant positive correlation with Litter_C.N; and Soil_C.N displayed a
significant positive correlation. Additionally, leaf dry matter content (LDMC) was found to
have a significant positive correlation with Soil_C.N (Figure 7).
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Figure 4. The study examined the carbon, nitrogen, and phosphorus contents of leaf litter and
soil for dominant species across various plant-community life forms. In the field of statistics, one-
way analysis of variance (ANOVA) is employed for conducting comparative analyses. * Indicates
significant difference (p < 0.05), ** indicates highly significant difference (p < 0.01), *** indicates
highly significant difference (p < 0.001). Additionally, NS signifies a non-significant difference lacking
ecological statistical significance. Each type of life form was subjected to three replications, with three
individuals measured in each replication. The stages refer to the plant communities characterized by
different life forms, including Leaf_C (leaf carbon content), Leaf_N (leaf nitrogen content), Leaf_P
(leaf phosphorus content), Litter_C (litter carbon content), Litter_N (litter nitrogen content), Litter_P
(litter phosphorus content), Soil_C (soil carbon content), Soil_N (soil nitrogen content), and Soil_P
(soil phosphorus content). These characteristics were observed in CG (grass–shrub plant community),
GM (shrub plant community), and QG (tree–shrub plant community). The variables Leaf_C (A),
Leaf_N (B), Leaf_P (C), Litter_C (D), Litter_N (E), Litter_P (F), Soil_C (G), Soil_N (H), and Soil_P (I)
represent the changes in carbon, nitrogen, and phosphorus contents of leaves, dead litter, and soil in
plant communities with different life forms.

To examine the influence of dominant species’ functional traits on the ecological
stoichiometry of plant communities across various life forms, we categorized the plant
functional shapes into two groups, namely, “Fun01” and “Fun02”. In this study, the three
functional traits, PLH, LT, and LA, were collectively referred to as “Fun01” traits, signifying
notable variations in plant communities across different life forms. The three functional
traits, LDMC, SLA, and CHL, were also taken into consideration as “Fun02” traits, in-
dicating no significant variations in plant communities across different life forms. The
findings indicated that the characteristics of class A had a notable effect on the ratio of
carbon to nitrogen in the soil and litter, whereas the traits of class B exerted a substantial
influence on the ratio of nitrogen to phosphorus in the soil and the ratio of carbon to
phosphorus (Figure 8). Mantel analysis revealed that soil ecological stoichiometry signif-
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icantly influenced the functional traits of plant communities with diverse life forms in
karst environments. Furthermore, the ecological stoichiometry of leaves and litter had a
significant impact on the functional traits of plant communities with varying life forms in
karst environments. The plant communities in karst areas exhibited diverse responses to
functional traits across different life forms, while the ecological stoichiometry of leaves and
litter remained unaffected by these responses. Through Mantel analysis, we conducted a
comprehensive investigation to explore the relationship between plant functional traits and
ecological stoichiometry. The results of our study indicated notable positive associations
between plant leaf height (PLH) and soil C:N, as well as litter C:N. Moreover, leaf thickness
(LT) displayed significant negative correlations with soil C:N, while leaf area (LA) exhibited
significant positive correlations with soil C:N and litter C:N. Additionally, specific leaf area
(SLA) showed significant positive correlations with soil N:P and soil C:P (Figure 9). The
diagram depicts relationships. The ratio of carbon to nitrogen in the soil is expected to be a
significant factor affecting plant leaf height, leaf thickness, and leaf area.
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Figure 5. Alterations in the ecological stoichiometry of leaf litter and soil for predominant species
within plant communities exhibiting diverse life forms. In statistical analysis, one-way ANOVA
is employed to compare groups. * Indicates significant difference (p < 0.05), ** indicates highly
significant difference (p < 0.01), *** indicates highly significant difference (p < 0.001), NS signifies a
non-significant difference lacking ecological statistical significance. Each life form was subjected to
three replicates, with measurements taken for three individuals in each replicate. The study examined
the variations in the leaf–litter–soil ecological stoichiometry of plant communities with different life
forms, including stages of plant communities and their associated leaf, litter, and soil characteristics.
These characteristics include Leaf_C.N (A), Leaf_N.P (B), Leaf_C.P (C), Litter_C.N (D), Litter_N.P (E),
Litter_C.P (F), Soil_C.N (G), Soil_N.P (H), and Soil_C.P (I). The plant communities were categorized
into CG (grass–shrub), GM (shrub), and QG (tree–shrub) plant communities.
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Figure 6. The study examined the correlation between the ecological stoichiometry of leaf, litter, and
soil for dominant species within plant communities of various life forms. The variables Leaf_C.N,
Leaf_N.P, and Leaf_C.P denote leaf carbon–nitrogen content, leaf nitrogen–phosphorus content, and
leaf phosphorus content, respectively. Similarly, Litter_C.N, Litter_N.P, and Litter_C.P denote the
contents of carbon–nitrogen, nitrogen–phosphorus, and phosphorus in litter, respectively. Soil_C.N,
Soil_N.P, and Soil_C.P denote the levels of carbon–nitrogen, nitrogen–phosphorus, and phosphorus
in the soil, respectively. The plant communities under investigation comprised CG (grass–shrub), GM
(shrub), and QG (arboreal–shrub) communities. ** and triple *** symbols indicate highly significant
differences at p < 0.01 and p < 0.001, respectively.
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Figure 7. The study examined the relationship between the functional traits of dominant species
in plant communities and the ecological stoichiometry of leaf litter and soil. The functional traits
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comprised plant height (PLH), leaf thickness (LT), leaf dry matter content (LDMC), leaf area (LA),
specific leaf area (SLA), chlorophyll content (CHL), leaf carbon content (Leaf_C.N), leaf nitrogen
content (Leaf_N.P), leaf phosphorus content (Leaf_C.P), litter carbon content (Litter_C.N), litter
nitrogen content (Litter_N.P), litter phosphorus content (Litter_C.P), soil carbon content (Soil_C.N),
soil nitrogen content (Soil_N.P), and soil phosphorus content (Soil_C.P). The plant communities
under investigation included CG (grass–shrub), GM (shrub), and QG (tree–shrub) communities.
Refer to comments on Figure 3. * Indicates a statistically significant difference at p < 0.05; ** and triple
*** symbols indicate highly significant differences at p < 0.01 and p < 0.001, respectively.
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Figure 8. Mantel analysis of the functional shapes of dominant species in plant communities and
deciduous leaf–soil ecological stoichiometry. The figure illustrates pairwise comparisons of functional
shapes with ecological stoichiometry for various plant life forms, with color gradients representing
Spearman’s correlation coefficients. The width of the edge corresponds to the Mantel r statistic for
distance correlation, while the color of the edge indicates the statistic based on 9999 alignments.
* Indicates a statistically significant difference at p < 0.05; ** and triple *** symbols indicate highly
significant differences at p < 0.01 and p < 0.001, respectively.
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Figure 9. A line plot illustrating the relationship between ecological stoichiometry and functional
traits. R represents the magnitude of correlation between the two variables, while p represents the
level of significance. When p is less than or equal to 0.05, it signifies a statistically significant linear
correlation between the two variables. The study investigated the relationships between various
plant traits and soil properties. The plant traits included plant height (PLH), leaf thickness (LT),
leaf dry mass (LDMC), leaf area (LA), specific leaf area (SLA), and chlorophyll content (CHL). The
soil properties examined were soil C:N, litter C:N, soil N:P, and soil C:P. The study found linear
correlations between PLH and soil C:N (A), litter C:N (B), LT and soil C:N (C), litter C:N (D), LA
and soil C:N (E), litter C:N (F), LDMC with soil N:P (G), soil C:P (H), SLA with soil N:P (I), soil C:P
(J), CHL with soil N:P (K), and soil C:P (L). The dots represent sample data, blue lines represent
correlation trends, and gray areas represent confidence intervals.

4. Discussion
4.1. Changes in Functional Traits of Dominant Species in Plant Communities with Different Life
Forms in Karst Areas

Its life form is a characteristic reflection of a plant’s physiological, structural, and
external morphology with a certain degree of stability after long-term adaptation to an
integrated habitat [35]. In this study, we found that LDMC, SLA, and CHL showed no
significant differences among different life forms. PLH exhibited significant differences
among different life forms. LT showed significant differences between the shrub commu-
nity and the arboreal–shrub community, as well as between the grass–shrub community
and the arboreal–shrub community. LA displayed significant differences between the
grass–shrub community and the arboreal–shrub community. These findings align with
Yao et al.’s research and indicate that in the same environment, plants with different life
forms adopt distinct leaf traits to adapt to their surroundings [36]. In addition, PLH
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was significantly higher in the arborvitae community than in the shrub and grass–shrub
communities (Figure 2A). LT was significantly lower than in the shrub and grass–shrub
communities, and LA was significantly higher than in the other life forms (Figure 2B,D).
These results are consistent with the findings of Kong et al., suggesting that the compet-
itiveness, productivity, and restoration of vegetation in the arborvitae and grass–shrub
communities were stronger compared to those in the shrub and grass–shrub communities.
The grass–shrub communities were found to be in more severe environments in terms of
life forms, and leaves could better adapt to the environment by increasing their thickness.
In the grass–shrub community, the leaf blades could better adapt to the environment and
retain soil and water by increasing their thickness, thus enabling them to resist the harsher
environment [37]. In addition, the tree–shrub community could improve light and water
use efficiency by reducing leaf thickness and increasing leaf area. This adjustment also
helps enhance transpiration and promote the rapid growth of plants [38].

4.2. Changes in C, N, and P in the Leaf-Litter–Soil Ecological Stoichiometry of Dominant Species
in Plant Communities with Different Life Forms in Karst Areas

Leaf C:N and C:P ratios can characterize a plant’s ability to absorb mineral elements
for the assimilation of organic matter, reflecting the plant’s nutrient use efficiency. In this
study, there was no significant difference in the C:N or C:P ratios among different life forms,
which contrasts with the results of Liu et al. [17]. This discrepancy may be attributed to the
variations in soil nutrient availability and the genetic characteristics of the species studied.
Leaf N:P ratio can be used as a diagnostic indicator to determine ecosystems that are subject
to nitrogen (N) and phosphorus (P) limitation. Studies have shown that when the ratio
of nitrogen to phosphorus (N:P) is less than 14, vegetation growth is limited by nitrogen;
when N:P is greater than 16, vegetation growth is limited by phosphorus; and when the
N:P ratio falls between 14 and 16, vegetation growth is limited by both nitrogen and
phosphorus. In this study, the leaf N:P ratios of various plant communities were all greater
than 16 (CG—16.27, GM—17.33, QG—17.81), suggesting that the growth of different plant
communities in karst areas is more likely to be limited by phosphorus (P). This aligns with
the concept proposed by many scholars that vegetation growth is commonly constrained
by phosphorus, especially as vegetation succession progresses [39]. Lower litter C:N ratios
are generally considered to indicate high decomposition rates, suggesting faster rates of
forest litter decomposition in a region. Among the plant communities with different life
types, the grass–shrub community had the lowest C:N ratio (16.68), indicating the fastest
decomposition rate of litter and high nutrient cycling efficiency. In contrast, the shrub plant
community had the highest C:N ratio (24.25), resulting in the slowest decomposition rate
of apomictic litter. The modified results were consistent with the findings of Yu et al. Both
studies demonstrated that organic matter decomposition was faster in the grass–shrub and
tree–shrub phases. This suggests that in forest communities, maintaining the structural
integrity of tree, shrub, and herb hierarchies is essential to enhance microbial utilization of
substrates and to increase nutrient turnover and cycling rates [24].

Lower N:P ratios in litter indicate easier decomposition. In this paper, the litter N:P
ratio ranged from 19.14 to 33.33, as reported in Pan et al.’s study [40,41]. This suggests that
the overall unfavorable decomposition could be attributed to the low nitrogen content and
high lignin content in the region and anthropogenic disturbances, as well as the scarcity of
soil fauna and microorganisms. These factors contribute to low litter decomposition rates.
It can be seen that although karst areas are generally unfavorable to the decomposition of
plant communities with different life forms, there are variations among life forms and they
are more reliant on soil texture and external disturbances.

Soil ecological stoichiometry is an important indicator for characterizing the compo-
sition and quality of soil organic matter [42]. The C:N ratio can be used to assess the rate
of decomposition of soil organic matter, while the C:P ratio can characterize the level of
effective phosphorus in the soil. Additionally, the N:P ratio is the most effective predictor
of nutrient limitation in forests. Compared with global forest soils (14.5, 211, and 14.6) [43]
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and national terrestrial surface soils (14.4, 136, and 9.3) [44], this study revealed ecological
stoichiometries of C:N, C:P, and N:P for forest soils of 14.3, 88.64, and 6.02, respectively.
The study found lower C:P and N:P ratios in karst areas with plant communities of various
life forms, indicating a high soil P regression level and deficient soil N regression. This
suggests that the soil belonged to the N-limited type, further indicating that different
plant communities experienced significant habitat pressure [45]. In conclusion, when
constructing various living plant communities in karst regions, it is essential to ensure
that the layers are complete; enhance the decomposition of apomictic material and the
mineralization of soil nutrients; facilitate the accumulation of C, N, P, and other nutrients;
and self-regulate their stoichiometric relationships [12]. This will help strengthen their
ability to resist fragile habitats.

4.3. Ecological Stoichiometric Correlations between Functional Traits of Dominant Species and Leaf
Litter–Soil Interactions in Karst Areas with Plant Communities of Different Life Forms

In this study, we found that plant height (PLH), leaf thickness (LT), specific leaf
area (SLA), and leaf area (LA) correlated more strongly with soil and litter ecological
stoichiometry and were insensitive to leaf ecological stoichiometry. In this study, we
demonstrated that the soil C:N ratio was maintained between 10 and 15, which closely
resembled the findings of He et al.’s study. This suggests that mineralization and nitrogen
release happen rapidly, aiding nutrient uptake by plants. A lower C:N ratio corresponds
to a quicker nitrogen release [46]. Combined with our results, the soil carbon-to-nitrogen
ratio in karst areas is more sensitive to plant leaf area, leaf thickness, and leaf turnover.
In addition, the most favorable soil C:N ratio is usually considered to be around 25:1.
When the soil C:N ratio is too high, microbial decomposition and mineralization are slow,
and the available nitrogen in the soil needs to be utilized [42]. On the contrary, the C:N
ratio is too small in karst areas (CG—14.21, GM—14.53, QG—14.72), resulting in high soil
nitrogen contents. To enhance microbial decomposition, it is necessary to increase soil
organic matter appropriately to facilitate apoplastic decomposition. The initial C:N ratio
of apoplastic matter responds to the impact of climate change on the carbon-to-nitrogen
ratio of plants. For instance, nitrogen deposition causes an increase in nitrogen elements,
leading to a lower C:N ratio [47]. In our study, apoplastic C:N showed a significant positive
correlation with PLH and LA. This suggests that in karst environments, arboreal and shrub
plant communities exhibit higher C:N ratios. Plants with high C:N ratios demonstrate
increased nitrogen use efficiency, while apoplastic materials with low C:N ratios exhibit fast
decomposition traits. Low apoplastic C:N and a wetter climate favor soil organic carbon
(SOC) accumulation. This process can be enhanced by both natural processes and human
interventions that reduce apoplastic C:N levels. Additionally, global climate change may
increase the wetness index, further promoting SOC accumulation [48,49].

Currently, researchers have directed their attention to the impact of soil quality on
plant functional traits in forest stands. The findings suggest that soil fertility influences
plant functional traits, demonstrating the screening effect of soil elemental ecological
stoichiometry on functional traits during the establishment of plant communities [49]. This
implies a close relationship between belowground habitats and aboveground components.
The reciprocal regulation between the aboveground and belowground components plays
a crucial role in shaping ecosystem development and provides the basis for improving
vegetation productivity [50]. In this study, a significant positive correlation was observed
between soil N:P and SLA, which aligns with the findings of Yu et al. [23]. This may be
attributed to the fact that N and P are primary elements composing plant organisms, and the
content of N and P also influences the efficiency of photosynthesis, thereby affecting plant
growth and physiological state. The findings indicate that the survival and growth of plants
are influenced by the stoichiometric balance of limiting elements, and they adapt to various
habitats by balancing trade-offs and synergies of functional traits [50,51]. In the future,
there will be a comprehensive exploration of the correlation between nutrient element
content, microbial population, and biomass, as well as their stoichiometric relationships
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in the subsurface space, in relation to the functional traits of aboveground plants. This
research aims to provide support for the regulation of ecosystem function.

The findings of this study demonstrated that the association between the functional
traits and ecological stoichiometry of plant communities with diverse life forms in karst ar-
eas was primarily defined by the interplay between plant functional traits and the ecological
stoichiometry of soil and litter. The reasons were analyzed as follows: The high incidence of
rocky desertification and habitat heterogeneity in the region, along with the complex karst
geological environment, may lead to a greater influence of geological and geographical
elements on plant functional traits. These elements include the depth of groundwater,
development of fissures, slope, and slope position [8]. However, further exploration is
needed to understand the influence of lithology and other geological conditions on plant
functional traits. Additionally, factors such as species, succession, and habitat affect the
ecological stoichiometry of the leaf–apomictic soil continuum [52]. The genetic character-
istics of species play a significant role in determining their selective nutrient absorption
and utilization. Additionally, plant communities with varying lifestyles exert regulatory
influences on apomictic reserves and stand quality [53]. Consequently, these factors exhibit
a strong interdependent relationship with one another. In the future, it is imperative to thor-
oughly elucidate the mechanism by which habitats influence ecological processes, explore
trade-off strategies between different ecological processes, and enhance the self-regulation
and self-balancing capacity of ecosystems through moderate disturbance.

5. Conclusions

(1) The functional traits of various life forms within plant communities in karst regions
demonstrate adaptation to environmental changes through diverse expressions and
survival strategies. The growth of various plant communities in karst areas is more
likely to be constrained by phosphorus (P), and the potential for apomictic decompo-
sition and soil nutrient mineralization is comparatively weaker.

(2) The functional traits of various life forms within karst plant communities exhibit
greater sensitivity to soil C: N and apomictic C:N. Disparities in habitat may influence
the ecological stoichiometry of the plant leaf–apomictic soil continuum.
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Abstract: Understanding the biodiversity–productivity relationship (BPR) is crucial for biodiversity
conservation and ecosystem management. While it is known that diversity enhances forest pro-
ductivity, the underlying mechanisms at the local neighborhood level remain poorly understood.
We established a 9.6 ha dynamic forest plot to study how neighborhood diversity, intraspecific
competition, and interspecific competition influence tree growth across spatial scales using linear
mixed-effects models. Our analysis reveals a significant positive correlation between neighborhood
species richness (NSR) and relative growth rate (RGR). Notably, intraspecific competition, measured
by conspecific neighborhood density and resource competition, negatively impacts RGR at finer scales,
indicating intense competition among conspecifics for limited resources. In contrast, interspecific
competition, measured by heterospecific density and resource competition, has a negligible impact
on RGR. The relative importance of diversity and intra/interspecific competition in influencing tree
growth varies with scale. At fine scales, intraspecific competition dominates negatively, while at
larger scales, the positive effect of NSR on RGR increases, contributing to a positive BPR. These
findings highlight the intricate interplay between local interactions and spatial scale in modulating
tree growth, emphasizing the importance of considering biotic interactions and spatial variability in
studying BPR.

Keywords: tree growth; species diversity; intraspecific competition; interspecific competition; scale-
dependent effects; secondary forests

1. Introduction

The interplay between species diversity and ecosystem productivity, known as the
biodiversity–productivity relationship (BPR), represents a cornerstone of ecological re-
search. Understanding this relationship is crucial for comprehending the consequences of
biodiversity loss on ecosystem functionality and services [1–4]. The insights gained from
studying the BPR have profound implications for ecosystem function, conservation biology,
and the sustainable management of natural resources in the face of global biodiversity
decline [4–7].

Central to the BPR is the premise that increased species diversity leads to enhanced ecosys-
tem productivity, a concept supported by extensive research across various ecosystems [1,5].
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Empirical evidence supporting a positive BPR spans diverse landscapes, including grasslands,
forests, and aquatic environments [6]. For instance, investigations in grassland ecosystems
have shown that plots with increased species richness exhibit higher biomass production,
directly indicating enhanced ecosystem productivity [2,4,6–9]. Similarly, forest ecosystems
have demonstrated positive correlations between tree species diversity and productivity, with
a notable relationship between biodiversity and tree growth performance [2,4,7–10]. The
positive impact of biodiversity on tree growth is considered a significant characteristic of
the biodiversity effect, widely observed not only in large-scale studies [2] but also at finer
scales, such as at the neighborhood level where individual trees interact with their diversely
constituted neighboring trees [7–10]. These findings across scales underscore the robustness
of the biodiversity–productivity relationship, highlighting the critical role of species diversity
in fostering ecosystem productivity not only at the community level but also in influenc-
ing individual organism interactions within their immediate environments at a fine spatial
scale [7–10].

Although the relationship between species diversity and ecosystem productivity is
widely supported, it exhibits considerable variability across different spatial scales. At larger
scales, such as landscapes or biomes, the BPR tends to show more consistent patterns, with
higher biodiversity generally associated with increased productivity. At these broad scales, the
impact of species diversity on productivity is influenced by factors such as species turnover
(beta diversity) and the distribution of functional traits across the landscape, which promote
more efficient resource use and enhance ecosystem stability [11–13]. However, the variability
introduced by local density-dependent interactions at finer scales complicates the general-
izability of the observed positive correlations at broader scales. Studies suggest that the
strength and even direction of this relationship can vary significantly with spatial scale, with
finer scales showing more variability [1,13]. This scale-dependent variability is attributed
to localized resource competition and the specific ecological niches occupied by different
species, which may not be as apparent in large-scale studies [7–9,14]. Given these insights, it is
imperative to further investigate the mechanisms through which local intra- and interspecific
competition affect the biodiversity–productivity relationship, particularly at the neighborhood
scale [9,10,15–17]. Therefore, developing multiscale models that accurately capture the com-
plex interplay of diversity’s effects on ecosystem functioning across various scales is not only
essential for advancing ecological theory and modeling but also crucial for understanding the
more intricate neighborhood effects on the BPR [10,18–22].

At smaller scales, the variability in the species diversity–productivity relationship is
significantly linked to neighbor effects, where both conspecific and heterospecific density
dependence and resource competition may play a substantial role in modulating this re-
lationship [7–9,15–17]. In forest communities, resources such as light and water are often
limited, necessitating inevitable competition among individual trees with their neighboring
conspecifics or heterospecifics as they grow [9–11]. The intensity of this competition is
dependent on the density and size of adjacent trees [10]. On one hand, at the local scale,
particularly at the fine scale of tree-to-tree interactions, neighboring tree individuals fre-
quently experience intense intraspecific and interspecific competition [9–11,15–17], which
is known as conspecific density dependence and has been widely documented in both
tropical and subtropical forest communities [15–17]. On the other hand, the ability of
plants of different sizes to acquire resources varies significantly. Larger trees are often more
capable of capturing sunlight and accessing soil nutrients, thereby gaining a competitive
advantage in resource acquisition [7–11]. Consequently, tree density and size markedly
affect individual tree growth performance. However, the regulatory mechanisms and
the relative importance of these effects on the species diversity–productivity relationship
remain understudied. Therefore, incorporating the competitive effects of neighboring
individuals into studies of the biodiversity–growth relationship is crucial, particularly at
the neighborhood scale where these interactions are most pronounced.

In this context, our study quantified neighborhood species richness (NSR), conspecific
and heterospecific neighborhood density (CND and HND), and conspecific and heterospe-
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cific resource competition indices (CNCI and HNCI) at the neighborhood scale (across
five scale gradients from 2.5 m to 20 m). We linked these influencing factors with the
individual trees’ relative growth rate (RGR) to estimate the effect sizes of different factors
on tree growth at specific scales. This approach enabled us to quantitatively analyze how
species diversity and intra- and interspecific competition collectively regulate individual
tree growth. To validate our hypotheses, we established a 9.6-hectare dynamic monitoring
plot in a secondary forest that had undergone severe anthropogenic disturbance 20 years
prior. We conducted a comprehensive survey and repeated measurements every five years.
Our hypotheses are as follows (Figure 1): Hypothesis 1 asserts that there is a significant pos-
itive correlation between neighborhood scale biodiversity and relative growth rate (RGR)
during the early stages of secondary succession, demonstrating a beneficial biodiversity–
production relationship. Hypothesis 2 proposes that in forests undergoing early secondary
recovery following disturbance, conspecific negative density dependence (CNDD) is preva-
lent, likely exerting a negative impact on individual RGR. Furthermore, the influence of
heterospecific negative density dependence is proposed to be less pronounced than that
of intraspecific competition. Hypothesis 3 suggests that neighborhood diversity, density,
and resource competition effects collectively regulate the relationship between species
diversity and tree growth, with the relative importance of various neighborhood effects
varying across different testing scales. At the tree-to-tree neighborhood scale, conspecific
negative density dependence may dominate, while the diversity effect tends to become
relatively more important and exhibits a more pronounced positive effect on individual
tree growth as spatial scale increases. Exploring the local density-dependent interactions at
the neighborhood scale and their impact on species diversity and ecosystem productivity is
crucial for ecological theory and ecosystem management practices.
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Figure 1. The research framework and scientific hypotheses. (i) In panel (A), Hypothesis 1 (H1)
addresses the critical relationship between biodiversity effect and productivity. Specifically, we
hypothesize a significant positive correlation between neighborhood species richness (NSR) and
relative growth rate (RGR). (ii) In panels (B,C), Hypothesis 2 (H2) focuses on the roles of intraspecific
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and interspecific competition in shaping tree growth patterns in secondary forests. This hypothesis
quantifies conspecific and heterospecific neighborhood density (CND and HND), as well as conspe-
cific and heterospecific resource competition indices (CNCI and HNCI) at the neighborhood scale.
We hypothesize that conspecific neighborhood effects (CND and CNCI) exert a pronounced negative
impact on RGR at finer scales, whereas heterospecific neighborhood effects (HND and HNCI) are
generally insignificant. (iii) In panel (D), Hypothesis 3 (H3) examines the relative importance of
neighborhood diversity effects, conspecific, and heterospecific neighborhood effects. Specifically, we
hypothesize that neighborhood diversity, density, and resource competition collectively regulate the
relationship between species diversity and tree growth. The relative importance of these neighbor-
hood effects is expected to vary across different spatial scales. At the tree-to-tree neighborhood scale,
conspecific negative density dependence may dominate, while the biodiversity effect is anticipated
to become increasingly important and exhibit a more pronounced positive effect on individual tree
growth as the spatial scale increases.

2. Results
2.1. Neighborhood Diversity Effects

Consistent with our initial hypothesis (Figure 1, H1), parameter estimates from linear
mixed-effects models (LMMs) demonstrated a significant positive correlation between
individual tree neighborhood diversity and their relative growth rate (Figure 2). Specifically,
an increase in neighborhood diversity correlates with improved growth performance of
individual trees, illustrating a positive biodiversity–productivity relationship at the scale
of 5–20 m (positive significant relationship at the scale of 10–20 m). We observed a scale-
dependent effect across different species (Figure 3), where the biodiversity–productivity
relationship exhibited greater variability at smaller scales but gradually stabilized into a
consistent positive correlation as spatial scale increased.
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Figure 2. Parameter estimates of species diversity effects on relative growth rate (RGR) at neigh-
borhood scales. The purple bar graphs depict the parameter estimation of neighborhood diversity
richness (NSR) on the RGR of individual focal trees across different spatial scales. Positive values
denote positive effects, while negative values signify negative effects. Significance levels are denoted
by an asterisk (* p < 0.05; ** p < 0.01; *** p < 0.001).

52



Plants 2024, 13, 1994Plants 2024, 13, x FOR PEER REVIEW  5  of  16 
 

 

 

Figure 3. Multiscale relationship between species richness and relative growth rate (RGR) among 

all species. (a1–a5) It displays annual diversity–RGR relationships for each of the 158 observed spe-

cies at various spatial scales  (from 2.5 m  to 20 m). Different species are represented by different 

colors in the lines (see Figure S1 in the supporting information), the solid line represents a positive 

correlation, and the dotted line represents a negative correlation. Predicted RGRs are back-trans-

formed from the linear mixed model as described in the text, and all biodiversity effects were Z-

score transformed at quantification. To enhance comparability and uniformity of the presentation 

results, we converted the Z-score values to positive in the figures; the untransformed original values 

can be found in Supplementary Figure S2. 

2.2. Intraspecific and Interspecific Competition 

Results from linear mixed-effects models (LMMs) reveal a significant and scale-var-

ying quantitative relationship between intraspecific neighborhood effects and RGR. Spe-

cifically, at a small scale (2.5 m), both conspecific neighbor density (CND) and conspecific 

neighbor competition index (CNCI) consistently exhibited a significant negative impact 

on RGR (Figure 4a,b). Across scales from 5 m to 20 m, CND showed a positive but not 

significant correlation with RGR, with substantial variability among different species (Fig-

ure 5a1–a5). CNCI maintained a significant negative correlation with RGR across all scales 

(Figure 5b1–b5), displaying a uniform trend among 158 species within a 20 × 20 m scale. 

However,  the detection  of heterospecific neighborhood  effects  (HND  and HNCI) was 

largely insignificant. Despite observing a significant negative correlation between HNCI 

and RGR at scales of 15 m and 20 m (Figure 6b), many species demonstrated specificity in 

their responses (Figure 7b1–b5). The relationship between HND and RGR was not signif-

icant across all scales (Figure 6a), with no discernible trend and considerable variability 

among different species (Figure 7a1–a5). As we mentioned in Hypothesis 2 (H2), it can be 

inferred that the intensity of interspecific competition in this study is significantly lower 

than  that of  intraspecific competition, and  it may  represent one of  the mechanisms by 

which diversity in secondary forests rapidly recovers during early successional stages. 

Figure 3. Multiscale relationship between species richness and relative growth rate (RGR) among
all species. It displays annual diversity–RGR relationships for each of the 158 observed species at
various spatial scales: 2.5 m (a1), 5 m (a2), 10 m (a3), 15 m (a4), 20 m (a5). Different species are
represented by different colors in the lines (see Figure S1 in the supporting information), the solid
line represents a positive correlation, and the dotted line represents a negative correlation. Predicted
RGRs are back-transformed from the linear mixed model as described in the text, and all biodiversity
effects were Z-score transformed at quantification. To enhance comparability and uniformity of the
presentation results, we converted the Z-score values to positive in the figures; the untransformed
original values can be found in Supplementary Figure S2.

2.2. Intraspecific and Interspecific Competition

Results from linear mixed-effects models (LMMs) reveal a significant and scale-varying
quantitative relationship between intraspecific neighborhood effects and RGR. Specifically, at a
small scale (2.5 m), both conspecific neighbor density (CND) and conspecific neighbor compe-
tition index (CNCI) consistently exhibited a significant negative impact on RGR (Figure 4a,b).
Across scales from 5 m to 20 m, CND showed a positive but not significant correlation with
RGR, with substantial variability among different species (Figure 5(a1–a5)). CNCI maintained
a significant negative correlation with RGR across all scales (Figure 5(b1–b5)), displaying
a uniform trend among 158 species within a 20 × 20 m scale. However, the detection of
heterospecific neighborhood effects (HND and HNCI) was largely insignificant. Despite
observing a significant negative correlation between HNCI and RGR at scales of 15 m and
20 m (Figure 6b), many species demonstrated specificity in their responses (Figure 7(b1–b5)).
The relationship between HND and RGR was not significant across all scales (Figure 6a), with
no discernible trend and considerable variability among different species (Figure 7(a1–a5)).
As we mentioned in Hypothesis 2 (H2), it can be inferred that the intensity of interspecific
competition in this study is significantly lower than that of intraspecific competition, and it
may represent one of the mechanisms by which diversity in secondary forests rapidly recovers
during early successional stages.
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Figure 4. Parameter estimates for the effects of conspecific density and resource competition on
relative growth rate (RGR) at neighborhood scales. The dark blue and orange bar graphs depict
the parameter estimation of conspecific neighborhood density (CND) (a) and conspecific neighbor
competition Index (CNCI) (b) on the RGR of individual focal trees across different spatial scales,
respectively. Positive values denote positive effects, while negative values signify negative effects.
Significance levels are denoted by an asterisk (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 5. Multiscale relationship between conspecific density, resource competition, and relative
growth rate (RGR) among all species. It displays annual conspecific neighborhood effect–RGR
relationships for each of the 158 observed species at various spatial scales: 2.5 m (a1,b1), 5 m (a2,b2),
10 m (a3,b3), 15 m (a4,b4), 20 m (a5,b5). Different species are represented by different colors in
the lines, the solid line represents a positive correlation, and the dotted line represents a negative
correlation. Predicted RGR are back-transformed from the linear mixed model as described in the
text, and all conspecific neighborhood effects were Z-score transformed at quantification. To enhance
comparability and uniformity of the presentation results, we converted the Z-score values to positive
in the figures; the untransformed original values can be found in Supplementary Figure S2.
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2.3. Relative Importance of Diversity and Density Effect across Fine Spatial Scales 

As we expected  in Hypothesis 3 (H3), neighborhood effects such as neighborhood 

species richness (NSR), conspecific negative density dependence (CNDD), neighborhood 

competition index (NCI), and heterospecific neighborhood competition index (HNCI) col-

lectively  regulate  the  relationship between  species diversity  and productivity. Among 

these, only NSR exhibits a positive effect on the growth of focal tree species (Figure 8). 

However, the relative importance of various neighborhood effects varies with differ-

ent testing scales. At a neighborhood scale of 5 m, we observed that neighborhood effects 

Figure 6. Parameter estimates for the effects of heterospecific density and resource competition on
RGR at neighborhood scales. The green and light blue bar graphs depict the parameter estimation of
heterospecific neighborhood density (HND) (a) and heterospecific neighborhood competition index
(HNCI) (b) on the RGR of individual focal trees across different spatial scales, respectively. Positive
values denote positive effects, while negative values signify negative effects. Significance levels are
denoted by an asterisk (*) or a dot (·) (· p < 0.05; * p < 0.1).
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Figure 7. Multiscale relationship between heterospecific density, resource competition, and relative
growth rate (RGR) among all species. It displays annual heterospecific neighborhood effect–RGR
relationships for each of the 158 observed species at various spatial scales: 2.5 m (a1,b1), 5 m (a2,b2),
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To enhance the comparability and uniformity of the presentation results, we converted the Z-score
values to positive in the figures; the untransformed original values can be found in Supplementary
Figure S2.

2.3. Relative Importance of Diversity and Density Effect across Fine Spatial Scales

As we expected in Hypothesis 3 (H3), neighborhood effects such as neighborhood
species richness (NSR), conspecific negative density dependence (CNDD), neighborhood
competition index (NCI), and heterospecific neighborhood competition index (HNCI)
collectively regulate the relationship between species diversity and productivity. Among
these, only NSR exhibits a positive effect on the growth of focal tree species (Figure 8).
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However, the relative importance of various neighborhood effects varies with different
testing scales. At a neighborhood scale of 5 m, we observed that neighborhood effects
were overwhelmingly dominated by negative effects due to conspecific density or resource
competition, making it difficult to discern a significant positive diversity–productivity
relationship. However, as spatial scale increased, the relative importance of neighborhood
species richness (NSR) became more pronounced at scales of 10 to 20 m, accounting for
approximately 20% to 40% of the total effect and contributing to a positive diversity–
productivity relationship. Additionally, at scales exceeding 15 m, interspecific resource
competition led to a reduction in growth, representing 15% to 20% of the total effect,
though conspecific negative density dependence remained predominant. In summary, the
negative impact of conspecific density and resource competition on individual tree growth
was predominant. However, as the test scale increased, the detectability of interspecific
neighborhood effects became more significant, particularly the NSR effect at scales of 10 to
20 m, which facilitated a positive diversity–productivity relationship.
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3. Discussion

The intricate relationship between biodiversity and ecosystem productivity, as high-
lighted by our research within the context of secondary forests, underscores a pivotal
consensus: species diversity enhances ecosystem productivity. This understanding, deeply
rooted in the foundational studies by Tilman et al. (2014) and Cardinale et al. (2012), is
extended by our findings, which emphasize the crucial role of neighborhood-scale diver-
sity [1,5]. Similar to earlier research at broader scales, such as landscapes or biomes, the
biodiversity–productivity relationship (BPR) tends to display more consistent patterns,
with higher biodiversity generally linked to increased productivity [11,12,23,24]. Our study
also observed a similar phenomenon, namely an increase in tree growth rates with higher
neighborhood diversity, within a neighborhood scale of 10–20 m (Figure 2), thus affirming a
positive correlation between biodiversity and productivity. This observation provides tangi-
ble evidence of biodiversity in boosting ecosystem productivity at the neighborhood scale.
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However, at smaller neighborhood scales (below 2.5 m), our research observes that the
consistently positive diversity–productivity relationship noted at 10–20 m scales becomes
more complex (Figure 3) and even exhibits a negative diversity–growth relationship at
a scale of 2.5 m (Figure 2), although it is not statistically significant. We attribute this
high variability and the non-significant negative relationship between plant diversity and
growth at these smaller scales to the intricate interactions between the focal tree species
and their neighboring individuals, particularly concerning conspecific density dependence
and resource competition [7–10,15–17]. Additionally, the inclusion of random slopes for
species enabled us to capture species-specific response variability, which is crucial for
understanding the nuanced interactions at smaller scales. Our analysis of conspecific
neighborhood effects (CND and CNCI) supports this view, particularly at very small
scales below 2.5 m, where we found that neighborhood effects were overwhelmingly
dominated by negative effects due to intraspecific competition (Figure 8), as indicated
by the conspecific neighbor density (CND) and conspecific neighbor competition index
(CNCI), which had a significant negative impact on RGR across various scales (Figure 4).
This suggests that individuals of the same species exert a stronger competitive pressure
on each other, likely due to direct competition for identical resources (light, water, and
nutrients) and space [7,8,10,15–17,25,26]. Especially at very small scales, the limited space
leads to the dominance of negative density effects among neighboring tree individuals
(Figure 8), making it challenging to detect a positive diversity–growth relationship. On the
other hand, interspecific competition, as measured by the heterospecific neighbor density
(HND) and heterospecific neighbor competition index (HNCI), showed a less significant
impact on RGR (Figure 6). This finding highlights the importance of niche differentiation
in mediating competition among coexisting species [7,9,10,17]. According to niche theory,
species coexistence is facilitated by differences in resource use and habitat preferences,
which reduce direct competition and allow for a more equitable distribution of resources
among species [27–30].

Interestingly, as spatial scale increases, the relative importance of neighborhood species
richness (NSR) at scales of 10 m to 20 m increases, accounting for up to approximately 40%
of the total neighborhood effect, thereby contributing to a positive biodiversity–productivity
relationship. These results underscore the complexity of ecological interactions and the role
of spatial context in mediating these interactions, indicating that at smaller scales, intense
competition for resources may overshadow the positive effects of species diversity on pro-
ductivity [7–10,17,31]. In contrast, at broader scales, the benefits of species diversity, possibly
through mechanisms such as niche complementarity and reduced competition, become more
apparent. Our research further elucidates the scale-dependent dynamics of the biodiversity–
productivity relationship, a topic increasingly emphasized in recent ecological studies. Huang
et al. (2018) and Liang et al. (2016) demonstrated that the impacts of biodiversity on ecosystem
functioning can vary significantly across large spatial scales [4,32]. This variability implies
that the mechanisms through which biodiversity influences ecosystem productivity—such
as niche differentiation and resource partitioning—may manifest differently depending on
the spatial scale under investigation [7,9,10,33]. Our findings unequivocally support this
perspective, demonstrating that the positive effects of biodiversity are not consistent across
different tree species but rather are modulated by the spatial scale at which they are examined.

Additionally, we observed a scale-dependent effect among different species, whereby
at smaller scales, the biodiversity–productivity relationship exhibits greater interspecific
variation (Figure 3a1), but as spatial scale increases, this relationship gradually stabilizes
into a consistent positive correlation (Figure 3a5). This suggests that different species
may respond differently to neighborhood effects—although neighborhood tree species
richness generally promotes individual tree productivity, species with different resource
utilization and competition strategies may exhibit varying responses [7,8]. Specifically,
resource-acquisitive species are often more susceptible to reductions in individual growth
due to neighborhood competition at smaller spatial scales, while species with more conser-
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vative resource utilization strategies may benefit more from diversity effects in individual
growth [7,9,10].

In summary, our research extends the scope of previous studies on the plant species
diversity–productivity relationship by demonstrating that at very small scales, the com-
bined effects of conspecific and heterospecific density dependence and resource competition
can alter the previously stable positive biodiversity–productivity relationship observed
at larger scales. Specifically, at tree-to-tree neighborhood distances of less than 2.5 m, tree
growth is predominantly influenced by conspecific neighborhood effects, which adversely
affect growth. Traditional views have emphasized the role of interspecific competition
in driving community assembly and species distribution patterns [28]. However, our
findings, along with recent studies [29,30], suggest that intraspecific competition may
play an equally, if not more, significant role in influencing plant community dynamics
and ecosystem functioning. Understanding the differential impacts of intraspecific and
interspecific competition on tree growth and the biodiversity–productivity relationship
is crucial for gaining insights into the dynamics of secondary forest ecosystems. More-
over, the dominance of intraspecific competition, particularly in the early stages of forest
succession, may significantly influence patterns of species recruitment, growth, and mor-
tality. This, in turn, shapes the trajectory of forest development and recovery [9–11,31,32].
Therefore, recognizing the importance of intraspecific competition provides a more com-
prehensive understanding of forest ecology and the factors driving ecosystem resilience
and productivity. Our research also confirms that the positive effects of biodiversity are
modulated by spatial scale and interspecific variability, emphasizing the importance of
scale in understanding ecological phenomena and suggesting that processes observed at
one scale may not be directly extrapolated to another [14,34]. This is critical for understand-
ing biodiversity’s effects and underscores the importance of considering spatial scale in
ecological research and ecosystem management practices. Recognizing the importance of
intraspecific competition and the scale-dependent nature of biodiversity effects provides a
more comprehensive understanding of forest ecology and the factors driving ecosystem
resilience and productivity.

4. Materials and Methods
4.1. Data Collection

The research area is situated in the Wuyishan National Park, located in the northwest-
ern part of Fujian Province, China. This region experiences an average annual temperature
of 19.2 ◦C and receives about 1600 mm of rainfall yearly (Figure S3 in the Supplementary
Files). It enjoys an average annual sunshine of 1910.2 h, with a frost-free season lasting
between 227 and 246 days. The dominant natural vegetation in this locale is the subtropical
evergreen broad-leaved forest [35], although extensive commercial logging has historically
transformed many primary forests into secondary forests [9,36].

For our research, we established a 9.6-hectare (400 m × 240 m) dynamic observation
plot (27◦35′24.23′′ N, 117◦45′55.43′′ E) within the subtropical evergreen broad-leaved sec-
ondary forest, covering dimensions of 400 m by 240 m (Figure S4 in the Supplementary
Material). This plot lies at an altitude that varies from 450 to 580 m, exhibiting minimal
topographical variation. The long axis of the plot runs parallel to the main ridge in a
northeast–southwest orientation. Approximately two-thirds of the plot area is on the south-
east slope, with the remainder on the northwest slope. Predominant tree species within
the plot include evergreen broad-leaved species and subspecies like Castanopsis carlesii,
Castanopsis eyrei, and Schima superba [9,35,36].

In accordance with the CTFS (Center for Tropical Forest Science) survey protocols, the
entire plot was divided into 240 large quadrats (20 m × 20 m), and each large quadrat was
further subdivided into 16 smaller plots (5 m × 5 m), totaling 3840 small plots. These smaller
quadrats were used as work units to measure the relative position, DBH (diameter at breast
height), and other individual attributes of all trees. From October to December 2013, during
the first survey, we recorded species, relative position, DBH, height, and crown base height
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for all tree individuals with DBH ≥ 1 cm. Among these, one 5 m × 5 m or 1 m × 1 m subplot
was selected in each large quadrat to survey shrubs, herbaceous plants, and lianas, recording
their species, abundance, average height and cover (for shrubs and herbaceous plants), as
well as basal diameter and length (for lianas). Specifically, for shrubs less than 1.3 m in height
(the height at which DBH is measured) or with DBH < 1 cm, we only measured their average
height and cover. The species listed in our study are exclusively woody plants. While we
have also collected data on shrubs and herbaceous plants, these data were not included in this
study. Our analysis only considers woody plants with DBH ≥ 1 cm.

The first census showed a total of 68,336 tree individuals (including branches and
sprouts) with DBH ≥ 1 cm, belonging to 173 species, 88 genera, and 48 families. The
co-dominant families included Fagaceae, Ericaceae, and Elaeocarpaceae, with co-dominant
species including Castanopsis carlesii, Castanopsis fordii, Castanopsis eyrei, Engelhardia rox-
burghiana, Syzygium buxifolium, and Schima superba. No single species was overwhelmingly
dominant (Table S1 in the Supplementary Files), and the stand structure indicated that
the forest community in our study was still in the early stage of secondary succession
because most tree individuals were saplings [9,36]. The second survey was conducted from
September to December 2018. A total of 63,897 live trees (Table S2 in the Supplementary
Files) were surveyed, including newly recruited individuals. Additionally, we noted that
a total of 148 tree species (10.87% of the total number of tree) had died between 2013 and
2018 [9,36].

4.2. Relative Growth Rate

To evaluate tree productivity, we utilized the relative growth rate (RGR) of the tree’s
wood volume. For each target tree, we calculated the wood volume (V) by employing
a form factor of 0.5, which represents an average for young subtropical trees, where
V = (π·d2/4)hf, d being the diameter at breast height (DBH), h the height of the tree, and f
the form factor representing a cylinder [7,8]. The RGR of wood volume was determined
using the following formula:

RGR =
log(V2/V1)

(t2 − t1)
(1)

where V1 and V2 represent the volumes of tree wood at the start t2 and end t1 of the study
period from 2013 to 2018 (Figure S5 in the supporting information). We opted for RGR
over the absolute growth rate due to the significant variation in the initial sizes of the trees
under observation. RGR is a more reliable measure that is less influenced by the initial size
differences among trees [7,37].

4.3. Neighborhood Diversity, Intraspecific/Interspecific Competition, and Test Scale

In our analysis, we developed a framework to elucidate the relationships between
neighborhood diversity (NSR) and intraspecific (both conspecific neighborhood density,
CND, and conspecific neighborhood competition index, CNCI) and interspecific com-
petition represented by heterospecific neighborhood density, HND, and heterospecific
neighborhood competition indices, HNCI, respectively, with the relative growth rate (RGR)
of trees [7,38]. This methodology aimed to explore how these factors collectively influence
tree growth [7–10,15,16].

Neighborhood species richness (NSR) was determined by counting the number of dis-
tinct tree species within a defined vicinity of each focal tree (Figure S6 in the Supplementary
Files). Conspecific negative dependence (CND) and heterospecific negative dependence
(HND) were assessed by examining the density of same-species and different-species trees
surrounding a focal tree (Figure S7 in the Supplementary Files), respectively. The conspe-
cific and heterospecific neighborhood competition indices (CNCI and HNCI) quantified the
extent of resource competition, calculated by evaluating the DBH (diameter at breast height)
area of neighboring trees of the same and different species (Figure S8 in the Supplementary
Files), respectively. These indices, serving as a gauge for the abundance of competitors,
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were formulated as NCI = ∑j ̸=i
πD2

j
4 , where Dj represents the diameter at breast height

(DBH) of neighboring trees [7]. CNCI includes only conspecific trees. For a given focal
tree, CNCI is calculated as the sum of the DBH of all conspecific neighboring trees within
a specified radius (from 5 m to 20 m). HNCI includes only heterospecific trees. Similarly,
HNCI is calculated as the sum of the DBH areas of all heterospecific neighboring trees
within a specified radius.

Neighborhood diversity and intra-/interspecific competition are highly spatial scale-
dependent and closely related to the scale of the sampling radius [7,9,39]. In this study,
the “neighborhood scale or local scale” (i.e., the test scale) was defined as the range
with the focal tree species as the center and a radius less than 20 m to comprehensively
evaluate the strength of the NSR effect at different spatial scales. In addition, at this
neighborhood scale, our results could fully reflect the biological interaction relationship
between species and avoid being confounded by the influence of habitat heterogeneity
factors in the plot [17,33,40–42]. We calculated the NSR/CND/HND/CNCI/HNCI of focal
tree species at different neighborhood scales in R-Studio (R 4.05, Boston, MA, USA)

4.4. Multiscale Neighborhood Effect Models for Tree Relative Growth Rate

To establish the relationship between neighborhood effects (NSR, CND, CNCI, HND,
and HNCI) and relative growth rate (RGR), we employed linear mixed-effects models
(LMMs). These models are tailored to elucidate the complex interactions influencing the
annual growth rate of wood volume within a tree’s neighborhood. This approach offers a
detailed understanding of how diversity, density dependence, and resource competition
impact growth, enhancing our ability to predict growth dynamics across various species
and environmental conditions.

In the linear mixed-effects model (LMM), α represents the intercept, indicating the
baseline relative growth rate (RGR), and the β coefficients represent the fixed effects of
the predictors (NSR, CND, CNCI, HND, and HNCI) on RGR. The random effects include
species identity (random intercepts and slopes) and plot identity (random intercepts).
Specifically, cs represents the random intercept for species s, accounting for the variability
in the average growth rate across different species. u1s, u2s,. . .,u5s are the species-specific
random slopes for the predictors NSR, CND, CNCI, HND, and HNCI, respectively. These
slopes capture the species-specific responses to the predictors, such as initial tree height,
neighborhood competition, and neighborhood species richness, thereby accounting for
inherent variability among species. tp represents the random effect of plot identity p,
accounting for environmental heterogeneity among plots. These random effects account
for intrinsic variability, thereby enhancing the robustness of the analysis. The error term (ε)
is assumed to be normally distributed. The specific model structure is as follows:

RGRi,s,p = α + (β1 + u1s)NSRi,s,p + (β1 + u2s)CNDi,s,p + (β1 + u3s)CNCIi,s,p + (β1 + u4s)HNDi,s,p
+(β1 + u5s)HNCIi,s,p + DBHi,s,p + cs + tp + ϵi,s,p

(2)

We accounted for variation in abiotic growing conditions and species-specific effects
by incorporating plot (quadrats), species identity, and neighborhood species effects (NSR,
CND, CNCI, HND, and HNCI) into the random structure of our analysis. Specifically, a
linear mixed-effects model (LMM) was employed, featuring both random intercepts and
random slopes to account for variability among species and random intercepts alone to
account for variability among plots [7,8,15,16]. The smallest plot scale of 5 × 5 m was
deliberately chosen to effectively capture and control for tree dependencies. By includ-
ing random intercepts for plots, we managed spatial dependencies and environmental
heterogeneity within plots. Furthermore, by incorporating random slopes for species,
we captured species-specific response variability, which further mitigated the issue of
tree independence.

We utilized the “lme4 1.1-31” package for fitting LMMs [7,15,16]. According to the
definitions of test scales in Section 2.3 of our study, we examined the effects of NSR, CND,
CNCI, HND, and HNCI at distances of 2.5 m, 5 m, 10 m, 15 m, and 20 m from the focal
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tree species on RGR, thus establishing a multi-scale neighborhood effects model. The
relative effect of each predictor (neighborhood effect) and their interactions is calculated
as the ratio of its parameter estimate to the sum of all parameter estimates, expressed as a
percentage [43]. Graphical and stand structural analyses were conducted using Excel and
R-studio, utilizing R version 4.05 with packages, ‘vegan’ 2.5-7, and ‘ads’ 1.5-5.

5. Conclusions

The elucidation of the relationship between species diversity and ecosystem produc-
tivity has remained a cornerstone in ecological research, with significant implications for
biodiversity conservation and ecosystem management strategies [1,44,45]. Our study ob-
served a significant positive correlation between neighborhood-scale species diversity and
the relative growth rate (RGR) of individual trees within a secondary forest ecosystem. Con-
firming our initial hypothesis (H1), our findings underscore a significant positive correlation
between neighborhood diversity and individual tree growth, reaffirming the importance of
biodiversity in fostering ecosystem productivity. Notably, we observed a scale-dependent
effect, wherein the biodiversity–productivity relationship exhibited greater variability at
smaller scales but stabilized into a consistent positive correlation as spatial scale increased.
Our investigation into intraspecific and interspecific competition further elucidates the
mechanisms driving the observed patterns. At smaller scales, intraspecific competition,
as indicated by the conspecific neighbor density (CND) and conspecific neighbor com-
petition index (CNCI), exerted a notable negative impact on relative growth rate (RGR),
reflecting the dominance of conspecific density-dependent effects. In contrast, interspecific
competition, represented by the heterospecific neighbor density (HND) and heterospe-
cific neighbor competition index (HNCI), exhibited insignificance or a lesser influence
on RGR, suggesting a lower intensity compared to intraspecific competition. Combining
these insights, it becomes evident that intraspecific competition plays a pivotal role in
shaping individual tree growth, especially at smaller scales, while interspecific competition
contributes less significantly. However, as spatial scale increases, the relative importance of
neighborhood species richness (NSR) becomes more pronounced, contributing to a positive
diversity–productivity relationship. This shift highlights the complex interplay of local
density-dependent interactions and spatial scale in modulating ecosystem functioning.

It is important to note that diameter at breast height (DBH) is a widely used and
accepted method for quantifying competition, especially due to its robust and reliable
nature in large-scale surveys [7–10,15–17]. Moreover, DBH is one of the most precise
measurable variables obtainable through traditional, non-automated field surveys. Other
variables, like tree height and crown width, often encounter significant error due to factors
like stand density and individual tree occlusion, making them less reliable, especially in
expansive surveys. However, we acknowledge the potential limitations of using only
DBH to evaluate resource competition in diverse ecosystems, particularly in multispecies
evergreen forest communities. Future forest surveys should consider employing more
precise instruments, such as LiDAR (Light Detection and Ranging), to obtain detailed
forest structure data. Such advanced technologies can offer more precise measurements
of tree height, canopy volume, and spatial distribution, thereby improving our ability to
quantify competition and enhancing our understanding of biodiversity and ecosystem
productivity relationships.

Overall, our study contributes to a deeper understanding of how biodiversity influ-
ences ecosystem productivity across different scales, emphasizing the need for a nuanced
approach in ecosystem management and conservation efforts. By unraveling the intri-
cate mechanisms underlying the biodiversity–productivity relationship, our findings offer
insights for fostering sustainable stewardship of natural resources and guiding forest
restoration initiatives in degraded ecosystems.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/plants13141994/s1, Figure S1. Relationship between species richness and
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relative growth rate (RGR) among all species. It displays annual diversity–RGR relationships for each
of the 158 observed species at 20 m. Different species are represented by different colors in the lines.
Predicted RGR are back-transformed from the linear mixed model as described in the text, and all
diversity effects were Z-score transformed at quantification. Figure S2. Multiscale relationship between
neighborhood effect (NSR, CND, CNCI, HND, and HNCI) and relative growth rate (RGR) among all
species. The annual neighborhood effect–RGR relationship across the 158 observed species is represented
by lines of different colors (refer to Figure S1), with solid lines indicating a positive relationship and
dashed lines indicating a negative one. The predicted values of RGR are obtained by back-transforming
from the linear mixed models, with all diversity effects quantified by Z-score transformation. In this
Figure, it is noted that Figures 3, 5 and 7 in the main text only present the prediction results for positive
Z-scores, whereas the original results are displayed here. Figure S3. Schematic representation of the
location of the study area. The red dots in the figure represent the location of the subtropical evergreen
broad-leaved forest plot in the Wuyi Mountains, China. Figure S4. The spatial pattern of all tree
individuals in the evergreen broad-leaved secondary forest dynamic observation site. Circles represent
the locations of individual trees, whose sizes are proportional to the tree DBH (diameter at breast height);
dark green circles represent tree individuals in first census in 2013, and steel blue circles represent tree
individuals in 2018. Figure S5. The spatial pattern of relative growth rate (RGR) in the evergreen broad-
leaved secondary forest dynamic observation site. This figure represents the annual relative growth rate
(RGR) of tree individuals during 2013–2018. RGR decreases gradually as the color transitions from red
to blue. The spatial intensity was estimated using an Epanechnikov kernel with a bandwidth of 10 m.
Figure S6. The spatial pattern of neighborhood diversity (NSR). This figure represents the neighborhood
species richness (NSR) of tree individuals in 2018. NSR decreases gradually as the color transitions from
red to blue. The spatial intensity was estimated using an Epanechnikov kernel with a bandwidth of
10 m. Figure S7. The spatial intensities of neighborhood density. This figure represents the intensity
of conspecific and heterospecific neighborhood densities of tree individuals in 2018. The intensity
decreases gradually as the color transitions from red to blue. The spatial intensity was estimated using
an Epanechnikov kernel with a bandwidth of 10 m. Figure S8. The spatial pattern of neighborhood size
(DBH). This figure represents the intensity of neighborhood size (DBH) of tree individuals in 2018. DBH
decreases gradually as the color transitions from red to blue. The spatial intensity was estimated using
an Epanechnikov kernel with a bandwidth of 10 m. Table S1. Basic characteristics of the 28 co-dominant
tree species in the subtropical evergreen broad-leaved forest plot in the Wuyi Mountains, China. Table
S2. Forest dynamic in the subtropical evergreen broad-leaved forest plot in the Wuyi Mountains, China
for the years 2013 and 2018.
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Abstract: In this study, an extensive exploration survey of wild progeny was conducted which
yielded 18 candidate plus trees (CPTs) of Terminalia bellerica. Seeds of these CPTs were collected
from diverse locations between 10◦54′ and 28◦07′ E longitude, and 76◦27′ and 95◦32′ N latitude,
covering 18 different locations across 5 states of the Indian subcontinent. The objective of the progeny
trial was to assess genetic associations and variability in growth and physio-chemical characteristics.
Significant variations (p < 0.05) were observed among the growth traits, encompassing plant height,
basal diameter, girth at breast height and volume, as well as physio-chemical characteristics such
as leaf length, width, area and chlorophyll content, carotenoids, and protein in the progeny trial.
Broad-sense heritability (h2

b) estimates were consistently high, exceeding 80% for all growth and
physiological related traits under investigation except for plant height, leaf length, and girth at breast
height. A correlation study revealed that selecting based on plant height, leaf area, and girth at breast
height effectively enhances T. bellerica volume. A moderate genetic advance in percent of the mean
(GAM) was observed for most traits, except leaf length, leaf width, girth at breast height, and plant
height. Across all 13 traits, phenotypic coefficient of variation (PCV) surpassed genotypic coefficient
of variation (GCV). Utilizing principal component analysis (PCA) and dendrogram construction
categorized the genotypes into seven distinct groups. In conclusion, the study has demonstrated
that targeting girth at breast height and plant height would be a highly effective strategy for the
establishment of elite seedling nurseries and clonal seed nurseries for varietal and hybridization
programs in the future.

Keywords: Terminalia bellerica; genetic diversity; heritability; clustering; progeny trial

1. Introduction

T. bellerica (Gaertn.) Roxb. is an impressive deciduous tree known for its rapid growth
and substantial size. With its expansive and spherical crown, it can reach remarkable
heights of up to 50 m in its native environment, although it generally grows smaller when
nurtured. This tree often showcases prominent buttresses and keeps its branches absent
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for the initial 20 m of its trunk. The bark of Terminalia exhibits a distinctive ashy grey
color, highlighted by delicate longitudinal cracks. Additionally, the inner bark showcases
a subtle yellowish tint. Terminalia can be commonly found in native woodlands across
several regions of the Indian subcontinent, including West Bengal, Madhya Pradesh, Uttar
Pradesh, Maharashtra, Assam, Tamil Nadu, Rajasthan, Karnataka, Kerala, and Punjab [1].

The wood derived from T. bellerica is known for its exceptional hardness and can be
utilized in various applications. These include minor construction, the creation of grain
measurement tools, boat side planks, fodder production, providing food for Tasar silk-
worms, soap manufacturing, as well as the extraction of gum with demulcent and purgative
properties. Additionally, this wood is also used in the production of ayurvedic medicines
such as Triphala. Hence, T. bellerica has been selected for the ongoing study. Candidate
plus trees (CPTs) have been carefully chosen based on their exceptional morphometric
characteristics from diverse geographical regions. The objective is to identify offspring
with enhanced productivity through systematic tree improvement initiatives.

The establishment and productivity of forest tree plantations heavily depend on the
selection of species and seed sources within those species [2]. Thus, it is crucial to grasp the
variation within these seed sources to ensure effective tree improvement programs [3]. In
order to obtain superior genetic material, tree breeders must evaluate the traits that require
enhancement while taking into account their variability in terms of both morphological and
biochemical characteristics [4]. Conducting variability studies is an essential requirement
for any tree improvement program [5], however, in the case of T. bellerica, such studies are
still in the early stages of development.

Besides variability, the role of heritability in estimating potential gains from selection
programs is of the utmost importance [6]. Understanding the heritability of selected traits
is essential [7], hence it is valuable to assess the genetic analysis to determine the heritable
components. At present, there is a lack of information about T. bellerica in this field.

Evaluating the extent and type of variation in the initial population is essential for
enhancing both qualitative and quantitative progress. Historically, assessing genetic diver-
sity in trees involved conducting provenance/progeny tests and utilizing the Mahalanobis
D2 statistic [8]. By clustering genotypes, distantly related clusters can be identified for
hybridization, leading to improved segregation to facilitate selection of superior groups or
individuals. The individuals or groups that demonstrate enhanced energy and enthusiasm
can be effectively utilized in planting programs to enhance productivity [9–13].

Previously, the evaluation of genetic diversity relied on investigations that focused on
comparative anatomy, morphology, physiology, and biochemistry [3]. However, the intro-
duction of molecular marker techniques has revolutionized our comprehension of tropical
tree population genetics. These techniques enable the analysis of protein or DNA polymor-
phism and have been instrumental in advancing our understanding in this field [4,14–16].
The utilization of DNA marker studies in tropical trees has proven to be effective in
various applications. These include understanding variations in origin, determining geno-
typic identity, characterizing germplasm at a molecular level [17], identifying quantitative
trait loci [18,19], studying molecular systematics [20,21], and evaluating genetic diver-
sity [12,13,22]. However, there is a noticeable lack of research on these aspects specifically
related to T. bellerica. In light of the aforementioned information, this document presents a
research study that seeks to explore the potential of T. bellerica as a feasible alternative to
secondary timber genetic resources. The main aim is to tackle the growing demand for raw
wood materials within industries that heavily depend on forest resources.

2. Results
2.1. Growth Traits

The analysis of variances indicated significant variation among all the 18 accessions
studied in the measured growth traits at a significance level of p < 0.05 (Figure S1). Sig-
nificant variation in plant height was observed during the growth of progeny from 18 ac-
cessions in the T. bellerica (Table 1). Compared to other accessions, FCRITB17 (7.19 m)
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and FCRITB16 (7.17 m) exhibited significantly higher values for plant height. Conversely,
a group of seven accessions exhibited lower heights, measuring less than 6.50 m which
included FCRITB18 (6.41 m), FCRITB06 (6.39 m), FCRITB04 (6.29 m), and FCRITB112
(6.23 m).

Table 1. Mean performance of selected genotypes for growth and physiological traits in T. bellerica.

Accession
Name

Plant
Height (m)

Basal
Diameter

(cm)

Girth at
Breast

Height (m)

Volume
(m3)

Leaf
Length (cm)

Leaf
Width (cm)

Leaf
Area (cm2)

FCRITB01 6.50 ± 0.14 efgh 44.2 ± 0.63 d 0.09 ± 0.001 b 0.692 ± 0.00 ef 26.5 ± 0.10 defg 11.6 ± 0.01 de 208 ± 1.88 ef

FCRITB02 6.67 ± 0.11 cdef 43.6 ± 0.00 de 0.09 ± 0.000 b 0.690 ± 0.00 de 25.9 ± 0.54 efg 11.0 ± 0.17 gh 194 ± 0.58 jk

FCRITB03 6.73 ± 0.16 cde 50.9 ± 0.81 a 0.09 ± 0.000 b 0.631 ± 0.00 hij 26.6 ± 0.26 cdef 11.2 ± 0.21 fgh 201 ± 0.35 fgh

FCRITB04 6.29 ± 0.09 gh 41.6 ± 0.40 gh 0.09 ± 0.001 b 0.625 ± 0.01 ij 27.5 ± 0.30 ab 11.9 ± 0.09 abcd 222 ± 1.51 bc

FCRITB05 6.53 ± 0.03 defg 43.4 ± 0.73 def 0.09 ± 0.001 b 0.627 ± 0.00h ij 25.9 ± 0.38 fg 11.1 ± 0.00 fgh 195 ± 2.13 ij

FCRITB06 6.39 ± 0.09 fgh 41.9 ± 0.00 fg 0.09 ± 0.001 b 0.594 ± 0.00 k 25.6 ± 0.01 g 10.7 ± 0.01 i 186 ± 0.52 k

FCRITB07 6.65 ± 0.07 cdef 44.4 ± 0.85 d 0.10 ± 0.000 a 0.775 ± 0.00 b 27.1 ± 0.39 bcd 11.8 ± 0.03 bcd 218 ± 2.10 cd

FCRITB08 6.53 ± 0.09 defg 44.4 ± 0.06 d 0.09 ± 0.002 b 0.720 ± 0.00 c 26.7 ± 0.01 bcde 11.3 ± 0.10 efg 205 ± 3.99 fg

FCRITB09 6.80 ± 0.09 bcd 47.6 ± 0.18 bc 0.09 ± 0.001 b 0.711 ± 0.02 cd 26.8 ± 0.11 cdef 11.4 ± 0.12 ef 207 ± 3.73 ef

FCRITB10 7.04 ± 0.14 ab 49.5 ± 0.15 b 0.09 ± 0.000 b 0.663 ± 0.01 fg 26.1 ± 0.10 fg 11.3 ± 0.05 fgh 199 ± 2.18 ghi

FCRITB11 6.63 ± 0.15 def 46.7 ± 0.19 c 0.09 ± 0.002 b 0.648 ± 0.01 gh 25.8 ± 0.25 fg 10.9 ± 0.03 hi 192 ± 0.70 jk

FCRITB12 6.23 ± 0.11 h 40.3 ± 0.51 h 0.09 ± 0.001 b 0.613 ± 0.01 jk 26.4 ± 0.11 cdefg 11.2 ± 0.22 fgh 201± 0.60 ghi

FCRITB13 6.55 ± 0.06defg 41.7 ± 0.52 fg 0.09 ± 0.000 b 0.691 ± 0.01 e 27.1 ± 0.14 bc 11.6 ± 0.22 cde 213 ± 4.08 de

FCRITB14 6.94 ± 0.03abc 39.2 ± 0.25 i 0.09 ± 0.001 b 0.616 ± 0.01 ijk 26.0 ± 0.61 efg 11.1 ± 0.02 fgh 196 ± 0.06 hij

FCRITB15 6.73 ± 0.13 cde 42.1 ± 0.06 fg 0.09 ± 0.001 b 0.639 ± 0.00 hi 28.3 ± 0.34 a 12.3 ± 0.04 a 237 ± 0.75 a

FCRITB16 7.17 ± 0.07 a 42.5 ± 0.45 efg 0.10 ± 0.002 a 0.819 ± 0.00 a 27.7 ± 0.11 b 11.9 ± 0.00 abc 220 ± 4.81 bcd

FCRITB17 7.19 ± 0.01 a 41.9 ± 0.26 fg 0.09 ± 0.000 b 0.708 ± 0.00 cde 28.3 ± 0.20 a 12.2 ± 0.23 ab 234 ± 2.13 a

FCRITB18 6.41 ± 0.02 fgh 43.7 ± 0.48 de 0.10 ± 0.001 a 0.731 ± 0.02 c 27.3 ± 0.14 b 12.2 ± 0.04 ab 225 ± 0.21 b

Note: Data are the mean values of three replicates with ± standard error. Means followed by the same letter
within each column are not significantly different at the 0.05 level.

Significant variation was noted among the accessions in terms of the basal diameter,
with an observed mean of 43.9 cm occurring. The accession with the highest basal diameter
(50.9 cm) was FCRITB03, followed by FCRITB06 (49.5 cm). The FCRITB14 with a basal
diameter of 39.2 cm was apparently distinct, and its measurement was significantly lower
than all other accessions.

The range of volumes observed in this study varied from 0.1653 m3 to 0.2251 m3.
Among the nine progenies analyzed, namely FCRITB07 (0.2088 m3), FCITB 10 (0.1791 m3),
FCRITB14 (0.1765 m3), FCRITB16 (0.2251 m3), FCRITB17 (0.1829 m3), and FCRITB18
(0.2013 m3) exhibited higher volumes compared to the average value obtained from the
overall sample. It is worth mentioning that among the identified progeny, FCRITB16
exhibited the highest recorded volume of 0.2251 m3, whereas progeny FCRITB12 achieved
the lowest volume of 0.1585 m3. The length of the leaves was observed to range from
25.83 cm to 28.30 cm, with an overall average of 26.75 cm. Among the 18 progenies,
progeny FCRITB15 and FCRITB17 recorded the maximum leaf length at 28.30 cm, while
progeny FCRITB11 exhibited the minimum leaf length at 25.83 cm. The leaf area value
exhibited variation ranging from 236.63 cm2 to 185.99 cm2, with an overall mean value
of 208.46 cm2. Out of the 18 progenies of T. bellerica, 7 progenies—FCRITB04, FCRITB07,
FCRITB13, FCRITB15, FCRI TB 16, FCRITB17, and FCRITB18—displayed higher leaf areas
compared to the general mean. The progeny FCRITB15 recorded the maximum leaf area of
(236.63 cm2), while the progeny FCRITB06 exhibited the smallest leaf area of (185.99 cm2)
(Table 1).
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2.2. Biochemical Traits

The ANOVA revealed prominent variation (p < 0.05) among the 18 studied accessions
across all the biochemical traits (Figure S2). Among the 18 progeny, FCRITB05 exhibited
higher chlorophyll ‘a’ content with a measurement of 1.127 mg/g, while progeny FCRITB18
had the lowest chlorophyll ‘a’ content at 0.489 mg/g. The overall average for chlorophyll ‘a’
content was recorded as 0.743 mg/g. In terms of chlorophyll ‘b’ content, the general mean
was determined to be 0.471 mg/g, ranging from 0.213 mg/g to 0.979 mg/g. Seven specific
progenies—FCRITB05 (0.879 mg/g), FCRITB06 (0.613 mg/g), FCRITB07 (0.701 mg/g),
FCRITB09 (0.594 mg/g), FCRITB10 (0.534 mg/g), FCR IT B11 (0.497 mg/g), and FCRITB13
(0.293 mg/g)—exhibited higher levels of chlorophyll ‘b’ content compared to the overall
average value. The total chlorophyll content varied between 0.501 mg/g and 1.943 mg/g.
Among the seven progenies—FCRITB05 (1.943 mg/g), FCRITB06 (0.891 mg/g), FCRITB07
(1.012 mg/g), FCRITB09 (0.904 mg/g), FCRITB10 (0.897 mg/g), FCRITB11 (0.919 mg/g),
and FCRITB13 (1.009 mg/g)—the maximum total chlorophyll content was observed when
compared to the overall average value. Carotenoid content varied from 0.886 mg/g to
0.372 mg/g, with an average value of 0.581 mg/g. Specifically, the progenies FCRITB02
(0.645 mg/g), FCRITB06 (0.663 mg/g), FCRITB08 (0.604 mg/g), FCRITB10 (0.831 mg/g),
FCRITB14 (0.618 mg/g), FCRITB15 (0.818 mg/g), and FCRITB17 (0.886 mg/g) exhibited
higher carotenoid content compared to the overall average value. Out of the 18 progenies
of T. bellerica, 10 specific progenies, including FCRITB03, FCRITB04, FCRITB06, FCRITB10,
FCRITB11, FCRITB12, FCRITB13, FCRITB14, and FCRITB17, have demonstrated a higher
crude protein content in comparison to the overall average (Table 2).

Table 2. Mean performance of selected genotypes for biochemical traits in T. bellerica.

Accession
Name

Chlorophyll a
(mg/g)

Chlorophyll b
(mg/g)

Chlorophyll a
and b

Total
Chlorophyll

(mg/g)

Carotenoid
mg/g

Crude
Protein%

FCRITB01 0.628 ±0.01 g 0.435 ±0.00 i 1.063 ±0.00 i 0.754 ±0.00 e 0.561 ±0.00 f 11.59 ±0.19 f

FCRITB02 0.552 ±0.01 h 0.213 ±0.00 n 0.765 ±0.01 l 0.690 ±0.00 f 0.645 ±0.00 d 21.11 ±0.31 d

FCRITB03 0.515 ±0.00 i 0.278 ±0.00 l 0.793 ±0.00 k 0.654 ±0.01 g 0.574 ±0.01 f 27.78 ±0.08 f

FCRITB04 0.771 ±0.02 f 0.398 ±0.00 j 1.169 ±0.01 h 0.798 ±0.01 d 0.513 ±0.00 g 26.26 ±0.00 g

FCRITB05 1.127 ±0.02 a 0.979 ±0.01 a 2.106 ±0.00 a 1.943 ±0.04 a 0.518 ±0.00 g 39.88 ±0.07 g

FCRITB06 0.826 ±0.00 e 0.613 ±0.01 d 1.439 ±0.02 e 0.891 ±0.00 c 0.663 ±0.00 d 29.18 ±0.10 d

FCRITB07 0.926 ±0.01 c 0.701 ±0.01 c 1.627 ±0.03 c 1.012 ±0.00 b 0.513 ±0.01 g 12.15 ±0.14 g

FCRITB08 0.519 ±0.01 i 0.298 ±0.00 k 0.817 ±0.02 k 0.649 ±0.00 g 0.604 ±0.01 e 13.88 ±0.09 e

FCRITB09 0.892 ±0.01 d 0.594 ±0.01 e 1.486 ±0.00 d 0.904 ±0.01 c 0.416 ±0.00 h 11.73 ±0.02 h

FCRITB10 0.836 ±0.00 e 0.534 ±0.01 f 1.370 ±0.00 f 0.897 ±0.01 c 0.831 ±0.01 b 39.39 ±0.13 b

FCRITB11 0.823 ±0.02 e 0.497 ±0.00 g 1.320 ±0.01 g 0.919 ±0.01 c 0.498 ±0.00 g 31.40 ±0.05 g

FCRITB12 0.562 ±0.00 h 0.301 ±0.00 k 0.863 ±0.00 j 0.619 ±0.00 h 0.364 ±0.00 i 22.16 ±0.12 i

FCRITB13 0.997 ±0.01 b 0.923 ±0.00 b 1.920 ±0.01 b 1.009 ±0.00 b 0.574 ±0.00 f 39.88 ±0.14 f

FCRITB14 0.615 ±0.01 g 0.464 ±0.00 h 1.079 ±0.01 i 0.710 ±0.00 f 0.618 ±0.01 e 28.45 ±0.30 e

FCRITB15 0.436 ±0.00 j 0.254 ±0.00 m 0.690 ±0.00 m 0.593 ±0.00 h 0.818 ±0.00 c 13.88 ±0.23 c

FCRITB16 0.513 ±0.00 i 0.294 ±0.00 kl 0.807 ±0.00 k 0.604 ±0.00 h 0.498 ±0.01 g 13.64 ±0.02 g

FCRITB17 0.612 ±0.00 g 0.454 ±0.01 hi 1.066 ±0.01 i 0.784 ±0.01 d 0.886 ±0.01 a 29.09 ± 0.07 a

FCRITB18 0.489 ±0.00 i 0.254 ±0.00 m 0.743 ±0.02 l 0.501 ±0.01 i 0.372 ±0.00 i 21.31 ± 0.06 i

Traits marked with the same superscript letter are not statistically significantly different at a significance level of
p = 0.05.
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2.3. Heritability

In the conducted study, it was observed that all 13 traits demonstrated a significant
level of heritability, ranging from 68.11% to 99.94%, as indicated in Table 3. Among the
studied traits, crude protein exhibited the highest level of heritability at 99.94%. This was
closely followed by chlorophyll a, b, ratio to chlorophyll a, b (99. 76%, 99. 74%, and 99.31%
respectively), as well as carotenoid (99.36%).

Table 3. Genetic estimates of selected progeny traits in T. bellerica.

Traits
Phenotypic

Coefficient of
Variation

Genotypic
Coefficient of

Variation

Heritability Broad
Sense (%)

GA (%)
of

Mean

Growth traits

Plant height (m) 4.70 3.88 68.11 6.59

Basal diameter (cm) 6.94 6.71 93.37 13.35

Girt at breast height (m) 4.69 4.16 78.68 7.61

Volume (m3) 9.01 8.76 94.54 17.54

Physiological
traits

Leaf length (cm) 3.47 2.92 71.00 5.07

Leaf Width (cm) 4.21 3.80 81.65 7.08

Leaf area (cm2) 7.34 7.08 92.98 14.06

Biochemical
traits

Chlorophyll a (mg/g) 28.55 28.45 99.31 58.41

Chlorophyll b (mg/g) 47.80 47.74 99.76 98.24

Chl a/Chl b 35.65 35.60 99.74 73.25

Total Chlorophyll (mg/g) 37.95 37.88 99.63 77.89

Carotenoid (mg/g) 25.36 25.28 99.36 51.91

Crude Protein (%) 41.49 41.48 99.94 85.42

2.4. Genotypic and Phenotypic Variation

The presence of high variability in chlorophyll a, chlorophyll b, chl a/chl b, total
chlorophyll, carotenoid, and crude protein is indicated by the highest values of GCV and
PCV. The magnitude of phenotypic coefficient of variation (PCV) was greater than the
respective genotypic coefficient of variation (GCV) for all the studied traits, albeit with only
a slight difference.

In Table 3, the analysis of the genotypic coefficient of variance (GCV) and phenotypic
coefficient of variance (PCV) for multiple traits is presented. The findings reveal that, in
the majority of cases, the phenotypic coefficient variances (PCVs) are slightly higher than
the genotypic coefficient variances (GCVs). This indicates that the traits being studied
are relatively less affected by environmental factors. Notably, the highest values for both
GCV and PCV were observed in chlorophyll b (47.80% and 47.74%), crude protein (41.49%
and 41.48%), total chlorophyll (37.95% and 37.88%), Chl a/Chl b (35. 65% and 35.60%),
chlorophyll a (28.55% and 28.45%), and carotenoid (25.36% and 25.28%). On the other
hand, the traits of plant height, basal diameter, girth at breast height, volume, leaf length,
leaf width, and leaf area showed limited variability as indicated by their low GCV and
PCV values.

2.5. Genetic Advance

The findings of this investigation revealed all three kinds of genetic advances (low,
moderate, and high). Some traits, including leaf length, leaf width, girth at breast height,
and plant height displayed genetic advances of less than 10% in Table 3. In contrast, basal
diameter, leaf area, and volume exhibited moderate genetic advances ranging from 13.35%
to 17.54%. Particularly, biochemical traits demonstrated a high genetic advance, exceeding
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20% with a maximum of 98.24% by chlorophyll b. This study uncovers biochemical traits
with both high heritability and genetic advance as a percentage of the mean (>50).

2.6. Correlation among the Traits

Correlation analysis revealed several significant relationships between mean progenies
traits (Table 4). Plant height of provinces was significantly correlated (r = 0.545 *) with
carotenoid (Figure S2) and positively correlated with basal diameter (r = 0.194), girth at
breast height (r = 0.158), leaf area (r = 0.248), volume (r = 0.413), leaf length (r = 0.205),
leaf width (r = 0.194), and crude protein (r = 0.025). Progenies heights were negatively
correlated with chlorophyll content.

2.7. Principle Component Analysis

Principle Component Analysis (PCA) was executed to facilitate the visualization of
the entire dataset through a condensed dimension plot. The application of PCA was for
determining genetic relationships among progenies and exploring correlations among
growth, physiological, and biochemical traits. In this study, the performed PCA revealed
that over 99% of the observed variances could be accounted for by the initial three principal
components (Figure S3). Specifically, PC1, PC2, and PC3 contributed 73.1%, 24.1% and 2.6%
to the total variability, respectively (Figure 1. PC1 predominantly represents leaf area and
crude protein, PC2 explains the same, and PC3 primarily contributes to basal diameter.
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Component scores for the 18 studied progenies are shown in Table S1. Positive values
for PC1 indicate progenies with plant height, girth at breast height, leaf area, volume,
leaf length, leaf width, and carotenoids in general. FCRITB10, FCRITB16, and FCRITB17
belong to this group. The lowest values for PC1 indicate basal diameter such as FCRITB12
and FCRITB14. The highest values for PC2 indicate all the parameters except for basal
diameter and volume. The scatter biplot in Figure S4 shows the relationship between
studied genotypes and depicts a clear pattern of the grouping of provincesprovinces. All
the provincesprovinces were scattered widely in different quarters.

2.8. Heatmap Clustering

Figure 2 illustrates K-Means hierarchical clustering for growth characteristics, phys-
iological traits, and biochemical traits in T. bellerica accessions. A total of 18 Terminalia
progenies were categorized into 7 clusters using K-Means clustering, with cluster V and VII
holding the highest number of accessions (4) and others sharing 2 progenies under each.
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Figure 2. Heatmap dendrogram showed the variations among the 18 progenies.

Interestingly, cluster VII consisting of FCRITB01, FCRITB02, FCRITB03, and FCRITB08
exhibited similar mean values for the growth and biophysiological characters. FCRITB15nd
FCRITB17 were placed under cluster I and showed similar values for the traits. Despite
having the highest number of clustering, progenies did not exhibit high mean values for
any of the measured traits amidst the different climatic provincesprovinces.

3. Discussion

After a thorough analysis of 18 progenies of T. bellerica, it was observed that progenies
FCRITB02 and FCRITB13 showed initial superiority based on their biometric attributes.
However, progenies FCRITB05, FCRITB07, and FCRITB09 demonstrated significant superi-
ority in more than three biometric traits including plant height, basal diameter, leaf length,
leaf width, and leaf area. This highlights the potential of these specific progenies for further
study or utilization in future breeding programs.

The progenies, specifically FCRITB03, FCRITB10, FCRITB16, and FCRITB17 displayed
significantly higher measurements in various biometric characteristics including height,
basal diameter, leaf length, leaf width, and leaf area. The outcomes are consistent with
Neolamarckia cadamba, Casuarina clones, Ailanthus excelsa, Santalum album, Dalbergia sissoo,
Pongamia pinnata, Acacia species, Salix species, Aquilaria malaccensis, Melia azedarach, Leucaena
leucocephala, and Toona ciliata [7,9,11,23–32]. Furthermore, the comparable height observed
in FCRITB16 and FCRITB17 can be attributed to the similarity in weather parameters,
with both provincesprovinces experiencing an average temperature of 17.3 ◦C and annual
rainfall of 2036 mm.
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Leaf area is the most essential characteristic when it comes to biomass production.
The progenies displayed a significant amount of variation in terms of leaf traits, indicating
that these traits can be effectively utilized for selection purposes. The conducted study
revealed notable variations in the investigated leaf-related characteristics, including leaf
length, leaf breadth, and leaf area. It was observed that among the 18 progenies examined,
FCRITB17 demonstrated superiority in all of the analyzed leaf parameters. This could
be attributed to its remarkable growth and volume, potentially explaining its exceptional
performance. The current investigation is supported by prior evidence showing variation
in leaf features and their correlation to production in various plant species such as Toona
ciliata [33], N. cadamba [34,35], Ficus carica [36], Acacia species [7], Pongamia pinnata [37],
Aquilaria malaccensis [29], Poplar [38], Dalbergia sissoo [27], and Acacia catechu [39].

Following the analysis of biochemical data from a study on 18 offspring of T. beller-
ica, it was determined that one particular offspring—FCRITB10—consistently displayed
significantly elevated levels for all six studied biochemical parameters. Additionally, two
other offspring, namely FCRITB12 and FCRITB13, demonstrated superiority in five pa-
rameters: chlorophyll ‘a’, chlorophyll ‘b’, chlorophyll a/b ratio, total chlorophyll, and
carotenoid levels.

In the present study, the biochemical characteristics of 18 progenies of T. bellerica were
boserved. Out of the six examined biochemical properties, it is noteworthy that only one
progeny, namely FCRITB05, consistently demonstrated superior performance compared to
the other progenies. This superiority was observed to be significantly remarkable. Three
progenies—FCRITB07, FCRITB10, and FCRITB13—have exhibited their superiority in five
biochemical characteristics. These characteristics include chlorophyll ‘a’, chlorophyll ‘b’,
chlorophyll a/b ratio, total chlorophyll, and carotenoids. Previous studies have been
conducted on various plant species such as L. leucocephala, N. cadamba, Ailanthus excelsa,
Albizia lebbeck, Acacia catechu, Bassia latifolia, Mangifera indica, and Ulmis pumila [40–45].
These investigations have shown that these plants exhibit similar variations in terms of
their biochemical attributes. Therefore, the findings from previous studies provide support
for the conclusions made in the current investigation. Due to its superior performance in a
wide range of biometric and biochemical characteristics, FCRITB05 outperformed other
progenies of T. bellerica. As a result, it is currently being evaluated for prompt integration
into future breeding programs.

Heritability serves as a reliable indicator of the transmission of traits from parents
to their progeny, categorized as low (below 30%), medium (30–60%), and high (above
60%). The concept of heritability plays a pivotal role in the field of plant breeding, assisting
breeders in the selection of genotypes from a wide range of genetic populations. High
heritability values are particularly valuable as they enable the effective selection of specific
traits. In the conducted study, it was observed that all 13 traits demonstrated a significant
level of heritability, ranging from 68.11% to 99.94% as indicated in Table 5. Among the
studied traits, crude protein exhibited the highest level of heritability at 99.94%.

The presence of high variability in chlorophyll a, chlorophyll b, chl a/chl b, total
chlorophyll, carotenoid, and crude protein is indicated by the highest values of GCV and
PCV. The magnitude of phenotypic coefficient of variation (PCV) was greater than the
respective genotypic coefficient of variation (GCV) for all the studied traits, albeit with only
a slight difference. Similar findings were reported by Rao et al. [46]. In the current study,
there was minimal disparity between genotypic and phenotypic coefficients of variation for
all the studied traits except plant height. This implies that these traits are less susceptible
to environmental influences. Comparable results were reported in Populus deltoids [47]
and in willow trees [48]. The marginal difference between PCV and GCV of almost all the
characters studied in all the traits suggested that there was high heritability of variation
among the characters.
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Table 5. Provinces selected from the Indian subcontinent and the geographical location details.

S.No Sources District State Latitude Longitude Assigned
Name

1. Bandipur Tiger Reserve
and National Park Bandipur Karnataka 11.664547 76.626421 FCRITB1

2. Bandipur Tiger Reserve
and National Park Bandipur Karnataka 11.664571 76.626418 FCRITB2

3. Mysuru Zoo Mysuru Karnataka 12.30053 76.669647 FCRITB3

4. Kerala Agricultural
University Thrissur Kerala 10.3832 76.3296 FCRITB4

5. Kerala Agricultural
University Thrissur Kerala 10.3836 76.3299 FCRITB5

6. Vellanikkara Thrissur Kerala 10.548235 76.278912 FCRITB6

7. Vellanikkara Thrissur Kerala 10.548007 76.278745 FCRITB7

8. Vellanikkara Thrissur Kerala 10.54824 76.278874 FCRITB8

9. Bentham and Hooker
Garden Thrissur Kerala 10.547665 76.278592 FCRITB9

10. Bentham and Hooker
Garden Thrissur Kerala 10.550524 76.280483 FCRITB10

11. Akola Akola Maharashtra 20.703063 77.069286 FCRITB11

12. Akola Akola Maharashtra 20.703088 77.069316 FCRITB12

13. Akola Akola Maharashtra 20.703003 77.069991 FCRITB13

14. Shioni Bhandara Maharashtra 20.191579 79.661286 FCRITB14

15. Patur Akola Maharashtra 20.461537 76.943464 FCRITB15

16. Jagnari slopes Coimbatore Tamil Nadu 11.323315 76.934989 FCRITB16

17. Kalarayan Hills Kallakurichi Tamil Nadu 11.764162 76.415564 FCRITB17

18. Pasighat Eastsiang Arunachal
Pradesh 28.075837 95.325901 FCRITB18

Heritability and genetic advancement are pivotal metrics in unraveling the genetic
intricacies of various agricultural traits. This study delves into the interplay between
heritability and genetic advance as a percentage of mean, shedding light on the potential
for effective selection strategies. The analysis reveals that traits exhibiting both high
heritability and a high genetic advance as a percentage of the mean primarily operate under
the influence of additive gene action. These findings signify the suitability of direct selection
to enhance the performance of these traits, promising progress through selective breeding.

Conversely, traits characterized by moderate heritability and low genetic advance as
a percentage of the mean are predominantly influenced by non-additive gene action. For
such traits, direct selection may pose challenges, as a substantial portion of the variation
is attributed to environmental factors. These environmental effects may arise from soil
fertility disparities and other unpredictable variables, as suggested by Reddy et al. [49]. Re-
searchers have proposed that traits governed by non-additive gene action may benefit more
from management practices than direct selection for trait improvement. This perspective
aligns with the recommendations to emphasizing the importance of tailored management
approaches [50,51].

The findings of this investigation revealed all three kinds of genetic advances (low,
moderate, and high) and uncovers biochemical traits with both high heritability and genetic
advance as a percentage of the mean (>50). These high values indicate the prevalence
of additive gene action for these specific traits, signifying the potential for effective trait
enhancement through selective breeding.
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Conversely, the study identifies traits (leaf length, leaf width, girth at breast height,
and plant height) characterized by high heritability but low genetic advance as a percentage
of the mean. Additionally, traits such as basal diameter, leaf area, and volume exhibit high
heritability with moderate genetic advance as a percentage of the mean.

Hierarchical clustering, based on Ward’s minimum variance cluster analysis, revealed
phylogeographic patterns of genetic diversity. Length of the horizontal branches between
clusters indicates that there is a high degree of dissimilarity between clusters. K-means
clustering analysis demonstrated that trees from different geographic regions were grouped
together in clusters. Interestingly, trees from the same geographical area were placed in
different clusters, suggesting that geographical diversity did not necessarily correlate
with genetic diversity and implying that it may have undergone divergent changes in
various traits due to different selection pressures. This type of genetic diversity may arise
from variations in adoption methods, selection criteria, natural selection pressures, and
environmental factors [52]. This suggests that genetic drift has played a more significant
role in generating diversity compared to geographic diversity [53]. The absence of any
relationships between genetic diversity and geographical distribution in the current study
is consistent with the findings of [54,55].

Furthermore, this clustering approach identified promising accessions with favorable
traits, paving the way for the establishment of elite seedling nurseries and clonal seed
nurseries for varietal and hybridization programs in the future.

The growth of a plant, as indicated by volume, basal diameter, and plant height is
considered highly significant for improvement in the current study. Similarly, growth
traits in black poplar are the most crucial based on principal component analysis [56]. In
a study on the morphological characters of P. deltoides hybrid clones in a nursery, Ozel
et al. [57] applied factor analysis, explaining 71.46% of the total variance with the first five
components and captured 90% cumulative variability for the first two principal components
to differentiate leaf characters of Populus nigra similar to the present study (0.948) [58].
Tunctaner [59] reported five principal components based on the study of fourteen traits
in willow clones, a pattern also observed by Singh et al. [53] in Salix clones. The growth
characters are attributed to distinct genetic constitution of the clones as highlighted in
this study [60]. The promising clones selected for this study must undergo multi location
trials to investigate the relationship between genotype and environment at various sites.
This will allow for an analysis of the suitability of the clones and allow for the use of the
clones for intra- and inter-specific control breeding (hybridization) aimed at producing
more productive clones.

4. Materials and Methods
4.1. Genetic Material

A comprehensive and extensive survey of wild germplasm was conducted with
the aim of identifying promising candidate plus trees (CPTs) of T. bellerica. This survey
originated from five distinct states of the Indian subcontinent: Tamil Nadu, Maharashtra,
Kerala, Karnataka, and Arunachal Pradesh, and examined the ecological impact on genetic
diversity, growth, and eco-physiological traits (Figure 3, Table 5). These provinces were
selected due to their inherent adaptability to the growing conditions suitable for T. bellerica.
As all of the selected origins are distributed across the Indian subcontinent, they exhibit
both commonalities and variations in their climatic origins. The selection process of
CPTs involved utilizing the single-tree selection method, which relied on assessing the
phenotypic traits with economic significance viz. total height, girth at breast height, bole
height, and volume [50] (Figure S5, Table 6). Precautions were taken to ensure that the
selected trees were free from pest and disease infestations and excluded isolated or poorly
performing trees, commonly referred to as wolf trees. A total of 18 CPTs were collected
from diverse locations between 10◦54′ and 28◦07′ E longitude, and 76◦27′ and 95◦32′ N
latitude, across five states of the Indian subcontinent (Figures S6 and S7). Three kilograms
of mature pods were harvested from each CPT by following a random sampling procedure.
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These pods were collected from all four directions of the crown of each selected tree during
the fruiting season between September and November in the year 2019. The gathering of
potential CPTs was achieved through collaboration with officials from the respective forest
departments while strictly adhering to required permissions and regulations.
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Table 6. Morphometric attributes of selected Candidate Plus Trees of T. bellerica.

Accession Name GBH (m) Height (m) Clear Bole Height
(m)

Volume
(m3)

FCRITB01 3.7 17.0 8.2 731.00

FCRITB02 3.2 17.2 6.1 553.21

FCRITB03 0.90 12.0 5.7 30.53

FCRITB04 1.36 19.0 11.6 110.38

FCRITB05 1.45 18.0 9.8 118.87

FCRITB06 1.39 18.5 11.2 112.27

FCRITB07 1.90 17.3 10.4 196.16

FCRITB08 1.76 21.0 9.7 204.32

FCRITB09 2.4 19.3 10.7 349.17

FCRITB10 1.8 17.6 12.4 179.11

FCRITB11 2.8 9.2 3.6 226.55

FCRITB12 1.70 9.0 4.7 81.69

FCRITB13 1.40 11.0 3.3 67.71

FCRITB14 1.80 10.6 2.8 107.87

FCRITB15 1.40 10.2 4.7 62.79

FCRITB16 2.34 22.0 10.6 378.37

FCRITB17 2.30 23.0 7.9 204.37

FCRITB18 9.7 9.7 4.2 121.87

4.2. Study Site

After the collection process, the progenies were brought to the Forest College and
Research Institute (FC&RI), TNAU, located in Mettupalayam, Tamil Nadu, India (geograph-
ical coordinate of 11.32◦ N latitude and 76.93◦ E longitude, 320 m MSL). Mettupalayam
experiences a semi-arid climate characterized by a mean annual rainfall of 945 mm, along
with an average of 73.6 rainy days per year. The annual temperature range varies from
a minimum of 15.4 ◦C to a maximum of 34.9 ◦C. Typically, the lowest temperatures are
recorded in January, while the highest temperatures occur in May each year. For the pur-
pose of identifying elite progeny, a trial was initiated in the year 2020 at the FC&RI with
three replications.

4.3. Progenies Planting

The plus trees’ seeds were planted in raised beds, utilizing a mixture of red soil, sand,
and farmyard manure (FYM) in a 2:1:1 ratio. These beds were consistently watered and
meticulously tended to for a duration of two months. Following this period, the saplings
with a collar region thickness exceeding 3–4 cm were carefully chosen and transplanted into
polybags containing a blend of red soil, sand, and FYM in the same 2:1:1 ratio. Approxi-
mately one month after transplantation, these young seedlings were finally transferred and
planted in the main field. No treatments or fertilizers were applied during the nursery stage.
The establishment of the progeny evaluation trial in the field adhered to a randomized
block design (RBD), with plants spaced at intervals of 4 × 4 m. Within each replication,
four progenies per CPT were included for comprehensive evaluation. During the plant-
ing process, each seedling received additional nutrients in the form of 250 g of farmyard
manure (FYM), 25 g of vermicompost and 5 g of di-ammonium phosphate (DAP). The
subsequent data was acquired from the trees that were planted and observed at different
time intervals.
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4.4. Morphological

Data were meticulously recorded for all 18 progenies within each replication when the
plants were 24 months old for the morphological traits. Field measurements were taken
for each individual, including tree height (H) and basal diameter (BD). The plant’s height
was measured in meters (m) from the base of the stem to the tip using a measuring tape.
The basal diameter of the trees at their base (in centimeters) was measured using a digital
caliper from the Large SDN series. In cases where a tree had multiple basal stems, the
diameters of all individual trunks were measured, and a single equivalent basal diameter
(BD) value was calculated following the method outlined by Alvarez et al. [61].

4.5. Biochemical Parameters

Chlorophyll was extracted from fresh leaves using 80% acetone and 0.25 g leaf samples.
The resulting extract was then measured spectrophotometrically at wavelengths of 475 nm,
645 nm, and 663 nm. The determination of total chlorophyll and carotenoid contents was
carried out using established methodologies [62]. The Lowrey’s method [63] was employed
to evaluate the protein content of the leaves.

4.6. Genetic Estimates

Heritability, genetic advancement as a percentage of the mean, phenotypic, and
genotypic coefficients of variation (PCV and GCV), were calculated for volume as well as
growth traits, following the methodologies proposed by various researchers [64–66].

Broad-sense heritability in all the progenies was estimated by dividing the variance in
measurements into two components: between-accessions and within-accessions [67].

4.7. Statistical Analysis

The initial dataset was created by calculating the averages for each trait across four
CPTS within each replication and between replication in the experiment. These calculated
means were then subjected to subsequent statistical and genetic analyses. Correlation
between traits to reveal possible associations was calculated with raw data based on single
plant estimates, using the Pearson correlation coefficient at p ≤ 0.05. PCA was performed
with progeny means to determine the relationships among progenies and to obtain an
overview of correlation among traits. Various statistical analysis was conducted using the
SPSS Windows software package (IBM SPSS version 26).

5. Conclusions

The ultimate objective of tree improvement is to enhance the growth and yield traits
of tree species. These traits are intricate and are influenced by the interaction of various
physiological and morphological characteristics. Therefore, solely relying on the perfor-
mance of individual tree species for improvement might prove to be less effective. Hence, it
can be concluded that for tree improvement of T. bellerica through the phenotypic selection
process, the number of plus trees selected from a population should be sufficiently large in
order to exploit the large intra-population genetic variation. Besides, significant differences
were found between the features in the progeny study, which evaluated genetic correlations
and variability in growth and physio-chemical parameters. For the majority of variables,
estimates of broad-sense heritability were high, suggesting significant genetic control. Plant
height, leaf area, and girth at breast height were found to be important characteristics
for increasing T. bellerica volume through correlation studies. The study demonstrated
the effectiveness of targeting girth at breast height and plant height for establishing elite
seedling nurseries and clonal seed nurseries for future varietal and hybridization programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13040470/s1, Figure S1: One way ANOVA plot showing the
significant differences among the studied physiochemical properties amidst the eighteen progenies;
Figure S2: Correlation map showing the relationship between 13 characters in the study; Figure S3:
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PCA variance explained; Figure S4: Segregation of the 18 Terminalia progenies according to their
growth, physiological and biochemical characteristics determined by principal component analysis;
Figure S5: Selection of candidate plus; Figure S6: Walter-Leith diagram of the monthly rainfall and
daily average temperature of Bandipur (Karnataka), Thrissur (Kerala), Kallakurichi (Tamil Nadu)
and Jognari (Tamil Nadu); Figure S7: Walter-Leith diagram of the monthly rainfall and daily average
temperature of Maharashtra, Mysuru (Karnataka), Pasighat (Arunachal Pradesh) and Vellanikkara
(Kerala); Table S1: Component scores and loadings of T. bellerica traits.
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Abstract: (1) Background: Heterotrophs can affect plant biomass and alter species diversity–productivity
relationships. However, these studies were conducted in systems with a low nitrogen (N) availability,
and it is unclear how heterotroph removal affects the relationship between plant species diversity and
productivity in different N habitats. (2) Methods: Three typical understory herbaceous plants were
selected to assemble the plant species diversity (three plant species richness levels (1, 2, and 3) and
seven plant species compositions), and the control, insecticide, fungicide, and all removal treatments
were performed at each plant species diversity level in systems with or without N addition treatments.
(3) Results: In systems without N addition, the insecticide treatment increased the plant aboveground
biomass, total biomass, and leaf area, while the fungicide treatment reduced the plant belowground
biomass, root length, and root tip number; the presence of Bidens pilosa increased the plant aboveground
biomass. Similarly, the presence of Bletilla striata increased the plant belowground biomass and root
diameter under each heterotroph removal treatment. In systems with N addition, all removal treatments
reduced the plant belowground biomass and increased the plant leaf area; the presence of B. pilosa
significantly increased the plant aboveground biomass, total biomass, and root length under each
heterotroph removal treatment. The presence of B. striata significantly increased the plant belowground
biomass and leaf area under insecticide and fungicide treatments. (4) Conclusions: Heterotroph removal
alters the plant species diversity–biomass relationship by affecting the plant functional traits in systems
with different N availabilities. The impact of biodiversity at different trophic levels on ecosystem
functioning should be considered under the background of global change.

Keywords: nitrogen addition; heterotroph removal; species identity; productivity; functional traits

1. Introduction

Biodiversity is an important determinant of ecosystem function [1]. Plant species
diversity (species richness and species identity) could enhance plant productivity through
the selection effect and complementary effect [1–4]. However, most productivity measures
did not account for the effects of heterotrophs on productivity [5–7]. Heterotrophs include
herbivores, predators, scavengers, and pathogens. Previous studies showed that the
removal of arthropods and foliar fungi increased plant biomass [8–10], while the removal of
soil fungi increased the forb biomass in grassland systems [11]. Removing foliar fungi also
increased the biomass of trees in forest systems [12]. Increasing the plant species diversity
can increase the abundance of arthropods [13,14] or decrease the abundance of fungal
pathogens [15], and the impact of heterotrophs on plant biomass may increase or decrease
with an increasing plant species diversity. In addition, plant and microbial diversities
may have complementary effects on nutrient cycling [16]; plant and herbivore diversities
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may have opposite effects on plant productivity [17]. Thus, considering the influence of
heterotrophs on the plant species diversity–biomass relationship is necessary.

A few studies have concentrated on the impact of heterotroph removal on plant species
diversity–biomass relationships [8,12]. In the grassland system, insecticide and fungicide
treatments promoted the impact of plant diversity on productivity [8]. In forest systems,
the positive relationship between tree species richness and productivity was eliminated
when tree crowns were under a fungicide treatment [12]. However, all these studies were
conducted in habitats with relatively low nitrogen (N) levels. The impact of heterotroph
removal on the plant species diversity–biomass relationship in habitats with a high N level
remains unclear.

Human activities such as industrial development and agricultural production have
continuously increased atmospheric N deposition in the terrestrial ecosystem [18–21]. In
habitats with a low N availability, N deposition could increase plant biomass [6,22,23].
Nevertheless, continuous N deposition could lead to N saturation, inhibited plant
growth, and reduced plant biomass [24]. The increase in N availability in habitats may
promote the growth of dominant plants, thereby increasing the selection effects [25]; it
may also increase the complementary utilization of N by plants or promote interspecies
interactions to enhance the complementary effect [7,26]. In addition, the increase in
N availability in habitats may also alter the abundance of heterotrophs. For example,
N addition reduced the number of soil microorganisms [27,28]. Thus, exploring the
influence of heterotroph removal on plant species diversity–productivity relationships
in high N habitats is necessary.

The functional traits of plant leaves and roots, such as the leaf area, root length, and
root diameter, can reflect plants’ adaptability to the environment, their self-regulation
ability in complex habitats, and their essential characteristics and effective utilization of
resources [29]. Previous research showed that N deposition promoted the growth of the
aboveground biomass of plants and specific leaf area [30,31], but excessive N would de-
crease the specific root length and belowground biomass [32]. The presence of herbivorous
insects reduced the plant leaf area [33]. There was a direct interaction between soil micro-
bial communities and roots; fungi and rhizobia could affect the ability of roots to capture
nutrients from the soil [8,34].

To test how N addition and heterotroph exclusion affect the effect of plant species
diversity on plant biomass, we conducted a three-factor (N addition, plant species diver-
sity, and heterotrophic removal) control experiment, selecting three typical understory
herbaceous plants, Perilla frutescens, Bletilla striata, and Bidens pilosa, to assemble the
plant species diversity, and heterotroph removal was performed at each plant species
diversity level. N deposition was simulated by N addition (10 g N m−2 yr−1). The plant
above- and belowground biomasses and leaf and root functional traits of herbaceous
plants were measured. We investigated the influence of heterotroph removal on plant
biomass and functional traits in the system without/with N addition. We further inves-
tigated the effect of heterotroph removal on the plant diversity–biomass relationship
in the system without/with N addition. We predicted that heterotroph exclusion and
N addition may affect the plant species diversity–biomass relationship through the
plant functional traits.

2. Results
2.1. Plant Biomass Responds to N Addition and Heterotroph Removal

N addition increased the plant biomass, with the plant aboveground, belowground,
and total biomasses increased by 294.3%, 61.6%, and 178.5% on average, respectively
(Figure 1). Under different heterotroph removal treatments, N addition improved the
plant total and aboveground biomasses; under control and fungicide treatment groups,
N addition also improved the plant belowground biomass (Figure 1).
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Figure 1. Difference in plant (a) aboveground, (b) belowground, (c) total biomass among heterotroph
removal with or without N addition. Significant differences between systems without or with nitrogen
addition were indicated in capital letters, and significant differences among heterotroph removal were
indicated in lowercase letters. Each circle represents the average biomass of all species compositions
under each heterotroph removal treatment. Blue: control; orange: insecticide; gray: fungicide; yellow:
all removal.

In systems without N addition, the insecticide treatment increased the plant above-
ground biomass by 98.9%, and all removal treatments increased the plant aboveground
biomass by 90.3% relative to the control (Figure 1a); insecticide treatment also increased the
plant total biomass by 45.9% relative to the control (Figure 1c). In systems with N addition,
the study did not discover significant differences in the aboveground and total biomasses
among various heterotroph removal treatments (Figure 1a,c). In systems with or without N
addition, all removal treatments decreased the plant belowground biomass by 42.9% and
43.9% relative to the control, but insecticide treatment did not affect the plant belowground
biomass (Figure 1b).

2.2. The Relationship between Plant Species Diversity and Plant Biomass

Plant species richness significantly improved the plant aboveground biomass, but
plant belowground and total biomasses did not respond to plant species richness (Table S1).
Plant species compositions also significantly affected the plant aboveground, belowground,
and total biomasses (Table S1).

In systems without N addition, the aboveground biomass of the B. pilosa monoculture
was significantly higher than that of the P. frutescens monoculture and B. striata monoculture
(Figure 2a), and the presence of B. pilosa significantly increased the plant aboveground and
belowground biomasses under each heterotroph removal treatment (Table 1). It is worth
noting that the plant total biomass was not affected by plant species identity in the control
treatment. However, the plant total biomass was improved with fungicide treatment by
110.2% and all removal treatments by 155.8% when B. pilosa was present (Table 1).

Table 1. Plant biomass (aboveground, belowground, and total) responses to species identity without
N addition; p values are displayed in bold font when p < 0.05.

Source of Variation
Aboveground Biomass Belowground Biomass Total Biomass

p Value Change p Value Change p Value Change

Control
P. frutescens 0.223 ns 0.135 ns 0.061 ns
B. striata 0.357 ns <0.001 ↑ 381.67% 0.058 ns
B. pilosa <0.001 ↑ 343.78% 0137 ns 0.818 ns
Insecticide
P. frutescens 0.121 ns 0.109 ns 0.003 ↓ 49.72%
B. striata 0.942 ns <0.001 ↑ 356.69% 0.071 ns
B. pilosa <0.001 ↑ 300.77% 0.216 ns 0.189 ns
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Table 1. Cont.

Source of Variation
Aboveground Biomass Belowground Biomass Total Biomass

p Value Change p Value Change p Value Change

Fungicide
P. frutescens 0.554 ns 0.152 ns 0.126 ns
B. striata 0.102 ns <0.001 ↑ 252.87% 0.645 ns
B. pilosa <0.001 ↑ 472.00% 1.000 ns 0.001 ↑ 110.19%
Insecticide + Fungicide
P. frutescens 0.567 ns 0.056 ns 0.144 ns
B. striata 0.397 ns 0.003 ↑ 138.16% 0.765 ns
B. pilosa <0.001 ↑ 506.20% 0.635 ns <0.001 ↑ 155.78%

Notes: Values and arrows in ‘Change’ column show significant increase (↑) or decrease (↓) of the variables with
the presence of a certain species compared to its absence, and ‘ns’ means no significant change.
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Figure 2. Difference in monoculture plant aboveground biomass (a), belowground biomass (c), and
total biomass (e) in systems without N addition and plant aboveground biomass (b), belowground
biomass (d), and total biomass (f) in systems with N addition among heterotroph exclusion with
or without N addition. Significant differences between heterotroph removal groups were indicated
in capital letters, and significant differences between plant species monocultures were indicated in
lowercase letters. Blue bars: P. frutescens monoculture; yellow bars: B. striata monoculture; gray bars:
B. pilosa monoculture.

In systems with N addition, the aboveground and total biomasses of the B. pilosa
monoculture were significantly higher than those of the P. frutescens monoculture and B.
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striata monoculture (Figure 2b,f). Plant aboveground and total biomasses were improved
when B. pilosa was present under each heterotroph removal treatment (Table 2). Significantly,
the presence of B. striata decreased the aboveground biomass by 58.1% under control
treatment, while the presence of B. striata did not affect the plant aboveground biomass
after heterotroph removal. The presence of B. striata also increased the plant belowground
biomass by 170.9% and 174.2%, respectively, under control and fungicide treatments
(Table 2).

Table 2. Plant biomass (aboveground, belowground, and total) responses to species identity with N
addition; p values are displayed in bold font when p < 0.05.

Source of Variation
Aboveground Biomass Belowground Biomass Total Biomass

p Value Change p Value Change p Value Change

Control
P. frutescens 0.235 ns 0.487 ns 0.095 ns
B. striata 0.016 ↓ 58.09% <0.001 ↑ 170.89% 0.357 ns
B. pilosa <0.001 ↑ 735.36% 0.040 ↓ 46.65% 0.002 ↑ 122.13%
Insecticide
P. frutescens 0.247 ns 0.002 ↓ 75.01% 0.009 ↓ 52.30%
B. striata 0.111 ns 0.178 ns 0.114 ns
B. pilosa <0.001 ↑ 425.05% 0.516 ns <0.001 ↑ 220.75%
Fungicide
P. frutescens 0.316 ns 0.134 ns 0.069 ns
B. striata 0.464 ns 0.018 ↑ 174.19% 0.555 ns
B. pilosa <0.001 ↑ 270.44% 0.237 ns 0.003 ↑ 85.24%
Insecticide + Fungicide
P. frutescens 0.432 ns 0.014 ↓ 60.88% 0.980 ns
B. striata 0.077 ns 0.236 ns 0.148 ns
B. pilosa <0.001 ↑ 355.43% 0.347 ns <0.001 ↑ 211.94%

Notes: Values and arrows in ‘Change’ column show significant increase (↑) or decrease (↓) of the variables with
the presence of a certain species compared to its absence, and ‘ns’ means no significant change.

2.3. Functional Traits of Plant Leaves and Roots Respond to N Addition and Heterotroph Removal

N addition increased the plant leaf area, root length, and root tip number by 49.5%,
95.9%, and 53.0% on average, respectively (Figure 3a,b,d). N addition increased the leaf
area under control and all removal treatments (Figure 3a); N addition also increased the
root length and root tip number in the insecticide, fungicide, and all removal treatment
groups (Figure 3b,d); N addition reduced the root diameter under fungicide treatment
(Figure 3c).

In systems without N addition, the insecticide treatment increased the leaf area by
98.1% relative to the control (Figure 3a). Fungicide treatment decreased the root length by
46.2% relative to the control (Figure 3b). Insecticide treatment increased the root diameter
by 19.5%, and fungicide treatment increased the root diameter by 20.0% relative to the all
removal treatment (Figure 3c). The insecticide, fungicide, and all removal treatments de-
creased the root tip number by 30.0%, 41.7%, and 10.9% relative to the control, respectively
(Figure 3d). In systems with N addition, the all removal treatment increased the leaf area
by 54.7%, and fungicide treatment decreased the root diameter by 16.0% relative to the
control (Figure 3a,c). There were no significant differences found in the plant root length
and tip number among heterotroph removal treatments (Figure 3b,d).
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Figure 3. Difference in plant functional traits of plant leaf area (a), root length (b), root diameter (c),
and root tip number (d) among heterotroph removal with or without N addition. Significant dif-
ferences between systems without or with nitrogen addition were indicated in capital letters, and
significant differences between heterotroph removals were indicated in lowercase letters. Each circle
represents the average plant functional traits of all species compositions. Blue: control; orange:
insecticide; gray: fungicide; yellow: insecticide and fungicide.

2.4. The Relationship between Plant Species Diversity and Functional Traits of Plant Leaves
and Roots

Species richness significantly affected the plant leaf area and root tip number but did
not affect the root length and diameter (Table S1). The plant leaf area decreased when the
species richness increased to two and three, while the root tip number increased when
species richness increased to three. Plant species compositions also significantly affected
the plant leaf area, root length, root diameter, and root tip number (Table S1).

In systems without N addition, the leaf area of the B. striata monoculture was signif-
icantly higher than that of the P. frutescens monoculture under control treatment groups
(Figure 4a). However, the root diameter of the B. striata monoculture was significantly
higher than that of the P. frutescens monoculture under each heterotroph removal treatment
(Figure 4e), and the plant leaf area and root diameter were improved when B. striata was
present (Table 3). The responses of plant root length and root tip number to the species
identity were various under different heterotroph removal treatments. The presence of B.
striata reduced the root tip number and root length of plants under control and insecticide
treatments (Table 3), but the plant species identity did not affect root length under all
heterotroph removal treatments.

In systems with N addition, the root length of the B. striata monoculture was signifi-
cantly lower than that of the B. pilosa monoculture (Figure 4d), and the presence of B. striata
reduced the root length and root tip number under each heterotroph removal treatment.
The presence of B. pilosa increased the plant root length under each heterotroph removal
treatment (Table 4). The response of plant root length to the species identity remained
unchanged after heterotroph removal treatment. The root diameter of the B. striata mono-
culture was significantly higher than that of the P. frutescens monoculture and B. pilosa
monoculture (Figure 4f), and the presence of B. striata increased the root diameter under
each heterotroph removal treatment (Table 4).
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Figure 4. Difference in monoculture plant leaf area (a), root length (c), root diameter (e), root tip
number (g) in systems without N addition and leaf area (b), root length (d), root diameter (f), root tip
number (h) in systems with N addition among heterotroph exclusion with or without N addition.
Significant differences between heterotroph removals were indicated in capital letters, and significant
differences between plant species monocultures were indicated in lowercase letters. Blue bars:
P. frutescens monoculture; yellow bars: B. striata monoculture; gray bars: B. pilosa monoculture.

Table 3. Functional traits of plant leaves and roots respond to species identity without N addition;
p values are displayed in bold font when p < 0.05.

Source of Variation
Leaf Area Root Length Root Diameter Root Tip Number

p Value Change p Value Change p Value Change p Value Change

Control
P. frutescens 0.136 ns 0.063 ns 0.208 ns 0.007 ↑ 62.01%
B. striata <0.001 ↑ 95.19% 0.002 ↓ 52.62% 0.012 ↑ 51.69% 0.016 ↓ 37.89%
B. pilosa 0.133 ns 0.341 ns 0.037 ↓ 25.67% 0.138 ns
Insecticide
P. frutescens 0.123 ns 0.311 ns 0.035 ↓ 21.59% 0.480 ns
B. striata 0.006 ↑ 96.78% <0.001 ↓ 40.80% <0.001 ↑ 53.61% 0.010 ↓ 34.62%
B. pilosa 0.004 ↓ 57.27% 0.235 ns 0.494 ns 0.589 ns
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Table 3. Cont.

Source of Variation
Leaf Area Root Length Root Diameter Root Tip Number

p Value Change p Value Change p Value Change p Value Change

Fungicide
P. frutescens 0.177 ns 0.180 ns 0.255 ns 0.032 ↓ 25.80%
B. striata 0.002 ↑ 129.53% 0.413 ns <0.001 ↑ 59.98% 0.432 ns
B. pilosa 0.368 ns 0.036 ↑ 41.28% 0.619 ns 0.378 ns
Insecticide + Fungicide
P. frutescens 0.744 ns 0.119 ns 0.268 ns 0.052 ns
B. striata 0.002 ↑ 81.35% 0.135 ns <0.001 ↑ 51.78% 0.039 ↓ 21.53%
B. pilosa 0.275 ns 0.876 ns 0.109 ns 0.445 ns

Notes: Values and arrows in ‘Change’ column show significant increase (↑) or decrease (↓) of the variables with
the presence of a certain species compared to its absence, and ‘ns’ means no significant change.

Table 4. Functional traits of plant leaves and roots respond to species identity with N addition;
p values are displayed in bold font when p < 0.05.

Source of Variation
Leaf Area Root Length Root Diameter Root Tip Number

p Value Change p Value Change p Value Change p Value Change

Control
P. frutescens 0.111 ns 0.542 ns 0.693 ns 0.913 ns
B. striata 0.025 ↑ 55.64% 0.007 ↓ 53.30% <0.001 ↑ 73.57% <0.001 ↓ 48.59%
B. pilosa 0.762 ns <0.001 ↑ 225.29% <0.001 ↓ 36.05% 0.001 ↑ 90.01%
Insecticide
P. frutescens 0.023 ↓ 34.55% 0.865 ns 0.077 ns 0.678 ns
B. striata 0.090 ns 0.008 ↓ 64.61% <0.001 ↑ 67.27% <0.001 ↓ 41.13%
B. pilosa 0.664 ns 0.018 ↑ 79.98% 0.900 ns 0.667 ns
Fungicide
P. frutescens 0.180 ns 0.824 ns 0.406 ns 0.826 ns
B. striata 0.832 ns 0.014 ↓ 36.42% <0.001 ↑ 62.31% 0.048 ↓ 34.31%
B. pilosa 0.781 ns 0.003 ↑ 94.93% 0.046 ↓ 27.22% 0.239 ns
Insecticide + Fungicide
P. frutescens 0.273 ns 0.432 ns 0.252 ns 0.622 ns
B. striata 0.810 ns <0.001 ↓ 64.46% <0.001 ↑ 90.17% <0.001 ↓ 57.71%
B. pilosa 0.026 ↓ 26.22% 0.015 ↑ 76.82% 0.164 ns 0.180 ns

Notes: Values and arrows in ‘Change’ column show significant increase (↑) or decrease (↓) of the variables with
the presence of a certain species compared to its absence, and ‘ns’ means no significant change.

3. Discussion
3.1. The Effect of Heterotroph Removal on Plant Biomass

Previous work found that heterotroph removal can increase plant biomass, and the
effects of different heterotroph removals on plant biomass were different, with the highest
increase in insecticide treatment groups [8,12,35]. In systems without N addition, the
insecticide treatment increased the plant aboveground biomass by 99.0% and total biomass
by 54.0%, relative to the control (Figure 1a). Meanwhile, the insecticide treatment increased
the leaf area by 98.1% relative to the control (Figure 3a). According to the plant survival
strategy, the plant biomass increased with the increase in plant leaf area [36]. We also found
a positive correlation between the plant total biomass and leaf area (Figure 5). Insecticide
treatment may increase plant biomass by increasing the plant leaf area. Another reason may
be that arthropods have a negative impact on biomass [11]; thereby, insecticide treatment
accumulates the biomass removed by herbivorous insects. Unlike previous research results,
the plant biomass usually increases after fungicide treatment [11]; the plant aboveground
and total biomasses did not increase, and even the plant belowground biomass decreased
after fungicide treatment in this study (Figure 1b). Fungicide could remove some pathogens.
However, some symbiotic bacteria in the soil that are beneficial for plant growth were
affected by the fungicide treatment [9]. In addition, the plant root length and root tip
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number for fungicide treatment groups were lower than those under the control treatment
(Figure 3b,d). These results indicated that heterotroph removal may influence the plant
biomass by affecting the plant functional traits.
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In systems with N addition, heterotroph removal did not affect the plant aboveground
and total biomasses (Figure 1a,c). This result differs from those in systems without N
addition (Figure 1a,c). N addition altered the effect of heterotroph removal on plant
biomass. The possible reason may be that N addition provided sufficient environmental
resources, increased plant N absorption, promoted photosynthesis, and increased plant
biomass production [37], thereby reducing the effect of heterotroph removal on the plant
biomass. The root system is the organ in which plants absorb nutrients from the soil, and
roots can affect the plant biomass by affecting the soil nutrient turnover, nutrient utilization
efficiency, and mycorrhizal infection. Heterotroph removal may affect the ecosystem
function through plant functional traits [29,38,39]. In this study, there were no significant
differences in the plant root length and diameter among heterotroph removal treatments
in systems with N addition (Figure 3b,c). In addition, N addition may reduce the soil
microbial community [40,41], further weakening the influence of heterotroph removal on
plant biomass. These results indicated that the effect of heterotroph removal on plant
biomass depends on the habitat N availability.

3.2. The Effect of Heterotroph Removal on Plant Species Richness–Biomass Relationship

Most research showed that plant productivity increased with the increase in plant species
richness, and heterotroph removal altered the plant species diversity effect [4,8,12,42]. In the
grassland system, removing the insecticide and fungicide treatments promoted the effect of
plant species diversity on productivity [8]. However, in forest systems, a fungicide treatment
eliminated the positive relationship between tree species richness and productivity [12]. In
this study, the plant biomass did not respond to species richness under each heterotroph
removal treatment in systems without N addition (Figure S1a,c,e). The reason may be that
only three lower levels of richness were set in this experiment (1, 2, and 3), while most
experiments were set to high levels of richness [9,14,43].
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In systems with N addition, the impact of the plant species richness on plant above-
ground and total biomasses was positive under all removal treatments (Figure S1b,f). High
plant species richness improved the plant biomass through enhancing nutrient utiliza-
tion [44], and N addition may promote this effect. Meanwhile, insecticide and fungicide
treatments removed arthropods, leaf fungi, and soil fungi that could reduce plant biomass,
causing a significant increase in the plant aboveground and total biomasses when species
richness was three (Figure S1b,f). However, plant species richness had a negative impact
on the plant belowground biomass under an insecticide treatment (Figure S3d). The rea-
son may be that the abundance of arthropods increased with an increasing plant species
richness [45], which may consume more plant leaf area. There was a positive correlation
between the plant leaf area and belowground biomass (Figure 5), ultimately leading to
a decrease in the plant belowground biomass with an increasing species richness under an
insecticide treatment.

3.3. The Effect of Heterotroph Removal on the Effect of Plant Species Identity on Plant Biomass

Plant species identity is an important part of plant species diversity [1], and many
studies have shown that the plant species identity affects plant biomass [42,46]. In systems
without N addition, the presence of B. striata increased the plant belowground biomass
under each heterotroph removal treatment (Table 1); the presence of B. striata also increased
the plant leaf area and root diameter (Table 3). There was a significant positive correlation
between the leaf area, root diameter, and plant belowground biomass (Figure 5). These
results suggested that plant species identity affected the plant biomass by influencing the
plant functional traits.

In systems with N addition, the presence of B. striata increased the plant belowground
biomass in the control group, while this effect was dismissed after insecticide and fungicide
treatments (Table 2). Meanwhile, the change pattern in the plant leaf area of B. striata
was consistent with that of the plant belowground biomass (Table 4). Moreover, there
was a significant positive correlation between the plant leaf area and plant belowground
biomass (Figure 5), indicating that heterotroph removal altered the effect of species identity
on the plant biomass by influencing the plant leaf area. In addition, N addition may change
the interaction between plant species [26]. In this study, under insecticide or fungicide
treatments, the relative yield of B. striata in systems with N addition was higher than
that in systems without N addition (Figure S2). We also found that the selection effect
became increasingly important in systems with N addition, resulting in an increase in the
net biodiversity effect (Figure S3). Interestingly, the presence of B. striata decreased the
plant aboveground biomass in the control group but did not affect the plant aboveground
biomass after heterotroph removal treatment (Table 4). This study also found that the
presence of B. striata increased the plant root diameter but decreased the plant root length
and root tip number under each heterotroph removal treatment (Table 4). We observed
a significant positive correlation between the plant root length, root tip number, and plant
aboveground biomass, and a negative correlation between the root diameter and plant
aboveground (Figure 5). These results also indicated that heterotroph removal changed the
plant species identity’s effect on plant biomass by affecting the plant functional traits.

4. Materials and Methods
4.1. Experimental Design

The experiment was set up in a greenhouse at Wenzhou University in Wenzhou, Zhe-
jiang Province, China (120◦42′4′′ E, 27◦55′46′′ N). The climate was a subtropical monsoon
climate. The greenhouse has a transparent plastic roof, shielding the experiment from
rainwater while maintaining temperature and humidity levels. A shading net was installed
above the plastic roof to simulate the light environment under the forest. A three-factor
control experiment was conducted (Figure 6): (1) species diversity: based on the functional
trait, three local common understory herbaceous plants were chosen: Perilla frutescens (L.)
Britt, Bletilla striata, and Bidens pilosa L. (Table S2) for plant species diversity configura-
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tion (all seven plant species compositions); (2) heterotroph removal treatments: control,
insecticide, fungicide, and both insecticide and fungicide treatments; (3) N addition: N
deposition was simulated by N addition, using without N addition as the control. There
are four repetitions for each treatment. In total, 224 pots (30 cm diameter and 20 cm height)
were constructed.
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Figure 6. Experimental design (one block). The letters above the uppermost boxes represent plant
species compositions, and species compositions within each group are randomly arranged. Colors
represent heterotroph removal treatments: blue: control; orange: insecticide; gray: fungicide; yel-
low: insecticide and fungicide. The three-species treatment is depicted here, with different shapes
representing different species. Six plants are planted in each experimental system uniformly.

In April 2022, the seedlings of the plants were transplanted into pots, with six individ-
uals planted in each pot. From the end of April to the beginning of September, heterotroph
removal treatment and N addition treatment were conducted once a month. According to
Seabloom et al. (2017), insects were removed by spraying an insecticide water emulsion
(0.03% permethrin), fungi were removed by spraying fungicide (30% carbendazim), and
the control group added an equal volume of water. Based on the environmental wet N
deposition rate in Zhejiang Province (2.69 g N m−2 yr−1), we added ammonium nitrate
(NH4NO3) solution every month to simulate high N conditions, with an average amount
added each time (10 g N m−2 yr−1), and we added water as a control group.

Pesticides may impact plant growth even in the system without heterotrophs. There-
fore, we designed a laboratory to test the impact of insecticides and fungicides on the plant
biomass. The soil was homogenized and subjected to high-pressure steam treatment. Three
plant species were treated with four heterotroph removal treatments, and each treatment
had four replicates, totaling 48 pots with one individual in each pot. The heterotroph
removal treatment was applied once a month, and the application amount was the same
as the field experiment. Plants were allowed to grow for a total of ten weeks. After ten
weeks, harvest each plant and divide it into aboveground and belowground biomasses.
Results showed that heterotroph removal treatments do not affect plant biomass in the
indoor experiment without consumers (Figure S4).

4.2. Sample Collection and Calculation

Plants were harvested at the end of the plant growth period. After washing harvested
plants, three complete leaves and three roots were taken from each plant in each pot. After
scanning with a scanner (EPSON GT-X980, Hangzhou, China), the images were analyzed
and processed using the Wanshen leaf processing system (version 2018; www.Wseen.com)
to obtain the leaf area, root length, root diameter, and number of root tips. Divide the
plants into aboveground and belowground parts, dry at 105 ◦C for 20 min, then dry at
65 ◦C for 48 h to obtain each species’ aboveground and belowground biomass for each pot.
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The net effects, complementary effects, and selection effects were calculated according to
Loreau and Hector’s calculation method [47]. The net effect refers to the difference between
the observed yield (actual yield) and the expected yield (weighted average of individual
yield corresponding to species in the mixture based on planting proportion) of the mixture.
Complementary effects are measured from changes in the relative yield of species. The
selection effect is measured by subtracting the complementary effect from the net effect.

1. Plant functional traits of leaves and roots:

To evaluate the response of plant functional traits to N addition and heterotroph
removal treatments at the community level, the functional traits’ community weighted
mean (CWM) was calculated:

CWM = ∑s
i=1 Eic × Bic (1)

where Eic represents species i’s plant functional traits in composition c, Bic represents species
i’s biomass in composition c (when calculating plant leaf area’s CWM, the Bic referred to the
proportion of species i’s aboveground biomass in composition c’s aboveground biomass;
when calculating plant root traits’ CWM, the Bic referred to the proportion of plant species
i’s belowground biomass in composition c’s belowground biomass of composition c), and s
referred to species’ amount in composition c.

2. Relative yield:

To evaluate whether N addition alter the competitiveness of specific species in the
mixture, relative yield (RY) of the plant was calculated:

RYi =
Oi
Ei

(2)

where Oi represents the aboveground biomass of species i per plant in the mixture, while
Ei represents the aboveground biomass of species i per plant in the monoculture. If RYi > 1,
species i is the dominant species in the mixture.

4.3. Statistical Analysis

The influence of species diversity (species compositions and species richness), N addition,
and heterotroph removal treatment on the plant biomass (aboveground, belowground, and
total) and functional traits of plant leaves and roots was determined using a three-way
ANOVA. The effects of plant species richness on plant biomass under each heterotroph
removal treatment were tested using linear regression analysis. The difference in the above
parameters between systems with and without N addition under the same heterotroph
removal treatment was tested using an independent sample t-test. The effect of heterotroph
removal treatment or plant species compositions on the above parameters under the same N
habitat level was determined using a one-way ANOVA. If there were significant differences,
the Tukey method was conducted. The effect of the plant species identity (the presence of
certain species) on each parameter was determined using an independent sample t-test. The
difference between the zero and net effects, complementary effects, and selection effects was
examined using a single sample t-test. The correlations of various parameters were verified
using Pearson’s correlation analysis. Before analysis, the data were ln-transformed to satisfy
the equality of variance (Levene’s test) and assumptions of normality (Kolmogorov–Smirnov
test). If the data after conversion still did not fulfill the assumptions, a nonparametric Kruskal–
Wallis test was employed. All statistical analyses were conducted using the R4.1.1 program.
All data were delivered as the mean ± standard error, and the statistical significance level was
set as α = 0.05.

5. Conclusions

This study investigated the relationship between the plant species diversity and
biomass response to heterotroph removal in systems with and without N addition. Our
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research findings indicate that heterotroph removal affected plant biomass by influencing
the plant leaf area in both systems with or without N addition, and altered the effect of
the plant species richness–plant biomass relationship by influencing the plant leaf area in
systems with N addition but not in systems without N addition. Heterotroph removal also
affected the effect of species identity on the plant biomass by influencing the plant functional
traits in both systems with or without N addition. Therefore, it is recommended that in
the background of global N deposition, the impact of other trophic level organisms on
ecosystem functioning cannot be ignored when analyzing the species diversity–ecosystem
functions relationship. In terms of ecosystem management, biodiversity at different trophic
levels should be protected. In the future, more high plant species diversity experiments
with long-term research are needed to determine the impact of heterotrophs on biodiversity–
ecosystem function relationships in high-N habitats.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13020258/s1, Table S1: Three-way ANOVA Table (a) Effects of nitrogen
addition, species compositions, heterotrophs removal treatment, and (b) Effects of nitrogen addition,
species richness, and heterotrophs removal treatment on above-, below-ground, total biomass and func-
tional traits of plant leaves and roots; Table S2: The plant functional traits of Perilla frutescens, Bletilla striata
and Bidens pilosa; Figure S1. Linear regression of species richness on plant aboveground biomass (a),
belowground biomass (c), and total biomass (e) in systems without N addition and plant aboveground
biomass (b), belowground biomass (d), and total biomass (f) in systems with N addition under different
heterotrophs removal treatment. Figure S2. The relative yield of B. pilosa under different heterotroph
treatments and N availability. Significant differences between heterotroph removal were indicated in
capital letters, and significant differences between N availability were indicated in lowercase letters. Blue
circle: without N addition; yellow, with N addition. Figure S3. Net effect of aboveground biomass (a),
belowground biomass (b), and total biomass (c); complementary effect of aboveground biomass (d),
belowground biomass (e), and total biomass (f); selection effect of aboveground biomass (g), below-
ground biomass (h), and total biomass (j) under different heterotroph removal treatments. * Represents
a significant effect under this treatment. Blue bar: control; orange, insecticide; gray, fungicide; yellow,
insecticide and fungicide. Figure S4. Aboveground (a), belowground (b), and total biomass (c) of plant
monoculture under different heterotrophs treatments. Same lowercase letters indicate no difference
between het-erotrophs removal. Blue bar: control; orange, insecticide; gray, fungicide; yellow, insecticide
and fungicide.
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Abstract: As a vital component of biodiversity, phyllosphere bacteria in forest canopy play a critical
role in maintaining plant health and influencing the global biogeochemical cycle. There is limited
research on the community structure of phyllosphere bacteria in natural forests, which creates a
gap in our understanding of whether and/or how phyllosphere bacteria are connected to leaf traits
of their host. In this study, we investigated the bacterial diversity and composition of the canopy
leaves of six dominant tree species in deciduous broad-leaved forests in northeastern China, using
high-throughput sequencing. We then compare the differences in phyllosphere bacterial community
structure and functional genes of dominant tree species. Fourteen key leaf functional traits of their
host trees were also measured according to standard protocols to investigate the relationships between
bacterial community composition and leaf functional traits. Our result suggested that tree species
with closer evolutionary distances had similar phyllosphere microbial alpha diversity. The dominant
phyla of phyllosphere bacteria were Proteobacteria, Actinobacteria, and Firmicutes. For these six tree
species, the functional genes of phyllosphere bacteria were mainly involved in amino acid metabolism
and carbohydrate metabolism processes. The redundancy and envfit analysis results showed that the
functional traits relating to plant nutrient acquisition and resistance to diseases and pests (such as leaf
area, isotope carbon content, and copper content) were the main factors influencing the community
structure of phyllosphere bacteria. This study highlights the key role of plant interspecific genetic
relationships and plant attributes in shaping phyllosphere bacterial diversity.

Keywords: phyllosphere bacteria; plant phylogeny; functional traits; interspecific variation; community
structure

1. Introduction

The concept of phyllosphere was first introduced by a British Pathologist (named
F.T. Last) in 1955 and is defined as the outer surface environment of leaves with complex
microbial communities [1]. However, scientists have recently found a further connection
between plant leaves’ outer surface microbial communities and their inner parts. For
example, microbes can enter the leaves from the outer surface through the stomata and
veins of plants [2]. Recent studies suggest that the surface area of all leaves may be
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twice as large as the global land surface area, making it a significant microbial habitat on
Earth [3]. Most studies have traditionally focused on the surface of leaves, but in recent
years, researchers have also begun to include the leaf margin (i.e., above-ground plant
parts). This area is now recognized as providing a suitable living environment for certain
microbes, according to studies such as those by Farre-Armengol et al. [4] and Stone Bram
and Jackson Colin [5].

Phyllsophere microbes are essential in maintaining plant health and ecosystem func-
tions [6–8]. Previous studies have found that the phyllosphere microorganism Pseudomonas
lurida has an antagonistic effect on pathogenic microbes to maintain plant host health [9].
Further, the phyllosphere microorganism Staphylococcus can improve the adaptability of
host plants to adversity due to the production of indole-3-acetic acid (IAA) [10]. As for
factors affecting the composition of the phyllosphere microbial community, most studies
argue that the type of host plants is important [11–16]. For example, bacterial commu-
nity structure on leaves was highly correlated with host evolutionary relatedness and
suites of plant functional traits related to host ecological strategies for resource uptake and
growth/mortality tradeoffs, whereas the abundance of several bacterial taxa was correlated
with host growth, mortality, and function [11–16].

Furthermore, plant functional traits could regulate microbial communities due to
the lack of nutrients on the leaf surface [13,17–19]. Phyllosphere microbes rely on the
host plant to obtain their required nutrients [20]. Therefore, the physiological characteris-
tics of the host plant can determine whether the phyllosphere microbes can successfully
colonize or not [13]. Studies have reported that leaf nitrogen and phosphorus elements
strongly influence phyllosphere bacterial communities, which depend on leaf traits [19,21].
Moreover, aluminum and copper in the leaves of tropical forests in Panama are related
to the function of phyllosphere bacteria, which is associated with the ability of these two
elements to resist pests and diseases [17]. Nonetheless, in contrast to our understanding of
rhizosphere microbes, the role of phyllosphere microbes within the environment, as well as
the underlying interaction mechanisms between phyllosphere microbes and plants, remain
largely uncharted.

The forest canopy is the main interface where forests interact with the external environ-
ment, and it is responsible for supporting a significant number of species on Earth [22–24].
The conservation and sustainable use of forest canopy biodiversity in the face of climate
change is a crucial topic in ecological research and has been widely studied [22,25]. In this
context, the broad-leaved Korean pine mixed forest, as the typical vegetation in temperate
forests, is famous for its complex structure and unique species composition, in comparison
to regions at the same latitude worldwide [26]. Although there are many studies on the
interactions among animals, plants, and soil microbes in the study region [27–29], there is
still weak knowledge of canopy phyllosphere bacteria which restricts our understanding
of microbial composition and its impact on forest community structure and function in
natural ecosystems [7]. This study aims to determine the main the community composition
and and the driving factors of canopy phyllosphere bacteria in the temperate broad-leaved
Korean pine mixed forest of Changbai Mountain in northeastern China. To do so, we col-
lected canopy leaves of six dominant tree species to answer the following three questions:
(1) what are the similarities and differences in the alpha diversity and community compo-
sition of phyllosphere bacteria in different tree species? (2) are there unique biomarkers
for each tree species? and (3) are there potential associations between phyllosphere bac-
terial communities and leaf functional traits? We hypothesize that: (1) tree species with
closer evolutionary distance should have similar alpha phyllosphere microbial diversity;
(2) tree species do not have unique dominate phyla, as microbes generally communicate
between long-term coexisting tree species; and (3) functional traits regulate microbial
community composition.
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2. Results
2.1. Phyllosphere Bacterial Diversity and Composition

The phyllosphere bacterial richness exhibited significant variations among different
tree species, with the highest richness observed in Q. mongolica, while P. koraiensis had
notably lower bacterial richness compared to the other tree species. When comparing
the phyllosphere bacterial diversity between Q. mongolica and U. pumila, no significant
differences were detected. However, both tree species exhibited significant dissimilarities
in bacterial diversity compared to the remaining tree species, except for F. mandshurica
(Figure 1). Notably, bacterial richness exhibits significant differences among tree species
with closer phylogenetic relationships, such as A. mono and T. amurensis, as well as Q.
mongolica and U. japonica. In contrast, significant differences in bacterial richness were
observed between host plants with more distantly related evolutionary backgrounds, for
instance, F. mandshurica and P. koraiensis.
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Figure 1. The richness of phyllosphere bacteria arranged according to tree’s phylogenetic relationships
in a temperate mixed forest of Changbai Mountain. If the branches between two tree species are
shorter, it signifies that they are closer in terms of evolution. Conversely, longer branches indicate
a more distant genetic relationship. Letters “a”, “b”, and “c” represent distinct groups identified
through ANOVA. Groups sharing the same letter signify no significant difference (p > 0.05), whereas
groups with different letters indicate a significant difference (p < 0.05). Abbreviations of tree species:
ACE: Acer mono; FRA: Fraxinus mandshurica; PIN: Pinus koraiensis; QUE: Quercus mongolica; TIL: Tilia
amurensis; ULM: Ulmus japonica.

A total of 11 phyla, 46 classes, 147 orders, 401 families, and 1077 genera were identified
from the leaves of the 6 tree species studied. Proteobacteria (67.7%), Actinobacteria (27.8%),
and Firmicutes (1.0%) are dominant at the phylum level. At the class level, the relative
abundance of bacteria on the leaves was ranked as follows: Gammaproteobacteria (34.4%),
Alphaproteobacteria (26.6%), and Actinobacteria (23.2%) (see Figure 2 for a graphical
representation). These findings highlight significant variations in the composition of
bacteria among different tree species. Additionally, at the phylum level, the relative
abundance of Proteobacteria was highest on the leaves of F. mandshurica (80.6%) and
lowest on T. amurensis (46.2%). The relative abundance of Actinobacteria was highest on T.
amurensis (40.9%) and lowest on F. mandshurica (14.2%). Moreover, the relative abundance
of Firmicutes was highest on A. mono (4.2%) and lowest on F. mandshurica (0.1%).
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Figure 2. Histogram of relative abundance of phyllosphere bacteria of dominant tree species in
a temperate mixed forest of Changbai Mountain at the level of phylum (a) and class (b) level.
Abbreviations of tree species: ACE: Acer mono; FRA: Fraxinus mandshurica; PIN: Pinus koraiensis; QUE:
Quercus mongolica; TIL: Tilia amurensis; ULM: Ulmus japonica.

2.2. Differences in Phyllosphere Bacterial Community among Tree Species

ANOSIM analysis and NMDS showed that there are significant differences in mi-
crobial community composition among six tree species (Figure 3; Table 1). Based on the
LEfSe analysis, the primary biomarkers for F. mandshurica were Myxococcaceae, Aurei-
monas, and Oxalobacteraceae. For P. koraiensis, the main biomarkers were Actinobacteria,
Myxococcia, Myxococcales, Beijerinckia, and Methylobacterium. Q. mongolica had Rhizo-
biales and Pseudomonas as the primary biomarkers, while T. amurensis had Micrococcales,
Microbacteriaceae, Curtobacterium, Amnibacterium, and P3OB-42 as the main biomarkers.

Table 1. Analysis results of bacteria ANOSIM in leaves of dominant species of a temperate mixed
forest in Changbai Mountain.

Comparison among Tree Species R p

Global 0.300 <0.001
ULM vs. ACE 0.216 0.025
ULM vs. TIL 0.228 0.023
ULM vs. PIN 0.504 0.010
ULM vs. FRA 0.636 0.008
ULM vs. QUE 0.796 0.008
ACE vs. TIL 0.260 0.016
ACE vs. PIN 0.480 0.020
ACE vs. FRA 0.356 0.016
ACE vs. QUE 0.312 0.025
TIL vs. PIN 0.524 0.009
TIL vs. FRA 0.792 0.011
TIL vs. QUE 0.696 0.010
PIN vs. FRA 0.540 0.011
PIN vs. QUE 0.488 0.007
FRA vs. QUE 0.660 0.011

100



Plants 2023, 12, 3854

Plants 2023, 12, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 2. Histogram of relative abundance of phyllosphere bacteria of dominant tree species in a 

temperate mixed forest of Changbai Mountain at the level of phylum (a) and class (b) level. Abbre-

viations of tree species: ACE: Acer mono; FRA: Fraxinus mandshurica; PIN: Pinus koraiensis; QUE: 

Quercus mongolica; TIL: Tilia amurensis; ULM: Ulmus japonica. 

2.2. Differences in Phyllosphere Bacterial Community among Tree Species 

ANOSIM analysis and NMDS showed that there are significant differences in micro-

bial community composition among six tree species (Figure 3; Table 1). Based on the LEfSe 

analysis, the primary biomarkers for F. mandshurica were Myxococcaceae, Aureimonas, and 

Oxalobacteraceae. For P.koraiensis, the main biomarkers were Actinobacteria, Myxococcia, 

Myxococcales, Beijerinckia, and Methylobacterium. Q. mongolica had Rhizobiales and Pseu-

domonas as the primary biomarkers, while T. amurensis had Micrococcales, Microbacteri-

aceae, Curtobacterium, Amnibacterium, and P3OB-42 as the main biomarkers. 

 

Figure 3. NMDS visualization diagram (a); cladogram of taxa which were differentially expressed
based on Linear discriminant analysis Effect Size (LEfSe) (b); and Linear discriminant analysis (LDA)
scores indicating the effect size of each differentially expressed taxon (c) of phyllosphere bacteria
community structure of dominant tree species in a temperate mixed forest of Changbai Mountain.
The stress value measures the goodness of fit of the NMDS solution to the original data. A lower
stress value (closer to 0) indicates a better fit of the NMDS solution to the data, suggesting that
the reduced-dimensional representation preserves the underlying structure of the original data.
Abbreviations of tree species: ACE: Acer mono; FRA: Fraxinus mandshurica; PIN: Pinus koraiensis; QUE:
Quercus mongolica; TIL: Tilia amurensis; ULM: Ulmus japonica.

2.3. Correlations between Phyllosphere Bacterial Community and Leaf Functional Traits

Our study examined leaf functional traits across six plant species. Leaf area (LA),
leaf thickness (SLA), leaf dry matter content (LDMC), leaf nitrogen content (LNC15), leaf
carbon content (LCC), leaf calcium content (LCaC), leaf aluminum content (LAlC), leaf
copper content (LCuC), leaf zinc content (LZnC), and leaf stomatal area (LSA) significant
differences were observed among the plant species. Specifically, Q. mongolica exhibited
the highest leaf area, measuring 65.368 cm2, while P. koraiensis displayed the lowest with
a mere 0.730 cm2. A. mono had the highest carbon isotope composition, with a value of
−27.789%., while T. amurensis had the lowest at −29.681%. U. japonica showed the highest
leaf copper content at 5.111 g/kg, whereas F. mandshurica displayed the lowest content at
4.118 g/kg (Table 2).

Table 2. Leaf functional traits of six tree species ANOSIM in leaves of dominant species of the
temperate mixed forest in Changbai Mountain. Asterisks indicate significant differences between tree
species (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). Abbreviations of tree species: ACE: Acer mono;
FRA: Fraxinus mandshurica; PIN: Pinus koraiensis; QUE: Quercus mongolica; TIL: Tilia amurensis; ULM:
Ulmus japonica.

ACE (Mean ± SE) FRA (Mean ± SE) PIN (Mean ± SE) QUE (Mean ± SE) TIL (Mean ± SE) ULM (Mean ± SE)

LA (cm2) *** 24.52 ± 1.69 36.08 ± 2.45 0.73 ± 0.035 65.36 ± 10.88 38.26 ± 3.86 17.02 ± 0.53
SLA (cm2/g) ** 190.05 ± 30.52 260.03 ± 36.44 84.84 ± 11.57 310.555 ± 14.59 315.12 ± 20.76 76.56 ± 12.01
LDMC (g/g) ** 0.092 ± 0.014 0.15 ± 0.04 0.02 ± 0.00 0.30 ± 0.04 0.17 ± 0.02 0.10 ± 0.01

LCC13 (d13C/12C) ** −30.58 ± 0.30 −27.78 ± 0.53 −30.51 ± 0.478 −29.47 ± 0.24 −29.68 ± 0.52 −29.32 ± 0.30
LNC15 (%) * −2.39 ± 0.77 0.18 ± 0.67 0.48 ± 0.40 −0.20 ± 0.19 1.01 ± 0.49 −1.55 ± 0.44

LCC (%) 41.73 ± 0.09 42.34 ± 0.38 46.53 ± 0.70 43.04 ± 0.15 43.87 ± 0.38 39.30 ± 0.28
LNC (%) 1.96 ± 0.08 1.90 ± 0.26 1.604 ± 0.12 2.32 ± 0.08 2.09 ± 0.16 1.92 ± 0.11

LPC (g/kg) 1.87 ± 0.15 1.94 ± 0.49 2.10 ± 0.10 2.68 ± 0.26 3.03 ± 0.30 2.11 ± 0.11
LKC (g/kg) 0.07 ± 0.01 0.08 ± 0.00 0.04 ± 0.01 0.01 ± 0.00 0.08 ± 0.01 0.07 ± 0.01

LCaC (g/100 g) ** 0.24 ± 0.01 0.25 ± 0.03 0.07 ± 0.02 0.139 ± 0.01 0.17 ± 0.02 0.30 ± 0.02
LAlC (g/kg) *** 0.63 ± 0.07 0.46 ± 0.07 1.63 ± 0.31 0.65 ± 0.14 0.45 ± 0.08 0.45 ± 0.06
LCuC (g/kg) ** 4.90 ± 0.62 4.12 ± 0.52 4.77 ± 0.14 4.90 ± 0.62 3.44 ± 0.158 5.11 ± 0.50

LZnC (mg/kg) *** 63.99 ± 7.39 25.56 ± 1.15 64.49 ± 5.77 41.42 ± 8.66 30.34 ± 9.19 33.21 ± 5.33
LSA (10−9 m2) *** 7.37 ± 0.02 17.06 ± 0.05 12.96 ± 0.10 24.24 ± 0.07 7.90 ± 0.07 18.74 ± 0.09
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The redundancy and envfit analysis results showed that the functional traits relating
to plant nutrient acquisition and resistance to diseases and pests (such as leaf area, isotope
carbon content, and copper content) were the main factors influencing the community
structure of phyllosphere bacteria (Figure 4).
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Figure 4. Redundancy analysis result (RDA) of phyllosphere bacterial community and leaf functional
traits (a); and the explanatory power of each predictive factor (b). See Table 3 for the symbolic
meanings of each factor in the figure; The asterisk (*) in the figure indicates that the factor has a
significant influence on the microbial community (p < 0.05). Abbreviations of tree species: ACE: Acer
mono; FRA: Fraxinus mandshurica; PIN: Pinus koraiensis; QUE: Quercus mongolica; TIL: Tilia amurensis;
ULM: Ulmus japonica.

2.4. Functional Genes of Phyllosphere Bacteria

For the analysis of bacterial functions, the functions related to metabolism were
the richest in our dataset, accounting for 76% of all functional annotation sequences
(Figure 4a). The main metabolic processes were amino acid metabolism (9.1%), carbo-
hydrate metabolism (8.4%), and energy metabolism (4.2%). Environmental and genetic
information processing also had a high relative abundance, mainly membrane transport
(3.9%), signal transduction (3.1%), and translation (2.1%) (Figure 5a). The variance test
among tree species with secondary functions showed that there were significant differ-
ences in relative abundance among tree species with six metabolic processes including
amino acid metabolism, membrane transport, xenobiotics biodegradation and metabolism,
biosynthesis of other secondary metabolites, and glycan biosynthesis and metabolism. P.
koraiensis’s amino acid metabolism and membrane transport were significantly higher than
other tree species (Figure 5b).

102



Plants 2023, 12, 3854

Plants 2023, 12, x FOR PEER REVIEW 7 of 15 
 

 

2.4. Functional Genes of Phyllosphere Bacteria 

For the analysis of bacterial functions, the functions related to metabolism were the 

richest in our dataset, accounting for 76% of all functional annotation sequences (Figure 

4a). The main metabolic processes were amino acid metabolism (9.1%), carbohydrate me-

tabolism (8.4%), and energy metabolism (4.2%). Environmental and genetic information 

processing also had a high relative abundance, mainly membrane transport (3.9%), signal 

transduction (3.1%), and translation (2.1%) (Figure 5a). The variance test among tree spe-

cies with secondary functions showed that there were significant differences in relative 

abundance among tree species with six metabolic processes including amino acid metab-

olism, membrane transport, xenobiotics biodegradation and metabolism, biosynthesis of 

other secondary metabolites, and glycan biosynthesis and metabolism. P. koraiensis ’s 

amino acid metabolism and membrane transport were significantly higher than other tree 

species (Figure 5b). 

 

Figure 5. The function genes of phyllosphere bacteria of dominant tree species in a temperate mixed 

forest of Changbai Mountain. A heatmap illustrates the relative abundance of functions (a), and 

specifically in panel (b), only functions with statistical significance (p < 0.05) are presented in the 

comparison between tree species.Abbreviations of tree species: ACE: Acer mono; FRA: Fraxinus 

mandshurica; PIN: Pinus koraiensis; QUE: Quercus mongolica; TIL: Tilia amurensis; ULM: Ulmus japon-

ica. 

3. Discussion 

We found that tree species with closer evolutionary distances had more similar phyl-

losphere microbial diversity, which could be attributed to the assembly of host-associated 

microbiomes in long-term evolutionary processes [30,31]. Compared to tree species with 

smaller evolutionary distances, tree species with a long evolutionary distance may have 

generated greater selection pressure on the species pool of phyllosphere microbes, result-

ing in more significant differences in phyllosphere microbial diversity [32]. This finding is 

in line with the strong plant–bacterial interactions on leaves found in a neotropical forest 

in Panama [13], where most of the dominant bacterial taxa in the phyllosphere have sig-

nificant evolutionary association with host tree species. These evolutionary associations 

Figure 5. The function genes of phyllosphere bacteria of dominant tree species in a temperate mixed
forest of Changbai Mountain. A heatmap illustrates the relative abundance of functions (a), and
specifically in panel (b), only functions with statistical significance (p < 0.05) are presented in the
comparison between tree species.Abbreviations of tree species: ACE: Acer mono; FRA: Fraxinus
mandshurica; PIN: Pinus koraiensis; QUE: Quercus mongolica; TIL: Tilia amurensis; ULM: Ulmus japonica.

3. Discussion

We found that tree species with closer evolutionary distances had more similar phyllo-
sphere microbial diversity, which could be attributed to the assembly of host-associated
microbiomes in long-term evolutionary processes [30,31]. Compared to tree species with
smaller evolutionary distances, tree species with a long evolutionary distance may have
generated greater selection pressure on the species pool of phyllosphere microbes, resulting
in more significant differences in phyllosphere microbial diversity [32]. This finding is in
line with the strong plant–bacterial interactions on leaves found in a neotropical forest in
Panama [13], where most of the dominant bacterial taxa in the phyllosphere have significant
evolutionary association with host tree species. These evolutionary associations are likely
to be related to phylogenetic variation in host traits, given the interaction between microbial
community variance explained by host traits and taxonomy [12].

Our results show that Proteobacteria, Actinobacteria, and Firmicutes were the domi-
nant phyla observed in our samples. The dominant position of Proteobacteria is consistent
with many other studies on the bacterial community composition of plant leaves [32–36].
This observation is attributed to the relatively faster replication rate of Proteobacteria com-
pared to other phyla. The ability of Proteobacteria to replicate more rapidly may result in
their higher abundance and dominance within the leaf microbiome, as they can colonize
and proliferate more efficiently in the leaf environment [37]. Further, Proteobacteria have
diverse metabolisms and perform important plant functions, such as nitrogen fixation,
nitrification, methylation, and oxygen-free photosynthesis [38–41]. Actinobacteria and Fir-
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micutes are typically associated with arid environments [40–42], which may explain their
adaptability to thrive on leaf surfaces, often exposed to dry air and UV radiation [43–45].

Additionally, we found significant biomarkers for all tree species except U.japonica and
A. mono. It is possible that the composition of the microbial community reflects how the
relative microbial abundance responds to changes in the environment, according to studies
by Liu et al. [30] and Maestre et al. [31]. This means that differences in microhabitats on
the surface of leaves could be a factor in the unique microbial flora of different tree species.
However, because U. japonica and Acero mono are usually in the secondary forest layer [46],
they may be less affected by external environmental changes and overlap with the canopy
layer and the primary forest layer, so there is no unique microbial flora [47]. Specifically,
LEfse analysis shows that the P. koraiensis biomarker is Actinobacteria, primarily sapro-
phytic bacteria, which produces enzymes that can degrade cellulose. One of the biomarkers
for P. koraiensis is Beijerinckia, a free-living, nitrogen-fixing aerobic microorganism known
for its abundant nitrogenase enzymes, which facilitate efficient nitrogen reduction [48].
Additionally, Methylobacterium, another biomarker for Korean pine, is recognized for its
utilization of C1 compounds released by plants [49]. This shows that P. koraiensis may
be essential in regulating forest climate and carbon and nitrogen cycles. Under drought
stress, Pseudomonas, a biomarker of Q. mongolica, can produce extracellular polysaccharides
to protect bacteria from water threats. Prior research has shown that the inoculation of
Pseudomonas sp. into host plants can lead to a significant increase in the levels of proline,
amino acids, and soluble sugars, ultimately bolstering the plants’ drought resistance [50].
Q. mongolica, a tree species renowned for its drought resistance in the Changbai Mountain
area [51], may also derive potential benefits from the presence of Pseudomonas. The ad-
vantages that the presence of drought-resistant bacteria can bring to Q. mongolica include
enhancing its ability to withstand water stress, facilitating the accumulation of osmopro-
tectants, and promoting overall resilience in challenging arid conditions [52]. Thus, the
interaction with Pseudomonas could further contribute to the drought resistance observed
in Q. mongolica. The natural products found in this family are expected to become an
important source of drugs in the future [53]. This kind of bacteria is the biomarker of U.
pumila, so the application value of U. pumila leaves should be further explored.

The redundancy analysis confirmed that certain traits are linked explicitly to phyl-
losphere microbial community composition. The carbon isotope content, leaf area, and
copper in the leaves of plants have significant effects on the bacterial community in the
canopy. Previous studies have suggested that leaf environmental conditions such as ele-
ment concentration, resource availability, and defensive compounds can act as ecological
filters and affect the microbial community composition on leaves [54]. Specifically, leaf
area and leaf carbon isotope content mainly represent the resource acquisition ability of
plants. Therefore, our findings show that the characteristics of the phyllosphere microbial
composition of tree species are closely related to their nutrient acquisition ability [55]. In ad-
dition, leaf copper content is also essential to the composition of the phyllosphere bacterial
community because they can also be used as a defensive compound for plants [40,56].

The abundance of functional genes affects the transformation of ecological processes
by affecting microbial processes. The results of functional prediction support the critical
role of carbohydrate and amino acid metabolism in the phyllosphere bacteria [57–59].
For example, an experimental study on the colonization of phyllosphere bacteria [58]
showed that carbohydrate metabolism is produced during plant photosynthesis and is then
consumed by other organisms, aiding the process of regulating the metabolic formation,
decomposition, and mutual transformation of microbes [60]. Amino acid metabolism can
help bacteria absorb amino acids, which is beneficial to the survival and reproduction of
phyllosphere bacteria [61,62]. Membrane transporters are also reported as an important
part of the functional library of epiphytic microbes, which can maximize the ability to
monopolize other restricted resources [63]. The richness of signal transduction pathways
involves rapid sensing and response to environmental changes, which will eventually
be consistent with the high variability of humidity, light, and temperature conditions in
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the microbial habitat [17]. The variance analysis showed that amino acid metabolism
and membrane transport of P. koraiensis was significantly higher than those of other tree
species, which may imply that the phyllosphere bacteria of conifer species, P. koraiensis,
had developed a stronger ability to absorb nutrients and transport energy due to their
lower leaf area (i.e., insufficient nutrient acquisition), compared with broadleaf species.
Generally speaking, phyllosphere bacteria in the broad-leaved Korean pine mixed forest
can absorb more carbohydrates and amino acids from the leaves through these functional
genes, which improves the diversity of phyllosphere bacteria. These potential biological
functions lay the foundation for the interaction between plants and microbes. Phyllophere
microbes may participate in many life processes of plants through these potential functions
and help plants grow in nonideal conditions.

4. Materials and Methods
4.1. Study Site

The experimental plot is located in the broad-leaved Korean pine mixed forest (42◦21′01′′ N,
128◦42′51′′ E) of the National Nature Reserve in Changbai Mountain in northeastern China.
The elevation ranges between 830 and 850 m within our study area. The study site has a
typical temperate continental mountain climate, with an average annual temperature of
3.6 ◦C and average annual precipitation of 700 mm [64,65]. The zonal soil in this area is
mountainous dark brown forest soil. The broad-leaved Korean pine mixed forest is rich in
species composition and has a clear vertical structure. The dominant tree species include
Pinus koraiensis, Tilia amurensis, Quercus mongolica, Acer mono, Fraxinus mandshurica, and
Ulmus japonica [66].

4.2. Leaf Sampling

In August 2020, 6 dominant tree species (P. koraiensis, T. amurensis, Q. mongolica, A.
mono, F. mandshuric, U. japonica) in broad-leaved Korean pine mixed forest were sampled
by selecting 5 individual trees per species, with a total of 30 trees (i.e., 30 samples). The
interval between each tree was greater than 20 m. We use averruncator to cut leaves from
all four directions of the target tree species. To avoid the influence of leaf age and disease,
we selected 20 healthy and undamaged leaves at the top of each branch, mixed them, and
stored them at 4 ◦C until they could be returned to the laboratory to be kept at −80 ◦C.

4.3. Measurements and Calculations of Leaf Functional Traits

Fourteen common leaf morphological and chemical traits related to plant life history
and nutrient and water use efficiency were measured based on 5 to 10 leaves [67]. Leaf area
(LA) was calculated using a portable scanner (Canon LiDE 110, Tokyo, Japan) and Image
Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA). Leaf dry matter content
(LDMC) was determined after drying in a constant mass oven for 48 h at 65 ◦C. Specific
leaf area (SLA) was calculated as the ratio of fresh leaf area to leaf dry matter content. The
dried leaf samples were then ground to a fine powder using a ball mill (RETSCH, GmbH,
Haan, Germany). Leaf carbon (LCC) and nitrogen (LNC) contents were measured using
an elemental analyzer (Vario EL III, Elementar, Hanau, Germany). Leaf carbon isotope
content (LCC13) and nitrogen isotope content (LNC15) were analyzed using a stable
isotope analyzer (CMCRDS system, Picarro, CA, USA). Other chemical elements, including
phosphorus (LPC), potassium (LKC), aluminum (LAlC), copper (LCuC), calcium (LCaC),
and zinc (LZnC), were measured using an ICP Optima 8000 (Perkin-Elmer, Waltham,
MA, USA). The size of the leaf stomatal area was measured using a nail polish blotting
method [68]. The main functions of each of these traits are listed in Table 3.
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Table 3. Plant traits and their corresponding functions used in this study.

Abbreviations Functional Traits Functions

LA Leaf Area Resource allocation capacity [69]
SLA Specific Leaf Area Resource allocation capacity [69]

LDMC Leaf Dry Matter Content Resource allocation capacity [70]

LCC13
Leaf Stable Carbon

13 Content Water utilization efficiency [70]

LNC15
Leaf Stable Nitrogen

15 Content Resource utilization efficiency [71]

LCC Leaf Carbon Content Plant photosynthesis [72]
LNC Leaf Nitrogen Content Plant photosynthesis [72]
LPC Leaf Phosphorus Content Plant photosynthesis [72]
LKC Leaf Potassium Content Plant photosynthesis [72]
LCaC Leaf Calcium Content Plant metabolism [73]
LAlC Leaf Aluminum Content Plant metabolism [73]
LCuC Leaf Copper Content Plant metabolism; resistance to diseases, pests [74]
LZnC Leaf Zinc Content Plant metabolism; resistance to diseases, pests [74]
LSA Leaf Stomatal Area Transpiration, photosynthesis [75]

4.4. Leaf DNA Extraction and Sequencing

For the extraction of phyllosphere bacteria, we ground 5–10 fresh leaves, weighed 5 g
of them into sterile tubes, and added 10 mL of 0.1 M potassium phosphate buffer (pH = 8.0)
to each gram of sample [12,14]. The samples underwent ultrasonic cleaning twice for 1 min
and centrifuged for 10 s. The potassium phosphate buffers from the two washes were
combined and filtered through a 0.2 µm sterile filter (Supor EAV, Pall Corporation, Ann
Arbor, MI, USA). The filters were chopped, and DNA was extracted using the FastDNA®

SPIN Kit (Qbiogene, Irvine, CA, USA). DNA extracts were checked on a 1% agarose gel,
and DNA concentration and purity were determined using a NanoDrop-2000 (Thermo
Scientific, Wilmington, NC, USA). Sequencing was performed by Shanghai Meiji Biomedical
Technology Co., Ltd. on the Illumina NovaSeq PE250 platform. The amplification primers
were 799F (AACMGGATTAGATACCCKG) and 1193R (ACGTCATCCCCACCTTCC). Raw
reads were saved to the NCBI database (SUB9956652).

4.5. Data Analyses

Raw gene sequencing reads were filtered using QIIME (version 1.7). Low-quality
sequences (length < 200 bp, ambiguous bases > 0, average base quality score < 25) were
removed. Samples were differentiated based on barcodes and primers, and sequence
orientation was adjusted. UPARSE version 7.1 [76] was used to cluster sequences into
operational taxonomic units (OTUs) with 97% similarity and to identify and delete chimeric
sequences. The classification of the representative sequences of each OTU was species
annotated by the RDP classifier [77] according to the Silva v138 bacterial database alignment.
The alignment threshold was set to 80%, and 656,940 high-quality sequences were obtained.
To avoid the influence of sequencing depth on subsequent analysis, all samples were diluted
to the same sequencing depth (21,898 sequences per sample), resulting in 5231 OTUs.

We used the R package V.PhyloMaker [78] to construct a phylogenetic tree for six trees
species. Based on the results of OTU cluster analysis, α-diversity (i.e., species richness) was
calculated. ANOVA (Analysis of Variance) was used to explore whether α-diversity and leaf
functional traits was significantly different among tree species. The Bray–Curtis matrix be-
tween samples was calculated at the OTU level and visualized by NMDS (Non-Metric Multi-
dimensional Scaling) to depict differences in the bacterial community in a two-dimensional
space. Significance was evaluated by ANOSIM (Analysis of Similarities) [79]. LEfSe anal-
ysis (Linear discriminant analysis Effect Size) was used to identify biomarkers causing
differences in microbial community structure between groups using a Linear discriminant
analysis (LDA) score threshold of 4.0 and an alpha level of 0.05 at the genus level and above
on the Hutlab Galaxy website application (http://huttenhowe.sph.harvard.edu/galaxy/
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10 June 2023) [80]. The study utilized RDA (Redundancy Analysis) to investigate the rela-
tionship between the bacterial community in the canopy phyllosphere and leaf functional
traits. The analysis also utilized the ‘envfit’ method to determine the explanatory power of
each factor [77]. Finally, the functional annotation of PICRUSt2 predictions was obtained
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [81]. Except for
LEfSe analysis, other statistical analyses were conducted using R software (version 4.3.2).

5. Conclusions

Our findings suggest that tree species with a close phylogenetic relationship tend to
exhibit similar alpha phyllosphere bacterial diversity. Additionally, we observed multiple
biomarkers for all tree species except Ulmus japonica and Quercus mongolica. The biomarkers
of Pinus koraiensis may suggest that it is essential for forest climate as well as carbon and
nitrogen cycles, and the biomarkers of Quercus mongolica may contribute to the drought
resistance of the host. Our study also shows that the leaf traits of host tree species, such as
leaf area, leaf carbon isotope content, and leaf copper and zinc contents could regulate the
composition of the phyllosphere bacterial community. The results of functional prediction
show that the main functional genes are carbohydrate metabolism and membrane transport,
which can improve resource utilization capacity. The abundance of these two functions
of Pinus koraiensis is higher than that of other tree species, which may be an evolutionary
strategy of microbes in Pinus koraiensis under the condition of low leaf area. The results
provide basic data for revealing the canopy biodiversity composition, structure, and driving
factors of temperate forests and provide a useful reference for the study of plant-microbes
interaction under global changes.
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Abstract: Forest stand structure (the characteristics and interrelationships of live trees) and site
conditions (the physical and environmental characteristics of a specific location) have been linked to
forest regeneration, nutrient cycling, wildlife habitat, and climate regulation. While the effects of stand
structure (i.e., spatial and non-spatial) and site conditions on the single function of Cunninghamia
lanceolata and Phoebe bournei (CLPB) mixed forest have been studied in previous studies, the relative
importance of stand structure and site conditions in terms of productivity, species diversity, and
carbon sequestration remains unresolved. In this study, a structural equation model (SEM) was
adopted to analyze the relative importance of stand structure and site conditions for the forest
productivity, species diversity, and carbon sequestration of CLPB mixed forest in Jindong Forestry in
Hunan Province. Our research demonstrates that site conditions have a greater influence on forest
functions than stand structure, and that non-spatial structures have a greater overall impact on forest
functions than spatial structures. Specifically, the intensity of the influence of site conditions and
non-spatial structure on functions is greatest for productivity, followed by carbon sequestration
and species diversity. In contrast, the intensity of the influence of spatial structure on functions is
greatest for carbon sequestration, followed by species diversity and productivity. These findings
provide valuable insights for the management of CLPB mixed forest in Jindong Forestry and have
significant reference value for the close-to-natural forest management (CTNFM) of pure Cunninghamia
lanceolata forests.

Keywords: stand structure; site conditions; forest functions; structural equation model; Cunninghamia
lanceolata; Phoebe bournei

1. Introduction

Forest ecosystems play a vital role in timber production, biodiversity preservation,
and carbon sequestration [1–3]. Forests can be separated into mixed forests and pure forests
according to the number and volume of tree species. Compared to pure forests, mixed
forests contain a greater diversity of tree species and a more complex forest structure,
allowing them to serve a greater range of forest ecological functions [4,5]. In this context,
forest managers are increasingly accepting of close-to-natural forest management (CTNFM)
practices. CTNFM, a production system based on the principles of multifunctional forest
management, advocates for mixed uneven forests as an ecologically more stable alternative
to uniform monocultures [6–8]. Therefore, transforming pure plantations into mixed forests
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by CTNFM is an effective way to improve ecological functions, which is of vital significance
for the implementation of China’s forest quality precision enhancement project.

The pure Chinese fir (Cunninghamia lanceolata) forests account for the largest propor-
tion of the area of plantations in southern China. Transforming pure Chinese fir forests into
mixed forests through CTNFM is an important challenge, aimed at improving the quality
of Chinese fir forests. In recent years, a mixed forest management model of Cunninghamia
lanceolata and Phoebe bournei (CLPB) has been recognized as the most successful CTNFM
method for pure Chinese fir forests. In this model, the rare and valuable broad-leaved
species Phoebe bournei has been replanted artificially in pure Cunninghamia lanceolata planta-
tions to establish CLPB mixed forests, which can effectively promote the growth of both
trees and improve the ecological function of pure Cunninghamia lanceolata plantations [9,10].
In addition, the State Forestry Administration of China has pushed the CLPB mixed forest
management model as one of the most successful methods for enhancing the quality of
Chinese fir forests in southern China.

The stand structure of forests, which encompasses the characteristics and interrela-
tionships of live trees, is a fundamental attribute of forest ecosystems [11]. A well-designed
stand structure has important implications for forest ecosystems, including the provision
of wildlife habitat, carbon storage for climate regulation, and effective forest regeneration.
By optimizing the structure of the stand, the maximum functional benefits of the forest
ecological system can be realized [12–17]. The forest stand structure can be subdivided
into spatial and non-spatial structures. Spatial structure pertains to the arrangement and
interrelationships of living tree features and is typically measured using indicators such
as mixing degree, angular scale, and size ratio. Non-spatial structure, on the other hand,
characterizes the quality of individual trees and is often gauged by factors such as DBH,
tree height, and density [18–21]. Nevertheless, even within a single tree species, growth
rates can fluctuate significantly across different stands due to varying forest site conditions,
which encompass the physical, chemical, and biological attributes of a specific location
such as soil characteristics, topography, and vegetation. Site conditions may thus be one of
the important factors that affect forest functions [22,23].

Jindong Forest Farm is located in the south of Hunan Province, which is the main
planting area of Cunninghamia lanceolata in the Province. In recent years, with the increasing
attention paid by the Chinese government to the ecological functions of forests, the forest
management objectives of Jindong Forest Farm have shifted from producing wood to
enhancing the ecological functions of forests. Hence, converting a vast tract of pure Chinese
fir plantation into a mixed forest with enhanced biological functions is one of the greatest
challenges facing forest management at Jindong Forest Farm. Through repeated studies on
the model of mixing Chinese fir with other needles and broadleaves, Jindong Forest Farm
discovered CLPB as the most effective CTNFM model for Chinese fir forest. It has thus
become a national demonstration site for the CLPB mixed forest model [24,25]. Although
previous studies have explored the effects of stand structure and site conditions on the
single forest function of CLPB mixed forest in Jindong Forest Farm [26–30], the relative
importance of stand structure and site conditions in terms of productivity, species diversity,
and carbon sequestration remain unresolved.

The aim of this study was to explore the relative importance of the stand structure
and site conditions of CLPB mixed forest to productivity, species diversity and carbon
sequestration. To achieve this goal, we have adopted a structural equation model (SEM)
approach, which can provide insights into the relative importance of various aspects of
stand structure and site condition on forest functions [31–34]. The following hypotheses
were tested: (1) site condition has a greater influence on forest functions (productivity,
species diversity and carbon sequestration) than stand structure. (2) The total impact
intensity of spatial and non-spatial structures on forest functions is equal.
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2. Results
2.1. Response between Observed Variables

According to the correlation heat map (Figure 1), there is a very significant correlation
between the slope position, dominant tree breast diameter and dominant tree height. The
slope position has a significant correlation with DBH, and the dominant tree breast diameter
is significantly related to the dominant tree height. The DBH is significantly negatively
correlated with the stand density. The negative correlation between stand density and DBH
is mainly due to the growth factors of the forest trees themselves and competition. Within a
certain range, stand density will promote the growth of DBH, and beyond this range, the
growth of DBH is inhibited. The DBH, tree height, stand density and stand productivity
demonstrate a very significant correlation. Higher tree height and DBH usually mean
higher biomass accumulation and higher productivity. In addition, higher density may
also have an effect on productivity, but its effect may vary depending on environmental
conditions and stand type.
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The dominance, mingling and uniform angle index are very significantly correlated.
The influence of stand structure indicators on the carbon sequestration function is mainly
through aspects such as biomass and tree age. For example, higher tree height and DBH
usually imply higher biomass accumulation and higher carbon storage capacity. Due
to the conversion relationship between carbon sequestration and productivity, there is a
highly significant correlation between them. Forest species diversity is influenced by many
factors, and our analysis found a significant correlation between forest species diversity
and DBH. Among the possible reasons, higher tree height and DBH may provide more
micro-environmental variation in habitat and thus support the presence of more species.

It should be noted that the correlation between stand structure, stand environment
and forest productivity, species diversity and carbon sequestration functions is complex
and may be influenced by many other factors, such as climate and soil. Therefore, more
comprehensive studies and analyses are needed to more accurately assess the correlations
between them.

2.2. Path Diagram and Standardized Coefficients in the SEM Analysis

The test results (Table 1) showed that the RMSEA parameter value of the initial model
was 0.055, indicating that the model did not adequately fit the observed data, so further
modification of the initial model was required. We improved the previous hypothesis,
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supplemented the relationship between forest species diversity and carbon sequestration,
and reconstructed the path map (Figure 2). After calculating the fitting index of the model
and comparing this with the detection standards, the Chi-square degrees of freedom ratio
of the optimal model was 1.889, which between 1 and 3, indicating a good fit. RMSEA was
less than 0.05, which met the evaluation criteria. It is assumed that the optimal model is
adapted to the observation data, and that the test indicators of each adaptation statistic
have reached the evaluation standard, indicating that the hypothesis model is well adapted
to the data [35].

Table 1. Fitting parameters of structural equation model.

Statistics Fitting Index Evaluation Standard A Priori Model Optimal Model

Absolute fit
statistics

χ2/d f Between 1–3 means the model fits well 1.889 1.889
GFI >0.90 0.949 0.935

RMSEA <0.05 0.055 0.038
NCP The smaller the better 39.995 28.367

Value-added
adaptation statistics

NFI

Between 0–1, the closer to 1, the better the
model fit

0.948 0.954
RFI 0.931 0.933
IFI 0.975 0.978
TLI 0.962 0.967
CFI 0.974 0.978

Minimal adaptation
statistics

PGFI >0.5, The higher the value, the better 0.548 0.550
PNFI >0.5, The higher the value, the better 0.649 0.651
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Figure 2. The optimal SEM between stand structures, site conditions and forest functions. The slope
position, dominant tree breast diameter and dominant tree height are the explicit variables of site
conditions. The DBH, height and density are the explicit variables of non-spatial structure. The
mingling, uniform angle index and dominance are the explicit variables of spatial structure.

The SEM showed that site conditions had strongly positive effects on the forest pro-
ductivity function, carbon sequestration function and species diversity function, and the
standardized total effects were 1.221, 0.850 and 0.413, respectively (Figure 3). Site conditions
also had an indirect influence on productivity, carbon sequestration and species diversity,
and these indirect effects were 0.490, 0.321 and 0.102. Comparing stand structure with site
conditions, the site conditions had the largest total impact on forest multi-functionality; the
coefficient is 2.484, indicating that the forest functions are mainly affected by site conditions.
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Site conditions had direct and negative effects on spatial structure (−0.409) and direct and
positive effects on non-spatial structure (0.593).
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There are interactions between spatial structure and non-spatial structure. Spatial
structure had indirect and positive effects on non-spatial structure (0.417), while non-
spatial structure had direct and positive effects on spatial structure (0.309). The total impact
of spatial structure on forest functions (0.267) is less than that of non-spatial structure
(1.615). Spatial structure had direct and positive effects on productivity (0.234) and carbon
sequestration (0.220), direct and negative effects on species diversity (−0.249), and indirect
and positive effects on carbon sequestration (0.062). Non-spatial structure had direct and
positive effects on productivity (0.826), species diversity (0.282), and carbon sequestration
(0.290), and indirect and positive effects on carbon sequestration (0.217).

There are also interactions between the multiple forest functions. Forest productivity
had direct and positive effects on carbon sequestration (0.263). Plant species diversity had
a direct impact on carbon sequestration (0.182). Meanwhile, forest carbon sequestration
had an indirect impact on species diversity (0.053).

2.3. Multi-Factors Analysis of Stand Structures, Site Conditions and Forest Functions

Factors of stand structure and site condition can be quantitatively analyzed using some
indicators that can be directly measured, and the degree of response is different. The total
effect coefficients of the site conditions on the forest non-spatial structure and on the spatial
structure are 0.593 and −0.409, respectively, that is, when the site conditions change by 1,
the forest non-spatial structure changes by 0.593 and the forest spatial structure changes by
−0.409. The non-spatial structure of forest stands has a correlation coefficient of 0.82 for
the breast diameter and 0.72 for the tree height, indicating that changes in the non-spatial
structure of the forest stands are more likely to affect the DBH [36].

We found that in the current phase, forest productivity was most closely related to site
conditions, not tree size (that is, non-spatial structure, DBH and height). At present, the
mixed forest of CLPB in this study is in the stage of middle-aged and near mature forest,
and the influence of tree size (DBH and tree height) on growth is weaker than that of site
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conditions. That is, the fertile soil and the slope position of the trees played a significant
role in the growth of the forest.

Through the analysis of the SEM, we found that plant species diversity had a direct
impact on carbon sequestration (0.182). Meanwhile, forest carbon sequestration had an
indirect impact on species diversity (0.053). There was a direct relationship between carbon
sequestration and productivity, Moreover, carbon sequestration was weakly correlated
with species diversity, while species diversity and productivity were not found to be direct
related [37,38]. The relationship between species diversity and productivity is affected by
species richness, stand type and environmental heterogeneity, and these influencing factors
do not exist independently but rather interact with each other [39–41]. Therefore, when
studying the relationship between stand functions, it is worth considering the factors that
may affect the relationship between them.

3. Discussion

The first hypothesis was strongly supported by our results, which showed that site
condition has a greater influence on forest functions of CLPB mixed forest than stand
structure. Figure 1 indicates that forest functions are directly influenced by site conditions;
the intensity of the influence in greatest for productivity, followed by carbon sequestration
and species diversity. These findings suggest that environmental factors have a more
substantial direct impact on productivity than species diversity and carbon sequestration,
indicating that productivity exhibits a more pronounced response to site conditions, which
is consistent with Liu’s [42] conclusions on the effects of environmental and stand structure
factors on productivity. Improvements in site conditions were found to have a more
significant impact on forest functions [43].

Our research demonstrates that non-spatial structures have a greater overall impact
on forest functions than spatial structures, which was not exactly the same as our second
hypothesis. The non-spatial structure has a direct positive effect on forest functions; the
intensity of the influence is greatest for productivity, followed by carbon sequestration and
species diversity. Forest spatial structure also has a direct effect on forest functions; the
intensity of the influence is greatest for carbon sequestration, followed by species diversity
and productivity. In addition to the direct effects, stand structure also has an indirect effect
on carbon sequestration; the non-spatial structure has a stronger effect than the spatial
structure. The indirect impact of the stand structure on productivity and species diversity
is zero, and thus, the direct impact coefficient is equal to the total impact coefficient.

The DBH responds more to the non-spatial structure compared to tree height. Geir
et al. also found in their study on the relationship between stand density and DBH and tree
height that the response of DBH to changes in stand density is greater than that for tree
height, which is consistent with the findings of our study [44]. Among the three quantitative
indicators of spatial structure, the uniform angle index has the largest response to spatial
structure, followed by dominance and then mingling. This is because the mixed forest of
CLPB in our study has low tree species diversity. Most studies have reported a positive
relationship between tree growth and the degree of mixing. Zhang discovered that in
stands with greater tree species diversity, the effect of mingling on the stand growth would
be enhanced, and the importance of mingling on the spatial structure would increase [45].

4. Materials and Methods
4.1. Study Site

Jindong Forest Farm is located in the southern part of Qiyang County, Hunan Province,
China (Figure 4). It is located in the middle and upper reaches of the Xiangjiang River
Basin, with dense mountains and steep slopes, with an average slope of 34◦ and 95.2%
of grade IV and above (26◦ or above). The highest altitude is 1435 m and the lowest is
108 m. The soil of the forest farms is mainly yellow-red and yellow. The thickness of the
soil layer is generally more than 60 cm, the gravel content is about 20% to 30%, and the
average soil organic matter content is more than 2%, with the highest value reaching 11%.
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It belongs to the subtropical southeast monsoon humid climate zone, with an average
annual temperature of 18 ◦C, an extreme maximum temperature of 41 ◦C and an extreme
minimum temperature of −8 ◦C. The average annual effective sunshine duration is 1617 h,
the average annual precipitation is 1600–1890 mm, and the average annual evaporation is
1225 mm. The relative humidity is 75–82%, the annual frost-free period is 265–349 days,
and the vegetation has 281–301 natural days [33]. There are 972 species belonging to
135 families in the forest farm. According to the survey, there are over 1500 species of
higher plants belonging to more than 200 families. There are 654 species of woody plants in
98 families. At present, Ginkgo biloba, Taxus chinensis and others are first-class plants under
state protection. The second-class protected plants are Cinnamomum bodinieri, Pseudotsuga
sinensis, Fokienia hodginsii, Phoebe bournei, Eucommia ulmoides, and others. There are more
than 190 species of terrestrial vertebrates in this area, of which 31 species are in the category
of National Key Protected Animals, such as Syrmaticus ellioti, Moschus berezovskii, Neofelis
nebulosa, and others.
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4.2. Data Collection

The field survey was conducted from July to August every year from 2015 to 2019.
The sample plots were randomly selected from mixed forests of CLPB with the same stand
phase and age, and were representative (Figure 5). A total of 40 plots (20 × 30 m) were
monitored for five consecutive periods. Each sample plot was divided into 6 survey units
(10 × 10 m), giving a total of 240 data points. According to the growth and dispersion
characteristics of undergrowth vegetation, representative shrub quadrats (5 × 5 m) were
set up in the upper, middle and lower sample plots of each plot, and one (1 × 1 m) herb
quadrat was set in each shrub quadrat. A total of 120 shrub quadrats and 120 herbaceous
quadrats were established in this study (Figure 6). Three soil profiles with a width of
0.8~1.0 m and a depth of 0.6~0.8 m were evenly set in each standard land area, and four
samples from layers 0~15 cm, 15~30 cm, 30~45 cm and 45~60 cm deep were obtained with
a ring knife, each with a volume of 100 cm3. Three soil samples were taken from each layer
to determine their physical properties.
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Figure 6. Survey units for trees, shrubs, herbs, and soils.

All trees in the plots with a diameter at breast height (DBH) larger than 5 cm were
investigated. Starting from the lower-left corner of each plot, trees in the plot were num-
bered according to an “S” shape. For each tree, the tree species, tree height (m), DBH (cm)
and position were recorded. The species, number, height (m), and coverage of shrubs (%)
and herbs in each plot were recorded. The surveyed information of the plots also included
altitude (m), terrain, slope (◦), position, aspect, and soil type.
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4.3. Data Processing

After collecting preliminary data for the forest and land samples, we proceeded to
analyze this data to obtain multifunctional index values for the forest stands.

4.3.1. Productivity Measurement

In this study, the index of the stand’s productivity was denoted by the live wood stock.
The storage capacity of living trees was calculated by the binary volume formula (Table 2)
and converted into the storage amount per unit area.

Table 2. Two-dimensional volume table of main trees.

Species Formula a b c

Cunninghamia lanceolata V = a × Db × Hc 0.000058777042 1.969983 0.896462
Other conifer V = a × Db × Hc 0.000062341803 1.855150 0.956825

One type of hardwood broad-leaf V = a × Db × Hc 0.000068563400 1.933221 0.867885
Second type of hardwood broad-leaf V = a × Db × Hc 0.000050479055 1.88452 0.990765

Soft broad-leaf V = a × Db × Hc 0.000041028005 1.80063 1.130599

Note: D is DBH (cm), H is tree height (m). Phoebe bournei is a type of hardwood broad-leaf tree.

4.3.2. Carbon Sequestration of Vegetation and Soil

Forest carbon comprises vegetation and soil carbon reserves. In this study, vegetation
carbon was subdivided into tree-layer carbon, undergrowth-layer, shrub-layer and herb-
layer carbon and litter-layer carbon. The tree-layer carbon was calculated using the forest
biomass allometric growth equation [46–50], while we used the biomass method to estimate
forest carbon at all levels (Table 3).

Table 3. Biomass allometric growth equation of different tree species in the tree layer.

Species Biomass Equation R2

Cunninghamia lanceolata Wtrunk = 37.9323D2.598 0.975
Wbranch = 1.6255D2.0074 0.764

Wleaf = 5.2619D2.1515 0.788
lgWroot = −1.995 + 2.4541lgD 0.962

Hard broad-leaf class Wtrunk = 0.065D2.548 0.972
Wbranch = 0.025D2.390 0.91

Wleaf = 0.036D1.818 0.876
Wroot = 0.027D2.394 0.922

Soft broad-leaf class Wtrunk = 0.080D2.348 0.995
Wbranch = 0.027D1.762 0.975

Wleaf = 0.027D1.371 0.954
Wroot = 0.027D2.165 0.873

Note: D is DBH (cm). See references [46–50].

Biomass was measured in the shrub, herb and litter layers using the quadrat all-harvest
method. Fresh weights were weighed immediately after harvesting. After returning to the
laboratory, the dry biomass was baked at 105 ◦C for 6–8 h to a constant weight, and the dry
biomass was calculated and converted into biomass per unit area. The conversion methods
of carbon storage and biomass are as follows:

C = BCC (1)

where C represents carbon storage (t); B stands for forest biomass (t); and Cc represents the
carbon content, where the carbon conversion coefficient is 0.5 for coniferous forest and 0.45
for broadleaved forest.
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Soil carbon storage is represented by the product of soil bulk density, soil thickness
and soil organic carbon content. The calculation formula is as follows:

TOC = θ·D·C (2)

where TOC represents soil carbon storage (t/hm2), θ represents soil bulk density (g/cm3),
D represents soil thickness (cm), and C represents soil organic carbon content (%).

4.3.3. Species Diversity

The relative abundance, relative cover (relative significance) and relative frequency of
understory vegetation were calculated to represent the important values (IV) of different
shrub and herb species in the plots. The species diversity index was calculated based on the
species’ importance values. In this paper, we use the Patrick richness index (D), Shannon–
Wiener diversity index (H), Simpson dominance index (H’) and Pielou uniformity index
(J) to comprehensively evaluate the species diversity of a community, which is calculated
as follows:

IV = (Relative frequency + relative coverage + relative abundance)/3 × 100% (3)

H = −
s

∑
i=1

pilnpi (4)

J =

(
−

s

∑
i=1

pilnpi

)
/lnS (5)

H′ = 1 −
s

∑
i=1

p2
i (6)

D = S (7)

where pi is the ratio of the number of individuals of the i species to the total number of
individuals, and S refers to the total number of species in the sample.

This study uses survey units (10 × 10 m) as data points, so all data refer to the average
of one survey unit. All statistical analyses were performed using SPSS 20.0 for Windows,
and the SEM was constructed with Amos 22.0 software.

4.4. Structural Equation Model

The structural equation model consists of a measurement model and a structural
model [24,51,52]. SEM can analyze the causal relationships between multiple variables in a
system and clearly determine the relative importance of each relationship. The model can
test the relationship between the explicit variables, latent variables, and error variables of
the data, and then obtain the total, direct and indirect effects of the independent variables
on the dependent variables [53–55].

Based on the field survey as well as the theoretical and experimental studies con-
ducted in these forest ecosystems [56–59], we established an initial SEM to assess the
relative importance of structure variables (spatial structure and non-spatial structure) and
site characteristics as the drivers of the response variables to forest functions. In the SEM,
three latent variables were established, namely site conditions (determined by observed
variables of slope position, dominant tree breast diameter and dominant tree height), spatial
structure (determined by observed variables of dominance, mingling and uniform angle
index), and non-spatial structure (determined by observed variables of DBH, tree height,
and stand density). To test whether these indicators related to the functions of the forest
area, Pearson correlation coefficients were calculated before establishing the SEM. The
indicators showing significant relationship effects were selected for constructing the SEM.
We built an initial model based on the a priori hypothesis (Figure 7), and the model was
tested using the goodness of fit index (GFI), comparative fit index (CFI), and root mean
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square error of approximation (RMSEA) [60,61]. The optimal model should have the lowest
RMSEA value < 0.05, and the highest GFI value and CFI value > 0.90.
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Figure 7. The a priori model based on the hypothesis relating stand structures, site conditions and
stand functions. Structure factors include non-spatial structure and spatial structure; function factors
include productivity, carbon sequestration and species diversity functions.

5. Conclusions

In this study, we used the SEM to quantify the relative importance of the stand struc-
ture and site conditions of CLPB to productivity, species diversity and carbon sequestration
in Jindong Forest Farm, Hunan Province. Using data from 40 plots, with 240 survey units,
we found that site conditions have a greater impact on forest function than stand struc-
ture. In addition, compared to spatial structures, non-spatial structures have a greater
overall impact on forest functions. The results demonstrated that the close-to-natural forest
management practices should be prioritized for pure Chinese fir forests with better site
conditions, which can improve the ecological function of pure Chinese fir forests more
effectively. In addition, adjusting the stand structure of Chinese fir forests can substantially
improve the ecological performance.
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Abstract: (1) Background: leaf structure traits are closely related to leaf photosynthesis, reflecting
the ability of trees to obtain external resources in the process of growth. (2) Methods: We studied
the morphological, chemical, anatomical, stomatal traits and maximum net photosynthetic rate of
six broad-leaf species in northern temperate mixed broad-leaved Korean pine (Pinus koraiensis) forest.
(3) Aim: To investigate whether there are differences in leaf structural traits of trees with different
shade tolerances and different sizes and the effects of these differences on leaf photosynthetic capacity.
(4) Results: the effects of leaf structure traits on leaf photosynthesis were different among trees
with different shade tolerances or different sizes. Under the condition of light saturation, the net
photosynthetic rate, nitrogen use efficiency, phosphorus use efficiency and stomatal conductance
of shade-intolerant trees or small trees were higher than those of shade-tolerant trees or large trees.
(5) Conclusions: the shade tolerance of tree species or the size of trees affect the traits of leaf struc-
ture and indirectly affect the photosynthetic ability of plants. When constructing the leaf trait–
photosynthesis model, the shade tolerance and tree size of tree species should be taken into account.

Keywords: mixed broad-leaved Korean pine forest; photosynthesis; shade tolerance; tree size; woody
plants; functional traits

1. Introduction

The essence of the trait differences of different trees in different life history stages is the
trade-off in the capacity of trees to obtain light, nutrients, water and other resources under
specific environments and physiological conditions to better grow and reproduce [1,2].
Photosynthesis is one of the most important functions of trees. The construction of an
appropriate photosynthesis model is helpful for us to predict the photosynthetic capacity
of trees under different conditions. As the most important organ of tree photosynthesis,
the structural traits of leaves are closely related to tree photosynthetic capacity [3]. In the
past few decades, some studies have explored the relationship between leaf photosynthetic
capacity and different leaf structure traits [4–6]. At the same time, some studies have
shown that tree shade tolerance or tree size affect the distribution of leaf resources among
structural traits [7–9]. However, few studies have linked tree shade tolerance or tree size,
leaf structure traits and photosynthesis to explain the supporting mechanism of shade
tolerance on plant photosynthesis. The relationship between the structure and function
of plant leaves is a research hotspot for ecologists in recent years. The establishment of
the relationship model between leaf structure and function is helpful for us to understand
the forest ecosystem. Previous studies have pointed out the relationship between some
structural traits and the photosynthetic capacity of leaves. For example, some studies have
shown that the photosynthetic capacity of leaves is related to the content of nitrogen (N) in
leaves. Higher N in leaves usually means that trees can allocate more N to photosynthesis-
related enzymes, so plants with higher N in leaves tend to have higher photosynthetic
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rates [10–12]. Some studies have also constructed a model to estimate the carboxylation rate
of the Rubisco enzyme using leaf N, so as to predict the photosynthesis rate of trees [13,14].
However, plant functional traits are affected not only by single structural traits, but also
by the synergistic regulation of multiple structural traits [15]. N in leaves is not the
only factor affecting leaf photosynthetic capacity. Many studies have shown that many
structural characters of plant leaves are closely related to the photosynthetic ability of plant
leaves [10,16,17]. The most representative theory is the leaf economic spectrum (LES) theory
put forward by Wright et al. in 2004, which holds that trees with higher photosynthetic
rates are located at the end of resource acquisition and tend to have higher leaf N, leaf
phosphorus content (P) and lower leaf mass per unit area (LMA) [17]. Over the next
twenty years, this trade-off reflected by LES theory has been verified by a large number
of reports and widely recognized [18,19]. However, some structural traits not included in
LES are also closely related to photosynthesis. For example, leaf photosynthesis is usually
closely related to leaf anatomical structures; thicker palisade tissue promotes a more
uniform distribution of light in leaves and usually means more chlorophyll in leaves [20,21],
so palisade tissue thickness (PT) tends to be positively correlated with leaf photosynthetic
capacity. Plants can better absorb light through the scattering of cells in sponge tissue, so the
sponge tissue thickness (ST) of leaves is also closely related to photosynthesis ability [22]. In
addition, as the main channel of CO2 diffusion, stomata also have an important effect on the
photosynthetic ability of leaves. Previous studies have shown that the increase in stomatal
conductance (Gs) can increase the photosynthetic rate of leaves when other restrictions
are not significant [23,24]. Understanding and quantifying the relationship between plant
leaf traits and the photosynthesis rate is of great significance for the establishment of a
plant photosynthesis model. However, for plants, the trait–trait relationship is not constant
either between species or within species [1,25]. Therefore, it is necessary to explore the
intraspecific and interspecific factors that cause the variation of leaf characters, and to
understand the effects of leaf characters on photosynthesis under different conditions.

Within the same tree species, there is often variation in leaf traits. Tree size is one of
the decisive factors affecting intraspecific variation [18,26]. Tree size affects the difficulty of
obtaining light, water, nutrients and other resources [27] and then changes the relationship
between the cost and benefit of plant traits [28]. Therefore, the variation in traits within
trees of different sizes reflects the trade-off in resource allocation made by trees for better
growth. Previous studies have shown that the change in N and P contents in leaves is a
typical characteristic with increasing tree size [29]. Higher growth rates usually require
higher N and P contents to maintain [30]. A large amount of resources are allocated to
leaves for photosynthesis to promote the rapid growth of young trees; as trees grow, more
resources are allocated to stems and roots rather than photosynthetic tissues to enhance
competitiveness [1,31,32], resulting in lower N and P contents in leaves of larger trees.
Additionally, a previous study showed that after N and P addition, differently sized trees
had different responses, in which small trees showed higher growth rates, while the growth
rate of large trees did not change [33]. This heterogeneous response to nutrient addition
reflects the different nutrient utilization strategies of trees of different sizes. In addition
to the differences in chemical traits, there are also differences in the leaf morphological
characters of trees of different sizes. Even in the same forest, smaller trees may develop
larger or thinner leaves than large trees of the same species, or develop leaves earlier than
large trees [34,35] to resist the shade of canopy trees and obtain more light. In addition,
there are great differences in stomatal conductance between large trees and small trees.
With the growth of trees, the height of the tree leads to an increase in water transport
resistance from roots to leaves, which leads to stronger water restriction in large trees, so
large trees usually have lower stomatal conductance than small ones, thus reducing their
own transpiration rate to cope with water restriction [36,37]. The variation of these leaf
structure traits can affect the photosynthetic capacity of trees. Therefore, to explore the
effect of leaf traits on plant photosynthesis, we cannot ignore the intraspecific variation in
leaf traits with increasing plant size.
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The variation of leaf traits among different tree species is mainly caused by genetic
differences. Shade tolerance is one of the factors affecting the interspecific variation of leaf
traits. The difference of shade tolerance among species reflects the response of species to
different light environments [38], determines whether species can grow and reproduce
in new habitats [39], and has an important influence on the formation of stand structure
in the process of natural forest succession [40,41]. There is evidence that shade-tolerant
species tend to have wider crowns and more fixed branching patterns than shade-intolerant
species, reducing their self-occlusion and helping them better capture light in low light
conditions [42]. The main reason why shade-tolerant species have this crown structure
is that their growth environment is often more restricted by light than shade-intolerant
species, which makes shade-tolerant species different from shade-intolerant species in leaf
traits. For example, in order to make up for the higher construction cost, shade-tolerant
trees tend to have longer leaf life to maintain long-term photosynthesis. The leaves of
shade-tolerant trees also showed higher mechanical strength, lower N and photosynthetic
ability [8,43]. Some studies have described the effects of plant shade tolerance on partial leaf
traits [9,44]. However, there are few studies on whether the difference of shade tolerance
will lead to the variation of leaf anatomical traits. The formation of PT in leaves usually
depends on the light environment of the previous year or the light environment of current
mature leaves. Usually, the better the previous light conditions, the higher the PT of new
leaves [22]. Therefore, we predict that the PT of shade-tolerant species is lower than that of
shade-intolerant species. Previous research also supports the hypothesis that trees with
higher PT tend to have better light conditions and can better absorb light [45].

At present, there are few studies on the relationship between tree shade tolerance or
tree size, leaf structure traits and photosynthesis ability. In order to explore the mechanism
of the effect of tree shade tolerance of tree species or tree size on leaf photosynthesis,
we selected six different shade-tolerant broad-leaved tree species in mixed broad-leaved
Korean pine (Pinus koraiensis) forest in Northeast China, measured their leaf structural traits
and maximum net photosynthetic rate in two life cycle stages, and explored the variation
of leaf traits and their effects on leaf photosynthetic capacity. We tested two interrelated
hypotheses: (1) there were significant differences in leaf traits between trees of different
sizes and shade tolerances; (2) tree size and shade tolerance can affect leaf photosynthetic
capacity indirectly by affecting leaf structure traits.

2. Results
2.1. Variations in Leaf Traits of Different Tree Types

Across all tree species, the range of epidermis thickness (ET) was 16.81–40.62 µm,
the range of palisade tissue thickness (PT) was 25.58–103.93 µm, and the range of spongy
tissue thickness (ST) was 18.94–84.16 µm (Table S1). All anatomical traits except ST were
significantly different between shade-tolerant trees and shade-intolerant trees (Table 1). The
PT, palisade–spongy tissue ratio (PT/ST) and palisade tissue–leaf thickness ratio (PT/LT)
of shade-intolerant trees were significantly higher than those of shade-tolerant trees, while
the ET and spongy tissue-leaf thickness ratio (ST/LT) were significantly lower than those
of shade-tolerant trees. There was no significant difference in ST between shade-intolerant
and shade-tolerant trees (Table 1). The maximum net photosynthetic rate based on mass
(Pn), carbon content (C), nitrogen content (N), utilization efficiency of photosynthetic nitro-
gen (PNUE), phosphorus content (P), utilization efficiency of photosynthetic phosphorus
(PPUE) and stomatal conductance based on mass (Gs) of shade-intolerant trees were higher
than those of shade-tolerant trees, while the SLA of shade-intolerant trees was lower than
that of shade-tolerant trees (Table 1).
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Table 1. T-test results of leaf traits between shade-intolerant trees and shade-tolerant tree groups.

Leaf Traits
Shade-Tolerant Groups

Leaf Traits
Shade-Tolerant Groups

T p-Value T p-Value

Pn 7.387 <0.001 PT/LT 13.756 <0.001
SLA −3.901 <0.001 ST/LT −5.598 <0.001
Gs 5.331 <0.001 C 9.410 <0.001
ET −4.379 <0.001 N 3.504 0.001
PT 11.435 <0.001 P 8.375 <0.001
ST −0.036 0.971 PNUE 5.687 <0.001

PT/ST 9.572 <0.001 PPUE 3.620 <0.001
Bold indicates a significant difference (p < 0.05). Pn, maximum net photosynthetic rate based on mass;
ET, epidermis thickness; PT, palisade tissue thickness; ST, spongy tissue thickness; PT/ST, palisade–spongy
tissue ratio; PT/LT, palisade tissue–leaf thickness ratio; ST/LT, spongy tissue–leaf thickness ratio; C, carbon
content; N, nitrogen content; P, phosphorus content; PNUE, utilization efficiency of photosynthetic nitrogen; PPUE,
utilization efficiency of photosynthetic phosphorus; (PPUE) SLA, specific leaf area; Gs, stomatal conductance
based on mass.

Tree species had significant effects on all leaf traits (p < 0.05); species with strong shade
tolerance tended to have lower Pn, Gs and higher SLA (Figure S1, Table 2). Tree size had
significant effects on all leaf traits except PT/ST, PT/LT and ST/LT (p < 0.05). The Pn,
specific leaf area (SLA), Gs, N, P, PNUE and PPUE of small trees were significantly higher
than those of large trees, while the ET, PT, ST and C of small trees were significantly lower
than those of large trees (Table 2). The interaction between tree species and tree size had
significant effects on Pn, SLA, Gs, PT, ST, N, P and PNUE (Table 2).

Table 2. Effect of species and tree size on leaf traits.

Source
Pn SLA Gs

F P F P F P

Species 34.664 <0.001 20.054 <0.001 15.391 <0.001
Tree size 87.059 <0.001 48.959 <0.001 49.800 <0.001

Species × Tree size 6.868 <0.001 7.844 <0.001 7.454 <0.001
ET PT ST

F P F P F P
Species 29.440 <0.001 79.129 <0.001 70.469 <0.001

Tree size 9.296 0.003 14.469 <0.001 17.348 <0.001
Species × Tree size 2.043 0.079 3.077 0.012 2.704 0.024

PT/ST PT/LT ST/LT

F P F P F P
Species 137.328 <0.001 126.407 <0.001 108.730 <0.001

Tree size 0.133 0.716 0.270 0.604 1.476 0.227
Species × Tree size 0.471 0.797 0.426 0.830 1.043 0.396

C N P

F P F P F P
Species 155.950 <0.001 4.792 0.001 26.268 <0.001

Tree size 18.293 <0.001 4.074 0.046 8.894 0.004
Species × Tree size 1.058 0.388 3.761 0.004 4.505 0.001

PNUE PPUE

F P F P
Species 16.893 <0.001 8.050 <0.001

Tree size 46.159 <0.001 40.123 <0.001
Species × Tree size 3.647 0.004 1.807 0.118

Bold indicates a significant difference (p < 0.05). Pn, maximum net photosynthetic rate based on mass;
ET, epidermis thickness; PT, palisade tissue thickness; ST, spongy tissue thickness; PT/ST, palisade–spongy
tissue ratio; PT/LT, palisade tissue–leaf thickness ratio; ST/LT, spongy tissue–leaf thickness ratio; C, carbon
content; N, nitrogen content; P, phosphorus content; PNUE, utilization efficiency of photosynthetic nitrogen;
PPUE, utilization efficiency of photosynthetic phosphorus; (PPUE) SLA, specific leaf area; Gs, stomatal conduc-
tance based on mass.
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The two principal axes of principal component analysis can explain 63.1% and 16.7%
of the total variance, respectively. With the increase in tree size, the leaf traits developed
along the direction of SLA decrease, and with the increase in shade tolerance, leaf traits
developed along the direction of Gs decrease (Figure 1).
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2.2. Relationship between Leaf Structural Traits and Leaf Net Photosynthetic Rate

The results of HP analysis showed that although the morphological, anatomical,
chemical and stomatal traits of leaves contributed to the variation of Pn, the contribution
rate of Gs to the total variation of Pn was the largest, which was much higher than that
of other traits to Pn variation (Figure 2). In different groups, the chemical traits of leaves
made a greater contribution to the Pn of small trees and shade-intolerant groups, while
the anatomical traits of leaves made a greater contribution to the Pn of large trees and
shade-tolerant species (Figure 2).
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Figure 2. Contribution of leaf traits to Pn variation. The meanings of abbreviations are shown in Table 2.

In the SEM, both tree size and shade tolerance had indirect effects on leaf Pn through
leaf structural traits (Figure 3), while leaf shade tolerance had a negative direct effect on
Pn (Figure 3b). The increase in tree size had a significant negative direct effect on Gs and
SLA (Figure 3a). With the change in tree size, Gs had a direct effect on Pn. ET and N not
only have a direct effect on Pn, but also have an indirect effect on Pn by directly affecting
Gs (Figure 3a). The increase in tree size had a significant negative direct effect on Gs, N
and SLA (Figure 3b). SLA and Gs had a direct effect on Pn, PT and N, not only has a direct
effect on Pn, but also has an indirect effect on Pn by directly affecting Gs (Figure 3b).
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(b) Structural equation model of shade tolerances influencing Pn.

3. Discussion
3.1. Variations in Leaf Traits between Different Tree Size Groups or Shade-Tolerant Groups

Tree species had significant effects on all leaf traits (p < 0.05); species with strong
shade tolerance tended to have lower Pn, Gs and higher SLA (Figure S1, Table 2). The
results showed that the photosynthetic capacity of different tree species was different,
and photosynthetic capacity was related to shade tolerance. Similarly, according to the
relationship between leaf traits of shade-tolerant species and shade-intolerant species in
Table 1, as well as the relationship between leaf traits of different tree species in Figure S2,
we can assume that the interspecific differences represented by different shade tolerance tree
species in this study are similar to the interspecific variation based on genetic differences.

Consistent with our first hypothesis, there were significant differences in leaf traits
among trees of different shade tolerances in this study (Table 1). Our study shows that
shade tolerance is a good predictor of leaf anatomical traits. Most of the anatomical traits
are significantly different between different shade-tolerant trees. Shade-intolerant species
tend to have thicker PT and larger PT/LT (Table 1), which is in line with our expectations.
Shade-intolerant trees live in a better light environment, and thicker PT can guide the
leaves to better absorb light [46]. The PT/ST of shade-intolerant trees is higher, which is
beneficial to better gas exchange in leaves [47], and can further enhance their photosynthetic
ability. The shade-intolerant trees had lower ET than shade-tolerant trees. This represents
a trade-off in the allocation of plant leaf resources. ET is often related to plant drought
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resistance [48,49]. Shade-intolerant trees allocate more resources to palisade tissue, which
means that shade-intolerant species tend more towards obtaining resources rather than
conservative growth. This growth strategy accordingly sacrifices part of the investment
in the epidermis that helps to resist stress [9]. Therefore, when the water is sufficient,
the shade-intolerant trees have higher carbon assimilation ability and can achieve faster
growth, but when the drought is serious, the shade-tolerant trees have a stronger ability to
resist water stress.

Similar to previous studies, the N and P of shade-intolerant trees were higher than
those of shade-tolerant species (Table 1) in this study. This is because shade-intolerant trees
are at the end of resource acquisition in LES. The higher N in the leaves, the greater the
carbon gain without light restriction. Shade-tolerant trees are located at the conservative
end of resource use. Compared with shade-intolerant trees, their maximum carbon yield
is smaller, but they have better tolerance to light resource stress, so they have a larger
niche [50]. The Gs of shade-intolerant trees is higher than that of shade-tolerant trees. There
are three possible explanations: (1) The availability of N can affect the stomatal response. Gs
in plant leaves usually increases with the increase in N content [51]; (2) Gs is anatomically
regulated, and the PT/ST of leaves is inversely proportional to the number of intercellular
spaces, so the higher the PT/ST of leaves, the more need for gas exchange, which will
indirectly lead to the increase in Gs [47]; (3) The shade tolerance itself will affect the opening
and closing of stomata. For example, trees with shade tolerance can open stomata in poor
light conditions, and stomata can be opened faster under bright spots than shade-intolerant
trees [52]. Therefore, we boldly predict that under the condition of light saturation, stomatal
conductance decreases with the increase in shade tolerance, because shade-tolerant trees
enhance their ability to absorb carbon dioxide in low light at the expense of maximum gas
exchange capacity.

In contrast to LES theory, SLA in this study did not decrease with the increase in shade
tolerance (Table 1). We think this may be because this study was conducted in broad-leaved
deciduous species; in this case, lower SLA cannot increase the leaf life span of shade-tolerant
trees, and the leaf-cost recovery time cannot be prolonged, so shade-tolerant species tend to
choose lower quality leaf area in order to reduce the leaf construction cost [53].

The leaf N, P, PNUE and PPUE of trees of different sizes had significant differences
(p < 0.05), and the four traits of small trees were significantly higher than those of large
trees (Table 2). This result not only further verified the LES theory, but also showed that
the photosynthetic capacity of trees at different growth stages not only depended on the
changes of N and P content in leaves, but also on the utilization efficiency of nitrogen and
phosphorus by the photosynthetic structure. Tree size had significant effects on ET, PT and
ST (p < 0.05), but had no effect on PT/ST, PT/LT and ST/LT (Table 2), indicating that the
anatomical trait of leaf thickness changed with the growth of trees, but its proportion in
leaves was stable. In this study, the Gs of large trees was significantly lower than that of
small trees (p < 0.05) (Table 2) Trees respond to changes in water availability by adjusting
stomata [54]. According to the hydraulic limitation hypothesis, the hydraulic resistance
increases with the increase in tree height, so large trees are more susceptible to drought
than small ones [55,56]. To address this hydraulic limitation, large trees will reduce the Gs
of leaves to form a compensation mechanism to prevent the plant from losing water too
fast [36,37]. The compensation mechanism of large trees for water stress is also reflected
in the morphological structure (SLA) (Table 1). To compensate for water stress, the leaves
of large trees need to reduce the water potential to obtain enough water, so the leaves of
tall trees may increase the investment of solutes such as starch and lipids, resulting in a
decrease in SLA [57,58].

We found that the differences in the intraspecific and interspecific traits of leaves were
driven by different strategies, and the differences of intraspecific traits among trees of
different sizes were driven by SLA (Figure 1). Small trees showed a resource acquisition
strategy with high SLA, while large trees tended to grow conservatively. The difference of
interspecific traits among different shade-tolerant groups is driven by Gs (Figure 1). The
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shade-intolerant trees are in the stage of high carbon acquisition, while the shade-tolerant
trees are at the carbon-conservative end. The coefficient of variation of each leaf trait also
showed that, on the whole, the leaf traits of small trees and shade-intolerant species fluctuated
greatly, while those of large trees and shade-tolerant species were more stable (Table S1).

3.2. Effects of Tree Size and Shade Tolerance on Pn

Our study shows that the Pn of shade-tolerant species is lower than that of shade-
intolerant species (Table 2). The photosynthetic capacity of plant leaves is mainly de-
termined by two factors: (1) the biochemical carbon sequestration ability of leaves, and
(2) the CO2 concentration in chloroplasts [12], in which the biochemical carbon seques-
tration capacity of leaves is mainly related to the maximum carboxylation rate, and the
concentration of CO2 in chloroplasts is usually determined by the diffusion rate of CO2. In
this study, the main leaf traits affecting the maximum carboxylation rate of leaves were PT,
N and P, because these three traits could affect the content of chlorophyll and Rubisco in
leaves, or directly participate in the process of photosynthesis [4,59]. The main leaf trait
affecting CO2 diffusion rate was Gs, because Gs is the main factor affecting gas exchange
inside and outside leaves [24]. SLA affects these two factors at the same time; on the one
hand, SLA is related to the percentage of cell wall in leaves, and leaves with low SLA
usually have a large proportion of cell wall and stratum corneum, which increases the
difficulty of carbon dioxide diffusion [5]. On the other hand, SLA reflects the trade-off
between leaf mass and area, and higher SLA often indicates that leaves tend to use larger
leaf area to obtain carbon resources [60]. For all types of trees, the contribution rate of
Gs to Pn variation is the highest (Figure 2), indicating that the photosynthetic ability of
plant leaves is mainly limited by the ability to obtain CO2. However, for different types of
trees, the contribution of other leaf traits to the photosynthetic capacity of the tree is also
different. The chemical traits of leaves make a greater contribution to the photosynthetic
ability of small trees and shade-intolerant species, while the anatomical traits of leaves
make a greater contribution to the photosynthetic capacity of large trees and shade-tolerant
species (Figure 2). This is because small trees and shade-intolerant trees are at the end of
resource acquisition of LES, and more nutrients are put into the leaves to promote the rapid
growth of trees. Large trees and shade-tolerant trees are at the conservative end of resource
acquisition and pay more attention to the investment in leaf toughness in order to obtain
stronger resistance. The results of HP showed that the variation of Pn depended not only
on the single leaf structure trait, but also was commonly limited by the morphological,
chemical, anatomical and stomatal traits of leaves.

Shade tolerance of trees can directly affect leaf photosynthetic capacity, but also in-
directly affect leaf photosynthetic capacity by affecting leaf structural traits (Figure 3b).
Shade-intolerant trees can enhance Gs, improve gas exchange capacity [61], increase the
investment in leaf N, increase the maximum carboxylation rate of leaves [12], and further
improve the efficiency of carbon sequestration. Shade-tolerant trees adopt a more conserva-
tive strategy of resource acquisition, devoting more resources to supporting organs such
as roots and branches [62], in order to enhance the competitiveness of trees. The specific
manifestation of this resource trade-off is that the N and PT of shade-tolerant trees are
lower than that of shade-intolerant trees. Similarly, compared with small trees, large trees
adopt a more conservative resource acquisition strategy, which reduces the area receiving
light per unit mass (SLA) and carbon dioxide absorption capacity (Gs) (Figure 3a), devotes
more resources to non-photosynthetic tissues [31,32], reduces the growth rate of large trees,
but improves the competitiveness of large trees.

Our study explains how shade tolerance and tree size affect tree photosynthesis indi-
rectly by affecting leaf structure traits on a local scale, which makes up for the data gaps in
related fields and provides new evidence for the relationship between tree traits. However,
it is undeniable that all our experiments were conducted on a limited number of tree species
in broad-leaved Korean pine forests in northern China, which means limitations, because
leaf traits of trees usually vary with different plant functional groups or environmental
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conditions [19,45]. In future research, we hope to make up for the deficiency of the current
research through more experiments.

4. Materials and Methods
4.1. Research Site

All research was performed in the Liangshui National Nature Reserve (47◦6′~47◦16′ N,
128◦47′~128◦57′ E) in Heilongjiang Province, Northeast China. The site is a hilly region
with a temperate continental monsoon climate. The mean annual temperature is −3 ◦C,
and the mean annual precipitation and evaporation are 676 mm and 805 mm, respectively.
The zonal soil of the region is dark brown forest soil, and the zonal vegetation of the
region is mixed broad-leaved Korean pine (Pinus koraiensis) forest, and the dominant tree
species are Pinus koraiensis, Abies nephrolepis, Acer pictum subsp. mono, Betula platyphylla and
Fraxinus mandschurica [63,64].

4.2. Sampling

Six major broadleaf species were selected at the sampling site, including Acer pictum
subsp. mono, Acer tegmentosum, Betula platyphylla, Fraxinus mandschurica, Juglans mand-
shurica and Ulmus laciniata. Six tree species were divided into two types (shade-tolerant
trees and shade-intolerant trees) based on their relative shade tolerance, among which
shade-tolerant trees included Acer pictum subsp. mono, Acer tegmentosum, Ulmus laciniata,
and shade-intolerant trees included Betula platyphylla, Fraxinus mandschurica, Juglans mand-
shurica [65,66]. Each tree species was divided into two sizes based on tree height (these
trees are of different ages, so they are of different sizes). For each species and each size,
ten individuals were randomly sampled in August 2021, including 7 small individuals
from Juglans mandshurica, for a total of 117 sample trees (the basic traits of the trees are
shown in Table 3). The sampling lasted for a total of 12 days and was only taken on
sunny days from 8 to 11 o ‘clock. All trees were sampled in the upper canopy on the
sunny side. The mature leaves were collected from the sunny side of each sample tree
for the determination of photosynthetic rate. The light intensity of the Li-6400 (LI-COR,
Lincoln, USA) photosynthesis system was set to 1500 (µmol·m−2·s−1), and the concen-
tration of CO2 was set to 400 (µmol mol−1). According to past experience, under these
conditions, the leaf can reach the maximum net photosynthetic rate [6]. Three leaves of each
tree were selected to measure the area-based maximum net photosynthetic rate (Pn-area,
µmol m−2 s−1) and stomatal conductance (Gs-area, µmol m−2 s−1). Photosynthetic traits
were measured in the field. The leaves with measured photosynthetic traits were kept
fresh and sent to the laboratory as soon as possible to measure their morphological traits.
Ten leaves were selected from each individual and preserved in formalin-acetic acid-alcohol
(FAA) solution for the analyses of anatomical traits [67]. The rest of the leaves were dried to
constant weight in a baking oven at 65 °C and were used to measure chemical properties.

Table 3. Means and standard errors (SE) of basic traits of trees in mixed broad-leaved Korean pine
forests.

Species
Small Tree Large Tree

DBH (cm) H (m) DBH (cm) H (m)

All species 3.16 ± 0.12 4.11 ± 0.16 26.15 ± 1.19 19.18 ± 0.63
Acer pictum subsp. mono 2.74 ± 0.27 4.04 ± 0.32 24.22 ± 1.98 16.76 ± 1.16

Acer tegmentosum 3.1 ± 0.35 3.92 ± 0.15 14.20 ± 1.25 13.13 ± 1.01
Ulmus laciniata 2.58 ± 0.12 3.38 ± 0.21 26.18 ± 3.05 16.75 ± 0.61

Betula platyphylla 4.05 ± 0.16 5.40 ± 0.43 28.47 ± 2.25 21.00 ± 0.95
Fraxinus mandschurica 2.75 ± 0.27 3.77 ± 0.44 33.14 ± 2.60 24.19 ± 1.22

Juglans mandshurica 3.89 ± 0.37 4.36 ± 0.52 31.22 ± 2.20 23.62 ± 0.88
DBH: diameter at breast height of tree; H: height of tree.
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4.3. Leaf Trait Measures
4.3.1. Leaf Morphological Traits

The leaves were scanned into pictures by a Canon LiDE 400 scanner (Canon Inc.,
Tokyo, Japan), and the leaf area calculation program was used to calculate the leaf area
(LA, cm2) through the pixels of the picture. Then the leaf samples were dried in a baking
oven at 65 °C to constant weight, and the leaf dry weight (DW, g) was measured with an
electronic balance (accuracy 0.0001 g). The formula for calculating LMA (g m−2) and SLA
(m2 g-1) are as follows:

LMA = 10,000 × DM/LA (1)

SLA = 1/LMA (2)

The formula for converting leaf Pn-area and Gs-area into mass-based maximum net photo-
synthetic rate (Pn, µmol g−1 s−1) and stomatal conductance (Gs, µmol g−1 s−1) is as follows:

Pn = Pn-area/LMA (3)

Gs = Gs-area/LMA (4)

4.3.2. Leaf Chemical Traits

Leaf samples used for measuring chemical traits were oven-dried to constant weight
at 65 ◦C for grinding. The total nitrogen content (N, mg g−1) and total phosphorus
content (P, mg g−1) of leaf samples were measured by CleverChem380 (DeChem-Tech.
GmbH, Hamburg, Germany) automatic discontinuous chemical analyzer after H2SO4-
H2O2 digestion. The total carbon contents (C, mg g−1) of leaf samples were measured by
multiN/C3000 (Analytik Jena AG, Jena, Germany) carbon and nitrogen element analyzer.

The formulas for calculating the utilization efficiency of photosynthetic nitrogen
(PNUE) and phosphorus (PPUE) are as follows:

PNUE = Pn/N (5)

PPUE = Pn/P (6)

4.3.3. Leaf Anatomical Traits

Three intact leaves per individual were selected from the FAA solution, and the leaf
sections with a thickness of 6 µm were obtained by the paraffin section technique and
stained [9]. The leaf sections were observed by a light microscope (Olympus Electronics,
Inc., Tsukuba, Japan), and photographed by cellSens Standard 1.11 software (Olympus Elec-
tronics Inc., Tsukuba, Japan) and measured by ImageJ 1.53a software (National Institutes of
Health, Bethesda, Rockville, MD, USA). Three photographs were selected per leaf section
for measuring the adaxial epidermis thickness (AD, µm), abaxial epidermis thickness (AB,
µm), PT (µm) and ST (µm). The summed value of AT and AB was taken as epidermis
thickness (ET, µm).

4.4. Data Analysis

An independent samples t-test in SPSS 21.0 was applied to examine the differences in
leaf traits between shade-tolerant trees and shade-intolerant trees. The influence of tree
species and tree sizes on leaf traits were tested by two-factor analysis of variance, and
the influence of tree species on leaf traits was tested after the fact. The following data
analyses were carried out in R 4.2.1. Principal component analysis was used to analyze the
relationship among leaf traits. The ‘hier.part’ package was used to perform hierarchical
partitioning (HP) analysis of leaf traits and quantify the explanation rate of different traits
to Pn [68]. The effect of shade tolerances and tree sizes and leaf traits on Pn were studied
by structural equation modeling (SEM) constructed by the ‘lavaan’ package [69]. All traits
were log-transformed before calculation.
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5. Conclusions

With the increase in shade tolerance of tree species or tree size, the net photosynthetic
rate of tree leaves decreased. This variation is not determined by single leaf traits, but
caused by the differences of many leaf traits. Generally speaking, the N, P (or their use
efficiency) and Gs in the leaves of shade-intolerant species or small trees are higher, which
means that shade-intolerant species or small trees have more nutrients to provide for
photosynthesis, and at the same time, the resistance of CO2 diffusion in leaves is lower,
which is helpful to improve the photosynthetic capacity of leaves. At the same time, the
leaves of shade-tolerant trees usually have higher epidermal tissue thickness, although the
photosynthetic ability of plants is further reduced, but the greater leaf toughness makes
their leaves better resistant to external water stress and physical damage, and enhance their
competitiveness. Therefore, the shade tolerance of tree species and tree sizes plays a key
role in the variation of leaf photosynthetic capacity, and should be considered in the study
of leaf photosynthetic capacity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12030523/s1, Table S1: Basic information table for leaf
traits; Figure S1: Variation in leaf traits between different tree species.
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Abstract: Tropical forests are biologically diverse and structurally complex ecosystems that can
store a large quantity of carbon and support a great variety of plant and animal species. However,
tropical forest structure can vary dramatically within seemingly homogeneous landscapes due to
subtle changes in topography, soil fertility, species composition and past disturbances. Although
numerous studies have reported the effects of field-based stand structure attributes on aboveground
biomass (AGB) in tropical forests, the relative effects and contributions of UAV LiDAR-based canopy
structure and ground-based stand structural attributes in shaping AGB remain unclear. Here, we
hypothesize that mean top-of-canopy height (TCH) enhances AGB directly and indirectly via species
richness and horizontal stand structural attributes, but these positive relationships are stronger at
a larger spatial scale. We used a combined approach of field inventory and LiDAR-based remote
sensing to explore how stand structural attributes (stem abundance, size variation and TCH) and
tree species richness affect AGB along an elevational gradient in tropical forests at two spatial scales,
i.e., 20 m × 20 m (small scale), and 50 m × 50 m (large scale) in southwest China. Specifically, we used
structural equation models to test the proposed hypothesis. We found that TCH, stem size variation
and abundance were strongly positively associated with AGB at both spatial scales, in addition to
which increasing TCH led to greater AGB indirectly through increased stem size variation. Species
richness had negative to negligible influences on AGB, but species richness increased with increasing
stem abundance at both spatial scales. Our results suggest that light capture and use, modulated by
stand structure, are key to promoting high AGB stocks in tropical forests. Thus, we argue that both
horizontal and vertical stand structures are important for shaping AGB, but the relative contributions
vary across spatial scales in tropical forests. Importantly, our results highlight the importance of
including vertical forest stand attributes for predicting AGB and carbon sequestration that underpins
human wellbeing.

Keywords: aboveground biomass (AGB); stand structural attributes; UAV LiDAR-based canopy
structure; mean top of canopy height (TCH); tropical forest
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1. Introduction

Forests play a critical role in global carbon cycling while conserving terrestrial biodiver-
sity at the same time [1,2]. Among forest biomes, tropical forests are not only sequestering
a large amount of carbon in standing aboveground biomass (AGB) but also form dense
complex stand structures through higher species richness and tree stem variation [3,4].
Forest stand structural complexity defines how species capture and use available resources
through variation in both vertical and horizontal tree sizes within a community [5,6], which
in turn may greatly influence AGB [7]. Thus, understanding the ecological mechanisms
underlying the relationships between forest stand structural complexity and AGB is critical
to predicting how forests will respond to anthropogenic impact as well as to managing
forests in the context of global climate changes [8,9].

During the last few decades, the relationships between forest stand structural at-
tributes and forest functioning (i.e., AGB or productivity) have been widely reported but
remain highly debated [7]. More specifically, recent studies found a positive relationship
between stand structural complexity (i.e., tree stem size variation) and AGB in subtropical
and tropical forests [3,10]. The observed relationships in previous studies have been linked
to the niche complementary mechanisms, which assumes that higher variation in tree stem
size variation could lead to an increased resource-use complementarity by allowing the
formation of multiple leaf layers and/or a highly packed canopy [5,11]. Nevertheless, while
resource-use complementarity may explain the positive relationship between forest diver-
sity, structure and function [12], forest structural complexity will not necessarily always lead
to greater AGB due to asymmetric competition for light [7]. Thus, the interplay between
stand structural attributes (e.g., tree stem size variation, canopy height, species richness
and stem abundance) matters in explaining variation in AGB across tropical landscapes.
For example, species richness could indirectly affect AGB through the mediation of tree
stem size variation and/or stem abundance, or vice versa [13]. Thus, it has been reported
that species richness increases AGB indirectly via promoting stem abundance and/or tree
stem size variation in tropical forests [3,14]. Alternatively, the selection hypothesis suggests
that the presence of a few productive or highly functioning species may contribute to AGB
better than other species within a community [15]. For example, it has been reported that
the presence of few large trees may overrule the effects of forest stand structural complexity
on AGB in forest communities [16,17].

Among forest stand structural attributes, mean top canopy height (TCH) has been
recognized as one of the robust predictors of AGB in tropical forests due to the spatial
crown variability in coexisting tree species within a community [18]. However, different
forest communities at a local scale could have similar TCH but they may differ in tree stem
abundance, stem size variation, and species richness [18,19]. This implies that including
information from the canopy should improve our understanding of the relationships
between stand structural complexity and AGB in forests. Yet, while horizontal forest
stand structure attributes (e.g., tree stem size variation in diameters) have extensively
been studied to explain AGB, we lack a complete picture of how vertical stand structural
attributes (e.g., TCH) covary with horizontal attributes, and how they together shape
AGB in tropical forests. A key challenge is that traditional forest inventory is a ground-
based approach, lacking a full assessment of TCH in forests. In this regard, airborne laser
scanning (i.e., LiDAR) allows us to measure the forest biophysical parameters at high
spatial resolution [9]. Previous studies have shown that LiDAR-based canopy structural
attributes are the key determinants of AGB in forests [20,21].

Forest stand structural attributes can vary considerably across tropical landscapes
due to subtle changes in topography, soil nutrients and past disturbance, which in turn
drives local variation in AGB [22–24]. At fine scales, topography affects microclimatic and
soil nutrient availability which could have both direct and indirect effects on AGB [25–28].
For example, thermal and hydrological variations could control tree species abundance
and spatial distribution [24,29,30]), which could further shape tree size distribution, leaf
trait variation and leaf spatial arrangement [31]. Moreover, nutrient-rich soils could lead
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to higher plant growth but may also lead to higher plant mortality rates due to species’
competition for resources, which in turn could shape the stem abundance and stem size
variation within a community [16,32], thereby shaping AGB directly and indirectly via
forest stand structural complexity [33].

In this study, we used tropical forest inventory data at two spatial scales,
i.e., 20 m × 20 m (small scale), and 50 m × 50 m (large scale) in southwest China for
the purpose of determining the effects of both horizontal and vertical stand structural
attributes on AGB across spatial scales while considering the direct and indirect effects
of topography. By using a conceptual model (Figure 1), we ask the following research
questions. (1) How does TCH affect tree species richness, stem abundance, and stem
size variation directly, and how do they together influence AGB directly and indirectly?
(2) How does topography affect AGB directly and indirectly via stand structural complexity
attributes? (3) What is the relative contribution of stand structural complexity attributes
and topography to AGB, and what is the main direct driver of AGB? (4) Do the relationships
of AGB with stand structural complexity attributes and topography vary across spatial
scales? We hypothesize that TCH enhances AGB directly and indirectly via species richness
and horizontal stand structural attributes, but these positive relationships are stronger at a
larger spatial scale.
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Figure 1. A conceptual model for linking elevation, mean top canopy height (TCH), stem size
variation, stem abundance, species richness and aboveground biomass (AGB) across spatial scales in
tropical forests.

2. Materials and Methods
2.1. The Study Sites and Forest Plots

This study was conducted in the tropical seasonal rain forests of Yunnan Province
located in southwestern China. We collected data from two forest dynamic plots (each
plot size = 20-ha, Figure 2), namely, the Nabanhe plot (NBH; 100.601◦ N, 22.249◦ E) and
Xishuangbanna plots (XSBN; 101.574◦ N, 21.611◦ E), which were established according to
the standard guidelines issued by the ForestGEO network (http://www.forestgeo.si.edu/,
accessed data 10 August 2021). Each forest plot was subdivided into non-overlapping
quadrats at two spatial scales: 20 m × 20 m (500 quadrats) and 50 m × 50 m (80 quadrats)
which allow us to account for the possible scale-dependence of forest structural patterns
and processes and to test whether scale matters in the relationships amongst species
diversity, stand structure and AGB. Both forest plots are formed under similar climatic and
geographic conditions [34,35].
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Figure 2. Location of the study area and the sampling points. NBH and XSBN stand for Nabanhe
plot and Xishuangbanna plot, respectively.

2.2. Forest Inventory and Quantification of Variables

In each plot, all freestanding woody stems with a diameter at breast height
(DBH) ≥ 1 cm were identified to species, tagged, measured, and mapped. We used
the latest forest inventory data (censused in 2017) and measured species’ woody density
values to calculate AGB for each tree, using the pantropical biomass allometric equation
(Equation (1)) [36] in the BIOMASS package [37]. The AGB values across individual trees
within each quadrat were summed and scaled up to Mg/ha. Species-level wood density
was measured by collecting wood core samples from 3–5 individuals per species, following
the standard measurement protocols in both field and laboratory [38].

AGB = exp(−2.024 − 0.896 × E + 0.920 × ln(WD) + 2.795 × ln(DBH)− 0.0461 × (ln(DBH)2)) (1)

where DBH is the diameter at breast height (cm), WD is wood density (g cm−3), and E is
the environmental stress factor (i.e., 0.336 for our study area).

Within each quadrat, we quantified tree species richness as the observed number of
tree species using the vegan package [39]. Stem size variation, as a proxy of horizontal
stand structure, was quantified by the coefficient of variation in stem DBHs within a
quadrat [40]. For the quantification of the vertical stand structure, we used the UAV LiDAR
data which were collected in September 2017 using a Greenvalley International LiHawk
system (GreenValley International, Beijing, China). The system is equipped with a RIEGL
VUX-1 UAV laser scanner, which has a maximum ranging capability of 1000 m and provides
high-speed data acquisition (550 kHz) using a narrow near-infrared laser beam. The collected
UAV LiDAR data of each study site were then pre-processed following the same protocol,
including denoising, filtering, and normalization. The filtering steps classified ground
points and generated a digital terrain model (DTM) from the ground points. An improved
progressive triangulated irregular network densification filtering algorithm integrated into
LiDAR360 was used to extract ground points [41], and a DTM in 5 m resolution was
interpolated using the ordinary kriging method for each study site. From the DTM, we also
extracted the mean elevation of each quadrat. Finally, the normalization step was used to
remove the influence of terrain elevation on LiDAR point clouds by subtracting the DTM
value from the original point height at the corresponding location. Based on the normalized
LiDAR point clouds, a canopy height model (CHM) was produced, and we then calculated
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the vertical stand structural attribute, i.e., mean top-of-canopy height (TCH) as the mean
height of pixels making up the surface of the CHM.

2.3. Conceptual Model Development and Statistical Analyses

For the development of a conceptual model to test the proposed hypothesis in this
study (Figure 1), we assumed that elevation, TCH, stem size variation, stem abundance
and species richness shape AGB directly and indirectly via each other at both spatial
scales in tropical forests. For the interplay (i.e., the indirect effects of stand structural
attributes on AGB) between stand structural attributes, we assumed that higher stem
abundance is expected to lead to greater variation in stem size as well as higher species
richness [40]. Moreover, stem size variation is expected to shape species coexistence [42].
As such, higher TCH may allow more tree species to coexist through differential light
capture and use, which may lead to higher stem size variation with a large number of
stems, and/or by forming a densely packed canopy structure [43,44], thereby shaping AGB
simultaneously. In addition, to tease apart how topography influences AGB directly and
indirectly via species richness and stand structural attributes [9], elevation was included
as the exogenous variable in the model (Figure 1). Thus, we tested the conceptual model
using the structural equation models (SEMs) across small and large scales, as it allows us
to test the direct and indirect pathways in one integrative model [45].

The SEM fit evaluation was determined by using the following statistical parame-
ters [46]: the chi-square test (p > 0.05 shows an accepted SEM), the comparative fit index
(CFI), the goodness-of-fit index (GFI) (> 0.90 shows a satisfactory SEM fit), and the standard-
ized root mean square residual (SRMR < 0.08 shows SEM fit with less error). To get the best
model fit, we excluded the path between TCH and stem abundance, as this relationship was
not significant at a small scale whereas it was weakly negative at a large scale. The direct
effect was quantified by considering the standardized regression coefficient of the predictor
on the response variable, whereas the indirect effect was quantified by multiplying the
direct effects of the predictor on the mediator and then on the response variable in one route.
The total effect was quantified by summing the direct and indirect effects of predictors on
the response variable. In addition, we calculated the relative contributions (in percentage)
of predictors to AGB through the ratio of the standardized coefficient of a given predictor
to the sum of all coefficients in SEM. SEMs were evaluated using the lavaan package [47].

To meet the assumptions of data normality and homoscedasticity [48], all continu-
ous variables including AGB, stand abundance, stem size variation, species richness and
TCH were log-transformed and then standardized (by subtracting the variable’s mean
and dividing by the standard deviation) prior to statistical analyses. Elevation was trans-
formed between 0 to 1 using the function of (elevation—mean (elevation))/(max(elevation)-
min(elevation)). To complement the results from SEMs, we tested bivariate relationships
and Pearson correlations amongst tested predictors across spatial scales. All statisti-
cal analyses were conducted in R.3.6.0 [49]. Note that, during statistical analyses, we
used the combined data from two forest dynamic plots at two different spatial scales,
i.e., 1000 quadrats at a small scale and 160 quadrats at a large scale. A summary of variables
used in the analyses is provided in Table S1.

3. Results

The tested SEMs had the best fit to the data and explained variation of 76% and 82% of
the variance in AGB at 20 m × 20 m and 50 m × 50 m scales, respectively (Figures 3 and 4).
At both spatial scales, TCH (β = 0.21 to 0.55), stem size variation (β = 0.71 to 0.44) and stem
abundance (β = 0.17 to 0.30) increased AGB directly (Figures 3a and 4a; Tables S2 and S3).
Species richness possessed a negligible positive effect on AGB at a 20 m × 20 m scale
(β = 0.04, Figure 3a, Table S3) but a negative effect at a 50 m × 50 m scale (β = −0.11,
Figure 4a, Table S3). However, the strength of the positive effects of TCH and stem
abundance on AGB increased, whereas the effect of stem size variation decreased on AGB
with increasing spatial scale. As such, the negative direct effect of species richness on
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AGB seemed to be important at a large spatial scale. In addition, elevation increased AGB
directly across both scales (β = 0.10 to 0.12, Figures 3a and 4a, Tables S2 and S3); however,
this effect was a little higher at a larger spatial scale.
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Figure 3. Structural equation model (a) for linking elevation, TCH, stem size variation, stem abun-
dance, species richness and AGB at a small scale (i.e., 20 m × 20 m). Blue and red arrows represent
significant positive and negative paths, respectively (p < 0.05) whereas dashed arrows show non-
significant paths (p > 0.05). For each path, a standardized regression coefficient is shown. R2 indicates
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Most of the indirect effects on AGB were relatively negligible at both spatial scales.
However, TCH possessed a strong positive indirect effect on AGB via stem size variation
at a scale of 20 m × 20 m (β = 0.44, Figure 3b, Table S2) and 50 m × 50 m (β = 0.33,
Figure 4b, Table S3). The indirect effect of stem abundance on AGB via stem size variation
was negligible at a scale of 20 m × 20 m (Figure 3b, Table S2) but negative at a scale of
50 m × 50 m (Figure 4b, Table S3) due to the divergent direct effects on species richness
(β = 0.60, Figure 4b) and stem size variation (β = −0.11, Figure 4b). In addition, stem size
variation and abundance promoted species richness at a scale of 20 m × 20 m (β = 0.09 to
0.66, Figure 3b, Table S2), and the indirect effects on AGB mediated by species richness
were negligible. Regarding the indirect effects of elevation, we found negligible effects
on AGB (Figures 3b and 4b, Tables S2 and S3). However, elevation decreased TCH but
increased stem abundance directly at both spatial scales, yet it did not strongly influence
species richness and stem size variation (Figures 3a and 4a).
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The relative contributions result showed that stem size variation was the most im-
portant predictor, followed by TCH, thereby contributing 65% and 28% of the explained
variance in AGB at a small scale (Figure 3c). In contrast, TCH was the most important
predictor, followed by stem size variation by contributing 49 % and 43% of the explained
variance in AGB at a large scale (Figure 4c). These comparative results indicated that
horizontal stand structure is relatively important at a small scale whereas both horizontal
and vertical stand structures are almost equally important at a large scale. Although TCH
promoted stem size variation at both scales, the reverse relationship (i.e., the effect of stem
size variation on TCH) might be also true and consistent.

The bivariate relationships provided support to the tested SEMs where most of the
relationships were consistent with the direct effects, as shown in the SEMs (Figure S1).
However, we noted a slight positive relationship of species richness with elevation and
TCH at 20 m × 20 m, as well as the negative relationship between species richness and
TCH that changed to non-significant at a scale of 50 m × 50 m. These small mismatches
indicated the necessity of using multiple multivariate analyses for better understanding
the complex relationships; for example, species richness was also controlled by many other
factors in SEMs.

4. Discussion

In this study, we tease apart the direct and indirect effects of TCH, stem size variation,
stem abundance and species richness on AGB along elevational gradients across two spatial
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scales in tropical forests. We found partial support for our proposed hypothesis that TCH,
stem size variation and abundance increased AGB as compared to species richness at both
small and large spatial scales. These positive relationships of horizontal and vertical stand
structural attributes with AGB are indeed due to light capture and use by component
species and interacting individual trees within a forest community, and hence supporting
the niche complementarity effect [5,50]. However, we did not find a positive effect of
species richness on AGB, but rather a negative relationship between species richness and
AGB at a larger scale, indicating the selection or competitive exclusion effect [51].

Our results confirm that the positive relationship between stand structural attributes,
especially stem size variation and stem abundance, and AGB can be extended to other
forest types, as previously shown in boreal [42], temperate [51], and tropical forests [3].
The contribution of our study emphasizes the importance of TCH in ecological models
for predicting AGB in tropical forests [52]. Thus, to the best of our knowledge, our study
explores the effects of both UAV-LiDAR-derived canopy structural attributes and census-
based horizontal stand structural attributes on AGB in tropical forests, which could further
enhance our understanding of carbon sequestration that underpins human wellbeing.

Previously when fine-scale canopy height information was unavailable, the observed
strong positive effect of stem size variation on AGB was indirectly ascribed to the higher
vertical occupation of available canopy space by various sizes of trees and higher species
richness [3,42,51]. Here, we further show that TCH contributed more comprehensively to
stem size variation than stem abundance and species richness in tropical forests at both
small and large spatial scales. Our findings were not just in accord with early findings
in other forests, but also suggest that higher TCH may strengthen the stem size variation
by providing more canopy space to fill, which allows more leaf area to intercept light
and in turn increases forest productivity [33,44]. The underlying ecological mechanisms
appear to be largely dependent on individual plant responses to light availability and
crown complementarity among individual stems [5,50,53]. For instance, the growth rate
difference between light-intolerant and shade-tolerant species may first define the vertical
portioning of canopy height by increasing overall canopy space and then occupy these
spaces efficiently through crown complementarity. Besides, we found the effect of TCH on
AGB increased with increasing spatial scales, which is consistent with the general notion
that large-scale climatic factors related to water and energy balance could shape canopy
height and thus influence AGB and carbon sequestration [54].

Counter to the expectation that AGB will weakly increase with species richness [3,55],
our study shows that species richness was negatively or negligibly related to AGB across
spatial scales. This lack of a significant positive effect of species diversity on AGB might be
attributable to the dominance of certain productive species in the studied forests, which
might dilute the effect of species diversity [51]. For example, Parashorea chinensis was
not just an emergent but also the monodominant species of the forest in the XSBN plot,
contributing around 22% of the total AGB separately compared to the rest of AGB shared
by around 390 other tree species. P. chinensis is wind- and gravity-dispersed, and as
a result, most of the seeds fall within 10 m of conspecific adults, thereby causing the
strongly aggregated distribution pattern in the valley and lower slope [56]. As the selection
hypothesis posits that species diversity effects on AGB are more likely driven by the
presence of highly productive species or emergent species in diverse communities [15],
both the niche complementarity effect and selection effect may together exist as the main
mechanisms for shaping AGB in our studied tropical forests across spatial scales. However,
we did not find the consistent positive effects of TCH and stem size variation on tree species
richness as previously shown for tree [43], liana [57], and different animal groups [58,59].
This result could be due to the reason that higher species richness may occur when TCH is
lower, but stem abundance is higher. However, we found that higher stem abundance and
lower TCH occurred on higher elevations (ridges) in our studied forests, where seasonal
drought may only allow drought-tolerant species to coexist.
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Our tested SEMs show that elevation had both direct and indirect effects via stand
structural attributes on AGB, but the relative contribution of elevation to AGB was relatively
small compared to stand structural attributes. However, we found that TCH and stem
abundance rather than species richness and stem size variation mediated the divergent
pathways of elevation to AGB, indicating the importance of hydrological controls on forest
structural attributes [60]. Moreover, TCH was higher in the gulley of lower elevations than
on the ridges, whereas stem abundance increased with increasing elevation, suggesting
strong underlying ecological gradients shaped by topography [9]. Thus, despite the fact that
the importance of TCH has been linked with AGB, we do acknowledge that including only
TCH as a vertical structure attribute versus three horizontal structure attributes is imperfect
and further studies are needed to incorporate more proxies of vertical structure [61],
e.g., maximum canopy height [62], gap fraction [63], and canopy rugosity [64].

One more caveat of this study is that the local habitat is not represented solely based
on the elevation. There are other abiotic factors, such as topography-related hydrological
feathers [65], soil properties [22,66], and legacies of human impact [67] that impact species
diversity and AGB. These contexts are not explicitly included in the present analyses, but
they could have potentially influenced the observed variation in forest stand structure
attributes and forest biomass.

5. Conclusions

This study shows that TCH (as a proxy of vertical stand structure) and stem size
variation (a proxy of horizontal stand structure) boost AGB across spatial scales in tropical
forests. The negative to negligible effects of species richness on AGB suggest the competitive
exclusion effect, and hence, it is important to test the influence of large trees in future studies.
As such, the positive effects of stem abundance on species richness and AGB, the weak
effect on stem size variation and the lack of any relationship with TCH could indicate
the role of few productive tree species in the studied forests. In addition, the divergent
stem abundance, size variation and TCH pathways mediate the influences of topography
on AGB, indicating the differential roles of microclimatic conditions on biotic factors.
Although we did not test the actual ecological mechanisms through experimental data, the
observed results show that light capture and use, modulated by stand structure, seemed
to be important for higher AGB, and these effects were stronger at a large scale. Thus, we
argue that both horizontal and vertical stand structures are important for shaping AGB,
but the relative contributions vary across spatial scales in tropical forests.
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Abstract: Soil respiration in forests contributes to significant carbon dioxide emissions from terrestrial
ecosystems but it varies both spatially and seasonally. Both abiotic and biotic factors influence
soil respiration but their relative contribution to spatial and seasonal variability remains poorly
understood, which leads to uncertainty in models of global C cycling and predictions of future
climate change. Here, we hypothesize that tree diversity, soil diversity, and soil properties contribute
to local-scale variability of soil respiration but their relative importance changes in different seasons.
To test our hypothesis, we conducted seasonal soil respiration measurements along a local-scale
environmental gradient in a temperate forest in Northeast China, analyzed spatial variability of
soil respiration and tested the relationships between soil respiration and a variety of abiotic and
biotic factors including topography, soil chemical properties, and plant and soil diversity. We found
that soil respiration varied substantially across the study site, with spatial coefficients of variation
(CV) of 29.1%, 27.3% and 30.8% in spring, summer, and autumn, respectively. Soil respiration was
consistently lower at high soil water content, but the influence of other factors was seasonal. In spring,
soil respiration increased with tree diversity and biomass but decreased with soil fungal diversity.
In summer, soil respiration increased with soil temperature, whereas in autumn, soil respiration
increased with tree diversity but decreased with increasing soil nutrient content. However, soil
nutrient content indirectly enhanced soil respiration via its effect on tree diversity across seasons, and
forest stand structure indirectly enhanced soil respiration via tree diversity in spring. Our results
highlight that substantial differences in soil respiration at local scales was jointly explained by soil
properties (soil water content and soil nutrients), tree diversity, and soil fungal diversity but the
relative importance of these drivers varied seasonally in our temperate forest.

Keywords: soil fungal diversity; soil water content; soil CO2 efflux; spatial heterogeneity; tree
diversity

1. Introduction

Forests store ~45% of terrestrial biomass carbon and play a crucially important role
in the global carbon cycle [1]. Forests not only sequester and store carbon in biomasses
and soils, but they release large amounts of carbon dioxide (CO2) back into the atmo-
sphere through respiration from plants and soil. Quantifying soil respiration is particularly
important for accurate predictions of global C cycling because it represents 60–80% of
photosynthetic production (80–98 Pg C yr−1) and accounts for 40–90% of the global CO2
emissions from terrestrial ecosystems [2]. Indeed, forest soil respiration releases ten times
more CO2 into the atmosphere than current human fossil fuel consumption [3]. However,
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there is considerable uncertainty around estimates of soil respiration from forest ecosystems
due to high spatial and temporal variation. Most studies of soil respiration in forests have
focused on temporal variation [4], which is often quantified using continuous automated
measurements at a few sampling points within a given forest. However, soil respiration can
vary two- to eight-fold within tens of meters [5,6], making it difficult to fully capture the
spatial variability of soil respiration without continuous large-scale observations. Current
knowledge of the underlying mechanisms of spatial variability of soil respiration in forests
is relatively limited, which creates great uncertainty when estimates of soil respiration are
upscaled to the ecosystem, regional, or global scale [7].

The high temporal and spatial variability of soil respiration results from numerous
individual organisms and processes that contribute to total CO2 efflux from the soil. Soil res-
piration is often partitioned into heterotrophic respiration from microorganisms in the bulk
soil and rhizosphere respiration, comprising the CO2 efflux from plant roots, their microbial
symbionts, and other rhizosphere microorganisms [8]. These two major components of soil
respiration each involve various biological processes from numerous organisms, which
respond differently to environmental conditions, such as topography, microclimates, and
soil elemental concentrations. Soil elemental concentrations influence soil respiration by
determining the availability of nutrients and carbon for plant and microbial metabolism [9].
Soil respiration is also strongly regulated by microclimates, including soil temperature and
water content. Heterotrophic respiration generally increases exponentially with tempera-
ture within typical soil temperature ranges due to greater microbial enzyme activity, greater
substrate affinity, and enhanced substrate diffusion rates [10]. By contrast, soil respiration
is often highest at intermediate soil water content because CO2 efflux is limited by substrate
transport as well as microbial physiology and plant activity at low soil moisture levels, but
limited by oxygen availability at high soil moisture levels [11]. Many forests have high
soil water content, which can result in anaerobic conditions, thereby reducing soil CO2
emissions from roots and soil microorganisms [12]. However, topography can modify the
hydrological conditions and other biophysical variables, which complicates assessments of
the spatial and temporal variation of soil respiration [13]. Importantly, as plant growth and
microbial activities are influenced by seasonal temperature and precipitation, the drivers of
soil respiration can also vary across seasons [14,15]. Indeed, compared with abiotic factors,
the relative contribution of biotic factors, such as plants and soil microbes, to soil variation
could be more variable in both space and time.

Plant and microbial communities play decisive roles in regulating soil respiration
since they are the principal circular pathways through which carbon enters the soil and is
released back into the atmosphere. Plant diversity increases soil autotrophic respiration by
enhancing metabolic rates and fine root biomass [16], but it also stimulates soil heterotrophic
respiration due to a greater amount and variety of carbon and nutrient resources available
for soil microorganisms [17]. In addition, stand structural complexity (e.g., individual
tree size variation) could indirectly affect soil respiration by altering understory light
environments, understory plant diversity [18], soil temperature variability [19], and soil
microbial activity [20]. However, the influence of plant diversity on soil respiration is likely
to vary substantially in time, as root growth and plant litter inputs are inextricably linked
to plant growth and therefore often show seasonal patterns [21]. Besides differences in root
respiration, plant diversity primarily influences soil respiration via the quality and quantity
of plant inputs available to microbes [22]. It is highly likely that soil microbial diversity
plays critical roles in soil C cycling in terrestrial ecosystems. However, empirical evidence
demonstrating the role of microbial community composition in driving C fluxes such as
soil respiration is limited, especially in natural forests. Some experimental evidence has
shown that loss of microbial diversity led to higher rates of soil microbial respiration [23].
High soil microbial diversity not only limits community activity by increasing interspecific
competition [24], but diverse communities can also contain species that contribute less
to heterotrophic respiration [25]. Importantly, soil microbial diversity and community
composition are closely associated with plant diversity but also display seasonal patterns
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that follow changes in soil temperature and soil water content [26]. However, to date, we do
not know how above- and belowground diversity collectively shape seasonal differences in
soil respiration at local scales.

Large forest dynamics plots provide a great opportunity to understand how plant
attributes (e.g., plant biomass, species diversity, and stand structure) and soil diversity
regulate soil respiration in forests while accounting for environmental conditions (micro-
climate and soil nutrients). Here, we conducted field measurements of soil respiration at
150 sampling points uniformly covering a 25 ha permanent temperate mixed forest plot in
Northeast China in different seasons (spring, summer, and autumn). We hypothesize that:
(1) The relative importance of biotic and abiotic factors in determining local variation in soil
respiration varies among seasons; and (2) Above- and belowground species diversity and
soil properties jointly regulate local variation in soil respiration, whereby soil respiration
would increase with plant diversity but decline with increasing soil diversity.

2. Results
2.1. Seasonal and Spatial Variability of Soil Respiration

Soil respiration rates differed among seasons, with the highest rates in summer
(4.82 ± 1.32 µmol CO2 m−2 s−1), followed by spring (3.21 ± 0.93 µmol CO2 m−2 s−1),
and the lowest in autumn (2.25 ± 0.69 µmol CO2 m−2 s−1). In addition, the range of soil
respiration rates was also largest in summer (1.65~8.34 µmol CO2 m−2 s−1), somewhat
smaller in spring (1.34~7.16 µmol CO2 m−2 s−1), and smallest in autumn, with much lower
minimum values (0.69~4.95 µmol CO2 m−2 s−1; Table 1). Nonetheless, spatial variability of
soil respiration was similarly high in all seasons, with a spatial variation coefficient (CV) of
29.1%, 27.3%, and 30.8% in spring, summer, and autumn, respectively.

Table 1. Descriptive statistics for the soil respiration, above- and below-ground community structure
and soil properties in a 25 ha temperate forest dynamics plot in Northeast China, showing maximum
(Max.), minimum (Min.), and median (Med.) values as well as standard deviations (SD) and the
coefficient of variation (CV) for n = 120 subplots. Rs is the mean soil respiration rate, ST is mean soil
temperature, and SWC is mean soil water content, given for spring, summer, and autumn. Soil PCA1
and Soil PCA2 are ordination axes representing eight indexes of total soil elements or extractable
nutrients and pH, respectively (Figure S1); TreeBA is the total basal area of aboveground plants;
TreeSV is tree size variation; TreeSR is the species richness of the plant community; BacteriaSWI is
the Shannon–Wiener index for soil bacteria; FungiSWI is the Shannon–Wiener index for soil fungi;
NematodeSR is the species richness of nematodes.

Variable Mean Max. Median Min. SD CV (%)

RsSpring (µmol CO2 m−2 s−1) 3.21 7.16 3.08 1.34 0.93 29.1
RsSummer (µmol CO2 m−2 s−1) 4.82 8.34 4.81 1.65 1.32 27.3
RsAutumn (µmol CO2 m−2 s−1) 2.25 4.95 2.26 0.67 0.69 30.8

STSpring (◦C) 12.3 14.7 12.3 11.0 0.70 5.7
STSummer (◦C) 16.8 18.2 16.8 15.4 0.75 4.5
STAutumn (◦C) 12.3 14.8 12.3 8.6 1.35 11.0
SWCSpring (%) 39.79 53.40 40.33 13.15 7.99 20.1

SWCSummer (%) 36.31 52.63 35.07 11.53 8.93 24.6
SWCAutumn (%) 41.88 52.95 44.11 20.85 7.25 17.3

Soil PCA1 0 5.43 −0.24 −4.49 1.77 -
Soil PCA2 0 3.41 −0.08 −4.61 1.26 -

TreeBA (m2) 1.73 2.88 1.72 0.33 0.52 29.8
TreeSV 1.66 2.26 1.65 1.11 0.26 15.7
TreeSR 11 20 11 5 2.41 21.9

BacteriaSWI 6.54 6.82 6.55 6.27 0.12 1.8
FungiSWI 3.84 5.26 3.91 2.40 0.53 13.7

NematodeSR 5.24 7.42 5.22 3.23 0.82 15.6
Elevation (m) 803.5 809.0 804.2 796.0 3.23 0.40

Slope (◦) 2.91 16.03 2.32 0.28 2.38 81.81
Convexity (m) 0.02 2.69 0.02 −3.59 0.68 -

154



Plants 2022, 11, 3391

2.2. Abiotic and Biotic Factors Influencing Spatial Variation of Soil Respiration

Of all measured potential predictors of soil respiration, seasonal variation was highest
for soil temperature, with values of 12.3 ± 0.7 ◦C in spring, 16.8 ± 0.8 ◦C in summer, and
12.3 ± 1.4 ◦C in autumn. However, the spatial CV for soil temperature was low (5.7%, 4.5%,
and 11.0%, in spring, summer, and autumn, respectively). By contrast, soil water content
varied less across seasons, with values of 39.8 ± 8.0% in spring, 36.3 ± 8.9% in summer,
and 41.9 ± 7.3% in autumn, but the spatial CV of soil water content was high in each
season (20.1%, 24.6%, and 17.3%, in spring, summer, and autumn, respectively). Of the tree
community parameters, spatial variation in thetree basal area was highest, with a spatial
CV of 29.8%, compared to 21.9% for tree species richness and 15.7% for tree size variation.
Finally, of the soil diversity parameters, bacteria had higher diversity (6.54 ± 0.12) but
lower spatial variation (1.8%) than fungi (3.84 ± 0.53; CV 13.7%) or nematodes (5.24 ± 0.82;
CV 15.6%).

Multiple linear regression showed that soil respiration was related to distinct abiotic
and biotic factors depending on the season (Figure 1a–c). Soil respiration was not related
to topography in any season but declined strongly with increasing water content in all
seasons, especially in summer (β = −0.22, p < 0.01, Table S5). Soil respiration increased with
temperature only in summer (β = 0.05, p < 0.05; Figure 1), and declined with increasing
total soil elements in autumn (β = −0.09, p = 0.01).

Plants 2022, 11, x FOR PEER REVIEW 4 of 15 
 

 

Tree SR 11 20 11 5 2.41 21.9 
Bacteria SWI 6.54 6.82 6.55 6.27 0.12 1.8 
Fungi SWI 3.84 5.26 3.91 2.40 0.53 13.7 

Nematode SR 5.24 7.42 5.22 3.23 0.82 15.6 
Elevation (m) 803.5 809.0 804.2 796.0 3.23 0.40 

Slope (°) 2.91 16.03 2.32 0.28 2.38 81.81 
Convexity (m) 0.02 2.69 0.02 −3.59 0.68 - 

2.2. Abiotic and Biotic Factors Influencing Spatial Variation of Soil Respiration 
Of all measured potential predictors of soil respiration, seasonal variation was 

highest for soil temperature, with values of 12.3 ± 0.7 °C in spring, 16.8 ± 0.8 °C in summer, 
and 12.3 ± 1.4 °C in autumn. However, the spatial CV for soil temperature was low (5.7%, 
4.5%, and 11.0%, in spring, summer, and autumn, respectively). By contrast, soil water 
content varied less across seasons, with values of 39.8 ± 8.0% in spring, 36.3 ± 8.9% in 
summer, and 41.9 ± 7.3% in autumn, but the spatial CV of soil water content was high in each 
season (20.1%, 24.6%, and 17.3%, in spring, summer, and autumn, respectively). Of the tree 
community parameters, spatial variation in thetree basal area was highest, with a spatial CV 
of 29.8%, compared to 21.9% for tree species richness and 15.7% for tree size variation. Finally, 
of the soil diversity parameters, bacteria had higher diversity (6.54 ± 0.12) but lower spatial 
variation (1.8%) than fungi (3.84 ± 0.53; CV 13.7%) or nematodes (5.24 ± 0.82; CV 15.6%). 

Multiple linear regression showed that soil respiration was related to distinct abiotic 
and biotic factors depending on the season (Figure 1a–c). Soil respiration was not related 
to topography in any season but declined strongly with increasing water content in all 
seasons, especially in summer (β = −0.22, p < 0.01, Table S5). Soil respiration increased with 
temperature only in summer (β = 0.05, p < 0.05; Figure 1), and declined with increasing 
total soil elements in autumn (β = −0.09, p = 0.01). 

 
Figure 1. Standardized regression coefficients (β) of the biotic and abiotic predictors of soil 
respiration across a 25 ha forest dynamics plot in Northeast China, derived from multiple linear 
regression models for each season. The total R2 is given in parentheses for each model (See also 
Table S5). Closed circles indicate significant relationships with soil respiration at p < 0.05, and lines 
indicate standard errors. All abbreviations follow Table 1. 

Figure 1. Standardized regression coefficients (β) of the biotic and abiotic predictors of soil respiration
across a 25 ha forest dynamics plot in Northeast China, derived from multiple linear regression
models for each season. The total R2 is given in parentheses for each model (See also Table S5). Closed
circles indicate significant relationships with soil respiration at p < 0.05, and lines indicate standard
errors. All abbreviations follow Table 1.

Overall, soil respiration increased with tree biomass and diversity, but the strength of
the relationship varied among seasons. In spring, soil respiration was highest in subplots
with high tree basal area (β = 0.06, p < 0.05) and tree diversity (β = 0.09, p < 0.01) but there
was no relationship between soil respiration and basal area in summer or autumn. Soil
respiration generally declined with increasing soil diversity, but the relationship was only
significant for fungal diversity in spring (β = −0.05, p < 0.05). In summary, low rates of soil
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respiration were associated with increasing soil moisture, total soil elements, and fungal
diversity, whereas high respiration rates were associated with increasing soil temperature,
and high tree biomass and diversity, but the strength of the relationships varied markedly
among seasons.

2.3. Interactive Effects of Main Factors on Soil Respiration

The direct paths in the SEMs conformed to the results of the multiple linear regres-
sions. Among the measured abiotic factors, soil water content had the greatest direct
effect, as lower rates of soil respiration were associated with high soil water content in all
seasons (Figure 2a–c). In autumn, soil respiration was also lower in subplots with high
concentrations of total soil elements (Figure 2c) but none of the other abiotic factors were
associated with local-scale differences in soil respiration rates. Of the measured biotic
factors, soil respiration was most strongly associated with tree diversity, with higher rates
of soil respiration in subplots with high tree diversity in all seasons (Figure 3a,b). In spring,
subplots with greater tree biomass had higher rates of soil respiration (Figure 3a), but
subplots with high soil fungal diversity had lower rates of soil respiration.
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Figure 2. Structural equation models showing differences in soil respiration in spring (a), summer
(b), and autumn (c) associated with soil moisture (soil water content), total soil elements (soil PCA1),
plant biomass (TreeBA), stand structural complexity (TreeSV), plant diversity (TreeSR), and soil fungal
diversity (FungiSWI). Blue and black solid arrows represent significant positive or negative paths,
respectively, at p < 0.05 (** p < 0.05); grey dashed arrows indicate non-significant paths. Values
adjacent to arrows represent standardized coefficients (see Table S6). All abbreviations follow Table 1.

Indirect paths in the SEMs revealed that higher rates of respiration were associated
with total soil elements in all seasons via tree diversity (Table S6). In summer and autumn,
high soil water content was also associated with reduced tree biomass and stand structural
complexity (Figure 2b,c). Although stand structure had no direct effect on soil respiration, it
was associated with higher respiration rates via tree diversity in spring (Figure 2a). Overall,
soil water content and tree diversity were identified as the two strongest predictors of spatial
variation in soil respiration (Figure 3). The relative contribution of soil water content to
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variability in soil respiration in spring, summer, and autumn was 17.2%, 60.5%, and 28.4%,
respectively, (Figure 3a), whereas tree diversity contributed 27.4.1%, 18.7%, and 23.9%.
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3. Discussion

Our study evaluated the relative importance of plant and soil diversity in explaining
local-scale variability in soil respiration in different seasons in a temperate forest. We
demonstrate that high rates of soil respiration were associated with tree community charac-
teristics (i.e., tree biomass, stand structural complexity, and tree species richness), whereas
lower respiration rates were associated with belowground abiotic (soil water content and
total soil elements) and biotic factors (soil fungal diversity). Importantly, the strength
of these above- and below-ground factors as predictors of soil respiration varied greatly
among seasons. How soil respiration might be influenced by complex relationships among
abiotic conditions and multiple trophic groups throughout the year has rarely been investi-
gated [27]. Thus, our work adds considerably to our understanding of local-scale variability
in soil respiration.

3.1. Seasonal and Spatial Variability of Soil Respiration

The clear seasonal dynamics of soil respiration, with a peak during the summer, is
characteristic of temperate forest systems, where high temperatures in summer stimulate
the growth and metabolic rates of trees and microbes [28]. Compared with soil water
content, the seasonal dynamics in soil respiration was predominantly determined by soil
temperature (Figure S3), probably because temperature substantially influences plant
phenology and soil microbial seasonal activity in temperate forests [29].

Soil respiration was highly variable across the local spatial scales measured in our
study, with spatial CVs ranging from 27% to 31%. The spatial variability in our forest
fell within the wide ranges previously recorded in Chinese forests (17–62.6%; [30]). Other
studies in similar forests have observed both higher and lower spatial variability [31,32],
demonstrating the importance of sampling design to gain accurate estimates of soil respi-
ration in forests [7]. High spatial variability in soil respiration can result from excessively
dense sampling. For example, Shi et al. [32] found that 87–91% of the spatial variance was
explained by an autocorrelation over a range of 15 to 23 m. By contrast, the minimum sam-
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pling distance in our study was >28 m, so we only detected a weak spatial autocorrelation
of soil respiration in spring.

3.2. Relationships between Abiotic Factors and Soil Respiration

In support of our first hypothesis, soil water content played the most important
role in inhibiting soil respiration during the growing season, which was probably due
to high rainfall and the high water holding capacity of the forest floor. Previous studies
have revealed a threshold value of soil water content (approximately 20%), at which the
relationship between soil respiration and soil moisture changes [33]. At soil water content
above the threshold value, soil respiration is limited due to low CO2 transport, oxygen (O2)
availability, and thus reduced biological activity. By contrast, soil water contents below
the threshold promote root and soil microbial respiration through the diffusion of soluble
substrates in an aerobic environment [33]. In our study, 98% of the measurements showed a
soil water content greater than 20%, which explains why soil respiration rates declined with
increasing soil water content. The limiting effect of high soil water content was strongest
in summer, due to the high autotrophic and heterotrophic respiration and thus greater
requirement of oxygen availability and soil porosity [34]. Indeed, soil water content in
summer explained a much higher proportion of the variability in soil respiration (60.5%)
than any other abiotic or biotic factors.

Surprisingly, soil properties, including organic matter and total and extractable ni-
trogen, phosphorus, and potassium, were not strong predictors of soil respiration in our
study. In general, high-nutrient substrates should increase soil heterotrophic respiration
by enhancing microbial biomass and fungal abundance [9]. However, late-successional
forests such as ours often generally have high soil nutrient concentrations, and nutrient
availability is therefore less likely to limit soil respiration [35]. Instead, the indirect associa-
tion between total soil elements and soil respiration in our SEMs (Figure 2) suggests that
nutrient availability increased soil respiration by promoting plant diversity [36].

3.3. Contrasting Relationships between Soil Respiration and Above- or Belowground Diversity

Higher rates of soil respiration at sites with greater tree species richness have also been
observed in other ecosystems and on a global scale [37]. Plant species richness is usually
associated with greater chemical diversity of litter and root exudates [16], which stimulates
soil heterotrophic respiration by providing a greater range of carbon and nutrient resources
to soil microorganisms [38]. Although we found no relationship between tree species
richness and soil diversity (Table S4), previous work at the same study site demonstrated
that soil microbial diversity was linked to the functional diversity of the tree community,
rather than species diversity [39]. Thus, the strong role of tree species diversity in explaining
spatial variability in soil respiration is likely a combination of species differences in the
autotrophic component of soil respiration, as well as differences in tree litter quality and
quantity influencing decomposer organisms and heterotrophic respiration.

The stronger relationship between soil respiration and fungal diversity compared to
soil bacteria and nematodes, is consistent with previous studies [40], and is often explained
by the key role of fungi in decomposing recalcitrant plant materials [41]. However, in
our study, soil respiration in spring declined with increasing fungal diversity (Figure 1),
supporting our second hypothesis. The negative relationship between soil respiration
and soil fungal diversity could be the result of higher carbon use efficiency by a diverse
fungal community benefitting from distinct resource niches [42], which does not necessarily
increase overall community activity and heterotrophic respiration [43]. Alternatively,
differences in the abundances and diversity of distinct fungal functional guilds could
influence the relationship between soil respiration and overall fungal diversity. In our
study, ectomycorrhizal (EcM) fungi accounted for 40.8% of the total fungal abundance, but
only contributed 14.8% to fungal species richness (Table S7). Furthermore, ectomycorrhizal
fungi account for a large proportion of total soil respiration (15–26%; [44,45]), so the
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dominance of ectomycorrhizal fungi could explain why soil relationship rates were highest
in subplots with low fungal diversity.

Although greater tree biomass is thought to stimulate soil microbial growth and
activity by increasing plant inputs, such as litter and root exudates to the soil [46], we
found only a weak relationship between basal area, as a proxy of tree biomass, and soil
respiration in spring (Figure 1). It is possible that the relationship between soil respiration
and tree biomass in summer and autumn was obscured by the overriding influence of soil
water content [47], when soil microbial activity or heterotrophic respiration was probably
limited by anoxic soil conditions. Although soil respiration was also not directly related
to stand structure (represented by tree size variation), our SEMs revealed that a more
complex stand structure was associated with higher respiration rates via tree diversity
(Figure 2). Structurally complex forests have a greater range of niches and more diverse light
conditions, which increase understory plant abundance and richness, thereby enhancing
autotrophic and heterotrophic respiration [48].

4. Materials and Methods
4.1. Study Site Description and Experimental Design

The study site was located in the Changbai Nature Reserve in Northeast China, extend-
ing from 41◦42′ to 42◦26′ N and 127◦42′ to 128◦17′ E. As one of the largest biosphere reserves
in China, the Changbai Nature Reserve was established in 1960 and joined the World Bio-
sphere Reserve Network in 1980. Mean annual precipitation is approximately 700 mm
and most rainfall occurs from June to August (450–500 mm). Mean annual temperature
is 2.8 ◦C, with monthly means of −13.7 and 19.6 ◦C in January and July, respectively [49].
Previous work in the study forest indicates a total annual soil respiration of 1017 g m−2,
accounting for 76% of ecosystem respiration [50].

Our study was conducted in the 25 ha Changbaishan (CBS) Forest Dynamics Plot
(FDP), which is one of the sites in the worldwide CTFS-ForestGEO forest monitoring
network (http://www.forestgeo.si.edu, accessed on 5 January 2021). All free-standing
individual woody plants with a diameter at breast height (DBH) ≥1 cm were mapped, mea-
sured, and identified to species in 2004, 2009, 2014, and 2019. Based on the first census data
in 2004, there are 38,902 individuals belonging to 52 species, 32 genera, and 18 families [51].
The 25 ha plot is dominated by the late-successional deciduous broadleaved Korean pine
(Pinus koraiensis) mixed forest with common tree species including P. koraiensis, Tilia amuren-
sis, Quercus mongolica, Fraxinus mandshurica, Ulmus japonica, and Acer mono. Following a
standard field protocol [52], the 25 ha plot was divided into 625 subplots (20 m × 20 m). We
measured three topographical variables (elevation, slope, and convexity) for each subplot
following Harms et al. [53]. Elevation of each subplot was estimated from the mean eleva-
tion at each corner. The slope was defined as the mean angular deviation from horizontal
of each of the four triangular planes formed by connecting three subplot corners. Subplot
convexity was calculated as the elevation of the subplot minus the mean elevation of the
eight surrounding subplots; for edge subplots, convexity was calculated as the elevation of
the central point minus the mean of the four corners.

To capture the spatial variability of soil respiration, 150 sampling points were estab-
lished as evenly as possibly across the 25 ha plot (Figure 4). In April 2020, permanent
soil collars made of polyvinyl chloride (20 cm diameter and 10 cm height) were inserted
4 cm into the soil at each sampling point and left in situ throughout the soil respiration
measurements. Soil collars set at this depth were stable and caused minimal disturbance
to shallow fine roots. To avoid the confounding effects of above-ground plants on soil
respiration, we removed small living plants growing inside the collars one day before
each measurement.
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4.2. Measurements of Soil Respiration and Soil Microclimates

Soil respiration, temperature, and water content were measured seven times during
the growing season of 2020 (May to October): twice in spring (May–June), three times in
summer (July–August), and twice in autumn (September–October). Soil respiration was
measured using an automated soil CO2 flux system, which consisted of a dynamic soil
chamber (3140 cm3 volume) attached to an infrared gas analyzer (Li-8100A, Li-COR Inc.,
Lincoln, NE, USA). Each measurement lasted 90 s, recording CO2 and water concentrations
and air temperature inside the chamber every second. Soil temperature and volumetric
water content at 0–5 cm soil depth were determined adjacent to each collar using a type
E thermocouple (8100-201, Li-COR Inc., Lincoln, NE, USA) and a ML2x soil moisture
probe (Li-COR Inc., Lincoln, NE, USA), respectively. During each sampling campaign,
measurements took two days to complete. As diel variation in soil CO2 efflux is low in
heavily shaded forested areas [54], all measurements were performed in a random order
between 10 a.m. and 4 p.m. on each measurement day. We did not measure soil respiration
in winter, as low temperatures strongly constrain microbial activity.

4.3. Sampling and Analysis of Soil Physicochemical Properties

To represent the average soil properties associated with plant communities, we ran-
domly selected two soil sampling sites at the midpoints between the central point and
the four corners in the above-mentioned 150 subplots (20 m × 20 m). At each site, we
took five soil cores (3.8 cm in diameter and 10 cm in depth) at random locations near the
150 sampling points using a soil auger after removing the litter layer from the ground
surface. Subplots located at the edge of 25 ha plot were not included to eliminate potential
edge effects resulting in a total of 120 quadrats. We mixed the cores to create one composite
sample per measurement point. Each soil sample was then divided into two parts after
sieving the sample through a 2 mm mesh to remove the roots and stones: one for soil

160



Plants 2022, 11, 3391

nutrient analysis and the other for soil diversity measurement (i.e., bacteria, fungi, and
nematodes). All processing was completed within 12 h of collection, and the subsamples
for soil diversity analysis were stored at −80 ◦C.

We measured eight soil nutrient variables known to influence soil respiration: soil pH,
organic matter (SOM), extractable nitrogen (NEX), extractable phosphorus (PEX), extractable
potassium (KEX), total nitrogen (TN), total phosphorus (TP), and total potassium (TK).
Following Lu [55], soil pH was determined in water (1:1 soil:solution ratio) using a glass
electrode, SOM was determined colorimetrically following dichromate oxidation, NEX was
determined by extraction in 1 mol NaOH L−1 and subsequent titration with 0.01 mL·L−1

sulfuric acid, TN was estimated colorimetrically after KCl extraction, using the Kjeldahl
method, and PEX and TP were determined by molybdate colorimetry, after Mehlich 3 ex-
traction or digestion in H2SO4–HClO4, respectively; KEX and TK were determined by
atomic absorption spectrometry after extraction with 1 mol L−1 NH4Ac or digestion in
hydrofluoric acid, respectively.

4.4. Soil Diversity

Soil bacterial and fungal diversity and community composition were determined
by sequencing on an Illumina Miseq platform (Illumina, San Diego, CA, USA). Soil ge-
nomic DNA was isolated from 0.25 g of fresh soil using the MoBio PowerSoil® DNA
Isolation extraction kit according to the manufacturer’s instructions (MoBio Laboratories
Inc., Carlsbad, CA, USA). The quality of the DNA was assessed based on 260/280nm and
260/230 nm absorbance ratios obtained using a Spectrophotometer (NanoDrop Technolo-
gies Inc., Wilmington, DE, USA). Extracted DNA samples were stored at −20 ◦C until
further use.

The universal bacterial V4~V5 region of 16S rRNA gene was amplified by using primers
515 F (5′-GTGCCAGCMGCCGCGG-3′) and 907 R (5′-CCGTCAATTCMTTTRAGTTT-3′) [56].
The fungal ITS sequence of 18S rRNA genes was amplified using primers ITS_1737F (5′-
GGAAGTAA AAGTCGTAACAAGG-3′) and ITS_2043R (5′-ATGCAGGCTGCGTTCTTCA
TCGATGC-3′) [57]. Amplification by polymerase chain reaction (PCR) was conducted
in triplicate using a 20 µL mixture containing 4 µL of 5× FastPfu Buffer, 2 µL of 2.5 mM
dNTPs, 0.8 µL of each primer (5 µM), 0.4 µL of FastPfu Polymerase, and 10 ng of template
DNA was performed. The PCR analyses were carried out on a Gene Amp PCR-System
9700 (Applied Biosystems, Foster City, CA, USA) using thermal cycling conditions, as
follows: initial denaturation step at 95 ◦C for 3 min, followed by 27 (16S rRNA) or 35 (ITS)
cycles at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s and extension72 ◦C for 45 s, and a
final extension at 72 ◦C for 10 min. The PCR products were sequenced using 300PE MiSeq
(Illumina, San Diego, CA, USA), at the Shanghai Majorbio Bio-pharm Biotechnology Co.,
Ltd. (Shanghai, China).

Obtained DNA sequences were processed using the QIIME 2 software [58], discarding
sequences shorter than 200 bp with a mean quality score <25 and ambiguous bases. All
quality-filtered sequences were clustered into Operational Taxonomic Units (OTUs) with a
97% identity threshold using UPARSE version 7.1 (http://drive5.com/uparse/, accessed
on 14 May 2021). Chimeras were filtered using the Ribosomal Database Project (RDP) and
UCHIME [59]. Saprotrophic vs. ectomycorrhizal fungal functional guilds were identified
according to Yao et al. [60].

Nematodes were extracted from 200 g of fresh soil by an updated cotton-wool filter
method [61]. For each sample, the first nematodes encountered on the slides were identified
at genus level at 100× magnification under an inverted microscope. The nematodes were
assigned to four trophic groups (bacterivores, fungivores, omnivores-predators, and plant
parasites) according to Yeates et al. [62]. The abundance of nematodes was calculated as the
number of individuals per 100 g dry soil. The detailed procedure for soil nematode extrac-
tion and identification has been described by Guan et al. [63]. Soil diversity in each subplot
was represented by species richness calculated using the Shannon–Wiener index for soil
fungi (FungiSWI), bacteria (BacteriaSWI), and species richness of nematodes (NematodeSR).
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4.5. Plant Community Characteristics

We described plant community characteristics using the latest census data of the
plot in 2019, which measured and identified all woody plants (henceforth ‘trees’) with a
diameter at breast height (DBH) >1 cm. We used species richness to represent tree diversity
(TreeSR), basal area to represent biomass (TreeBA), and the coefficient of variation for DBH
as a measure of tree size variation (TreeSV), which is a proxy of stand structure [64]. To
determine the spatial influence of the tree community on soil respiration, we calculated
tree community characteristics for a 5 m, 10 m, and 15 m radius around each sampling
point. As the tree community characteristics within a 10 m radius showed the strongest
correlation with soil respiration (Table S2), we used the tree community characteristics
within a 10 m radius for all subsequent analyses.

4.6. Statistical Analyses

All analyses were conducted in R 4.1.3 (R Development Core Team, Vienna, Austria,
2022), using the vegan package [65] to calculate tree species diversity and soil diversity
indices, the MuMIn [66] and lavaan [67] packages for model averaging and structural
equation models, respectively, and the spdep package [68] for Moran’s I test.

To assess spatial autocorrelation of soil respiration among sampling plots, we con-
ducted Moran’s I test [69] in each season (spring, summer and autumn). We did not find
any significant spatial autocorrelation in summer and autumn, and found a slight positive
spatial autocorrelation in spring (Table S3).

The eight measured soil properties (soil pH, organic matter content, NEX, PEX, KEX,
TN, TP, and TK) were reduced to a set of orthogonal variables using principal component
analysis (PCA). The first axis of the PCA (soil PCA1) explained 39% of the total variation
and was positively correlated with total soil elements, whereas the second axis (soil PCA2)
explained 20% and was positively correlated with extractable soil elements (Figure S1).
Thus, both axes represented a soil fertility gradient from infertile to fertile soils (Table S1)
and were used in subsequent analyses to represent total soil elements (soil PCA1) and
extractable soil nutrients (soil PCA2)

To examine the effects of topography, soil water content, soil temperature, soil prop-
erties, and tree or soil biodiversity on soil respiration, we performed multiple linear re-
gressions models for soil respiration in each season. To avoid multicollinearity problems,
we first assessed correlations between pairs of predictors within each group of variables
(i.e., tree diversity, soil diversity, soil properties, topography) and excluded one predictor
per pair if r > 0.60 (Table S4); in each case, we retained the predictor that had greater
explanatory power for variation in soil respiration. Using this approach, we included two
parameters for tree communities (basal area and diversity), one for stand structure (tree size
vatiation), three for soil diversity (Shannon’s diversity for fungi and bacteria, and species
richness for nematodes), three parameters for topography (elevation, slope, and convexity),
and four for soil properties (soil water content, soil temperature, total soil elements, and
extractable soil nutrients), as predictors of soil respiration in the multiple linear regression
models. Then, for each predictor, we performed all subsets regression analysis and selected
the optimal model based on the lowest Akaike Information Criterion adjusted for small
sample sizes (AICc). However, if the difference in AICc between models was <2 units, we
obtained the standardized regression coefficient (β) of each soil respiration predictor using
model averaging (Table S5).

To identify the potential direct and indirect pathways and relative contributions
through which soil properties and tree and soil communities regulate soil respiration, we
built structural equation models (SEMs) following an initial conceptual model (Figure S4).
In the SEMs, we used the significant predictors obtained from the optimal regression
models: tree biomass, tree diversity, stand structure, and fungal diversity, as well as soil
water content and total soil elements. The model fit to the data was evaluated using a
Chi-square test (p > 0.05 indicates that the model is accepted), Bentler’s comparative fit
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index (CFI close to 1 indicates perfect model), and the standardized root mean square
residual (SRMR < 0.08 indicates the most appropriate model) [67].

The indirect effect of each predictor in the final SEMs was calculated through the
interaction of the standardized direct effect of a given predictor on a mediator with the
direct effect of the mediator on the response variable. More specifically, the total indirect
effect was calculated by multiplying the standardized direct effects of a given predictor on
soil respiration via mediators for each relevant path, and then we added all indirect effects
of the predictor to quantify the total indirect effect. To quantify the relative contribution
of different predictors to soil respiration, we calculated the relative importance for each
predictor of soil respiration using the ratio between the total effect of a given predictor and
the sum of the absolute value of total effects of all predictors (Table S6) [70].

5. Conclusions

Our work demonstrates high spatial variability of soil respiration on a local scale
in a temperate forest, but the influence of biotic and abiotic factors on soil respiration
changed during the growing season. Our findings enhance our understanding of spatial
and temporal variability of soil respiration and can thus improve predictions of soil carbon
flux in temperate forests. However, although local-scale differences in soil respiration
could be partially attributed to differences in soil water content and tree or soil fungal
diversity, a large proportion of variation remains unexplained (75%, 50%, and 79% in spring,
summer, and autumn, respectively). Thus, to further reduce uncertainty in estimating
soil respiration, more future studies should consider: (a) distinguishing between soil
autotrophic and heterotrophic respiration; (b) assessing how plant functional diversity
influences autotrophic and heterotrophic respiration; and (c) differences in soil microbial
functional groups and their contribution to heterotrophic soil respiration.
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ficients of all abiotic and biotic variables used in this study, Table S5: Summary of the multiple
linear models for soil respiration, Table S6: The direct, indirect, and total standardized effects of
abiotic and biotic factors in SEM, Table S7: The relative contribution of soil fungal components,
Figure S1: Principal component analysis (loadings) of the soil nutrients, Figure S2: The pairwise
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Abstract: Conspecific negative density dependence (CNDD) may vary by tree mycorrhizal type.
However, whether arbuscular mycorrhizal (AM)-associated tree species suffer from stronger CNDD
than ectomycorrhizal (EcM) and ericoid mycorrhizal (ErM)-associated tree species at different tree life
stages, and whether EcM tree species can promote AM and ErM saplings and adults growth, remain
to be studied. Based on the subtropical evergreen broad-leaved forest data in eastern China, the
generalized linear mixed-effects model was used to analyze the effects of the conspecific density and
heterospecific density grouped by symbiont mycorrhizal type on different tree life stages of different
tree mycorrhizal types. The results showed that compared to other tree mycorrhizal types at the
same growth stage, EcM saplings and AM adults experienced stronger CNDD. Heterospecific EcM
density had a stronger positive effect on AM and ErM individuals. Species diversity and average
relative growth rate (RGR) first increased and then decreased with increasing basal area (BA) ratios
of EcM to AM tree species. These results suggested that the stronger CNDD of EcM saplings and
AM adults favored local species diversity over other tree mycorrhizal types. The EcM tree species
better facilitated the growth of AM and ErM tree species in the neighborhood, increasing the forest
carbon sink rate. Interestingly, species diversity and average RGR decreased when EcM or AM tree
species predominated. Therefore, our study highlights that manipulating the BA ratio of EcM to AM
tree species will play a nonnegligible role in maintaining biodiversity and increasing forest carbon
sink rates.

Keywords: conspecific negative density dependence; tree mycorrhizal types; heterospecific
mycorrhizal tree neighbors; species diversity; relative growth rate; forest carbon sink rates

1. Introduction

Biodiversity is rapidly decreasing due to human impacts [1–4]. The release of large
amounts of CO2 exacerbates the greenhouse effect and further accelerates the extinction of
certain species [5–8]. As important ecosystems on earth, forests play an important role in
maintaining species diversity and carbon sequestration and storage. However, research
finds that forest productivity declines as species diversity declines [9–11]. Therefore, in
the context of global change, protecting and improving tree species diversity is crucial in
increasing the forest productivity and slowing down the rate of species extinction.

Ecologists have proposed a plethora of theories and hypotheses to explain the mecha-
nisms by which species diversity is maintained [12–16]. Among them, conspecific negative
density dependence (CNDD) is an ecological process in which individuals have increased
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mortality and slowed growth rates surrounded by high-density conspecific neighbors
due to the accumulation of host-specific natural enemies, thus promoting the coexistence
of diverse species [17–20]. Research shows that symbiotic fungi that form mycorrhizae
with plant roots and soil-borne pathogens that cause plant disease can play important but
distinct roles in CNDD [21–24].

Mycorrhizal fungi play an important role in maintaining plant diversity and improving
ecosystem function [24,25]. These symbiotic fungi provide up to 80% of the plant's needs
for nitrogen and phosphorus to the host plant in exchange for carbohydrates [26,27].
Almost all woody plants form symbiotic relationships with arbuscular mycorrhizal (AM),
ectomycorrhizal (EcM), or ericoid mycorrhizal (ErM) fungi [28], which we refer to as AM,
EcM, or ErM tree species. Previous studies have found that symbiotic fungi attenuate
the strength of CNDD and improve individual survival by promoting plant nutrient
acquisition and resistance to soil-borne pathogens [29,30]. Furthermore, trees associated
with different mycorrhizal fungi have different capacities for plant nutrient uptake and
pathogen defense [27,31–33]. Therefore, different tree mycorrhizal types can play different
roles in regulating species diversity and regulating forest carbon sink rates.

Since AM tree species usually experience stronger CNDD than EcM tree species,
species diversity around AM tree species is usually higher [34,35], while EcM tree species
generally maintain low-diversity, monodominant forests [36,37]. However, Qin et al. [38]
found that AM saplings had stronger CNDD than EcM saplings, while AM juveniles had
the same CNDD as EcM juveniles. This means that the CNDD of different tree mycorrhizal
types varies with tree life stage. However, it is unclear whether this variation affects
species diversity.

Unlike the negative effects of conspecific individuals, the existence of heterospecific
neighbors alleviates the strength of CNDD and promotes the survival of focal individuals
due to herd immunity effects [39–41]. Since the strength and direction of impacts vary
by tree-mycorrhizal-type neighbors, mixing all heterospecific individuals together would
overlook the different effects of these heterospecific mycorrhizal tree neighbors [34,42,43].
Therefore, it is necessary to group heterospecific species according to mycorrhizal sym-
bionts. While neighborhood EcM tree species can improve seedling survival compared to
AM tree species [29], it is unclear how different heterospecific mycorrhizal tree neighbors
affect the growth of saplings and adults, and whether this influence will affect the forest
carbon sink rate.

Exploring the differences in CNDD among AM, EcM and ErM tree species at sapling
and adult stages will help to reveal the role of mycorrhizal associations in maintaining
species diversity and regulating forest carbon sink rates. Here, we obtained two census
data from a 9 ha (300 m × 300 m) subtropical forest dynamic plot in Wuyanling National
Nature Reserve, Zhejiang Province, eastern China, to study the effects of neighborhood
factors (conspecific density and heterospecific density grouped by symbiont mycorrhizal
types) on the survival and growth of different tree mycorrhizal types along tree life stages.
We aimed to explore the following questions: (1) Do AM tree species suffer from stronger
CNDD than EcM or ErM tree species along tree life stages? (2) Do neighborhood EcM tree
species promote the growth and survival of different tree mycorrhizal types at different tree
life stages? (3) How does the variance in the strength of CNDD in different tree mycorrhizal
types affect species diversity and forest carbon sink rates?

2. Methods
2.1. Study Site

This study was conducted in Wuyanling National Natural Reserve (119◦37′08′′–
119◦50′00′′ E, 27◦20′52′′–27◦48′39′′ N), Taishun County, Zhejiang Province, eastern China.
The reserve is approximately 18,861.5 ha. The mean annual temperature is 15.2 ◦C. The
mean annual precipitation is 2195.8 mm, mostly between May and June. According to the
records of the Shangfengxiang Meteorological Station (1040 m above sea level) near the
study site, the mean annual temperature in the nearby area is 14.0 ◦C, with the lowest mean
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monthly temperature in January (4.0 ◦C) and the highest in July (23.0 ◦C), and the extreme
lowest temperature is −8.9 °C. The frost period begins in early October and ends in early
April of the following year. Frost-free days are about 210 days, and the sunshine rate is
38% [44].

In 2013, we established a 9 ha (300 m × 300 m) forest dynamic plot (119◦40′13.73′′ E,
27◦42′20.27′′ N) in an evergreen broad-leaved forest in the reserve (Figure 1). All trees with
diameter at breast height (DBH, 1.3 m) ≥ 1 cm were tagged, identified to the species level,
mapped and measured according to standard CTFS-ForestGEO protocols [45]. The second
census was completed in 2018. The plot is 869 m to 1144 m above sea level. According to the
second census, there were 63,158 free-standing woody plant individuals with DBH ≥ 1 cm
in the plot, belonging to 52 families, 94 genera and 192 species. The dominant canopy
species are Castanopsis eyrei (Fagaceae), Cyclobalanopsis stewardiana (Fagaceae) and Schima
superba (Theaceae).

Figure 1. Location and contour map of the 9 ha forest dynamic plot in Wuyanling National Natural
Reserve, eastern China.

2.2. Focal Species and Mycorrhizal Associations

We assigned each individual to one of two life stages (saplings or adults) according
to LaManna et al. [46], Liu et al. [47] and Pu and Jin [48] in subtropical forests. Saplings
were defined as individuals with 1 cm ≤ DBH < 2 cm for shrubs, 1 cm ≤ DBH < 5 cm for
understory tree species, and 1 cm ≤ DBH < 10 cm for canopy tree species. Individuals with
DBH larger than a sapling were defined as adults. The life forms of these species were
classified according to the Flora of China [49] and the Flora of Zhejiang [50] (Table S1). For
this study, we focused on the census between 2013 and 2018. Survival information was
recorded as 1 if the individual was alive and 0 if the individual was dead. We calculated
the relative growth rate (RGR) for each individual in the 5-year census interval from 2013
to 2018. RGR was calculated as (log(BAt+∆t) − log(BAt))/∆t, where BA indicates the sum
of the basal area (BA) of an individual at successive time steps t.

Mycorrhizal types of plant species were determined according to published literature
and the FungalRoot data set [51]. In the absence of information on the mycorrhizal type of
a given species, we referred to the mycorrhizal type of its congeners (Table S1) [52]. In total,
we obtained 146 arbuscular mycorrhizal (AM) species, 24 ectomycorrhizal (EcM) species
and 9 ericoid mycorrhizal (ErM) species (Table 1).
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Table 1. Summary information on species mycorrhizal types.

Mycorrhizal
Types Richness No.

Saplings
No.

Adults
Survival

Rate
Relative

Abundance
Relative

Basal Area

AM 146 21,623 9932 85.26% 68.78% 49.06%
EcM 24 2721 3104 84.22% 12.70% 44.34%
ErM 9 6667 1836 92.07% 18.53% 6.60%

2.3. Neighborhood Factors

Four neighborhood factors (NF) were calculated for each focal individual: density
of conspecific neighbors (Con), density of heterospecific AM neighbors (HetAM), density
of heterospecific EcM neighbors (HetEcM), density of heterospecific ErM neighbors (Het-
ErM). NF was defined as the distance-weighted (Dist) sum of the BAs of conspecific or
heterospecific neighbors found within a certain radius (r) of each focal individual, divided
by the circular area (πr2). To account for the potentially nonlinear nature of local biotic
interactions, we introduced the exponent c as Equation (20) in Detto et al. [53] to calculate
NF, where we set 10 c from 0.1 to 1, and selected the c value with the maximum likelihood
value (Figures S1 and S2 and Table S2). NF was calculated as:

NFi =

(
1
πr2

n

∑
j=1

BAj

Distij

)c

(1)

where n is the number of neighbors within radius r, BAj is the basal area of neighbor j, Distij
is the distance between focal individual i and its neighbor j.

2.4. Statistical Analyses

We used generalized linear mixed-effects models (GLMMs) [54] with a binomial error
distribution to quantify the effect of local neighbors on individual survival probability.
We used linear mixed-effects models (LMMs) [55] to assess the influence of neighborhood
density on individual RGR. The fixed effects of models included log-transformed individual
size (i.e., DBH measured during the first census) and four scale-dependent neighborhood
factors (Con, HetAM, HetEcM, and HetErM). To account for spatial autocorrelation and
interspecific differences, quadrat (20 m × 20 m subplots) and species identity of focal
individuals were considered as random effects in the model [56]. Since different species
have different growth rates and may exhibit different relationships between size and
survival, we allowed the effect of initial size to vary by species (i.e., random slopes) [41].
The model was summarized as follows:

Survivalij ~ Binomial(pij) (2)

RGRij ~ N(λij, σ2
λ) (3)

Logit (pij) or λji = β0j + β1j × DBHij +β2 × Conij + β3 × HetAMij +
β4 × HetEcMij + β5 × HetErMijj + Φk

(4)

where pij is the predicted survival probability for each individual i from species j, and λij is
the RGR for each individual i from species j. The parameter β0j represents the intercept, β1j
represents the effect of the plant initial size (DBH); β2, β3, β4 and β5 represent the effect of
four scale-dependent neighborhood factors; Φk represents the random effect of the quadrat.

We chose 5 m as the minimum neighborhood radius and 30 m as the maximum
neighborhood radius based on previous studies [57–59]. We ran the model with 26 different
neighborhood radii with a spatial resolution of 1 m (i.e., 5, 6, 7, ..., 30 m from the focal
individual). The Akaike’s Information Criterion (AIC) value was used to select the best-fit
model across a neighborhood radius of 5 to 30 m [60]. The models with the lowest AIC
values were given in the main text, and models with a neighborhood radius of 5 to 30 m
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are shown in Figures S3 and S4. To account for boundary effects, we excluded trees within
30 m of the plot boundary.

From the data of 255 quadrats (20 m × 20 m subplot) in this 9 ha plot, we calculated
the ratio of BA of EcM species to BA of AM species (REA), Shannon–Weiner index (H),
average RGR, total BA and increment of total BA. Generalized least squares (GLS) models
with certain spatial correlation structures were used to eliminate possible influences of
spatial autocorrelation [61]. Due to the relatively small proportion of ErM species in the
community total BA, we mainly analyzed the effects of AM and EcM tree species on
species diversity and average RGR. Due to the nonlinear effect of REA on species diversity
and average RGR, a nonlinear fitting method was used in the GLS model (Figure S5 and
Table S3).

All analyses were conducted in R 4.1.3 [62] using the lme4 [63], lmerTest [64] and nlme
packages [65].

3. Results
3.1. Neighbor Effects on All Individuals across Tree Life Stages

We found that CNDD had significant effects on both sapling survival and RGR. The
negative effects of conspecific neighbors decreased with increasing tree life stage, turning
into positive effects on the survival of adults. Different mycorrhizal neighbors showed
quite similar positive effects on individual survival at both the sapling and adult stages.
Specifically, compared to other heterospecific neighbors, HetAM showed a greater positive
effect on adults and HetEcM showed a greater positive effect on saplings (Figure 2a).
However, these heterospecific neighborhood factors had a greater negative impact on the
RGR of individuals (Figure 2b). Both HetAM and HetErM negatively affected the RGR of
individuals at the sapling and adult stages. Whereas HetEcM showed a positive effect on
saplings, but a non-significant positive effect on adults.

Figure 2. Coefficient estimates (±2SE) of neighborhood factors on survival (a) and RGR (b) of all
individuals at the sapling and adult tree life stages. Solid circles indicate significant effects (p < 0.05),
while open circles indicate non-significant effects. RGR, relative growth rates; Con, conspecific density;
HetAM, heterospecific AM density; HetEcM, heterospecific EcM density; HetErM, heterospecific
ErM density.

3.2. Neighbor Effects on Different Tree Mycorrhizal Types

At the sapling stage, the survival of different tree mycorrhizal types experienced
strong CNDD (Figure 3a). The CNDD of EcM saplings was the strongest, followed by
ErM saplings, and the CNDD of AM saplings was relatively weak. AM and ErM saplings
were positively affected by HetEcM. Furthermore, AM and EcM saplings were positively
affected by HetErM, while EcM saplings were negatively affected by HetEcM (Figure 3a).
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Compared with individual survival, the neighbor effect had a certain difference in the
RGR of individuals. AM and ErM saplings were still negatively affected by Con while
positively affected by HetEcM. These mycorrhizal saplings were all negatively affected by
heterospecific neighbors with the same mycorrhizal type. Furthermore, ErM saplings were
also negatively affected by HetAM (Figure 3b).

Figure 3. Estimated effects (±2SE) of neighborhood factors on survival and RGR of species mycor-
rhizal types at the sapling and adult tree life stages. Solid circles indicate significant effects (p < 0.05),
while open circles indicate non-significant effects. RGR, relative growth rates; Con, conspecific den-
sity; HetAM, heterospecific AM density; HetEcM, heterospecific EcM density; HetErM, heterospecific
ErM density.

During the adult stage, many neighbor effects showed positive effects on the survival
of different tree mycorrhizal types. Specifically, Con shifted to positive effects on EcM
and ErM adults. HetAM, HetEcM and HetErM positively affected AM and EcM adults
(Figure 3c). The neighbor effect of AM adults RGR was quite similar to that of saplings, with
only HetErM having a significant negative effect on AM adults. EcM adults were negatively
affected by HetAM, HetEcM and HetErM, whereas ErM adults were only positively affected
by HetEcM (Figure 3d).

3.3. Relationships between REA and Species Diversity and Average RGR

There was a nonlinearity along the square root of REA for species diversity and average
RGR (Table S4). Species diversity increased rapidly as the square root of REA fell below the
threshold (REA = 0.7652 = 0.585; Figure 4a) and turned to decrease above the threshold. The
average RGR had the same pattern as species diversity, but it changed relatively slowly
compared to species diversity (threshold REA = 1.0932 = 1.195; Figure 4b), while both total
BA and the increment of total BA increased with the square root of REA (Figure 4c,d).

172



Plants 2022, 11, 2340

Figure 4. Correlations between the square root of REA with species diversity (H, Shannon–Weiner
index) (a), average RGR (b), total BA (c) and increment of total BA (d). RGR, relative growth rates;
BA, basal area; REA, the ratio of BA of EcM to BA of AM tree species.

4. Discussion

CNDD varied widely with tree mycorrhizal types and tree life stages. Due to the large
variances in ecological characteristics among species, the impact of different neighbors on
the survival and growth of focal individuals can be complicated. The results of this study
showed that separating heterospecific neighbors into distinct heterospecific mycorrhizal
tree neighbors has important implications for further understanding of density-dependent
effects on individuals along tree life stages. In addition, compared with other tree myc-
orrhizal types, the stronger CNDD of EcM tree species at the sapling stage and AM tree
species at the adult stage was beneficial to the increase of species diversity. This allowed
species diversity to be highest when EcM tree species had a lower proportion of BA and AM
tree species had a higher proportion of BA. The EcM tree species significantly improved the
survival and growth of AM and ErM tree species, which, in turn, contributed to the increase
in the average RGR and total BA of the neighborhood individuals. However, when AM
or EcM tree species dominated at the local scale, it reduced species diversity and average
RGR. Therefore, manipulating the appropriate BA ratio of EcM to AM tree species will play
an important role in maintaining biodiversity and increasing the forest carbon sink rate.
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4.1. The Strength of CNDD Varied among Tree Mycorrhizal Types

Similar to previous studies, in the analysis of all individuals or different tree mycor-
rhizal types, the CNDD of sapling survival was much stronger than that of adults [56,66].
This reflected variations in CNDD along the life history. Previous studies have suggested
that AM tree species usually suffer from stronger CNDD than EcM tree species [67–69].
Unexpectedly, the survival of EcM saplings was more negatively affected by conspecific
density compared with AM and ErM saplings (Figure 3a). This may be related to the
accumulation of soil pathogens [70]. In this study, the abundance of 24 EcM species only
accounted for 12.70% of the entire community, but the total BA of EcM species accounted
for 44.34% of the entire community, and more than half of the EcM individuals were adult
trees (Table 1). This means that, compared with AM and ErM species, EcM species have
a higher proportion of large trees, which may accumulate more specific pathogens and
lead to higher mortality of EcM saplings. This makes it hard for EcM species to recruit
saplings. The death of EcM saplings leaves space for the growth of AM and ErM saplings,
thus improving species diversity. However, since surviving EcM saplings may have grown
in locations with fewer pathogens, their growth was not significantly affected by CNDD.

In addition, the impacts of conspecifics on the survival and growth of AM adults
tended to be more negative compared with EcM and ErM tree species (Figure 3c,d). This
may be due to the lower host specificity of AM fungi, which are less able to obtain resources
and resist disease than the more host-specific EcM and ErM fungi [71,72]. Since EcM and
ErM adults were less likely to die from CPDD (Figure 3c), species diversity decreased with
increasing EcM and ErM densities. In contrast, although the survival probability of AM
adults was not affected by CNDD, the growth of AM adults decreased with increasing
conspecific density. The slow growth rate of AM adults provides opportunities for the
growth of EcM and ErM tree species, thereby increasing species diversity. The CNDD
of EcM saplings and AM adults was stronger than that of species associated with other
mycorrhizal types at the same tree life stage, indicating that tree mycorrhizal types have
different contributions in maintaining species diversity along tree life stages.

4.2. The Different Effects of Heterospecific Mycorrhizal Type Neighbors

Consistent with most previous studies, the effect of heterospecific mycorrhizal on
species, especially saplings, was weaker than that of conspecific density (Figure 2) [73].
However, different from previous studies, when the heterospecific densities were divided
into different tree mycorrhizal types, the effects of these types on individual survival and
growth were quite different. The positive effect of EcM density on the survival and growth
of individuals of other mycorrhizal types was significantly greater than that of AM and ErM
densities (Figure 3). The mantle and Hartig nets formed by EcM fungi in roots and antibiotic
compounds produced by EcM fungi protect roots from soil-borne pathogens [34,42,74].
The existence of EcM neighbors hindered the accumulation of soil-borne pathogens in the
environment, which, in turn, promoted the growth and survival of AM or ErM tree species.
Previous studies have suggested that EcM tree species reduce species diversity with weak
CNDD [38,75], but paid little attention to the role of EcM tree species in shaping community
composition and increasing forest carbon sink rates by promoting the growth and survival
of other species.

In addition, heterospecific mycorrhizal tree neighbors can promote the survival of
focal individuals, while heterospecific AM and ErM neighbors hamper individual growth
(Figure 2). While heterospecific AM and ErM neighbors attenuate the impact of natu-
ral enemies and increase the survival of focal individuals through herd immunity ef-
fects [39–41], these individuals also compete for resources with focal individuals, thereby
slowing their growth.

Except for ErM adults, the growth of both saplings and adults of other tree mycorrhizal
types was significantly inhibited by heterospecific neighbors associated with the same
mycorrhizal fungus type (Figure 3b,d). Allsopp and Stock [76] also found that, with the
increase of conspecific density, the mass of mycorrhizal plants decreased more rapidly
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than that of non-mycorrhizal plants. There are three possible reasons. First, the same
mycorrhizal tree species obtain resources in a similar way through mycorrhiza [77], and
competition for resources slows down its growth. Second, since the proportion of colonized
root length increases with density of the same mycorrhizal tree species, more carbohydrates
are transporting from the host plant to mycorrhizal fungi, which slows the growth rate of
the host plant [78–80]. Third, there are common pathogens that infest species related to the
same mycorrhizal type [21,67,81]. When the stem density of the same mycorrhizal species
increased, the content of such pathogens in the neighborhood also gradually accumulated,
which affected the growth of focal individuals.

4.3. The REA Affects Species Diversity and Forest Carbon Sink Rates

These tree mycorrhizal types play different roles in the process of community assembly.
This study found that species diversity was lower when AM or EcM tree species predom-
inated. Species diversity reached its highest value only when REA reached 0.585 (this
number may vary by region or time) (Figure 4a). Compared with EcM tree species, AM tree
species can indeed maintain higher species diversity at larger BA ratios. This is partially
consistent with the previous studies [38,69]. This may be related to the stronger CNDD
effect on AM adults and more species in AM tree types. However, the diversity decreased
when the BA of AM or EcM tree species continued to increase. Carteron et al. [82] also
found relatively low species diversity in forests dominated by AM or EcM tree species
in the U.S. Since adults occupy more space, an increase in adults that are more likely to
survive with weaker CNDD will reduce the total number of individuals in the area, leading
to a reduction in species diversity.

Similar to the above results, the average RGR reached the highest value when the
REA was 1.195 (Figure 4b). The results indicated that EcM tree species had a greater ability
to promote the growth of surrounding individuals than AM tree species, so EcM tree
species were more conducive to the improvement of forest carbon sink rates. Van Der
Heijden and Horton [72] found that the EcM mycorrhizal network exchanged resources
more efficiently, so EcM fungi were more able to promote seedling growth than AM fungi.
However, the average RGR decreased when the BA of EcM tree species was too high. This
is consistent with the above results of this study (Figure 3b,d). The RGR of EcM species
decreased with increasing heterospecific EcM neighbors. When the BA of EcM tree species
is higher, EcM individuals with slower RGR will reduce the average RGR of all individuals.
However, we found that total BA and the increment of total BA increased with increasing
REA (Figure 4c,d). This means that EcM species play a relatively important role in the
increment of forest carbon sink, especially in the acceleration of forest carbon sink rates.
Since there were great differences in the effects of EcM and AM tree species on species
diversity or average RGR, finding the optimal proportion of EcM and AM tree species for
local-scale assemblages will be important for biodiversity conservation and the increment
of forest carbon sink rates.

5. Conclusions

The strength of CNDD varied with tree mycorrhizal types, which had different reg-
ulatory effects on species diversity at different tree life stages. EcM species significantly
increased the survival and growth of AM and ErM tree species, as well as the growth and
total BA of surrounding individuals. However, when AM or EcM tree species predomi-
nated, species diversity is suppressed and forest carbon sink rates are lowered. Therefore,
in the context of global change, manipulating the appropriate BA ratios of AM and EcM
tree species will play an important role in maintaining species diversity and increasing
forest carbon sink rates. However, due to environmental differences, the optimal BA ratio
of AM and EcM tree species will vary with latitude or forest type, and further exploration
and research are needed.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11182340/s1, Figure S1: Log-likelihood as a function of
exponent c at 5–30 m across all individuals at sapling and adult life stages; Figure S2: Log-likelihood
as a function of exponent c at 5–30 m in different tree mycorrhizal types at sapling and adult life stages;
Figure S3: Estimates (±2SE) of neighborhood factors on survival (a) and RGR (b) of all individuals
at sapling and adult life stages at 5–30 m; Figure S4: Estimated effects (±2SE) of neighborhood
factors on survival and RGR of tree mycorrhizal types at sapling and adult life stages at 5–30 m;
Figure S5: Correlations between BA of EcM species (BAEcM) and BA of AM species (BAAM) with
species diversity (H, Shannon–Weiner index) (a and e), average RGR (b and f), total BA (c and g) and
increment of total BA (d and h); Table S1: 179 focal species used in the analysis of neighborhood
effects on survival and growth; Table S2: Optimal scales and c for survival and relative growth rate
(RGR) of all individuals and tree mycorrhizal types at sapling and adult life stages at 5–30 m; Table S3:
Coefficient estimates of the correlation between BAEcM and BAAM with species diversity, average
RGR, total BA and increment of total BA; Table S4: Coefficient estimates of the correlation between the
square root of REA (

√
REA) with species diversity, average RGR, total BA and increment of total BA.
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