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Preface

Among terrestrial ecosystems, forests play a dominant role in maintaining biodiversity and

providing ecosystem functioning, such as nutrient cycling, carbon sequestration, and ecosystem

stability. Over the past several decades, however, global forests are facing unprecedented pressure

from climate change and anthropogenic disturbances, resulting in a high rate of biodiversity loss

due to deforestation, fragmentation, and degradation. Determining how to maintain biodiversity is

extremely urgent if we want to achieve the aims of the Convention on Biological Diversity (CBD) and

the Sustainable Development Goals (SDGs). The complex structure, species interaction, heterogenic

environment, and regional species pool all affect the spatial and temporal patterns of forest species,

but it is still unclear how these effects maintain long-term forest biodiversity as forests undergo rapid

variations in habitat features under global change. This book includes sixteen published articles

related to the dynamics of forest spatial structure, community assembly, forest recovery patterns

after disturbance, spatial distribution of species diversity, effects of abiotic and biotic variables on

understory species diversity, and above- and below-ground biotic interactions. These studies cover

different forest types across varied spatial and temporal scales, as well as different biological groups

(plants, birds, and microbes). We acknowledge all authors who contributed to this special issue

“Maintenance of Forest Biodiversity” of Forests. We hope this book can improve our understanding

of the underlying mechanisms of forest biodiversity maintenance.

Runguo Zang and Yi Ding

Editors
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Article

Spatial Structure Dynamics and Maintenance of a Natural
Mixed Forest

Chaofan Zhou 1,2, Di Liu 1, Keyi Chen 3, Xuefan Hu 4, Xiangdong Lei 1, Linyan Feng 1, Yuchao Zhang 5

and Huiru Zhang 1,6,*
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lowrychen@sina.com
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georgemacfee@163.com
6 Experimental Center of Forestry in North China, Chinese Academy of Forestry, Beijing 102300, China
* Correspondence: huiru@caf.ac.cn; Tel.: +86-10-69836348

Abstract: Spatial structure dynamics play a major role in understanding the mechanisms of forest
structure and biodiversity formation. Recently, researches on the spatial structure dynamics utilizing
multi-period data have been published. However, these studies only focused on comparative
analyses of the spatial structure of multi-period living trees, without an in-depth analysis of the
change processes. In this study, we propose a new comprehensive analysis method for dynamic
change of the spatial structure at the individual level, which includes three processes (living trees’
flow, mortality process and recruitment process) that have not been considered in previous researches.
Four spatial structural parameters (SSSPs, Uniform angle index, Mingling, Dominance and Crowding)
and a natural spruce-fir-broadleaf mixed forest with two-phase data were taken as an example to find
out the laws of the spatial structure dynamics. All types of dynamic change were named and their
proportions were analyzed. The proportion of changes in the SSSPs of individuals was relatively
high, even though the mean values of the stand did not change considerably. The five values (0, 0.25,
0.5, 0.75, 1) of the SSSPs are in mutual flow, and the flows are typically one-step, with three-steps
and four-steps changes being uncommon. The processes of mortality and recruitment have a higher
influence on the spatial structure than the flow of living trees. The dynamic change of spatial structure
analysis method created in this study can capture more features not discovered in earlier approaches,
as well as guiding forest management in some ways. Understanding the nuances of these changes is
a critical part of reasonable spatial structure and biodiversity maintenance, and should be the focus
of future research efforts.

Keywords: spatial structure parameters; dynamic changes; the Sankey diagram; mortality process;
recruitment process; natural mixed forests

1. Introduction

On long-term temporal and geographical dimensions, forest structure is the outcome of
the combined activity of a range of ecological processes [1]. Complex forest structures form
by diverse species, which in turn promotes the coexistence of multiple species [2]. Affected
by the systems theory that “structure determines function” and the goal of diversity
conservation, an increasing number of studies begin to focus on forest structure [3]. Spatial
and non-spatial characteristics can be used to define the forest structure [3]. The indexes
of non-spatial structure such as tree species composition [4], basal area [5], tree DBH

Forests 2022, 13, 888. https://doi.org/10.3390/f13060888 https://www.mdpi.com/journal/forests
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diversity [6,7] and stand density [8] represent the mean stand characteristics by neglecting
the spatial information, while the spatial structure approaches take the distribution pattern
of individuals and the spatial arrangement of their features into consideration; this includes
stand crowding degree [9], species segregation index [10], DBH differentiation degree [11]
and aggregation index [12]. It has been proved that spatial structure indicators play a greater
role than non-spatial structure in stand reconstruction [13], describing the interaction
between trees and thinning decision-making [9,14]. Especially the stand spatial structure
parameters (SSSPs) [15], based on a structural unit constituted by a reference tree and its four
nearest neighbors [13], have already been applied to the rationality evaluation of structural
state [16,17], selective thinning [18,19] and close-to-nature planting for plantation [20].

The SSSPs, including Uniform angle index (W), Mingling (M), Dominance (U) and
Crowding (C), can comprehensively analyze the micro spatial condition of individuals and
the overall spatial structure of the stand [3,21]. These four parameters may be combined
to generate a zero-variate (mean value), univariate, bivariate, trivariate and quadrivariate
distribution, which can be used to evaluate forest structural properties at various res-
olutions [22]. Since it is simpler to understand and evaluate, zero-variate distribution,
univariate distribution and bivariate distribution of parameters have been employed more
commonly among them [18,23–29]. However, most of this research is concentrated on
the spatial structure of forests in a specific time point. Response changes in spatial struc-
ture over time under anthropogenic and natural disturbances did not get the attention it
deserves [30].

Fortunately, some scholars have noticed this, and several studies have been carried
out. Deng and Katoh [31], Zhao et al. [32] and Xue et al. [33], and Zhang et al. [34] have
analyzed the change of spatial structure characteristics on various natural forests and
plantation in a short period (5 to 10 years) by the zero-variate, univariate and bivariate
distribution methods, respectively. Wan et al. [35] used the zero-variate distribution and
bivariate distribution of SSSPs to investigate the impacts of four treatments on the spatial
structure dynamic of Quercus aliena var. acuteserrata forest in the Xiaolongshan mountain.
These researchers found that the variations in the spatial structure are more affected
by anthropogenic disturbances, especially structure-based forest management [35], than
natural disturbances [36]. Unfortunately, the distribution dimensions (zero-variate to
bivariate) of the spatial structure only had a slight effect on increasing the explanation of
its change. All these approaches can examine changes in the spatial structure of living
trees from early-stage to later-stage, though, it is unable to explain the origins of such
changes adequately. As there are not only residual trees, but also felled trees, dead trees
and recruitment trees during forest management or forest development [30,36], a simple
examination of the difference in the spatial structure of live trees between the two phases
cannot identify the causes of this change. This is not conducive to maintaining reasonable
spatial structure through artificial measures. Therefore, a new method is needed to break
the bottleneck.

Sankey diagrams represent the movement of information to and from various nodes in
a network and are most commonly used to analyze energy and material flows [37]. These
fluxes are represented by arrows or directed lines whose thickness corresponds to the size of
the flow [38]. These diagrams are frequently used in industrial ecology to represent product
lifetime evaluations, as well as in engineering to quickly visualize energy efficiency [37].
Sankey diagrams emphasize the quantity and direction of flows within a system, and they
have been used in various geographic and human-environment study contexts due to their
versatility [38]. The ability of Sankey diagrams to trace material movements has made
them useful tools for estimating major greenhouse gas emissions [39,40], partitioning the
global terrestrial water fluxes [41] and vegetation cover type conversion [42]. Although
the use of the Sankey diagram in the study of spatial structure dynamics is innovative,
it is ideally suited to tackling issues that cannot be answered using multidimensional
distributions because it can accurately depict the changes between two periods. This study
took the spruce-fir-broadleaf mixed forest as an example, disentangling its spatial structure
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changes into “living trees’ flow”, “mortality process” and “recruitment process”, aimed
to: (1) develop a comprehensive methodology for spatial structure dynamics analysis
based on SSSPs; (2) understand the laws in dynamic changes of spatial structure for
spruce-fir-broadleaf mixed forest; (3) emphasize the important role of mortality process
and recruitment process in the dynamic changes of spatial structure.

2. Materials and Methods

2.1. Study Area and Experimental Design

The research area is located in the Jingouling Forest Farm (130◦5′–130◦20′ E,
43◦17′–43◦25′ N), Wangqing Forestry Bureau, Jilin Province, China (Figure 1). It belongs
to the middle and low mountains of Changbai Mountain, with an altitude between 300
and 1200 m and a slope between 5 and 25 degrees. The region has a temperate continental
monsoon climate, with four distinct seasons of long winter and short summer, and the
coexistence of rain and heat. The average annual temperature is 4 ◦C, and the annual
average rainfall ranges from 600 to 700 mm. The area is dominated by grayish-brown
soil with a moist and loose granular structure, which has an acidic pH and high fertility.
Existing forest types are coniferous forest, broad-leaved forest and mixed forest.

 
(a) (b) 

Figure 1. Location of the study area: Wangqing Forest Bureau (a) in northeast China and spatial
distribution of 3 sample plots (b).

Three one-hectare sampling plots (100 m × 100 m each) were established in the natural
spruce-fir-broadleaf mixed forest of the Jingouling Forest Farm in July 2013 (Figure 1).
The main tree species in spruce-fir-broadleaf mixed forest include spruce (Picea jezoensis
var. microsperma (Lindl.) Cheng et L.K. Fu), fir (Abies nephrolepis (Trautv.) Maxim.), larch
(Larix olgensis Henry), Korean pine (Pinus koraiensis Siebold et Zucc.), white birch (Betula
platyphylla Suk.), poplar (Populus ussuriensis Kom.), ribbed birch (Betula costata Trautv.),
linden (Tilia amurensis Rupr.), elm (Ulmus laciniata (Trautv.) Mayr), maple (Acer pictum subsp.
mono (Maxim.) H. Ohashi) and ash (Fraxinus mandshurica Rupr.). Trees with diameters at
breast height (DBH) more than 5 cm were recorded, and species, DBH, tree height (H),
crown diameter, relative coordinates and living state were measured (Table 1). In August
2018, these indicators were remeasured and recruitment trees (DBH of regeneration reach
or exceed the threshold of DBH (5 cm) during the period of 2013–2018) were considered.

3
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Table 1. Stand characteristics of 3 plots in 2013.

Plot
Code

Trees/
ha

Average
DBH/cm

Basal Area/
(m2/ha)

Stock Volume/
(m3/ha)

Canopy
Density

Composition of Tree Species

YLK1 996 17.63 24.30 199.97 0.85 2Bc2Ta1An1Pj1Pk1Lo1Pu1Am
YLK2 1024 18.23 26.72 216.00 0.86 2Bc2Ta1Lo1An1Pk1Am1Pj1Os
YLK3 1018 17.38 24.15 182.75 0.63 3Lo1Bc1Fm1Pk1An1Bp1Pj1Ta

Note: Bp stands for B. platyphylla; Ta stands for T. amurensis; Bc stands for B. costata; Pk stands for P. koraiensis;
An stands for A. nephrolepis; Lo stands for L. olgensis; Am stands for A. pictum subsp. mono; Fm stands for F.
mandschurica; Pu stands for P. ussuriensis; Pj stands for P. jezoensis; Os stands for Other species.

2.2. Stand Spatial Structure Parameters

Four Stand Spatial Structure Parameters (SSSPs) including Uniform angle index,
Mingling, Dominance and Crowding [3] were used to analyze the dynamics of the spatial
structure of the spruce-fir-broadleaf mixed forest. Four parameters are calculated as follows:

1. Uniform angle index (W);

Wi =
1
4 ∑4

j=1 zij zij =

{
1, if αj < α0

0, otherwise
(1)

In the Equation (1), αj stands for the angle shown in and α0 stands for the standard
angle 72◦.

2. Mingling (M);

Mi =
1
4 ∑4

i=1 vij vij =

{
1, if speciesj �= speciesi
0, otherwise

(2)

In the Equation (2), speciesj and speciesi denote the species of jth neighboring tree and
reference tree i, respectively.

3. Dominance (U);

Ui =
1
4 ∑4

i=1 kij kij =

{
1, if DBHj ≥ DBHi
0, otherwise

(3)

In the Equation (3), DBHj and DBHi denote the diameter at breast height of jth neigh-
boring tree and reference tree i, respectively.

4. Crowding (C).

Ci =
1
4 ∑4

j=1 yij yij =

{
1, if cj + ci > distij
0, otherwise

(4)

In the Equation (4), cj and ci stand for the crown radius of the jth neighboring tree and
reference tree i, respectively. The distij denotes the distance between the jth neighboring tree
and reference tree i. In a structural unit, these four SSSPs looked at the spatial and attribute
correlations between the reference tree i and its nearest neighbor j. Even though the four
SSSPs focus on distinct parts of the spatial structure, they all have five possible values: 0,
0.25, 0.5, 0.75 and 1, which indicate the various spatial structure statuses (Figure 2). The
quantization and analyses of SSSPs in this study were conducted using R version 4.1.1 [43].
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Figure 2. Schematic diagram of four stand spatial structural parameters. The Uniform angle index
compared the size of observed angle αj formed by two nearest neighbors and the reference tree to the
standard angle α0 (72◦); the Mingling, Dominance and Crowding compared whether the tree species
are the same, the size of DBH and whether the crowns overlap between the reference tree and its four
neighboring trees, respectively.

2.3. Disentangle the Dynamic Changes of Spatial Structure

In natural forests, the processes of mortality and recruitment are the primary causes of
dynamic changes [30,36]. By incorporating these two processes into the dynamic change
analysis of SSSPs, the source of changes can be better revealed. We used the ggalluvial [44]
and ggplot2 [45] package in the R program [43] to create a Sankey diagram to show the flow
change of SSSPs from early-stage to later-stage (Figure 3a), and all “change types” have
been shown and named (Figure 3b), followed by statistics to further analyze the change
law of SSSPs. The change law is evaluated primarily from three perspectives: the flow from
living trees to living trees (Flow), the change from living trees to deadwood (Dead) and
the conversion from regeneration to living trees (Reg), which respectively abbreviated as
“living trees’ flow”, “mortality process” and “recruitment process”.

5
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(a) (b) 

Figure 3. The Sankey diagram (a) and Change types (b) of stand spatial structural parameters
between two periods. The “reg” means the regeneration in early stage and growing into a living
tree (DBH ≥ 5 cm) in later stage. The “dead” means the living trees in early stage, that have died
in later stage. The flows in (a) connect the structural attributes of trees between the early and later
periods. Each flow represents a change type shown in (b), and the width of the flow represents the
relative proportion of this change type. The dotted lines in (b) divide 35 change types into recruitment
process, ascending flow, stable flow, descending flow and mortality process with the colors of gold,
orange, white, light blue and dark blue, respectively. The darker the color, the greater the change
range of structure attributes. These change types in the ascending flow, stable flow and descending
flow change can be further combined into nine change types according to the change range (the depth
of color, see Section 2.3.1 for more details).

2.3.1. The Flow from Living Tree to Living Tree

Each SSSPs have five possible values: 0, 0.25, 0.5, 0.75 and 1. There are three flow
directions of values of living trees from the early-stage to the later-stage when the values
are placed from top to bottom in descending order as in Figure 3a: “ascending”, “stable”
and “descending”. A shift of one-step, such as from 0 to 0.25 or 1 to 0.75, is referred to as a
“one-step change”. When combining flow direction and step, the case like the value changes
from 0 and 1 is called “ascending four-steps”. On the contrary, when called “descending
four-steps”, while the value that does not change is called “stable”. The naming method of
other value changes are analogized.

Based on the naming method, there are nine types of living trees flow of SSSPs, namely
“ascending four-steps (Flow + 4)”, “ascending three-steps (Flow + 3)”, “ascending two-
steps (Flow + 2)”, “ascending one-step (Flow + 1)”, “stable (Flow 0)”, “descending one-step
(Flow − 1)”, “descending two-steps (Flow − 2)”, “descending three-steps (Flow − 3)” and
“descending four-steps (Flow − 4)”. The number of corresponding types increased from 1
to 5 and then decreased to 1 (Figure 3b). As shown by the dashed line in Figure 3b, the nine
types of living trees’ flow can be divided into three parts, the “ascending flow (FlowUp)” in
the upper left triangle (Flow + 4, Flow + 3, Flow + 2, Flow + 1), the “stable flow (FlowStable)”
in the middle diagonal (Flow 0), and the “descending flow (FlowDown)” in the lower right
triangle. (Flow − 1, Flow − 2, Flow − 3, Flow − 4).

6
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2.3.2. The Change from Living Tree to Deadwood

When trees die for a reason internal or external, then their SSSPs will change from
five possible values to no value (just like the impact of value 0 when computing the mean
value of SSSPs). As a result, the naming type for the mortality process is identical to that
of 2.3.1, with names like “Dead 0”, “Dead − 1”, “Dead − 2”, “Dead − 3” and “Dead − 4”
(see Figure 3b).

2.3.3. The Conversion from Regeneration to Living Trees

The regeneration (seeding and sapling) first contributed to the computation of spatial
structure when its DBH is more than 5 cm (becoming a living tree), then their SSSPs
will change from no value to five possible values (opposite to the mortality process).
Accordingly, the type naming for the recruitment process is analogical to that of 2.3.1, with
names like “Reg 0”, “Reg + 1”, “Reg + 2”, “Reg + 3”, “Reg + 4” (see Figure 3b).

By calculating the proportion of each change type in these three processes, we can
comprehend the impact of each process on the overall spatial structure and analyze the
stability of SSSPs at the individual, species and stand level.

2.4. Equation of Changes in Spatial Structure

By disentangling the process of spatial structure change, we assume that the rela-
tionship between the mean values of SSSPs of early-stage and later-stage conforms to the
following equation:

ωEarly × NEarly + FlowUp + FlowStable + FlowDown + Dead + Reg = ωLater × NLater (5)

where, ωEarly, ωLater, NEarly, NLater stand for the mean values of SSSPs and the number
of trees in the early and late periods, respectively. FlowUp, FlowStable, FlowDown, Dead and
Reg denote the changes of SSSPs caused by ascending flow, stable flow, descending flow,
mortality process and recruitment process, respectively. The calculation formulas are
as follows:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

FlowUp = 1 × NFlow+4 + 0.75 × NFlow+3 + 0.5 × NFlow+2 + 0.25 × NFlow+1
FlowStable = 0 × NFlow0

FlowDown = −0.25 × NFlow−1 − 0.5 × NFlow−2 − 0.75 × NFlow−3 − 1 × NFlow−4
Reg = 1 × NReg+4 + 0.75 × NReg+3 + 0.5 × NReg+2 + 0.25 × NReg+1 + 0 × NReg0

Dead = −0 × NDead0 − 0.25 × NDead−1 − 0.5 × NDead−2 − 0.75 × NDead−3 − 1 × NDead−4

(6)

Ni stands for the number of trees of the i-th change type mentioned above, and the
relationship between NEarly and NLater is as follows:

⎧⎨
⎩

NEarly+NReg − NDead = NLater
NReg = NReg+4+NReg+3+NReg+2+NReg+1+NReg0

NDead = NDead0+NDead−1+NDead−2+NDead−3+NDead−4

(7)

Both the ascending flow (FlowUp) and the recruitment process (Reg) will increase the
sum of the SSSPs’ values (ωLater × NLater) in the later-stage, while the descending flow
(FlowDown) and the mortality process (Dead) are the opposite, and the stable flow (FlowStable)
does not change it. The difference between NReg and NDead determines whether NLater
increases or decreases compared with NEarly, which in turn affects the mean values of SSSPs
of later-stage. To validate the feasibility of the correlation formula between the mean values
of the SSSPs early and later, it must be extensively tested with actual samples (see below).

3. Results

3.1. The Changing Process of Stand Spatial Structure in Early- and Later-Period

The distribution proportions of the other three SSSPs rarely changed from 2013 to
2018, except for modest variations in the distribution proportions of Crowding (Figure 4).
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The changing process of stand spatial structure will be analyzed in the following three
(Sections 3.1.1–3.1.3), respectively.

Figure 4. Changes in values distribution of different stand spatial structural parameters from 2013
to 2018 of all three plots. The “reg” means the regeneration in 2013 and growing into a living tree
(DBH ≥ 5 cm) in 2018. The “dead” means the living trees in 2013, that have died in 2018. The flows
in the figure connect the structural attributes of trees between 2013 and 2018. Each flow represents a
change type of structure attributes, and the width of the flow represents the relative proportion of
this change type.

3.1.1. The Flow of Living Trees

During the natural development of a spruce-fir-broadleaf mixed forest, there is almost
no “four-steps change” (0–1.3%), and very little “three-steps change” (0–5%) and “two-steps
change” (0–15.3%), while the “one-step change” are relatively large (3.7%–27%), second
only to the case where the value does not change (46.7%–89.2%) (Figure 4 and Table 2). In
most circumstances, changes between two values are not unidirectional, but rather flow in
both directions (ascending and descending coexist), however, the quantity of mutual flow
may be unequal.

Table 2. The proportion statistics of change types in living trees’ flow (%).

Types Uniform Angle Index Dominance Mingling Crowding

Flow + 4 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.0) 0.4 ± 0.4 (0.0–1.3)
Flow + 3 0.1 ± 0.0 (0.0–0.1) 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.0) 1.7 ± 1.4 (0.0–5.0)
Flow + 2 2.0 ± 0.3 (1.5–2.9) 0.6 ± 0.2 (0.3–0.9) 0.6 ± 0.0 (0.5–0.7) 6.2 ± 3.7 (1.4–15.3)
Flow + 1 8.3 ± 0.3 (7.8–8.9) 6.7 ± 0.3 (6.1–7.3) 6.6 ± 0.4 (5.7–7.2) 12.5 ± 5.9 (3.7–27.0)
Flow 0 80.3 ± 1.2 (77.7–82.5) 73.6 ± 2.3 (68.9–78.8) 87.3 ± 0.9 (85.4–89.2) 66.7 ± 8.2 (46.7–76.9)

Flow − 1 7.4 ± 0.7 (5.7–8.4) 16.2 ± 1.9 (13.1–20.7) 4.9 ± 0.6 (3.9–6.4) 9.6 ± 2.2 (4.5–13.6)
Flow − 2 1.9 ± 0.4 (1.2–2.7) 2.7 ± 0.5 (1.7–3.6) 0.5 ± 0.3 (0.0–1.1) 2.3 ± 1.0 (0.0–4.2)
Flow − 3 0.0 ± 0.0 (0.0–0.0) 0.2 ± 0.1 (0.0–0.4) 0.0 ± 0.0 (0.0–0.1) 0.5 ± 0.2 (0.1–0.9)
Flow − 4 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.1)

Note: Values are presented as the mean ± standard error (minimum–maximum).

Analysis of the proportion of Flow 0 (value does not change) of each SSSPs shows
that Mingling, followed by Uniform angle index and Dominance, is the steadiest, while
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Crowding is the least stable (Table 2). For Uniform angle index, Dominance, Mingling and
Crowding, the most stable and the least stable tree species are larch and poplar, white birch
and fir, poplar and fir and poplar and larch, respectively (Table A1 in Appendix A).

When the fraction of ascending and descending change types is compared, it is clear
that the overall value of Uniform angle index, Mingling and Crowding grew while Dom-
inance fell throughout the living trees’ flow (Table 2). The shifting trends of parameters
for most tree species are the same as those of stands, with the exception of the following
exceptions. Species including white birch, linden, ribbed birch, and poplar declined in the
Uniform angle index; birch increased in Dominance; fir, maple, ash, and spruce reduced in
Mingling; and fir decreased in Crowding (Table A1).

3.1.2. The Process of Mortality

Compared with the corresponding values in 2013, the proportion of change types
in Uniform angle index (Dead − 2 and Dead − 3), Dominance (Dead 0, Dead − 1 and
Dead − 2), Mingling (Dead 0, Dead − 1 and Dead − 4), Crowding (Dead − 4) is lower
(Table 3), indicating that the mortality process encourages an increase in the number of
reference trees with the following situation: random and aggregated of Uniform angle
index (W = 0.5 and 0.75), dominant, subdominant and moderate of Dominance (U = 0, 0.25
and 0.5), zero mixed, weak mixed and extremely highly mixed of Mingling (M = 0, 0.25
and 1), very crowded of Crowding (C = 1).

Table 3. The proportion statistics of change types in mortality process (%).

Types Uniform Angle Index Dominance Mingling Crowding

Dead 0 1.0 ± 0.4 (0.0 − 1.7) 17.6 ± 1.5 (15.0–21.1) ↓ 2.3 ± 0.6 (1.4–3.7) ↓ 2.3 ± 1.4 (0.0–5.6)
Dead − 1 22.6 ± 5.2 (9.9–29.6) 19.9 ± 0.6 (18.5–21.1) ↓ 7.5 ± 2.5 (1.4–11.1) ↓ 8.4 ± 5.6 (1.4–22.2)
Dead − 2 56.4 ± 2.1 (51.9–60.6) ↓ 20.0 ± 2.1 (16.7–25.0) ↓ 22.5 ± 3.6 (14.8–30.0) 14.6 ± 3.9 (8.3–24.1)
Dead − 3 13.2 ± 2.4 (8.3–18.3) ↓ 21.2 ± 0.6 (19.7–22.2) 34.2 ± 0.7 (32.4–35.2) 17.9 ± 3.3 (12.7–25.9)
Dead − 4 6.8 ± 1.3 (5.0–9.9) 21.3 ± 1.9 (18.3–25.9) 33.6 ± 4.5 (23.3–42.3) ↓ 56.8 ± 14.1 (22.2–75.0) ↓

Note: Values are presented as the mean ± standard error (minimum–maximum). “↓” indicated that the proportion
of this change type is smaller than corresponding values in 2013.

Some tree species exhibit significant variances with the stand in change patterns of
four parameters throughout the mortality process, as shown in Table A2: White birch,
linden, ash, poplar, and elm have increased in Uniform angle index (W = 1), whereas fir
and spruce have increased in Dominance (U = 0.75 and 1), respectively. The Mingling of
linden, larch, poplar, and spruce, zero mixed and weak mixed (M = 0 and 0.25) have not
risen; very crowded (C = 1) have not increased in Crowding of linden and elm.

3.1.3. The Process of Recruitment

Compared with the corresponding values in 2018, the proportion of change types in
Uniform angle index (Reg + 1, Reg + 3 and Reg + 4), Dominance (Reg + 3 and Reg + 4),
Mingling (Reg + 1, Reg + 2 and Reg + 3) and Crowding (Reg + 1, Reg + 2, Reg + 3 and
Reg + 4) is larger (Table 4), showing that the recruitment process promotes a rise in the
number of reference trees with the following situation: regular, clustered and very clustered
of Uniform angle index (W = 0.25, 0.75 and 1), weak and very weak of Dominance (U = 0.75
and 1), weak mixed, moderate mixed and highly mixed of Mingling (M = 0.25, 0.5 and
0.75), very sparse, sparse, moderate and crowded of Crowding (C = 0, 0.25, 0.5 and 0.75).

The white birch, ribbed birch, poplar, Larch, and Ash have no or only one tree in the
recruitment process, but the fir accounts for more than half of the population in the recruit-
ment. Although the change patterns of four stand characteristics are nearly equivalent to fir,
several tree species differ significantly in the following circumstances (Table A3): random
(W = 0.5) has grown in Uniform angle index of Korean pine, maple, elm, and spruce; highly
mixed or completely mixed (M = 0.75 and 1) has increased in Mingling of Korean pine,
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maple, ash, elm, and spruce; and very crowded (C = 1) has increased in Crowding of elm
and spruce.

Table 4. The proportion statistics of change types in recruitment process (%).

Types Uniform Angle Index Dominance Mingling Crowding

Reg 0 0.0 ± 0.0 (0.0–0.0) 0.0 ± 0.0 (0.0–0.0) 2.2 ± 1.4 (0.0–5.6) 1.2 ± 0.5 (0.0–2.2)↑
Reg + 1 19.2 ± 3.4 (11.0–23.6)↑ 0.5 ± 0.4 (0.0–1.4) 6.8 ± 3.3 (0.0−13.9)↑ 7.1 ± 0.8 (5.1–8.3)↑
Reg + 2 55.2 ± 2.8 (48.6–60.4) 6.0 ± 3.0 (0.0–12.5) 16.3 ± 6.0 (2.6–27.8)↑ 13.6 ± 3.0 (9.7–20.9)↑
Reg + 3 19.2 ± 0.7 (17.9–20.8)↑ 20.8 ± 0.6 (19.8–22.2)↑ 32.2 ± 5.1 (22.2–43.6)↑ 22.5 ± 1.1 (20.5–25.0)↑
Reg + 4 6.5 ± 1.7 (2.6–9.9)↑ 72.7 ± 3.8 (63.9–79.5)↑ 42.4 ± 5.5 (30.6–53.8) 55.6 ± 4.0 (47.3–64.1)

Note: Values are presented as the mean ± standard error (minimum–maximum). “↑” indicated that the proportion
of this change type is larger than corresponding values in 2018.

3.2. The Variation and Disentangle of Mean Values of Stand Spatial Structure Parameters

The shifting patterns of the four SSSPs of the three plots were not consistent from 2013
to 2018 (Figure 5). The mean values of Uniform angle index and Mingling in all three plots
tended to rise, indicating that the degree of tree aggregation and intermixing of tree species
in the plots has increased. The mean values of Crowding in YLK1 and YLK2 decreased with
time, showing these plots became less crowded, whereas the converse was true for plot
YLK3. The mean of Dominance changes is complicated and has no fixed trend (Figure 5).
In the average variation range, Crowding (0.090) > Uniform angle index (0.006) > Mingling
(0.006) > Dominance (0.004).

Figure 5. Changes in mean values of stand spatial structural parameters of plots from 2013 to 2018.
The Chi-square test was used to check the significant difference between years for each of the four
parameters of the five possible values (0, 0.25, 0.5, 0.75 and 1). Significant codes: p < 0.01 ‘**’.

The total value of the previous spatial structure (the product of the mean value of
SSSPs and the number of trees in the early-stage (ωearly × Nearly)), plus the sum of the five
parts of SSSPs change processes at the individual level (Flowup, Flowstable, Flowdown, Dead
and Reg), are exactly equal to the sum of the later spatial structure values (the product of the
mean value of the SSSPs and the number of trees in later-stage(ωlater × Nlater)), irrespective
of the category of SSSPs and sample plots (Table 5). The values of Dead or Reg are generally
greater than that of Flowup or Flowdown for the sum (absolute value) of the value changes of
the SSSPs. In Dominance, the values of Reg are invariably greater than that of Dead, and the
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values of Flowdown are always bigger than that of Flowup, whereas other SSSPs have little
difference or are inconclusive.

Table 5. Disentangle the changes in spatial structure. The values in the table equal to the sum of the
product the type value and quantity of SSSPs (see equations in Section 2.4). Positive and negative
values in the change processes indicate an increase and decrease in the total value of SSSPs from
early-stage to later-stage, respectively.

Parameters No.
Early-Stage Change Processes Later-Stage

ωearly × Nearly Flowup Flowstable Flowdown Dead Reg ωlater × Nlater

Uniform
angle index

YLK1 427.25 26.25 0.00 −25.50 −40.00 51.75 439.75
YLK2 420.00 20.75 0.00 −21.25 −28.00 38.00 429.50
YLK3 405.75 23.25 0.00 −15.25 −26.25 19.50 407.00

Dominance
YLK1 393.00 14.50 0.00 −49.25 −34.75 84.00 407.50
YLK2 389.00 17.00 0.00 −42.75 −31.25 62.75 394.75
YLK3 399.50 12.50 0.00 −31.25 −30.00 37.00 387.75

Mingling
YLK1 605.00 15.25 0.00 −13.25 −55.50 70.00 621.50
YLK2 610.00 15.25 0.00 −12.00 −40.25 46.50 619.50
YLK3 604.00 13.25 0.00 −8.25 −38.75 34.25 604.50

Crowding
YLK1 759.25 11.75 0.00 −43.75 −63.00 69.25 733.50
YLK2 742.75 19.75 0.00 −35.00 −54.50 58.50 731.50
YLK3 554.50 146.75 0.00 −9.25 −32.00 33.50 693.50

4. Discussion

4.1. The Dynamics of Spatial Structure and Its Implications for Management

Continuous spatial structure observations for individual trees were not carried out
in previous studies, and ongoing research mainly focused more on changes at the stand
level, such as the mean value or distribution of SSSPs. However, the changes in the mean
value are generally slight. By following the change of the spatial structure at the individual
level, the changes in the stand spatial structure can be disentangled into three categories
to better understand the change process: the living trees’ flow, the mortality process and
the recruitment process. The formation of the spatial structure variation equation was
validated during the process by comparing the mean values of the SSSPs of the sample plots
in early-stage and later-stage, and the accuracy of disentangling process was confirmed.
We were able to achieve several outcomes that were not found using typical approaches
thanks to the methods used in this research:

(a) The proportion of changes in the spatial structure of individuals was relatively high,
even though the overall mean values of the stand did not change considerably. This
indicates that the changes in spatial structure at the individual level have a large
counteracting effect when summarized to stand level. In order to further study the
changes in spatial structure, it is necessary to start from the dynamics of spatial
structure at the individual level.

(b) The five values of the SSSPs are in mutual flow, although the flow may be asymmetric.
Flow changes are typically one-step, with three-steps and four-steps changes being
uncommon. It is suggested that the change of spatial structure is a gradual process
during the development of the stand, which has some guidance for imitating the
natural change of stand spatial structure in forest management.

(c) In general, the processes of mortality and recruitment have a higher influence on the
spatial structure than the flow of living trees. This is due to the dead woods and
recruitment trees not only changing the stand spatial structure through their values,
but also changing the spatial structure of other reference trees which take them as ad-
jacent trees. A further thorough analysis of the influence mechanism on stand spatial
structure can be explored through the mortality process and recruitment process.
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(d) The impacts of the mortality and recruitment process on the direction of spatial
structure variety are opposites, but their influences are equivalent in most cases. This
suggests that the role of both cutting (mortality process) and replanting (recruitment
process) measures should be emphasized in improving and maintaining the spatial
structure [18,35].

We also found that the mean values of Uniform angle index and Mingling of the
plots increased, whereas Crowding and Dominance both increased and decreased in five
years. Our results share several similarities and differences with Deng and Katoh [31],
Zhao et al. [32], Xue et al. [33] and Wan et al. [35], which may be due to the correlation
between the change direction of the SSSPs in different forest communities and the initial
spatial structure at the stand level.

According to Hui et al. [46], the mean value of Uniform angle index should remain at
(0.475, 0.517), indicating an acceptable pattern of random distribution. From 2013 to 2018,
the mean values of the Uniform angle index of three plots all rose, and YLK1 and YLK2
have already crossed the upper threshold of the tolerable interval, with YLK3 perhaps
exceeding the upper threshold if the development trend continues (W = 0.75 and 1). Given
this, in the reference unit with clustered and very clustered conditions, one or two clustered
neighboring trees in the unit should be removed, and the opposite way should be checked
for an adjacent tree to reintegrate the unit and decide the implementation of replanting [47].

In general, trees in a dominant condition (U = 0 and 0.25) have a better chance of
surviving, and our results at the stand level back this up. However, other species, such as
fir and spruce, are not affected in our study, dominant fir and spruce died more frequently
than tiny ones (a weak state with U = 0.75 and 1). This might be explained by these
species’ shallow roots, which are readily blown down by the wind or broken down by the
snow [48,49]. As a result, thinning should be done away from these species’ huge trees to
ensure that nearby trees provide adequate support.

The variety of tree species is frequently advocated, particularly spatial mixing, because
pest and disease propagation can be reduced if the species are mixed [50]. In our study, the
mean values of Mingling of spruce-fir-broadleaf mixed forest are steady at approximately
0.75 or slightly increased; most tree species show the same trend, although fir, maple,
ash, and spruce have declined. One possible explanation is that the recruiting tree with
the same species reintegrated the unit of the reference tree (such as the species often
grow into a clump). Trees with Mingling descending flow and states of zero mixed, weak
mixed, and moderate mixed (M = 0, 0.25, and 0.5) should be examined for thinning for
enhancing Mingling, meanwhile the thinning should also guide by the health condition
and dominance. [18].

Crowding has increased over time induced by tree canopy development in most
species and plot YLK3, whereas reduced in fir and plots YLK1 and YLK2. This suggested
that plots YLK1 and YLK2 had self-thinning due to the intense crown competition, and
thinning procedures should be implemented as soon as feasible. It may also reveal that the
nearby tree is more possible to die in the unit of reference tree of fir.

According to the aforementioned analysis, the fir should be improved first in the
spruce-fir-broadleaf mixed forest of our study, followed by maple, ash and spruce; thinning
should highlight Crowding, with the help of Mingling and Uniform angle index; and, if
required, Mingling and Uniform angle index should also guide the species and the position
of replanting.

4.2. The Reasons for the Change of Stand Spatial Structure Parameters

According to the construction method of the SSSPs, the reasons for the change of the
spatial structure at the individual level can be attributed to:

(a) The reference tree dies or recruitment, causing the spatial structure value change from
existence to nothing or in the opposite;
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(b) The death or recruitment of the neighbors of the reference tree induces structural
unit rearrangement [47], which alters the size, species, relative location, and canopy
overlap relationships between the reference tree and its neighbors;

(c) A qualitative change has occurred in the connection between the size and canopy
overlap of neighboring trees and the reference tree.

All four SSSPs could be affected by (a) and (b), whereas Dominance and Crowding
are also affected by (c). The main reason for the change of the spatial structure is (c) when
there is no change in the composition of a structural unit formed by the reference tree and
neighboring trees. Otherwise, the main reason is (b), and (c) plays a supporting role. In
a developing forest with tree mortality and recruitment, it can be shown that the change
of spatial structure is generally dominated by tree mortality and recruitment processes,
whilst the tree growth process just fine-tunes the change of spatial structure. The research
on natural spruce-fir-broadleaf mixed forest backs this up.

The change of mean values at the stand level can be explained by the change in the
values of the SSSPs at the individual level, according to the above theory and our study
data. The stability of SSSPs at the individual level may be determined using the ratio of
Flow 0 in the flow of living trees of a natural spruce-fir-broadleaf mixed forest. The most
stable parameter is Mingling, which is followed by Uniform angle index, Dominance, and
lastly Crowding.

The Dominance and Crowding in living trees’ flow are affected by (b) and (c), so
the stabilities are not as high as Mingling and Uniform angle index stability, which are
solely affected by (b). The Dominance is more stable than Crowding, which could be
explained as the replacement of adjacent trees of the reference tree caused by (b) has an
equivalent effect on both the Dominance and Crowding. However, the change in canopy
overlap relationship caused by (c) is greater than the change in tree size connection between
reference tree and its neighbors, so the effect on Crowding is greater. The Mingling is more
stable than the Uniform angle index, which might be owing to the fact that reference trees
account for up to 71.4 percent of highly mixed and completely mixed (M = 0.75 and 1),
and the replacement of neighboring tree species induced by (b) did not modify the state of
mixing intensity of the reference tree, whereas the replacement of adjacent trees could cause
a significant change in the positional relation between reference tree and its neighbors,
resulting in a change in the Uniform angle index.

The mean values of Crowding fluctuate a lot, the Mingling and Uniform angle index
are moderate, and the Dominance is most stable. According to Deng and Katoh [31], Zhao
et al. [32], Xue et al. [33] and Wan et al. [35], the variation of the Mingling was larger than
that of the Uniform angle index, while Deng and Katoh [31] and Xue et al. [33] calculated the
mean of the Dominance and found that the variation of the Mingling was also larger than
Dominance and Uniform angle index is equivalent with Dominance at most of the time.

The Dominance is determined by comparing the size relationships of the reference
tree and its neighbors [3]. Since each tree in the core area is not only a reference tree, but
also an adjacent tree of other trees, the Dominance will be around 0.5 when aggregated to
the mean value at the stand level [51]. Changes in growth, mortality or recruitment at the
individual level could hardly affect the stable of Dominance. The fact that the mortality or
recruitment process impacts the spatial connection between reference trees and adjacent
trees at the individual level, but the effect is reduced when computing the mean value of the
stand, which may explain why the mean of the Uniform angle index is reasonably constant.
When aggregated to the stand average, however, changes in Mingling and Crowding at the
individual tree level will not be moderated but will double the effect of promotion, making
their stability worse than the Uniform angle index and Dominance. The relationship that
the Crowding is less stable than the Mingling at the individual level is naturally extended
to the stand level.

13



Forests 2022, 13, 888

4.3. The Advantages of the New Method and the Limitations in This Study

Based on the principle of Sankey diagrams, it has strong advantages in displaying the
flow among various types or groups in multi-period data [38]. Theoretically, these types
or groups can source from any classification variable as long as there are some possible
flows between them, like values of SSSPs in this research, trees’ group size in a simulated
fire study [52], or other attributes in individual level. Therefore, Sankey diagrams can not
only show land use change at a large scale, but also have great advantages in displaying
stand dynamics at a single tree scale. To further analyze the laws of the stand dynamic
changes, each type of flow between two-period was named in this study. The results are
greatly helpful to understand the formation mechanism of spatial structure. The analytical
method for spatial structure dynamics used in this paper should be popularized in future
studies for precise management of the forest structure [53].

We used field data from dynamic monitoring to examine changes in SSSPs at the
individual and stand levels, and we attempted to explain the changes using the creative
process of each parameter. Although the findings of the study illustrate the dynamic
changes laws of the spatial structure of this forest community in this setting, various
elements, such as stand type and beginning condition, can impact the changing laws
of stand spatial structure [35], the presence of tree pests or diseases can also affect the
outcomes of tree mortality if the same species are clustered [50]. The generality of the
findings must be verified in other forest communities or simulated by computer programs.

5. Conclusions

Multi-period data can evaluate the dynamics of stand spatial structure, whereas
previous researches solely focused on comparative assessments of the spatial structure
of multi-period live trees, without an in-depth investigation of the change processes.
This study attempts to disentangle the dynamics of spatial structure into the flow of live
trees, the process of mortality and the process of recruitment at the individual level. The
statistics of each “change type” in the three processes were analyzed. Our results show
the proportion of changes in the SSSPs of individuals was relatively high, even though the
mean values of the stand did not change considerably. The five values (0, 0.25, 0.5, 0.75, 1)
of the SSSPs are in mutual flow, and the flows are typically one-step, with three-steps
and four-steps changes being uncommon. The spatial structure of fir, maple, ash and
spruce in the spruce-fir-broadleaf mixed forest of our study should be improved based
on the Crowding, Mingling and Uniform angle index. Our findings also emphasize the
impact of the mortality and recruitment processes on spatial structure. The time series can
incorporate the spatial structure of a tree as a chain value (change type) rather than limiting
it to a single value. These types are highly useful for investigating the changes and stability
of SSSPs at the individual, species, and stand level, as well as guiding forest management
in some ways. The dynamic change of spatial structure analysis method created in this
study can capture more features not discovered in earlier approaches. Understanding
the nuances of these changes is an important aspect of maintaining an acceptable spatial
structure and biodiversity, and it should be the focus of future study efforts.
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Appendix A

Table A1. The proportion statistics of change types of main tree species in living trees’ flow (%).

Parameters Types White Birch Linden Ribbed Birch Korean Pine Fir Larch Maple Ash Poplar Elm Spruce

Uniform
Angle Index

Flow + 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow + 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow + 2 1.9 1.6 2.4 1.2 1.9 1.4 3.5 2.3 0.0 3.1 1.1
Flow + 1 0.0 6.0 7.7 12.0 9.4 6.2 11.2 10.5 16.0 7.7 7.7
Flow 0 81.5 84.0 79.0 78.4 78.3 86.3 72.9 80.2 64.0 76.9 81.3

Flow − 1 13.0 6.3 8.6 7.2 8.2 5.3 8.8 5.8 12.0 12.3 9.9
Flow − 2 3.7 2.2 2.4 1.2 2.2 0.8 3.5 1.2 8.0 0.0 0.0
Flow − 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow − 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Dominance

Flow + 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow + 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow + 2 0.0 0.8 0.6 0.6 0.3 0.8 0.6 0.0 0.0 0.0 1.1
Flow + 1 5.6 4.9 8.0 8.4 5.7 5.9 9.4 5.8 0.0 4.6 6.6
Flow 0 92.6 73.4 78.7 74.9 62.3 80.4 69.4 77.9 84.0 72.3 83.5

Flow − 1 1.9 17.7 11.5 15.0 25.8 12.0 14.7 14.0 16.0 16.9 8.8
Flow − 2 0.0 3.3 1.2 0.6 5.7 0.8 5.3 2.3 0.0 6.2 0.0
Flow − 3 0.0 0.0 0.0 0.6 0.3 0.0 0.6 0.0 0.0 0.0 0.0
Flow − 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mingling

Flow + 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow + 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flow + 2 1.9 1.1 0.0 0.0 0.6 1.1 0.0 0.0 0.0 0.0 0.0
Flow + 1 1.9 5.2 5.9 4.2 10.7 8.7 2.9 2.3 0.0 6.2 1.1
Flow 0 96.3 87.8 90.8 92.2 76.1 87.1 88.8 94.2 100.0 90.8 96.7

Flow − 1 0.0 5.4 3.3 3.6 10.1 2.8 8.2 3.5 0.0 3.1 2.2
Flow − 2 0.0 0.5 0.0 0.0 2.2 0.3 0.0 0.0 0.0 0.0 0.0
Flow − 3 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Flow − 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Crowding

Flow + 4 0.0 0.0 0.0 0.6 0.0 2.5 0.0 0.0 0.0 0.0 0.0
Flow + 3 0.0 0.3 0.3 1.8 0.3 7.8 0.6 1.2 0.0 1.5 1.1
Flow + 2 5.6 2.2 3.8 3.6 3.8 16.8 6.5 9.3 0.0 9.2 5.5
Flow + 1 16.7 6.5 10.9 12.0 12.6 22.4 11.2 16.3 8.0 13.8 9.9
Flow 0 70.4 82.9 77.2 65.9 64.2 39.5 62.9 72.1 88.0 61.5 67.0

Flow − 1 7.4 6.0 5.9 11.4 13.8 9.2 14.1 1.2 4.0 9.2 12.1
Flow − 2 0.0 1.6 1.5 4.2 4.7 1.1 2.9 0.0 0.0 4.6 4.4
Flow − 3 0.0 0.3 0.3 0.6 0.6 0.6 1.8 0.0 0.0 0.0 0.0
Flow − 4 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Number of Trees 54 368 338 167 318 357 170 86 25 65 91

Note: The proportions of each species are calculated by the sum of all three plots. Main species: White birch
(B. platyphylla); Linden (T. amurensis); Ribbed birch (B. costata); Korean pine (P. koraiensis); Fir (A. nephrolepis); Larch
(L. olgensis); Maple (A. pictum subsp. mono); Ash (F. mandschurica); Poplar (P. ussuriensis); Elm (U. laciniata); Spruce
(P. jezoensis). The same is below.

Table A2. The proportion statistics of change types of main tree species in mortality process (%).

Parameters Types White Birch Linden Ribbed Birch Korean Pine Fir Larch Maple Ash Poplar Elm Spruce

Uniform
Angle Index

Dead 0 25.0 0.0↓ 0.0↓ 0.0↓ 0.0↓ 5.3 0.0↓ 0.0↓ 0.0 0.0 0.0
Dead − 1 50.0 30.8 12.5↓ 15.4↓ 15.7↓ 21.1 0.0↓ 40.0 0.0↓ 25.0 33.3
Dead − 2 25.0↓ 61.5 75.0 61.5 58.8↓ 36.8↓ 66.7 60.0 50.0↓ 66.7 46.7↓
Dead − 3 0.0↓ 7.7↓ 6.3↓ 7.7↓ 17.6↓ 26.3 0.0↓ 0.0↓ 50.0 8.3↓ 13.3↓
Dead − 4 0.0↓ 0.0↓ 6.3 15.4 7.8 10.5 33.3 0.0↓ 0.0↓ 0.0↓ 6.7

Dominance

Dead 0 0.0↓ 0.0↓ 0.0↓ 7.7↓ 21.6 21.1↓ 0.0↓ 40.0 25.0↓ 0.0↓ 60.0
Dead − 1 0.0↓ 7.7↓ 18.8↓ 7.7↓ 23.5 36.8 0.0↓ 0.0↓ 50.0 16.7↓ 6.7↓
Dead − 2 75.0 30.8 6.3↓ 15.4↓ 23.5 15.8↓ 0.0↓ 0.0↓ 0.0↓ 16.7↓ 26.7
Dead − 3 0.0↓ 30.8 50.0 23.1 11.8↓ 21.1 33.3 20.0 25.0 33.3 6.7↓
Dead − 4 25.0 30.8 25.0 46.2 19.6↓ 5.3↓ 66.7 40.0 0.0↓ 33.3↓ 0.0↓

Mingling

Dead 0 0.0↓ 7.7 6.3 0.0 0.0↓ 10.5 0.0↓ 0.0 0.0 0.0 0.0
Dead − 1 0.0↓ 23.1 0.0↓ 0.0↓ 5.9 21.1 0.0↓ 0.0↓ 0.0 0.0↓ 0.0
Dead − 2 25.0 23.1 25.0 15.4 33.3 21.1 0.0↓ 20.0 0.0↓ 41.7 0.0↓
Dead − 3 25.0 38.5 37.5 38.5 37.3 21.1↓ 66.7 40.0 0.0↓ 16.7↓ 20.0
Dead − 4 50.0↓ 7.7↓ 31.3↓ 46.2↓ 23.5↓ 26.3↓ 33.3↓ 40.0↓ 100.0 41.7↓ 80.0
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Table A2. Cont.

Parameters Types White Birch Linden Ribbed Birch Korean Pine Fir Larch Maple Ash Poplar Elm Spruce

Crowding

Dead 0 0.0↓ 0.0↓ 6.3 0.0↓ 3.9 5.3↓ 0.0↓ 0.0↓ 0.0↓ 0.0↓ 0.0↓
Dead − 1 25.0 0.0↓ 12.5 7.7 2.0↓ 31.6 0.0↓ 0.0↓ 0.0↓ 8.3 6.7
Dead − 2 0.0↓ 7.7 31.3 7.7↓ 13.7 36.8 0.0↓ 40.0 0.0↓ 8.3↓ 6.7↓
Dead − 3 25.0 7.7↓ 12.5↓ 23.1 21.6 0.0↓ 33.3 20.0 50.0 16.7↓ 40.0
Dead − 4 50.0↓ 84.6 37.5↓ 61.5↓ 58.8↓ 26.3↓ 66.7↓ 40.0↓ 50.0↓ 66.7 46.7↓

Number of Trees 4 13 16 13 51 19 3 5 4 12 15

Note: “↓” indicated that the proportion of this change type is smaller than corresponding values in 2013.

Table A3. The proportion statistics of change types of main tree species in recruitment process (%).

Parameters Types White Birch Linden Ribbed Birch Korean Pine Fir Larch Maple Ash Poplar Elm Spruce

Uniform
Angle Index

Reg 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reg + 1 0.0 18.8↑ 0.0 33.3↑ 18.8↑ 100.0↑ 13.0 0.0 0.0 11.1 0.0
Reg + 2 0.0 56.3 0.0 66.7↑ 50.0 0.0 60.9↑ 0.0 0.0 66.7↑ 100.0↑
Reg + 3 0.0 25.0↑ 0.0 0.0 21.4↑ 0.0 17.4 100.0↑ 0.0 22.2↑ 0.0
Reg + 4 0.0 0.0 0.0 0.0 9.8↑ 0.0 8.7 0.0 0.0 0.0 0.0

Dominance

Reg 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reg + 1 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0
Reg + 2 0.0 6.3 0.0 0.0 10.7 0.0 0.0 0.0 0.0 0.0 0.0
Reg + 3 0.0 25.0↑ 0.0 11.1 24.1↑ 0.0 17.4 0.0 0.0 33.3↑ 0.0
Reg + 4 0.0 68.8↑ 0.0 88.9↑ 64.3↑ 100.0↑ 82.6↑ 100.0↑ 0.0 66.7↑ 100.0↑

Mingling

Reg 0 0.0 0.0 0.0 0.0 3.6↑ 0.0 4.3 0.0 0.0 0.0 0.0
Reg + 1 0.0 25.0↑ 0.0 0.0 9.8↑ 0.0 4.3 0.0 0.0 0.0 0.0
Reg + 2 0.0 18.8 0.0 0.0 25.0↑ 100.0↑ 4.3 0.0 0.0 0.0 0.0
Reg + 3 0.0 31.3 0.0 33.3↑ 31.3 0.0 30.4↑ 100.0↑ 0.0 44.4↑ 0.0
Reg + 4 0.0 25.0 0.0 66.7↑ 30.4 0.0 56.5↑ 0.0 0.0 55.6 100.0↑

Crowding

Reg 0 0.0 0.0 0.0 0.0 2.7↑ 0.0 0.0 0.0 0.0 0.0 0.0
Reg + 1 0.0 0.0 0.0 0.0 8.9↑ 0.0 13.0↑ 0.0 0.0 0.0 33.3↑
Reg + 2 0.0 12.5↑ 0.0 0.0 19.6↑ 0.0 8.7 100.0↑ 0.0 0.0 0.0
Reg + 3 0.0 12.5↑ 0.0 44.4↑ 19.6 100.0↑ 30.4↑ 0.0 0.0 22.2↑ 0.0
Reg + 4 0.0 75.0 0.0 55.6 49.1 0.0 47.8 0.0 0.0 77.8↑ 66.7↑

Number of Trees 0 16 0 9 112 1 23 1 0 9 3

Note: “↑” indicated that the proportion of this change type is larger than corresponding values in 2018.
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Abstract: Community assembly research has mostly focused on areas with single vegetation types;
however, the abiotic and biotic factors affecting community assembly act across regions. Integrating
biotic and abiotic factors into “compound” habitats has gained attention as an emerging strategy
to analyze spatial and temporal patterns of biodiversity. We used a compound habitat approach
to explore the relative roles of habitat filtering, biotic competition, and stochastic processes in
the forest community assembly of four climatic zones (tropical, subtropical, temperate, and cold
temperate forests). Specifically, we combined biotic and abiotic factors in four compound ecological
gradients by principal component analysis (PCA), which we used to assess the geographic and
phylogenetic distribution of multiple woody plant functional traits. We found that forest functional
and phylogenetic diversity shifted from clustered to overdispersed along the first compound habitat
gradient (PC1) across climate zones. This finding indicates that competitive exclusion strongly
affected the community assembly in tropical and subtropical forests, while habitat filtering played
a key role in cold temperate forests; these mechanisms may both exist and interact in temperate
forests. We also found that both habitat filtering and biotic competition affected forest community
assembly across climatic regions in China. Our results elucidate the underlying mechanisms driving
geographical differentiation of forest vegetation across climatic zones, and bolster empirical evidence
for the conservation of forest biodiversity in China. Further research is also needed to explore
whether the patterns found in this paper are prevalent in different locations in different climatic zones
in China.

Keywords: phylogenetic signal; community assembly; habitat filtering; intra- and interspecific interactions

1. Introduction

A major focus of ecology is to understand community assembly and maintenance
across geographic scales [1]. Two main theories have been used to explain community
assembly: the deterministic processes of niche theory and the stochastic processes of neutral
theory [2,3]. Niche theory holds that each species has unique space and resource demands
in an ecosystem; therefore, niche differentiation and resource allocation allow stable species
coexistence in a community, with habitat filtering and interspecific competition shaping
community composition [3–5]. The neutral theory posits that all species in a community
have equal ecological opportunities, and emphasizes the importance of stochastic processes
such as colonization opportunities, genetic variation, random extinction, and ecological
drift [2]. Both theories are needed to describe community assembly, as niche and neutral
processes are not mutually exclusive, and similar communities may arise under various
combinations of underlying mechanisms [2]. Some studies suggest that competition and
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diffusion affect community assembly simultaneously [6–8], and that forest community
assembly at a regional scale is a continuous dynamic process from niche- to neutral-driven.
Therefore, the integration of niche and neutral theories, and their compound implications
for community assembly, may continue to drive ecological research [9–11].

Combining ecological and evolutionary information has facilitated the understanding
of biodiversity patterns and species assembly processes [6–9,11]. Specifically, the incorpora-
tion of a phylogenetic signal—a measurement of the tendency for closely related species
to resemble each other more than they resemble species drawn at random—in functional
traits and ecological factors has become a popular approach [12]. The phylogenetic signal
(or lack thereof) in functional traits can be used to assess the degree to which traits are
evolutionarily conserved or driven by habitat factors [13,14]. However, ecological and
phylogenetic similarities often are not correlated, and therefore, phylogenetic signals alone
should not be used to conclude ecological phenomena, such as niche conservatism [12].
Null-model-based approaches using functional and/or phylogenetic diversity have been
used to quantify the relative importance of community assembly processes, including
neutral effects, habitat filtering, and biotic competition [7,8,15,16]. Recent studies have
linked patterns of phylogenetic clustering (i.e., co-occurring species more closely related
than expected) to habitat filtering and phylogenetic divergence (i.e., sympatric species less
closely related than expected) to competitive exclusion [7,14,17]. Mori et al. [18] compared
the observed patterns of functional diversity of soil faunal communities with patterns
expected from a given regional species pool, and found that species in harsh environments
(e.g., little rain and high altitude) showed trait convergence due to habitat filtering, while
the strong interaction between species resulted in different functional traits and different
strategies to obtain resources and growth space in superior habitats. Both habitat filtering
and intra- and interspecific interactions can result in convergent or divergent community
functional and phylogenetic diversity structures [19–24].

Functional and phylogenetic diversity in forest communities with different environ-
mental factors and disturbance levels can jointly explain community assembly mecha-
nisms [7]. Ryo et al. [25] found a shift from phylogenetic overdispersion to clustering with
the increase in slope and decrease in soil depth in a forest community; they interpreted
this as evidence for non-random community assembly [7,23]. Plant diversity along envi-
ronmental gradients is determined by both abiotic factors and biotic interactions, such as
competition, at the local scale [26]. Swenson [7] demonstrated the importance of biotic
interactions on phylogenetic or functional aggregation [16,27,28]. Community assembly
research has mostly focused on coexistence and community assembly mechanisms along
habitat gradients in forests of different climatic zones [29–32]. However, studies across
climatic zones or at regional scales generally focus on latitudinal gradients associated with
changes in climate, soil, and anthropogenic disturbances [33].

In this study, we bridge this gap in scales of community ecology to understand how
abiotic and biotic factors influence community assembly at regional scales. We combined
forest survey and plant functional trait data from different climatic regions in China
to quantify functional and phylogenetic diversity across broad geographic and habitat
gradients, and to assess the relative importance of niche and neutral processes in community
assembly. We focused on the following questions: (1) Is there a phylogenetic signal in
the functional traits of forest vegetation in China? (2) What is the geographical pattern
of functional and phylogenetic diversity of forest vegetation in China? (3) What roles do
habitat filtering and species interactions play in forest community assembly across climatic
regions in China?

2. Materials and Methods

2.1. Study Site

We investigated seven forest communities of four typical forest types in different
climatic regions of China (Table 1), including three tropical rainforests (Jianfengling, Bawan-
gling, Xishuangbanna), two subtropical evergreen deciduous broad-leaved mixed forests
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(Mulinzi, Xingdoushan), one warm temperate mixed coniferous and broad-leaved forest
(Xiaolongshan), and one temperate coniferous forest (Kanasi) (Table 1). All sites were
well-preserved old-growth forests that had not been disturbed by human activity for at
least 100 years.

Table 1. Geographic, sampling, biodiversity, climate, and tree size information of forest plots across
four climatic zones in China.

Sites
Jianfengling

(JFL)
Bawangling

(BWL)
Xishuangbanna

(XSBN)
Mulinzi
(MLZ)

Xingdoushan
(XDS)

Xiaolongshan
(XLS)

Kanasi (KNS)

Climatic zone Tropical Subtropical Temperate Cold
temperate

Number of plots 50 50 40 44 25 50 50
number of species 247 236 208 130 94 111 7

Elevation 726–937 865–1023 715–864 1368–1652 1521–1627 1853–1867 1624–1810
Latitude 18.71–18.80 19.02–19.16 21.58–21.63 29.89–30.10 30.00–30.07 34.29–34.43 48.69–48.70

Longitude 108.84–108.92 109.07–109.17 101.56–101.60 109.22–110.12 100.21–110.20 106.08–106.10 86.94–86.95
pH Soil pH 4.81 ± 0.29 4.37 ± 0.35 4.91 ± 0.56 4.41 ± 0.25 4.49 ± 0.31 5.70 ± 0.53 5.54 ± 0.20

SOM Soil organic
matter (g/kg) 15.62 ± 5.62 6.39 ± 1.83 3.19 ± 0.76 8.40 ± 2.05 9.21 ± 2.20 9.69 ± 2.92 3.38 ± 1.03

TN Soil total N
content (g/kg) 1.32 ± 0.43 2.11 ± 0.81 1.34 ± 0.44 5.90 ± 1.72 6.54 ± 1.51 3.58 ± 1.17 1.06 ± 0.34

TP Soil total P
content (g/kg) 0.14 ± 0.08 0.33 ± 0.19 0.31 ± 0.07 0.50 ± 0.16 0.68 ± 0.33 0.38 ± 0.11 0.64 ± 0.13

AN Soil available
K (mg/kg) 183.22 ± 54.10 193.00 ± 46.70 156.69 ± 27.93 299.38 ± 73.7 355.99 ± 102.1 266.03 ± 82.37 64.29 ± 19.53

AP Soil available
N (mg/kg)

192.14 ±
136.72

179.90 ±
123.20 84.49 ± 28.69 34.59 ± 11.99 23.25 ± 12.47 60.37 ± 27.78 37.50 ± 16.61

AK Soil available
P (mg/kg) 125.54 ± 53.66 150.18 ± 43.78 130.60 ± 58.25 142.84 ± 34.04 134.00 ± 33.78 186.19 ± 53.12 227.84 ± 58.83

MAT
Annual mean
temperature

(◦C)
205.18 ± 5.42 211.52 ± 15.59 217.40 ± 3.88 96.52 ± 54.39 95.20 ± 34.91 81.18 ± 2.79 −9.90 ± 2.83

MAP
Mean annual
precipitation

(mm)

1633.00 ±
49.81

1579.08 ±
145.0

1584.43 ±
27.00

1213.91 ±
363.3

13,854.00 ±
301.50 671.60 ± 5.16 316.34 ± 4.77

CVPS

Precipitation
seasonality

(coefficient of
variation) (%)

79.80 ± 0.45 80.44 ± 0.50 72.93 ± 0.47 71.91 ± 23.45 63.44 ± 18.53 78.62 ± 0.49 56.28 ± 0.81

DBH
Diameter at

breast height
(DBH, cm)

6.34 ± 1.38 5.62 ± 0.84 6.98 ± 2.94 11.06 ± 3.79 10.68 ± 1.21 7.03 ± 1.91 15.39 ± 2.87

TH Tree height
(m) 18.43 ± 4.65 25.90 ± 5.34 37.25 ± 14.14 20.00 ± 3.19 18.46 ± 3.14 15.72 ± 1.58 23.76 ± 1.8

BA
Basal area (≥1

cm DBH)
(m2/ha)

34.93 ± 11.94 45.77 ± 14.90 51.75 ± 20.03 35.14 ± 10.09 28.88 ± 9.53 33.86 ± 6.60 46.84 ± 10.66

CVDBH
Coefficient of
variation of

DBH (%)
125.55 ± 24.39 158.26 ± 23.22 164.40 ± 51.23 87.15 ± 28.56 54.74 ± 12.23 110.48 ± 20.22 88.43 ± 15.24

CVH
Coefficient of
variation of

tree height (%)
59.91 ± 12.14 79.96 ± 8.36 95.37 ± 28.94 50.65 ± 15.42 32.69 ± 9.33 62.70 ± 11.10 67.10 ± 9.03

2.2. Vegetation Survey and Functional Trait Sampling

At each of the seven forest communities, we selected 25–50 plots, each with an area
of 20 m × 20 m, for a total of 309 dynamic monitoring plots (Table 1). In each old-growth
forest type, we ensured that the distance among each of the 20 m × 20 m plot was more
than 100 m. Thus, each of the plots in each forest type were randomly distributed, and
they had no spatial autocorrelation. In addition, we conducted an autocorrelation analysis
for each plots in each of the four forest types, the results of which showed that there were
no spatial autocorrelations among the plots within each forest type (the distribution of
sample sites is shown in Figure A1). In an initial vegetation survey, we identified all
individual woody plants with a diameter at breast height (DBH, cm) of ≥1 cm. Species
names, DBH, tree height (TH, m), and relative coordinates of individual trees in the plot
were recorded. We measured six key functional traits that represent major axes of resource
use and allocation strategies [34]: specific leaf area (SLA, mm2/mg), leaf dry matter content
(LDMC, mm2/mg2), leaf nitrogen content (LNC, mg/g), leaf phosphorus content (LPC,
mg/g), wood density (WD, g/cm3), and leaf nitrogen/phosphorus ratio (N:P, %). We
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sampled at least 10 individuals of each species for functional traits; for species with more
than 10 individuals, samples were taken from 10 random trees. Five healthy and intact
mature sun leaves were collected from every individual, weighed fresh, and then dried
in an oven at 60 ◦C for 72 h. SLA was calculated as the ratio of fresh leaf area to leaf dry
mass, and LDMC was the leaf dry mass divided by leaf fresh mass. The collected leaves
were brought back to the laboratory to measure LNC and LPC. To avoid harming trees,
WD was calculated based on measurements of branches with diameters between 1 cm and
2 cm, rather than from tree cores. The bark was removed from branches before measuring
the fresh volume, and branches were dried in an oven at 105 ◦C for 72 h to measure the
dry mass. WD was calculated as the ratio of dry mass to fresh branch volume. The same
methods were used to collect and measure functional traits of forest communities in all
climatic regions.

2.3. Data Collection of Biotic and Abiotic Factors

We measured five tree size metrics to represent overall productivity and canopy
density in each plot: average DBH (DBH), average tree height (TH), basal area (BA),
coefficient of variation of DBH (CVDBH), and coefficient of variation of tree height (CVTH).

The longitude and latitude coordinates were recorded for each plot during the survey,
and were used to extract the 19 WorldClim2 bioclimatic variables for each plot using climate
raster layers with a resolution of 30” (https://www.worldclim.org/, founded on 24 June
2005). Removing highly correlated predictor variables can increase model performance;
therefore, we calculated pairwise Pearson correlation coefficients for each pair of variables.
We removed those variables with a high load (correlation greater than 0.8) for two or more
factors. Finally, three climatic variables (MAP, MAT, and CVPS) were selected. These
climatic factors have been shown to significantly influence plant diversity and help verify
ecological hypotheses in other ecosystems [4].

In each plot, measurements were taken at the center point of the quadrat and along
two diagonals 14.14 m away from the center (0–20 cm depth). Subsequently, we thoroughly
mixed the samples to create one bulk sample per plot for analysis. The samples were
analyzed for pH, soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP),
available nitrogen (AN), available phosphorus (AP), and available potassium (AK) (Table 1).

2.4. Construction of a Compound Habitat Gradient of Biotic and Abiotic Factors

Principal component analysis (PCA) was performed on the 15 climatic, soil, and biotic
factors to reduce the redundancy of the variables using the “factoextra” package in the soft-
ware R [35]. We took the first four principal components (PC1–PC4) as compound habitat
gradients, which explained 73.1% of the variation of the 15 variables (Figure 1). The first
axis (PCA1) explained 31.8% of the variation, and climate variables (MAP and MAT) and
CVDBH were significantly positively correlated with PCA1, while DBH was significantly
negatively correlated with PCA1. The second axis (PCA2) explained 22.0% of the variation,
and the biotic variables (CVH, BA, and TH) were significantly positively correlated with
PCA2, while TN and AN were significantly negatively correlated with PCA2. The overall
contributions of the third (PCA3) and fourth (PCA4) axes to the explanatory variation of all
variables were relatively low, and mainly related to biotic and soil variables (Figure 1).
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Figure 1. Loadings of biotic and abiotic factors of all forest plots on the first four principal components.
The variable abbreviations are listed in Table 1. Note: (A) PC1 and PC2 of the compound habitat
gradient axis; (B) PC3 and PC4 of the compound habitat gradient axis.

2.5. Phylogenetic Signal in Functional Traits

We identified a total of 46,280 woody plants (788 species) in our survey. We used
the AWK version of Phylomatic to generate a phylogenetic tree for all species. To reduce
redundant information and excessive fitting, we used the first three principal components
as comprehensive functional trait factors. Then the trait matrix was transformed into a
distance matrix by calculating Euclidean distance. Finally, hierarchical aggregation was
used to construct trait trees.

We used Blomberg’s K [36] to assess the phylogenetic signal. Values of K close to
1 indicate that species’ traits are distributed as expected under a model of Brownian
evolution and K > 1 implies strong phylogenetic conservatism; K values near 0 imply that
traits are phylogenetically independent.

2.6. Phylogenetic Diversity of Communities

The net relatedness index (NRI) describes the phylogenetic clustering or dispersion in a
community by quantifying the phylogenetic distance between all species in the community.
The nearest taxon index (NTI) describes the degree of relatedness between the most similar
species by quantifying the mean phylogenetic distance between pairs of the closest species
in the community [19]. NTI and NRI values are calculated based on null models to assess
whether communities are more clustered or dispersed than expected. NTI and NRI values
greater than 0 indicate that species within a community are more closely related than
expected, which provides evidence of community assembly by habitat filtering; negative
values indicate that species are less closely related than expected, and suggest community
assembly by competitive exclusion [23].

2.7. Functional Diversity Structure of Communities

We first tested for group differences in forest vegetation across different climatic
regions in China. We then used all species from the 309 plots as the species pool in null
models of functional diversity of a random community to assess the assembly processes of
the observed communities. Specifically, we calculated the standardized effect size (SES) of
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functional richness (FRic) and functional dispersion (FDis) to identify habitat filtering and
interactions between species as follows:

SES.FRic =
FRicobs − FRicnull

SD(FRicnull)
(1)

SES.FDis =
FDisobs − FDisnull

SD(FDisnull)
(2)

where FRicobs and FDisobs are the observed FRis and FDis values of the communities, respec-
tively; FRicnull and FDisnull are the mean FRis and FDis values calculated from 999 random
communities, respectively; and SD(FRicnull) and SD(FDisnull) are the standard deviations of
FRicnull and FDisnull, respectively. We interpreted the resulting values as follows: SES.FRic
values significantly less than 0 indicate that the observed community functional trait space
is smaller than that of random communities, implying the niche processes of habitat fil-
tering and interspecies interactions; SES.FDis values significantly greater than 0 indicate
neutral processes of community assembly; and if there is no significant difference between
ses.FDis and 0, community assembly was dominated by stochastic processes [37].

2.8. Statistical Testing and Data Analysis

We used linear regression to test the variation of functional and phylogenetic diversity
with compound habitat gradients and chi-square tests to analyze the correlation between
functional and phylogenetic diversity structure. All statistical analyses were performed in
R 3.2.5 [35].

3. Results

3.1. Phylogenetic Signal in Functional Traits

Tests of the phylogenetic signal revealed that four functional traits (SLA, LDMC, LNC,
and WD) had K values significantly (p < 0.05) less than 1 for all species across the 309 forest
vegetation plots (Tables 2 and A1).

Table 2. Phylogenetic signal, as measured by Blomberg’s K, in functional traits of forest vegetation
across climatic regions in China. * p < 0.05; ** p < 0.01; NS, non-significant.

SLA LDMC LNC LPC N:P WD

K 0.09 ** 0.07 ** 0.08 ** 0.04 (NS) 0.04 (NS) 0.05 *

3.2. Functional Diversity along Compound Habitat Gradients

Generally, SES.FRic and SES.FDis were significantly negatively correlated with PC1
and significantly positively correlated with PC2; however, values differed across forests
after testing for group differences in forest vegetation across different climatic regions in
China (Figure 1). In the cold temperate zone with low temperature and little rain, the
SES.FRic and SES.FDis of the forest community was greater than 0, and the functional
space of the community was larger than that of the random community. On the contrary,
the SES.FRic and SES.FDis of tropical forest communities in China was less than 0, and
the community structure was lower than stochastic (Figure 2). There were no significant
relationships between SES.FRic or SES.FDis and PCA3 or PCA4 (Figure A2).
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Figure 2. The relationships between functional diversity, SES.FRic (A,C) and SES.FDis (B,D), and
compound habitat gradients, PC1 (A,B) and PC2 (C,D), of forest vegetation communities in China.
Different color–marker combinations represent each forest plot. The abbreviations for each variable
are listed in Table 1. Significance values: ***, p < 0.001.

3.3. Phylogenetic Diversity along Compound Habitat Gradients

Generally, phylogenetic diversity was significantly negatively correlated with the
first two compound habitat gradients (PC1 and PC2; Figure 3). In both cold and warm
temperate climate zones, the NRI and NTI of forest vegetation were greater than 0, and
the community structure was higher than stochastic. In tropical forest communities, the
NRI and NTI were less than 0, and the community structure was lower than stochastic
(Figure 2). There were no significant relationships between NRI or NTI and PCA3 or PCA4
(Figure A2).

Figure 3. The relationships between phylogenetic diversity, NRI (A,C) and NTI (B,D), and compound
habitat gradients, PC1 (A,B) and PC2 (C,D), of forest vegetation communities in China. Different
color–marker combinations represent each forest plot. The abbreviations for each variable are listed
in Table 1. Significance values: ***, p < 0.001.

4. Discussion

4.1. Phylogenetic Signal in Functional Traits

We found that K values of functional traits across climate regions of China were
all much lower than 1, and therefore showed phylogenetic independence (Table A1).
Therefore, in this study, phylogeny was not a good predictor of functional diversity. Four
functional traits (SLA, LDMC, LPC, and WD) had significant phylogenetic signals (p < 0.05);
however, the lack of signal in LNC and N:P suggests that these two functional traits may
be more affected by factors such as habitat [38]. Community phylogenies tend to exhibit
stronger correlations with functional traits at larger taxonomic scales [39]. Secondly, the
phylogenetic relationship cannot completely reflect all the information on functional traits
of species in the community, and is a necessary but not sufficient condition required to
study the similarity of functional traits of species in the community. The phylogenetic
relationship can only be used as one of the indirect indicators, and cannot be substituted for
functional traits in the study [7]. Finally, the factors and conditions that form the random
phylogenetic relationship in the community are compound and diverse; some traits may
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show random divergence, while other traits show a non-random conserved state in the
whole community [7,14].

4.2. Climate Influences Forest Community Construction across Climatic Regions

Habitat filtering, biotic competition, and interspecific interactions are three major
ecological processes driving community assembly [40,41]. In this study, we show that
functional diversity tended to converge along a compound habitat gradient composed of
climate, soil, and biotic factors across multiple climatic regions of China (Figure 3). Our
results provide evidence that niche processes (i.e., habitat filtering and interspecific inter-
action) had greater effects than neutral processes on the maintenance of forest vegetation
diversity across climatic regions of China. This may be mainly because the species in these
communities are not functionally equivalent, and therefore, random processes may play a
role at the regional scale [42]. We found that the functional diversity of cold temperate forest
vegetation was higher than that of random communities, and that the functional diversity
of tropical and subtropical forest vegetation tended to be divergent. The high degree of
functional dispersion in tropical forest communities confirms that interspecific interactions
lead to higher functional differences [19]. In the cold temperate forest community, habi-
tat filtering dominated the community assembly process due to the influence of extreme
climates, such as low temperature and little rain, which improved species similarity and
reduced the range of functional traits [4,19,43].

We also found that cold temperate forest vegetation tended to be phylogenetically
clustered, while tropical and subtropical forest vegetation was overdispersed. Phylogenetic
clustering may result from habitat filtering, which we interpret as niche conservatism.
For example, closely related species may possess similar adaptions to environmentally
challenging conditions [34]. Phylogenetic overdispersion in subtropical and tropical forest
communities may indicate competitive exclusion of species with different survival strate-
gies [5]. Competition for habitat resources, such as light, soil nutrients, and water, increases
with species richness [44]. The limited similarity between species may lead to niche di-
vergence and phylogenetic overdispersion. Therefore, it is possible that habitat filtering
and biotic interactions (e.g., competition and exclusion) combined to affect phylogenetic
patterns of trait values in forest vegetation in China across different climatic regions.

4.3. Biotic Interactions and Soil Characteristics Affect Community Construction

We found that interspecific interactions gradually intensified from cold temperate
to tropical forest communities, which may be due to the differentiation of functional
traits in species during long-term evolution and phenotypic plasticity [34]. Functional
trait divergence can reduce niche overlap, therefore allowing species to be more evenly
distributed along resource axes [19] and improving resource utilization [42]. Our results
show that the overall similarity of functional traits among all species in cold temperate
forest communities was higher, which may be because the community structure of the cold
temperate forest is single and the dominant species are obvious, while the functional traits
in the community are determined by the species with greater abundance.

In contrast, the overall similarity of functional traits of all tropical forest species was
higher, which may result from local habitat filtering and biotic competition [44,45]. In
tropical and subtropical forest communities, limited similarity plays a more important role
in increasing variability in community functional traits [34]. We confirmed that habitat
modification only acted on the functional traits or relatedness of the species rather than the
species itself [4,19,42].

In our study, compound habitat gradients acted as the abiotic and biotic filters, jointly
influencing the phylogenetic diversity of forest communities. We found that niche processes
based on habitat filtering and biotic competition played important roles in the formation
of forest functional diversity across climatic regions in China, and in determining the
mechanism of community assembly [29,46]. Furthermore, whether the patterns found in
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this paper are prevalent in different locations in different climatic zones in China will be
the focus of future research.

5. Conclusions

We found that phylogenetic and function diversity shifted from clustered to overdis-
persed temperate to tropical forest communities. Our results suggest that habitat filtering
had greater effects in temperate forests, while competition had greater effects in tropical
forests. Phylogenetic signal in functional traits was generally low across climatic regions.
We further uncovered an interaction between habitat selection and biotic competition
across climatic regions in China. Our results support the joint effects of habitat filtering
and competition in community assemblies, and we often found more than one mechanism
influencing community structure and function. In future studies, we need more plots and
more accurate environmental data to verify whether the patterns found in this paper are
prevalent in different locations in different climatic regions of China.
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Appendix A Appendix

Table A1. The phylogenetic signal of functional traits in forest communities occupying different
climatic zones in China.

Indexes
Jianfengling Bawangling Xishuangbanna Mulinzi Xingdoushan Xiaolongshan Kanasi

K P K P K P K P K P K P K P

SLA 0.19 0.029 0.21 0.001 0.24 0.149 0.008 0.87 0.006 0.64 0.42 0.001 1.38 0.022
LDMC 0.2 0.001 0.25 0.001 0.25 0.069 0.04 0.696 0.047 0.66 0.27 0.001 0.68 0.035
LNC 0.07 0.25 0.15 0.095 0.17 0.329 0.02 0.816 0.033 0.78 0.19 0.011 0.89 0.049
LPC 0.09 0.054 0.14 0.069 0.18 0.263 0.04 0.286 0.038 0.32 0.12 0.079 1.01 0.082
N:P 0.05 0.786 0.12 0.426 0.18 0.27 0.008 0.906 0.008 0.71 0.17 0.07 0.57 0.686
WD 0.06 0.545 0.11 0.358 0.23 0.157 0.03 0.745 0.041 0.65 0.27 0.001 0.59 0.034
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Figure A1. Geographical distribution of the 309 plots. Plots were taken from seven forest sites in
China. At each site, plots with an area of 20 m × 20 m were randomly established.

Figure A2. The relationships between functional and phylogenetic diversity and compound habi-
tat gradients PC3 and PC4. Different color–marker combinations represent each forest plot. The
abbreviations for each variable are listed in Table 1.
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Abstract: Linking functional trait space and environmental conditions can help to understand how
species fill the functional trait space when species increase along environmental gradients. Here, we
examined the variations in functional richness (FRic) and their correlations with key environmental
variables in forest communities along latitudinal, longitudinal, and elevational gradients, by mea-
suring seven functional traits of woody plants in 250 forest plots of 0.04 ha across five locations in
the subtropical evergreen broadleaved forests (SEBLF) of China. On this basis, we explored whether
environmental filtering constrained the functional volume by using a null model approach. Results
showed that FRic decreased with increasing elevation and latitude, while it increased with increasing
longitude, mirroring the geographical gradients in species richness. FRic was significantly related
to precipitation of driest quarter, soil pH, and total phosphorus. Negative SES.FRic was prevalent
(83.2% of the communities) in most SEBLF communities and was negatively related to mean diurnal
range. Our study suggested that the geographical variation in the functional space occupied by
SEBLF communities was affected mainly by climate and soil conditions. The results of the null model
revealed that niche packing was dominant in SEBLF communities, highlighting the importance of
environmental filtering in defining functional volume within SEBLF communities.

Keywords: biogeography; subtropical evergreen broadleaved forest; functional richness;
environmental variables; community assembly

1. Introduction

Exploring and understanding spatial patterns of biodiversity is central to understand-
ing mechanisms of species coexistence and community assembly processes in natural
ecosystems [1,2]. Geographical gradients in species diversity are of widespread concern,
and species richness in most plants and animals is generally explained by declining from
the tropics to the poles and from low to high elevations [3,4]. Despite the generality of
these patterns, it has been recognized that considering species diversity alone (e.g., species
richness or taxonomic diversity) is not sufficient to understand the underlying processes
that influence communities along geographical gradients [5–7]. Species richness does not
explain fully the community structure as the differences among species in their evolutionary
history and ecological roles are ignored [6,8]. Thus, recent research argued that the study
of biodiversity theories should move beyond species diversity, especially focusing more
explicitly on the functional aspects of diversity [5]. Functional diversity can not only mirror
species richness along geographical gradients [9] but also complement species richness in
explaining species coexistence and ecological processes [10].
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Functional trait values of species within communities are a reflection of the ability of
species to respond to their environment [11]. Therefore, the location occupied by a species
within a multidimensional trait space can also shift across geographical and environmental
gradients [12]. Climate is one of the most important drivers shaping the functional structure
of forest ecosystems [13]. Specifically, climate harshness and seasonality were proven to
be key factors controlling the variation in functional volume in subtropical forests [14].
Researchers predicted that environments that are more abiotically benign will allow the
invasion and success of peripheral phenotypes, resulting in a large morphological volume,
whereas harsher environments will limit the invasion and success of peripheral pheno-
types, resulting in a small morphological volume [15]. For instance, abundant and evenly
distributed precipitation and stable temperatures allow communities to contain a large
number of species, while species that occur in those regions of drought and temperature
instability are strongly limited [14,16]. Soil fertility is another important factor shaping
the functional diversity of plant ecosystems [17]. Changes in soil resource availability can
directly affect the size of the niche space occupied by species [18].

Studies argued that changes in the functional trait space along an environmental
gradient in terms of species richness could be associated with the patterns of functional
space occupancy [10]. As species richness increases, communities would change either
by tighter packing of species into the niche space (niche packing) or by occupying unex-
ploited portions of the niche space (niche expansion) to accommodate more species in a
given environmental condition [19,20]. Niche space characterizes the phenotypic space
occupied by a set of species, which can be quantified by assessing the multidimensional
trait space [21]. Comparing changes in the occupancy of the multidimensional trait space
across communities can allow inferences regarding the association of niche expansion
and packing with environments [12]. To test the two patterns of functional trait space,
it is necessary to use a functional diversity index that can directly measure the volume
and occupancy pattern of the niche space by species and quantify the diversity in trait
combinations in the research of biodiversity and community assembly [22]. Functional
richness (FRic) is measured as the volume of the minimum convex hull that includes all
the species of the community and represents the amount of functional space filled by the
community, which has been recognized as the best candidate for this research [23]. It has
been widely used in many recent papers to explore the patterns of niche space in different
biological groups [12,19,24]. In addition, previous studies also showed that FRic was useful
for tracking diversity variations along environmental gradients [25]. Therefore, FRic has
reasonable power to detect the changes in the occupancy of the multidimensional trait
space under different environmental conditions and reveal how species pack and fill the
trait space [5].

Niche packing and expansion are not mutually exclusive and may occur simultane-
ously [12]. However, the relative importance of the two patterns remains unknown [19].
Quantifying the volume, packing, and expansion of functional trait space and their rela-
tive importance enables us to understand the ecological processes structuring functional
diversity and ecological strategies [5,26]. In the absence of niche-based processes, the
trait composition of a local assemblage is predicted to be a random subset of a shared
regional species pool [5,12]. Therefore, comparing the observed value of FRic to a random
expectation—that is, computing a standardized effect size (SES.FRic) [15]—allows us to
understand whether niche-based processes occur in a given location [12]. Environmental
filtering theory predicts that although FRic can also increase with species richness in more
stressful environments, FRic will be smaller than the null expectation (negative SES.FRic),
revealed by niche packing [5,27]. Conversely, competitive exclusion theory predicts that
new species are most likely to fill an expanded variety of niche space; thus, FRic should
always be larger than a sampling expectation (positive SES.FRic), revealed by niche expan-
sion [5,28]. Determining which pattern of functional space occupancy is dominant in a
given location helps us to understand the relative importance of environmental filtering
and biotic competition. Substantial evidence showed that environmental filtering, driven
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by a set of environmental variables, is more important than biotic competition in shaping
plant diversity [29,30]. Therefore, we expected that the pattern of niche packing would be
dominant within the forest communities.

The subtropical evergreen broadleaved forest (SEBLF) is one of the main vegetation
types around the world and is widely distributed in China [31,32]. The subtropical region
in China hosts unique and rich biodiversity and encompasses different environmental
gradients in topography and climate, providing a natural setting for studying patterns of
biodiversity change along geographical gradients. While trait–environment relationships
have been already explored in some separate sites of subtropical forest ecosystems [33],
few studies have been carried out in detecting the patterns of functional trait space (niche
packing/expansion) along geographical and environmental gradients. Here, we used
a large trait and spatial distributional data set of SEBLF communities to describe the
geographical patterns of functional richness, species richness, and their correlations with
key environmental factors in the subtropical region of China. Specifically, to test whether
niche packing is dominant in the SEBLF of China, we used a null model to test whether
the environmental filtering constrained the functional trait space, thereby increasing the
packing of species within the SEBLF communities.

2. Materials and Methods

2.1. Study Area

This study was conducted in the 250 permanent forest plots with an area of 0.04 ha
(20 m × 20 m) (latitude: 27.58◦–30.18◦ N, longitude: 102.95◦–120.00◦ E; elevation: 200–1948 m)
across five locations (Figure S1) in the natural old-growth subtropical evergreen broadleaved
forests of China (SEBLF). Locations were selected at random within the study areas and
represented an unbiased, representative sample of natural old-growth vegetation. The
study areas have a subtropical monsoon climate, with a mean annual temperature of
15.0 ◦C and mean precipitation of 1391.1 mm. The plots have a rough terrain, with the
slope ranging from 4◦ to 42◦. The floristic composition of these plots is characteristic of
evergreen broadleaved forests, with Symplocos anomala (Symplocaceae), Camellia fraternal
(Theaceae), Loropetalum chinense (Hamamelidaceae), Eurya muricata (Theaceae), Symplocos
lucida (Symplocaceae), and Cyclobalanopsis glauca (Fagaceae) being the dominant canopy
species. All plots were established and investigated according to the standard of the Center
for Tropical Forest Science (CTFS) [34] during the summer of 2018 and 2019. For woody
plant species, all individuals with a diameter at breast height ≥1 cm were tagged, mapped,
and identified to species level with the help of local botanists. The abundances of species
were determined by calculating the number of individuals of a certain species in each
plot. In total, 292 woody plant species (48,680 individuals) belonging to 59 families and
134 genera were collected.

2.2. Trait Data

We selected seven functional traits that represent the variation in plant form and
function. These traits included specific leaf area (SLA, cm2 g−1), leaf nitrogen concentration
(LNC, g kg−1), leaf phosphorus concentration (LPC, g kg−1), wood density (WD, g cm−3),
leaf dry matter content (LDMC, g g−1), maximum plant height (Hmax, m), and seed mass
(SM, g). Selected traits correlate well with ecological characteristics and are good predictors
of resource utilization, tolerance to drought, and mechanical damage [29]. Except for SM,
all functional traits were measured according to standardized measurement protocols [35].
SM was compiled from multiple sources and databases, including FOC (http://www.
efloras.org/ (accessed on 20 June 2021)), Seeds of Woody Plants in China [36], the TRY
Plant Trait Database (https://www.try-db.org/de/ (accessed on 20 June 2021)) from the
KEW Seed Information Database [37] and PLANTS Database [38], and the BIEN trait
database (accessed using the BIEN package [39] in R). In each 20 m × 20 m plot, ten
individuals of every species were sampled. For those species with less than ten individuals,
we added additional individuals of the same species from surrounding areas. A detailed
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description of the measurement methods for these functional traits can be found in our
previous works [40]. The mean functional trait values for each species were applied to
all individuals.

2.3. Functional and Species Richness Calculation

Finding a suitable measure of functional space to appropriately quantify the diversity
in trait combinations is challenging [22]. Here, we considered functional richness (FRic) as
the best candidate measure for our research purposes [23]. FRic measures the extent of the
functional volume of an assemblage as the smallest possible multidimensional convex hull
volume that contains all species in an assemblage [22,41]. We quantified FRic using the
package ‘FD’ in the program R [42]. To compare the geographical variation between FRic
and species diversity and explore the patterns of FRic related to species richness, we also
quantified species richness (SR). Species richness in each plot was estimated as the number
of species.

There are numerical dependencies between functional and species richness. Functional
richness is expected to be positively correlated with species richness. We thus accounted
for such variations by computing a null model in which species identities (and therefore
trait values) were shuffled 999 times while maintaining species richness and occupancy
within each assemblage, and we recalculated the functional richness for each assemblage
for each iteration. This generated a null distribution of 999 values for functional richness
in each assemblage [15,24]. The observed values and this null distribution were used to
calculate a standardized effect size for functional richness (SES.FRic) = [Observed FRic–
mean expected FRic]/SD expected FRic. The SES.FRic shows how many SDs the observed
FRic is above or below the mean expected value from the null models [15,43]. The direc-
tion of SES.FRic (higher or lower than the expected null) was correlated with different
deterministic processes of community assembly. Negative SES.FRic indicates that the
observed functional volume is less than expected by chance, resulting from environmental
filtering. Conversely, positive SES.FRic indicates that the observed functional volume is
larger than expected given the species richness, resulting from biotic competition [15]. If
we predicted that the environmental filtering led to the dominance of niche packing in
SEBLF communities, this could be supported by the following two observations. First,
the proportions of communities with negative SES.FRic would be higher than those with
positive SES.FRic. Second, and more importantly, differences between the observed and
simulated FRic, measured as the mean of the associated SES.FRic across all communities,
would be significantly lower than the expectation of zero when using a two-tailed Student’s
t-test [44,45]. Additionally, the magnitude of SES.FRic was interpreted as the strength of
the signal of deterministic processes on the assemblages [15]. More negative SES values
indicate stronger environmental filtering [46,47].

2.4. Environmental Variables

To estimate the influences of environmental variables on community-level functional
richness, we collected 19 climatic and 7 edaphic variables to represent environmental
conditions. A detailed description of the data collection and measurement methods for
these environmental variables can be found in our previous works [40]. We performed
correlations to assess possible multicollinearity and variable redundancy among the envi-
ronmental variables. Pearson’s correlation values (R < 0.8) between explanatory variables
were used as a cutoff criterion to retain variables that were more relevant to the FRic
(Table 1). Final models were run with precipitation of driest quarter (PDQ), precipitation of
wettest quarter (PWQ), mean diurnal range (MDR), mean temperature of driest quarter
(TDQ), soil pH (SpH), and soil total phosphorus (STP).
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Table 1. Correlations between environmental variables. Significance levels: *, p < 0.05; **, p < 0.01;
***, p < 0.001.

Variables MDR TDQ PDQ PWQ STP

TDQ −0.42 ***
PDQ 0.22 *** 0.70 ***
PWQ 0.26 *** 0.25 *** 0.53 ***
STP 0.16 * −0.72 *** −0.70 *** −0.18 **
SpH 0.04 0.15 * 0.19 ** 0.57 *** 0.11

Abbreviations: mean temperature of driest quarter (TDQ), precipitation of driest quarter (PDQ), precipitation of
wettest quarter (PWQ), mean diurnal range (MDR), soil pH (SpH), soil total phosphorus (STP).

2.5. Data Analysis

To assess geographical variation in functional volume and species richness, linear
mixed models (LMMs) were used to test shifts in FRic, SES.FRic, and SR along latitude,
longitude, and elevation. We also used the LMMs to test the effects of climate and soil
on FRic, SES.FRic, and SR. LMMs were conducted using FRic, SES.FRic, and SR as the
response variables, and the three geographical variables and the six climatic and edaphic
variables as fixed predictors. The site was included as a random effect, given that we
could not exclude the potential role of unmeasured, spatially autocorrelated environmental
factors in our analysis. Linear mixed models were built using the “lme4” package [48]
as implemented in the R statistical software [42]. The proportion of variance explained
by the LMMs was assessed using the marginal R2m (variance explained by the fixed
predictors) and the conditional R2c (variance explained by both the fixed and random
effects) [49]. The direction and magnitude of selected predictors were assessed from the
sign and values of standardized coefficients. The parameter estimates, t-statistics, and p
values were obtained using Satterthwaite’s method for denominator degrees of freedom in
the “lmerTest” package [50]. The spatial autocorrelations in model residuals were tested
using Moran’s I, which was conducted using the “spdep” package [51,52].

Finally, we performed hierarchical partitioning (HP) to determine the relative im-
portance and independent contribution of each explanatory factor to FRic SES.FRic, and
SR [53], as the multicollinearity between the factors in linear mixed models could not be
completely excluded (VIFs of all variables < 10) despite it being controlled in the previous
analysis [54]. HP can solve the multicollinearity problems effectively by averaging the
contributions of an independent variable in models.

In order to fit assumptions about the uniformity of data and the homoscedasticity of
errors, all functional traits (and thus functional richness) and environmental variables, and
species richness, were log-transformed prior to analysis.

3. Results

3.1. Geographical Patterns of Functional and Species Richness in the Subtropical Evergreen
Broadleaved Forests

We observed significant geographical patterns in FRic and SR (Table 2, Figure 1)
along the gradients of latitude, longitude, and elevation. FRic was higher along increasing
longitude and lower along increasing latitude and elevation, mirroring the geographical
gradients in species richness (Figure 1A–C,G–I). Apparently, the patterns of SR along
latitude and elevation were not significant, although they had similar trends to the FRic
(Figure 1G,I). SESE.FRic was overall negative, with values of SES.FRic in most communities
below null expectations, although they did not shift significantly along geographical
gradients (Figure 1D,E).
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Table 2. Summary of the mixed linear models analyzing the effects of geographic gradients on
the functional richness (FRic), standardized effect of the functional richness (SES.FRic), and (log-
transformed) species richness [log(SR)]. The marginal (R2m) and conditional (R2c) coefficients of
determination are presented. Values in bold indicate p values < 0.05.

Model Factors Latitude Longitude Elevation AIC R2m R2c

FRic −2.47 0.070 −0.002 1358.14 0.37 0.41
SES.FRic −0.15 −0.004 −0.0002 247.10 0.09 0.58

SR −0.05 0.020 −0.0001 −15.45 0.10 0.48

Figure 1. (A–I) Shifts in the functional richness (FRic), standardized effect of the functional richness
(SES.FRic), and (log-transformed) species richness [log(SR)] along geographical gradients. (A–C) FRic,
(D–F) SES.FRic, as well as (G–I) log(SR) across latitude, elevation, and longitude. The significance was
tested by mixed linear models (see Table 2 for details on the models). Red lines represent significant
linear regressions.
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3.2. Correlations of Functional and Species Richness with Environmental Variables

Linear mixed effects models showed significant correlations of FRic, SESE.FRic, and
SR with environmental factors (Table 3). The total percentage of variance explained by
the LMM was higher (R2 conditional = 0.50, 0.50, 0.47, respectively), while the variance
explained by fixed predictors taken separately was relatively lower (R2 marginal = 0.27,
0.50, 0.12, respectively). This indicated an important contribution of the random factor
(i.e., the variability sources related to specific characteristics of sites) that was not reflected
by fixed predictors. Results showed that FRic was significantly and positively correlated
with precipitation of driest quarter (PDQ), soil pH (SpH), and soil total phosphorus (STP).
Similarly, SES.FRic showed significant and positive associations with PDQ and SpH, but a
negative association with mean diurnal range (MDR). SR was significantly and positively
related to PDQ and MDR.

Table 3. Summary of the mixed linear models analyzing the effects of environmental variables on
the functional richness (FRic), standardized effect of the functional richness (SES.FRic), and (log-
transformed) species richness [log(SR)]. Estimate values are the standardized regression coefficients
of predictors. The marginal (R2m) and conditional (R2c) coefficients of determination are presented.
Values in bold indicate p values < 0.05.

PDQ PWQ TDQ MDR SpH STP AIC R2m R2c Moran’s I

FRic 3.40 −0.97 0.10 −0.98 0.81 0.86 242.94 0.27 0.5 0.19
SES.Fric 0.17 −0.01 0.06 −0.28 0.15 0.06 1352.73 0.50 0.5 0.04

SR 2.48 −0.33 −1.08 1.78 0.01 −0.19 1537.93 0.12 0.47 0.18

Abbreviations: precipitation of driest quarter (PDQ), precipitation of wettest quarter (PWQ), mean temperature of
driest quarter (TDQ), mean diurnal range (MDR), soil pH (SpH), soil total phosphorus (STP), variance explained
by the fixed effects (R2m), variance explained by both fixed and random effects (R2c), Akaike Information Criterion
(AIC), and Moran’s I of linear mixed effects models (Moran’s I).

The analysis of hierarchical variation partitioning showed that PDQ and MDR ex-
plained most of the variance in the Fric, SES.Fric, and SR (Figure 2). Results indicated the
most important effects of PDQ and MDR on the variation in functional trait space and
species richness in subtropical forest communities.

3.3. The Assembly Mechanisms of Forest Communities along Geographical Gradients

FRic was positively related to species richness and the relationship was always stronger
with increasing species richness (Figure 3A; p < 0.01). However, the FRic was significantly
different from the null random expectation after controlling species richness within each
plot, indicating that the SEBLF community assembly was primarily governed by determin-
istic processes based on the FRic. Specifically, observed FRic in 83.2% of communities was
lower than expected given species richness (i.e., negative SES.FRic, Figure 3B). Consistent
with the prevalence of lower than expected FRic in each forest community, when FRic was
evaluated as the mean of SES.FRic across all communities, we also found a significant and
negative SES.FRic (Figure 3C). The result indicated that the average FRic was also lower
than expected by chance across the study sites.
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Figure 2. (A–C) Summary of hierarchical partitioning results for functional richness (FRic), the
standardized effect of the functional richness (SES.FRic), and (log-transformed) species richness
[log(SR)]. Each bar is the percentage of the variance obtained by a separate HP analysis for (A) FRic,
(B) SES.FRic, and (C) log(SR) by using consistent environmental variables. Abbreviations: precipi-
tation of driest quarter (PDQ), precipitation of wettest quarter (PWQ), mean diurnal range (MDR),
mean temperature of driest quarter (TDQ), soil pH (SpH), soil total phosphorus (STP).
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Figure 3. (A) Correlations between functional diversity (FRic) and (log-transformed) species richness
[log(SR)]. (B) The relative prevalence of negative SES.FRic versus positive SES.FRic in forest commu-
nities, evaluated based on standardized effect size of the FRic. (C) Mean (mean ±95% confidence
interval) of standardized effect size of the FRic across all communities (n = 250). ***, p < 0.001.

4. Discussion

We showed significant and similar geographical patterns of functional space and
species richness from lower to higher latitudes, longitudes, and elevations, with FRic de-
creasing with increasing latitude and elevation and increasing with increasing longitude
(Table 2, Figure 1). This was consistent with previous studies in which the geographical
gradients in niche breadth mirrored the species richness [55]. In general, geographical
gradients (latitude, longitude, and elevation) can affect functional space only indirectly
through species richness; thus, a geographical pattern of functional space would be ob-
served only when there is a geographical pattern of species richness and an effect of species
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richness on functional space [55]. However, it was notable that the functional volume (FRic)
and species richness did not shift consistently and significantly along these geographical
gradients. For instance, functional richness did not shift significantly as the species richness
increased with increasing longitude. This means that the geographical variation in niche
space might not mirror the geographical gradients in plant species richness completely. The
results also indicated that there may be some limiting factors that restricted the expansion
of niche space when the number of species increased. Therefore, the direct influences of
environmental factors on functional volume should be considered in accounting for the
geographical variation in functional trait space, given that the geographical gradients were
closely related to environmental factors and strongly reflected resource use by plant species
in our study areas [56,57].

Results showed that the geographical patterns of FRic were significantly and positively
linked to precipitation of the driest quarter (PDQ), soil pH (SpH), and soil total phosphorus
(STP). These results were consistent with previous studies wherein areas where functional
volume was greater (i.e., lower elevations and latitudes) were significantly characterized by
high amounts of rainfall during the driest quarter and higher soil nutrient content [58–60].
This suggested that precipitation and soil resources were closely related to the expansion
of the niche space of subtropical forests. Greater availability of water and soil nutrients
might create a wider niche space, allowing plant individuals with a larger range of viable
functional strategies to coexist [58]. Significantly, PDQ outperformed other environmental
variables that were not excessively co-linear with it, in accounting for the geographical
variation in functional volume. The result was in line with a previous study conducted
on BCI in Central Panama, which was dominated by evergreen tropical forests [61]. The
significant effects of soil pH and phosphorus on the niche space occupied by plant species
could be a result of the poor and acidic soil in subtropical regions of China [60,62,63].

Importantly, consistent with our expectation, the observed FRic was generally smaller
than expected after controlling species richness, as indicated by the negative standardized
effect sizes [24]. The results indicated that niche packing appeared to be prevalent and
dominant in most forest assemblages across the entire study site. This implied that as
species richness increased, new species were not preferentially added in unfilled portions
of the trait space to expand the functional volume [5,19]. Instead, species tended to
enter into the interior of the existing functional space, causing tighter packing of species
(niche packing), since the increase in functional trait space was constrained within the
SEBLF communities [19,20,64]. For instance, species richness increased significantly with
increasing mean diurnal range (MDR), while FRic decreased (although not significant). The
results suggested that the species with convergent trait combinations would increase with
the increases in MDR, therefore increasing the overlap of niche space (niche packing) [12].
Presumably, the patterns of this species coexistence in our study were determined primarily
by environmental filtering [65].

Similarly, we also found significant patterns of negative SES.FRic (niche packing) along
environmental gradients, as indicated by significant associations between SES.FRic and
environmental variables. The positive correlation of SES.FRic with PDQ and SpH provided
evidence that the niche volume appeared to increase (i.e., niche packing decreased) [5] with
increasing rainfall and soil pH. In contrast, a negative relationship between SES.FRic and
mean diurnal range (MDR) was found, which indicated that temperature variability was
the key factor in the prevalent pattern of niche packing. The result was in line with many
previous studies. For instance, Thakur et al. reported that “temperature filtering” can result
in a narrow niche [66]. Specifically, SES.FRic generally changed more quickly with the
mean diurnal range (MDR) compared to other environmental variables. This result implied
that the relative role of environmental filtering changed faster across MDR gradients in the
subtropics, with stronger relevance in the assembly of communities with larger temperature
fluctuations [40,67,68]. Less change for niche packing along gradients of precipitation and
soil suggested that environmental filters are relatively homogeneous across water and
soil conditions in subtropical forests, regardless of their importance [69]. Therefore, our
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results suggested that even if both niche patterns might accompany the increase in species
richness, the niche expansion was insufficient to become the dominant pattern at the upper
end of the precipitation and soil pH gradients. Instead, the temperature variability might
play a stronger role in niche pattering than the actual increase in resources of water and soil
nutrients, leading to more frequent niche packing in SEBLF communities [12]. Together,
our study results suggested that climate and soil significantly affected the variation in
functional volume along geographical gradients. The increase in functional trait space was
constrained within the SEBLF communities. Environmental filtering, especially associated
with temperature variability, probably defined the functional volume and caused the tighter
packing of species into the niche space (niche packing).

A previous conceptual framework proposed that species first pass through an en-
vironmental filter at a regional scale, which constrains their functional trait space and
thereby increases the packing of species. Next, the species pass through a biotic filter
within a limited functional volume, which maximizes the possible functional diversity
by competition or facilitation [24]. However, the importance of biotic interactions was
not tested in our study. Many studies revealed that biotic interactions triggering niche
partitioning in resource use [70,71] could explain the niche packing within a functional
volume. Additionally, although the approach of the null model comparing the expected
and observed patterns of functional diversity was widely used in many studies, it has fallen
short in delivering generalizable conclusions [72]. For instance, clustering of species in
functional traits could also emerge from hierarchical competition [73], in addition to envi-
ronmental filtering. Therefore, it is necessary to build more mechanistic, dynamic models
of community assembly to contrast the different ecological theories and processes [72,74,75]
in future research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13081206/s1, Figure S1: Geographical distribution of the 250 plots.
Plots were taken from five forest sites in subtropical China. At each site, 50 plots with an area of
20 m × 20 m were randomly established.
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Abstract: An interspecific association represents an inter-relatedness of different species in spatial
distribution and combined with the altitude factor, is key for revealing the formation and evolution
of an ecological community. Therefore, we analyzed the changes in interspecific association and
community stability at different altitudes in the southern Taihang Mountains using the variance
ratio (VR), χ2 test, association coefficient (AC), percentage of co-occurrence (PC) and Godron stability
method. In total, 27 sample plots measuring 20 × 20 m were set up and were divided into lower
altitude (700~1100 m), medium altitude (1100~1500 m) and higher altitude areas (1500~1900 m) into.
The results showed that the overall interspecies association of communities exhibited an insignificant
negative association in both the lower (VR = 0.79, W = 7.15) and higher (VR = 0.81, W = 7.36) altitude
areas, while an insignificant positive association was observed in the medium (VR = 1.48, W = 13.34)
altitude area. Besides, the χ2 test showed the ratio of positively and negatively correlated species
pairs decreased as altitude increased with values of 1.39, 1.22 and 0.95 in the lower, medium and
higher altitude areas, respectively. Moreover, the AC and PC indices stated that most species pairs
had a weaker association in the three altitude areas, but the AC indices also suggested the number of
positive association species pairs was more than that of negative association only in medium altitude
area. Meanwhile, the Godron stability method showed the distances from the intersection point to the
stable point (20 and 80) were still far away, with values of 22.53, 11.92 and 21.34 in the lower, medium
and higher altitude areas, respectively, which indicated an unstable succession stage, though the
community appeared steadier in the medium altitude area. This study can provide some guidance
for effective afforestation and vegetation restoration.

Keywords: altitude; interspecific association; Godron stability; the southern Taihang Mountains

1. Introduction

Tree species are interdependent in the forest successional process, with a greatly
changed abundance and composition, which showed a certain interspecific association
and then affected the forest stability [1–4]. This interspecific association represents an
inter-relatedness of different species in the spatial distribution affected by different habi-
tats of tree populations and is essential for the formation and evolution of ecological
communities [5–7], so it can be generally reflected by their corresponding habitats [8,9].
Additionally, interspecific association is mainly used to explain the community composition,
structure, function, succession trend and competition status [10,11]. Therefore, relevant
studies on interspecific association can provide an important scientific and theoretical basis
for vegetation reconstruction and biodiversity protection.

Forests 2022, 13, 373. https://doi.org/10.3390/f13030373 https://www.mdpi.com/journal/forests
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Community stability is a foundation for the continuous functioning of the forest
ecosystem and has a comprehensive feature of the structure and function of the plant
community [12]. Generally, the biological ecology method and the Godron stability mea-
surement method were used to describe the community stability in previous studies. The
former is mainly analyzed by using tree species compositions and community age struc-
tures, and the latter is reflected by the means of mathematical models [13]. In this study, we
selected the second method, in view of the actual situation of the study area. Community
stability and interspecific association are usually combined to reveal the competition status
of plant populations, community structure and the trend of community succession [14–16].

Altitude greatly influenced species distribution and forest stability and was the main
terrain factor [17–20]. For example, Zhang et al. [17] considered the vegetation patterns
in the middle part of the Taihang Mountain Range to be significantly correlated with
altitude, Mu et al. [21] found a higher continuity existed along an altitudinal gradient in
the secondary forest community in Changbai Mountains and Cabrera et al. [22] showed
that altitude was responsible for the division of structural and floristic groups, as the
most important factor for analyzing the diversity and structure of the vanishing montane
forest of southern Ecuador. Besides, Bhutia et al. [23] suggested that low-altitude forests
(900–1700 m) had the highest Shannon diversity index by examining the forest structure
in the eastern Himalayas. These examples demonstrate that previous studies on forest
communities principally focused on the relationships between altitude and species diversity
or distribution. Moreover, researches on interspecific relationships are mostly conducted
under a similar habitat condition, such as at a same altitude level [17,21–23]. However,
there are few studies that have linked altitude factors with interspecies associations and
community stability and analyzed their interactions.

The Taihang Mountains are located at the intersection of the north and south flora, with
abundant species and a complex community structure [24]. However, the forests in this area
are subject to frequent human disturbances and suffered severe soil erosion since the 1950s,
resulting in heavy habitat destruction and biodiversity loss, as well as poor ecosystem
self-recovery capabilities [25,26], but vegetation there is gradually recovering, with a series
of natural forest protection and reconstruction projects in recent years [27]. Therefore, the
study of vegetation restoration in this area has become a hot topic today. For example,
Yan et al. [28] analyzed the niche characteristics of tree populations at different altitudes,
Zhao et al. [26] revealed the relationship between secondary forests and environment and
Zhao et al. [29] explored the mechanism of plant community diversity changes. Moreover, it
is of great significance to study the relationship between different altitudes and interspecies
association and the community stability of the dominant tree species in this area, but
relevant research is still rare.

It is necessary to explore the current state and regularity of the interspecific association
and community stability at different altitudes in this local area, which is important for
formulating protection policies of species diversity and forest conservation. Therefore,
we aim to answer the following questions in this study: (1) As altitude changes, has the
interspecific association changed significantly? (2) Has altitude change affected vegetation
community stability? (3) What is the current stage of vegetation succession in this area?

2. Materials and Methods

2.1. Location Overview of Study Area

The Taihang Mountains are located on the eastern border of the Loess Plateau. They
belong to a typical mountainous landform and an important ecological barrier for the
North China Plain. The study area was located in the southern Taihang Mountains in
northern Jiyuan City, Henan Province (Figure 1). The climate here was warm temperate
and semi-humid, with the continental characteristic of a mean annual temperature of
14.5 ◦C. The annual sunshine duration is 20,400 h, the frost-free period is 213 days, and the
annual rainfall is 696 mm, which mainly falls from July to September [30]. The altitude
ranges from 150 m to 1955 m. The Taihang Mountains are highly heterogeneous in terms

46



Forests 2022, 13, 373

of topography, soil, climate and vegetation due to the wide range of altitude and typical
geological features [20]. The landform in this region is mostly hilly and mountainous, and
the soil type belongs to brown and cinnamon soil, which is mostly acid and neutral. In
1998, the Taihang Mountain Macaque Nature Reserve was set up in the southern Taihang
Mountains to protect the local forest ecosystem. At present, most forests in this area are
relatively young, and most of the areas below 600 m above sea level grow secondary forests,
shrubs and cultivated land, while primary secondary forests distribute widely above 600 m
above sea level. The main vegetation types there are secondary broadleaved deciduous
forests (including the tree species Quercus aliena, Quercus variabilis, Cotinus coggygria, etc.),
the shrubs are mostly Vitex negundo var. heterophylla and Viburnum mongolicum and the
grasses are mostly Elsholtzia ciliate and Carex rigescens [28]. In this field, we found there
are fewer newer seedlings under the forest and the shrubs are mostly Viburnum dilatatum,
Forsythia suspensa, Vitex negundo var. Heterophylla., etc. Carex rigescens, Clematis florida and
Elsholtzia ciliate distribute widely in grass layer.

 

Figure 1. Location map of the sampling sites in northern Jiyuan City.

2.2. Field Measurements

A field survey was conducted in the Macaque Natural Reserve of Taihang Mountain in
August 2020 in the southern Taihang Mountains. We selected the natural forest areas with
typical characteristics and good growth as test objects from 700 m to 1900 m, and then divided
the survey area into three altitude areas: the lower altitude area (700–1100 m), medium
altitude area (1100–1500 m), and higher altitude area (1500–1900 m). In each altitude area,
9 permanent 20 × 20 m sample plots were established (27 in total). All trees with a diameter
at breast height (DBH; 1.3 m) ≥ 1 cm were marked, and their locations in the plots were
recorded using a forest locator (POSTEX). Meanwhile, we used hand-held GPS to measure
the plots’ locations and elevations. DBH, height, names, and growth of trees, canopy cover,
slope aspect and the interference situation of the sample plots were also recorded (Table 1).
Table 1 shows that the habitat conditions were similar among the nine sample plots under
the same altitude area since it had a low degree of variation (CV < 15%) according to the
basic indication information of trees and sample plots.
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Table 1. Basic information of the permanent samples.

Altitude
Zone

Sample Plot
No.

Mean DBH *
(cm)

Mean Tree
Height (m)

Tree Density
(Tree/hm2)

Canopy
Density

Slope (◦)
Elevation

(m)

Lower
altitude area

1 10.44 5.99 3750 0.80 29 787
2 9.99 6.90 3975 0.75 32 852
3 10.76 6.63 4025 0.70 25 868
4 10.94 7.44 3625 0.78 23 871
5 12.70 7.14 3925 0.75 22 955
6 8.92 5.10 4050 0.80 31 971
7 11.37 6.41 3950 0.70 30 1016
8 10.41 6.74 4050 0.65 32 1054
9 12.32 7.58 4150 0.75 30 1066

CV 10.03 10.85 3.89 6.41 12.91 9.86

Medium
altitude area

10 14.72 6.33 3225 0.65 24 1114
11 12.83 9.45 3375 0.65 25 1145
12 14.34 7.71 3150 0.68 30 1193
13 15.79 10.32 3375 0.65 30 1222
14 12.86 7.52 3600 0.70 25 1321
15 10.68 8.58 3900 0.78 28 1324
16 11.31 8.46 3175 0.80 32 1415
17 14.21 9.00 3325 0.80 26 1430
18 9.73 7.66 3475 0.75 35 1495
CV 14.79 13.40 6.55 8.56 12.34 9.80

Higher
altitude area

19 11.94 8.97 4825 0.75 31 1510
20 8.94 8.23 4875 0.80 25 1521
21 11.29 7.31 4650 0.85 25 1535
22 11.82 8.16 4750 0.70 25 1539
23 12.97 8.12 4950 0.65 33 1554
24 12.80 8.06 4825 0.70 36 1582
25 10.75 8.97 4775 0.85 28 1720
26 9.86 8.49 4850 0.85 23 1787
27 10.31 8.29 4950 0.85 30 1813
CV 11.36 5.73 1.87 9.64 14.46 7.03

* DBH: diameter at breast height (forestry).

2.3. Data Analysis
2.3.1. Importance Values

The importance value (IV) of a species was used to characterize the status and role of
each species in the community and defined as the average of the relative abundance (RA),
relative frequency (RF) and relative dominance (RD) of the species [4,6]. In this study, the
IV was used as an index for selecting the dominant tree species. It was calculated with the
following equations [6]:

IV = (RA + RD + RF)/3 (1)

RA = ai/
S

∑
i=1

ai RD = di/
S

∑
i=1

di RF = fi/
S

∑
i=1

fi (2)

where ai is the number of individuals of population i, di is the basal area at the height of
1.3 m of population i, fi is the number of quadrats in which the population i appears and S
is the total number of species.

2.3.2. Interspecific Association Quantification

The variance ratio (VR) test was used to gain insight into the overall association among
the different species, and significance was further tested using the W statistic value. The
formulas are listed below [31,32]:

Pi = ni/N (3)
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VR = S2
T/δ2

T= [
1
N

N

∑
i=1

(T j −t)2]/
S

∑
i=n

Pi(1 − Pi) (4)

W = VR × N (5)

where ni is the number of quadrats containing species i, N is the total number of quadrats,
S is the total number of species, Tj is the number of species occurring in quadrat j, and t is
the average number of species in the quadrats.

If VR > 1, the species have a positive association, and if VR < 1, species have a
negative association. VR = 1 indicates that species have no associations because they are
assumed independent. If χ2

0.95(N) < W < χ2
0.05(N), the overall interspecific association is not

significant (P > 0.05). Conversely, the association is significant (P < 0.05) when W < χ2
0.95(N)

or W > χ2
0.05(N).

The degree of association was conducted based on a 2 × 2 contingency column table
that was generated by the existence or absence of the two species. For each pair of species
A and B, we can obtain a contingency table such as in the example of Table 2 [6]:

Table 2. Example of a 2 × 2 contingency table.

Species B
Sum

Present Absent

Species A Present a b a + b
Absent c d c + d

Sum a + c b + d N = a + b + c + d
a, the number of quadrats in which species A and B co-occurred; b, the number of quadrats in which species A
occurred, but not B; c, the number of quadrats in which species B occurred, but not A; d, the number of quadrats
in which neither A nor B were found; N, the total number of quadrats.

χ2 was corrected by the Yates continuous correction formula since the study was a
discontinuous sample, and we determined the sign of the association between species
pairs by the sign of the V value [33,34]. The b and d values were weighted to 1 to avoid a
non-computable situation when the denominator was 0 and the frequency of occurrence of
a certain species was 100% [35]. These were calculated as follows:

χ2 = N(|ad − bc| − 1
2

n)2/[(a + b)(c + d)(a + c)(b + d)] (6)

V = [(a + d) − (b + c)]/(a + b + c + d) (7)

When χ2 < 3.841, there is an insignificant interspecific association between two species
pairs (P > 0.05), when 3.841 ≤ χ2 ≤ 6.635, the interspecific association between two species
pairs is significant (0.01 ≤ P ≤ 0.05) and when χ2 > 6.635, the interspecific association
between two species pairs is highly significant (P < 0.01). In addition, if V > 0, there is a
positive association. Conversely, if V < 0, there is a negative association [33].

The χ2 test results were further verified by the association coefficient (AC) and the
percentage of co-occurrence (PC). The association coefficient (AC) was used to quantify the
interspecific association of each species pair, and the percentage of co-occurrence (PC) can
further reflect the strength of the positive association between tree species. These formulas
are as follows:

When ad ≥ bc, AC = (ad − bc)/[(a + b)(b + d)] (8)

When ad < bc and d ≥ a, AC = (ad − bc)/[(a + b)(a + c)] (9)

When ad < bc and d < a, AC = (ad − bc)/[(b + d)(d + c)] (10)

PC = a/(a + b + c) (11)

AC index values range from 1 for complete positive associations (b = 0 and c = 0) to
−1 for complete negative associations (a = 0 and d = 0). When AC equals zero, it shows
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there is no association [6]. The PC range is (0,1). The closer the PC is to 1, the more positive
associations between tree species pairs; when the PC is equal to 0, there is no association
between the tree species pairs [35].

2.3.3. Community Stability Analysis

The Godron stability index was used to determine the community stability. The
27 plots with size of 20 × 20 m were taken as a unit and arranged using the frequencies of
all tree species in an ascending order. Next, the relative frequency of each tree species was
calculated (the frequency of each species/the total frequency of all species), as well as the
reciprocal of total species (1/the number of all species), its accumulative relative frequency
(as dependent variable) and the accumulative reciprocal one by one (as an independent
variable). Finally, using the smooth curve of scatter points, the binomial equation was
simulated, and the coordinate of the intersection point between this simulation equation
and the equation y = −x + 100 was calculated. According to the Godron stability judgment
method, the closer a coordinate is to the community stability point coordinate (20, 80), the
higher the community stability is [36].

2.4. Statistics and Analysis

In this study, R 4.0.3 (R Core Team, Vienna, Austria), Excel 2016 (Microsoft Corporation,
Redmond, WA, USA) and Origin 2018 (OriginLab, Northampton, MA, USA) were used for
all statistical analyses. The species association indices were conducted using the R packages
“spaa” [37] and “corrplot” [38]. The calculation and drawing of community stability were
derived by Excel 2016 and Origin 2018, respectively. In addition, ArcGIS 10.2 was used to
generate the map of the sampling plots.

3. Results

3.1. Composition of Trees Species

A total of 68 different tree species were found during our investigation in this field,
with 23 tree species in the lower altitude area, 22 tree species in the medium altitude
area, and 23 tree species in higher altitude area. Only 10 (14.71%) tree species existed in
all three altitude areas, and 24 (35.29%) tree species only appeared in one altitude area,
which indicated that there was an obvious difference in tree species composition in the
different altitude areas. In this study, 21 dominant species with more than one frequency
and importance values greater than 1% were selected for interspecific association analysis
among the plant communities in the 3 different altitude areas (Table 3).

Table 3. Dominant species, abbreviations, and importance values.

Species Abbreviation

Importance Value/%

Lower
Altitude Area

Medium
Altitude Area

Higher
Altitude Area

Quercus aliena Qa 26.56 27.45 22.05
Quercus variabilis Qv 23.98 19.73 3.87

Koelreuteria paniculata Kp 6.17 / 1 / 2

Pinus tabuliformis Pt 5.47 / 2 13.45
Acer mono Am 4.65 7.33 4.27

Diospyros lotus Dl 4.36 1.81 /1

Carpinus cordata Co 3.27 9.71 5.58
Cotinus coggygria Cc 3.16 / 1 / 1

Cornus macrophylla Cm 3.04 3.45 1.19
Crataegus pinnatifida Cp 2.31 3.93 / 1

Ziziphus jujuba Zj 1.33 / 1 / 1

Malus honanensis Mh 1.32 / 2 1.51
Acer davidii Ad 1.18 8.47 15.05

Toxicodendron vernicifluum Tv 1.10 2.78 4.53
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Table 3. Cont.

Species Abbreviation

Importance Value/%

Lower
Altitude Area

Medium
Altitude Area

Higher
Altitude Area

Fraxinus chinensis Fc / 1 2.66 2.43
Zelkova schneideriana Zs / 1 2.19 /1

Quercus mongolica Qm / 1 1.39 5.64
Picrasma quassioides Pq / 2 1.22 / 1

Rhus chinensis Rc / 1 1.84 / 1

Betula platyphylla Bp / 1 / 1 3.75
Pinus armandii Pa / 1 / 1 10.49

1: The species does not occur in the altitude area; 2: The species occurs in the altitude area with a frequency less
than 1 and has an importance value less than or equal to 1%.

3.2. Overall Interspecific Association

The overall interspecific association of the communities in three altitude areas is
presented in Table 4. The results showed that the communities in the lower and higher
altitude areas both exhibited a negative association for VR < 1 and were also insignificant
when combined with W statistics and the χ2 test. Conversely, the community in the
medium altitude area indicated a positive association for VR > 1, and the χ2 test result
further revealed an insignificant overall interspecific association. This indicated that the
tree populations in medium altitude areas maintained a relatively stable stage and appeared
to exist in a mutually beneficial symbiotic relationship.

Table 4. Overall association among dominant tree species.

Altitude Zone Variance Ratio (VR) Test Statistics (W) χ2
(0.95,N), χ2

(0.05,N) Test Results

Lower altitude area 0.79 7.15 3.325, 16.92 Not a significant association
Medium altitude area 1.48 13.34 3.325, 16.92 Not a significant association
Higher altitude area 0.81 7.36 3.325, 16.92 Not a significant association

3.3. Associations between Dominant Species Pairs
3.3.1. Test of Dominant Species Pair Associations

A χ2 test determined the level of significance of dominant species pairs based on the
2 × 2 contingency table. The results demonstrated that among the dominant tree pop-
ulations, the proportion of positive associations decreased slightly as altitude increased
from the lower altitude area (58.24%) to the medium altitude area (54.95%) and the higher
altitude area (51.28%) (Figure 2). In the lower altitude area, there were no significantly
associated pairs. In the medium altitude area, a significantly positively associated pair
was Cornus macrophylla and Carpinus cordata (χ2 = 5.41; 0.01 < P < 0.05), and a negatively
associated pair was Zelkova schneideriana and Acer mono (χ2 = −4.14; 0.01 < P < 0.05). In
the higher altitude area, there were five pairs that reached significant associations. Quercus
mongolica and Acer mono (χ2 = 5.06; 0.01 < P < 0.05) showed a significant positive asso-
ciation, while Pinus armandii and Quercus variabilis (χ2 = −5.06; 0.01 < P < 0.05), Cornus
macrophylla and Carpinus cordata (χ2 = −4.14; 0.01 < P < 0.05), Quercus mongolica and Pinus
tabuliformis (χ2 = −5.06; 0.01 < P < 0.05) and Acer mono and Pinus tabuliformis (χ2 = −5.06;
0.01 < P < 0.05) all showed negative associations. Overall, our results indicated that most of
the pairs among the dominant tree populations were not significant associations. This indi-
cated that most species pairs were weak associations for most species, and the distribution
of tree species is independent.
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Figure 2. Half matrix graph of the interspecific association χ2 test among the dominant tree species.

3.3.2. Measures of Dominant Species Pair Associations

The association coefficients (AC) and the percentage of co-occurrence (PC) results of
the dominant tree species in the three altitude areas further distinguished the association
strength between the species pairs (Figures 3–5 and Table 5). The number of positive
association species pairs were 40, 47 and 34, with corresponding positive and negative
species pair association ratio values of 0.78, 1.07 and 0.94 in the lower, medium and higher
altitude areas, respectively, based on the AC results.

 
(a) (b) 

Figure 3. AC and PC values in lower altitude area: (a) the association coefficients (AC value); (b) the
percentage of co-occurrence (PC value). Notes: The size and color depth of the circles represent the
absolute value of the interspecific association. Blue represents a positive association between the tree
pairs, and red represents a negative association between the tree pairs. The same below.
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(a) (b) 

Figure 4. AC and PC values in the medium altitude area: (a) the association coefficients (AC value);
(b) the percentage of co-occurrence (PC value).

 
(a) (b) 

Figure 5. AC and PC values in the higher altitude area: (a) the association coefficients (AC value);
(b) the percentage of co-occurrence (PC value).

In the lower altitude area, 12 species pairs showed obvious significant positive associ-
ations (AC ≥ 0.6), such as Quercus aliena and Diospyros lotus (AC = 0.62, PC = 0.83), Malus
honanensis and Quercus aliena (AC = 1.00, PC = 0.33) and Toxicodendron vernicifluum and Acer
davidii (AC = 1.00, PC = 1.0) (AC = 1.00, PC > 0.25), indicating that these tree species were
more likely to appear in the same habitats. Besides, there was an obvious significant nega-
tive association between 38 species pairs (AC < −0.6), such as Pinus tabuliformis with other
tree species (AC = −1.00, PC = 0) except for Quercus variabilis, Ziziphus jujuba and Cotinus
coggygria, demonstrating no appearances in the same plots simultaneously. Additionally,
there were 41 species pairs with weak associations (−0.6 ≤ AC < 0.6).
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Table 5. The association coefficients and the percentage of co-occurrence among the dominant tree
species.

Association
Type

Type Value Range

Lower Altitude Area
Medium Altitude

Area
Higher Altitude

Area

Species Pair
Number

%
Species Pair

Number
%

Species Pair
Number

%

Association
coefficient

(AC)

Positive
association

AC ≥ 0.6 12 13.19 16 17.58 12 15.38
0.2 ≤ AC < 0.6 9 9.89 18 19.78 15 19.23
0 < AC < 0.2 19 20.88 13 14.29 7 8.97

No association AC = 0 0 0.00 0 0.00 8 10.26

Negative
association

−0.2 ≤ AC < 0 3 3.30 11 12.09 3 3.85
−0.6 ≤ AC < −0.2 10 10.99 10 10.99 20 25.64

AC < −0.6 38 41.76 23 25.27 13 16.67

Percentage of
co-occurrence

(PC)

PC = 1 1 1.10 1 1.10 1 1.28
0.5 ≤ PC < 1 8 8.79 21 23.08 23 29.49
0 < PC < 0.5 44 48.35 53 58.24 46 58.97

PC = 0 38 41.76 16 17.58 8 10.26
Total 91 100 91 100 78 100

In the medium altitude area, there were 16 species pairs showing obvious significant
positive associations (AC ≥ 0.6), such as Acer mono and Carpinus cordata (Toxicodendron
vernicifluum and Cornus macrophylla) (AC = 1.00, PC > 0.5), suggesting a similar requirement
for habitats. Apart from this, 23 species pairs showed obvious significant negative associa-
tions (AC < −0.6), such as Quercus variabilis and Acer davidii (Carpinus cordata) (AC = −1.00,
PC < 0.5). Moreover, 52 species pairs had unremarkable associations (−0.6 ≤ AC < 0.6).

In the higher altitude area, 12 species pairs exhibited strong positive associations
(AC ≥ 0.6), such as Acer davidii and Toxicodendron vernicifluum (Cornus macrophylla, Quercus
mongolica, Pinus armandii and Betula platyphylla) (AC = 1.00), with corresponding larger
PC values. Conversely, 13 species pairs had strong negative associations (AC ≤ −0.6),
such as Carpinus cordata and Acer davidii and Acer davidii and Quercus variabilis (AC = −1),
which meant there were large ecological differences among them. Besides, 53 species
pairs were relatively weakly associated (−0.6 ≤ AC < 0.6), and there were 8 species pairs
that showed independent relationships among them (AC = 0), such as Malus honanensis
and Pinus armandii (Quercus mongolica) (AC = 0, PC < 0.5), which manifested completely
independently and cannot appear in the same plots at the same time.

3.4. Analysis of Community Stability in the Different Altitude Areas

Godron scatter plots and the calculation results of communities in the three altitude
areas are shown in Table 6 and Figure 6, respectively. The results showed that the distances
from the intersection point of the three regression models to the stable point (20, 80) were
22.53, 11.92, 21.34 in the lower, medium and higher altitude areas, respectively. According
to the Godron stability judgment method, we can conclude that the medium altitude area
had a more stable community compared with the other altitude areas.

Table 6. Community stability analysis results.

Altitude Area Curve Equation
Correlation
Coefficient

Coordinates
Distance of Intersection
Point and Stable Point

Lower altitude area y = −0.0105x2 + 1.9003x + 9.3519 0.982 35.93, 64.07 22.53
Medium altitude area y = −0.0104x2 + 1.915x + 8.7367 0.995 28.43, 71.57 11.92
Higher altitude area y = −0.012x2 + 2.0825x + 6.6125 0.992 35.09, 64.91 21.34
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Figure 6. Godron scatter plots of communities in the three different altitude areas.

4. Discussion

4.1. Analysis of Overall Interspecific Association

The overall interspecific association reflects the stability of the community structure
and species composition and better describes the community succession stage [39–41].
Generally, when a plant community reaches top-level succession, each species usually
can achieve maximum utilization of the resource environment and can realize mutual
promotion of species growth. Besides, the community structure tends to be complete and
balanced [41–43], and, correspondingly, there is a positive overall species association. This
means that when species show a negative interspecific association, the community was
at an early succession or a secondary succession, with a relatively unstable community
structure and composition and a low degree of interspecific association between species
pairs. We calculated the overall interspecific association of the dominant species pairs at
different altitude areas and found it was positive only in the medium altitude area, which
suggested that, compared with other altitude areas, its community was in a stable phase,
and the population of dominant trees appeared to exist in a mutually beneficial relationship.

4.2. Analysis of the Associations among the Dominant Tree Species Pairs

Interspecific associations represent a relationship among the species pairs in different
habitats and show their ecological adaptability to environmental factors [44,45]. The χ2 test
results showed that the ratio of positive and negative species pair associations appeared
to have a downward trend as altitude increased, which, thus, illustrated a weakened
correlation and interdependence among the tree populations. In fact, several significant
positive species pair associations existed in the medium altitude area, so it seemed that
the medium altitude area had a stronger association between the dominant species pairs,
which was consistent with the result of overall interspecific association. However, it
should be clearly recognized that the interspecific association was still loose, and the
distribution of each tree species was relatively independent because most species pairs
were not significantly associated.

A positive correlation between species pairs means that they have a same or similar
demand for environmental resources and a reciprocal symbiotic relationship, while a
negative correlation reflects the adaptability of species pairs to environmental heterogeneity
due to their great differences in biological characteristics, thus resulting in an exclusion
and niche separation [40,44–46]. For example, Carpinus cordata and Cornus macrophylla in
the medium altitude area and Quercus Mongolica and Acer mono in the higher altitude area
displayed a significant positive association because they are all fond of light and resistant to
poor soil and cold environment, while Carpinus cordata and Cornus macrophylla in the higher
altitude area displayed a significant negative association because, unlike Cornus macrophylla,
Carpinus cordata is not resistant to water and humidity. However, the scale of habitats also
had a great impact on the result of interspecies association. If the scale of habitats was
too large, they mostly tended to have positive associations; otherwise, they had negative
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associations [47]. Generally, the appropriate area of a community in the temperate forest
was 200–500 m2 according to the empirical value. In our study, the sample plot area was
400 m2, which was reasonable for the study, so we inferred that this biological characteristic
was the key factor in interspecies association.

Similarly, the number of positive species pair associations was more than that of
the negative associations only in the medium altitude area based on the AC and PC
analyses, which is consistent with the overall interspecific association and the χ2 test.
Moreover, the associations of some species pairs were not related to altitude change. For
example, Quercus variabilis and Acer davidii were negatively associated throughout, while
Toxicodendron vernicifluum and Carpinus cordata were positively associated from 700 m to
1900 m. However, the associations of some species pairs evolved from positive to negative
as altitude increased, such as Cornus macrophylla and Toxicodendron vernicifluum and Quercus
aliena and Quercus variabilis, while some evolved from negative to positive, such as Quercus
aliena and Acer davidii, which clarified that the altitude factor could surely change the
associations between some species pairs.

The competition theory considered that the associations between species pairs would
change due to external conditions, and a species pair may show different associations
in different habitats [48,49], which confirmed the results of this study. The dominant
species in the lower altitude area prefer sunshine and tend to compete for the limited light
resources and nutrients, thus causing a negative association. Furthermore, forests in this
area suffered from heavy logging activities in the last century and human interference
in recent years. Therefore, it might change tree species composition, promote or inhibit
the survival of certain tree species and have a certain negative impact on the interactions
among species as well [50]. Moreover, our study showed that more positive species pair
associations were observed than negative species pairs in the medium altitude area, owing
to its better environmental conditions and protection, so we inferred that historical and
realistic disturbances could affect the ratio of positive and negative associations. This was
quite the same as the research results of Gu et al. [40]. Moreover, the number of negatively
associated species was greater in the higher altitude area that was restricted by harsh
climatic and soil conditions.

4.3. Analysis of the Stability of Tree Communities

The Godron method is comprehensive and systematic in describing community sta-
bility and can further improve the analysis results of interspecific association [48,50]. The
Godron method analysis results in this study showed that the coordinates of the stability
point change from (35.93, 64.07) in the lower altitude area to (28.43, 71.57) in the medium
altitude area, and then to (35.09, 64.91) in the higher altitude area. It can be seen that the
coordinate of stability point in medium altitude area was closer to the Godron stable point
(20, 80) compared with the other altitude areas. This result is basically consistent with the
results of VR, AC and PC, because the lower altitude areas suffer from a certain human
interference, and the habitat in higher altitude areas was inferior because of the lower
temperature and poor soil fertility, which influence the status and role of the tree species in
plant communities, thus affecting the community stability [21,22,44,51].

In summary, the communities in the southern foothills of the Taihang Mountains are
at a relatively unstable succession stage, with fluctuating species compositions, community
structures and competitions, though the community appeared to be steadier in medium
altitude area, which was contrary to the results of Li et al. [52] on the interspecific association
of the main trees in the tropical rainforest. The reason might be that tree species in the
study areas are mainly oak trees, which are concentrated in the plot and more easily form
dominant species groups and constructive tree species compared with tropical rain forests
with complex community composition and high heterogeneity.
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4.4. Vegetation Protection Strategy and Prospect

In this study, we found that communities were at an unstable stage of secondary
succession in this area, with Quercus aliena and Quercus variabilis as the main ones in the
tree layers. These tree species had strong vitality, which distributed centrally and occupied
a large part in community [28] Their niches were generally negatively associated with
Fraxinus chinensis, Swida alba and other tree species, with an extremely small coupling
coefficient and competitions for environmental resources. Therefore, we should not only
fully understand the ecological and biological characteristics of tree species in the process
of community reconstruction and restoration but also consider the influence of different
habitats on the relationships between tree species. The specific measures are to select tree
species with strong environmental adaptability and strong positive interspecific association
according to the altitude division for collocation planting to improve the community
structure, prevent vicious competition among species [53] and to promote the restoration
of vegetation and the stability of communities in the southern Taihang Mountains.

Altitude could affect interspecies associations and community stability. However, it is
still difficult to explain the specific reasons for the formation of interspecific associations,
which are generally affected by complex factors. Therefore, the forest spatial structure
index, soil, topography, climate and other factors should also be considered jointly to obtain
a more comprehensive analysis result in future relevant research.

5. Conclusions

The overall interspecific association, association between dominant species pairs and
community stability in natural secondary forests at different altitudes were studied in this
research. We concluded that the altitude factor can change the interspecific associations
between tree species pairs. The communities of three altitude areas were at a relatively
unstable succession stage, though it was steadier in the medium altitude area. Tree species
should be selected for planting in accordance with altitude gradients, and the ratio of
positive and negative species pair correlations should also be adjusted reasonably. Studying
the effects of the altitude factor on community stability and the interspecific association
of natural secondary forest after long-term restoration is important to understand the
effectiveness of ecosystem restoration in the local area.
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Abstract: The mechanisms responsible for biodiversity formation and maintenance are central themes
in biodiversity conservation. However, the relationships between community assembly, phylogeny,
and functional traits remain poorly understood, especially following disturbance. In this study, we
examined forest community assembly mechanisms in different disturbance regimes across spatial
scales and including tree life history classes, using phylogenetic and functional trait metrics. Across
disturbance regimes, phylogenetic structure tended to be over-dispersed, while functional structure
tended to be clustered. The over-dispersion of phylogenetic structure also increased from small to
large diameter species. Moreover, the explanation of spatial distance for the turnover of phylogenetic
and functional structure was increased, while environmental distance explained less structure as
disturbance intensity decreased. Our findings suggest that niche theory largely explains forest
community assembly in different disturbance regimes. Furthermore, environmental filtering plays a
major role in moderate to high disturbance regimes, while competitive exclusion is more important
in undisturbed and slightly disturbed ecosystems.

Keywords: net relatedness index; functional trait; niche theory; habitat filtering; competitive
exclusion; deciduous broad-leaved forests

1. Introduction

Biodiversity formation and maintenance mechanisms, and community assembly mech-
anisms in particular, are central themes in biodiversity conservation [1]. Niche theory holds
that the niche differentiation among coexisting species strongly affects community construc-
tion, which results from forces including habitat filtering and competitive exclusion [2,3]. In
contrast, neutral theory posits that stochastic factors, such as diffusion and random effects,
are the determinants of community construction [4]. Based on the phylogenetic niche con-
servation theory of Webb [5], the phylogenetic distance of species within communities can
be used to infer the relative strengths of niche and neutral progress in community assembly.
If the evolution of species functional traits is relatively slow, habitat filtering is predicted to
lead to clustered community phylogenetic structures, while competitive exclusion leads
to over-dispersed communities [6–9]. Random phylogenetic structures may result from
diffusion and habitat filtering or a combination of random effects and competitive exclu-
sion [10,11]. Community functional trait structure, therefore, represents a comprehensive
pattern of species functional traits [12]. The existing community trait distributions result
from differences in the selection of environmental and non-environmental factors by species,
and thus provide important clues to understanding the relative importance of ecological
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processes in community construction [13,14]. With improved phylogenetic and functional
ecology methods, community phylogenetic studies of plant functional traits have become
common tools for assessing community construction mechanisms. The roles of niche and
neutral processes in community construction, based on phylogenetic or functional traits and
α− and β−diversity, have attracted much attention [15–19]. Studies have shown that the α-
and β-diversity of community phylogenetic and functional traits are closely related to study
scales, both in time and space [20,21]. Interspecific interactions and diffusion restrictions
are more prevalent at smaller community scales, while environmental filtering is generally
a feature of larger scales [22,23]. Meanwhile, the α-diversity of community phylogenetic
and functional traits also show different response patterns for tree species at different life
history stages, due to different environmental needs and tolerances [20]. For example, small
and medium diameter tree species are commonly subject to habitat filtering, leading to
clustered community phylogenetic structures [24]. Whereas, competitive exclusion is more
likely to occur between large diameter trees, due to the need for more resources, resulting
in over-dispersion [9]. The relative importance of diffusion and environmental filtering
in community construction can be inferred from changes in the phylogenetic signals and
ecological characteristics of species between communities [25,26]. Although phylogenetic
and functional trait diversity is increasingly used to infer community assembly mechanisms
individually, most studies do not combine them [27].

Disturbances, from human activities to natural fires and earthquakes, have profound
impacts on regional community construction and species diversity [28]. With the increasing
frequency of human activities, human disturbance has become the primary factor affecting
the construction of regional communities [29]. The influence of human disturbance on
ecosystems has long been a focus of multidisciplinary research in geography, ecology,
and natural resources science [30]. Disturbance theory is a vital part of ecology, and
the “intermediate-disturbance hypothesis” is currently the most studied [31,32]. This
hypothesis suggests that moderate disturbances help maintain high biodiversity [33,34].
Generally, unmanaged forests after human disturbance are in the early and middle stages
of succession [35]. However, some extreme disturbances can reverse the succession of
secondary forests, which seriously threatens healthy forest development [36].

Deforestation is among the most common human disturbances [37] and affects forest
phylogenetic and functional trait structure, and subsequently alters forest community bio-
diversity and ecosystem function [11]. Differences in the biotic (e.g., community structure
and species composition) and abiotic (e.g., soil and light) environments [38–42] resulting
from different deforestation methods, intensities, and intervals lead to different effects on
the structure, function, and biodiversity of forest ecosystems [43]. Therefore, studying the
effects of deforestation disturbance on regional community construction and species diver-
sity is of great significance for the renewal and development of forest communities [44].
Most studies have focused on the impact of disturbances on forest community structure,
stability, and species diversity [29,44–48]. However, there are few studies of community
assembly mechanisms that examined the phylogenetic and functional trait structure of
woody plants as succession progressed.

In this study, we examined the community assembly mechanisms of woody plants
in forests subject to different disturbance regimes, at spatial and diameter at breast height
(DBH) scales, using phylogenetic signals and the phylogenetic and functional trait structure.
We hypothesized that (1) species with similar genetic relationships would have similar
functional traits, as a result of significant phylogenetic signals; (2) the phylogenetic and
functional trait structure at small and medium spatial and DBH class scale could have
higher clustering, due to habitat filtering and competitive exclusion; and (3) environmental
filtering could tend to be more important following high and moderate disturbance, due
to increased resource availability and species richness, and competitive exclusion could
tend to be more important for slightly disturbed and undisturbed communities, due to
diffusional limitation.
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2. Materials and Methods

2.1. Study Site and Sampling

The study site was located in the Baiyun Mountain National Nature Reserve (111◦48′–
112◦16′ E, 33◦33′–33◦56′ N), Luoyang, south of Henan Province, China (Figure 1), which
is about 168 km2 and 1500–2216 m above sea level [29]. The slope of the mountain is
mostly 40–80◦. Long-term mean annual precipitation is approximately 1200 mm, with most
occurring from July to September, and the mean annual relative humidity is 70–78%. Mean
annual temperature was 13.1–13.9 ◦C, and extreme minimum and maximum temperatures
were −14.4 and 42.1 ◦C, respectively. The soil texture is mainly light soil, with a pH of
5.5–6.5 [49].

Figure 1. Location of different disturbance dynamics plots in the temperate−subtropical ecological
transition zone of the Baiyun Mountain Nature Reserve. DEM represents altitude.

The Baiyun Mountain Nature Reserve is located in a temperate–subtropical ecological
transition zone, with mostly deciduous broad-leaved forests. The forest coverage in the
reserve reaches 98.5%, which consists of 1991 species of plants, including the following
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dominant species: Quercus aliena var. acutiserrata, Carpinus turczaninowii, Betula platyphylla,
Pinus armandii Franch, and Toxicodendron vernicifluum [49].

Forest monitoring plots were randomly selected and stratified by disturbance regime
in the Baiyun Mountain Nature Reserve, where plant growth and ecosystem functions are
sensitive to climate change [50]. Four disturbance regimes of the forest were estimated,
based on knowledge of local logging events and forest physiognomy. Four 1 hm2 plots
(100 m × 100 m), namely, plantation, twice-cut, once-cut, and old-growth forests, were
randomly selected within each disturbance regime in the reserve (Table 1). Four 1 hm2

plots were divided into 100 grids (10 m × 10 m). All trees with diameter at breast height
(DBH) ≥1 cm in the plot were tagged, mapped, and measured [51]. Topographic vari-
ables (elevation, convexity, slope, and aspect) were measured using the methodology of
Harms [52] for each 10 m × 10 m grid in the plot.

Table 1. Summaries of disturbance regime forest plots in Baiyunshan Nature Reserve.

Plantation Forest Twice-Cut Forest Once-Cut Forest Old-Growth Forest

Average elevation (m) 1647.4 1578.66 1413.15 1772.62
Mean DBH (cm) 14.23 7.21 7.76 9.5

Total basal area (m2) 22.925 25.95 33.33 31.9
Number of species 42 46 57 52
Individual number 953 2534 3671 2318

Disturbance regimes
Larix kaempferi forest
planted after logging

and clearing.

Natural regeneration
occurred after
once-cutting.

Twice-cutting and
breeding were carried

out after about 30 years
natural recovery,

followed again by
natural recovery.

The forest was restored
after comprehensive

once-cutting.

The forest has been
undisturbed for more

than 100 years.

Age of forest (years) 20 50 50 100
Degree of disturbance High disturbance Moderate disturbance Slight disturbance Undisturbed

Dominant species

Quercus aliena var.
acutiserrata;

Quercus aliena var.
acutiserrata;

Quercus aliena var.
acutiserrata;

Quercus aliena var.
acutiserrata;

Larix gmelinii Pinus armandii Franch; Pinus armandii Franch; Sorbus hupehensis;
Corylus heterophylla Forsythia suspensa Litsea tsinlingensis

To assess the relationship between phylogenetic structure and spatial scale, we further
divided each 1 hm2 plot into 10 m × 10 m, 20 m × 20 m, and 25 m × 25 m grids, with a
total of 100, 25, and 16 of each size, respectively. To investigate the relationship between
time scale (as measured by tree size) and phylogenetic structure, we divided all woody
plants with a DBH ≥1 cm into three different diameter classes following [53]; namely, small
(1 cm ≤ DBH < 5 cm), medium (5 cm ≤ DBH < 10 cm), and large (DBH ≥ 10 cm).

2.2. Phylogenetic Tree Construction

Phylogenetic trees were constructed using the database Phylomatic [8]. All species
information in each plot was imported into the community phylogenetic software Phylo-
com Version 3.21 (available online http://www.phylodiversity.net/phylocom, accessed
on 4 February 2018) [54]. First, major relationships were taken from the Angiosperm Phy-
logeny Group classification (APG IV 2016). Second, the BLADJ algorithm was implemented
within Phylocom to calibrate each species pool supertree, by applying known molecular
and fossil dates [55] to nodes on the supertree, resulting in ultrametric phylogenetic trees
of each community (Figure 2).
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Figure 2. Topographic maps, phylogenetic trees, and spatial species abundances of woody plants
in the plantation (a), twice-cut (b), once-cut (c), and old-growth (d) forests of the Baiyun Mountain
Nature Reserve.

2.3. Functional Trait Clustering

We measured seven key functional traits representing the leaf (specific leaf area,
stomatal conductance), stem (maximum tree height, wood density), and physiological
(minimal fluorescence, non−photochemical quenching, transpiration rate) traits of the tree
species in the community, according to the handbook for standardized measurement of
plant functional traits by Pérez−Harguindeguy [56]. We reduced the dimensionality of
these traits through principal component analysis (PCA). The first three axes were selected
as comprehensive functional trait factors to transform the trait matrix into a distance matrix,
and hierarchical clustering was conducted according to the trait distances between species,
to generate a functional trait clustering tree [57].

2.4. Data Analysis
2.4.1. Phylogenetic Signal

The phylogenetic signal was analyzed using Blomberg’s K [58], which is a measure
of the observed trait variance compared to that expected under Brownian motion. The
null expectation of K = 0 represents no phylogenetic signal, while K = 1 indicates a strong
phylogenetic signal, and that the trait evolves according to Brownian motion. A weak
phylogenetic signal is indicated by 0 < K < 1, whereas K > 1 indicates a very strong signal,
and that the trait values are more similar than expected under Brownian motion. The
significance of the phylogenetic signal can be obtained by comparing variance observations
of standardized independent differences across the phylogenetic tree for functional traits
with a random test of the null model.
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2.4.2. Community Phylogenetic and Functional Trait Structure

The net relatedness index (NRI) and standardization mean pairwise trait distance
(S.E.S PW) were calculated to reflect the phylogenetic and functional trait character struc-
tures, respectively, of tree species in each spatial scale and diameter class, for each distur-
bance regime [5,59]. First, the mean phylogenetic distances (MPDs) and mean pairwise
trait distances (PWs) for all species pairs in the quadrat were quantified. Then, we used a
richness null modelling approach to estimate the expected subplot species richness distribu-
tions under random processes; we randomly permuted the species set of the phylogenetic
tree or functional trait clustering tree 999 times to obtain the MPD or PW of each species
pair in the quadrat under the random null model [60]. Finally, the observed values were
normalized using the random distribution result, to obtain the values of NRI and S.E.S PW,
calculated using the following formula [5]:

NRI = −1 × (MPDobs − mean(MPDrnd))

sd(MPDrnd)
, (1)

S.E.S PW = −1 × (PWobs − mean(PWrnd))

sd(PWrnd)
(2)

where MPDobs and PWobs represent the observed MPD and PW values; MPDrnd and PWrnd
represent the MPD and PW values of 999 randomly generated null communities; and sd
(MPDrnd) and sd (PWrnd) are the standard deviations of the 999 MPDrnd and PWrnd values,
respectively. Negative values of NRI and S.E.S PW indicate higher mean phylogenetic
distances and mean pairwise trait distance, respectively, than expected given the random as-
semblages, and are indicative of phylogenetic and functional trait over-dispersion. Whereas
positive NRI and S.E.S PW values indicate lower mean distances and phylogenetic and
functional trait clustering, respectively.

Previous phylogenetic studies have shown that the distributions of NRI and S.E.S PW
scores from multiple equally sized quadrats are generally right-biased [9]. Therefore, we
used the nonparametric Wilcoxon test to test for significant deviations between NRI or
S.E.S PW and zero [61]. Moran’s I was used to test the spatial autocorrelation of species
NRI and S.E.S PW at different scales [62]. Spatial autoregression analyses (SAR) were
used to analyze the effects of removing spatial autocorrelation on community phylogenetic
structure and functional trait structure [54].

2.4.3. Beta Diversity of Phylogenetic and Functional Traits

The mean pairwise distance (Dpw) index was used to measure the phylogenetic or
functional dissimilarity among the four disturbance regimes at different scales [63]:

Dpw =
∑nk1

i=1 fiδik2 + ∑nk2
j=1 f jδjk1

nk1 + nk2
(3)

where δik2 is the mean pairwise phylogenetic or pairwise trait distance between species i in
community k1 to all species in community k2 and δik1 is the mean pairwise phylogenetic or
pairwise trait distance between species j in community k2 to all species in community k1;
and fi and fj are the relative abundances of species i and species j, respectively.

The four disturbance regime forests were divided into 20 m × 20 m subplots, and the
Euclidean distances between the centers of the 25 subplots in each plot were calculated as a
spatial distance. Environmental distances were measured as the Euclidean distances be-
tween environmental factors (standardize slope, aspect, elevation, and convexity) to create
a standardized environmental matrix. We calculated Dpw values between the 100 quadrats
and used Mantel tests to measure the correlations between Dpw and environment matrices.
Multiple regression on distance matrices (MRM) was used for the partial Mantel tests of
spatial distance, environmental distance, and Dpw. The MRM was used to decompose the
variance of the phylogenetic β-diversity value into three parts: spatial distance, environ-
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mental distance, and the interaction between the two. MRM was used to assess the effects
of spatial and environmental distance on community phylogenetic and functional trait
turnover [64].

Phylogenetic and functional indices, Blomberg’s K, and associated p-values were
estimated with the “picante” package [25]. Moran’s I and spatial autoregression analyses
were conducted with the “spdep” package [64]. Mantel tests and MRM were conducted
with the “ecodist” package [64]. All statistical analyses were conducted in R 3.4.0 (R
Development Core Team, http://www.Rproject.org, accessed on 4 February 2018) [65].

3. Results

3.1. Phylogenetic Signals

Across the four disturbance plots, we detected phylogenetic signals (K > 0, p < 0.05) for
all traits, except transpiration rate (TR), in the twice-cut forest (Table 2). Blomberg’s K was
smallest for maximum tree height (MTH) and greatest for non-photochemical quenching
(NPQ), (K > 1 in twice-cut and old-growth plots). Therefore, the evolutionary history
explained much of the functional trait variation of the plant species in the Baiyun Mountain
plots; that is, species with similar kinship had similar functional traits.

Table 2. Phylogenetic signal as measured by Blomberg’s K of functional traits in four disturbance
regimes. MTH = maximum tree height (m); SLA = specific leaf area (cm2·g−1); WD = wood density
(g·cm−3); F0 = minimal fluorescence; NPQ = non-photochemical quenching; TR = transpiration rate
(mol·m−2·s−1); SC = stomatal conductance (mmol·m−2·s−1). “*” and “**” represent p < 0.05 and
p < 0.01, respectively.

Trait
Plantation Twice-Cut Once-Cut Old-Growth

K p K p K p K p

MHT 0.376 0.007 ** 0.27 0.035 * 0.248 0.02 * 0.406 0.001 **
SLA 0.649 0.001 ** 0.531 0.001 ** 0.686 0.001 ** 0.616 0.001 **
WD 0.462 0.037 * 0.593 0.039 * 0.425 0.049 * 0.617 0.003 **
F0 0.899 0.001 ** 0.662 0.022 * 0.918 0.001 ** 0.702 0.001 **

NPQ 0.968 0.004 ** 1.206 0.005 ** 0.915 0.003 ** 1.098 0.004 **
TR 0.499 0.017 ** 0.515 0.074 0.474 0.02 * 0.588 0.005 **
SC 0.75 0.001 ** 0.387 0.004 * 0.394 0.001 ** 0.318 0.029 *

3.2. Phylogenetic and Functional Structure at Spatial and DBH Scales

The phylogenetic structure tended to be over-dispersed across disturbance regimes,
both overall and at different spatial scales and diameter classes (Table 3). Specifically, we
observed over-dispersion (NRI < 0, p < 0.05) in all four disturbance regimes overall and
with large DBH species, twice-cut and once-cut plots with medium DBH species, and in
the twice-cut plot with small DBH species (Figure 3a, Table 3). Moreover, we observed
over-dispersion in the once-cut plots at 20 × 20 m and in medium diameter DBH species at
10 × 10 m and 20 × 20 m.

Within DBH classes we found evidence of a clustered functional structure in different
disturbance regimes. With the exception of the plantation plot with all DBH species and the
once-cut plot with medium DBH species, we detected functional clustering (S.E.S PW > 0,
p < 0.05) at 10 × 10 m, 20 × 20 m, and 25 × 25 m scales across disturbance regimes with
overall, small, and medium DBH (Figure 3b, Table 3). However, the NRI in plantation and
once-cut plots with large DBH species at 10 × 10 m and 20 × 20 m scales were functionally
over-dispersed.
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Table 3. Results of t−test for the hypothesis that the mean values of NRI and S.E.S PW is zero at
different spatial scales and DBH classes in four disturbance regimes. D1, D2, D3, and D4 represent
the plantation, twice-cut, once-cut, and old-growth forests, respectively. “*”, “**”, and “***” represent
p < 0.05, p < 0.01, and p < 0.001, respectively.

Space DBH
NRI S.E.S PW

D1 D2 D3 D4 D1 D2 D3 D4

10 × 10 m

Overall 3.969 *** 7.428 *** 26.777 *** 6.159 *** 1.354 17.931 *** 6.93 *** 5.965 ***
Small 0.415 1.589 −2.516 * −1.186 2.429 * 14.449 *** 10.541 *** 3.507 ***

Medium 1.102 −2.43 * 18.422 *** −3.018 ** 3.88 *** 9.53 *** −0.117 4.419 ***
Large −2.635 * 6.847 *** 18.515 *** −3.302 ** −2.542 * 11.116 *** −3.188 ** 1.453

20 × 20 m

Overall 6.677 *** −5.24 *** 16.486 *** 5.764 *** 0.553 9.396 *** 3.1 ** 5.332 ***
Small 0.432 −0.343 −3.503 ** −2.052* 2.897 * 11.695 *** 9.0 *** 3.456 **

Medium −0.239 −2.64 * 15.024 *** −2.256* 2.572 * 7.745 *** −0.732 3.376 **
Large 5.179 *** 3.863 *** 12.809 *** −3.033 ** −2.19 * 5.319 *** −3.154 ** 1.437

25 × 25 m

Overall 6.499 *** 4.947 *** 10.141 *** 4.309 *** 1.535 9.661 *** 3.912 ** 3.995 **
Small 0.192 −0.352 −3.74 ** −1.449 4.341 *** 14.522 *** 7.311 *** 2.656 *

Medium −0.124 −2.631 * 14.267 *** −1.973 3.155 ** 6.039 *** 0.045 2.711 *
Large 4.336 *** 6.393 *** −8.01 *** −2.232* −1.845 4.5 *** −1.943 1.294

Figure 3. Phylogenetic (a) and functional trait structure (b) (mean ± SE) of different diameter classes
in four disturbance plots at three spatial scales. Solid markers represent means of NRI or PW that are
significantly different from 0 and the open markers represent non-significant differences based on the
Wilcoxon test. “*”, “**”, and “***” represent p < 0.05, p < 0.01, and p < 0.001, respectively.
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The communities tended to be more phylogenetically over-dispersed as DBH class
increased (p < 0.05, Figure 3a), while also shifting from functional clustering to functional
randomness, and even over-dispersion (p < 0.05, Figure 3b). With respect to spatial scale,
we found that the phylogenetic and functional structure was relatively scale-independent
within DBH classes, as we detected few significant differences between scales (p > 0.05,
Figure S1). However, the phylogenetic structure decreased significantly in once-cut forests
with overall and small DBH species (p < 0.05, Figure S1a,b), and the functional structure
increased significantly in twice-cut forest in overall, small, and medium DBH species
(p < 0.05, Figure S1c,d).

3.3. Phylogenetic and Functional Structure in Different Disturbance Regimes

All disturbance regimes exhibited over-dispersion of the overall DBH class, and the
once-cut community was significantly more over-dispersed than the plantation and twice-
cut communities (p < 0.05, Figure 4a). Within DBH classes, the once-cut community showed
higher over-dispersion than more disturbed communities in the small DBH class (p < 0.05,
Figure 4c), and the highest over-dispersion in the medium and large DBH classes (p < 0.05,
Figure 4e,g).

In the overall DBH class, the functional structure trended to be clustered in twice-
cut, once-cut, and old-growth communities, but was random in the plantation forest
(Figure 4b). The twice-cut community had the strongest clustering in all DBH classes
(p < 0.05, Figure 4b,d,f,h). Functional clustering tended to decrease with increasing dis-
turbance in small diameter species, although the plantation (most disturbed) showed a
clustering similar to the old-growth forest (p < 0.05, Figure 4d).

3.4. Beta Diversity of Community Phylogenetic and Functional Traits

The turnover in phylogenetic and functional traits was generally non-random in each
disturbance regime and across DBH classes, as measured by S.E.S. Dpw (p < 0.05, Table 4). At
the overall DBH level, the plantation (2.33 ± 0.62) and once-cut (2.364 ± 0.51) communities
had the largest phylogenetic S.E.S. Dpw and the plantation community had the largest
functional S.E.S. Dpw (1.458 ± 0.41). The phylogenetic S.E.S. Dpw of the small DBH species
was consistently the smallest across DBH classes and in different disturbance regimes
(Table 4). Compared with the null-model, the observed phylogenetic and functional traits
varied more rapidly than expected across subplots at all scales. Both the phylogenetic and
functional turnover between paired plots was greater than zero (p < 0.05, Table 5), and the
small DBH species had the lowest turnover (Table 5, Figure 5).

Table 4. Phylogenetic and functional standardized mean pairwise distances (mean S.E.S. Dpw ± SE)
between disturbance communities. SD, MD, and LD represent small, medium, and large diameter
classes, respectively. “*”, “**” and “***” represent p < 0.05, p < 0.01, and p < 0.001, respectively.

Plantation Twice-Cut Once-Cut Old-Growth

S.E.S. Dpw of phylogenetic Overall 2.33 ± 0.62 *** 1.156 ± 0.63 *** 2.364 ± 0.51 *** 1.541 ± 0.93 ***
SD 0.197 ± 0.97 *** 0.513 ± 0.81 ** 1.521 ± 0.82 *** 1.007 ± 1.08 ***
MD 0.576 ± 1.3 ** 0.915 ± 0.91 ** 2.481 ± 0.37 *** 1.037 ± 1.15 ***
LD 1.599 ± 0.65 *** 1.285 ± 0.57 *** 2.529 ± 0.57 *** 1.073 ± 1.25 ***

S.E.S. Dpw of functional
traits Overall 1.458 ± 0.41 *** 0.414 ± 0.6 * 0.611 ± 0.55 ** 0.878 ± 0.59 **

SD 0.209 ± 1.03 ** −0.265 ± 0.54* −0.407 ± 0.92 ** 0.208 ± 0.56 *
MD 0.737 ± 0.9 ** 1.034 ± 0.38 *** 1.209 ± 0.48 *** 0.899 ± 0.65 **
LD 0.234 ± 0.54 * 0.824 ± 0.44 ** 0.945 ± 0.48 ** 0.545 ± 0.799 **
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Figure 4. Phylogenetic and functional structure of woody plants in the four disturbance communities.
Left, net relatedness index (NRI) of overall (a), small (c), medium (e), and large (g) diameter classes.
Right, standardization mean pairwise distance (S.E.S PW) of overall (b), small (d), medium (f), and
large (h) diameter classes. The black dashed lines at 0 indicate no turnover. Bold box lines represent
means that are significantly different from 0, while dashed box lines represent non-significance, using
t−tests. Lines joining boxes show the results of Wilcoxon tests between disturbance regimes (p ≤ 0.05
level of significance). “*”, “**”, and “***” represent p < 0.05, p < 0.01, and p < 0.001, respectively.
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Table 5. Results of t-tests of the hypothesis that the mean value of NRI or S.E.S PW is zero in pairs of
different disturbance communities. D1, D2, D3, and D4 represent the plantation, twice-cut, once-cut,
and old-growth forests, respectively. “*” and “***” represent p < 0.05 and p < 0.001, respectively.

D1–D2 D1–D3 D1–D4 D2–D3 D2–D4 D3–D4

Mean t Mean t Mean t Mean t Mean t Mean t
NRI

Overall 1.96 47.15 *** 2.4 63.02 *** 2.11 43.08 *** 1.75 48.82 *** 1.48 27 *** 2.01 40.76 ***
SD 0.34 5.25 *** 0.69 11.22 *** 0.68 9.74 *** 1.03 19.59 *** 1.03 15.82 *** 1.47 23.27 ***
MD 0.72 9.71 *** 1.58 28.28 *** 0.83 10.52 *** 1.88 47.92 *** 1.05 15.62 *** 1.86 41.18 ***
LD 1.6 37.38 *** 2.09 54.57 *** 1.46 23.58 *** 1.92 50.09 *** 1.21 19.99 *** 1.73 30.82 ***

S.E.S PW
Overall 1.37 41.19 *** 1.38 44.83 *** 1.52 52.26 *** 0.56 15.02 *** 0.79 21.41 *** 0.91 25.92 ***

SD 0.27 3.87 *** 0.3 3.86 *** 0.46 7.24 *** −0.26 −5.56 0.16 4.48 *** 0.01 2.10 *
MD 0.9 21.40 *** 1.02 26.58 *** 0.89 18.78 *** 1.29 48.11 *** 1.07 33.0 *** 1.22 38.79 ***
LD 0.91 31.61 *** 0.76 25.13 *** 0.81 20.61 *** 0.95 32.61 *** 0.75 20 *** 0.9 22.58 ***

Figure 5. Phylogenetic (a–d) and functional (e–h) turnover between the four disturbance regimes;
(a,e) are the overall diameter species, (b,f) are the small diameter species, (c,g) are the medium
diameter species, (d,h) are the large diameter species. Black dashed lines indicate turnover = 0.
Red dashed lines indicate turnover = 1.96. D1, D2, D3, and D4 represent the plantation, twice-cut,
once-cut, and old-growth forests, respectively. Lines joining boxes show the results of Wilcoxon tests
between disturbance regimes (p ≤ 0.05 level of significance).

3.5. Phylogenetic and Functional−Environment Relations among Different Disturbance Plots

The Mantel tests showed that the phylogenetic and functional structures were not
generally influenced by many spatial and environmental factors. However, all factors
except convexity were significantly related to structure in some disturbance regimes at
particular DBH scales (Table 6). Phylogenetic and functional structure were correlated
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with spatial distance and slope in the twice-cut and once-cut forests (p < 0.05, Table 6).
Phylogenetic structure was also correlated with elevation in the once-cut and old-growth
forests (p < 0.05), but functional structure was only correlated with elevation in the twice-
cut forest (p < 0.05, Table 6). For small diameter species, only functional structure was
correlated with spatial distance in the plantation forest, and only elevation in the twice-
cut forest (p < 0.05, Table 6). For medium diameter species, phylogenetic and functional
structure were correlated with slope in the once-cut forest (p < 0.05, Table 6). Finally, for
large diameter species, phylogenetic and functional structure were correlated with slope
in the twice-cut forests (p < 0.05, Table 6), and phylogenetic structure was correlated with
spatial distance in the twice-cut forest and correlated with elevation in the once-cut and
old-growth forests (p < 0.05, Table 6).

Table 6. Results of Mantel tests of the relationships between phylogenetic and functional structure
with spatial and environment variables. D1, D2, D3, and D4 represent the plantation, twice-cut,
once-cut, and old-growth forests, respectively. SD, MD, and LD represent small, medium, and large
diameter classes, respectively. “*” and “**” represent p < 0.05 and p < 0.01.

Distance Matrix

Phylogenetic Index Functional Index

D1 D2 D3 D4 D1 D2 D3 D4

R R R R R R R R

Overall Spatial
distance (m) 0.026 0.256 ** 0.2 * 0.196 ** −0.018 0.13 * 0.157 * −0.017

Aspect −0.093 −0.1 0.04 0.058 −0.01 0.003 0.015 0.13
Slope (◦) 0.024 0.22 ** 0.217 ** 0.069 −0.012 0.135 * 0.191* −0.056

Elevation (m) 0.044 0.078 0.276 * 0.254 ** 0.05 0.194 * −0.016 0.03
Convexity (◦) 0.101 −0.03 0.277 −0.058 0.019 −0.018 0.087 −0.032

SD Spatial
distance (m) −0.088 −0.058 −0.086 0.012 0.202 * −0.018 −0.027 0.046

Aspect 0.073 −0.031 0.005 0.051 0.018 0.038 0.105 0.073
Slope (◦) 0.031 −0.052 −0.06 0.092 0.146 −0.017 0.007 0.063

Elevation (m) −0.076 −0.071 −0.122 0.067 −0.098 0.219 * −0.068 0.049
Convexity (◦) 0.024 0.0367 −0.104 −0.035 −0.036 −0.034 −0.102 −0.052

MD Spatial
distance (m) 0.065 0.094 0.117 −0.007 −0.115 −0.007 −0.013 −0.02

Aspect 0.015 −0.054 0.139 0.099 −0.041 0.067 0.014 0.052
Slope (◦) 0.091 0.041 0.226 ** 0.083 −0.043 −0.056 0.124 * 0.054

Elevation (m) 0.102 0.003 0.07 0.086 −0.163 0.011 −0.023 −0.053
Convexity (◦) −0.038 −0.035 0.06 −0.028 −0.129 −0.021 −0.068 −0.088

LD Spatial
distance (m) 0.053 0.211 ** 0.08 0.064 −0.073 0.121 0.108 0.116

Aspect −0.031 −0.082 0.013 0.061 −0.041 0.047 −0.063 0.178
Slope (◦) 0.052 0.308 ** 0.039 −0.028 −0.132 0.185 * 0.115 0.013

Elevation (m) −0.047 0.039 0.198 * 0.23 * −0.118 −0.021 0.095 −0.05
Convexity (◦) 0.198 0.029 0.1143 0.033 −0.105 0.04 −0.125 −0.059

The final MRM models showed that different combinations of spatial and environ-
mental variables were correlated with the phylogenetic and functional structure of various
diameter classes in different disturbance regimes (Table 7). At the overall DBH level, spa-
tial distance better explained the phylogenetic β-diversity than environmental distance,
but environmental distance better explained the functional trait β-diversity in the four
disturbance regimes. Conversely, environmental distance explained more variation in
phylogenetic β-diversity in small DBH species of the once- and twice-cut forests, as well as
large DBH species in the plantation forest. Meanwhile, spatial distance better explained
functional β-diversity than environmental distance for small DBH species in the plantation
forest and large DBH species of the once- and twice-cut forests (Table 6).
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Table 7. Results of multiple regression on distance matrices (MRM) of phylogenetic β-diversity, as
predicted by environmental and spatial distance variables in different disturbance communities. D1,
D2, D3, and D4 represent plantation, twice-cut, once-cut, and old-growth forests, respectively. M.E.S.,
multiple regression on distance matrices of environment and space; M.S., multiple regression on
distance matrices of space; M.E., multiple regression on distance matrices of environment; M.P.S.,
multiple regression on distance matrices of pure space; M.P.E., multiple regression on distance
matrices of pure environment.

Explanatory Variable
Phylogenetic Beta Diversity Functional Beta Diversity

D1 D2 D3 D4 D1 D2 D3 D4

Overall species
M.S.E 0.0283 0.0680 0.0336 0.0300 0.0289 0.0449 0.0260 0.0294
M.S 0.0164 0.0659 0.0191 0.0238 0.0095 0.0100 0.0164 0.0003
M.E 0.0003 0.0000 0.0000 0.0126 0.0289 0.0265 0.0001 0.0288

M.P.S 0.0279 0.0680 0.0336 0.0126 0.0296 0.0353 0.0259 0.0006
M.P.E 0.0121 0.0023 0.0147 0.0163 0.0000 0.0190 0.0098 0.0291

Small diameter
M.S.E 0.0292 0.0093 0.0139 0.0304 0.0781 0.0884 0.0605 0.0566
M.S 0.0150 0.0034 0.0068 0.0267 0.0410 0.0243 0.0003 0.0125
M.E 0.0010 0.0040 0.0139 0.0005 0.0022 0.0466 0.0377 0.0318

M.P.S 0.0282 0.0054 0.0001 0.0300 0.0760 0.0438 0.0237 0.0256
M.P.E 0.0144 0.0059 0.0072 0.0038 0.0386 0.0657 0.0602 0.0446

Medium diameter
M.S.E 0.0418 0.0096 0.0131 0.0067 0.0251 0.0062 0.0626 0.0340
M.S 0.0047 0.0090 0.0129 0.0064 0.0133 0.0013 0.0425 0.0143
M.E 0.0155 0.0000 0.0070 0.0000 0.0240 0.0038 0.0541 0.0270

M.P.S 0.0267 0.0096 0.0061 0.0067 0.0011 0.0025 0.0090 0.0072
M.P.E 0.0373 0.0006 0.0001 0.0003 0.0120 0.0049 0.0210 0.0200

Large diameter
M.S.E 0.0146 0.0594 0.0022 0.0447 0.0496 0.0341 0.0430 0.0147
M.S 0.0045 0.0449 0.0022 0.0361 0.0076 0.0302 0.0426 0.0023
M.E 0.0021 0.0055 0.0010 0.0130 0.0478 0.0007 0.0171 0.0143

M.P.S 0.0126 0.0542 0.0013 0.0089 0.0019 0.0335 0.0264 0.0005
M.P.E 0.0101 0.0152 0.0000 0.0321 0.0423 0.0041 0.0004 0.0124

Generally, as the disturbance intensity decreased (and as forest age increased), the
explanatory power of spatial distance for phylogenetic β-diversity structure decreased
and that of environmental distance on phylogenetic structure increased. Furthermore, the
spatial and environmental distances had the largest explanatory power for phylogenetic
and functional β-diversity, respectively, in the moderate disturbance communities, and the
smallest in the undisturbed communities.

4. Discussion

4.1. Phylogenetic Signals of Functional Traits

Determining the degree to which functional traits are evolutionarily conserved is a nec-
essary step in the inference of species coexistence mechanisms [66]. Here, we measured the
phylogenetic signals, as measured by Blomberg’s K, in leaf, stem, and physiological traits of
tree species, across disturbance regimes on Baiyun Mountain. Maximum tree height (MTH)
and wood density (WD) had relatively weak phylogenetic signals, which may stem from
the ubiquitous need of forest trees to grow taller and access higher light environments and
as species with higher woody density can support a greater plant height [67]. Whereas non-
photochemical quenching (NPQ) is a physiological trait related to chlorophyll fluorescence,
which may be less affected by environmental differences and, thus, has a relatively high
phylogenetic signal. All functional traits except transpiration rate (TR) in twice-cut forests
showed a phylogenetic signal (p < 0.05, Table 3). Thus, the functional traits in the Baiyun
Mountain forests tended to be evolutionarily conserved [59]; that is, species with similar
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genetic relationships had similar functional traits in Baiyun Mountain [68]. Our results are
consistent with studies of the Changbai Mountains [69], Gutian Mountains [70], and many
other forests around the world [71]. A strong phylogenetic signal may suggest environ-
mental filtering [16,20], while over-dispersion can indicate competitive exclusion during
community construction [72]. By combining patterns of community functional traits and
phylogenetic structure it is possible to assess the causes of community construction [68].

4.2. Community Phylogenetic and Functional Structure

The phylogenetic and functional traits of the overall diameter class showed a non-
random structure at different spatial scales, with significant β-diversity in community
phylogenetic and functional traits in all disturbance regimes of the Baiyun Mountain
deciduous broad-leaved forest (Table 4, Figure S1). This was not consistent with the
predictions of neutral theory [27], and rather supports the notion that niche processes
play an important role in community construction in this deciduous broad-leaved forest,
regardless of the disturbance regime.

We found that small diameter species showed a random or slightly over-dispersed
phylogenetic structure, and that over-dispersion increased significantly with diameter class.
The diameter class of plants can be taken as a proxy for forest age [73]. This suggests that
the growth of young trees is relatively phylogenetically clustered, perhaps due to dispersal
limitations, but as individuals grow and compete, only a small number of large trees
persist within communities at greater mean geographical distances [74]. This is consistent
with previous findings that the phylogenetic structure of small diameter trees tends to be
clustered or random, while that of large diameter trees tends to be over-dispersed [20]. We
observed similar trends in functional structure, which suggests that competitive exclusion
plays a major role in community construction at the large diameter size scale in the Baiyun
Mountain deciduous broad-leaved forest, regardless of the disturbance regime.

4.3. Ecological Processes of Community Construction in Different Disturbance Regimes

We found significant differences in community phylogeny and functional trait struc-
ture among the different disturbance regimes in Baiyun Mountain deciduous broad-leaved
forest, which indicates that the ecological processes of community construction are likely
also different. Most human-disturbed forests are in the early or middle stages of suc-
cession [35], when pioneer trees play a dominant role, due to having small seeds, wide
propagation, fast growth, and strong plasticity [29]. Early succession communities are often
composed of closely related species, and thus moderate to highly disturbed communities
tend to exhibit phylogenetic clustering [69]. However, the short life span of pioneer tree
species in early succession results in their decline and replacement during forest regen-
eration [44]. Disturbance theory suggests that moderate disturbances increase resource
availability and species richness [32]. During the later stages of succession, as dispersal is
restricted and light becomes less available, competition among species for environmental
resources increases, and competitive exclusion becomes a dominant process. Competitive
exclusion reduces the immigration of closely related species with similar ecological niches
and therefore leads to community over-dispersion [18]. Our results are consistent these
aspects of disturbance theory: over-dispersion generally increased in the less disturbed
plots [75,76].

The results of variance decomposition by MRM further showed that as the disturbance
intensity decreased, spatial distance better explained phylogenetic and functional turnover,
while the explanatory power of environmental distance decreased. That environmental
distance better explained the phylogenetic and functional trait turnover in moderate to
high disturbance communities suggests the importance of habitat filtering in community
construction. Moreover, although competitive exclusion is often dominant in less disturbed
communities [8], we found that spatial distance had a higher explanatory power of turnover
in old-growth forests, consistent with diffusion limitation [27]. In conclusion, as observed
in the Changbai Mountain coniferous mixed forest [69], environmental filtering plays a
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dominant role in community construction in the early stages of succession in high and
moderate disturbance regimes, while competitive exclusion and diffusion limitation become
more important in the later stages of succession [75].

Past studies of phylogenetic and functional structure across tree sizes, spatial scales,
and disturbance regimes have not been entirely consistent. For example, Mo et al. found
phylogenetic clustering in a young, early succession secondary forest, over-dispersion
in an old secondary forest, and finally random structure in an old, late succession for-
est; presumably, the result of habitat filtration and competitive exclusion [77]. Whereas,
Yang et al. found that medium diameter tree species showed no phylogenetic or functional
structure at a small scale (5 m × 5 m), suggesting that neutral processes may play a role at
small scales [68]. However, we found that community phylogenetic and functional trait
structures were generally non-random, regardless of the disturbance regime or spatial scale,
which is not consistent with neutral theory [4].

Finally, we observed differences in the phylogenetic and functional trait α- and β-
diversity of tree species at different spatial and tree diameter scales in our Baiyun Mountain
plots. The weak phylogenetic signals in functional traits (K < 1) may explain the incon-
sistent patterns in phylogenetic and functional traits. Some studies have suggested that
phylogenetic distance may not be a good representation of ecological differences between
species if the traits are highly differentiated [78], and studies of community assembly
and species coexistence based solely on phylogenetic information may be misleading [27].
Therefore, it is necessary to combine phylogenetic and functional trait information, as we
have done here, to accurately infer community assembly mechanisms [68]. It must also
be said that inconsistent patterns of phylogenetic and functional traits may stem from
incomplete sampling of taxa and functional traits, such that the observed data do not fully
represent the actual ecological niches of species [27,79].

5. Conclusions

We examined the phylogenetic signals in leaf, stem, and physiological functional traits
of tree species from different disturbance plots in Baiyun Mountain, to assess the mecha-
nisms underlying community construction. We generally found phylogenetic signals—and
thus evolutionary conservation—in functional traits, regardless of disturbance regime,
diameter class, or spatial scale. Our findings suggest that niche, rather than neutral, pro-
cesses played a major role in community construction in this deciduous broad-leaved forest.
Furthermore, environmental filtering tended to be more important following high and
moderate disturbance, and competitive exclusion was more important following slight
disturbance and in undisturbed communities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13060896/s1, Figure S1: phylogenetic (a,b) and functional trait
(c,d) structure (mean ± SE) at different spatial scales in four disturbance regimes across tree diameter
classes scales. Solid markers represent means of NRI or S. E. S. PW that are significantly different
from 0 and open markers indicate that the difference was not significantly different from the 0 base in
the Wilcoxon test.
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Abstract: Studying the patterns of changes in species diversity and soil properties can improve
our knowledge of community succession. However, there is still a gap in understanding how soil
conditions are related to plant diversity in tropical coastal secondary forests. We sampled plant
diversity and soil nutrients spanning two different years (2012 and 2019) to assess the patterns of
species diversity and relationships of soil nutrients and species diversity on Hainan Island, southern
China. Results showed that the soil pH and total nitrogen (TN) significantly decreased while the
soil organic matter (OM) and total phosphorus (TP) significantly increased from 2012 to 2019. Plant
species diversity was significantly higher in 2012 than in 2019, and the dominant species significantly
changed in two different years. Using multiple regression analysis, we determined that soil TP and
TN were significantly related to plant diversity in 2012 and 2019, respectively. Using CCA analysis,
TN and OM were the strongest predictors for dominant species in 2012, whereas the soil TP and TN
were the strongest predictors for dominant species in 2019. Our findings show a significant change in
plant diversity and dominant species after 7 years of development in the tropical coastal secondary
forest. The patterns of plant diversity and soil nutrients increase our knowledge of forest restoration
in coastal areas.

Keywords: soil nutrients; plant diversity; regression dominant species; tropical monsoonal forest

1. Introduction

Tropical forests tend to have a high level of biodiversity and aboveground biomass,
and they grow on strongly weathered soils. Even within a tropical region, the distribution
of plant species and soils is highly diverse [1]. Plant–soil interaction is a key internal
driver of ecosystem evolution. The unidirectional effects of soil nutrients on plant diversity
have been described in many studies [2]. Environmental factors such as climate, soil
characteristics, and herbivory have significantly influenced plant diversity [3,4], and plant
community growth is heavily dependent on soil nutrient availability [5]. Plant community
features such as plant biomass, vegetation cover, and species composition can be affected
due to changes in soil nutrients [6], resulting in compositional dissimilarity at the local,
landscape, and regional scales. However, there are still many gaps in our knowledge about
how soil nutrients affect tree species diversity in tropical forests [7].

From grassland to primary forest, an increase in organic matter (OM) and total ni-
trogen (TN) may have a positive effect on species diversity and lead to increased species
richness [8]. Despite low P availability in tropical forests, many low-P specialists have
indicated that plants can maintain high growth rates [9] and exhibit muted responses due
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to P addition [10]. Conversely, high-P specialists have revealed that plants have much
stronger responses due to P addition [10]. Soil properties influenced the existence and
quantity of dominating species in a tropical forest [11]. Limited resources either increase the
species richness such as the dominating species by reducing their competitive strength [12]
or decrease species richness by allowing a smaller number of species to endure the envi-
ronment [12]. Long et al. [13] found the greatest effects of soil nutrients OM, P, N, and
potassium (K) on dominant species in two different vegetation sites, forest and shrub.
However, we still lack a fundamental understanding of their causes and implications [14].

According to many recent studies on tropical forests, plant species richness is positively
associated with soil nutrient concentration [15]. Plant species diversity and soil content of
extractable phosphorus and potassium concentrations in the soil were discovered to have
a positive relationship [16]. A high positive relationship was found between tree species
richness and soil abiotic properties, i.e., nitrogen, phosphorus, and carbon concentrations
in a dry deciduous forest in western India [17]. Previous studies reported that lack of soil
nutrients [18] can affect the forest community structure. Contrarily, several studies have
shown contradictory results [19]. Therefore, in-depth studies must be conducted, especially
in tropical areas. In general, low soil nutrients and pH may be limiting factors for the
loss of species diversity [20]. Soils in neotropical forests have been linked to differences in
soil P limitation of plant growth [21]. It is demonstrated that differences in soil properties
are mechanistically linked to plant biomass [22]. Soil N and P are major regulators of
species richness, evenness, and community composition [23]. The effects of soil N and
soil P on plant community structure appear to be distinct [24]. Available soil N has a
positive association with the plant Simpson index [25], and soil P plays a significant role in
producing and maintaining plant diversity [26].

Tropical coastal forests are typical of Hainan Island, off southern China’s northeastern
coast. Before 111 B.C., Hainan’s forest cover reached 90% [27]. However, the forests have
been severely affected by anthropogenic factors (slash and burn) and natural disasters such
as typhoons [13]. Tongguling National Nature Reserve (TNNR) is located at the land–sea
junction in Wenchang County of Hainan Province, surrounded by sea on three sides. This
tropical coastal forest is a natural forest flora in southern China with a small number
of parallel ecosystems [28]. Therefore, biodiversity conservation, natural environmental
monitoring, and typhoon mitigation are critical issues in this region [13]. However, little is
known about changes in forest diversity and soil conditions over different periods of time.
We collected a large data set including (a) species abundance and dominance and (b) soil
abiotic properties in a tropical monsoonal dwarf forest. We used plant diversity and soil
nutrient data for two different years and the following questions were addressed: (1) How
did species diversity, dominant species abundance, and soil abiotic properties change in
7 years? (2) Did soil nutrients influence the plant diversity and abundance of dominant
species? We predicted that the richness and abundance would increase in the two different
years. These variations might be associated with changes in forest ecosystem resources and
the quality of soil abiotic properties [29].

2. Material and Methods

2.1. Site Conditions

The present study was carried out in the TNNR 19◦36′–19◦41′ N, 110◦58′–111◦03′ E
across the northeastern part of Hainan Island in southern China. TNNR is a 44 km2 wide
natural reserve located at 338 m above sea level with a tropical monsoonal climate. The
rainy season lasts from May to October, whereas the dry season lasts from November to
April of the following year. The average annual temperature is 23.9 ◦C, with 1721.6 mm of
rainfall. The tropical evergreen monsoonal forest possesses lateritic soil type [30]. Before
1980, all of these forests were deforested and converted to shrubs or secondary forests.
After the establishment of TNNR in 1983, deforestation was prohibited, and forests were
well recovered.
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2.2. Data Collection

We randomly established nine 50 × 50 m (2500 m2) plots in the tropical evergreen
monsoonal forests in TNNR, with the distance between any two plots greater than 50 m.
Each plot was divided into 64 subplots of 20 × 20 m (400 m2) by the community size. The
following criteria were used for plot selection: (a) common age of vegetation; (b) common
comparison of the soil, geography, and original vegetation; and (c) without obvious addi-
tional interference. The background of each plot recovery was carried out based on official
records of the forestry department or interviews with local communities. In 2012 and
2019, we conducted ground surveys to collect data on plant diversity and soil conditions.
The two investigations were carried out by the same research group and kept a consistent
method. Woody plants with a diameter at breast height (DBH) (i.e., 1.3 m of the stem from
the ground) ≥1 cm were identified, tagged, and mapped. The DBH information of the
sampled trees was collected using a measuring tape and tree height was measured using a
laser rangefinder (Impulse 200, Laser Technology, Inc., Centennial, CO, USA). Flora of the
Republic of China assisted in the identification of species [31].

During the rainy season (August) of 2012 and 2019, soil pH, TN, soil OM, and soil TP
were measured by our research group. In each 20 × 20 m (400 m2) plot, four soil profiles
were selected at random and sampled. A topsoil sample (0–20 cm) was taken from each
soil profile after the trash or grass layer above the soil was carefully removed [32] along the
diagonal of each 400 m2 plot. Each soil sample was ground and sieved to 2 mm, lightly
mixed, and analyzed following [33] with minor modifications.

2.3. Soil Analysis

For the measure of OM concentration, 0.5 g of soil was mixed with 5 mL of 1N potas-
sium dichromate (K2Cr2O7) solution and 5 mL of 98% sulfuric acid (H2SO4) and then kept
at room temperature for half an hour. Second, deionized water and concentrated phos-
phoric acid (H3PO4) were added followed by an amalgamation titration with 0.5 mol L−1

ferrous ammonium sulfate (NH4)2Fe (SO4)2·6H2O) solution until the color changed from
purple-blue to green. Finally, the titration was repeated until the color changed to green
from violet-blue.

For the measure of pH concentration, 25 g of soil was added to de-ionized water and
carefully stirred. Second, pH of suspension was measured using the pH electrode (Phoenix
Electrode Company, Houston, TX, USA) at temperatures ranging from 20 ◦C to 25 ◦C.

For the measure of TN concentration, 1.0 g of soil was digested in 98% sulfuric acid
(H2SO4) with potassium sulfate, copper sulfate (K2SO4–CuSO4×5), and hydroxy selenide
(H2O–Se). Secondly, ammonium nitrogen in the digest was extracted using steam with an
excess of 0.1 mol L−1 sodium hydroxide (NaOH) to increase the pH value. Thirdly, the
distillate was obtained in 2% H3BO3 and titration was conducted with 0.05 H2SO4 to obtain
a pH of 5.0. Finally, the TN concentration was calculated as per the volume change of a
0.05 M sulfuric acid (H2SO4) solution.

For the measure of TP concentration, 0.25 g of soil was mixed with 60% HClO4
solution. Second, the mixture was diluted with a vanadium molybdate reagent, standard,
and sampled at 700 nm wavelength. Third, the calibration curve was used to determine TP.

2.4. Data Analysis

The Shannon–Wiener index (H), Pielou’s evenness index (E), and species richness
were used to calculate the plant species diversity of each plot (50 × 50 m). The number
of species was used to calculate species richness, and H and E were computed using the
formula below:

Shannon–Wiener index:

H′ = −
s

∑
i=1

pi InPi
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Pielou’s evenness index:
E =

H
lnS

Simpson diversity index:
D = 1 − ∑s

i=1(Pi)2

where S is the total number of species in the plots under investigation, and Pi denotes the
relative richness of abundance of species (i) in the total number of species.

Dominant species were determined as species with an important value (IV) greater
than 1.

The Importance Value Index (IVI) was calculated using the following criteria:

Important value index (IVI) = Relative density + Relative frequency + Relative dominance

Firstly, we derived a sample size formula for stratified Fisher’s exact (1935) test using
the values of the same input parameters as Mantel–Haenszel’s test by Jung et al. [34].
Secondly, Wilcoxon’s rank test was used to evaluate the variations in species diversity,
evenness, and soil nutrients from 9 random plots (50 × 50 m) having 64 subplots (20 × 20 m)
in the years 2012 and 2019.

Thirdly, simple regression was used to measure the relationship between plant di-
versity and soil conditions. The optimal model was determined through statistical model
comparison approaches; R2 and the difference between the β coefficient values are exam-
ples of such metrics. The soil nutrient effects on the most common or dominant species
were evaluated by using canonical correspondence analysis (CCA) at each stage of recov-
ery. Finally, principal component analysis (PCA) was performed to identify the strongest
correlation and covariation among soil variables spanning seven years. The graphical pre-
sentation was carried out by using “ggplot2”, “stat”, and “agricole” for Figure 1, factominer
and factoextra packages for Figure 2, factoextra package for Figure 3, and “stat” package for
Supplementary Table S1 in R software 2.9.3 [35].

Figure 1. Bar plot showing soil pH values and organic matter, total nitrogen, and total phosphorus
concentrations in 2012 and 2019. Error bars are the standard errors. Different letters indicate
significant differences between the investigation years according to Wilcoxon’s rank test (p < 0.05).
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Figure 2. Canonical correspondence analysis (CCA) between dominant species richness (red species
abbreviation) and soil nutrients (blue nutrient abbreviation) in the secondary tropical evergreen
monsoon forest in 2012 (A) and 2019 (B). OM, organic matter; TN, total nitrogen; TP, total phosphorus.

Figure 3. Principal component analysis (PCA) of soil variables in two different years (2012 and 2019).
Blue and yellow dots show the sites. pH, soil pH; OM, organic matter; TN, total nitrogen; TP, total
phosphorus.

3. Results

3.1. Patterns of Soil Nutrients and Effects on Plant Diversity in Two Different Years

In the forest community of TNNR, the pH (F = 22.5, p = 0.01) and TN (F = 98.54,
p = 0.01) significantly decreased, while OM (F = 239.86, p = 0.01) and TP (F = 16.44, p = 0.01)
significantly increased from 2012 to 2019 (Figure 1).

The Shannon–Wiener index (W = 6100.0, p = 0.01), Simpson index (W = 5907.0, p = 0.01)
and species richness (W = 6462.5, p = 0.00) were significantly higher in 2012 than in 2019
(Table 1). Furthermore, Pielou’s evenness (W = 4608.0, p = 0.63) remained the same in the
two different periods and was highly non-significant.
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Table 1. Comparison of species richness, Shannon–Wiener Index, species evenness, and Simpson
index between the two years (2012 and 2019). Values are mean ± standard deviation, N = 64.

Parameters
Two Years’ Difference Wilcoxon’s Rank Test

2012 2019 W p-Value

Shannon–Wiener index 3.21 ± 0.02 2.84 ± 0.09 6100.0 0.01
Simpson index 0.94 ± 0.01 0.88 ± 0.02 5907.0 0.01

Species richness 45.07 ± 0.8 35.92 ± 1.56 6462.5 0.00
Pielou’s evenness 0.85 ± 0.01 0.85 ± 0.01 4608.0 0.63

Based on multiple regression analysis, we found that soil TP was the strongest pre-
dictor for plant diversity in 2012, whereas soil TN was the strongest predictor for species
diversity in 2019. The R2 values showed the greatest strength for the species richness in
both years (Supplementary Table S1).

3.2. Patterns of Dominant Species and Effects of Soil Nutrients on Dominant Species (Based on
Their Basal Area and Abundance)

We collected a total of 203 species from 57 families in 2019, and 218 total species of
71 families in 2012. In 2012, S. octophylla, A. oligophlebia, S. buxifolium, A. acuminatissima,
O. dioica, E. sylvestri, S. buxifolioideum, X. longispinosa, P. phaeocosticta, and L. variabilis
were dominant species based on their basal area, (Supplementary Table S2). In 2019,
H. hainanensis, A. acuminatissima, A. chinensis, C. furfuracea, S. octophylla, K. hainanense,
O. dioica, S. buxifolium, L. verticillate, and A. oligophlebia were dominant species
(Supplementary Table S3).

Dominating species abundance was closely related to TN and OM in 2012 (Figure 2A),
and to TP and TN in 2019 (Figure 2B), using canonical correlation analysis (CCA).

3.3. Variation in Soil Nutrients in Two Different Years

In Figure 3, plot numbers are represented by circular and triangular symbols repre-
senting the years 2012 and 2019, respectively, and soil nutrient indices are plotted as vectors.
These vectors are pinned at the origin of PCs (Dim1 = 50.2% and Dim2 = 26.8%) (Figure 3).
In the two different years, 2012 and 2019 heterogeneity levels were recorded for different
sites. In 2012, pH, TN, and OM had a greater contribution to PC2 (Dim2), while TP had
little influence on Dim1. Moreover, OM and TN have a negative relationship in both years.
There is no significant difference in soil abiotic properties. Soil TP and OM significantly
improved in 2019 and had a strong positive correlation. The soil pH was closely related to
TN and had a positive association in 2012.

4. Discussion

4.1. Patterns of Soil Nutrients and Their Effects on Species Diversity in Two Different
Sampling Years

The changes in soil properties affect the soil functions such as nutrient transportation
and redistribution to various parts of the plant for growth and development [36]. Therefore,
pH and soil nutrients, including N and P, are important regulators of plant growth (e.g.,
shoot and root growth) [37]. From grassland to the primary forest stage, an increase in
organic matter (Figure 1) may lead to increased richness [30]. Similarly, Long et al. [30]
found that the concentration of OM was increased in the tropical monsoonal forest. Our
observations are consistent with these findings, as soil OM increased from 2012 to 2019,
and TN and pH decreased in 2019 as compared to 2012 (Figure 1).

Soil P is the main nutrient balancing plant productivity and better development in
the forestland ecosystem [38]. The species adapted to low-phosphorus soils grow fast
in tropical forests [39,40]. Total phosphorus is generally a limiting factor, because the
H2PO4-anion forms poorly soluble compounds with Al3+ and Fe3+ in tropical soils. As
a result, topsoil soluble phosphorus concentrations remain low. Furthermore, the regular
loss of phosphorus during long-term soil and ecosystem development may result in very
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low total phosphorus levels [41,42]. Our results also show that the total soil phosphorus
was decreased (Figure 1) in the year 2012 with higher species diversity and not significantly
correlated with diversity attributes in 2012 (Supplementary Table S1).

Soil pH has been demonstrated in several studies to have a significant effect on plant
diversity, and the combination of acidic soil and low-temperature climatic conditions
limits the distribution of many tropical species [43]. Furthermore, Liu et al. [20] showed
the correlation between the species distribution and soil pH at the three sites. Overall,
low soil nutrients and soil pH may be limiting factors for the decline in species diversity
(Table 1) [20]. Our findings support the nutrient gradient hypothesis, as general mecha-
nisms underlying the change patterns in soil properties such as pH were lower from 2012 to
2019 (Figure 1). Steege et al. [44] reported a decrease in plant diversity in tropics. A similar
decreasing trend in plant diversity was observed in our study in 2019. This decrease in
plant diversity may possibly be due to various natural or anthropogenic factors, including
invasive species dominance, habitat fragmentation, and deforestation (Table 1) [45].

It is usually hypothesized that N availability in lowland tropical forest soils exceeds
plant requirements [46]. This hypothesis was challenged by two ecologists [47] who con-
cluded that N limitation was equally strong in temperate and tropical forests. Our findings
also demonstrated TN limitation for tropical forest communities in 2019 as compared to
2012. In addition, neither total soil nitrogen nor its available mineral forms of ammonium
and nitrate decreased over time. Because forest biomass was larger in older plots, the
lack of a noticeable drop in soil N could be related to litter accumulation over time since
abandonment. Our results also identified this, where the TN was not decreased (Figure 1)
in 2012 and it was negatively correlated with species diversity (Supplementary Table S1).
Organic matter contains many key elements, i.e., nitrogen. As a result, increases in OM
and TN are expected to help to increase species diversity. In contrast, the limited resources
of soil nutrients such as total nitrogen will limit plant growth and influence community
diversity [48].

4.2. Soil Properties Differences in Two Different Years

In the assessment of the integrated soil fertility quality index (SFQIPCA), principal
component analysis (PCA) has been widely used [49]. According to PCA, such variations in
the relative significance of a strategy could be mediated by changes in soil conditions [50].
Soil nutrients, such as soil TP, contributed positively to the primary axis of PCA [50]. On
the other hand, Chen et al. [49] reported that first PC (PC1) was highly correlated with TN.
Hence, in the current study, PCA loadings also indicated that the first PC (PC1) was highly
positively correlated with TP while PC (PC1) was not correlated with TN (Figure 3).

4.3. Plant Species Diversity and Dominant Species Role in Two Different Sampling Years and Their
Relationship to Soil Nutrients (2012 and 2019)

A strong positive and significant correlation was found between tree species richness
with TN, TP, and OM in tropical coastal secondary forests in southern China [13]. Higher
concentrations of TN and OM can maintain the loss of soil nitrogen and increase the diver-
sity of species and the richness of dominant species [51]. We concluded that availability of
soil nutrients is a key element inducing species distribution. Hence, our findings also show
that the abundance of dominant species was greatly influenced by soil nutrients in the two
different years (soil TN, TP, and OM) (Figure 2). In 2012, soil nutrients such as OM and TN
contributed more with dominant species (Figure 2A). In 2019, the soil nutrients TN and TP
contributed more with dominant species (Figure 2B). The same results were found in that di-
versity and richness of dominant species decreased at later stage of succession due to severe
human activities such as slash and burn, as well as changing natural environmental condi-
tions, i.e., typhoon disturbances [13], on Hainan Island in southern China. The identities of
dominant species and their influence on their environments are key to linking diversity pat-
terns to ecosystem function, as well as predicting impacts of species loss and other aspects of
global change on ecosystems [52]. Likewise, the important value index (IVI) of dominated
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species was found in recent studies, proving that each species has its own role in promoting
the balance of the ecosystem [53], and important values were used to classify major and
constructive species to vegetation sites in different years. Furthermore, in 2012, we also de-
termined the important value index (IVI) of the following dominant species based on their
basal area: S. octophylla, A. oligophlebia, S. buxifolium, A. acuminatissima, O. dioica, E. sylvestri,
S. buxifolioideum, X. longispinosa, P. phaeocosticta, and L. variabilis (Supplementary Table S2).
In 2019, we estimated the important value index (IVI) of the following dominant species:
H. hainanensis, A. acuminatissima, A. chinensis, C. furfuracea, S. octophylla, K. hainanense,
O. dioica, S. buxifolium, L. verticillate, and A. oligophlebia (Supplementary Table S3).

Species richness is usually controlled by the same period of climate within the global
biosphere [54], which helps to stabilize the hydraulic energy system in the ecological pe-
riod [55]. In addition, our results showed that plant diversity and abundance of species
were dominant in 2012. Individual dominating species were found in the tropical mon-
soonal forest during the two different periods of time, which could be due to changes in
predominant species responses to soil nutrients (Figure 2) [56]. The decline in the dominant
species in the two different years changed; the species with greater decline ratios may be
removed in the future for forest restoration. Moreover, it is reported that the species with
lower decline ratios possibly conserve for longer periods of time [57]. Nonetheless, these
species possibly create enough space for dominant species during their maturity. However,
the forest has a very complicated ecosystem, and the ecological drivers affecting species
co-occurrence and replacement during the restoration period may be highly diverse [58].
Therefore, further research is needed to gain insight into the species co-occurrence tech-
niques during second-growth species forest restoration processes.

5. Significance for Conservation

The tropical secondary forest in TNNR is well protected and had high species richness
in 2012 (over 70 species in 2500 m2). Since TNNR was established in 1983, forest have
helped understand the usefulness of protection. The plant species diversity in the second-
growth forest suggests that restoration was not advanced in 2012 and 2019 in this area on a
large scale because of poor management practices and natural disturbances. Furthermore,
evidence showed that soil nutrients (OM and TN) are closely related to the dominant
species in 2012, which suggests that soil nutrient management or restoration would be a
top driver in the management methods of these protected areas. Lastly, the richness of the
most common or dominant species with time progression can help us identify the most
suitable tree species for restoring coastal windbreaks in the area.
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for year 2019.
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Abstract: Beta diversity refers to changes in community composition across time and space, including
species richness and replacement. Few studies have examined beta diversity patterns of riparian
vegetation communities in terms of taxonomic, phylogenetic and functional attributes. In this study,
we conducted a field survey of woody plant communities in the riparian zone of the Lijiang River
Basin in China. We analyze variations in taxonomic, phylogenetic and functional beta diversity, the
relative contributions of species richness and replacement to beta diversity and the relationships
between beta diversity and environmental distance and geographical distance. The results show
that: (1) replacement was the dominant component of taxonomic beta diversity and richness was the
dominant component of functional and phylogenetic beta diversity; and (2) dispersal limitation and
habitat filtering jointly drive the community assembly of woody plant communities in the riparian
zone of the Lijiang River Basin. Therefore, when formulating conservation strategies for woody plants
along the Lijiang River riparian zone, improving ecological communities and enhancing species
dispersal between communities should be given equal attention. From a taxonomic perspective, it is
more suitable to establish several small nature reserves, whereas from phylogenetic and functional
perspectives, protection should focus on larger nature reserves.

Keywords: community assembly; beta diversity; replacement; richness

1. Introduction

Understanding the mechanisms driving the formation, maintenance and loss of biodi-
versity represents the focus of community ecology and contributes to sustainable devel-
opment and the effective protection of biodiversity [1,2]. Beta diversity, as an important
part of biodiversity, reflects turnover in species composition between communities along a
predefined spatial, temporal or environmental gradient [3]. Studies have found that the
loss of beta diversity could lead to biological homogenization and even reduce ecosystem
functions [4]. Thus, analyzing ecological community construction processes that drive
patterns of beta diversity has become a hot topic in recent years [5,6].

Beta diversity has decomposed two processes: replacement and richness [7,8]. The
replacement component of beta diversity represents species replacement between locations.
Mechanisms contributing to species replacement (or turnover) include habitat filtering,
competition and geographic barriers [9,10]. For example, natural selection along envi-
ronmental gradients can contribute to different species appearing in habitats suitable for
survival [11]. Geographical isolation caused by the uplift of mountains can fragment popu-
lations and promote allopatric speciation [12]. The richness component of beta diversity
represents the difference in species composition between communities caused by the loss or
increase of species along the sampling axis or throughout the study area. Mechanisms that
can influence richness include diversity of niches available and species thinning causing
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nestedness or other ecological processes (e.g., historical processes: extinction and coloniza-
tion) [13,14]. Disentangling the relative roles of replacement and richness in contributing to
beta diversity is necessary to understand the processes driving beta diversity and to design
protected area networks.

As traditionally conceived, beta diversity quantifies the diversity of communities
based on the taxonomy and abundance of species—the change in species between ecologi-
cal communities [15,16]. However, communities may contain species that have redundant
evolutionary relationships and functional attributes. Changes in species often lack a one-to-
one relationship with phylogenetic and functional attributes. Phylogenetic beta diversity
can partially remedy this gap by reflecting differences in evolutionary relatedness between
communities; it also reflects the impact of historical processes on community construc-
tion [17]. Functional beta diversity refers to the value and range of functional traits in
ecosystems or communities, taking into account the redundancy and complementarity
of coexisting species and reflecting differences in the functional attributes of species be-
tween communities [18]. Therefore, understanding beta diversity from the perspectives of
taxonomy, phylogeny and functional traits is necessary to accurately grasp the ecological
processes and mechanisms driving beta diversity.

The riparian zone of the Lijiang is heterogeneous along its 168-km length. It is an
important ecological transition zone for material, energy and information exchange be-
tween river ecosystems and terrestrial ecosystems [19]. It provides an excellent natural
experimental platform for exploring beta diversity distribution patterns and drivers [20].
In recent years, tourism and excessive development in China’s Lijiang River Basin have
seriously damaged vegetation in the basin’s riparian zone, and the ecology of the basin has
changed significantly [21]. Riparian vegetation, particularly woody plants, contributes to
most riparian ecosystem functions. Therefore, research into the restoration and protection
of woody plants diversity, including beta diversity, is crucial.

Here, we investigated the taxonomic, phylogenetic and functional beta diversity
patterns of woody plant communities in the riparian zone of the Lijiang River basin in
China. We aim to understand and compare the processes responsible for shaping the beta
diversity patterns from these three perspectives. We addressed the following questions:
(1) Is the formation of the distribution of woody plant communities in the riparian zone
of the Lijiang River Basin driven by replacement or richness? (2) Considering community
assembly in terms of taxonomic, phylogenetic and functional beta diversity, what is the
importance of environmental filtering and dispersal limitation? The answers to these
questions will provide scientific guidance for the conservation of woody plant biodiversity
in the region, including the selection of priority conservation sites and the formulation
of conservation plans (e.g., improving the community environment or enhancing species
dispersal between communities).

2. Materials and Methods

2.1. Study Area

Our study area is located in the Lijiang River Basin in the northeast of Guangxi
Zhuang Autonomous Region, China. It is in the upper reaches of the Guijiang River,
covering a length of approximately 164 km, with an average elevation of 158 m, as a
primary tributary of the Xijiang River in the Pearl River Basin. The geographic coordinates
are 24◦18′–25◦41′ N, 109◦45′–110◦40′ E. It has been listed as a World Natural Heritage Site
since 2014 and is a popular tourist destination deriving from its unique karstic landscape.
The karst landform is a rare geomorphological type with fragile ecosystems that are slow
to recover after disturbance [22]. In recent years, excessive tourism-related development
and other anthropogenic disturbances have interacted to influence the highly variable and
complex Lijiang River Basin system. The area is in the humid monsoon climate zone within
the mid-subtropical zone, with a mild climate and four distinct seasons. Annual rainfall
is abundant but extremely uneven during the year. The flood season occurs from March
to August, and the dry season occurs from September to February. The annual average
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temperature is 18–19 ◦C, the coldest January average temperature is about 8–9 ◦C and the
hottest August average temperature is about 28 ◦C. Rainfall is concentrated in the warm
season. The annual rainfall is 1814–1941 mm, the annual evaporation is 1377–1857 mm and
the annual average relative humidity is 73%–79%. The year-round sunshine is sufficient,
and the annual average sunshine time is 1670 h. Soil type is dominated by red loam and has
the features of high coarse texture, gravel-type substrates, shallow soil layer and unevenly
distributed soil layer thickness [19,21] for years of continuous erosion and deposition by
river water. Common woody plant in the riparian zone of the Lijiang River Basin includes
Pterocarya stenoptera C. DC., Triadica sebifera (L.) Small, Celtis sinensis Pers., Cinnamomum
burmannii (Nees & T. Nees) Blume, Cinnamomum camphora (L.) J. Presl, Ficus abeli Miq., Vitex
negundo var. cannabifolia (Sieb.et Zucc.) Hand.-Mazz., Flueggea virosa (Roxb. ex Willd.) Royle,
Rauvolfia verticillat (Lour.) Baill., Adina rubella Hance and so on.

2.2. Data Collection
2.2.1. Field Survey

This study is based on a field survey of woody plant communities. A total of 12 differ-
ent sites were randomly selected and they were distributed in geographically separated
regions, spanning a wide spatial range, ranging from 110◦19′ to 110◦34′ E in longitude and
from 24◦44′ to 25◦54′ N in latitude (Figure 1). Each site was set up with 4–8 20 m × 20 m
plots—a total of 65 plots. Community surveys of all plots were performed according to
the standard ForestGeo protocol (https://forestgeo.si.edu/node/145665/, accessed on
7 May 2018). The census of 65 plots was completed in 2018, recording 15,100 free-standing
individuals and belonging to 78 species, representing 64 genera and 32 families. The plots
covered various community types. They can be divided into nine associations on the
basis of the species importance values calculation, including ASS. P. stenoptera-F. abelii,
ASS. C. sinensis-B. formosana + F. abelii, ASS. P. stenoptera-A. chinense, ASS. C. sinensis-F.
abelii, ASS. C. burmannii-R. verticillate, ASS. R. verticillate, ASS. T. sebiferum-A. rubella, ASS.
C.sinensis-V. negundo var. cannabifolia and ASS. T. sebiferum-B. formosana (please see Table A1
in Appendix A).

 

Figure 1. The distribution map of the 12 studied plots in the Lijiang River Basin. The colored
background represents the elevation distribution. CY is for Caiyuan, ZZ is for Zhuzhi, YJ is for
Yangjia, NC is for Nanchang, NZ is for Nanzhou, DH is for Dahe, LM is for Longmen, BY is for Biyan,
DC is for Duchuan, YG is for Yueguang, LS is for Luoshi, SH is for Sanhe.
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2.2.2. Functional Traits Measurement

We measured 6 functional traits for the 78 species based on standardized protocols
proposed by Pérez-Harguindeguy et al. [23], including leaf chlorophyll content (LCC), leaf
thickness (LT), leaf area (LA), leaf dry matter content (LDMC), specific leaf area (SLA) and
twig tissue density (TTD). These traits were selected as they are known to represent the
different dimensions of the functional niche, such as carbon economy, nutrient acquisition,
water economy in leaves and stems among woody plants. Specifically, SLA captures species
strategies for acquiring, using and conserving resources, including light, nutrients and
water [24]; TTD reflects twig water and nutrient transport, structure and defense [25]. All
tree individuals with a diameter at breast height (DBH, 1.3 m) ≥ 1 cm and shrub and woody
vine individuals with a basal diameter (BD) ≥ 1 cm were sampled to measure functional
traits data during the summer season (from June to August) in 2018. For every individual,
we sampled at least three newly matured leaves and three branches at different positions.
Among them, LCC was estimated by measuring red/infrared absorbance with a SPAD-502
chlorophyll meter (Spectrum Technologies, Plainfield, IL, USA). SPAD measurements were
converted into chlorophyll concentrations using the homographic calibration model from
Coste et al. [26]. LT was measured with a caliper (precision: 0.05 mm). LA was measured
using a YMJ-C scanner with a corresponding self-developed measurement software system
(Shandong, China). The leaves were put on the instrument and took real-time photos
to process the data information. The leaves were then oven-dried at 70 ◦C for 48 h and
weighed to calculate the SLA and LDMC. TTD was calculated as the oven-dried mass of a
twig divided by its fresh volume.

2.2.3. Environmental Variables Measurement

We divided each 20 m × 20 m plot into four 10 m × 10 m subplots and then collected
soil nutrients on 10 m × 10 m subplots for fine-scale analysis of environment factors. We
measured environmental data in a total of 200 10 m × 10 m subplots. In each 10 m × 10 m
subplot, a soil sampler was used to collect soil samples at five random points. At each
sampling point, after removing the possible organic layer, a soil sample with a depth
of 10–20 cm was collected. The soil samples at five points in each subplot were mixed
as a test sample. We analyzed the physical and chemical properties of each test sample
using methods that have been described by Bao Shidan [27], including soil pH (pH), water
content (SWC), organic matter (SOM), total nitrogen (TN), available nitrogen (AN), total
phosphorus (TP), available phosphorus (AP), total potassium (TK) and available potassium
(AK). Among them, pH was determined in a 1:2.5 soil-to-water suspension ratio. SWC was
measured as the fresh soil weight minus oven-dried weight divided by the fresh weight.
SOM was determined by wet oxidation with KCr2O7 + H2SO4 and titrated with FeSO4.
TN was determined using automatic Kjeldahl analysis (KJELTECTM 8400, FOSS Quality
Assurance Co., Ltd., Hillerød, Denmark). AN was quantified using the alkaline hydrolysis
diffusion method. TP was examined by acid digestion with a H2SO4 + HClO4 solution.
AP was extracted with 0.5 M Na2CO3, and it was measured using the molybdenum
blue colorimetric method. TK was digested by the HF-HClO4-HNO3 acid mixture and
determined by the flame photometric method. AK was determined by flame photometry
after extraction with ammonium acetate. The elevation data were recorded with a handheld
GPS. Finally, we averaged the four 10 m × 10 m subplots as the environment factors of
each of the 20 m × 20 m plots for subsequent analyses.

2.3. Statistical Analyses
2.3.1. Spatial Variables

We recorded latitude and longitude of each plot by GPS. Then, we calculated the
spatial distance based on the distm function in the “geosphere” package of R software to
transform the coordinates to distance [28].
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2.3.2. Phylogenetic Tree Construction

For subsequent phylogenetic beta diversity analyses, we created a phylogenetic su-
pertree that included all of our species (a data set of 78 total species sampled across 12 sites
(65 20 m × 20 m)) using scenario 1 in the “V. Phylomaker” R package (see Appendix B for
more details) [29].

2.3.3. Beta Diversity Calculation

Taxonomic, phylogenetic and functional beta diversity and their components were all
calculated by applying pairwise-site and multiple-site dissimilarity methods [30]. Based on
the taxonomic data (abundance of species at each site), phylogenetic data (phylogenetic
tree across all of the sites) and functional attribute data (six traits’ Euclidean distances), we
calculated the Jaccard dissimilarity index to calculate taxonomic (Tβ), phylogenetic (Pβ)
and functional (Fβ) beta diversity indexes. We further decomposed total beta diversity
(βtotal) into the sum of replacement (βrepl) and richness (βrich) [17]. βrepl refers to the
differences between the communities caused by one-to-one replacement of species com-
position or system evolution (functional attributes). βrich emphasizes differences between
communities due to differences in species composition or system evolution (functional
attributes) in richness. The calculation formula is as follows:

βtotal= βrepl+βrich (1)

βtotal =
b + c

a + b + c
(2)

βrich =
|b − c|

a + b + c
(3)

βrepl= 2 × min(b, c)
a + b + c

(4)

where a represents the number of species or phylogenetic (functional attribute) branch
length shared by the two communities, and b and c respectively represent the number of
species or phylogenetic (functional attribute) branch length unique to the two communities.

We then sought to better understand the relative contribution of environmental filter-
ing and dispersal limitation on the three dimensions of beta diversity. First, we computed
spearman correlations between variables to assess the collinearity of environmental vari-
ables, where elevations were excluded for spearman ρ2 > 0.5. Then, we calculated the
Euclidean distance between filtered environmental variables to the obtained environmental
distance matrix. On this basis, we applied ln(x + 1) transformations on the geographic and
environmental distance matrix to meet the assumptions of normality and homogeneity
of variance [31,32]. We also performed a partial Mantel correlation analysis between geo-
graphic distance or environmental distance and the replacement components to test the
relative importance of environmental filtering and dispersal limitation. If environmental
distance was significantly correlated with beta diversity, we took a further step to test which
environmental variables were more important in determining taxonomic, phylogenetic and
functional beta diversity by conducting permutational MANOVA analyses [33].

All statistical analyses were conducted using R version 4.1.0 [34]. Among them, the
taxonomic, phylogenetic and functional beta diversity calculations were based on the
“BAT” package [35], the partial Mantel analysis was based on the “ecodist” package [36]
and the Euclidean distances and permutational MANOVA analysis was performed using
the package “vegan” [37].

3. Results

3.1. Patterns of Taxonomic, Functional and Phylogenetic Beta Diversity with Their
Two Components

The mean values of taxonomic, functional and phylogenetic beta diversity were
0.90, 0.84 and 0.76, respectively. The relative proportions of replacement and richness
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components on taxonomic beta diversity were 54.17% and 45.83%, 48.51% and 51.49% on
functional beta diversity and 40.53% and 59.47% on phylogenetic beta diversity. All in all,
replacement was the dominant component of taxonomic beta diversity and richness was
the dominant component of functional and phylogenetic beta diversity along the riparian
zone of the Lijiang (Figure 2).

Figure 2. Beta diversity with its two components along the riparian zone of the Lijiang. (a) Mean
taxonomic beta diversity, (b) mean phylogenetic beta diversity, (c) mean functional beta diversity.
The percentages in the figure represent relative proportion of replacement and richness components,
respectively. Tβtotal represents total taxonomic beta diversity; Tβrepel represents the sum of replace-
ment components on taxonomic beta diversity; Tβrich represents the sum of richness components on
taxonomic beta diversity. Pβtotal represents total phylogenetic beta diversity; Pβrepel represents the
sum of replacement components on phylogenetic beta diversity; Pβrich represents the sum of richness
components on phylogenetic beta diversity. Fβtotal represents total functional beta diversity; Fβrepel

represents the sum of replacement components on functional beta diversity; Fβrich represents the
sum of richness components on functional beta diversity.

3.2. The Influence of Environmental Filtering and Dispersal Limitation on Beta Diversity Patterns

With the increases in environmental distance and geographic distance, the replacement
components of beta diversity (taxonomic, phylogenetic and functional) of the riparian plant
communities in the Lijiang River Basin increased significantly (Figure 3). Partial Mantel
correlation analysis revealed that the replacement components of beta diversity are subject
to a combination of diffusional limitations and environmental filtering. Specifically, for
taxonomic beta diversity, dispersal limitation alone explained 13.58% of the variation, and
environmental filtering alone explained 9.31% of the variation. For phylogenetic diversity,
dispersal limitation alone explained 14.48% of the variation, and environmental filtering
alone explained 8.07% of the variation. For functional beta diversity, dispersal limitation
alone explained 12.83% of the variation, and environmental filtering alone explained 9.32%
of the variation.
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Figure 3. Variance in beta diversity along the geographic distance and environmental distances.
(a) Variance in taxonomic beta diversity along the geographic distance, (b) variance in phylogenetic
beta diversity along the geographic distance, (c) variance in functional beta diversity along the
geographic distance, (d) variance in taxonomic beta diversity along the environmental distances,
(e) variance in phylogenetic beta diversity along the environmental distances, (f) variance in functional
beta diversity along the environmental distances. R2—13.58% of variability is explained by geographic
distance of taxonomic diversity, 9.31% of variability is explained by environmental distance of
taxonomic diversity, 14.48% of variability is explained by geographic distance of phylogenetic
diversity, 8.07% of variability is explained by environmental distance of phylogenetic diversity,
12.83% of variability is explained by geographic distance of functional diversity, 9.32% of variability
is explained by environmental distance of functional diversity. p-values represent the significance of
the statistical results.

3.3. The Influence of Environmental Factors on Beta Diversity

According to the results of permutational MANOVA analysis of variance (Table 1),
soil pH, SOM, TN, AN, TP, AP, TK and AK had significant effects on taxonomic and
phylogenetic diversity, except SWC had no significant effect. For functional beta diversity,
soil pH, SOM, TN, AN, TP, AP, TK and AK had significant effects, while SWC and SOM
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had no significant effects. Overall, environmental factors explained a considerable portion
of the variation, accounting for 50.3%–59.4%.

Table 1. Results of permutational MANOVA (adonis).

Explanatory
Variables

Taxonomic Beta
Diversity

Phylogenetic Beta
Diversity

Functional Beta
Diversity

R2 Pr (>F) R2 Pr (>F) R2 Pr (>F)

Soil pH 0.075 *** 0.063 *** 0.070 ***
Soil water content 0.001 ns 0.001 ns 0.001 ns
Soil organic matter 0.028 * 0.027 * 0.015 ns
Total nitrogen 0.057 *** 0.057 *** 0.047 **
Available nitrogen 0.040 ** 0.030 * 0.064 ***
Total phosphorus 0.082 *** 0.082 *** 0.074 ***
Available phosphorus 0.056 *** 0.062 ** 0.083 ***
Total potassium 0.091 *** 0.134 *** 0.120 ***
Available potassium 0.073 *** 0.091 *** 0.120 ***
Residuals 0.497 - 0.453 - 0.406 -

Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

4.1. The Composition of Taxonomic, Functional and Phylogenetic Beta Diversity with Their
Two Components

Historically, taxonomic-based analyses of community assembly have been the most
common approach used to characterize regional biodiversity and biogeographical pro-
cesses [38]. However, recent efforts to incorporate functional and phylogenetic dimensions
into the community assembly framework have provided further insights [6,39]. The find-
ings showed the same results as those from previous studies: taxonomic > phylogenetic
> functional beta diversity. One possible explanation for this pattern is that there exist
redundant species tending to share the similar phylogenetic relations and functional traits
in our study sites [40,41]. For example, if two different species within a community have
very different functional traits, turnover in those species will increase the value of phylo-
genetic beta diversity and functional beta diversity. In contrast, if the similar species with
redundant traits turnover, the value of phylogenetic beta diversity and functional beta di-
versity will often be smaller than taxonomic beta diversity. Consistent with a growing body
of studies, we found that replacement was the dominant component of taxonomic beta
diversity [42–44]. That suggests that the difference in taxonomic composition among sites
was mainly caused by high species substitution. A recent broad study in a nearby Atlantic
forest found that replacement patterns are associated with environmental heterogeneity
and variability in species attributes [45]. The Lijiang River Basin, which stretches more than
160 km from the upstream to downstream, shows different environmental heterogeneity
and geographic spatial gradient [46]. Many seeds of riparian species can drift along the
river, but most appeared to colonize in nearby areas. It might be that habitat conditions
vary with geographical distance, hindering the spread of the seeds along the riverbank so
that sites further away are not suited for poorly dispersed species, leading to high species
change in species composition [47]. Another result showed that richness was the dominant
component of functional and phylogenetic beta diversity. Dobrovolski et al. [48] found
that the nestedness component had a more important role in generating beta diversity
patterns in high latitude areas affected by glaciation. However, the Lijiang River Basin
without high latitude was not covered by an ice-sheet during the Last Glacial Maximum;
the glaciation hypothesis proposed by previous authors may not explain the pattern of
dominant nestedness component of functional and phylogenetic beta diversity. The only
acceptable explanation for this general pattern is under special karst environmental stress;
many of the surviving species at fine scale share large elements of their evolutionary history,
which results in species convergent functional traits and phylogenetic clustering across
sites [16].
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4.2. The Relative Importance of Dispersal Limitation and Environmental Filtering

We found that dispersal limitation and environmental filtering jointly shaped beta
diversity in taxonomic, functional and phylogenetic dimensions, and dispersal limitation
effects are slightly higher than environmental filtering effects in community assembly. Some
researchers theorize high-diversity forests (e.g., tropical forests, subtropical forests) reflect
strong spatial correlations with the diversity, indicating the important role of dispersal limi-
tation [49]. Our findings support this general hypothesis; many species have not reached
places with favorable conditions because of dispersal limitation. A possible explanation is
as follows: (1) the unique geological characteristics and hydrological structure resulting
in special Lijiang River Basin karst landforms act as a geographical barrier to hinder the
spread of the seeds along the riverbank; (2) excessive tourism-related development on
the Lijiang River Basin midstream section act as an anthropogenic barrier to affect the
species surviving rate successfully; (3) species dispersal capacity. Generally, species with
larger propagules were more strongly affected by dispersal limitation than species with
smaller species propagules [50]. Compared with some other factors, complex topographical
features, anthropogenic disturbance and species dispersal capacity are likely to be more
important drivers of the beta diversity distribution.

Additionally, we found that environmental filtering also had a significant impact on
beta diversity distribution. In further testing of environmental variables, we found that
environmental factors, such as soil pH, TN, AN, TP, AP, TK and AK, were significantly cor-
related with the three measures of beta diversities (Table 1). It is well known that nitrogen,
phosphorus and potassium in soil play important roles in maintaining forest productiv-
ity [51], and soil pH may modify the nutrient availability of P and K by controlling their
chemical forms [52]. These results imply that soil nutrients are important factors driving
woody plant community assembly in the riparian zone of the Lijiang River Basin. Taken
together, the driving mechanisms of taxonomic, phylogenetic and functional beta diversity
are generally consistent in the Lijiang River riparian woody plant community, dominated
by dispersal limitation and environmental filtering, but with slightly different emphases
in each dimension. For example, for environmental filtering processes, taxonomic and
functional beta diversity have higher convergent roles due to the complex and harsh karst
habitats. However, it is also possible that this is due to the fact that we measure a limited
number of local environment variables. Previous studies have shown that phylogenetic
diversity was influenced by the combined effect of paleoclimate and modern climate [53],
so it is necessary to incorporate more environmental variables, such as climatic factors, into
the environmental analysis in future research.

5. Conclusions

Examining multiple facets and components of beta diversity is becoming an important
topic in biodiversity research because it can provide information about the mechanisms
driving community assembly [54,55]. In the present study, we found that (1) taxonomic
beta diversity is dominated by replacement components, while phylogenetic and functional
beta diversity are dominated by richness components. To conserve riparian biodiversity
in the Lijiang River Basin from a taxonomic perspective, it is more suitable to establish
several small nature reserves, whereas from phylogenetic and functional perspectives,
the protection focus should be put on larger nature reserves. (2) Dispersal limitation and
environmental filtering jointly drive the composition of woody plant communities in the
riparian zone of the Lijiang River Basin. Thus, when formulating conservation strategies for
woody plants along the Lijiang River riparian zone, both improving ecological community
environmental conditions and enhancing species dispersal between communities should be
given equal attention. Given the complexity of community assembly mechanisms, we rec-
ommend that future studies should integrate other components of biodiversity such as the
intraspecific variation in functional and phylogenetic diversity [56]. These can bring further
insights into species coexistence, resource use, niche overlap, plasticity and local adapta-
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tions, as well as the development of tools to assess the scales and biodiversity components
for which a given management measure is the most cost-efficient (prioritization).

Author Contributions: Conceptualization, Y.J. and S.L.; methodology, Y.J.; validation, Y.J., S.L. and
Y.H.; formal analysis, Y.H.; investigation, R.L.; resources, S.L.; data curation, R.L.; writing—original
draft preparation, Y.H. and S.L.; writing—review and editing, R.L. and Y.J.; visualization, Y.H.;
funding acquisition, Y.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31860124),
Guangxi Natural Science Foundation (2022GXNSFAA035600), Innovation Project of Guangxi Gradu-
ate Education (JGY2021024), Key Laboratory of Ecology of Rare and Endangered Species and Envi-
ronmental Protection (Guangxi Normal University), Ministry of Education, China (ERESEP2021Z08)
and Guangxi Normal University Scientific Research and Education Special Project (Natural Science)
(RZ2100000150).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are grateful to numerous students from the Chinese Guangxi Normal Uni-
versity for their support in conducting the tough fieldwork.

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

Appendix A

Table A1. Site information.

Site Plot Longitude Latitude Community Type

Caiyuan 1–7 110◦27′41.00′′ E 25◦33′41.37′′ N ASS. P. stenoptera-F. abelii
Zhuzhi 8–12 110◦24′20.68′′ E 25◦28′47.21′′ N ASS. C. sinensis-B. formosana + F. abelii
Yangjia 13–17 110◦22′30.08′′ E 25◦24′48.87′′ N ASS. P. stenoptera-F. abelii

Nanchang 18–22 110◦22′33.14′′ E 25◦24′46.64′′ N ASS. P. stenoptera-A. chinense
Nanzhou 23–26 110◦19′49.48′′ E 25◦20′23.83′′ N ASS. C. sinensis-F. abelii

Dahe 27–32 110◦19′22.99′′ E 25◦19′31.87′′ N ASS. C. sinensis-F. abelii
Biyan 33–37 110◦25′09.45′′ E 25◦06′30.65′′ N ASS. C. burmannii-R. verticillate

Duchuan 38–41 110◦25′29.78′′ E 25◦05′47.63′′ N ASS. R. verticillate
Longmen 42–46 110◦20′58.79′′ E 25◦12′12.54′′ N ASS. T. sebiferum-A. rubella
Yueguang 47–52 110◦27′17.94′′ E 25◦00′12.81′′ N ASS. C. sinensis-V. negundo var. cannabifolia

Luoshi 53–57 110◦30′05.50′′ E 24◦54′22.97′′ N ASS. T. sebiferum-B. formosana
Sanhe 58–65 110◦34′49.15′′ E 24◦44′58.25′′ N ASS. T. sebiferum-B. formosana

Appendix B

Phylogenetic Tree Construction

We constructed a phylogenetic tree that was divided into three steps. First, we assem-
bled a species list that included all of our species sampled (a data set of 78 total species)
in this study. Second, all names in the present species list were proofread through the
TPL website (http://www.theplantlist.org/, accessed on 12 October 2021). Our present
species list was included in the TPL. Third, a phylogenetic tree was generated based on
the accepted 78 species list using the mega-tree function (scenario 1) in the R package “V.
PhyloMaker” [29].

98



Forests 2022, 13, 673

 
Figure A1. A super-tree representing the 78 species in the Lijiang River Basin in the northeast of
Guangxi Zhuang Autonomous Region, China.
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Abstract: Previous research on the relationship between edaphic factors and species diversity patterns
has mostly focused on topsoil between 0 and 30 cm, with less attention paid to deeper layers where
many plant root systems are concentrated. Since considering deeper edaphic layers might help
to unravel the maintenance mechanisms of plant diversity, in the present study we explored the
relationship between vegetation β-diversity and a comprehensive set of soil chemical attributes at
different depths. Based on vegetation and soil data from subtropical broad-leaved forest plots in the
Nanling Mountains, China, we analyzed the driving factors of β-diversity patterns of trees, shrubs,
and herbs using multi-site generalized dissimilarity modeling (MS-GDM). We found that the species
composition dissimilarity of trees, shrubs, and herbs layers in the study area was highly diversified
and dominated by species turnover components. Topsoil chemical properties were the best explainers
for the β-diversity of trees (52.5%), followed by herbs (40.3%) and shrubs (21.8%). With the increase
of soil depth, especially for depth >60 cm, soil chemical elements gradually lost explanatory power.
Regarding the β-diversity of trees, it was mainly affected by altitude and available nitrogen (AN),
total iron (Fe), and nickel (Ni) content in the soil of 0–60 cm depth. Concerning shrubs, the best
β-diversity explainers were altitude, geographical distance, and nutrient elements of the soil above
40 cm. The main factors driving the β-diversity of herbs were altitude, total boron (B), total cadmium
(Cd), and total nickel (Ni) of 0–40 cm soil. Overall, our results suggest that the environmental filtration
process driven by altitude and soil factors, and dispersal limitations represented by geographical
distance, affected the β-diversity patterns of Nanling forest communities.

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

1. Introduction

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

β-diversity is generally measured with indices representing pairwise dissimilarity,
such as the Jaccard and Sørensen dissimilarity indices, which are divided into two com-
ponents: species turnover and nestedness [10]. Species turnover describes the degree of

Forests 2022, 13, 2184. https://doi.org/10.3390/f13122184 https://www.mdpi.com/journal/forests
103



Forests 2022, 13, 2184

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

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

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

2. Material and Methods

2.1. Study Area

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

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

Figure 1. Geographical locations of the study area.

2.2. Soil Sampling and Analysis

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

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

Table 1. Elemental contents in different soil depths.

Element Contents
Soil Depths (cm)

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

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

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

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

2.3. β-Diversity Index

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

βsor =
[∑i<j min

(
bij, bji

)
] + [∑i<j max

(
bij, bji

)
]

2[∑i Si − ST ] + [∑i<j min
(
bij, bji

)
] + [∑i<j max

(
bij, bji

)
]

(1)

βsim =
[∑i<j min

(
bij, bji

)
]

[∑i Si − ST ] + [∑i<j min
(
bij, bji

)
]

(2)

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

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

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

− ln
(
1 − dij

)
= b +

p

∑
k=1

∣∣∣ fk(xki)− fk

(
xkj

)∣∣∣ (4)

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

p
k=1 apk Ipk(xk),

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

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

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

3. Results

3.1. β-Diversity Distribution Pattern of Different Plant Forms

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

We found that species compositional dissimilarity of trees, shrubs, and herbs in the
study area increased with distance, indicating that there was an obvious species turnover
of plant community in the Nanling Mountains. Additionally, this was confirmed by the use
of the GDM approach, since the predicted species compositional dissimilarity matched the
observed species compositional dissimilarity of trees, shrubs, and herbs (Figure 3).
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Figure 2. β-diversity and components of different plant forms of the Nanling Mountains.

Figure 3. Relationships between compositional dissimilarity and geographical distance and relation-
ships between predicted species compositional dissimilarity and the observed species compositional
dissimilarity of different life form plants ((a,b) indicate trees, (c,d) indicate shrubs, (e,f) indicate herbs).
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3.2. The Contribution of Environmental Factors to Plant β-Diversity by GDM

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

Figure 4. Contribution of environmental factors to plant β-diversity at different soil depths.

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

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

The species turnover components of trees were positively correlated with TN, TP,
AN, Cu and Hg at the 20–60 cm soil layer, and Cu and Hg at the 60–100 cm layer. The
nestedness of trees was significantly correlated with the AP, Fe, Cr and Ni contents in the
0–60 cm soil layers. The species compositional dissimilarity of shrubs was significantly
correlated with TN, TP, AN and Cu at the 0–60 cm soil layer, and the turnover component
was significantly correlated with TN and AN. In the 0–20 cm topsoil layer, the turnover
component of herbs was positively correlated with the contents of TP, Cd and Ni, while the
nestedness component was negatively correlated with AP, Cd, and Ni of the 0–20 cm layer
(Tables 2–4).
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Figure 5. Sum of I-spline coefficients for environmental factors on β-diversity of trees (a), shrubs
(b) and herbs (c). environmental factors included geographical distance (Dist), altitude (Alt), Boron
(B), Molybdenum (Mo), Manganese (Mn), Zinc (Zn), Cuprum (Cu), Ferrum (Fe), Selenium (Se),
Cadmium (Cd), Plumbum (Pb), Chromium (Cr), Nickel (Ni), Hydrargyrum (Hg) and Arsenic (As),
Total nitrogen (TN), Total phosphorus (TP), Total kalium (TK) and Available nitrogen (AN), Available
phosphorus (AP), Available kalium (AK).

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

Soil Properties
β-sor β-sim β-nes

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

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

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

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

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

Soil Properties
β-sor β-sim β-nes

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

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

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

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

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

Soil Properties
β-sor β-sim β-nes

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

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

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

Soil Properties
β-sor β-sim β-nes

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

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

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

4. Discussion

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

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

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

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

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

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

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

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

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

5. Conclusions

This study provides three findings that might help to understand the species diversity
maintenance mechanisms of different plant forms. First, the contribution of environmental
factors and the dispersal process varied with plant forms, and soil factors had a stronger
influence on the β-diversity of trees than that of shrubs and herbs. Secondly, with the
increase of soil depth, the explanation rate of β-diversity of trees and herbs explained by
soil chemical elements gradually decreased. Finally, the chemical elements of 0–60 cm soil
mainly affected tree diversity, while the main soil factors affecting the β-diversity of shrubs
and herbs were in 0–40 cm depth. We conclude that the deeper soil factors have broaden
our understanding of influencing factors that shape plant communities. We suggest that
models need to consider a broader spectrum of environmental factors that might affect
plant community composition. We also suggest that the species composition and diversity
patterns of the Nanling Mountains system need to be further studied.
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Abstract: Forest aboveground biomass (AGB) is not simply affected by a single factor or a few
factors, but also by the interaction between them in complex ways across multiple spatial scales.
Understanding the joint effect of stand structural characteristics and climate factors on AGB on
large scales is critical for accurate forest carbon storage prediction and sustainable management.
Despite numerous attempts to clarify the relationships between stand structural characteristics
(tree density/TD, diameter at breast height/DBH, basal area/BA), climate factors (mean annual
temperature/MAT, mean annual precipitation/MAP), and AGB, they remain contentious on a
large scale. Therefore, we explored the relationships between stand structural characteristics, climate
factors, and AGB at a biome level by meta-analyzing datasets contained in 40 articles from 25 countries,
and then answered the questions of how stand structural characteristics influence AGB at the biome
level and whether the relationships are regulated by climate on a large scale. Through using regression
analysis and the establishment of a structural equation model, the results showed that the influence
of basal area on AGB at the biome level was more substantial than that of tree density and DBH, and
the significant relationship between basal area and AGB was relatively stable regardless of biome
variation, but the effects of tree density and DBH was non-negligible within the biome. Climatic
factors (e.g., temperature and precipitation), should be considered. Our meta-analysis illustrated the
complicated interactions between climate factors, stand structural characteristics, and the AGB of
forests, highlighting the importance of climate effects on regulating stand structural characteristics
and AGB relationships. We suggest that basal area be preferred and considered in forest sustainable
management practice to optimize stand structure for increasing carbon storage potential, with close
attention to local climate conditions. Overall, our meta-analysis will crucially aid forest management
and conservation in the context of global environmental changes, and provide novel insights and a
scientific reference to lead to future carbon storage research on large scales.

Keywords: stand structural characteristic; aboveground biomass; temperature; precipitation; influence

1. Introduction

Changes in carbon storage in terrestrial ecosystems have far-reaching implications for
the carbon cycle of the global ecosystem and climate change [1,2]. Forest ecosystems play
a vital role in the global carbon cycle. Furthermore, mitigation of the detrimental impact
of global warming has great significance in ecosystem stability and function [3,4]. Thus,
accurate forest biomass estimation is necessary and has been the main area of focus in
climate change research, forest management, and sustainable development [5–13]. Forest
degradation and deforestation caused by human activities and climate change pose a
significant challenge to ecosystem function and sustainable development. An estimated
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420 million ha of forest has been lost worldwide through deforestation since 1990, and
the total carbon stock in forests decreased from 668 gigatonnes in 1990 to 662 gigatonnes
in 2020 [14]. Thus, increasingly widespread concern about global climate change has led
to an interest in reducing carbon emissions through quantifying carbon sequestration
by forests [15]. Biomass is a valuable indicator in forest stand structure assessment and
forest carbon stock estimation [16]. Aboveground biomass (AGB) and carbon storage are
commonly derived from tree inventory data (diameter and height) [17,18]. In contrast, tree
density, species diversity, and other forest structural attributes are interlinked with carbon
storage in the forest ecosystem [19–21]. Along with variety, stand structure is equally
critical in deciphering management implications [22].

It is widely accepted that current increases in forest biomass result partially from the
positive effects of climate change and changes in forest management [23–26]. Additionally,
numerous studies have suggested that mean annual temperature (MAT) and mean annual
precipitation (MAP) are the main factors influencing forest biomass across broad geographic
scales and climatic gradients, e.g., [27–29]. However, whether and to what extent climate
influences forest biomass changes remain debatable [30]. For example, as carbon sinks,
tropical forests are prone to carbon losses caused by variations in stand structure and
species composition [31–34]. The positive effects of climate change on forest biomass may
be offset by increasing climatic variability and extreme climate events, such as intense
drought and extremely low temperatures [35]. Thus, temperature and precipitation can
constrain AGB through seasonality and extended dry periods, such as by regulating the
relationships between functional traits, including stand structure, and AGB at a community
level through the length of the growing and the dry seasons [36–38]. Specifically, AGB is
directly associated with stand structure as it is influenced by climate.

Previous studies have indicated that lower TD and BA affected forest biomass in
tropical forests [31,39,40]. Furthermore, in subtropical or pantropical forests, community
composition and stand structure (mainly as it relates to tree height) significantly impact
AGB [41,42]. In temperate forests, TD, DBH, and BA tend to determine biomass allocation
and AGB [43,44]. Future forest carbon sinks could be affected by large-scale changes in
mortality and growth rate due to climate, stand structure, and their interactions [45,46]. In
addition, these drivers, which are used to predict climate change’s effects on forest biomass,
can also interact in complex ways across various spatial scales [47]. These studies on small
scales contribute to our understanding of how climate change impacts forest dynamics
and ecosystem services, which are crucial for managing forests and conserving biodiver-
sity in the context of global environmental changes. However, the present relationships
between the factors mentioned above (e.g., stand structural characteristics, climate factors,
and aboveground biomass) remain contentious at a large scale. Therefore, an enhanced
understanding of how stand structural characteristics and climate factors influence AGB in
forests at large scales is essential for estimating future potentials in forest carbon storage.
In particular, for sustainable forest management, the deeper comprehension is needed
because the optimized stand structure will affect seedling regeneration in forests, and
the regeneration will ultimately determine tree species composition of forest stands and,
hence, the AGB. Here, the objective of our meta-analysis was to examine the relationships
between stand structural characteristics and AGB, and further make it clear how climate
(e.g., temperature, precipitation) affects this relationship. More specifically, we sought to
answer the following scientific questions:

(1) What effect do stand structural characteristics have on AGB, and how do such trait
effects compare?

(2) How do climate factors affect the relationships between stand structural character-
istics and AGB?

We hypothesized that temperature and precipitation would affect the stand structural
characteristics–AGB relationships. To test the hypothesis, we conducted a meta-analysis on
the effect of MAT and MAP on the relationships between TD, DBH, BA, and AGB through
a systematic literature review. We firstly evaluated the relationship variation between stand
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structural characteristics and AGB in each biome (e.g., boreal forest, temperate seasonal
forest, tropical rain forest, and tropical seasonal forest). We then explored the joint influence
of stand structural characteristics and climate factors on AGB across all biomes. Finally, we
investigated the multiple relationships between stand structural characteristics, climate
factors, biome, and AGB.

2. Materials and Methods

2.1. Literature Search and Data Compilation

A systematic literature search was conducted using the subject headings “forest struc-
ture” AND “stand structure” AND “aboveground biomass” AND “forest biomass” to
search published articles in the Web of Science, Google Scholar, Open Access Library, and
CNKI, while Google Scholar and the Open Access Library were used to download articles
that are not accessible in the Web of Science. The articles that were shortlisted for analysis
had to be published in English and exclusively focused on stand structure–AGB relation-
ships. Hence, the relevant literature up to December 2022 were identified and filtered on
the basis of the following strict criteria: (1) each experiment must cover one or more sample
plots; (2) studies must present stand structural characteristics, including DBH, TD, and
BA in each site; (3) studies must be based on stand-level field research, not greenhouse
or growth chamber pot experiments; and (4) the forest stands must cover either managed
or non-managed natural and secondary forest. Following the criteria for the literature
selection, 40 articles from 25 countries (Supplementary Figure S1) were ultimately included
in our meta-analysis. With regard to data compilation, most data were directly obtained
from the original articles, whereas a small portion of data were extracted from figures and
tables using GetData Graph Digitizer 2.2 (Free Software Foundation, Boston, MA, USA).
Finally, 227 entries of DBH, BA, TD, and AGB data (Supplementary Table S1) were included
in our datasets for analysis. Here, these values of stand structural characteristics and AGB
refer to a stand level. To analyze the interactive effects of climate factors (MAT, MAP) on
AGB, MAT and MAP data of the sampling points in our datasets were extracted directly
from the 40 articles. Meanwhile, the sampling points from the literature were classified
into four biomes (e.g., boreal forest, temperate seasonal forest, tropical rainforest, and
tropical seasonal forest) based on the MAP and MAT of each point using Whittaker’s biome
diagram [48].

2.2. Data Analysis

In the meta-analysis, we aimed to evaluate the relationship between stand structural
characteristics and AGB within biomes and, further, the impact of climate on these re-
lationships. To analyze the relationship of stand structural characteristics and AGB, the
log transformation was first undertaken for each variable to ensure that they conformed
to a normal distribution [49]. Then, the regression relationship between stand structural
characteristics and AGB were described by the following allometric growth equation
(Equation (1)):

lg y = α (lg x) + β (1)

where y and x represent the AGB values and different structural characteristics in the
stand, α is the allometric exponent (the slope of this equation), and β is the allometric
constant (the intercept of this equation); the slope is compared against α = 1, representing
the isometric relationship between two variables when the slope is exactly α = 1, and
the allometric relationship when it does not (α < 1 or α > 1) [50–52]. Then, the approach
of standard major axis regression analysis (SMA) was used to assess the parameters α

and β, and the allometric relationship between structural characteristics and AGB was
tested through a comparison to 1.0; if the slope α is significantly different from 1.0, this
indicates an allometric relationship between stand structural characteristics and AGB;
otherwise, they are isometric [49,53]. To explore the joint effects of MAP, MAT, and stand
structural characteristics on AGB across all biomes, multiple linear regression analysis
(MLR) was carried out, and the variance inflation factor (VIF > 10) was used to estimate
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the collinearity between variables in the analysis [54,55]; meanwhile, a Pearson correlation
analysis was conducted to analyze the correlation between stand structural characteristics
and climate factors.

Structural equation modeling (SEM) was used to assess the multiple effects of MAT,
MAP, TD, DBH, BA, and the biome on AGB, and, furthermore, the relationships in the
multivariate data and the complex relationships and causality between variables were
identified. For the evaluation of the most effective SEM, several statistical parameters
including the chi-square (χ2) test, goodness-of-fit index (GFI), comparative fit index (CFI),
and standardized root mean square residual (SRMR) were used in the model. Here, we
used the χ2 test to critically evaluate the model fit and selection of SEM. These indicators
for a strong model fit to the data contained an insignificant (p > 0.05) χ2 test statistic,
SRMR < 0.05, and GFI and CFI > 0.90, and the lowest AIC was selected as our final model
among all acceptable models [19,56]. The SEM explained that a combination of factors,
namely MAT, MAP, TD, DBH, BA, and the biome, would result in direct and indirect
effects on AGB. All data processing, statistical analysis, and graphing were conducted
using MS Excel, R 4.2.3 (https://www.r-project.org/, accessed on 20 March 2023), Amos
26.0 (https://www.ibm.com/spss, accessed on 24 December 2022), Origin 9.4 (OriginLab,
Northampton, MA, USA), and ArcGIS 10.7.

3. Results and Analysis

3.1. Allometric Relationship of Stand Structural Characteristics and AGB

An SMA was performed to determine the allometric relationship between variables
(Figure 1). The results showed that the allometric relationships were different across all
biomes. Firstly, significant allometric associations of TD (α = −0.417; CI = −0.640, −0.272;
p < 0.001) and DBH (α = 0.575, CI = 0.389, 0.851; p < 0.05), respectively, with AGB were
observed, indicating that the growth rate in AGB exceeded TD and DBH in boreal forest
(Figure 1a). In terms of temperate seasonal forest, the relationship of TD and AGB was
significantly allometric (α = −0.76, CI = −0.908, −0.637; p < 0.05), whereas the relationships
were not found for DBH nor BA (p > 0.05), indicating an isometric growth of DBH and
BA, respectively, and AGB in this biome (Figure 1b). Moreover, significant allometric
relationships of BA (α = 1.309, CI = 1.135, 1.510; p < 0.001) and DBH (α = 1.524, CI = 1.122,
2.069; p < 0.05), respectively, with AGB were observed in tropical rainforest (Figure 1c),
whereas those of TD and AGB non-significant (p > 0.05). Meanwhile, significant allometric
relationships of BA (α = 1.145, CI= 1.026, 1.279; p < 0.05) and TD (α = 0.608, CI = 0.471, 0.785;
p < 0.001), respectively, with AGB were further found in tropical seasonal forest, whereas
there was an isometric relationship between DBH and AGB here (p > 0.05) (Figure 1d).

3.2. Interrelation of Stand Structural Characteristics and Climate Factors

As shown in Table 1, correlation analysis indicated the significant correlation (p < 0.05)
between stand structural characteristics and climate factors in boreal forest, which stated
that the considerable influence of BA on AGB was related to climate factors. In addition,
BA was negatively correlated with TD (r = −0.450, p < 0.05), whereas it was positively
correlated with DBH (r = 0.743, p < 0.01), indicating that the increase in DBH rather than
TD was suitable for BA in boreal forest. Significant correlations of TD and climate factors,
such as MAT (r = 0.262, p < 0.01) and MAP (r = 0.231, p < 0.05), were observed in temperate
seasonal forest; meanwhile, a negative correlation of TD with DBH (r = −0.205, p < 0.05)
and positive correlation with BA (r = 0.246, p < 0.05) were also found, indicating that the
relationship of TD and AGB was not simply affected by climate factors, but associated with
DBH. This further revealed that increasing TD will promote BA in temperate seasonal forest.
Moreover, MAP was positively correlated with BA (r = 0.499, p < 0.01) in tropical rainforest,
indicating the reciprocal effect of MAP and BA on AGB. However, BA was not significantly
correlated with any stand or climate factors in tropical seasonal forest (p > 0.05), whereas
TD (p < 0.05) and DBH (p < 0.01), respectively, were associated with climate factors.
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Figure 1. Allometric relationships of stand structural characteristics and AGB in boreal forest (a),
temperate seasonal forest (b), tropical rainforest (c), and tropical seasonal forest (d). The diamond’s
position relative to the box indicates the slope, and the two short horizontal lines denote the confidence
interval (CI). DBH: diameter at breast height; TD: tree density; BA: basal area.

Table 1. Relationships of stand structural characteristics and climate factors.

Biome Variables MAT MAP TD DBH

Boreal
forest

MAP 0.951 **
TD −0.473 * −0.599 **

DBH 0.781 ** 0.841 ** −0.594 **
BA 0.816 ** 0.803 ** −0.450 * 0.743 **

Temperate
seasonal

forest

MAP 0.263 **
TD 0.262 ** 0.231 *

DBH 0.12 −0.12 −0.205 *
BA 0.06 0.15 0.246 * 0.13

Tropical
rainforest

MAP 0.09
TD 0.786 ** −0.08

DBH −0.32 0.24 −0.31
BA −0.12 0.449 ** −0.07 0.10

Tropical
seasonal

forest

MAP −0.302 *
TD 0.03 −0.311 *

DBH −0.691 ** 0.559 ** −0.25
BA −0.24 −0.10 0.07 −0.07

* indicates a significant correlation at the 0.05 level, and ** represents significance at the 0.01 level. MAP: mean
annual precipitation; MAT: mean annual temperature; DBH: diameter at breast height; TD: tree density; BA:
basal area.
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3.3. Joint Influences of Stand Structural Characteristics and Climate Factors on AGB

Multiple regression analysis indicated that AGB was jointly influenced by stand struc-
tural characteristics and climate factors (Figure 2). In terms of boreal forest, stand factors
jointly influenced AGB, and a significant effect of BA on AGB was observed (r = 0.803,
p < 0.05) (Figure 2a). However, BA (r = 0.647, p < 0.001) and TD (r = −0.387, p < 0.001) sig-
nificantly affected AGB (r = 1.041, p < 0.05) in temperate seasonal forest, and the influence
of BA was stronger than TD; meanwhile, a significant effect of MAT on AGB was found
(r = −0.226, p < 0.01), showing a joint influence of a stand structural characteristic and
climate factor on AGB (Figure 2b). Similarly, BA significantly affected AGB in tropical rain-
forest (r = 0.665, p < 0.001); meanwhile, a significant effect of DBH (r = 0.216, p < 0.05) and
MAP (r = 0.226, p < 0.05) on AGB was observed here (Figure 2c). In addition, a significant
effect of BA on AGB was found in tropical seasonal forest (r = 0.804, p < 0.001) (Figure 2d).
According to the relative contribution of stand structural characteristics and climate factors
to AGB across all biomes, the results revealed that TD, DBH, and BA explained 37.8%
of the variation in AGB in boreal forest. Concerning the temperate seasonal forest, the
contribution of stand structural characteristics and climate factors to AGB totaled 51%. A
higher contribution of stand and climate factors was found in tropical rainforest (78.6%)
and seasonal forest (64.9%), indicating a more substantial influence of stand structural
characteristics and climate factors on AGB in tropical forest than in temperate and boreal
forest (Figure 3).

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 2. Multiple regression relationships of stand structural characteristics, climate factors, and
AGB in boreal forest (a), temperate seasonal forest (b), tropical rainforest (c), and tropical seasonal
forest (d). The significant results are indicated with an asterisk (* p < 0.05; ** p < 0.01; *** p < 0.001).
MAP: mean annual precipitation; MAT: mean annual temperature; DBH: diameter at breast height;
TD: tree density; BA: basal area.
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Figure 3. Total contribution of stand structural characteristics and climate factors to AGB.

3.4. The Establishment of SEM among Observed Variables

Our results (Figure 4) revealed that the final selected and best-fit SEM with the different
paths for the interrelationships between climate factors, stand structural characteristics, and
biome explained 43% of the variation in AGB. Meanwhile, the climate factors explained 3%,
7%, and 2% of the variation, respectively, in TD, DBH, and BA. An important role of climate
factors was found when stand structural characteristics influenced AGB. However, at this
point, the effects of climate factors were indirect. The SEM showed that BA had a significant
impact on AGB (p < 0.001), which was promoted directly by MAT and MAP. TD had a
non-significant impact on AGB, but MAP significantly and directly affected TD (p < 0.05).
Meanwhile, DBH significantly affected AGB (p < 0.05), which was related to the direct
effects of MAT (p < 0.001) and MAP (p < 0.01). Despite climate factors being associated
with biome (p < 0.001), it was shown that the biome did not have a direct or indirect effect
on stand structure. However, the biome significantly and directly affected AGB (p < 0.05).
Furthermore, a significant influence of climate factors on AGB was observed in the SEM
(p < 0.001), which was related to the biome (p < 0.001).

Model goodness fit: χ2/df = 3.49, SRMR = 0.049, GFI = 0.974, CFI = 0.974, AIC = 64.95. 

Figure 4. The final best-fit structural equation model (SEM) for evaluating multiple influences of
climate factors (MAT, MAP), stand structural characteristics (tree density, DBH, basal area), and biome
on AGB. “−” are negative relationships while “+” are positive ones, and the dotted line indicates
insignificant relationships (* p < 0.05; ** p < 0.01; *** p < 0.001). R2 indicates the total variation in a
dependent variable that is explained by the combined independent variables. MAP: mean annual
precipitation; MAT: mean annual temperature.
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4. Discussion

4.1. Differences between Stand Structural Characteristics in Terms of Their Influence on AGB
within Biomes

As the main characteristics of stand structure, TD, DBH, and BA strongly influenced
AGB. However, owing to different abiotic and biotic conditions, the influence of stand
structural characteristics on AGB differed across all biomes [57,58]. Alexander’s finding [43]
showed that DBH and BA significantly influenced AGB in boreal forest, and the significance
of BA on AGB was also found on a large scale in our study. However, Wang et al. [59]
revealed that TD significantly affected AGB in boreal forest (e.g., Korean pine forests).
Our findings further showed that the relationship between TD and AGB was allometric
in boreal forest, which may be associated with regeneration after a fire and human distur-
bance [60,61]. Previous results revealed that AGB in Larix gmelinii stands remained constant
at decreasing TD due to fire and nutrient limitations triggered by competition [62], indicat-
ing the important effects of self-thinning on AGB at the biome level [63]. The relationships
between TD and AGB in competitive environments were mediated by tree crowns, since
TD significantly influenced crown structure, including branches and leaves, by regulating
crown growth in order to obtain plenty of sunshine [64–66]. However, tree death from
repeated ground fires and slow recovery due to nutrient limitations changed self-thinning
trajectories [67]. Particularly in even-aged stands that regenerated after fire, since the rela-
tionship between competition and habitat conditions are more complicated, the association
of TD and AGB might be affected by insect outbreak or windthrow [68]. TD significantly
affected AGB in temperate forest, consistent with the findings of Yang et al. [69]; mean-
while, an allometric relationship of TD and AGB was found within this biome. Most likely,
community type and species diversity should be considered, such as in broadleaf and
conifer forests or mixed forests [70], since trees’ biological traits (e.g., leaf area, thickness)
may regulate different nutrient uptake and partitioning. Moreover, due to the resource
complementarity effect, inter-species interactions drive trees to make efficient use of light,
water, and soil nutrients [71,72].

Our study revealed that DBH significantly influenced AGB in tropical rainforest, likely
because dominant tree species regulated the aboveground resource allocation via luxuriant
branches, which have a positive feedback on carbon storage [73]. The relationship may
also be explained by increased light capture and light use efficiencies in association with
complex tree-sized structures [74,75], showing different responses of different-sized trees
to light efficiency. Several authors have confirmed that large trees increased AGB in the
natural forests [76–78], since large trees could obtain and utilize more nutrients through
a well-developed root system and crown structure, and govern carbon sequestration [79].
However, the effects of small trees in a stand should not be ignored, since in forests with
dense small DBH trees in larger numbers, and many sparse large trees, AGB was stable [80].
Our finding also showed a strong correlation between TD and AGB in boreal and temperate
forests. Most likely, there is a competitive exclusion mechanism in forests; for example,
large trees lead to species competition in different ways, and, hence, directly lead to a
reduction in TD and indirectly to AGB [81]. A significant allometric relationship of TD and
DBH, respectively, with AGB was found in tropical forests, where it has been confirmed
that the relationships were related to site condition, tree age, tree species diversities, and
origin of the forest [15,82–85].

BA significantly influenced AGB across all biomes in our results. Conversely, Alexan-
der et al. [43] and Taylor et al. [86] concluded that a non-significant relationship occurred
in the boreal forest of interior Alaska and central Canada, indicating the significance of
the geographical environment. However, in southern Finland, the significant association
between BA and AGB resulted from forest management [87], such as felling [88], which
indicated that harvesting may alter the influence of BA on AGB regardless of stand age
and species diversity. In this study, we showed a correlation between TD, DBH, and BA
in boreal forest, which means that if felling reduced TD, fewer trees may affect DBH and
BA, and, hence, AGB. It is perhaps for this reason that DBH and AGB were allometric.
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Similar management may also influence the relationship between BA and AGB in tropical
forests [89,90]. Nevertheless, in unmanaged forests, BA in the upper trees significantly
affected AGB; therefore, the vital role of dominant trees should be noted [91]. Furthermore,
numerous authors have suggested that the relationship of BA and AGB in the tropics
was involved in tree species, elevation, tree age, and soil properties [17,92–94], which
may explain the potential reason for the allometry between them. In temperate forest,
it was found that the significant influence of BA on AGB was consistent with previous
studies [43,95]; however, the influence was not absolute due to dominant species. Even if
the BA of different sizes of trees was a strong driver of AGB, overstory trees dominated the
relationship and played a more critical role than the understory trees [96]. Moreover, owing
to the dominant species, the effect of BA on AGB was stable with the change in altitude [97].
In our results, we did not find a significant correlation between BA and DBH in spite of
the substantial impact of BA on AGB in temperate forest. However, other findings showed
that BA in medium–small DBH trees had the most important effect on AGB, whereas BA in
large trees slightly affected AGB, which may be related to tree species diversity [98].

4.2. Determinants of Co-Driving AGB among Climate, Stand Structural Characteristics,
and Biome

Previous studies have proposed factors that govern forest AGB, highlighting several
climatic variables, including MAT and MAP [28,99]. A consensus has yet to be reached on
which climate variables are more important in terms of affecting the relationships on differ-
ent spatial scales [86]. Our results revealed that both climate factors and stand structural
characteristics jointly influenced AGB across all biomes, whereas there was a significant
influence on AGB mainly in temperate and tropical rainforest. A possible explanation
was that climate factors regulated stand structure in forests, and, hence, AGB. Specifically,
temperature drives the trees’ utilization of light energy within the photosynthetic uptake
processes to increase AGB [100]. In previous studies, the linear relationship between ab-
sorbed photosynthetic radiation and tree biomass has been confirmed for different tree
species [101]. The temperature, which regulated the relationship of stand structure and
AGB, could also have an adverse impact on AGB. For instance, the increasing temperature
may lead to an increase in fire risk in the future [102], especially in boreal and temperate
forests, since the risk of extreme fire events was expected to trigger great AGB loss [103].
Our results revealed that precipitation and BA together influenced AGB in tropical rainfor-
est, and BA had a significant correlation with the precipitation, indicating that precipitation
may influence BA and, thus, AGB. Similarly, the interrelations between stand structure
characteristics and precipitation were also observed in tropical seasonal forest. Neverthe-
less, the climate factors and BA did not jointly affect AGB in this biome, which has been
revealed in other studies due to influences of the topography [104–106], soil properties,
management protocols, and species diversity [107–110]. Additionally, we found that the
contribution of climate and stand factors to AGB in tropical and temperate forests was
greater than that in boreal forest, but the potential ecological reasons remained unclear on
a large scale.

Either a direct or indirect effect on AGB for climate, stand structure, and biome was
further observed through the SEM. It was indicated that both temperature and precipitation
had a direct effect on stand structure and AGB, which was not entirely consistent with
the previous results showing the more important influence of temperature on AGB than
other climatic variables [111]. This was likely associated with diverse biomes in our study
on a large scale. Although our finding did not reveal any direct or indirect effects of
biome on stand structure on a large scale, previous findings have confirmed that climate
factors influenced stand structure due to biome on a local scale [112,113]. Most likely,
the mutual effects of biome and climate factors reflected trees’ different growth strategies
in adaptation to favorable climatic conditions [67,114,115]. This indicated that the effect
of biome on the relationship between stand structure and AGB should be considered
regardless of scales. Previous findings revealed that climate factors alone cannot explain the
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patterns of AGB on the regional scale [116], showing the interaction between temperature
and precipitation in the influence on AGB, which was further confirmed in our findings.
Moreover, we found that temperature and precipitation together had a direct effect on
stand structural characteristics, especially on DBH and, thus, AGB; however, climate factors
alone significantly and directly affected TD and BA and, hence, AGB, which means there
were no fixed patterns in the effects of climate variables on the relationship between stand
structure and AGB.

4.3. Study Limitations and Weaknesses

Our review highlights an important issue related to carbon storage across all biomes
in recent years. Unfortunately, there were still potential research shortcomings and biases
due to there being fewer datasets from limited studies with fewer biome types and fewer
countries included. Although temperature and precipitation directly affected stand struc-
tural characteristics and, hence, AGB on a large scale, the common effects of climate factors
and other stand structural characteristics such as tree height and crown breadth rather
than only TD, DBH, and BA may affect AGB at the biome level, particularly in tropical
and temperate forests. In the process of carrying out the meta-analysis, we found that
fewer original studies directly resulted in smaller datasets, and, hence, affected the research
results. For instance, our meta-analysis indicated that basal area had a more substantial
influence on AGB than that of tree density and DBH in the boreal, temperate seasonal,
tropical rain, and tropical seasonal forests; however, the relationships may be changed
with variation in tree age, regional scale, and biodiversity, which were not fully revealed
due to inadequate data on tree age in the original articles. Owing to the fewer original
studies on the relationship between stand structural characteristics and AGB, including
an incomplete data set or fewer parameters on stand structure (e.g., only one or two indi-
cators used in characterizing the stand structure) in the literature, a comprehensive and
detailed explanation of the complicated relation between climate, stand structure, and AGB
could not be presented in the meta-analysis. Furthermore, this may give rise to several
large and mostly unexplained relationships between stand structural characteristics and
AGB in different aged stands, especially in forests of the underrepresented regions, or
in undiscovered and complex biomes. In addition, an ecological mechanism of stand
structural characteristics–AGB relationships could not be understood in depth due to the
limited datasets from fewer original studies. In fact, our initial idea was to explore the
relationships between stand structural characteristics of different sized trees and AGB in
different temperature and precipitation conditions through a comparison of plantation
forests and natural or secondary forests, which, however, was replaced due to the low
number of original studies on the relationship between stand structural characteristics
and AGB in plantation forests. However, it is also possible that several original articles
were not found due to the limited databases. Nevertheless, we agree that temperature
and precipitation will likely be a major determinant in the environmental components of
regulating stand structural characteristics and AGB relationships, and large datasets are
essential for detailed meta-analysis research on a large scale.

5. Conclusions

Understanding the relationships of stand structural characteristics and AGB on a large
scale is vital to both predicting the rate and potential of forest carbon storage and guiding
future multifunctional forest management in the face of global environmental changes.
The effects of climate factors and stand structural characteristics on AGB were discussed
based on a comparative analysis of the datasets used in our meta-analysis. The results
showed that the important effects of stand structural characteristics and climate factors
in increasing AGB should be considered for sustainable forest management. Different
stand structural characteristics had different impacts on AGB within biomes; through
comparison between stand structural characteristics, the significant influences of basal area
on AGB were found to be more substantial than those of tree density and DBH in the boreal,

126



Forests 2023, 14, 896

temperate seasonal, tropical rain, and seasonal forest. Therefore, the main stand structural
characteristic affecting AGB was undoubtedly basal area; however, the influence of tree
density and DBH should not be ignored at the biome level. This study sheds light on the
complicated interactions between climate factors, stand structural characteristics, and AGB
in forests, and highlights that both temperature and precipitation affect the relationship
between stand structural characteristics and AGB on a large scale, hence supporting our
hypothesis. Therefore, to increase AGB and forest carbon storage, we suggest that basal
area be preferred and considered in forest management practice to optimize stand structure
for promoting AGB growth, with close attention to local climate conditions. Moreover, in
terms of a meta-analysis on the potential for forest carbon storage on a large scale, future
research should concentrate on clarifying the relationship between other stand structural
characteristics and AGB in natural forests under hydrothermal conditions, and could also
attempt an extended study of plantation forests using an adequate dataset.
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Abstract: Species diversity is a crucial index used to evaluate the stability and complexity of forest
ecosystems. Studying the relationship between stand structure and understory herbaceous plants
species diversity is useful for managers to formulate the best forest structure optimization method
with the goal of improving herbaceous species diversity. In this research, Platycladus orientalis
plantations in Beijing were taken as the research object. Pearson’s correlation analysis was used
to explore the single-factor correlation between stand structure and understory herbaceous plants
species diversity; furthermore, a typical correlation analysis and multiple linear regression were
used to explore the multi-factor correlation and analyze the dominant stand structure parameters
affecting understory herbaceous plants species diversity. In the range of stand structures studied,
the results showed that canopy density was negatively correlated with the Shannon–Wiener index
and Simpson index (p < 0.01), and tree density was negatively correlated with the Shannon–Wiener
index (p < 0.05). In terms of stand spatial structure, the mingling degree was positively correlated
with the Shannon–Wiener index, Simpson index, Margalef richness index and Pielou evenness index
(p < 0.05), while the uniform angle was negatively correlated with the Pielou evenness index (p < 0.05).
The correlation coefficient of the first group of typical variables in the typical correlation analysis
was 0.90 (p < 0.05); from this group of typical variables, it can be concluded that canopy density is
the most influential indicator affecting the comprehensive index of understory herbaceous plants
species diversity, with a load of −0.690, and the Shannon–Wiener index and Simpson index are the
most responsive indicators of changes in the comprehensive index of stand structure, with loads of
0.871 and 0.801, respectively. In the process of the management of Platycladus orientalis plantations
under a low altitude, south slope, thin soil layer and hard soil parent material, in order to improve
the herbaceous species diversity, the canopy density of the overstory and tree density should be
appropriately reduced. Additionally, it is necessary to regulate the horizontal spatial structure of
stands. When the trees are randomly distributed and the mingling degree is high, the species diversity
of herbs can be increased.

Keywords: stand structure; understory vegetation; species diversity; canonical correlation analysis

1. Introduction

Species diversity has long been a prevalent issue in the area of forest ecology [1–3], and
species diversity, representing one of the key indicators used to evaluate the complexity
and stability of forest ecosystems, and it can help to maintain the function of the forest
ecosystem. Many studies have shown that the increase in species diversity can improve
the stability and herbaceous plants productivity of plantations [4,5]. As an important
component of forest communities, understory vegetation plays an indispensable role
in improving the physical and chemical properties of soil, preventing soil erosion, and
maintaining ecosystem functions [6,7]. The understory herbaceous plants species diversity
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is influenced by factors such as stand structure, site conditions and climate, among which
the variability of water, heat and light, and soil nutrients in understory vegetation caused
by different stand structures is a key factor affecting the understory herbaceous plants
species diversity on a small scale [8,9]. Therefore, it is important to investigate factors of
stand structure that affect understory herbaceous plants species diversity.

Stand structure is divided into the following two parts: the stand non-spatial structure
and stand spatial structure. Currently, most of the research on the factors affecting species
diversity still focus on environmental factors [10–13], and relatively few studies have been
conducted on the effects of stand spatial structure and non-spatial structure on species
diversity. When environmental factors do not seriously disturb the community, stand
structure influences the number and composition of species in the understory. The stand
structure indices such as canopy density and tree density have an effect on species richness
and diversity [14,15]. It is important to understand how stand structure affects understory
herbaceous plants species diversity, as it is of great significance for the rational management
and nurturing of plantations. Stand spatial structure is a description of the spatial pattern
between trees within a forest ecosystem, reflecting spatial characteristic information of
stands in the arbor layer in the horizontal and vertical directions [16], and it is more focused
on reflecting the spatial distribution characteristics of stands. The stand spatial structure
cannot only determine the competition intensity between neighboring trees, but also the
spatial niche among trees [17]. Changes in the spatial structure characteristics of the arbor
layer contribute to the spatial heterogeneity of the stand; thus, the understory vegetation
habitat changes, which ultimately has an impact on the understory herbaceous plants
species diversity [18,19]. Therefore, exploring the reasonable stand structure is of great
significance for improving the species diversity of the herbaceous layer, enhancing the
stability of plantations and allowing the functions of forests to proceed.

As an ecological construction project, the Beijing–Tianjin Sand-storm Source Control II
Project is of great strategic significance in China [20]. Its main aim is to protect and
improve vegetation coverage, and the project adjusts stand structure as a way to improve
the understory herbaceous plants species diversity. Following the implementation of the
Beijing–Tianjin Sand-storm Source Control II Project from 2013 to 2021, the total area of the
project in Beijing now amounts to about 732.5 km2, of which the area of Platycladus orientalis
plantations is about 380.08 km2, accounting for 52% of the total area of the project. The
Platycladus orientalis plantations of the project are mainly located in low altitude, south slope,
thin soil layer and hard soil parent material areas, because Platycladus orientalis tends to
grow towards the sun in a low altitude, and it can adapt to the barren environment. In this
study, in order to explore methods of forest management which can be used to effectively
improve the understory herbaceous plants species diversity, 16 sample plots located in
areas of a low altitude, south slope, thin soil layer and hard soil parent material were
selected based on the Beijing–Tianjin Sand-storm Source Control II Project to investigate
the relationship between the stand structure and understory herbaceous plants species
diversity. The aim was to provide a basis for the adjustment of the stand structure of
Platycladus orientalis plantations so as to improve the stability of the plantations.

2. Materials and Methods

2.1. Overview of the Study Area

The study area was located in the mountainous area of Beijing (Figure 1), and its
geographical coordinates are 39◦28′~41◦05′ N, 115◦25′~117◦30′ E. The area has a warm,
temperate semi-humid and semi-arid monsoon climate, with four distinct seasons. Its
average annual temperature is 13–14 ◦C, with a frost-free period of 180–200 days, and
annual average precipitation of 470–655 mm. Along the elevation gradient, from high to
low, the soil types are Eutric Cambisols, Chromic Cambisols and Gleyic Cambisols. The
vegetation types are mainly coniferous forests and broad-leaved forests, among which
Pinus tabuliformis and Platycladus orientalis are the dominant species in coniferous forests.
The forest in this study belongs to Platycladus orientalis plantations, the soil is Chromic
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Cambisols, and the tree species mainly include Platycladus orientalis, Armeniaca sibirica and
Cotinus coggygria.

Figure 1. Overview of the study area.

2.2. Sample Plot Setting

The Beijing–Tianjin Sand-storm Source Control II Project mainly includes low-quality
and inefficient forests within its transformation project, alongside a closed forests project
and difficult site afforestation project. The forests selected in this study were closed from
2018 to 2021, and were middle-aged and near-mature forests planted in the last century
through tree planting. The closure measures mainly include setting up closure fences,
closure signs and arranging forest patrollers, while forestry measures adopted artificial
means to promote natural regeneration. Of the 80 sub-compartments in the same condition,
20% were selected to set up sample plots. The 16 sample plots were established in 2021 in
the sub-compartments of the closed forest of the project. Based on the results of available
forestry surveys, sample plots with a similar altitude, slope, aspect, soil thickness and soil
texture were selected. Sample plots were located in areas with a low altitude (100–300 m),
south slope (SS), thin soil layer (0–30 cm) and hard soil parent material. Sixteen standard
plots with Platycladus orientalis as the dominant tree species were selected, and the ac-
companying tree species were Armeniaca sibirica and Cotinus coggygria, with an area of
20 m × 20 m. Each tree in the sample plot was measured, and the investigation factors
included tree species composition, DBH, tree height, the coordinates of each tree and other
factors. Among them, canopy density was measured using the sample line method, the
sample line was set along the diagonal of the sample plot to calculate the total length of
the canopy falling on the sample line, and the canopy density was equal to the ratio of
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the total length of the canopy to the total length of the sample lines. The tree density can
be obtained from the data of the forest survey. The study procedures are as follows: set
five 1 m × 1 m herbaceous samples in the corners and the middle of each plot, and record
the species names, the number of plants and the topographic information of each plot,
including altitude, slope and aspect. The basic information of each sample plot is provided
in Table 1.

Table 1. Basic information of each sample plot.

Plot Altitude (m) Slope (◦) Aspect Tree Height (m) DBH (cm)
Canopy
Density

Tree Density
(Stem·ha−1)

Age (a)
Proportion of

Dominant Tree
Species (%)

1 272 23 SS 6.1 7.1 0.8 1125 49 56
2 223 16 SS 5.2 7.6 0.5 1000 45 50
3 203 24 SS 4.0 6.7 0.6 975 45 97
4 297 19 SS 4.8 9.6 0.6 1175 60 72
5 120 16 SS 7.4 11.0 0.8 1500 80 57
6 181 22 SS 3.6 6.0 0.6 1575 40 65
7 225 21 SS 7.2 10.9 0.7 1425 78 79
8 285 24 SS 4.0 7.2 0.7 1100 53 61
9 166 25 SS 7.1 8.0 0.8 2125 69 93

10 125 17 SS 7.4 12.1 0.7 1300 80 85
11 155 24 SS 4.9 9.6 0.5 1550 65 89
12 100 18 SS 6.2 8.4 0.8 1175 50 68
13 160 22 SS 4.8 9.0 0.5 1300 52 81
14 229 22 SS 4.6 6.5 0.6 1250 34 56
15 199 24 SS 5.5 8.9 0.8 1275 76 96
16 239 23 SS 3.9 6.1 0.6 1200 36 96

2.3. Research Methods
2.3.1. Stand Structure Parameters

Stand structure is mainly divided into stand spatial structure and stand non-spatial
structure parameters. According to the coordinates and DBH of trees in the sample plot,
the method of Winklemass [21] and Excel were used to calculate the stand spatial structure
parameters in various plots.

In this study, in terms of stand non-spatial structure parameters, the following four
indices were adopted: tree height, DBH, canopy density and tree density, and in terms
of stand spatial structure parameters, the following four indices were adopted: uniform
angle, neighborhood comparison, mingling degree and opening degree. The stand spatial
structure is based on the stand spatial structure unit. Each tree in the forest and its adjacent
trees (n) can form a stand spatial structure unit. To avoid the adjacent trees of the object
tree on the boundary falling outside the sample plots and thus affecting the results, a 5 m
buffer zone was set, the tree in the buffer zone could not be set as the object tree, and the
number of adjacent trees n was 4. The schematic diagram of the sample plot is shown in
the Figure 2.

Figure 2. Schematic diagram of the sample plot. Note: Adjacent trees n = 4, Buffer zone = 5 m.
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The formula and the meaning of each parameter are as follows:
(1) Uniform angle is an index reflecting the horizontal spatial distribution pattern of

trees [22], and it was calculated according to Equation (1):

Wi =
1
n

n
∑

j=1
Zij (1)

where Wi is the uniform angle of object tree i, n is the number of adjacent trees. When the
angle of adjacent trees is less than the standard angle, Zij = 1; otherwise, Zij = 0, and the
standard angle is 360◦/(n + 1).

(2) Neighborhood comparison is an index reflecting the degree of differentiation of
the object tree (DBH, tree height and crown width, etc.) [23], in order to express the spatial
dominance of the stand, and it was calculated using Equation (2):

Ui =
1
n

n
∑

j=1
Kij (2)

where Ui is the neighborhood comparison of object tree i, and n is the number of adjacent trees.
When the DBH of the object tree i is smaller than the adjacent tree j, Kij = 0; otherwise, Kij = 1.

(3) The mingling degree is an index reflecting the degree of isolation between trees [24],
and it was calculated using Equation (3):

Mi =
1
n

n
∑

j=1
Vij (3)

where Mi is the mingling degree of the object tree i, and n is the number of adjacent trees.
When the object tree i is not the same species as the adjacent tree j, Vij = 1; otherwise, Vij = 0.

(4) The opening degree is an index reflecting the light transmission conditions in the
forest [25], and it was calculated using Equation (4):

Ki =
1
n

n
∑

j=1

Dij
Hij (4)

where Ki is the opening degree of object tree i, n is the number of adjacent trees. Dij is
the horizontal distance between the object tree i and the adjacent tree j, and Hij is the tree
height of the adjacent tree j.

2.3.2. Indices of Understory Herbaceous Plants Species Diversity

In this study, the Simpson index, Shannon–Wiener index, Margalef richness index
and Pielou evenness index [26] were selected to reflect the understory herbaceous plants
species diversity.

(1) Margalef richness index

The Margalef richness index is an index reflecting the number of species in a commu-
nity, and it was calculated using Equation (5):

R′ = S−1
ln N (5)

(2) Simpson index

The Simpson index, indicates the probability that two individuals are randomly
selected from the community and not put back, and that two herbaceous individuals
belong to the same species. The greater the probability that two herbaceous individuals
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belong to the same species, the higher the concentration of herbaceous individuals and the
lower the species diversity. It was calculated by using Equation (6):

D = 1 − s
∑

i=1
P2

i (6)

(3) Shannon–Wiener index

The Shannon–Wiener index applies an information-theoretic approach to predict
which species the next collected individual belongs to; and if the community species
diversity is higher, the greater the uncertainty in predicting the next individual is. It was
calculated by using Equation (7):

H′ = − s
∑

i=1
Pi ln Pi (7)

(4) Pielou evenness index

The Pielou evenness index reflects the distribution of individuals of all species in a
community, and the higher the species evenness index, the more evenly the number of
individuals of each species is distributed. It was calculated by using Equation (8):

Jsw = − s
∑

i=1

Pi ln Pi
ln S (8)

where S is the number of species, N is the total number of individuals of all species, and Pi
is the ratio of the number of the ith species to the overall number of species.

2.3.3. Data Processing

In this paper, we adopted the Pearson correlation analysis, multiple linear regression
and typical correlation analysis to explore the relationships between stand structure and
understory herbaceous plants species diversity with SPSS.

(1) Pearson’s correlation analysis

The Pearson correlation coefficient [27] was used to calculate the univariate correlation
between stand structure and understory herbaceous plants species diversity with the
following Equation (9):

r = ∑(x − x)(y − y)
∑(x − x)2 ∑(y − y)2 (9)

where r is correlation coefficient, x and y are samples, and x and y are the average of samples.

(2) Canonical Correlation Analysis

Canonical Correlation Analysis (CCA) [28] is a mathematical method used to measure
the correlation between two sets of multiple variables, where one set of variables is the
stand structure indices and the other is understory herbaceous plants species diversity
indices, assuming that the two sets of variables are as follows:

{
X = (x1, x2, . . . , xn)
Y = (y1, y2, . . . , yn)

(10)

One or more representative comprehensive variables, Zi and Vi, were selected among
the two sets of variables. This comprehensive variable can be used to replace the original
variable. The equation is as follows:

{
Zi = a1x1 + a2x2 + . . . + anxn
Vi = b1x1 + b2x2 + . . . + bnxn

(11)
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The correlation between X and Y was explored using the relationship between linear
combinations of Zi and Vi to find the best vectors a and b to maximize the correlation
coefficient between Zi and Vi.

(3) Multiple linear regression

Stepwise regression was conducted to establish a multiple linear regression model
with species diversity indices as the dependent variable and stand structure indices as the
independent variables, and the equation was as follows.

y = β0 + β1x1 + β2x2 + . . . + βpxp + μ (12)

where y is the dependent variable, xp is the independent variable, βp is a constant, and μ

is residual.

3. Results and Analysis

3.1. Basic Characteristics of Stand Structure and Species Diversity

There were 56 herbaceous plants species in the selected sample plots, involving
26 families and 50 genera, among which Asteraceae was the most abundant, accounting for
27% of the total number of herbaceous plants species, followed by Poaceae and Rosaceae. In
terms of herbaceous plants abundance, the top five species were Artemisia carvifolia (relative
abundance is 8.8), Carex hancockiana (relative abundance is 8.6), Setaria viridis (relative
abundance is 5.5), Cleistogenes caespitosa (relative abundance is 5.4) and Chenopodium album
(relative abundance is 5.2), which belonged to Asteraceae, Cyperaceae, Poaceae, Poaceae, and
Chenopodiaceae, respectively.

The basic information of stand structure parameters (stand non-spatial structure and
stand spatial structure) and the understory herbaceous plants species diversity index
sample plots is shown in Table 2, from which it can be seen that the coefficient of variation
of most of the indices was large. Additionally, the coefficient of variation of the mingling
degree was the largest at 67.9%. The variation in canopy density, uniform angle and
neighborhood comparison was small among the sample plots, and the coefficients of
variation which were 16.7%, 6.9% and 4.9%, respectively.

Table 2. Basic information of stand structure and species diversity index of the sampling plots.

Category Index
Mean ± Standard

Deviation
Minimum Maximum

Coefficient of
Variation (%)

Stand non-spatial
structure

Tree height (m) 5.4 ± 1.3 3.6 7.4 24.6%
DBH (cm) 8.4 ± 1.9 6.0 12.1 21.9%

Canopy density 0.7 ± 0.1 0.5 0.8 16.7%
Tree density
(stem·ha−1) 1315 ± 280 975 2125 21.3%

Stand spatial
structure

Uniform angle 0.5053 ± 0.0347 0.4186 0.5391 6.9%
Neighborhood

comparison 0.5044 ± 0.0247 0.4571 0.5379 4.9%

Mingling degree 0.3075 ± 0.2087 0.0278 0.6667 67.9%
Opening degree 0.5945 ± 0.2747 0.2683 1.4281 46.2%

Species diversity

Shannon–Wiener index 0.8220 ± 0.2748 0.2752 1.2636 33.4%
Simpson index 0.4853 ± 0.1390 0.1980 0.6342 28.6%

Margalef richness index 0.7537 ± 0.2678 0.3913 1.3815 35.5%
Pielou evenness index 0.7825 ± 0.1602 0.3970 0.9518 20.5%

3.2. Univariate Correlation Analysis between Stand Structure and Understory Herbaceous Plants
Species Diversity

The univariate correlation analysis between stand structure and understory herbaceous
plants species diversity was performed using the Pearson correlation coefficient. The result,
as shown in Figure 3, indicates that tree height and DBH were not significantly correlated
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with understory herbaceous plants species diversity (p > 0.05). In Figures 3 and 4, in
the range of the stand structure studied, the canopy density was significantly negatively
correlated with the Shannon–Wiener index and Simpson index (p < 0.01), and tree density
was significantly negatively correlated with the Shannon–Wiener index (p < 0.05). In terms
of stand spatial structure, the neighborhood comparison and opening degree were not
significantly correlated with understory herbaceous plants species diversity (p > 0.05).
The mingling degree was significantly positively correlated with all four indices, the
Shannon–Wiener index, Simpson index, Margalef richness index and Pielou evenness index
(p < 0.05), and the uniform angle was significantly negatively correlated with the Pielou
index (p < 0.05).

Figure 3. Correlation coefficients between stand structure and understory herbaceous plants species
diversity. Note: ***: p < 0.001; **: p < 0.01; *: p < 0.05. H—Tree Height; Cano—Canopy density; Dens—Tree
density; W—Uniform angle; U—Neighborhood comparison; M—Mingling degree; K—Opening degree;
Shan—Shannon–Wiener index; Simp—Simpson index; Marg—Margalef richness index; Piel—Pielou
evenness index.

3.3. Typical Correlation Analysis between Stand Structure and Understory Herbaceous Plants
Species Diversity

The four stand structure indices that significantly influenced the understory herba-
ceous plants species diversity index were derived from a Pearson correlation analysis,
namely the canopy density, tree density, uniform angle and mingling degree. The four
stand structure indices were considered as one set of variables (U1), and the four species
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diversity indices were considered as another set of variables (V1). The linear relationship
between the two sets of variables was obtained by performing a typical correlation analysis.

It is shown in Table 3 that the typical correlation coefficient between the first group of
typical variables was 0.907 and the results passed the typical correlation coefficient test at
the α = 0.05 level, indicating that there was a strong correlation between the two groups of
variables; therefore, the group of variables consisting of the four indices of stand structure
could be used to explain the group of understory herbaceous plants species’ diversity
variables. The correlation coefficients between the typical variables of the second, third and
fourth group were 0.724, 0.453 and 0.137. The four indices (canopy density, tree density,
uniform angle and mingling degree) were considered in all three groups; however, all three
groups of typical variables did not pass the significance test. Therefore, only the first group
of typical variables was analyzed.

Figure 4. Correlation plots for cases that had a significant correlation between stand structure and
understory herbaceous plants species diversity.

Table 3. Canonical correlation coefficient and its significance test.

Typical Variable Group Canonical Correlation Coefficient p

1 0.907 0.033
2 0.724 0.327
3 0.453 0.627
4 0.137 0.656
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As can be seen from the standardized coefficients in Table 4, the equation for the first
group of typical variables was as follows:

{
Z1 = −0.536X1 − 0.473X2 − 0.022X3 + 0.388X4
V1 = 2.827Y1 − 2.331Y2 − 0.107Y3 + 0.733Y4

(13)

Table 4. Standardization coefficient and cross-load coefficient of typical variables.

Variable X1 X2 X3 X4 Y1 Y2 Y3 Y4

Standardization coefficient
Z1 −0.536 −0.473 −0.022 0.388 - - - -
V1 - - - - 2.827 −2.331 −0.107 0.733

Cross-load coefficient
Z1 −0.690 −0.644 −0.246 0.587 - - - -
V1 - - - - 0.871 0.801 0.682 0.525

Note: X1—canopy density; X2—Density; X3—Uniform angle; X4—Mingling degree; Y1—Shannon–Wiener index;
Y2—Simpson index; Y3—Margalef richness index; Y4—Pielou evenness index.

In the linear combination Z1, the loads of X1 (canopy density) and X2 (tree density)
were larger, at −0.536 and −0.473, respectively, indicating that two stand non-spatial
structure indices, canopy density and tree density, were the dominant factors in the compre-
hensive index of stand structure. In the linear combination V1, Y1 (Shannon–Wiener index)
and Y2 (Simpson index) had larger loads of 2.827 and −2.331, respectively, indicating that
the Shannon–Wiener index and Simpson index played a decisive role in the comprehensive
index of understory herbaceous plants species diversity. Additionally, Y3 (Margalef rich-
ness index) had the smallest load of −0.107, indicating that the species richness index had
a small weight in the understory herbaceous plants species diversity comprehensive index.

From the cross-loading coefficients in Table 4, it can be seen that the loads of X1 (canopy
density), X2 (tree density) and X4 (mingling degree) in Z1 were larger, at −0.690, −0.644
and 0.587, respectively. The loads of Y1 (Shannon–Wiener index) and Y2 (Simpson index)
in V1 were the largest, at 0.871 and 0.801, respectively. It indicated that the canopy density
and tree density of the stand non-spatial structure played a key role in affecting understory
herbaceous plants species diversity, the mingling degree of stand spatial structure had a
greater influence on understory herbaceous plants species diversity, and the Shannon–Wiener
index and Simpson index are the most sensitive to the changes to the stand structure.

3.4. Multiple Stepwise Regression Results

Regression equations for each species diversity index were obtained using stepwise
regression, reflecting the stand structure indices which were significantly associated with
understory herbaceous plants species diversity, and four main explanatory variables affect-
ing understory herbaceous plants species diversity were retained. Each regression equation
passed the significance test (p < 0.05).

As can be seen from Table 5, among the stand non-spatial structure indices, the
regression equation of the Shannon–Wiener index (R2 = 0.765) retained two factors, canopy
density and tree density, indicating that canopy density and tree density played a key
role in affecting the Shannon–Wiener index. The regression equation of the Simpson
index (R2 = 0.581) retained the canopy density with its standardized coefficient of −0.539,
which had a considerable effect on the Simpson index. Canopy density and tree density
were excluded from the stepwise regression equations of the Margalef richness index and
Pielou evenness index. Tree height and DBH were excluded from the stepwise regression
equations of all species’ diversity indices, indicating that the effect of DBH and tree height
on the understory herbaceous plants species diversity was small.

Among the stand spatial structure indices, the mingling degree could be used in the
regression equations of the Shannon–Wiener index, Simpson index, Margalef richness index
and Pielou evenness index, indicating that the mingling degree had a significant effect on
the diversity, richness and evenness of understory vegetation species. The uniform angle
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was chosen in the regression equation of the Pielou evenness index (R2 = 0.486), indicating
that the uniform angle index influenced the Pielou evenness index, and the standardized
coefficient of the uniform angle in the regression equation was −0.471. The neighborhood
comparison and the opening degree were excluded from the regression equations of all
species diversity indices, indicating that the species diversity indices were not correlated
with the neighborhood comparison and the opening degree.

Table 5. Stepwise regression equation of species diversity index.

Species Diversity Index Regression Equation R2 p AIC

Shannon–Wiener y = −0.552 × Canopy − 0.336 × Density + 0.327 × M 0.765 0.000 −16.176
Simpson y = −0.539 × Canopy + 0.425 × M 0.581 0.004 −8.951
Margalef y = 0.532 × M 0.283 0.034 −2.353

Pielou y = −0.471 × W + 0.448 × M 0.486 0.013 −5.687

Note: Canopy—Canopy density; Density—Tree density; W—Uniform angle; M—Mingling degree. AIC is the
akaike information criterion.

4. Discussion

As an important part of forest ecosystem communities, understory vegetation plays
an indispensable role in plantations due to its high rate of nutrient accumulation and
biological turnover; furthermore, intense competition exists between trees and understory
vegetation [29,30]. The study concluded from the univariate correlation analysis, typical
correlation analysis and multiple linear regression that the canopy density and tree den-
sity of the stand non-spatial structure were significantly and negatively correlated with
understory herbaceous plants species diversity. The factors of canopy density and tree
density had large correlation coefficients with the linear combination V1 (species diversity
variable group), of −0.690 and −0.644, respectively, indicating that the combined effect of
canopy density and tree density on understory herbaceous plants species diversity was
the largest. The coefficients of the canopy density in equations of the Shannon–Wiener
index and Simpson index were −0.552 and −0.539, respectively. The main reason was that
understory vegetation can receive less light when the canopy density is high; therefore, the
species diversity is limited by light conditions. Some studies [31,32] showed that there is a
decrease in understory herbaceous plants species diversity with increased canopy density,
which is consistent with the results of this paper. The coefficient of tree density in the
regression equation of the Shannon–Wiener index was −0.336, indicating that tree density
was negatively correlated with species diversity in the herbaceous layer. Some studies also
found that the number of understory vegetation species increased with rising tree density
until a certain threshold [15,33]. The main reason is that when the tree density exceeds the
ideal density, a competitive situation between stands forms for subsistence resources, which
inhibits the growth and development of understory vegetation, resulting in a decrease in
diversity. The results indicate that the range of tree density selected exceeded the threshold.

The heterogeneity of the stand spatial structure led to the formation of different
community composition, light and soil conditions in the understory. The opening degree
is the vertical spatial structure parameter of the stand in the study, and the opening
degree was not significantly correlated with the understory herbaceous plants species
diversity index in the Pearson correlation analysis (p > 0.05), which is consistent with the
results of Zhu et al. [21]. The uniform angle, neighborhood comparison and mingling
degree were all spatial structure parameters on the horizontal plane, among which the
neighborhood comparison had no significant effect on understory herbaceous plants species
diversity (p > 0.05). The uniform angle was only significantly and negatively correlated
(p < 0.05) with the Pielou evenness index with a correlation coefficient of −0.539, and a
correlation coefficient of −0.471 in the Pielou index regression equation. The uniform
angle reflected the horizontal distribution pattern of the stand. The stand distribution was
random when the uniform angle was small, and it was aggregated when the uniform angle
was large [34]. When the distribution of trees was aggregated, the size of the forest gap
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varied, leading to a decrease in species evenness. The uniform angle affects the size and
location of the forest gap in the tree layer, which directly affects the value of ultraviolet
radiation [35]. The appropriate forest gap size helps maintain the forest microclimate
and understory microenvironment and facilitates the improvement of understory species
evenness. In contrast, when the forest gap is too large, it also leads to a reduction in
environmental heterogeneity within the forest gap, which results in a decrease in species
evenness. The study showed that the mingling degree was significantly and positively
correlated with all four understory herbaceous plants species diversity indices (p < 0.05),
and the mingling degree was incorporated into the regression equation of each herbaceous
species diversity index as an independent variable. Additionally, in the results of the typical
correlation analysis, the loading coefficient of the mingling degree was 0.587 in the variable
group of the stand structure index, which was the index with the greatest influence on
the comprehensive index of understory herbaceous plants species diversity in terms of
the stand spatial structure. The effect of the mingling degree on understory herbaceous
plants species diversity was reflected in the competition among trees, leading to mutual
suppression between trees and the release of nutrient space for understory vegetation.
Both understory vegetation and Platycladus orientalis are shallow-rooted plants, while
Armeniaca sibirica and Cotinus coggygria both have well-developed root systems [36,37].
Root systems of different lengths crisscross the soil, which improves the permeability and
looseness of the soil, activates soil microbial activities, and thus accelerates the circulation
of soil nutrients [38]. The distribution characteristics of soil nutrients explained the uneven
distribution of understory vegetation [39,40]. At the same time, the increase in the mingling
degree improved the heterogeneity of the forest environment, which was more conducive
to the improvement of the uniformity of understory vegetation species.

The interrelationship between stand structure and understory herbaceous plants
species diversity can be better reflected by the description of one-to-one, one-to-many, and
many-to-many relationships in the study. In the later stage of forest management work,
an improvement of the understory herbaceous plants species diversity can be achieved
by adjusting the canopy density and tree density in the stand non-spatial structure, and
the horizontal spatial structure (uniform angle and mingling degree) in the stand spatial
structure. The three models used in this study are linear models, which cannot accurately
predict the relationship between stand structure and understory herbaceous plants species
diversity. To further study the response of understory herbaceous plants species diversity
to stand structure, we can start from the perspective of nonlinear models and increase the
number of samples in the future.

5. Conclusions

Stand structure had a significant effect on understory herbaceous plants species di-
versity, among which the canopy density and tree density had a considerable effect on the
understory herbaceous plants species diversity in terms of the stand non-spatial structure,
and the uniform angle and mingling degree had a great effect on understory herbaceous
plants species diversity in terms of stand spatial structure. In order to increase under-
story herbaceous plants species diversity to enhance the plantation ecosystem function,
in the subsequent management of Platycladus orientalis plantations, the canopy density
and tree density of the forest can be improved to provide more sunlight, nutrients and
space for herbaceous species. The canopy density of the overstory and tree density should
be appropriately reduced. Within the range of 0.5–0.8, canopy density can be set at the
value of 0.5; in the range of tree densities studied, the value of around 1000 tree·hm−2 was
found to be the most advantageous. In terms of the stand spatial structure, when trees
are randomly distributed and the mingling degree is large, understory herbaceous plants
species diversity is higher. Therefore, the horizontal spatial structure of the stand should be
adjusted by increasing the mingling degree and disrupting the distribution pattern of trees.
The results have certain limitations, however, due to the narrow range of stand structures
studied and the use of a linear model. Nonlinear models can be used to investigate the
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correlation between stand structure and understory herbaceous plants species diversity
with increased precision in the future.
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Abstract: Natural regeneration is crucial for the development of sustainable forestry practices in
light of the current global climate changes. In this paper, we compared the size distributions of
Quercus acutissima seedlings in the understory of Q. acutissima forest plantations in Mount Tai in
2010 and 2017, studied the physiological and morphological responses of seedlings to the microen-
vironment, and explored the maintenance mechanisms of the seedling bank. The results showed
that the density of understory seedlings in 2017 was only 61.63% of that in 2010, especially in the
20–40 cm height class. Between 2011 and 2016, the precipitation and soil water content were the
highest in 2011, followed by 2013. The 2–4-year seedlings (height < 40 cm) were not significantly
different in seedling biomass, biomass allocation, and root morphology (root total surface area, root
volume, and root average diameter), and were significantly different in total root length, specific root
length, specific root surface area, and nonstructural carbohydrate content of root, stem, and leaves.
However, 5–6-year seedlings (height > 40 cm) showed the largest biomass. Principal component
analysis indicated that altering root morphology, nonstructural carbohydrate, and biomass allocation
played significant roles in the drought adaptation of seedlings in the understory. In conclusion,
drought stress together with seedling adaptation influenced the dynamics of seedling bank in the
understory of Q. acutissima plantations.

Keywords: seedling bank; seedling age; microenvironment; biomass allocation; nonstructural carbohydrates

1. Introduction

Forest plantation has increased rapidly from 1990 to 2015 at the global scale, with a
percentage increase from 4.06 to 6.95% of the total forest area between 1990 and 2015 [1].
The forest plantation plays an increasingly crucial role in timber production, environmen-
tal improvement, landscape rehabilitation, and climate change mitigation [2]. Natural
regeneration is vital for sustainable forest management. Naturally regenerated forests have
the advantages of better plant establishment, self-regenerated material, and high seedling
densities [3,4]. However, improper management has made the planted forests unable to
complete natural regeneration [5,6]. Stand structure [7], litter density and grass cover [8],
seedling adaptation [9–11], stand management [12,13], and year-to-year variation in stand
conditions [14] are considered to be vital factors affecting forest natural regeneration. The
natural regeneration of plantations is a long-term and complex process affected by many
factors. At present, the regeneration mechanisms of plantations are still poorly understood.
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Sufficient seedling bank is the foundation of the success of natural forest regenera-
tion [15–18]. The structure and composition of natural regeneration are closely related
to environmental conditions under forest stands [8,19], including precipitation [20], air
temperature [21], soil moisture [22], and soil temperature [14], which significantly affect
the establishment and survival of tree seedlings. Long-term monitoring of tree seedlings
revealed that the fraction of seedlings eventually reaching the sapling class is quite small
due to high seedling mortality [14,23,24]. Therefore, Rey and Alcántara [24] suggested
that seedling survival is a critical process for tree species recruitment. Abiotic factors,
especially drought, are considered to be the main factors causing seedling death [24]. With
the increase of seedling size, the proportion of non-photosynthetic tissues to total sapling
biomass increases, as well as respiration costs [25–27]. The minimum light demands of
tree species increased with increasing seedling size, which led to the decrease of shade
tolerance [28,29]. Thus, the transformation from seedlings to saplings requires higher light
intensity [29,30], which is one of the most important limiting factors under forest stands. In
addition, Soto et al. [31] suggested that light and nitrogen interact to influence regeneration
in old-growth Nothofagus-dominated forests in South-Central Chile. Therefore, the current
understanding of the dynamics of seedling banks under forest remains very limited.

Nonstructural carbohydrates (NSC) storage is a fundamental process that allows
organisms to meet variable demands for resources during their development and buffer
environmental fluctuations in resource supply. NSC is mainly stored in the roots and
stems of tree seedlings [32], and starch is its main component [25,33]. Under short-term
drought stress, the NSC content of Pinus massoniana Lamb. seedlings increased rapidly,
and the variation in NSC partitioning among organs was more highly significant than
the variation in biomass partitioning [34]. However, the change of NSC in the roots of
Manihot esculenta Crantz. was not significant [35]. In shaded forest understories, NSC in
tree seedlings acts as a buffer during the periods of negative net carbon balance against
herbivores and diseases [32], defoliation [36], and suddenly shade increases [37], etc.
Under severe shading conditions, NSC in seedlings is greatly consumed [34,38], or little
remains [38]. Similarly, reduced NSC reserve in the root system of Populus tremuloides
Michx. and P. balsamifera L. seedlings during severe drought contributed to the root death
of seedlings during the dormant season by compromising the frost tolerance of the root
system [39]. Ivanov et al. [40] also found that critical exhaustion of the NSC reserves in
the roots under water stress led to the greatest mortality of Pinus sylvestris L. seedlings.
After the relief of drought stress, Tomasella et al. [41] suggested that preserving higher
NSC content at the end of a drought can be important for the hydraulic resilience of trees.
The survival of tree seedlings under the forest is a long-term process. With the continuous
growth of tree seedlings, their NSC content gradually increases [28,42], which is considered
conducive to their survival in the forest [36]. However, some studies have suggested that
carbohydrate storage is not related to low-light survival for tree seedlings [42,43]. Myers
and Kitajima [32] proposed that tree seedlings rely on NSC reserves to survive short-term
periods of negative carbon balance under forest, thereby enabling net carbon gain over
the long term. Therefore, the relationship between NSC and the survival of tree seedlings
under forest has not yet achieved a unified understanding.

China has the largest forest plantation area in the world. For a long time, forest
plantation management has paid much attention to short-term productivity and economic
benefits but had ignored natural regeneration [2]. Quercus acutissima Carruth., a deciduous
tree species belonging to Quercus in the Fagaceae family, is the main component tree of
forest vegetation in warm temperate and subtropical regions of China. Q. acutissima is a
pioneer tree in barren mountains and barren land, and an excellent tree species for soil and
water conservation, with high ecological, economic, and landscape values. At present, there
are few studies on the natural regeneration of Q. acutissima plantation, and the limiting
mechanism is unclear. Q. acutissima has certain shade tolerance, and its seedlings rarely
die under more than 12% full light [44]. Xue et al. [45] found there were a large number of
seedlings in the secondary forest of Q. acutissima, but few saplings. To further explain the
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restriction mechanism of the natural regeneration of Q. acutissima plantations, we studied
the pure forest plantation of Q. acutissima, the main forest type of Mount Tai, and with
the following aims: (1) to describe changes of the regeneration structure of Q. acutissima
seedlings under the forest across a long-term period; (2) to explore the effects of the
environmental factors on regeneration structure and seedling establishment; (3) to clarify
the morphological and physiological adaptation with the increase of seedling age.

2. Materials and Methods

2.1. Study Area

The study area of Mount Tai lies in the middle of Shandong province, China, between
Jinan City and Tai’an City. The climate is classified as the warm temperate continental
monsoon zone, the average annual temperature is 12.6 ◦C, the frost-free period is 196 days,
and the accumulated temperature greater than or equal to 10 ◦C is 3821 ◦C. The average
annual precipitation is 758 mm and is concentrated from June to September. The soil type
is mainly brown loam with a pH value of about 6.0 and a soil depth of 15~60 cm. Most
of the vegetation in Mount Tai was planted in the 1950s and 1960s, with a total forest
area of about 9490 hm2 and a forest coverage rate of 81.5%. The main tree species include
Platycladus orientalis (L.) Franco, Q. acutissima, Robinia pseudoacacia L., Pinus thunbergii Parl.,
Pinus densiflora Sieb. et Zucc., Pinus tabuliformis Carr., etc. [46,47].

2.2. Investigation of Q. acutissima Plantation

The investigation of Q. acutissima plantation was conducted in the Mountain Tai Forest
Ecosystem Research Station of State Forestry and Grassland Administration (117◦06′48.2′′ N,
36◦20′05.3′′ E). The forest was planted in 1960 using 1-year-old seedlings. The plantation
is a pure forest with an age of 60 years and an average altitude of 730 m. The permanent
monitoring plot was established in 2010 with an area of 0.48 hm2 (60 m × 80 m). Twelve
20 m × 20 m quadrats were set up in the plot. In each quadrat, we measured the diameter
at breast height (DBH) for all trees with heights ≥1.5 m, which were defined as adult trees.
Saplings and seedlings below 1.5 m in height were divided into eight height classes: <20 cm,
20–40 cm, 40–60 cm, 60–80 cm, 80–100 cm, 100–120 cm, 120–140 cm, and 140–150 cm. Adult
trees were classified into DBH sizes, with one diameter class for every 5 cm. The permanent
monitoring plot was reviewed in May 2017. The sampling and investigation methods in
this paper referred to the forestry industry standard of the People’s Republic of China
issued by the State Forestry Administration (State Forestry Administration, 2011).

2.3. Measurement of Seedling Traits of Q. acutissima

On May 10, 2016, 19 seedlings with heights between 9 and 46 cm were selected in
the Q. acutissima plantation. The height, diameter, and number of leaves of the seedlings
were measured and collected. Then, each seedling was carefully excavated from the soil,
and all the seedlings were sealed and stored in a fresh-keeping bag and brought back to
the laboratory.

The age of seedlings was determined by counting the number of annual rings. These
seedlings were divided into four groups according to their age: 2-year (I), 3-year (II),
4-year (III), and 5–6-year (IV). There were 3–9 seedlings in each group.

In the laboratory, the seedlings were divided into leaves, stems, and roots. The area
of each leaf of each seedling was measured with a CI-202 portable laser leaf area meter
(CID Inc., Washington, USA). After rinsing with clean water, these roots were scanned
by HP Scanjet 8200 scanner, and the scanned images were analyzed by root parameter
analysis software (Delta-T Area Meter Type AMB2) to obtain the length and surface area
of roots. The roots, stems, and leaves of seedlings were dried at 80 ◦C until maintaining a
constant weight. Then, the dry weight was weighed and recorded. After the dried samples
of roots, stems, and leaves were pulverized, their concentrations of soluble sugar and starch
were determined by anthranone–H2SO4 colorimetry, respectively [48]. Starch and soluble
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sugars in each plant organ were added together to determine nonstructural carbohydrate
concentration (NSC). All the seedling indices are shown in Table 1.

Table 1. Seedling characteristic indices, abbreviations, and units.

Seedling Characteristic Indices Abbreviations Units

Relative soil water content RSWC %
Seedling biomass (leaf + stem + root mass) SB g

Leaf mass ratio (leaf dry mass/total seedling dry mass) LMR g g−1

Stem mass ratio (stem + petiole mass)/total plant mass SMR g g−1

Root mass ratio (root dry mass/total seedling dry mass) RMR g g−1

Specific leaf area (total leaf area/total leaf dry mass) SLA cm2 g−1

Leaf area ratio (total leaf area/total seedling dry mass) LAR cm2 g−1

Photosynthetic tissues/non-photosynthetic tissues (leaf mass/(stem + root mass)) P/NP g g−1

Total Root length TRL cm
Root volume RV cm3

Root average diameter RAD mm
Root total surface area RSA cm2

Specific root length (root length/dry root mass) SRL cm g−1

Specific root area (root surface area/ dry root mass) SRA cm2 g−1

Root soluble sugar RSS mg g−1

Stem soluble sugar SSS mg g−1

Leaf soluble sugar LSS mg g−1

Root starch RS mg g−1

Stem starch SS mg g−1

Leaf starch LS mg g−1

2.4. Monitoring Environmental Parameters under Q. acutissima Plantation

The environmental factors in the forest plot were measured from July 2011 to December 2016.
The precipitation at 1.5 m in the forest was measured. The relative soil water content
(RSWC) was measured at 10, 20, 30, and 40 cm depth of soil, respectively. The indices above
were determined using a CR3000 automatic weather station (Campbell Scientific, Logan,
UT, USA), which automatically recorded daily data every 10 min. Data were collected
every month.

2.5. Statistical Analysis

The precipitation effect was tested by a two-way ANOVA, with year and month as the
sources of variations. The relative soil water content was tested by a three-way ANOVA,
with year, month, and depth as the sources of variations. Seedling indices were analyzed
by a one-way ANOVA. The responses of functional traits to height were compared, and
multiple comparisons were made. The linear regression analysis of height and age was
carried out using the excavated 19 seedlings. At the same time, the correlation analysis of
each index was carried out. All the seedling indices were analyzed by principal component
analysis (PCA). The test level was p = 0.05. All statistical analyses were conducted using
R 4.1.2 for Windows.

3. Results

3.1. The Diameter Structure of Q. acutissima Plantation

The density of Q. acutissima adult trees in 2010 stands was 634 N ha−1, with trees
in the DBH class 2–5 cm accounting for 19.70%, 5–10 cm for only 3.44%, and 15–35 cm
for 70.94%. In 2017, the density of adult trees was 675 N ha−1, with trees in the DBH
class 2–5 cm accounting for 14.81%, 5–10 cm for 0, and 15–35 cm for 77.78%. In 2017,
compared with 2010, the density of trees in the DBH 2–5 cm decreased by 4.89%, 5–10 cm
trees disappeared, and the density of 15–35 cm trees increased by 6.84% (Figure 1A).
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Figure 1. Distribution of diameter at breast height classes for adult trees (A) and distribution of
height classes for seedlings (B) of Quercus acutissima in 2010 and 2017, respectively.

The height distribution of seedlings in 2010 and 2017 was pyramid-shaped (Figure 1B).
The tree number reached a maximum in the height class 0–20 cm and 20–40 cm, and then
gradually decreased as the height increased. Compared with 2010, the density of seedlings
in 2017 was only 61.63% of that in 2010, showing a significant decrease. Moreover, seedlings
of all height levels were reduced, especially at the height of 20–40 cm, which was only
32% of that in 2010. All seedlings at 140–150 cm disappeared in 2017. Regression analysis
showed that there was a very significant linear relationship between height and age for
seedlings with heights less than 46 cm (F = 35.85, p < 0.01, Figure 2).

Figure 2. Linear regression between seedling height and age of Quercus acutissima seedlings.
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3.2. Characteristics of Environmental Factors under Q. acutissima Plantation
3.2.1. Precipitation

There were significant differences in precipitation among different months (F = 11.34,
p < 0.01) and years (F = 2.84, p < 0.05). With the increase of months, the precipitation first
increased and then decreased, and was mainly concentrated between June and August each
year (Figure 3). Among different years, precipitation in 2011 was the highest (p < 0.01), and
precipitation in 2013 was significantly higher than that in 2016 (p < 0.05), and there was no
significant difference in precipitation among other years (p > 0.05). During 2012 and 2016,
precipitation in the same months fluctuated significantly among years (Figure 3).

Figure 3. Variation of precipitation and relative soil water content in the Quercus acutissima plantation
from 2011 to 2016. (A) Precipitation at 1.5 m; (B) relative soil water content.

3.2.2. Soil Moisture

The results of the analysis of variance showed that RSWC varied highly signifi-
cantly between months (F = 146.82, p < 0.01), years (F = 163.09, p < 0.01), and soil depths
(F = 285.73, p < 0.01). As the month increased, the RSWC changed in a bimodal pattern.
The RSWC reached a peak in April and August, and reached a maximum in August.
The RSWC declined to nadir in January, June, and October, and reached a minimum in
January and October (there was no significant difference between January and October).
Among years, RSWC was 2011 > 2013 > 2012≈2015 > 2014≈2016 (p < 0.01). Among soil
depths, the order of RSWC was −20 cm > −30 cm > −10 cm > −40 cm.

3.3. Seedling Size Traits with the Increase of Age

Seedling age had a significant effect on height (F = 11.01, p < 0.01), ground diameter
(F = 11.38, p < 0.01), and biomass (F = 18.60, p < 0.01). The height increased significantly
with age (Figure 4A). Ground diameter and biomass showed no significant difference
among age groups I, II, and III, and increased significantly at IV (Figure 4B,C).
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Figure 4. Changes of seedling biomass (A), ground diameter (B), and seedling biomass (C) with
the increase of seedling age of Quercus acutissima. Different letters above error bars show
significant differences.

3.4. Adaptation Traits of Seedlings with Increasing Age
3.4.1. Biomass Allocation

Variance analysis showed that seedling age had significant effects on LMR (F = 5.51,
p < 0.01), RMR (F = 3.34, p < 0.05), LAR (F = 5.93, p < 0.01), and p/NP F = 5.15, p < 0.05),
but not on SMR (F = 0.41, p = 0.75) nor SLA (F = 1.20, p = 0.35). There were no significant
differences among age groups I, II, and III in LMR, LAR, and p/NP, but these indices all
decreased significantly at IV (Figure 5A,E,F). As the age increased, the RMR decreased first
and then increased significantly (Figure 5B).

Figure 5. Changes of biomass allocation with the increase of seedling age of Quercus acutissima.
(A) LMR, leaf mass ratio; (B) RMR, root mass ratio; (C) SMR, stem mass ratio; (D) SLA, specific leaf
area; (E) LAR, leaf area ratio; (F) P/NP, photosynthetic tissues/non-photosynthetic tissues. Different
letters above error bars show significant differences.
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3.4.2. Root Traits

Seedling age had significant effects on total root length (F = 4.74, p < 0.05), root volume
(F = 34.64, p < 0.01), average root diameter (F = 82.42, p < 0.01), and specific root length
(F = 7.19, p < 0.01), but not on specific root surface area (F = 1.35, p = 0.30). With the increase
of seedling age, root length continued to increase (Figure 6A), but specific root length and
specific root surface area continued to decrease significantly (Figure 6E,F). However, RV
and RAD showed no significant difference among I, II, and III, and increased significantly
at IV (Figure 6C,D).

Figure 6. Changes of root traits with the increase of seedling age of Quercus acutissima. (A) TRL, total
root length; (B) RSA, root total surface area; (C) RV, root volume; (D) RAD, root average diameter;
(E) SRL, specific root length; (F) SRA, specific root area. Different letters above error bars show
significant differences.

3.4.3. Non-Structural Carbohydrate (NSC)

There were significant differences in SSC (F = 312.60, p < 0.01) and SC (F = 329.40,
p < 0.01) among different ages. With the increase of age, the SSC and SC of the root, stem,
and leaf all increased significantly, and their orders were I < II < III < IV (p < 0.01, Figure 7).
Organs also showed significant effects on SSC (F = 631.57, p < 0.01) and SC (F = 543.37,
p < 0.01), respectively. There was no significant difference in soluble sugar between roots
and stems (p > 0.05), which was significantly lower than that of leaves (p < 0.01). For starch,
the root was significantly greater than that of the stem and leaf (p < 0.01), but there was no
significant difference between the stem and leaf (p > 0.05).

3.5. Correlation Analysis of Seedling Traits

SB was negatively correlated with LMR, LAR, P/NP, SRL, and SRA, and positively
correlated with RMR, TRL, RV, RAD, RSS, SSS, LSS, RS, SS, and LS (Figure 8). LMR,
LAR, and P/NP were negatively correlated with RMR, TRL, RV, and RAD. RSS, SSS, LSS,
RS, SS, and LS were negatively correlated with LMR, LAR, P/NP, SRL, and SRA, and
positively correlated with RMR, TRL, RV, and RAD (the correlation between SS and RMR
was not significant).
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Figure 7. Changes of soluble sugar (A) and starch contents (B) in the roots, stems, and leaves with
the increasing age of Quercus acutissima seedlings.

Figure 8. Correlations among seedling characteristics of Quercus acutissima. SB: seedling biomass;
LMR: leaf mass ratio; RMR: root mass ratio; SMR: stem mass ratio; SLA: specific leaf area; LAR: leaf
area ratio; TRL: total root length; RSA: root total surface area; RV: root volume; RAD: root average
diameter; SRL: specific root length; SRA: specific root area; P/NP: photosynthetic tissues/non-
photosynthetic tissues; RSS: root soluble sugar; SSS: stem soluble sugar; LSS: leaf soluble sugar;
RS: root starch; SS: stem starch; LS: leaf starch. Significant code: *** p < 0.001, ** p < 0.01, * p < 0.05.
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The PCA incorporating seedling traits revealed that together, the first and second
principal components represented 74.15% of the total variation (Figure 9). The first principal
component (62.65%) was mainly related to seedling growth, including SB, NSC (SS, SSS,
LSS, RS, SS, and LS), and root traits (RV, TRL, RAD, RSA, SRL, and SRA). The second
principal component (11.5%) was associated with biomass allocation, including SMR, LMR,
LAR, P/NP, SLA, and RMR.

Figure 9. Principal component analysis of Quercus acutissima seedling trait. SB: seedling biomass;
LMR: leaf mass ratio; RMR: root mass ratio; SMR: stem mass ratio; SLA: specific leaf area; LAR: leaf
area ratio; TRL: total root length; RSA: total root surface area; RV: root volume; RAD: root average
diameter; SRL: specific root length; SRA: specific root area; P/NP: photosynthetic tissues/ non-
photosynthetic tissues; RSS: root soluble sugar; SSS: stem soluble sugar; LSS: leaf soluble sugar;
RS: root starch; SS: stem starch; LS: leaf starch.

4. Discussion

Over the past decades, the predominant approach to studying successional dynamics
has been to examine how community-level properties (e.g., diversity, biomass/carbon) vary
over time and what factors influence their rates of change. Demographic rates of species can
reveal mechanisms that underpin community assembly [49]. The seedling density of the
Q. acutissima plantation in this paper was 14,063 N ha−1 in 2010 and 8667 N ha−1 in 2017.
Thus, there were sufficient seedlings under the Q. acutissima plantation, which was related
to the ability of shade tolerance in the seedling stage [44]. The size distribution of seedlings
in 2010 and 2017 was pyramid-shaped, indicating that the seedling bank was relatively sta-
ble. Compared with 2010, the stand density changed little in 2017, but the seedling density
decreased significantly, reaching only 61.63% of that in 2010. Several previous studies have
suggested that low soil moisture caused by precipitation reduction is an important reason
for limiting forest natural regeneration [20,50,51]. From 2014 to 2016, the relative soil water
content in the Q. acutissima forest significantly and continuously decreased. Multiyear lags
in tree drought recovery, termed ‘drought legacy effects’, are important for understanding
the impacts of drought on forest ecosystems [52]. Thus, we thought that the decrease of
seedling bank density was closely related to the drought for 3 consecutive years. However,
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the responses of seedlings of different sizes were significantly different. The seedling
density in the height class 0–20 cm in 2010 was similar to that in 2017. Rodríguez-García
et al. [22] suggested that the significant variables that best explained the total seedling
and viable seedling density were the spring and autumn precipitation of the year prior to
establishment. During 2014 and 2016, the higher precipitation and soil water content of the
Q. acutissima forest in April, May, and June may have contributed to seedling establishment.
However, the seedling density in the height class 20–40 cm decreased more sharply in 2017
than in 2010, which was related to the significant decrease of relative soil water content
from 2014 to 2016. Our results are consistent with the conclusions drawn by Rey and
Alcántara [24]. For the seedlings taller than 40 cm, the decrease of density in 2017 was more
obvious than that in 2010. Their death may have been related to the increase of minimum
light demand with the increase of seedling size [29]. Many studies have shown that the
conversion rate from seedlings to saplings is very low due to the insufficient relative light
intensity under the forest for long-term survival [14,23,24,53]. Studies on the natural regen-
eration of Quercus have suggested that higher light intensity is necessary for successful
regeneration [16,54]. Therefore, the microenvironment in the forest and the adaptability
of seedlings with different sizes are important factors determining the dynamics of the
seedling bank.

The critical process for natural regeneration is seedling survival [24]. It was found that
the decrease of Q. acutissima seedling density in the height class 20–40 cm was significant,
and their age was less than 5 years. Ammer et al. [53] suggested that the chances of a
seedling surviving intraspecific competition for Fagus sylvatica L. were strongly determined
by its dominance ranking within the first 5 years after establishment. From 2014 to 2016,
the relative soil water content in the forest was significantly lower than that in other years,
and the 2–4-year seedlings experienced this stage or part of it. There were no significant
differences in biomass, biomass distribution, RSA, and RV among 2–4-year seedlings,
indicating that their growth was significantly inhibited. Root production would decrease
at severe soil drought [55,56]. In particular, Pinus taeda L. ceased root growth between
−0.3 and −1.2 MPa [57]. Furthermore, severe drought increased physical soil resistance,
which is assumed to restrict root growth [58]. Although there was the highest soil water
content at −20 cm and −30 cm, it it may have been difficult for the seedling roots of
Q. acutissima to grow to this depth under severe drought stress. However, no significant
differences in biomass allocation were found among 2–4-year seedlings. Sinz et al. [17]
showed that the biomass allocation of Fraxinus pennsylvanica Marsh. seedlings did not
change significantly. The biomass and RMR of 5–6-year seedlings increased significantly,
which may be related to the fact that these seedlings experienced a more suitable soil
water content in 2013, making their roots grow to a suitable soil depth. Ammer et al. [53]
suggested that the older seedlings showed stronger adaptability under the forest. Therefore,
the environmental variability in the Q. acutissima forest was a vital factor affecting the
growth and survival of seedlings under the forest.

Morphological and physiological adaptation is an important way for seedlings to
persist under the forest. TRL and RAD of Q. acutissima seedlings aged 2 to 4 years in-
creased significantly. Correlation analysis showed that seedling biomass was significantly
positively correlated with TRL and RV. The increase of root length fostered water uptake
from the soil under drought stress [55,56]. The coarsening of roots was conducive to the
storage of more NSC [59]. It was also found that NSC was positively correlated with RAD.
Gaucher et al. [25] thought that allocating more NSC to the root system was conducive
to the survival of Acer saccharum Marsh.seedlings under the forest. With the increase of
age, the starch and soluble sugar of Q. acutissima seedlings increased significantly in the
roots, stems, and leaves, consistent with the results of Lusk and Piper [28]. The increase
of NSC did not improve the respiration of seedlings [60], and it was more sensitive than
the changes of morphological indices [34]. We also found that the NSC of Q. acutissima
seedlings aged 2 to 4 years changed more rapidly than morphological indices. Because
there was a significantly positive correlation between seedling biomass and NSC indices,
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the increase of NSC content improved the survival of Q acutissima seedlings under the
forest. For 5–6-year seedlings, RMR, TRL, RV, and RAD increased significantly, and the root
morphological responses were more sensitive. Walters et al. [61] and Gaucher et al. [25]
suggested that higher allocation to the roots favored long-term survival under the for-
est. Principal component analysis showed that root characteristics and NSC content were
closely related to seedling growth. Therefore, the increase of root input and NSC content,
as well as the regulation of biomass distribution, were the main ways for Q. acutissima
seedlings to adapt to the variable environment under the forest.

5. Conclusions

The natural regeneration of plantations is a complex and long process, and the adapt-
ability of seedlings under the forest is one of the key foundations for its successful regenera-
tion. In the sample plot of the Q. acutissima plantation, the seedling bank was sufficient and
stable, which was closely related to its shade tolerance. Compared with 2010, the seedling
density decreased significantly in 2017. The most significant reduction in seedling density
was observed for seedlings below 40 cm in height (seedling age ≤ 4 years), which is a
critical stage for the natural regeneration of Q. acutissima.

During 2014 and 2016, precipitation decreased significantly, and SWC continued
to decrease. The growth of 2–4-year seedlings was almost stagnant, and the regulation
function of biomass distribution for themselves disappeared. Furthermore, their root
growth was slow, which affected their root distribution in the 20–30 cm soil layer with
the highest RSWC. Therefore, drought stress was the direct cause of the disappearance of
2–4-year seedlings. For those with seedling heights higher than 40 cm (seedling age ≥ 5a),
which had root systems distributed in the appropriate soil depth, their growth was less
affected. With the increase of age, the regulation ability of root morphology, NSC, and
biomass allocation increased, which was the main way for Q. acutissima seedlings to
adapt to drought stress in the understory. Therefore, as an important factor limiting the
establishment of seedlings, drought stress together with seedling adaptation influenced the
dynamics of the seedling bank in the understory of Q. acutissima plantations.

In future research, to provide theoretical support for the sustainable management of
Q. acutissima plantations, we should strengthen the monitoring of environmental changes
in the plantation, explore limiting mechanisms of seedling growth, and put forward reason-
able management measures for natural regeneration.
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10. Jarčuška, B. Growth, survival, density, biomass partitioning and morphological adaptations of natural regeneration in Fagus
sylvatica. A review. Dendrobiology 2009, 61, 3–11.

11. Valladares, F.; Laanisto, L.; Niinemets, Ü.; Zavala, M.A. Shedding light on shade: Ecological perspectives of understorey plant life.
Plant Ecol. Divers 2016, 9, 237–251. [CrossRef]

12. Guariguata, M.R. Seed and seedling ecology of tree species in neotropical secondary forests: Management implications. Ecol.
Appl. 2000, 10, 145–154. [CrossRef]

13. Barna, M.; Bosela, M. Tree species diversity change in natural regeneration of a beech forest under different management. For.
Ecol. Manag. 2015, 342, 93–102. [CrossRef]

14. Pardos, M.; Montes, F.; Aranda, I.; Cañellas, I. Influence of environmental conditions on germinant survival and diversity of Scots
pine (Pinus sylvestris L.) in central Spain. Eur. J. For. Res. 2007, 126, 37–47. [CrossRef]

15. Szewczyk, J.; Szwagrzyk, J. Spatial and temporal variability of natural regeneration in a temperate old-growth forest. Ann. For.
Sci. 2010, 67, 202. [CrossRef]

16. Dobrowolska, D. Effect of stand density on oak regeneration in flood plain forests in Lower Silesia, Poland. Forestry 2008, 81,
511–523. [CrossRef]

17. Sinz, A.; Gardiner, E.S.; Lockhart, B.R.; Souter, R.A. Morphological acclimation and growth of ash (Fraxinus pennsylvanica Marsh.)
advance regeneration following overstory harvesting in a Mississippi River floodplain forest. For. Ecol. Manag. 2011, 261, 246–254.
[CrossRef]

18. Nagel, T.A.; Svoboda, M.; Rugani, T.; Diaci, J. Gap regeneration and replacement patterns in an old-growth Fagus-Abies forest of
Bosnia-Herzegovina. Plant Ecol. 2010, 208, 307–318. [CrossRef]

19. Príncipe, A.; Nunes, A.; Pinho, P.; do Rosário, L.; Correia, O.; Branquinho, C. Modeling the long-term natural regeneration
potential of woodlands in semi-arid regions to guide restoration efforts. Eur. J. For. Res. 2014, 133, 757–767. [CrossRef]

20. Rodriguez-Garcia, E.; Gratzer, G.; Bravo, F. Climatic variability and other site factor influences on natural regeneration of Pinus
pinaster Ait. in Mediterranean forests. Ann. For. Sci. 2011, 68, 811–823. [CrossRef]

21. Dobrowolska, D.; Bolibok, L. Is climate the key factor limiting the natural regeneration of silver fir beyond the northeastern
border of its distribution range? For. Ecol. Manag. 2019, 439, 105–121. [CrossRef]

22. Rodríguez-García, E.; Juez, L.; Bravo, F. Environmental influences on post-harvest natural regeneration of Pinus pinaster Ait. in
Mediterranean forest stands submitted to the seed-tree selection method. Eur. J. For. Res. 2010, 129, 1119–1128. [CrossRef]

23. Szwagrzyk, J.; Szewczyk, J.; Bodziarczyk, J. Dynamics of seedling banks in beech forest: Results of a 10-year study on germination,
growth and survival. For. Ecol. Manag. 2001, 141, 237–250. [CrossRef]

24. Rey, P.J.; Alcántara, J.M. Recruitment dynamics of a fleshy-fruited plant (Olea europaea): Connecting patterns of seed dispersal to
seedling establishment. J. Ecol. 2000, 88, 622–633. [CrossRef]

25. Gaucher, C.; Gougeon, S.; Mauffette, Y.; Messier, C. Seasonal variation in biomass and carbohydrate partitioning of understory
sugar maple (Acer saccharum) and yellow birch (Betula alleghaniensis) seedlings. Tree Physiol. 2005, 25, 93–100. [CrossRef]

26. Balandier, P.; Sinoquet, H.; Frak, E.; Giuliani, R.; Vandame, M.; Descamps, S.; Coll, L.; Adam, B.; Prevosto, B.; Curt, T. Six-year
time course of light-use efficiency, carbon gain and growth of beech saplings (Fagus sylvatica) planted under a Scots pine
(Pinus sylvestris) shelterwood. Tree Physiol. 2007, 27, 1073–1082. [CrossRef] [PubMed]

27. Claveau, Y.; Messier, C.; Comeau, P.G. Interacting influence of light and size on aboveground biomass distribution in sub-boreal
conifer saplings with contrasting shade tolerance. Tree Physiol. 2005, 25, 373–384. [CrossRef]

28. Lusk, C.H.; Piper, F.I. Seedling size influences relationships of shade tolerance with carbohydrate-storage patterns in a temperate
rainforest. Funct. Ecol. 2007, 21, 78–86. [CrossRef]

29. Sendall, K.M.; Reich, P.B.; Lusk, C.H. Size-related shifts in carbon gain and growth responses to light differ among rainforest
evergreens of contrasting shade tolerance. Oecologia 2018, 187, 609–623. [CrossRef]

30. Gasser, D.; Messier, C.; Beaudet, M.; Lechowicz, M.J. Sugar maple and yellow birch regeneration in response to canopy opening,
liming and vegetation control in a temperate deciduous forest of Quebec. For. Ecol. Manag. 2010, 259, 2006–2014. [CrossRef]

31. Soto, D.P.; Jacobs, D.F.; Salas, C.; Donoso, P.J.; Fuentes, C.; Puettmann, K.J. Light and nitrogen interact to influence regeneration in
old-growth Nothofagus-dominated forests in south-central Chile. For. Ecol. Manag. 2017, 384, 303–313. [CrossRef]

32. Myers, J.A.; Kitajima, K. Carbohydrate storage enhances seedling shade and stress tolerance in a neotropical forest. J. Ecol. 2007,
95, 383–395. [CrossRef]

159



Forests 2022, 13, 545

33. Lusk, C.H.; Falster, D.S.; Jara-Vergara, C.K.; Jimenez-Castillo, M.; Saldaña-Mendoza, A. Ontogenetic variation in light requirements
of juvenile rainforest evergreens. Funct. Ecol. 2008, 22, 454–459. [CrossRef]

34. Deng, X.; Xiao, W.; Shi, Z.; Zeng, L.; Lei, L. Combined effects of drought and shading on growth and non-structural carbohydrates
in Pinus massoniana lamb. Seedlings. Forests 2020, 11, 18. [CrossRef]

35. Duque, L.O.; Setter, T.L. Partitioning index and non-structural carbohydrate dynamics among contrasting cassava genotypes
under early terminal water stress. Environ. Exp. Bot. 2019, 163, 24–35. [CrossRef]

36. Gleason, S.M.; Ares, A. Photosynthesis, carbohydrate storage and survival of a native and an introduced tree species in relation
to light and defoliation. Tree Physiol. 2004, 24, 1087–1097. [CrossRef]

37. Veneklaas, E.J.; Den Ouden, F. Dynamics of non-structural carbohydrates in two Ficus species after transfer to deep shade.
Environ. Exp. Bot. 2005, 54, 148–154. [CrossRef]

38. Sevanto, S.; Mcdowell, N.G.; Dickman, L.T.; Pangle, R.; Pockman, W.T. How do trees die? A test of the hydraulic failure and
carbon starvation hypotheses. Plant Cell Environ. 2014, 37, 153–161. [CrossRef]

39. Galvez, D.A.; Landhäusser, S.M.; Tyree, M.T. Low root reserve accumulation during drought may lead to winter mortality in
poplar seedlings. New Phytol. 2013, 198, 139–148. [CrossRef]

40. Ivanov, Y.V.; Kartashov, A.V.; Zlobin, I.E.; Sarvin, B.; Stavrianidi, A.N.; Kuznetsov, V.V. Water deficit-dependent changes in
non-structural carbohydrate profiles, growth and mortality of pine and spruce seedlings in hydroculture. Environ. Exp. Bot. 2019,
157, 151–160. [CrossRef]

41. Tomasella, M.; Casolo, V.; Aichner, N.; Petruzzellis, F.; Savi, T.; Trifilò, P.; Nardini, A. Non-structural carbohydrate and hydraulic
dynamics during drought and recovery in Fraxinus ornus and Ostrya carpinifolia saplings. Plant Physiol. Biochem. 2019, 145, 1–9.
[CrossRef] [PubMed]

42. Imaji, A.; Seiwa, K. Carbon allocation to defense, storage, and growth in seedlings of two temperate broad-leaved tree species.
Oecologia 2010, 162, 273–281. [CrossRef] [PubMed]

43. Piper, F.I.; Reyes-Díaz, M.; Corcuera, L.J.; Lusk, C.H. Carbohydrate storage, survival, and growth of two evergreen Nothofagus
species in two contrasting light environments. Ecol. Res. 2009, 24, 1233–1241. [CrossRef]

44. Yang, Y.; Wang, C.; Liu, Y. The effect of low irradiance on growth, photosynthetic characteristics, and biomass allocation in
two deciduous broad-leaved tree seedlings in southeast of Hubei Province. Acta Ecol. Sin. 2010, 30, 6082–6090.

45. Xue, W.Y.; Yang, B.; Zhang, W.H.; Yu, S.C. Spatial pattern and spatial association of Quercus acutissima at different developmental
stages in the Qiaoshan mountains. Acta Ecol. Sin. 2017, 37, 3375–3384. [CrossRef]

46. Meng, Y.; Cao, B.; Dong, C.; Dong, X. Mount Taishan Forest ecosystem health assessment based on forest inventory data. Forests
2019, 10, 657. [CrossRef]

47. Meng, Y.; Cao, B.; Mao, P.; Dong, C.; Cao, X.; Qi, L.; Wang, M.; Wu, Y. Tree species distribution change study in Mount Tai based
on Landsat remote sensing image data. Forests 2020, 11, 130. [CrossRef]

48. Zhou, Y.; Wu, D.; Yu, D.; Sui, C. Variations of nonstructural carbohydrate content in Betula ermanii at different elevations of
Changbai Mountain, China. Chin. J. Plant Ecol. 2009, 33, 118–124. [CrossRef]

49. Lai, H.R.; Craven, D.; Hall, J.S.; Hui, F.K.C.; van Breugel, M. Successional syndromes of saplings in tropical secondary forests
emerge from environment-dependent trait–demography relationships. Ecol. Lett. 2021, 24, 1776–1787. [CrossRef]

50. Dodson, E.K.; Root, H.T. Conifer regeneration following stand-replacing wildfire varies along an elevation gradient in a ponderosa
pine forest, Oregon, USA. For. Ecol. Manag. 2013, 302, 163–170. [CrossRef]

51. Silva, D.; Rezende Mazzella, P.; Legay, M.; Corcket, E.; Dupouey, J.L. Does natural regeneration determine the limit of European
beech distribution under climatic stress? For. Ecol. Manag. 2012, 266, 263–272. [CrossRef]

52. Kannenberg, S.A.; Schwalm, C.R.; Anderegg, W.R.L. Ghosts of the past: How drought legacy effects shape forest functioning and
carbon cycling. Ecol. Lett. 2020, 23, 891–901. [CrossRef] [PubMed]

53. Ammer, C.; Stimm, B.; Mosandl, R. Ontogenetic variation in the relative influence of light and belowground resources on
European beech seedling growth. Tree Physiol. 2008, 28, 721–728. [CrossRef] [PubMed]

54. Collet, C.; Lanter, O.; Pardos, M. Effects of canopy opening on the morphology and anatomy of naturally regenerated beech
seedlings. Trees Struct. Funct. 2002, 16, 291–298. [CrossRef]

55. Di Iorio, A.; Montagnoli, A.; Scippa, G.S.; Chiatante, D. Fine root growth of Quercus pubescens seedlings after drought stress and
fire disturbance. Environ. Exp. Bot. 2011, 74, 272–279. [CrossRef]

56. Zang, U.; Goisser, M.; Häberle, K.H.; Matyssek, R.; Matzner, E.; Borken, W. Effects of drought stress on photosynthesis, rhizosphere
respiration, and fine-root characteristics of beech saplings: A rhizotron field study. J. Plant Nutr. Soil Sci. 2014, 177, 168–177.
[CrossRef]

57. Torreano, S.J.; Morris, L.A. Loblolly Pine Root Growth and Distribution under Water Stress. Soil Sci. Soc. Am. J. 1998, 62, 818–827.
[CrossRef]

58. Bengough, A.G.; Bransby, M.F.; Hans, J.; McKenna, S.J.; Roberts, T.J.; Valentine, T.A. Root responses to soil physical conditions;
growth dynamics from field to cell. J. Exp. Bot. 2006, 57, 437–447. [CrossRef]

59. Gholz, H.L.; Cropper, W.P.J. Carbohydrate dynamics in mature pinus elliottii var. elliottii trees. Can. J. For. Res. 1991, 21,
1742–1747. [CrossRef]

160



Forests 2022, 13, 545

60. Kobe, R.K. Carbohydrate Allocation to Storage as a Basis of Interspecific Variation in Sapling Survivorship and Growth. Oikos
1997, 80, 226. [CrossRef]

61. Walters, M.B.; Kruger, E.L.; Reich, P.B. Growth, biomass distribution and CO2 exchange of northern hardwood seedlings in high
and low light: Relationships with successional status and shade tolerance. Oecologia 1993, 94, 7–16. [CrossRef] [PubMed]

161





Citation: Mao, P.; Kan, X.; Pang, Y.;

Ni, R.; Cao, B.; Wang, K.; Zhang, J.;

Tan, C.; Geng, Y.; Cao, X.; et al.

Effects of Forest Gap and Seed Size

on Germination and Early Seedling

Growth in Quercus acutissima

Plantation in Mount Tai, China.

Forests 2022, 13, 1025. https://

doi.org/10.3390/f13071025

Academic Editor: Adele Muscolo

Received: 25 May 2022

Accepted: 28 June 2022

Published: 29 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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

Effects of Forest Gap and Seed Size on Germination and
Early Seedling Growth in Quercus acutissima Plantation in
Mount Tai, China

Peili Mao, Xiaoli Kan, Yuanxiang Pang, Ruiqiang Ni, Banghua Cao *, Kexin Wang, Jinhao Zhang, Chunxia Tan,

Ying Geng, Xiaonan Cao, Shumei Wang, Peng Gao and Jinwei Dong

Taishan Mountain Forest Ecosystem Research Station, Key Laboratory of State Forestry Administration for
Silviculture of the Lower Yellow River, Shandong Agricultural University, Tai’an 271018, China;
maopl1979@163.com (P.M.); kanxiaoli1024@163.com (X.K.); pangyuanxiang2020@126.com (Y.P.);
wind0309@163.com (R.N.); wkxsdau@163.com (K.W.); weibo18853883625@sina.com (J.Z.);
tancx163@163.com (C.T.); aimee_gy@163.com (Y.G.); caoxiaonan_05@163.com (X.C.); wsm@sdau.edu.cn (S.W.);
gaopengy@163.com (P.G.); jwdong@sdau.edu.cn (J.D.)
* Correspondence: caobanghua@126.com

Abstract: Elucidating the influence mechanisms of seed germination and seedling growth is important
for revealing the natural regeneration of forest plantations. We collected the seeds from 58-year-old
Quercus acutissima Carruth. forest, and the seeds were further divided into three classes: large,
medium, and small, and sown under the forest gaps (I, 197.82 m2; II, 91.85 m2, III, understory) to
observe seed germination and early seedling growth. Precipitation in the study area and soil moisture
content in the forest gaps were also observed during the trial period. The results showed that the
precipitation in 2019 was similar to that in 2020; both were significantly lower than the precipitation
in 2021. The difference in soil water content between gaps I and II was not significant, and both
were significantly lower than III. The order of seedling emergence rate in gaps was II > III > I, but
the minimum was almost close to zero in I. Large and medium seeds showed significantly greater
emergence rate than small seeds. The seedlings of II had higher seedling height, ground diameter,
ground diameter relative growth rate, seedling biomass, root surface area, and root volume than
those of III. Large seeds had the highest ground diameter, ground diameter relative growth rate,
biomass, root mass ratio, root shoot ratio, and root surface area. Correlation analysis showed that
seedling biomass was significantly and positively correlated with root surface area and root volume,
and significantly and negatively correlated with specific root length and specific root surface area.
The regulation of soil moisture in the gap and the adaptability related to seed size were two key
factors influencing the seed germination and early seedling growth of Q. acutissima.

Keywords: precipitation; soil water content; biomass allocation; root system characteristics;
natural regeneration

1. Introduction

In recent decades, facing the pattern of global natural forest reduction and total forest
resources decline, countries all over the world are rapidly developing forest plantations [1].
At present, China has the largest area of planted forests in the world, which plays an
important role in greening the national territory, improving forest quality, improving the
environment, and promoting the sustainable development of society. However, for a long
time, the main purpose was to increase the speed of afforestation and the manufacture of
timber products, ignoring the law of natural succession of forests. Current studies have
shown that the natural regeneration of planted forests is extremely difficult to achieve [2,3].
In Austria, more than 2/3 of the forests required artificial measures to assist in natural
regeneration. Seed germination and seedling establishment are critical stages of forest
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natural regeneration [4,5]. Many studies suggest that these stages are closely related to
seed quality [5], seed dispersal [6], climatic factors [7–9], forest environment [8,10,11], and
management modes [11–13], etc. Some scholars found that there could be a large density
of seedlings under the forest canopy, but saplings were very scarce [3,10]. Therefore, the
limiting factors for seed germination and seedling growth are not identical. An in-depth
study of the influence mechanisms of limiting seed germination and seedling establishment
is of great significance to solve the difficulties of natural regeneration in forest plantations.

Forest gap, an important factor affecting seed germination and seedling establishment
of tree species, causes significant changes in environmental conditions in the forest, such as
light intensity, air temperature, humidity, and soil characteristics [14]. With the increase in
gap size, light intensity and air temperature increase significantly, and soil water content
changes in a complex way [14]. Some have suggested that small and medium forest gaps
have a small effect on seed germination, but large forest gaps are not conducive to seed
germination [11], which is related to low soil water content and high temperature [3].
However, Bílek et al. [15] believed that seed germination was not a factor limiting seedling
establishment as long as there was appropriate soil water content. Rozas [16] also thoughts
that seed germination is not the limiting factor of oak seed germination, and this process is
not affected by light. Forest gaps show a significant promotion effect on seedling growth
under the forest canopy [17,18], but large forest gaps can inhibit their growth [11]. In
addition, the promotion of understory seedling growth in forest gaps is also related to
the shade tolerance of the tree species [12,19] and the age of the seedlings [20]. Forest gap
promotes the growth of early seedlings in the forest understory [21], but few seedlings
emerge in newly formed gaps [22,23]. The formation of new forest gaps provides more
favorable conditions for the growth of light-demanding species [24]. Studies on oak
species have shown that their natural regeneration was good in large forest gaps [16,25,26].
However, Grogan et al. [23] and Holladay et al. [27] concluded that seedling regeneration
was best in medium-sized forest gaps, and excessive forest gaps can inhibit seedling
regeneration. Therefore, the effect of forest gaps on seedling establishment is very complex.

Seed size is another key factor affecting seedling establishment. Numerous studies
have shown that seed size is closely related to their germination and seedling growth.
Large seeds have faster germination rates and seedling survival than small seeds, which
has been consistently found in both inter-species and intra-species correlations [28–31].
This may be related to the fact that large seeds themselves store more nutrients available for
early seedling growth [5]. Large seeds produce large seedlings with a highly competitive
survival capacity [23,31,32]. Seedlings from large seeds show a lower relative growth rate
than seedlings from small seeds [31,33]. However, Quero et al. [34] partially support this
view. It has been found that large seeds improved the adaptive capacity of plants under
adversities [30,33]. However, some studies have suggested that this advantage was not
always available [31,35]. One of the studies on the germination of Pinus thunbergii. Parl.
seeds under sand burial reported that the advantage of large seeds was shown under
non-stressful stress [5]. Moreover, the advantage of large seeds gradually disappear with
seedling growth [35,36]. Therefore, revealing the influence of seed size and its interaction
with habitat on the seedling establishment is of great significance to the natural regeneration
of the forest.

Quercus acutissima Carruth. is one of the main species of forest vegetation in warm
temperate and subtropical regions of China. It is a pioneer tree species in barren hills
and land and an excellent soil and water conservation species. It has high ecological,
economic, and landscape value [37]. Field investigations found that, in highly shady
forests, Q. acutissima seedlings died in large numbers and were poorly regenerated. Field
investigation found that a Q. acutissima plantation has a sufficient and stable seedling
bank [38]. The number of Q. acutissima seedlings in the gap was significantly higher than
that in the forest understory, but the number of seedlings under the too-large gap decreased.
The research on the growth of Q. acutissima seedlings under different light intensities found
that it exhibited some shade tolerance, but it grew best under full light [39]. Therefore,
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Q. acutissima has a natural regeneration ability, but its regeneration requires higher light
intensity. However, there are few studies on the natural regeneration limitation mechanisms
of Q. acutissima plantations. In this study, the effects of forest gap and seed size on seed
germination and early seedling growth of Q. acutissima plantations, and the key restriction
mechanism in the early stage of the seedling establishment, was revealed.

2. Materials and Methods

2.1. Study Area

The study site is located in Yaoxiang Forest Farm, Shandong Province (117◦06′48.2′′ N,
36◦20′05.3′′ E), with an average altitude of more than 700 m. It has a warm temperate
continental monsoon climate. The average annual temperature is 13.5 ◦C, and the maximal
and minimal temperatures are 41.5 ◦C and −20 ◦C, respectively. The frost-free period is
196 days. The average annual precipitation is 758 mm, with precipitation mainly concen-
trated in summer. Most of the forests at this farm were planted between the 1950s and the
1960s, with a total forest area of 9490 hm2 and a forest coverage rate of 81.5%. The main
tree species are Q. acutissima Carruth., Juglans regia L., Robinia pseudoacacia L., Pinus armandii
Franch., Castanea mollissima Bl., Platycladus orientalis (L.) Franco, Pinus thunbergii Parl, and
Pinus densiflora Sieb. et Zucc. The main shrubs are Lespedeza bicolor Turcz, Spiraea fritschiana
Schneid., and Vitis amurensis Rupr. The vines mainly include Celastrus orbiculatus Thunb.,
Rubus corchorifolius L.f., and Ziziphus mauritiana Lam. The herbs mainly include Artemisia
lavandulaefolia D.C., Oplismenus undulatifolius (Arduino) Beauv., Bothriochloa ischaemum (L.)
Keng., and Zoysia japonica Steud.

2.2. Seed Collection

Seeds with full appearance and no obvious moth were collected by hand in the
Q. acutissima plantation on 15 October 2018. The forest was planted in 1960 using one-
year-old seedlings. Its density is 675 trees per hectare, the average tree height is 16.9 m,
and the average diameter at breast height (DBH) is 21.2 cm. The collected seeds were first
soaked in water to remove the floating seeds, then the remaining seeds were sorted by hand,
and healthy seeds without pests and diseases were selected. According to the 1000-seed
weight of Q. acutissima seeds, the seeds were divided into three seed size categories: large
(1951.67 ± 66.90 g), medium (1634.00 ± 27.85 g), and small (826.23 ± 10.80 g).

2.3. Seed Germination and Seedling Growth Test

On 21 December 2018, according to the investigation results of the gap size of a
Q. acutissima plantation in the forest farm, two forest gaps (I, with an area of 197.82 m2;
II, with an area of 91.85 m2) and understory (III, 45 m2) with the same slope, slope position,
and slope aspect in the seed-harvesting Q. acutissima planted forest were selected for
different sizes of seed germination tests. The large, medium, and small seeds (LS, MS,
SS) were sown in each forest gap in four 50 cm × 50 cm plots with 40 seeds in each
plot; thus, there were a total of 36 small sample plots. We removed the litter, loosened
the topsoil slightly, then planted the seeds one by one, and finally re-covered the seeds
with the litter to an approximately 3 cm depth. In August 2020, the number of existing
seedlings was counted and the emergence rate (ER, number of seedlings/number of seeds
sown × 100%) was calculated. One seedling was carefully excavated from each plot, and a
total of 36 biennial seedlings were taken back to the laboratory. Then, another three to five
seedlings of similar size were selected and tagged from each plot. The height and diameter
of the selected seedlings were measured monthly from September 2020 to October 2021.
Among these tagged seedlings, one three-year-old seedling was selected from each plot
and carefully dug up. A total of 36 seedlings were taken back to the laboratory. Because
the seedling emergence rate in gap I was too low and only a few seedlings from large
seeds were found, they were not analyzed in the seedling growth test. The relative height
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growth rate (RGRH, cm cm−1 d−1) and relative ground diameter growth rate (RGRD,
mm mm−1 d−1) for each month were calculated with Equations (1) and (2), respectively.

RGRH = (lnH2 − lnH1)/(t2 − t1) (1)

RGRD = (lnD2 − lnD1)/(t2 − t1) (2)

H is the seedling height (cm) and D is the seedling ground diameter (mm). Subscripts
refer to the first month (1) and the next month (2), and t2 − t1 is the number of days
between two adjacent months.

In the laboratory, the seedlings were divided into root, stem, and leaf. The area of each
leaf of each seedling was determined using a CI-202 portable laser leaf area meter (CID Inc.,
Washington, DC, USA). The soil on the root system was first rinsed off with water, and after
scanning the root system with an HP Scanjet 8200 scanner, the scanned images were analyzed
with Delta-T Area Meter Type AMB2 root parameter analysis software to obtain root length (RL),
root surface area (RSA), and root volume (RV). After scanning, the roots, stems and leaves were
placed in an envelope and put inside an oven at 120 ◦C for 30 min to inactivate, and then the
temperature was adjusted to dry the moisture at 80 ◦C to a constant weight, and the dry weight
was weighed. Seedling biomass (SB, root dry weight + stem dry weight + leaf dry weight),
specific leaf area (SLA, leaf area/leaf dry weight), leaf area ratio (LAR, leaf area/biomass),
root mass ratio (RMR, root dry weight/seedling biomass), stem mass ratio (SMR, stem dry
weight/seedling biomass), leaf mass ratio (LMR, leaf dry weight/seedling biomass), root/shoot
ratio (RS, root dry weight)/(leaf dry weight + stem dry weight)), photosynthetic tissues/non-
photosynthetic tissues (P/NP, leaf mass/(stem + root mass)), Specific root length (SRL, root
length/root dry weight) and specific root surface area (SRA, root surface area/root dry
weight) were calculated.

2.4. Measurement of Precipitation and Soil Water Content in the Forest

The precipitation at 1.5 m in the forest was measured from January 2019 to October 2021
using a CR3000 automatic weather station (Campbell Scientific, Logan, UT, USA), which
automatically recorded daily data every 10 min. Data were collected every month.

Soil water content in the forest gaps and in the understory was measured monthly
from September 2020 to October 2021. Three soil samples were randomly taken from each
forest gap monthly with a soil auger at a depth of 0–10 cm and were then placed in an
aluminum box and brought back to the laboratory to measure the fresh weight of the
soil (m) with an electronic analytical balance. The weighed soil samples were placed in
an oven at 105 ◦C, dried for 8 h, and then taken out to measure the mass of the dried soil
samples (ms), and the soil water content (SWC) was measured according to the formula:

SWC (%) = (m − ms)/ms × 100% (3)

2.5. Statistical Analysis

The precipitation effect was tested by a two-way ANOVA, with year and month as
the sources of variations. The soil water content was tested by a two-way ANOVA, with
gap size and month as the sources of variation. The indexes of seedling growth (height,
ground diameter, relative height growth rate, and relative ground diameter growth rate)
were tested by a three-way ANOVA, with gap size, seed size, and month as the sources
of variation. The biomass and morphological parameters of seedlings were also analyzed
by three-factor ANOVA, with gap size, seed size, and age as the sources of variation.
Before the analysis of variance, all the data passed the test of normality and homogeneity
of variance. When ANOVA indicated a significant overall treatment effect, a multiple
comparison test (post-hoc Least Significant Difference test) was carried out to compare
the parameter means. The correlation analysis of seedling biomass, biomass allocation,
and root morphological indicators was carried out. All the seedling indices were analyzed
by principal component analysis (PCA) to identify the main factors relevant to seedling
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biomass. The statistically significant level was set at p = 0.05. All statistics were conducted
with SPSS for Windows 26.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Monthly Dynamics of Precipitation and Soil Water Content
3.1.1. Precipitation

It was shown that the month (F = 5.07, p < 0.01) and the year (F = 6.42, p < 0.01) had
significant effects on precipitation. As the month increases, precipitation first increased and
then decreased, with the highest values appearing between July and September (Figure 1).
The difference in precipitation was not significant between in 2019 and in 2020, and both
were significantly lower than that in 2021. The precipitation distribution differed between
the three years. The precipitation in 2019 was mainly concentrated in July and August,
with high rainfall from April to July in 2020, and concentrated precipitation from June to
October in 2021 (Figure 1).

Figure 1. Change of daily average precipitation at 1.5 m in Quercus acutissima forest from January 2019
to October 2021.

3.1.2. Soil Water Content of Different Gap Sizes

The month (F = 30.74, p < 0.01) and the forest gap size (F = 37.97, p < 0.01) showed
significant effects on soil water content. As the month increased, the soil water content
fluctuated, with less variation from September 2020 to June 2021, and it varied greatly from
July 2021 to September 2021, with the highest values of soil water content in September
2021, followed July 2021 (Figure 2). Among the forest gaps, the difference between the soil
water content of gap I and gap II was not significant (p > 0.05), and both were significantly
lower than that of understory III (p < 0.01). Significant interaction effects between the
month and gap size were found (F = 10.15, p < 0.01). From November 2020 to April 2021,
the rank of soil water content was gap I < II < III (Figure 2).

Figure 2. Monthly dynamic changes of soil water content under different gap sizes in Quercus
acutissima forest from September 2020 to October 2021.
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3.2. Effects of Forest Gap and Seed Size on Seedling Germination Rate

The results showed that gap size had a significant effect on ER (F = 21.53, p < 0.01), and
seed size also had a significant effect (F = 5.29, p < 0.05). The interaction between the two
factors was not significant (F = 2.57, p > 0.05). With the decreasing forest gap size, ER first
increased and then decreased (Figure 3), ranked as II > III > I (p < 0.05). ER in gap I was
extremely low, and was only 2.92 ± 4.74%. Between seed sizes, ER did not show significant
differences between LS and MS (p > 0.05), and both were significantly higher than that of
SS (p < 0.05).

Figure 3. The emergence rate of seeds with different sizes of Quercus acutissima with the decrease of
forest gap. LS: large seed; MS: medium seed; SS: Small seed.

3.3. Effects of Forest Gap and Seed Size on Seedling Growth Dynamics
3.3.1. Seedling Height and Ground Diameter

The results showed that the month had a highly significant effect on SH and GD
(Table 1). SH and GD increased significantly with the month (Figure 4). The seed size did
not have a significant effect on SH but had a significant effect on GD (Table 1). The difference
in GD between LS and MS was not significant (p > 0.05) and both were significantly
larger than the GD of SS (p < 0.01). The forest gap showed a significant effect on SH and
GD (Table 1), and GD of gap II was significantly larger than that of understory III. The
interaction between the month and forest gap exhibited a highly significant effect on SH
and GD (Table 1). SH and GD increased significantly more between April 2021 and October
2021 than those between September 2020 and March 2021 (Figure 4). The interaction of
seed size and forest gap had a highly significant effect on SH and GD (Table 1). Seedlings
of different sizes in gap II were close in SH and GD, but seedlings from LS in understory III
had the highest SH and GD, while the seedlings from SS were close to LS in SH and close
to MS in GD (Figure 4).

Table 1. Three-factor analysis of variance of time, seed size, and gap size on seed germination and
seedling indexes of Quercus acutissima. ER: emergence rate; SH: seedling height; GD: ground diameter;
RGRH: relative height growth rate; RGRD: relative ground diameter growth rate.

Index
Time (A) Seed Size (B) Forest Gap (C) A × B A × C B × C A × B × C

F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value

ER ——- —— 5.29 <0.05 21.53 <0.01 —— —— —— —— 2.57 0.06 —— ——
SH 85.45 <0.01 1.45 0.24 502.31 <0.01 0.23 1.00 4.68 <0.01 39.13 <0.01 0.35 1.00
GD 26.28 <0.01 27.11 <0.01 409.45 <0.01 0.74 0.83 4.12 <0.01 10.65 <0.01 0.04 1.00

RGRH 86.81 <0.01 0.28 0.76 1.40 0.237 0.52 0.97 1.27 0.23 1.97 0.14 1.33 0.14
RGRD 20.11 <0.01 7.70 <0.01 38.16 <0.01 1.47 0.07 3.31 <0.01 0.35 0.71 0.53 0.97
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Figure 4. Monthly dynamic changes of seedling height and ground diameter of Quercus acutissima
seedlings from different sizes of seeds under different forest gaps. LS: large seed; MS: medium seed;
SS: small seed.

3.3.2. Relative Growth Rate

RGRH was significantly affected by month but not affected by seed size or forest gap
(Table 1). RGRH decreased significantly with the increasing month in a waved pattern, with
a slight increase from May to July 2021 (Figure 5). The month, seed size, and forest gap
showed significantly effects on RGRD (Table 1). RGRD first increased and then decreased
with the increasing month, with higher values between December 2020 and May 2020 to
September 2020 (Figure 5). Among seed sizes, RGRD from LS was significantly greater than
that of MS and SS (p < 0.01), while the difference between MS and SS was not significant
(p > 0.05). RGRD in gap II was significantly greater than that of understory III (Table 1).
The interaction of the month and forest gap showed a significant effect on RGRD (Table 1).
As the time increased, the difference in RGRD among forest gaps became smaller (Figure 5).

3.4. Effects of Forest Gap and Seed Size on Seedling Biomass and Biomass Allocation Dynamics

The age, seed size, and forest gap showed significant effects on SB, and there was
a significant interaction between seed size and forest gap (Table 2). The SB of biennial
seedlings was lower than that of three-year-old seedlings (p < 0.01), with an average of
1.65 ± 0.88 g and 2.82 ± 1.77 g, respectively. SB was greater in gap II than in gap III
(Figure 6). With different seed sizes, the difference in SB between LS and MS was not
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significant, and both were greater than the SB from SS. The larger the seeds, the stronger
the light intensity, and then the greater the SB (Figure 6).

Figure 5. Monthly dynamic changes of the relative growth of height and ground diameter of
Quercus acutissima seedlings from different sizes of seeds under different forest gaps. LS: large seed;
MS: medium seed; SS: small seed.

Table 2. Three-factor analysis of variance of age, seed size, and gap size on seed germination and
seedling indexes of Quercus acutissima. SB: seedling biomass; RMR: root mass ratio; SMR: stem mass
ratio; LMR: leaf mass ratio; R/S: root/shoot ratio; P/NP: photosynthetic tissues/non-photosynthetic
tissues; SLA: specific leaf area; LAR: leaf area ratio; RL: root length; RSA: root surface area; RV: root
volume; SRL: specific root length; SRA: specific root surface area.

Index
Age (A) Seed Size (B) Forest Gap (C) A × B A × C B × C A × B × C

F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value F Value p Value

SB 15.59 <0.01 4.84 <0.05 22.74 <0.01 3.46 0.06 3.39 0.08 6.35 <0.01 3.04 0.08
RMR 2.19 0.16 3.76 <0.05 0.27 0.61 0.37 0.70 1.04 0.32 0.06 0.95 0.67 0.53
SMR 0.36 0.56 2.75 0.09 2.57 0.13 1.54 0.25 0.25 0.63 3.90 <0.05 0.58 0.57
LMR 3.42 0.08 0.76 0.49 0.31 0.59 0.57 0.58 0.45 0.51 1.17 0.34 1.50 0.25
R/S 3.61 0.08 4.56 <0.05 0.25 0.62 1.05 0.37 0.48 0.50 0.02 0.98 0.95 0.41

P/PN 2.52 0.13 0.78 0.48 0.06 0.81 0.62 0.55 0.78 0.39 1.00 0.39 1.35 0.29
SLA 15.04 <0.01 0.44 0.65 2.07 0.17 0.42 0.67 2.34 0.15 2.97 0.08 2.76 0.09
LAR 2.01 0.18 1.70 0.21 0.43 0.52 0.19 0.83 0.96 0.34 0.00 1.00 0.87 0.44
RL 0.34 0.57 1.14 0.34 1.31 0.27 0.58 0.57 0.09 0.77 0.35 0.71 0.99 0.39

RSA 1.98 0.18 3.90 <0.05 9.64 <0.01 2.27 0.14 0.00 0.99 0.38 0.69 1.09 0.36
RV 4.75 <0.05 3.36 0.06 12.35 <0.05 2.98 0.08 0.39 0.54 2.08 0.16 2.35 0.13
SRL 0.78 0.39 0.75 0.49 2.33 0.15 0.45 0.65 0.90 0.36 2.59 0.11 0.85 0.44
SRA 5.48 <0.05 1.40 0.28 3.80 0.07 0.11 0.89 0.46 0.51 4.00 <0.05 0.57 0.58
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Figure 6. Dynamic changes of biomass and biomass allocation of Quercus acutissima seedlings from
different sizes of seeds under different forest gaps. LS: large seed; MS: medium seed; SS: small
seed. Different capital letters indicate that there is a significant difference between different seed
size groups under the same gap (p < 0.05); different lower letters indicate that there is a significant
difference between gaps under the same seed size (p < 0.05).
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The age and gap size had no significant effects on RMR, SMR, LMR, R/S, or P/PN.
The seed size showed significant effects on RMR and R/S, but no significant effects on SMR,
LMR, and P/PN (Table 2). Among different seed sizes, LS was significantly greater than
SS in RMR and R/S, but MS was not significantly different from LS and SS, respectively
(Figure 6).

3.5. Effects of Forest Gap and Seed Size on Leaf Characteristics Dynamic

Results showed that age had a significant effect on SLA and no significant effect on
LAR. Seed size and forest gap had no significant effect on SLA and LAR (Table 2). The SLA
of three-year-old seedlings was significantly larger than that of biennial seedlings (p < 0.01),
and the average values were 360.79 ± 214.22 cm2 g−1 and 169.08 ± 29.04 cm2 g−1, respec-
tively (Figure 7).

Figure 7. Dynamic changes of leaf characteristics of Quercus acutissima seedlings from different sizes
of seeds under different forest gaps. LS: large seed; MS: medium seed; SS: small seed. Different capital
letters indicate that there is a significant difference between different seed size groups under the same
gap (p < 0.05), and different lower letters indicate that there is a significant difference between gaps
under the same seed size (p < 0.05).

3.6. Effects of Forest Gap and Seed Size on Root Characteristics Dynamics

Among the root indicators, age had a significant effect on RV and SRA, seed size
had a significant effect on RSA, forest gap had a significant effect on RSA and RV, and
the effects of all other factors were not significant for root system indicators (Table 2). RV
of biennial seedlings was lower than that of three-year-old seedlings (p < 0.05), with an
average of 0.71 ± 0.35 cm3 and 1.02 ± 0.68 cm3, respectively. However, the SRA of biennial
seedlings was larger than that of three-year-old seedlings (p < 0.05), and the average values
were 30.13 ± 8.97 cm2 g−1 and 21.87 ± 13.34 cm2 g−1. Among different seed sizes, LS had
higher RSA than SS, while MS was not significantly different from LS and SS. RSA and RV
were higher in II than in III (Figure 8).
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Figure 8. Dynamic changes of root characteristics of Quercus acutissima seedlings from different sizes
of seeds under different forest gaps. LS: large seed; MS: medium seed; SS: small seed. Different capital
letters indicate that there is a significant difference between different seed size groups under the same
gap (p < 0.05), and different lower letters indicate that there is a significant difference between gaps
under the same seed size (p < 0.05).

3.7. Correlation Analysis of Seedling Characteristics

SB was significantly and positively correlated with RSA and RV, and significantly and
negatively correlated with SRL and SRA, which indicated that root characteristics were the
main factors determining seedling growth. RMR was significantly negatively correlated
with LMR, P/PN, SRL, and SRA, and was significantly positively correlated with R/S, RSA,
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and RV. RSA and RV were significantly negatively correlated with SRL and SRA (Table 3),
indicating that there were differences in root resource utilization.

Table 3. Correlation analysis among seedling characteristics of Quercus acutissima. SB: seedling
biomass; RMR: root mass ratio; SMR: stem mass ratio; LMR: leaf mass ratio; R/S: root/shoot ratio;
P/NP: photosynthetic tissues/non-photosynthetic tissues; SLA: specific leaf area; LAR: leaf area ratio;
RL: root length; RSA: root surface area; RV: root volume; SRL: specific root length; SRA: specific root
surface area. *, p < 0.05; **, p < 0.01.

Index SB RMR SMR LMR R/S P/PN SLA LAR RL RSA RV SRL SRA

SB 1
RMR 0.31 1
SMR −0.37 −0.34 1
LMR −0.04 −0.72 ** −0.40 * 1
R/S 0.37 0.96 ** −0.32 −0.70 ** 1
P/PN −0.06 −0.72 ** −0.37 0.97 ** −0.65 ** 1
SLA −0.09 0.34 0.35 −0.58 ** 0.35 −0.49 ** 1
LAR −0.14 −0.51 ** 0.00 0.49 ** −0.52 ** 0.48 * 0.19 1
RL 0.28 −0.12 −0.01 0.16 −0.06 −0.11 0.16 −0.16 1

RSA 0.80 ** −0.15 −0.27 0.48 * −0.40 * −0.17 0.50 ** −0.22 0.68 ** 1
RV 0.91 ** −0.12 −0.32 0.50 ** −0.45 * −0.16 0.54 ** −0.19 0.33 0.91 ** 1
SRL −0.60 ** −0.13 0.14 −0.44 * 0.46 * 0.09 −0.41 * 0.08 0.32 −0.39 * −0.62 ** 1
SRA −0.70 ** −0.21 0.08 −0.50 ** 0.48 * 0.13 −0.48 ** 0.12 0.19 −0.44 * −0.64 ** 0.94 ** 1

The results of the PCA showed that the first and second principal components repre-
sented 65.73% of the total variables (Figure 9). The coefficient of each index, eigenvalue,
variance contribution rate, and accumulated contribution rate are shown in Table A1.
The first principal component (41.57%) reflected the root system characteristics related to
biomass, including R/S, RMR, RV, RSA, SRA, SB, and SRL. The second principal component
(24.16%) was related to the biomass distribution characteristics of ground parts, including
LMR, P/NP, SMR, and SLA.

Figure 9. Principal component analysis of Quercus acutissima seedling traits. SB: seedling biomass; RMR: root
mass ratio; SMR: stem mass ratio; LMR: leaf mass ratio; R/S: root/shoot ratio; P/NP: photosynthetic
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tissues/non-photosynthetic tissues; SLA: specific leaf area; LAR: leaf area ratio; RL: root length;
RSA: root surface area; RV: root volume; SRL: specific root length; SRA: specific root surface area.

4. Discussion

Precipitation was observed to be the major factor affecting soil water content in na-
ture [11,40]. In this study, there was minimal precipitation from January to June and a
significantly increased rainfall in July 2019. The seeds of Q. acutissima were found to germi-
nate in July. Therefore, soil water content was a dominant factor for the seed germination of
Q. acutissima, which is in agreement with those obtained for Pinus sylvestris L. [11] and Pi-
nus pinaster Ait. [13]. In addition, we found that forest gaps had a significantly modulatory
influence on soil water content. From November 2020 to April 2021, the soil water content
of forest gap I was the lowest, which was related to less precipitation in the same period.
The higher light radiation in large forest gaps than in understory contributed to the higher
temperature and thus higher evaporation, leading to variable soil humidity [41]. The seeds
of Q. acutissima are mild recalcitrance and have poor dehydration tolerance. Research on
Q. robur L. [42] found that the lower the soil water content was, the poorer the germination
capacity was. Thus, the low soil water content and long duration of drought were the
major factors for the almost zero seedling emergence rate of gap I. The soil water content
in gap III was the highest, and was the most important reason for the higher seedling
emergence rate in the understory. However, the highest germination rate was in II, in
addition to its relation to the higher soil water content, which was also associated with
higher temperature. These findings clearly indicated that the smaller forest gaps were more
favorable for seed germination. Moreover, we found that the seedling emergence rate of
large and medium seeds was higher than that of small seeds. This finding is consistent with
prior research [28–31]. The germination advantage of large seeds has been related to their
high nutrient contents [5]. Large seeds had the highest germination rate and had a high-
stress tolerance ability, which was in line with the finding of Paz and Martínez-Ramos [33].
Together, the above findings suggest that seed germination of Q. acutissima is determined
mainly by precipitation and is simultaneously obviously regulated by the size of the forest
gap and by seeds.

Growth is an important indicator of plant adaptation to external environments [43]. In
this study, results showed that the seedlings of Q. acutissima in gap II had higher seedling
height, ground diameter, and biomass than those in gap III. This indicated that the forest
gap contributed to the growth of seedlings, which was in line with the results found by
Collet et al. [17] and Diaci et al. [18]. The seedling size of Q. acutissima in forest gaps was
higher than in understory, indicating a high demand for light, consistent with results from
other research [16,25,26]. There were no significant effects of forest gaps on the relative
growth rate of seedling height. Grogan et al. [23] suggested that seedling height determines
growth and survival after forest gap formation. For the relative ground diameter growth
rate, gap II was significantly greater than that of understory III. The high relative ground
diameter growth rate reflects the increased storage capacity of the seedlings and their ability
to adapt to the understorey habitat [43,44]. Therefore, the adaption ability of seedlings in
forest gaps meant that they performed better than those in the understory. Additionally, we
found that large seeds of Q. acutissima had higher biomass, ground diameter, and relative
growth rate of ground diameter than small seeds, which led to the higher adaptation
ability of large seeds compared to small seeds. furthermore, the reserved nutrients of large
seeds affects the growth of seedlings over a longer period [35,36]. Previous studies [33,34],
however, considered that the relative growth rate of small seeds was higher than that of
large seeds. Quero et al. [34] found only two species supported this conclusion. These
indicated that the effect of seed size on the growth of seedlings was complicated. Forest
gaps and large seeds contributed to the rapid increase in seedling ground diameter, which
was an important approach to improving adaptation ability to the environment within
the forest.
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Morphological adaptation is one of the primary ways for plants to adapt to the external
environment [45]. It suggests there was no significant difference in biomass allocation of
seedlings of Q. acutissima among forest gaps. The investigation of the natural regeneration
of seedlings under Q. acutissima forest also showed that no significant difference existed
in biomass allocation between 2–4-year-old seedlings. This was believed to be related to
severe soil drought during its growth period [38]. The annual rainfall was 519.72 mm in
2020, close to the rainfall from 2014 to 2016, and thus seedlings were under severe drought
stress. Therefore, the biomass allocation of seedlings was limited by severe drought stress.
Seedlings of Q. acutissima in gap II had higher total root surface area and root volume
compared to III, indicating a higher ability for the absorption of soil water and nutrients.
The root is the major organ for storing non-structural carbohydrates [46,47]. The larger root
volume was beneficial for Q. acutissima to store more non-structural carbohydrates and
to improve the adaptability of seedlings in the understory [38]. Herrear [48] also argued
that root development of Quercus suber L. was crucial for understory survival. Among
seeds of different sizes, large seeds generally have a higher root mass ratio and root/shoot
ratio than small seeds. In the understory, a high root/shoot ratio was beneficial to its
adaptation to drought stress [47,49]. Seedlings from large seeds of Q. acutissima had a
higher total root surface area than seedlings from small seeds, which indicated that the
root development of large seeds was better than that of small seeds. Correlation analysis
showed that the seedling biomass of Q. acutissima was significantly positively correlated
with total root surface area and root volume. Principal component analysis showed that root
characteristics were the key factors affecting seedling biomass. Therefore, the regulation
of roots was an important way for seedlings of Q. acutissima to adapt to the environment
within the forest, which was consistent with the results of previous studies [38].

Through research on seed germination and the early seedling growth of Q. acutissima,
it was found that the two stages showed different requirements for forest gaps, which was
consistent with the conclusions of other scholars regarding some tree species [3,10]. The low
precipitation in 2019 resulted in an extremely low rate of seed germination under a large
forest gap, and seedlings could not be established. Changes in precipitation patterns would
have an important impact on natural forest regeneration [9]. The small gap and understory
had higher soil water content, and seed germination was less affected. Rozas [16] also
believed that Quercus seeds are large and nutrient-rich, and seed germination is not a
key process that limits natural regeneration. In terms of growth, the growth of seedlings
in gap II was better than that in III, which indicated that the smaller gap was suitable
for the growth of early seedlings. It is easier to establish a seedling bank under the
forest or under the small forest gap, which provides the foundation for rapid growth
after the appearance of the larger forest gap in the future. Therefore, this paper agrees
that the advanced seedling bank in the forest understory is the main source of natural
regeneration [22,23]. Seed size significantly affected the germination and early seedling
growth of Q. acutissima. Large seeds had obvious advantages in germination, seedling
diameter growth, and root development, especially in the understory. Therefore, large
seeds improved the adaptability of Q. acutissima in the understory, which was consistent
with the conclusion of Quero et al. [34]. Overall, seed germination is not the key process
that restricts the natural regeneration of Q. acutissima, but the growth and survival of
seedlings are the key limiting stages of natural regeneration.

5. Conclusions

This study showed that the precipitation in this area was the key factor limiting the
germination of Q. acutissima seeds under its plantations. The gap affected the germination
of Q. acutissima seeds by regulating soil water content. In this paper, a suitable gap size pro-
motes the germination of Q. acutissima seeds, but excessively large gaps are prone to severe
drought and can cause seed germination failure. In the early growth of seedlings, the small
forest gap was significantly higher than that under the forest. Therefore, seed germination
and seedling growth depend on gaps differently. Large seeds have the highest germination
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capacity, seedling ground diameter growth rate, and root development, especially under
the forest canopy, which shows that they are most conducive to the early establishment
of seedlings. Therefore, forest gap and seed size are the key factors for the establishment
of the understory seedling bank of the Q. acutissima plantation. In future research, it is
necessary to strengthen the monitoring of precipitation and environmental factors in the
forest. The results give insight into the relationship between seedling growth and gap size,
and provide a basis for the regeneration and management of Q. acutissima plantation.
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Appendix A

Table A1. Coefficient, eigenvalue, variance contribution rate, and the accumulated contribution
rate of principal components. SB: seedling biomass; RMR: root mass ratio; SMR: stem mass ratio;
LMR: leaf mass ratio; R/S: root/shoot ratio; P/NP: photosynthetic tissues/non-photosynthetic tissues;
SLA: specific leaf area; LAR: leaf area ratio; RL: root length; RSA: root surface area; RV: root volume;
SRL: specific root length; SRA: specific root surface area.

Index
The First Principal

Component
The Second Principal

Component

R/S 0.86 −0.32
RMR 0.86 −0.34
RV 0.84 0.41

RSA 0.77 0.34
SRA −0.73 −0.34
SB 0.73 0.50

SRL −0.67 −0.35
LMR −0.55 0.82
P/NP −0.56 0.78
SMR −0.39 −0.66
SLA 0.20 −0.60
RL 0.25 0.06

LAR −0.48 0.30

Eigenvalue 5.40 3.15
Variance contribution rate (%) 41.57 24.16

Accumulated contribution
rate (%) 41.57 65.73
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Abstract: The composition and diversity of rhizosphere microbial communities may be due to root–
soil–microbial interactions. The fine root functional traits and rhizosphere soil environmental factors
of 13 representative plants in the Bawangling tropical cloud forest of Hainan Island were measured, to
assess the key factors driving plant rhizosphere microbial communities. Illumina MiSeq sequencing
technology was used to sequence the v3-V4 region of the 16SrDNA gene of 13 plant rhizosphere
soil bacteria and the ITS1 region of the fungal ITSrDNA gene. Results showed that there were
355 families, 638 genera, and 719 species of rhizosphere soil bacteria as well as 29 families, 31 genera,
and 31 species of rhizosphere soil fungi in the tropical cloud forests. The fine root traits, such as
root phosphorus content, the specific root length and specific root area, were significantly negatively
correlated with the Faith-pd indices of the bacterial community but were not correlated with the
diversity of fungi communities. The soil pH was significantly and positively correlated with the
Chao1 index, OTUs, Faith-pd and Simpson indices of the bacteria and fungi communities. The soil
available phosphorus content was significantly and negatively correlated with the bacteria Simpson
and the fungus Faith-pd indices. ABT analysis showed that soil pH and soil available phosphorus
were the most important environmental conditions contributing to the rhizosphere bacterial and
fungi communities, respectively. Our findings demonstrate that the soil environments had more
influence on rhizosphere soil microbial diversity than the fine root functional traits.

Keywords: Hainan island; soil pH; soil available phosphorus; root–soil–microbial interactions

1. Introduction

The rhizosphere is the soil region directly affected by plant roots and is the place where
roots, soil microorganisms, and soil interact [1,2]. Due to the effects of the rhizosphere,
there are more microorganisms in rhizosphere soil than in bulk soil [3]. The community
structure, abundance, and diversity of the rhizosphere microorganisms are affected by
root–soil–microbe interactions [4]. Plant roots and soil are two important components of
the root–soil–microbe interface and are the main factors that influence the composition and
structure of the rhizosphere microbial community [5,6].

Plant roots continuously secrete various substances to promote plants’ absorption of
mineral elements and provide the rhizosphere soil microbes with sugars, sugar alcohols,
amino acids and phenolics as nutrient and energy supplies [7]. The type and quantity of
the root exudates determine the type and quantity of rhizosphere microorganisms and
affect the rhizosphere soil microbial community structure and carbon source utilization [8].
That is to say, the plants “actively” select rhizosphere soil microorganisms through root
exudates [9].
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As the main plant organs for the absorption, storage, and transport of nutrients and
water of the plant root system, fine roots (diameter ≤ 2 mm) are crucial for the growth and
distribution of plants [10]. They are sensitive to the changes in the soil environment and
adapt to the environmental changes by changing their shapes and other characteristics [11].
Studies have found that the functional traits of fine roots are significant for predicting
soil microbial groups and functional communities [12,13]. For example, Sweeney et al.
(2021) found that temperate grassland plant functional traits, especially root traits, affect
the composition of the rhizosphere fungal community and can be used to predict the fungal
community. Similarly, Spitzer et al. (2021) found that the spectrum of subarctic tundra
meadow plants’ fine root economic trait chemical axis is positively correlated with the
rhizosphere fungus/bacteria ratio. Although many studies have focused on the relationship
between root traits and rhizosphere soil microbes [12,14–20], no studies we are aware of
have explored these relationships in a high-altitude tropical forest ecosystem.

Soil is one of the ecosystems with the most abundant microbes on earth and is regarded
as a reservoir for rhizosphere microbial communities [21]. The complex properties of soil
affect the initial microbial community during the assembly process of the rhizosphere
soil microorganisms by directly changing the soil microbial community composition [21].
Furthermore, soil can indirectly change the composition and relative abundance of the
rhizosphere soil microbiome by influencing plant physiological activities [22]. For example,
Zhao et al. [23] found that the nutrient content of soil is the main factor affecting the soil
microbial structure of subtropical mountain forests. Glassman et al. [24] showed that pH
and soil nutrient locally drive the assembly of a fungal community; global meta-analyses
also indicate that soil physical and chemical properties, especially soil pH, are the dominant
factors affecting the characteristics and diversity of soil microbial communities [25–28].

Few studies were conducted to examine the combined effect of rhizosphere soil
factors and fine root functional traits on rhizosphere soil microorganisms [21], especially in
high-altitude forests (such as tropical cloud forests). The tropical cloud forest is a typical
ecosystem sensitive to climate change, and is the most threatened and least studied forest
in the world [29]. Compared with low-altitude tropical forests, tropical cloud forests
have unique community structures and rich species diversity and are mainly distributed
on high-altitude mountain tops or ridges, with frequent occurrence of clouds and fog,
low temperatures, strong winds, low tree heights, small tree diameter and frequently
water-saturated soil [30].

In this study, our objective was to explore the effects of the rhizosphere environment
and fine root functional traits on rhizosphere microbial communities in tropical cloud forest.
Our hypotheses are: (1) plant fine root functional traits and rhizosphere soil nutrients
together affect the rhizosphere microbial community diversity; (2) the soil abiotic environ-
ment plays a predominant determinant role in the assembly of the rhizosphere microbial
community.

2. Materials and Methods

2.1. Study Site

The study site was located in the Bawangling area of Hainan Tropical Rainforest
National Park (18◦50′–19◦05′N, 109◦05′–109◦25′E), with an altitude range of 100–1654 m
(Figure 1). This region has a tropical monsoon climate with obvious dry and wet seasons,
with a wet season from May to October and the dry season from November to April [31].
The typical type of soil is latosol developed from granite and sandstone as parent materials,
which gradually transitions into mountain red soil, yellow soil and meadow soil with an
increased altitude [32]. The main vegetation types include lowland rainforest, mountain
rainforest and cloud forest [33]. The tropical cloud forest in Bawangling is mainly dis-
tributed in the shape of islands on ridges or mountaintops above 1250 m above sea level.
There are two forest types in the tropical cloud forest in Bawangling, which are generally
categorized as a tropical montane evergreen forest (TMEF) and a tropical dwarf forest
(TDF) [32]. They are primary old-growth forests. The dominant species in TMEF include
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Cryptocarya chinensis (Hance) Hemsl., Cyclobalanopsis championii (Benth.) Oerst., Ternstroemia
gymnanthera (Wright et Arn.) Sprague, Exbucklandia tonkinensis (Lec.) Steen., Cinnamomum
tsoi Allen. and Syzygium araiocladum Merr. et Perry. In TDF, dominant species include
Distylium racemosum Sieb. and Zucc., Syzygium buxifolium Hook. et Arn., Engelhardtia
roxburghiana Wall., Symplocos poilanei Guill., Rhododendron moulmainense Hook. F and C.
tsoi Allen [32]. The species in tropical cloud forest systems are assembled with multiple
ecological processes [34]. The tree and shrub species within the tropical cloud forest were
non-random trait-based assembled [35].

Figure 1. Location map of the study area.

2.2. Samples Collection

The experimental samples were collected in January 2021. According to the early plant
species diversity, the data of 21 (20 m × 20 m) plots with diameter at breast height (DBH)
larger than 1 cm in Bawangling tropical cloud forest and considered as community domi-
nant species, rare species, phylogenetic relationships of plants, plant classification groups
(gymnosperms and angiosperms), and plant life forms (shrub and macrophanerophytes)
were obtained. In the present study, we chose 13 representative tree species (Table 1). DBH
was measured by DBH ruler at the height of 1.3 m above the ground, and plant height of
all individual trees appearing in the study plot was measured using a clinometer.

After clearing debris about 1 m around the target tree trunk (inside the crown), fine
roots were collected by the root-tracking method. After digging out the fine roots, large
pieces of soil were shaken off and soil within 5 mm on the root surface was collected [36].
For the soil samples, after a soil sample was taken from each of the three different directions
of the plant with 10–30 cm depth (there were 3 soil samples of a plant taproot), then the
three soil samples were mixed together. Finally, we obtained a mixed soil sample for each
individual plant. For the root samples, a root sample was taken from each of the three
different directions, and then we obtained three root samples for each individual plant.
Altogether, 56 soil samples and 168 root samples were collected. The rhizosphere soil
samples were brought to the laboratory for air drying and determination of physical and
chemical properties. Furthermore, the soil samples were stored in −80 ◦C liquid nitrogen
for high-throughput rhizosphere soil microbial sequencing. The fine root samples were
put into moisturizing sample bags and were placed in a cryogenic storage box. After the
cryogenic storage box was transported back to the laboratory, the root samples were put
into refrigerator at 4 ◦C.
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Table 1. Plant life forms, categories, stem diameter and height of plant species involved in the study.

Plant Species Plant Life Forms Plant Categories DBH 1 (cm) Height 1 (m)

Michelia mediocris Dandy Tree Angiosperm 6.22 ± 5.31 5.76 ± 2.43
Podocarpus neriifolius D.

Don Tree Gymnosperm 5.62 ± 5.19 4.600 ± 1.39

Syzygium buxifolium Hook.
et Arn. Shrub or small tree Angiosperm 8.02 ± 3.29 5.560 ± 1.13

Cyclobalanopsis disciformis
(Chun et Tsiang) Y. C. Hsu

et H. W. Jen
Tree Angiosperm 7.62 ± 11.45 4.18 ± 2.20

Manglietia fordiana var.
hainanensis (Dandy) N. H.

Xia
Tree Angiosperm 1.76 ± 0.53 2.90 ± 1.25

Pinus fenzeliana
Hand.-Mzt. Tree Gymnosperm 36.24 ± 16.41 12.14 ± 5.21

Castanopsis faberi
Hance Tree Angiosperm 2.63 ± 1.79 2.50 ± 0.87

Osmanthus didymopetalus P.
S. Green Tree Angiosperm 2.92 ± 2.56 4.12 ± 1.89

Distylium racemosum Sieb.
et Zucc. Shrub or small tree Angiosperm 16.46 ± 4.17 9.00 ± 1.00

Allomorphia balansae Cogn. Shrub Angiosperm 2.44 ± 1.45 2.75 ± 0.60
Olea dioica Roxb. Shrub or small tree Angiosperm 2.17 ± 1.10 2.93 ± 0.66

Syzygium championii
(Benth.) Merr. et Perry Shrub to small tree Angiosperm 2.54 ± 1.59 3.820 ± 2.27

Melastoma penicillatum
Naud. Shrub Angiosperm 2.13 ± 0.79 3.00 ± 0.84

1 The values presented are “mean ± standard error”; DBH: diameter at breast height.

2.3. Selection and Measurement of Fine Root Functional Traits

We selected fine root morphology and chemical traits that reflect plant ecological
strategies which are closely related to rhizosphere microorganisms, such as specific root
length, root tissue density, specific root area, root carbon content, root nitrogen content and
root phosphorus content (Table 2). The values of three root samples from the same plant
were averaged and taken for the fine root functional traits of each plant.

Table 2. Fine root functional traits selected and ecological strategies.

Traits Abbreviation Unit Ecological Strategies

Morphology traits
Specific root length SRL cm/g Resource acquisition.
Root tissue density RTD g/cm3 Transport, support and defense.
Specific root area SRA cm2/g Resource acquisition and defense.

Chemical traits
Root carbon content RC g/kg Microbial carbon source.
Root nitrogen content RN g/kg Microbial nutrient source.
Root phosphorus content RP g/kg Microbial nutrient source.

The retrieved roots were put into a 0.15 mm mesh bag and the impurities on the
root surface were cleaned with low-temperature deionized water. After cleaning, the
collected root samples were scanned by digital scanner (ESPON Chops V700 PHOTO). The
WinRHIZO Pro 2011B (Regent Instruments, Canada) root image analysis software was used
to analyze the scanned fine root images with diameter <2 mm to obtain the information
of fine root length (cm), surface area (cm2) and volume (cm3). The scanned and analyzed
fine roots were put into marked envelope bags, and then dried in an oven at 65 ◦C until
constant weight was taken out and weighed by an electronic balance (AR2140, Ohaus, USA)
to obtain the dry weight. The specific root length, root tissue density and specific root area
were calculated by using the following formula [37,38]:

Specific root length (cm/g) = Root length (cm)/ Dry weight of fine root (g);

Root tissue density (g/cm3) = Dry weight of fine root (g)/Fine root volume (cm3);

Specific root area (cm2/g) = Fine root surface area (cm2)/Dry weight of fine root (g).
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The carbon content of fine roots was determined by potassium dichromate oxidation-
external heating method after being crushed through a 40-mesh sieve [39]. After extracting
root nitrogen by semi-trace Kelvin method, automatic flow analyzer (ProxiMA1022/1/1,
Allians Scientific Instruments Co., LTD., Paris, France) was used to measure the root
nitrogen content. Determination of phosphorus content in fine roots was carried out by
molybdenum-antimony resistance colorimetry after concentrated sulfuric acid-perchloric
acid cooking [39].

2.4. Determination of Soil Physical and Chemical Properties

The collected fresh soil was dried naturally in the laboratory and then crushed by
a grinder after 100 mesh sieve was sent for testing. Soil organic matter content was
determined by potassium dichromic oxidation-external heating method, soil total nitrogen
was extracted by semi-trace Kelvin method and then measured by automatic flow analyzer
(ProxiMA1022/1/1, Allians Scientific Instruments Co., LTD., Paris, France), soil available
nitrogen content was determined by alkaline hydrolysis diffusion method [40]. The content
of total phosphorus in soil was measured by molybdenum-antimony resistance colorimetric
method after soil was boiled with concentrated sulfuric acid-perchloric acid [40]. The
content of available phosphorus in soil was also measured by molybdenum-antimony
resistance colorimetric method [40]. The pH value of soil was measured by potentiometric
method [40].

2.5. Sequencing of Rhizosphere Microorganisms

About 5 g of fresh soil samples (kept on dry ice) of each sample were weighed and
sent to the Shenzhen Weishengtai Technology Co., Ltd. for fungal ITS and bacterial 16S
high-throughput sequencing. Before sequencing, the total DNA was extracted according to
the instructions of the E.Z.N.A.® soil kit (Omega Bio-Tek, Norcross, GA, U.S.). The DNA
concentration and purity were examined by using the NanoDrop 2000 UV-vis spectropho-
tometer (Thermo Scientific, Wilmington, DC, USA), and the DNA extraction quality was
tested by 1% agarose gel electrophoresis. After qualitative analysis, the primers ITS1F
(5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2R (5’-GCTGCGTTCTTCATCGATGC-3’)
were used for polymerase chain reaction (PCR) amplification of the hypervariable region
of the ribosomal ITSI; the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’-GGACTACHVGGGTWTCTAAT-3’) were used for PCR amplification of the variable
region of ribosomal 16SV3-V4. The PCR products were recovered using 2% agarose gel,
then purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, USA), eluted with Tris-HCl, examined by 2% agarose electrophoresis, and quantified
using the QuantiFluor™- ST (Promega, Madison, WI, USA). Based on the Illumina MiSeq
sequencing platform, a PE 2*300 library was constructed using the purified amplified
fragments following standard operating procedures.

The original sequence fastq file was imported using the import plug-in (part of the
QIIME tools) into a file format that can be processed by QIIME2. Then, the QIIME2
dada2 plug-in was used for quality control, trimming, denoising, splicing, and removal
of chimeras, and the final characteristic sequence table was obtained. Then, the QIIME2
feature-classifier plug-in was used to compare the ASV representative sequence to the pre-
trained database (version 13.8) with a 99% similarity to obtain the classification information
table of the species. After that, the QIIME2 feature-table plug-in was used to remove all
contaminating mitochondria and chloroplast sequence.

From the sequencing, a barcode tag sequence representing the source information of
the sample was obtained, and a valid sequence was identified. Based on the statistics of
the effective sequences of the 56 samples collected, a total of 3,276,455 effective sequences
were obtained from the 16S sequencing of the 56 tropical cloud forest plant rhizosphere
soil samples, of which the lowest contained 44,197 effective sequences and the highest had
73,658 effective sequences. The ITS method gave a total of 3,802,639 effective sequences,
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with the lowest number of effective sequences of 46,633 and the highest effective sequences
of 145,148.

2.6. Data Analysis

Species annotation and abundance analysis were performed after splicing and filtering
Reads and clustering of the Operational Taxonomic Units (OTUs) (97%). The species
composition information of rhizosphere soil microorganisms was obtained. The alpha
diversity indices, such as OTUs, Chao1, Faith-pd, Shannon, Simpson index, etc., of the
rhizosphere soil bacteria and fungi were calculated. The correlation between environmental
factors (including soil environmental factors and fine root functional traits) around the
rhizosphere microorganisms, as well as the correlation between soil, fine root functional
traits, and rhizosphere soil microbes, were analyzed using the Spearman correlation. The
OTU abundance of the microbial community was used as the dependent variable, and the
functional traits of soil and fine roots were used as independent variables. The relative
influence of the functional traits of soil and fine roots on rhizosphere microbial diversity was
analyzed using Aggregated Boosted Tree (ABT). All calculations and plots were conducted
through R language (R x64 version 4.0.2); ABT analysis was performed using the R language
“dismo” package.

3. Results

3.1. Rhizosphere Microbial Diversity

In the present study, 33 phyla, 90 classes, 204 orders, 355 families, 638 genera, and
719 species of rhizosphere soil bacteria were found. The 3 phyla, 11 classes, 22 orders,
29 families, 31 genera, and 31 species of rhizosphere soil fungi were found in the plants
collected from the Bawangling tropical cloud forest. The top three ranking phyla in terms of
relative abundance among the 33 bacterial phyla are Proteobacteria (25.811–48.381%), Acti-
nobacteria (14.754–48.243%), and Acidobacteria (7.452–37.415%) (Figure 2). One of the three
fungal phyla was not annotated, and the other two phyla are Ascomycota (32.453–98.077%)
and Basidiomycota (0.395–15.562%) (Figure 3). The Chao1 index of bacteria was found in
the range of 547.111–1247.667, the Shannon index 7.867–9.245, and the Simpson index was
in the range of 0.988–0.998098189. Similarly, the Chao1 index of fungi was found in the
range of 165–896, the Shannon index 1.815–7.144, and the Simpson index ranged from 0.310
to 0.987.

 
Figure 2. Relative abundance of the first 20 phylum levels of bacterial communities in the samples.
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Figure 3. Relative abundance at phylum level of fungal communities in the samples.

3.2. Correlation between Fine Root Functional Traits and Rhizosphere Soil

The nitrogen contents of fine roots were significantly and negatively correlated with
soil organic matter (r = −0.54, p < 0.001) and total nitrogen content (r = −0.51, p < 0.001). The
root tissue density was significantly and negatively correlated with soil total phosphorus
(r = −0.35, p < 0.001). The specific root length (SRL) was significantly and positively
correlated with soil available nitrogen (r = 0.28, p = 0.03), but significantly negatively
correlated with soil pH (r = −0.32, p = 0.02). The root area had a significant positive
correlation with soil total phosphorus (r = 0.37, p = 0.005), and available nitrogen (r = 0.30,
p = 0.02), and a significant negative correlation with soil pH (r= −0.33, p = 0.01) (Figure 4).

Figure 4. Correlation between fine root functional traits and soil factors (specific root length: SRL;
root tissue density: RTD; specific root area: SRA; root carbon content: RC; root nitrogen content: RN;
root phosphorus content: RP; soil pH: pH; soil total phosphorus: STP; soil available phosphorus: SAP;
soil total nitrogen: STN; soil available nitrogen: SAN; soil organic matter: SOM; * p < 0.05, ** p < 0.01,
*** p < 0.001).

3.3. Effects of Fine Root Functional Traits and Rhizosphere Soil on Microbial Diversity

There was a significant negative correlation between the fine root phosphorus content
and the OTUs (r = −0.27, p = 0.04), Chao1 (r = −0.28, p = 0.04), and Faith-pd (r = −0.27,
p = 0.04) indices of the bacterial community. The specific root length and specific root area
of fine roots were significantly and negatively correlated with the Faith-pd index of the
bacterial community (specific root length, r = −0.28, p = 0.04; specific root area, r = −0.27,
p = 0.04). The soil pH was significantly and positively correlated with the Chao1 index of
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the bacteria (r = 0.34, p = 0.01), and had a significant positive correlation with the bacteria
OTUs (r = 0.35, p = 0.009), Faith-pd (r = 0.48, p < 0.001), Shannon (r = 0.40, p = 0.002),
and Simpson indices (r = 0.37, p = 0.004). The soil pH was significantly and positively
correlated with the Shannon index of fungi (r = 0.31, p = 0.02), and positively correlated
with the OTUs (r = 0.44, p = 0.001), Chao1 (r = 0.44, p = 0.001), and Faith-pd indices of
fungi (r = 0.48, p = <0.001). The soil available phosphorus content was significantly and
negatively correlated with the bacteria Simpson (r = −0.29, p = 0.03) and the fungus Faith-pd
indices (r = −0.30, p = 0.03) (Table 3).

Table 3. Fine root functional traits and the correlation between rhizosphere soil and soil microbial
community diversity.

RC RN RP RTD SRL SRA pH SOM STN STP SAN SAP

Bacteria

OTUs 0.55 0.59 0.04 * 0.23 0.26 0.15 0.009 ** 0.85 0.94 0.67 0.16 0.28
Chao1 0.56 0.57 0.04 * 0.22 0.28 0.16 0.01 * 0.86 0.96 0.66 0.18 0.31

Faith-pd 0.89 0.33 0.04 * 0.35 0.04 * 0.04 * 0.0002 *** 0.79 0.44 0.43 0.06 0.12
Shannon 0.34 0.69 0.16 0.32 0.25 0.16 0.002 ** 0.85 0.82 0.72 0.31 0.08
Simpson 0.40 0.60 0.31 0.60 0.22 0.19 0.004 ** 0.89 0.93 0.84 0.83 0.03 *

Fungi

OTUs 1.00 0.23 0.47 0.97 0.57 0.56 0.001 ** 0.62 0.44 0.37 0.58 0.05
Chao1 1.00 0.23 0.47 0.97 0.57 0.56 0.001 ** 0.62 0.44 0.37 0.58 0.05

Faith-pd 0.90 0.39 0.47 0.88 0.43 0.47 0.0002 *** 0.40 0.19 0.17 0.99 0.03 *
Shannon 0.69 0.18 0.85 0.31 0.56 0.33 0.02 * 0.87 0.53 0.79 0.10 0.19
Simpson 0.89 0.21 0.60 0.25 0.44 0.21 0.06 0.75 0.46 0.86 0.18 0.20

Note: * p < 0.05, ** p < 0.01, *** p < 0.001; specific root length: SRL; root tissue density: RTD; specific root area:
SRA; root carbon content: RC; root nitrogen content: RN; root phosphorus content: RP; soil pH: pH; soil total
phosphorus: STP; soil available phosphorus: SAP; soil total nitrogen: STN; soil available nitrogen: SAN; soil
organic matter: SOM.

ABT analysis showed that the main environmental factors contributing to the changes
in the rhizosphere bacterial community were soil pH (14.1%), fine root carbon content
(9.8%), soil organic matter content (9.5%), and soil available phosphorus content (9.3%).
The main environmental factors contributing to the diversity of rhizosphere fungi were soil
available phosphorus content (10.9%), soil organic matter content (9.9%), soil pH (9.4%),
and soil total phosphorus content (8.7%) (Figure 5).

Figure 5. Fine root functional traits and the relative influence of rhizosphere soil on the diversity of
rhizosphere microbial community ((A) represents bacteria, (B) represents fungi; specific root length:
SRL; root tissue density: RTD; specific root area: SRA; root carbon content: RC; root nitrogen content:
RN; root phosphorus content: RP; soil pH: pH; soil total phosphorus: STP; soil available phosphorus:
SAP; soil total nitrogen: STN; soil available nitrogen: SAN; soil organic matter: SOM.).
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4. Discussion

4.1. Diversity of Rhizosphere Microbial Community

In this study, the Proteobacteria, Actinomycota, and Acidobacteria were the top three
dominant phyla in rhizosphere soil bacteria (Figure 2). According to the Global Soil Bacteria
Atlas, Proteobacteria and Actinomycota are the two most abundant bacteria in global
soils [41]. The Proteobacteria is the largest division among the bacteria, and its members
are all Gram-negative bacteria and include multiple metabolic species [42]. Bacteria of the
Proteobacteria and Actinomycetes types are the main degraders of organic matter, even
complex organic compounds [43]. Another dominant division, Acidobacteria, found in the
rhizosphere soil bacteria in this study, belongs to acidophilus, which is consistent with the
characteristics of acidic soil in the study area. In tropical regions around the world, forest
soils are generally acidic, and their soil microbial compositions are similar. For example,
the dominant bacterial phyla of Sarawakian forests in tropical Southeast Asia include
Acidobacteria and Proteobacteria [44]. Similarly, the main bacterial phyla of the microbial
community of the virgin tropical forest soil in southern Vietnam are Proteobacteria and
Acidobacteria [45]. Furthermore, Lan et al. [46] also found that the Acidobacteria are one of
the main groups of soil bacterial communities in tropical rainforests when studying the
soil microbial community in the tropical rainforest of Hainan Island. Therefore, it may be
hypothesized that the composition of rhizosphere bacteria in tropical cloud forest plants
might be affected by the combination of the soil bacteria pool and local soil characteristics.

Ascomycota and Basidiomycota are the dominant fungal phyla in the rhizosphere
soil of tropical cloud forest plants (Figure 3). Among them, the Ascomycota has the
highest abundance and is primarily of the saprophyte type [47]. The main functional
microorganisms of saprophytes decompose refractory organic substances and improve
the organic matter and soil nutrient content. Saprophytic fungi play a significant role in
the soil and atmospheric carbon and nitrogen cycles [48]. Basidiomycota mainly grows
in relatively moist soil [49], which is a consequence of the high humidity in the soil
environment of tropical cloud forests. Globally, in tropical rainforests with a hot climate
and abundant rainfall, the most abundant fungal phyla in the soil include the Ascomycota
and Basidiomycota, for example, soil in the tropical rainforest of Queensland, Australia [50].
The soil fungal communities in tropical forests in Puerto Rico are mainly Ascomycota and
Basidiomycota [51]. Similarly, Lan et al. [46] found that Ascomycota and Basidiomycota
are the major phyla of soil fungi communities in Hainan Island. Therefore, the results of
this study indicate that the microbial composition of the rhizosphere soil of high-altitude
tropical forests is similar to that of low-altitude tropical forests.

4.2. Impact of the Soil Environment on the Microbial Diversity of the Rhizosphere Soil Relative to
the Functional Traits of Fine Roots

In this study, the physical and chemical properties of the rhizosphere soil and the
functional characteristics of fine roots significantly influence the rhizosphere soil microbe
behavior (Table 3). The studies of Zhao [23], Glassman [24] and other scholars [25–28] men-
tioned above also showed similar results. Plant roots and rhizosphere soil microorganisms
are closely connected, and fine roots and their functional traits affect rhizosphere microor-
ganisms through root exudates and litter quality [13]. The function of specific metabolites
in root exudates is indicative of the characteristics of the root economic spectrum, which
includes the plant root functional traits. These traits could be used to explain the composi-
tion of plant root exudates. Therefore, to a certain extent, root functional traits could also
be used to explain the composition and diversity of rhizosphere microorganisms [52]. The
results of this study are consistent with the previous studies [12,13,53].

In the tropical cloud forest ecosystem, soil environmental factors have a more signifi-
cant impact on the rhizosphere soil microbial community than the functional traits of fine
roots (Figure 5). Root litter and exudates eventually enter the rhizosphere soil and become
important nutrients for rhizosphere microorganisms. Root exudates change the chemical
composition of the soil by increasing or decreasing the availability of soil nutrients [54].
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Furthermore, the complex physical and chemical properties of the soil cause differences
in the initial microbial community during the assembly process of the rhizosphere mi-
crobiome, affecting the composition of the rhizosphere microbiome [55]. In addition, the
complex interaction between the physical and chemical properties of the soil also affects
plant growth and plant physiology, which results in a change in the composition and rela-
tive abundance of the rhizosphere microbiome [56,57]. In addition, the mycorrhizal fungi,
which by their common mycelial networks interconnect different plants in an ecosystem,
further complicate the factors that affect the rhizosphere microbiome. Common mycelial
networks (CMNs) can influence plant and microorganism community compositions, induce
an efficient nutrient exchange, and improve interplant nutrition and growth through plant–
plant facilitation [58]. Mycorrhizas are widespread and abundant, and they are ubiquitous
in most temperate and tropical ecosystems [59]. In this study, there are many plant species
that have mycorrhizas. For example, Pinus is a typical ectomycorrhizal tree genus [60], and
Pinus fenzeliana Hand.-Mzt belongs to the Pinus genus.

4.3. Soil pH Effects on Rhizosphere Soil Microbes in the Soil Environment

Soil pH is the main driving factor for changes in the diversity of bacterial and fungal
communities in the rhizosphere soil of tropical cloud forests on Hainan Island (Table 3).
ABT analysis shows that soil pH changes the composition of the bacterial and fungal
communities most in the tropical cloud forest rhizosphere in Bawangling (Figure 5). Other
soil factors, such as SOM, STN, STP, SAN, and SAP, were significantly correlated with
soil pH (Figure 4). Changes in soil pH result in changes in the distribution of various
nutrient elements in the soil and changes in ion activity, thereby leading to changes in
soil fertility [61]. Soil pH also significantly affects the availability of soil nutrients. The
solubility of cationic nutrients in strongly alkaline soils decreases, and the sensitivity to loss
by leaching or by erosion strongly increases in acidic soils, decreasing the availability of
cationic salt nutrients. The availability of anionic nutrients usually shows an opposite trend
to that of the cationic nutrients under varying soil pH [62]. Both the cationic and anionic
salt nutrients in the soil are essential nutrients for the growth of soil microorganisms and
affect the diversity of the microorganisms in the soil. The soil pH is also an important factor
influencing cell metabolic activity. Plants select and adapt to rhizosphere bacteria [63]. Plant
growth and fine root traits also change accordingly due to the influence of soil pH on soil
fertility [64], which also results in changes in the composition and diversity of rhizosphere
soil microorganisms. On a large spatial scale, the diversity of soil microbes increases with
increasing soil pH [20], and the microbial diversity of acidic soils is usually significantly
lower than the neutral soils [65]. The significant positive correlation between soil pH and
rhizosphere soil bacterial diversity and fungal diversity found in this study provides new
insights into the correlation of the soil pH and the diversity of the rhizosphere soil bacteria
in the tropical high-altitude forest ecosystems.

Our results of the Spearman correlation analysis and Aggregated Boosted Tree analysis
are also consistent with the meta-analysis results of Zhou et al. [27]. They integrated the
results of 1235 global change factors of eight ecosystems including agricultural land, tundra,
temperate forests, tropical and subtropical forests, Mediterranean vegetation, grasslands,
deserts and wetlands, and concluded that soil pH is the most important factor that can be
used to predict the impact of global change factors on microbial alpha diversity [27]. In
particular, the results are also consistent with the results of Flores-Rentería et al. [66] and
Lan et al. [46]. The composition of soil microorganisms in tropical rainforests is related to
soil pH. Tropical cloud forests are high-altitude tropical forests. Therefore, our research
provides new insights into the impact of soil factors on rhizosphere microbes. Soil pH in
tropical forest communities at varied altitudes is an important factor affecting soil microbial
diversity. At the same time, soil temperature is an important riding factor affecting many
soil parameters at altitudes >1000 m ASL. Soil acidity at high altitudes is often found due
to the low temperatures and accumulation of litter [67,68]. Soil temperature, moreover,
affects soil pH mainly by affecting rock weathering rate [69] Therefore, effects of soil
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temperature, an important environmental factor, on rhizosphere microorganisms should
also be considered in the future.

4.4. Effects of Soil Available Phosphorus on Rhizosphere Microorganisms

Soil available phosphorus content has a significant impact on the rhizosphere soil
bacteria and the rhizosphere soil fungi diversity of tropical cloud forest plants (Table 3).
It is also the environmental factor with the greatest impact on the rhizosphere soil fungal
community (Figure 5). Phosphorus limitation is more prominent in tropical and subtropical
forests, which are characterized by high temperatures, heavy rainfall, and strong weath-
ering and leaching [69]. In tropical cloud forests, the ratio of nitrogen to phosphorus
in plant leaves is greater than 17, and plant growth is affected by low soil phosphorus
content stress [32]. Among rhizosphere microorganisms, arbuscular mycorrhizal (AM)
fungi and phosphate solubilizing bacteria (PSB) are specific groups of microorganisms that
play an important role in the process of soil phosphorus conversion and plant phosphorus
absorption [70]. Therefore, soil available phosphorus may be a critical limiting factor for
the composition of the rhizosphere soil microbial community in tropical cloud forests. First,
the soil available phosphorus content might change the nutritional status of fungi, causing
competition between bacteria, soil animals, and also changing fungal groups [71]. In addi-
tion, as an important nutrient factor for plant growth, soil available phosphorus changes
can result in changes in plant biomass and indirectly affect soil fungi [71]. In addition,
soil available phosphorus affects soil microorganisms by influencing other physical and
chemical properties of the soil (such as pH) [72]. Cai et al. [73] studied soil microbes in
tropical rainforests in Xishuangbanna and also found that soil available phosphorus limits
the composition of tropical forest soil microbes.

Our results show that soil pH has a greater impact on the composition of rhizosphere
soil bacteria, while soil available phosphorus has a greater impact on the composition of
rhizosphere soil fungi. This might be due to the fact that soil fungi can grow in a wide range
of pH conditions [74], whereas soil bacteria are more sensitive to soil pH [75]. Another
study has shown that fungi solubilize phosphorus better than bacteria [76] and are more
sensitive to changes in soil available phosphorus content than bacteria [77,78]. Therefore,
fungi are more likely than bacteria to enhance absorption of soil available phosphorus by
plant roots by solubilizing phosphorus when there is a demand for available phosphorus
in the plant rhizosphere.

5. Conclusions

In this study, we measured the fine root functional traits and rhizosphere soil envi-
ronmental factors of 13 representative plants in the Bawangling tropical cloud forest of
Hainan Island, and assessed the effects of soil conditions and fine root functional traits
on rhizosphere microbial communities. We found that both soil conditions and fine root
functional traits had important effects on rhizosphere bacteria diversity, but we did not
detect the correlations between fine root traits and fungi diversity. The rhizosphere soil
environment is more important than fine root functional traits when it comes to affecting
rhizosphere soil microbial composition.
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Abstract: Forest gaps play a crucial role in community succession and assembly in forest ecosystems;
therefore, they have recently been recognized and implemented as effective forest management
practice all over the world. Forest gaps are commonly created as small disturbances in secondary
forests to improve forest regeneration, nutrient cycling, ecosystem functioning, and biodiversity.
The objective of this study was to investigate the responses of the physico-chemical and biological
properties and microbial communities in soil to different sizes of forest gaps—including small gaps
(60–80 m2), medium gaps (130–160 m2), and large gaps (270–300 m2)—and to examine the driving
factors that influence soil microbial community structure and composition. The results show that
Gram-positive bacteria, Gram-negative bacteria, fungi, arbuscular mycorrhizal fungi (AMF), and
actinomycetes were mainly aggregated in the gaps, and the structural diversity of soil microbial
communities was related to the gap size (p < 0.05). The soil microbial community diversity increased
and then decreased with an increase in gap size. Moreover, the effects of the available phosphorus,
soil pH, soil water content, available potassium, nitrate nitrogen and ammonium nitrogen on changes
in microbial biomass were significant (p < 0.05). The gap area and gap position and their combined
interactions also had significant effects on soil nutrients, which impacts the soil microbial commu-
nity. Medium gaps (130–160 m2) always significantly improved the availability of soil nutrients,
and good management practices in secondary forests can provide effective microenvironments for
soil microbes.

Keywords: gap size; soil microbe; soil chemical property; forest management; PLFA analysis;
spatial distribution

1. Introduction

Forest gaps are important places for plant and soil community succession and assem-
bly, which play a crucial role in forest ecology [1]. In forest ecosystems, human activities
(e.g., cutting and thinning) and natural disasters accelerate the formation of forest gaps,
creating a heterogeneous environment for plants, animals, and soil microorganisms to
grow [2–4]. The artificial creation of forest gaps as an effective forest management practice
has recently been recognized and is increasingly implemented all over the world. Artifi-
cial gaps play an important role in changing the structure of forest stands and renewing
forests [3]. For example, the felling of trees to create forest gaps is considered a sustainable
practice, accelerating seedling height growth for indigenous trees or accelerating forest
restoration within exotic Pinus radiata plantations [5–7]. Gap size is an important feature,
reflecting the magnitude of disturbance and degree of environmental change [8,9]. Environ-
mental factors, such as temperature, solar radiation, and moisture, are all strongly affected
by the size of the forest gaps [6,10]. Moreover, microclimatic changes induced by forest
gaps significantly influence local biogeochemical cycling [11,12].
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Forest soil responds dramatically to microclimatic changes caused by forest gaps
because nutrients are actively recycled and many soil fauna or microorganisms live in
the soil [13]. Previous studies concentrated on carbon, nitrogen, and phosphorus cycles
and the release of nutrients from the surface soil at sites with different-sized gaps [14–16].
Some studies reported distinctly different soil organic matter decomposition and nutrient
release at sites with gaps compared to sites with closed canopies, as well as varying rates of
humification at sites with different-sized gaps [17–19]. Compared to undisturbed closed
forests, the amount of labile carbon reduced, and the rate of soil respiration slowed as the
gap size increased. At the same time, soil nitrogen and phosphorus fractions appeared to
increase due to the gaps [15,20–22].

The soil microbial community is one of the most important components of the forest
ecosystem and plays an important role in aboveground and underground biological pro-
cesses related to carbon, nitrogen, and phosphorus cycles and nutrient release [23–25]. The
soil microbial community quickly reacts to the development of forest gap vegetation and
the changes in environmental conditions [26–28]. The effects of forest gaps on soil microbial
communities are poorly understood due to their relative complexity. The formation of
forest gaps may improve understory vegetation and change soil microclimates, which
may be beneficial for microbial communities [29,30]. However, this may sometimes have
a negative impact on microorganisms [31,32]. Several studies reported that the gap sizes
dramatically affect soil microbial biomass and the soil microbial community [27,28]. It has
been observed that small gaps enhance soil beta-glucosidase and L-leucineaminopeptidase,
microbial biomass, and enzyme activity, indicating the beneficial impact of small gaps
(40–50 m2) on microbial communities [33]. Soil microbial biomass and soil respiration
decreased with the increased size of gaps [34]. Moreover, gap location is another important
factor affecting soil microbial communities [35]. It was observed that the beta diversity
of the fungal community increased from the gap center to the closed canopy [36]. Gap
locations had a positive effect on bacterial population abundance [2,33].

Evergreen broad-leaved forests are a zonal type of vegetation found in subtropical
areas [36,37] and are crucial for climate regulation, biodiversity protection, and soil and
water conservation [36,38]. Many evergreen broad-leaved forests were recently destroyed,
and thus a larger area of evergreen broad-leaved secondary forests formed over time.
Evergreen broad-leaved secondary forests generally have low-efficiency forest sand. How
to manage evergreen broad-leaved secondary forests is a great international challenge.
Previous studies on forest gaps mainly focused on the impact of the physical and chem-
ical properties of soil, including the growth of seedlings under evergreen broad-leaved
secondary forests [33,39,40]. However, few studies reported the effects of forest gaps on the
soil microbial community structure in evergreen broad-leaved secondary forests. The main
objective of the present study was to examine how soil microbial communities respond to
the formation of forest gaps with different sizes in the short term. We hypothesized that,
(1) due to an improved light environment and hydrothermal condition in the evergreen
broad-leaved secondary forest, soil properties would react differently in the sites with forest
gaps and in the understory, and (2) the microbial community structure shift would have a
strong relationship with changes in soil chemical properties caused by different-sized gaps.

2. Materials and Methods

2.1. Site Description

This study was conducted at Huitong Forest Ecological Experimental Station of Chi-
nese Academy of Sciences in Huaihua City, Hunan Province (109◦30′ E, 26◦48′ N) (Figure 1).
The study areas were located in low mountains and hilly landforms with an approximate
altitude range of 200~500 m [41]. The study area has a typical subtropical, warm, humid,
monsoon climate with an average annual temperature of 16.5 ◦C, an extreme maximum tem-
perature of 36.4 ◦C, and minimum temperature of −4.4 ◦C, respectively. The average annual
rainfall was 1200–1400 mm, and the average annual relative humidity exceeded 80% [42].
Red–yellow soil is a typical soil type in this study area, and was equal to alliti-udic ferrosols
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according to the World Reference Base for Soil Resources [43]. Evergreen broad-leaved
secondary forests developed due to artificial disturbances of the original evergreen broad-
leaved forest after more than 30 years of natural succession. The dominant tree species
are mainly from the following families and genera: Lauraceae, Fagaceae, Hamamelisaceae,
Luteaceae cyclobalanopsis, Castanopsis, Machilus, Liquidambar, etc. The common tree species
are Castanopsis hystrix, Cyclobalanopsis glauca, and Machilus pauhoi, and other species are
present in typical subtropical evergreen broadleaved secondary forests (the pioneering
community that originates after secondary succession of human disturbance).

 
Figure 1. Study area showing location of the sample plots in an evergreen broad-leaved secondary
forest of China.

2.2. Experimental Design

Study plots with a similar topography, elevation, slope, aspect, and soil type were
established in a middle-age evergreen broad-leaved secondary forest, which had an average
tree height of 12 m and stand density of 3200 trees /hm2. Canopy density was about 0.9,
and grass coverage was 25%. The red–yellow soil is the typical soil type in this study area.
Forest gap sizes were defined using the ratios of D/H (D means gap diameter; H means
stand height) [44,45]. In this study, three types of nearly circular forest gaps were created
by artificial cutting, including (1) small-size forest gaps with a D/H ratio of 0.3 and an area
of 60–80 m2, (2) medium-size forest gaps with a D/H ratio of 1.3 and an area of 130–160 m2,
and (3) large size forest gaps with a D/H ratio of 2.3 and an area of 270–300 m2. Each
type of forest gap (small-, medium-, or large) had three replications, with nine individual
forest gaps in total (G1–G9), which were arranged in the forest using the randomized
complete-block design.). In addition, three control plots (10 m × 10 m) under the ambient
closed canopy were established as controls. In this study, nine individual forest gaps and
three control plots were used (Table 1). After the creation of the forest gaps, we artificially
removed branches, trunks, and other residue, which remained untreated.
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Table 1. General information of the forest gaps and control plots (understory) in this study.

Forest Gap D/H Area/m2 Slope Direction Geographic Position Formation

G1 0.3 60 East 109◦36′6′′ E 26◦51′11′′ N Cutting
G2 1.3 130 Northeast 109◦36′8′′ E 26◦51′13′′ N Cutting
G3 2.3 270 East 109◦36′7′′ E 26◦51′09′′ N Cutting
G4 0.3 73 Southeast 109◦36′9′′ E 26◦51′12′′ N Cutting
G5 1.3 149 Southeast 109◦36′9′′ E 26◦51′07′′ N Cutting
G6 2.3 286 Northeast 109◦36′10′′ E 26◦47′10′′ N Cutting
G7 0.3 80 East 109◦36′10′′ E 26◦50′15′′ N Cutting
G8 1.3 160 Northeast 109◦36′11′′ E 26◦52′14′′ N Cutting
G9 2.3 300 East 109◦36′15′′ E 26◦51′14′′ N Cutting

Understory — 100 Southeast 109◦36′16′′ E 26◦49′14′′ N Natural
Understory — 100 Northeast 109◦36′18′′ E 26◦46′14′′ N Natural
Understory — 100 East 109◦36′17′′ E 26◦50′14′′ N Natural

Notes: D/H represents the ratios of gap diameter to stand height; G1, G4, and G7, represent small gaps; G2, G5,
and G8 represent medium gaps; and G3, G6, and G9 represent large gaps.

Soil samples were collected from a depth of 0–10 cm at different sampling locations
(the center to the understory) within each of the three different-sized gaps in October 2019.
In each location, four soil cores were selected by the “Circular sampling” method and
dug to a depth of 10 cm by a stainless-steel cylindrical driller with a diameter of 5 cm
(Figure 2). The composite soil samples were used to test soil physico-chemical properties.
There are three repetitions for each location because three same-size gaps were formed. A
total of 39 soil samples were collected, including the control sample. They were kept at
4 ◦C, transported to the laboratory, and passed through a 2 mm mesh sieve before analyses.

Figure 2. Soil samples from different sampling locations within the forest gaps. For sampling
locations, C represents the center of forest gaps, I represents the location away from the center at
0.5 R distance, E represents the location at the edge of forest gaps, and O represents the location away
from the center at 1.5 R distance (R, means gap radius).
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2.3. Analysis Methods
2.3.1. Basic Chemical Properties of Soil

The soil pH was measured in air-dried <2 mm sieved soil with a glass electrode
in a soil:water suspension (1:5) with 0.2 M KCl to determine the characteristics of the
sorption complex. The total C (TC) contents were determined using an elemental analyzer
(Vario Macro cube, Elementar, Germany). The total nitrogen (TN) was assayed by the
Kjeldahl method and analyzed on a Kjeltec Analyzer Unit (Kjeltec 2300, FOSS, Denmark).
The total P was determined using the molybdenum colorimetric method. We assayed
alkaline available nitrogen (AN), available phosphorus (AP), and available potassium by
extracting air-dried soils (Institute of Soil Science, Chinese Academy of Sciences 1978). The
determination of AP and available potassium were analyzed on an ICP (AA-7000, Kleve,
Germany). Ammonium and nitrate were extracted from fresh soil samples by shaking for
1 h with 1 mol L−1 KCl (soil: solution ratio of 1:10). The extracts were filtered, and then,
the analytes were determined using a continuous-flow analyzer (AA3, SEAL, Germany).
For the determination of soil-available potassium, air-dried soil samples were extracted by
shaking for 30 min with 1 mol·L−1 CH3COONH4 (soil: solution ratio of 1:10), and then,
the available potassium content of the filtrate was determined using a continuous-flow
analyzer (AA3, Germany). Soil samples were sampled on site using an aluminum box and
brought back to the laboratory to be dried at 105 ◦C in an oven until the soil moisture was
measured at constant weight.

Soil Moisture Measurement = [(Wet soil weight − dry soil weight)/dry soil weight] × 100% (1)

2.3.2. Soil Microbial Community Structure

Phospholipid fatty acids (PLFA) were used to characterize the microbial community
structure. PLFAs were extracted from 2 g of lyophilized soil, separated, and methylated.
The resulting fatty acid methyl esters (FAMEs) [46] were separated by gas chromatography
using an Agilent 7890 A GC System equipped with a HP-ULTRA 2 column and a flame
ionization detector [46]. The individual FAME peaks were identified and quantified with
the software Sherlock™ PLFA Method and Analysis Package. Specific PLFAs were used
as biomarkers to quantify the relative abundances (mol%) of particular microbial groups
(Table 2). The internal standard 19:0 phosphatidylcholine was used for the quantification of
FAMEs. Although most bacterial PLFAs have acyl chain lengths between 14 and 20 carbons,
there are fatty acids longer than 20 carbons that predominantly originate from bacteria
or micro-eukaryotes, such as 21:0, 22:0, 22:5 ω3, 22:6 ω3, and 24:0. This software was
designed to detect such fatty acids in soil samples; therefore, they were also taken into
account in our study. The viable microbial biomass was calculated by summing PLFAs
concentrations and reported as nanomoles of PLFA per gram of soil. Several PLFAs may
have various sources. Fatty acids indicating arbuscular mycorrhizae fungi (AMF) were
summed as total fungal biomass. Bacterial biomass was calculated from the residual fatty
acids that could be assigned to the bacterial groups. Biomass was expressed relative to dry
weight of the freeze-dried soil. The ratios of fungal/bacterial (18:2ω6 for fungi) and Gram-
positive(G+)/Gram-negative (G−) bacterial markers were also obtained. The absolute
amount of PLFA was calculated by the area normalization method using the following
formula ([47,48]):

Phospholipid Fatty Acids (PLFA) =
(19:0 concentration × total area)/19:0 molarmass

Actual weight of soil
× Response area of a

Response area of 19:0
(2)
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Table 2. Phospholipid fatty acid (PLFA) profiling of soil microbial communities.

Microbial Group Phospholipids Fatty Acids Signatures

Actinomycetes 16:0 10-methyl; 17:0 10-methyl; 17:1 w7c 10-methyl; 18:0 10-methyl; 18:1 w7c 10-methyl etc.

G+ bacteria
11:0 anteiso; 11:0 iso; 12:0 anteiso; 12:0 iso; 13:0 anteiso; 13:0 iso; 14:0 anteiso; 14:0 iso; 14:1 iso
w7c; 15:0 anteiso; 15:0 iso; 15:1 anteiso w9c; 15:1 iso w6c; 15:1 iso w9c; 16:0 anteiso; 16:0 iso; 17:0
anteiso; 17:0 iso; 17:1 iso w9c; 18:0 iso; 19:0 anteiso; 19:0 iso; 20:0 iso; 22:0 iso

G− bacteria 13:1 w5c; 14:0 2OH; 14:1 w8c; 14:1 w9c; 15:1 w7c; 15:1 w8c; 5:1 w9c; 16:0 2OH; 17:0 cyclo w7c;
17:1 w3c; 21:1 w3c; 21:1 w4c; 21:1 w5c; 21:1 w6c; 21:1 w8c; 22:1 w6c; 22:1 w8c; 22:1 w9c; 24:1 w7c

Eukaryote

15:3 w3c; 15:4 w3c; 16:3 w6c; 16:4 w3c; 18:3 w6c; 19:3 w3c; 19:3 w6c; 19:4 w6c; 20:2 w6c; 20:3 w6c;
20:4 w6c; 20:5 w3c; 21:3 w3c; 21:3 w6c; 22:2 w6c; 22:4 w6c
22:5 w3c; 22:5 w6c; 22:6 w3c; 23:1 w4c; 23:1 w5c; 23:3 w3c; 23:3 w6c; 23:4 w6c; 24:1 w3c; 24:3 w3c;
24:3 w6c; 24:4 w6c

AM Fungi 18:2 w6c

Fungi 16:1 w5c

2.3.3. Saturated Fatty Acids/Monounsaturated Characteristics

SAT/MONO (Saturated fatty acids/monounsaturated) usually indicates environmen-
tal stress in soil microorganisms [49].

SAT/MONO = Saturated fatty acids/monounsaturated (3)

2.4. Statistical Analysis

We conducted a two-way analysis of variance (ANOVA) using the General Linear
Models package in SPSS 21.0 (IBM Corp., Armonk, NY, USA) to test the interaction be-
tween the forest gap size and soil position in the available phosphorus and potassium,
nitrate nitrogen and ammonium nitrogen concentrations, soil water content, and soil pH.
Additionally, a redundancy analysis (RDA) was performed using the Canoco 4.5 software.
Six soil microbial community structures (eukaryote, fungi, actinomycetes, Gram-positive
and Gram-negative bacteria, and AM fungi) and six soil chemical properties were analyzed
to determine the relationship between microbial community and environmental outcomes.
The experimental effects on soil microbial communities in forest gaps were assessed using
a generalized linear model (GLM), applying the binomial family and default logit link
function. Post hoc pairwise comparisons of significance were carried out for GLMs using a
Least Significance Difference Method. All the differences were tested with a significance
level of p = 0.05. Graphics were generated in Origin (version 2018, Origin Lab).

3. Results

3.1. Response of Soil Microbial Community Structure to Forest Gap

A total of 92 different PLFAs were detected from all the samples. For G− (Gram-
negative) bacteria and G+ (Gram-positive) bacteria, fungi, actinomycetes, and AM fungal
PLFAs, all the markers varied significantly in different-sized forest gaps. The different
percentages of specific biomarkers of the PLFAS in forest gaps are shown in Figure 3.

Compared to forest gap, the contents of PLFAs (10:03OH,13:0iso,14:02OH;15:1w6c,16:1w9c,
18:1w5c,19:1w8c,20:1w8c,21:1w3c,22:5w6c,24:1w3c) were not detected. The contents of
PLFAs varied with forest gap size. The PLFAS of 16:0,19:0 cyclo w7c,15:0 iso,18:1 w7c,16:0 10-
methyl,18:1 w9c,17:1 iso w9c,18:0,16:0 iso,15:0 anteiso,18:0 10-methyll17:1 w7c 10-methyll17:0
isol16:1 w7c,19:0l17:0 anteiso,16:1 w5cl18:2 w6cl17:0 cyclo w7c and18:1 w5c ranked dif-
ferently, as shown in Figure 2. In three gaps and the forest understory, the total amount
of PLFAs was quite different, medium gap (101.73 nmol/g) > large gap (95.75 nmol/g) >
small gap (94.35 nmol/g) > understory (92.36 nmol/g) in Table 3.

As shown in Figure 4, the SAT/MONO ratios were the highest in the medium gap, but
the lowest in the large gap (p < 0.001). The SAT/MONO ratios showed no differences in
different positions within the large gap, but distinct differences in the small gap, medium
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gap, and the understory. The SAT/MONO ratio decreased in the small gap and large
gap in comparison to the understory. The medium gap was consistent with understory
in the SAT/MONO ratio. Overall, the changes in environment deeply affected the soil
microbial communities.

Figure 3. The percentage of PLFAS charactering microbes in forest gaps of different sizes.

Table 3. Total amount of soil microbial PLFAs under the forest gap area (mean ± SE, 95% CI).

Gap Type
Gap Position

Center Inside Edge Outside Total

Small gap 100.82 ± 2.21 Aa 95.71.41 ± 1.19 Bb 94.25 ± 2.4 Cb 90.08 ± 2.58 Dd 94.35 ± 3.12 a
Medium gap 108.93 ± 3.81 Ba 105.00 ± 3.34 Bb 98.48 ± 4.45 Bc 95.00 ± 3.81 Dc 101.73 ± 1.10 b

Large gap 86.75 ± 2.63 Ca 95.27 ± 1.63 Bb 116.73 ± 2.83 Cc 86.08 ± 1.41 Ba 95.75 ± 2.06 c
Understory 90.43 ± 3.62 C 90.43 ± 3.62 a

Note: A, B, C, and D indicate differences in the same gap position with different sizes; a, b, c, and d show
differences in the different positions within the same gap (p < 0.05).

 
Figure 4. Comparison of SAT/MONO ratios in different gap positions (mean ± SE, 95% CI). Note:
A, B, C, and D indicate differences in the same gap position with different sizes; a, b, and c show
differences in different positions within the same gap (p < 0.05).
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3.2. Response of Soil Microbial Community Composition to Forest Gap
3.2.1. Soil Fungi, Actinomycetes, G+ Bacteria, and G− Bacteria Response to Gap Size

The PLFA contents in fungi in different forest gaps ranged from 1.86 to 9.01 nmol g−1:
large gap > small gap > medium gap > understory. From the center of gap to the understory,
the fungal PLFA ranged from 1.28 to 3.45 nmol g−1. Across different positions within the
same gap, quite different variations were shown. Soil fungi in the center and edge of the
gap responded more strictly to the forest gap than the understory (Figure 5a).

 
Figure 5. (a–d) Differences in the contents of the soil microbial community in forest gaps (mean ± SE,
95% CI). Note: A, B, C, and D indicate differences in the same gap positions with different sizes; a, b,
c, and d show differences in different positions within the same gap (p < 0.05).

Actinomycetes were most in the forest gap in comparison with the understory. From the
understory to the gaps, the order was: understory (11.06 nmol g−1), small gap (12.21 nmol g−1),
medium gap (13.68 nmol g−1), large gap (16.9 nmol g−1) (p < 0.01). The PLFA contents
of actinomycetes in the same forest gap varied with the position in the gaps. Inside of
the forest gap, the PLFA contents of actinomycetes were highest; however, the PLFA
contents of actinomycetes at the edge of the forest gap. Overall, the surface aggregation of
actinomycetes was significantly affected by the forest gap sizes and position (Figure 5b).

The large gap (270–300 m2) was the most active habitat of G+ bacteria, and the G+
bacterial contents at the top soil (0–10 cm) were significantly higher than those in the
understory. However, there were no significant changes in the small gaps (60–80 m2)
and medium gaps (130–160 m2). The content of G+ bacteria in the center of the gap was
significantly higher than that in the same gap size at a different position. Additionally,
variations in G+ bacteria differed in the same positions with different sizes (p < 0.05
(Figure 5c).

The gap size difference in the PLFA contents of G− bacteria was more complex. The
PLFA levels in the same gap size were dramatically altered in the four sites, and changes in
the gap center and outside of the gap were substantial between the small gap and large
gap. Compared to the understory, the number of medium gaps (130–160 m2) was relatively
stable, and there were no significant changes in the center, inside, edge and outside areas.
In the forest gaps, variations in G− bacterial PLFA contents were not clear. However, at the
center and outside of the gap, a peak was observed as gap size increased (Figure 5d).

3.2.2. Soil AM Fungi and Anaerobic Response to Forest Gap

The gap size altered the surface aggregation of AM fungi in the gap and understory
(Figure 6). The AM fungal PLFA content in the forest gap was similar to the PLFA contents
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of fungi, large gap (270–300 m2) > small gap (60–80 m2) > medium gap (130–160 m2) >
understory (p < 0.01). The PLFA contents of AM fungi ranged from 1.45 to 2.80 nmol g−1

(Figure 4). The PLFA contents of AM fungi were highest in the small gap; however, the
large gap and medium gap reached a peak outside of the forest gap. Overall, the forest gap
significantly affected the surface aggregation of AM fungi.

Figure 6. Contents of AM Fungi PLFAs in the different forest gap area (mean ± SE, 95% CI). Note:
A, B, C, and D indicate differences in the same gap position with different sizes; a, b, c, and d show
differences in a different position within the same gap (p < 0.05).

The anaerobic bacterial community occupies a large proportion in the structure of the
anaerobic microbial community in the forest gap. From all of the samples, phospholipid
fatty acids that can be used to characterize anaerobic bacteria, such as 18:1 w7c, 15:0 a,
15:0 i, 16:0 i, 17:0 i, 19:0 cy, etc., were detected. The PLFA content of the anaerobic in the
small gap and the large gap accounted for 8%–11% and 4%–10%, respectively. Anaerobic
bacterial PLFA content was significantly higher than those in the small gap and large gap,
accounting for 22%–34%. More interestingly, no anaerobic PLFA makers were detected in
the sample collected from the medium gap. This gap had a strong effect on the anaerobic
microbial community.

3.3. Soil Factors Driving Soil Microbial Community Shift

The gap area of evergreen broad-leaved secondary forest influenced the physical
properties of the soil (Table 4). The value of available phosphorus in the four habitats
followed the order medium gap > large gap > small gap > understory, and the value of
available phosphorus in the medium gap was significantly higher than that in the small
gap, large gap, and understory (p < 0.01). The value of nitrate nitrogen in the forest gap was
similar to the value of available phosphorus (p < 0.05). The value of available phosphorus
potassium and ammonium nitrogen in the four habitats followed the order medium large
gap > small gap > medium gap > understory. The gap area of evergreen broad-leaved
secondary forest significantly affected the value of soil water content, as the soil water
content decreased from the understory to the forest gap. Meanwhile, the differences in soil
pH among the three gaps and understory were not significant (p > 0.05).

The results show that the differences in soil water, nitrate nitrogen, ammonium nitro-
gen, available potassium, and available phosphorus between center and edge and between
the outside and center were significant (p < 0.05). Environmental outcomes evidently
contribute to the size of the forest gaps. Compared to the understory, the differences in soil
pH among the center, edge, and outside of the gaps were not significant (p > 0.05).

Furthermore, the two-way ANOVA results show that forest gaps significantly affected
all the chemical properties of soil (p < 0.05) (Table 5). Gap area, gap position, and their
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combined interactions also had significant effects on available phosphorus, nitrate nitrogen,
ammonium nitrogen, and soil water content.

Table 4. Effect of different sizes of forest gaps on soil chemical properties (mean ± SE, 95% CI).

Gap Size
Available

Phosphorus
Available
Potassium

Nitrate
Nitrogen

Ammonium
Nitrogen

Soil Water
Content

Soil
pH

Small gap 1.83 ± 0.07 A 44.10 ± 5.23 A 2.1 ± 1.09 A 8.57 ± 1.18 A 0.38 ± 0.03 A 4.28 ± 0.02 A
Medium gap 2.09 ± 0.09 B 43.88 ± 3.91 A 2.48 ± 0.71 B 8.93 ± 0.88 B 0.37 ± 0.02 A 4.37 ± 0.11 A

Large gap 2.07 ± 0.09 C 69.50 ± 7.09 B 1.58 ± 0.62 C 9.85 ± 4.43 C 0.34 ± 0.01 B 4.44 ± 0.08 A
Understory 1.98 ± 0.06 A 36.59 ± 0.3.7 C 0.37 ± 0.01 D 8.27 ± 0.04 A 0.32 ± 0.05 C 4.31 ± 0.04 A

Note: A, B, C, and D indicate differences in the forest gap with different sizes.

Table 5. Two-way analysis of variance (ANOVA) for the effects of gap size and location on soil basic
chemical properties in evergreen broad-leaved secondary forest.

Factor df Available
Phosphorus

Available
Potassium

Nitrate
Nitrogen

Ammonium
Nitrogen

Soil Water
Content

Soil pH

Gap area 3 <0.01 <0.05 <0.05 <0.05 <0.05 <0.05
Gap position 3 <0.05 <0.05 <0.01 <0.01 <0.01 0.679

Gap area × gap position 9 <0.05 0.269 <0.01 <0.01 <0.05 0.963

The redundancy analysis (RDA) demonstrated that soil chemical properties signifi-
cantly affected the soil community structures in evergreen broad-leaved secondary forest
gaps. The analysis results show that 96.2% of the soil microbial community structure
information could be explained by the six selected soil chemical property indicators, among
which axis 1 and axis 2 explained 78.2% and 18.0% of the variation information, respec-
tively (Figure 7). Among all the tested environment factors, ammonium nitrogen, available
potassium, and pH value had significant positive correlations with microbial communities,
in which available potassium had a stronger effect (longer arrow) on microbial commu-
nity on microbial community structure. Interestingly, the correlations between the fungi,
eukaryote and soil water contents, and nitrate nitrogen were negative and significant.
Moreover, the soil pH was not the main environmental factor affecting the soil microbial
community composition.

Figure 7. Redundancy analysis (RDA) of relationships between microbial community structures,
physcochemical properties, and environmental factors. The variations in the cumulative interpretation
of the first and second axes were 96.2%. The first axis indicates the variables in 78.2%, and the second
axis explains the variables in 18.0%.
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4. Discussion

Significant differences were identified in the physical properties of soil among different-
sized forest gaps and the understory, indicating differences in the sensitivity of soil proper-
ties and the mineralization process in forest gaps of different sizes. The value of available
phosphorus in the four habitats followed the order medium gap > large gap > small gap >
understory (p < 0.01). The available phosphorus content in the top soil layer of middle gaps
in secondary forests was significantly increased, which may be due to the accumulated
rich litter and root biomass in soil [15], increasing its phosphorus content. In addition,
the phosphorus in the soil is easily fixed by soil clay [19], and the vegetation and litter
layer in middle forest gaps can easily intercept rainfall, resulting in a small amount of
phosphorus leaching loss [50]. Wei (2021) conducted a study on the influence of forest gaps
on the available nitrogen of soil in a Pinus massoniana plantation. It was found that the
larger forest gap areas corresponded to higher concentrations of ammonium nitrogen and
nitrate nitrogen, and both were more concentrated in gap areas than in the understory [51].
Interestingly, congruent changes in ammonium nitrogen were found upon analyzing the
value of ammonium nitrogen in large gaps, medium gaps, small gaps, and the understory,
with the following order: large gap > small gap > medium gap > understory (p < 0.05). In
contrast, different changes in nitrate nitrogen were observed upon analyzing the value of
nitrate nitrogen in large gaps, medium gaps, small gaps, and the understory. The values
of nitrate nitrogen in medium gaps were significantly higher than those in the small gaps,
large gaps, and understory (p < 0.01), which might be caused by differences in forest gap
size and in gap zone, from the understory to the canopy and the expanded gaps. Addi-
tionally, we found that the value of available potassium in the four habitats followed the
order large gap > small gap > medium gap > understory, which showed that the gaps could
contribute to soil nutrient transformation. Forest gaps alter the soil conditions by increasing
solar radiation and reducing plant water uptake; consequently, soil surface temperatures
and moisture levels in the gaps are different from those of the adjacent closed-canopy
forests [12,52,53]. The gap area of evergreen broad-leaved secondary forest significantly
affected the value of soil water content, which decreased between the understory and the
forest gap, while the differences in soil pH among three gaps and understory were not
significant (p > 0.05). This finding is consistent with the previous findings that no signifi-
cant differences in pH between the gaps and forest canopy were detected [54]. Generally,
medium forest gaps may have a region of rich fertility, increasing soil nutrient availability
within evergreen broad-leaved secondary forests, which is beneficial to vegetation renewal
and biodiversity conservation.

The diversity of soil biota communities generally plays significant roles in mediating
plant community attributes, including diversity, plant productivity, community compo-
sition, and plant–soil interactions, as well as regulating how plants respond to stress
factors. [24,32,55]. Microorganisms are very active in the decomposition of matter and are
important factors that influence nutrient availability in plant–soil feedback systems [33,55].
Previous studies found that gap area and gap position are the main reason for the difference
in species richness between the gap and within the forest [16,56,57]. The results of our
study also demonstrate that forest gap size significantly affects soil community structures
and composition in evergreen broad-leaved secondary forest gaps. Among all the sizes of
forest gaps, medium gaps had the most significant positive correlation with the microbial
communities. A similar finding was also observed in other studies, indicating that the
structure and diversity of the soil bacterial community were affected by different forest
gap sizes, and the soil bacterial diversity was higher in the medium gap than the small
gap [55]. The SAT/MONO ratios were highest in the medium gap, but lowest in the large
gap (p < 0.0001). The temperature and humidity under different forest gaps are regulated
by environmental factors such as illumination and rainwater, and after entering the gap,
these factors are re-regulated by the difference between vegetation types under different
forest gaps [58]. This is why the SAT/MONO ratio showed no differences in different
positions within the large gap but were quite different in the small gap, medium gap, and
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understory. Within the first few years following gap creation, the physical and chemical
environment of the soil changed. The litter input and the decrease in plant root exudates
resulted in insufficient nutrients for microbial metabolism, which inhibited the growth and
reproduction of soil microorganisms, and this inhibition effect was more evident with the
increase in the gap area [27,33]. Our study had similar findings, where the total amount
of PLFAs was quite different: medium gap > large gap > small gap > under-story. The
comprehensive effect of gap size and sampling location on the microbial communities is
quite significant [35]. The content of G+ bacteria in the center of the gap was significantly
higher than that in the same gap with a different position. Interestingly, variations in G-
bacterial PLFA contents were not evident in the forest gaps. Moreover, the level in the
medium gaps were relatively stable, and there were no significant changes in the center,
inside, edge, and outside of the gaps. In this study, due to the same site conditions, the
differences between plant community structures in the different-sized gaps may be the
main factor for the significant change in soil microbial community structure [52]. Gap
locations caused distinct co-occurrence patterns in fungal communities, and the beta di-
versity of the fungal community increased from the gap center to the closed canopy [35].
Our findings also indicate that the PLFA contents in fungi in different forest gaps ranged
from 1.86 to 9.01 nmol g−1: large gap > small gap > medium gap > understory. In contrast,
actinomycetes were most active in the forest gap in comparison with the understory, large
gap (16.9 nmol g−1) > medium gap (13.68 nmol g−1) > small gap (12.21 nmol g−1) > un-
derstory (11.06 nmol g−1). Generally, the forest gap size substantially alters soil properties
in the evergreen broad-leaved secondary forest, and alters the soil microbial community
structure due to gap formation. The presented results may be strongly biased by the meteo-
rological conditions in that specific moment, so we continued to track them for a long time.
Forest gaps have profound effects on the biogeochemical processes of soil in evergreen
broad-leaved secondary forests and, thus, the soil carbon pool and plant diversity. Our
experiment was short, and forest gaps were shown to affect the availability of soil nutrients
and soil microbe communities, driving underground ecological process. Gaps in evergreen
broad-leaved secondary forests need to be further studied to understand locally relevant
species and structural changes in the gap phase dynamics.

5. Conclusions

In this study, forest gaps significantly affected the soil chemical properties and soil
microbial communities of evergreen broad-leaved secondary forests: (1) Forest gaps sig-
nificantly affected all the chemical properties of soil; the gap area and position and their
combined interactions determined the chemical properties and microbial communities
of the soil. (2) Gap size was positively related to the community characteristics of soil
microbial communities, as the structural quantity of soil microbial communities of the
evergreen broad-leaved secondary first increased and then decreased with the increase
in gap size. (3) The SAT/MONO ratio was highest in the medium gaps but lowest in the
large gaps (p < 0.001). The SAT/MONO ratio showed no difference in different positions
within the large gaps, but was quite different in small gaps, medium gaps, and understory.
(4) The soil pH was not the main environmental factor affecting the soil microbial commu-
nity composition. (5) Medium gaps (130–160 m2) always significantly improved the soil
nutrients, and provided a good microenvironment for soil bacteria, fungi, AM fungi, and
actinomycetes (p < 0.05). In the practice of secondary forest management, medium gaps
may be a good method for secondary forest conservation, biodiversity conservation, and
carbon dioxide storage. Although we provide important insights into the changes in soil
microbial community structure and soil nutrients driven by forest gaps, the results need to
be validated in the evergreen broad-leaved secondary forest within a few years following
the gap creation.
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Abstract: Plant competition affects belowground ecological processes, such as litter decomposition
and nutrient release. Arbuscular mycorrhizal (AM) fungi play an essential role in plant growth and
litter decomposition potentially. However, how plant competition affects the nutrient release of
litter through AM fungi remains unclear especially for juvenile plants. In this study, a competitive
potting experiment was conducted using juvenile seedlings of Broussonetia papyrifera and Carpinus
pubescens from a karst habitat, including the intraspecific and interspecific competition treatments.
The seedlings were inoculated by AM fungus or not inoculated, and the litter mixtures of B. papyrifera
and C. pubescens were added into the soil or not added. The results were as follows: Litter addition
significantly increased the root mycorrhizal colonization of two species in intraspecific competition.
AM fungus significantly increased the biomass of B. papyrifera seedings and nitrogen release and
decreased nitrogen concentration and N/P ratio of litter and further improved the total nitrogen
and N/P ratio of soil under litter. The interspecific competition interacting with AM fungus was
beneficial to the biomass accumulation of B. papyrifera and improvement of soil nutrients under
litter. However, intraspecific competition significantly promoted nutrient releases via AM fungus.
In conclusion, we suggest that AM fungi endow greater plant biomass and soil nutrients through
interspecific competition, while intraspecific competition prefers to release the nutrients of litter.

Keywords: arbuscular mycorrhizal fungi; intraspecific competition; interspecific competition; litter
decomposition; nutrient release

1. Introduction

Litter is an essential carrier for carbon storage and nutrient cycling in terrestrial ecosys-
tems [1] and is the main source of nutrients that flow into the soil through decomposition
and nutrient release [2], which is closely related to the aboveground and belowground
ecological process [3]. The decomposition of litter in the soil contributes significantly to the
productivity of the terrestrial ecosystem [4]. Moreover, the nutrients released from litter
influences the nutrient turnover between plants and soil, and this is mainly controlled by
litter chemistry [5].

The chemical properties of litter affect the litter mass-loss rate [6], thus, affecting its
decomposition in the soil at different stages [7]. Generally, most plants return to the soil in
the form of litter, which provides substantial nutrients and energy for the soil [3,8]. This
process is affected by soil microorganisms, which are considered to be the major drivers of
biogeochemical cycles [9–11].

Hence, the significance of soil microorganisms on ecosystem processes cannot be
ignored. Arbuscular mycorrhizal (AM) fungi are essential to soil functional microorganisms

Forests 2021, 12, 1704. https://doi.org/10.3390/f12121704 https://www.mdpi.com/journal/forests
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and form a symbiotic relationship with the roots in over 80% of terrestrial plant species [12]
and play a critical role in soil chemical properties and plant communities by affecting
the plant nutrient uptake [13]. Research has shown that AM fungi can improve N and P
acquisition for plants [14]. N and P are generally thought to be the main elements that
limit plant growth and terrestrial ecosystem productivity [15], and the acquisition of these
nutrients may depend on the effect of AM fungi on litter decomposition.

Several studies have suggested that AM fungi can influence litter breakdown [16,17],
and consequently accelerate the release of litter nutrients [18,19]. For instance, AM fungi
can promote the decomposition of complex organic materials in soil through the function of
saprophytes [20]. AM fungal extraradical mycelium can penetrate into the litter to facilitate
the decomposition [21].

Nutrients released from litter are mainly returned to the soil, and only small amounts
are transferred to host plants via AM hyphae [22]. However, these transfers of nutrients can
change the competitive relationship between plants [23]. Despite the importance of AM
fungi in competitive plant relationships and litter nutrient release, how competition affects
decomposition and nutrient release in the presence of AM fungi has not yet been addressed.

Belowground competition is an important force in structuring plant communities [24]
and affects the distribution of plant species and the diversity of plant communities [25].
Additionally, belowground competition is more intense than aboveground competition
because plant roots compete for soil nutrients [26]. AM fungi can regulate the plant
competition associated with plant roots through interconnected mycorrhizal networks
that exchange C, N and P among different species and change the nutrient status between
plants and soil [27,28].

Aponte et al. [29] proposed that plant competition indirectly affects the decomposition
rate by inducing changes in the microbial community. Specifically, interspecific differ-
ences drive litter mass changes that positively affect the decomposition process [30], but
intraspecific differences are generally considered to influence plant residue breakdown
more intensely due to almost complete niche overlap [31]. Meanwhile, AM fungi play an
important role in mediating intra- and interspecific competitions [32].

Therefore, AM fungi and competitive plant interactions could affect plant nutrient
acquisition strategies [28]. The variable nutrient acquisition strategies of plants reflect
the difference in litter decomposition rates and mediate the population of decomposer
organisms [33], which may have different impacts on the decomposition and release of
litter nutrients, especially in nutrient-poor environments.

The southwest of China is the largest karst distribution area in the world. It is a typical
fragile ecosystem characterized by nutrient deficiency that severely restricts the primary
productivity of plants [34]. Furthermore, the small amount of litter reduces the nutrient
turnover of the karst ecosystem [35]. AM fungi are widely distributed in karst areas and
can coexist with woody plants, such as Broussonetia papyrifera [36]. AM fungi can also
regulate plant nutrient competition in karst regions.

For instance, Shen et al. [37] reported that AM fungi confer in invasive plants a competi-
tive advantage in nutrient acquisition compared to native species, and Xia et al. [38] showed
that AM fungi change plant root phenotypic traits and resource acquisition strategies to
increase host competitiveness. Additionally, AM fungi could promote litter decomposition
and the transfer of N from litter to host plants by enhancing the interaction among plants
in karst habitats [21].

Therefore, plant competition affects the decomposition and nutrient release of litter
via AM fungi. However, the effects of AM fungi on the release of litter nutrients associated
with intra- versus interspecific competitions in karst soils remains unclear. Thus, our aim is
to clarify the role of AM fungi in the nutrient release of litter under intra- and interspecific
competitions. We hypothesized that:

Hypothesis 1 (H1). The interspecific competition increases more plant biomass and soil nutrients
than the intraspecific competition when associated with AM fungi and litter in karst soil.
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Hypothesis 2 (H2). AM fungi can promote the nutrient release of litter in karst soil.

We verify the arbuscular mycorrhizal roles in soil nutrient maintenance and forest
ecosystem management of karst areas.

2. Materials and Methods

2.1. Experimental Treatments

A potting experiment was conducted in a plastic pot (22 × 20 × 28 cm, caliber ×
bottom diameter × height) in which there is a 1 cm hole in the bottom of the pot for draining
water. The experimental treatments included competition patterns, AM fungus and litter
addition. The competition pattern contained the intraspecific competition treatment (Intra-)
and the interspecific competition treatment (Inter-) using seedlings of Broussonetia papyrifera
and Carpinus pubescens, which are common plant species from karst habitat. Two seedlings
of B. papyrifera or C. pubescens were monoculture in a pot as the Intra-treatment, in contrast
to mixed planting for two species as the Inter-treatment.

A 100 g of AM inoculum of the fungus Claroideoglomus etunicatum was taken into the
growth substrate of soil in each pot as the inoculated M+ treatment, or a sterilized inoculum
of 100 g of C. etunicatum was applied into the substrate as the control of M−. The litter
addition wrapped with 10 g litter mixture (5 g B. papyrifera and 5 g C. pubescens) in 1 mm
aperture nylon mesh bag (5.0 cm × 5.0 cm) was regarded as the L+ treatment and was not
added as the L− treatment (Figure 1).

Figure 1. Diagram of the experimental design. The woody plant of Broussonetia papyrifera and Carpinus pubescens seedlings
were inoculated by AM fungus of Claroideoglomus etunicatum. The litter bags = a 10 g of litter mixture of B. papyrifera and C.
pubescens. Intra- = intraspecific competition of B. papyrifera or C. pubescens; Inter- = interspecific competition of B. papyrifera
and C. pubescens.

The litters were soaked in 2% H2O2 for 3 min and oven-dried for 48 h at 65 ◦C
before the experimental treatment. The initial chemistry of the litter mixtures had nitrogen
1.368 mg g−1 and phosphorus 0.268 mg g−1. A 1300 g of growth substrate of limestone soil
(Calcaric regosols, FAO) [36] was sterilized at 121 ◦C and 0.14 Mpa for one hour and was
then placed into a pot before the start of the experiment. The growth substrate had a pH of
6.93, total nitrogen of 0.718 g kg−1, total phosphorus of 0.491 g kg−1, available nitrogen of
201.3 mg kg−1 and available phosphorus of 233.15 mg kg−1.

Specifically, 550 g of growth substrate was added into the bottom of each pot. Then,
the litter bag was placed on the growth substrate and covered with 500 g of sterilized
substrate. Finally, five seeds of B. papyrifera and C. pubescens were sterilized with 1/1000
solution of KMnO4 for 10 min and rinsed with sterile water three times, and were placed
into the pot and covered with 250 g soil substrate. Two plants were retained after three
weeks of seedling growth in each pot (Figure 1). There were 40 pots with five replicates for
each treatment in this experiment.

In particular, the AM inoculum contained colonized root pieces, hyphae and approxi-
mately 100 spores per gram, and an extra 10 mL of filtrate was taken into M− from 100 g of
inoculum and dissolved into 1000 mL sterilized water in order to maintain a consistent
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microflora with the inoculated treatment except for the AM fungus. Additionally, C. etu-
nicatum had been initially isolated from a local karst site in Guizhou of southwest China,
purchased from the Institute of Nutrition Resources, Beijing Academy of Agricultural and
Forestry Sciences (BGA0046).

The soil, plant seeds and litter were collected from a typical karst habitat in Huaxi
District, Guiyang city, Guizhou Province, China. The plants were cultured in a greenhouse
at Guizhou University, China (106◦22′ E, 29◦49′ N, 1120 m above sea level). All materials
of plants and soil were harvested for determination after 24 weeks.

2.2. Measurements of the Root Mycorrhizal Colonization, Spore Density, Hyphal Length, Plant
Biomass and the Concentrations of Nitrogen and Phosphorus in Litter and Soil

All materials containing the soil substrates, plants and residual litter were harvested
for determination. The plant tissues, including roots, stems and leaves, were weighed after
being dried at 65 ◦C for constant weight, and then added together for the total biomass of
the plant individual. The spore density of C. etunicatum was determined in soil using the
method described by Biermann and Linderman [39], and the hyphal length was determined
using the gridline intersect method [40].

The root mycorrhizal colonization rate was used the magnified gridline intersection
method from Mcgonigle et al. [41]. Nitrogen and phosphorus concentrations regarding
the residual litter and soil materials were determined using the Kjeldahl method [42] and
the molybdenum-antimony anti-colorimetric method [43]. The available nitrogen (AN)
and the available phosphorus (AP) of soil were determined, respectively, by the alkali
hydrolysis diffusion method [44] and the colorimetry method [45].

2.3. Calculations of the Release of Nitrogen and Phosphorus

Decomposing traits, including the mass-loss rate and nutrient release of litter, were
calculated via the equation referenced from Bragazza et al. [46] and Wu [47] as follows:

Litter mass-loss rate (%) = [(W0 − W1)/W0] × 100%

Litter nutrient release = [(X0W0 − X1W1)/X0W0] × X0W0

where the W0 and W1 are the initial and final litter weights, respectively; meanwhile, X0
and X1 are the initial and final litter nutrient concentrations of nitrogen and phosphorus,
respectively. Positive or negative values mean the net mineralization or net immobilization,
respectively.

2.4. Statistical Analysis

For comparing Intra- and Inter- competition when analyzing nutrients of litter and soil,
these data were integrated through all monoculture treatments combined the respective
B. papyrifera with C. pubescens seedlings as intraspecific competition data, except for the
mycorrhizal colonization rate and plant biomass for each species. All data were tested for
normality and homogeneity of variance before analysis. Two-way ANOVAs were applied
for analyzing the effects of AM fungus (M+ vs. M−) and competition pattern (Intra- vs.
Inter-) and their interactions on decomposing traits of litter and soil nutrients under L+

or L−. All statistical analyses were performed using the SPSS 25.0 software, and all the
graphs were drawn through the Origin 2018 software.

3. Results

3.1. The Root Mycorrhizal Colonization of Two Plants and The Spore Density and Hyphal Length
in Different Competition and Litter Treatments when Inoculated with AM Fungus

The significant Inter- > Intra- of mycorrhizal colonization was presented in C. pubescens
under L− (Table 1). However, there was no significant difference in mycorrhizal coloniza-
tion of the two species in Intra- and Inter- competitions under L+. In addition, a significant
L+ > L− was observed for mycorrhizal colonization of two species in Intra-treatment. The
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soil spore density of the Inter-treatment was significantly greater than the Intra-treatment
under L+ but not for under L−.

Table 1. The root mycorrhizal colonization of Broussonetia papyrifera and Carpinus pubescens, the spore density and the hyphal
length through the treatments of competition pattern and with or without litter addition under AM fungus inoculation.

Treatments
Mycorrhizal Colonization Rate (%)

Spore Density (g soil−1) Hyphae Length (m soil−1)
Broussonetia papyrifera Carpinus pubescens

Intra-
L+ 63.3 ± 4.6 ax 39.0 ± 7.1 ax 8.6 ± 1.3 by 15.2 ± 4.1 ax
L− 44.7 ± 2.1 ay 14.6 ± 0.9 by 12.5 ± 0.6 ax 9.9 ± 1.7 ax

Inter-
L+ 59.3 ± 5.3 ax 17.4 ± 4.3 ax 17.9 ± 0.6 ax 20.6 ± 8.9 ax
L− 46.0 ± 3.3 ax 23.0 ± 1.6 ax 4.4 ± 0.2 by 21.9 ± 7.6 ax

Abbreviations: M+ = with AM fungus; M− = without AM fungus; Intra- = intraspecific competition; Inter- = interspecific competition; L+ =
with litter addition; L− = without litter addition; the different lowercase letters (a,b) means a significant difference between Intra- and
Inter-treatments under L+ or L− (p < 0.05); the different lowercase letters (x,y) means a significant difference between L+ and L− treatments
under Intra- or Inter- (p < 0.05). The values are the mean ± SE.

A significant L+ > L− of spore density was presented in Inter-treatment; there was
no significant difference between L+ and L− under Intra- and Inter-treatments for the
hyphal length (Table 1). This indicates that litter addition significantly increased the root
mycorrhizal colonization of two species except for interspecific competition conditions; the
intraspecific competition decreased the spore density, while the interspecific competition
increased the spore density in this experiment.

3.2. The Biomass of B. papyrifera and C. pubescens Seedlings in Different Competition and Litter
Treatments

A significant M+ > M− of biomass was presented in B. papyrifera seedlings regardless
of Intra- and Inter- under litter and no litter addition treatments (Figure 2a,c). However,
the biomass of C. pubescens seeding was not significantly different when comparing M+

to M− under Intra- or Inter- competition (Figure 2b), except for the biomass of M+ was
significantly less than the biomass of M− in Intra-treatment (Figure 2d). The significant
Inter- > Intra- of biomass were presented in B. papyrifera seedlings under M+ of litter or no
litter addition and also M− of litter addition (Figure 2a,c) but not for C. pubescens seedlings
even presenting a not significant Inter- > Intra- under no litter (Figure 2d).

3.3. The Concentration and Release of Residual Litter Nutrients on Nitrogen and Phosphorus in
Competition Interacting with AM Fungus

The mass-loss rate was not significantly different among AM fungus (M), competition
(C) and their interactions M × C (Table 2), and there was no significant difference between
M+ and M− in the litter mass-loss rate under Intra- and Inter- competitions (Figure 3a).
AM fungus (M) significantly affected the N concentration, N/P ratio and the N and P
releases of residual litter but not the P concentration (Table 2). The significant M+ < M−
were presented with the N concentration, N/P ratio and P release under Intra-treatment
(Figure 3b,d,f).
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Figure 2. The biomass of B. papyrifera and C. pubescens seedlings through the treatments of competition
pattern, AM fungus and with (a,b) or without (c,d) litter addition. Abbreviations: M+ = with
AM fungus; M− = without AM fungus; Intra- = intraspecific competition; Inter- = interspecific
competition; the *, ** and *** mean different difference between Intra- and Inter- treatments under M+

or M− at p < 0.05, p < 0.01 and p < 0.001, respectively; while the ‘ns’ means a not significant difference;
the different lowercase letters (a,b) means a significant difference between M+ and M− treatments
under Intra- or Inter- (p < 0.05).

Table 2. Two-Way ANOVAs for the effects of AM fungus (M+ vs. M−) and competition pattern (Intra- vs. Inter-) on the
concentrations and releases of nitrogen and phosphorus and N/P ratio in residual litter.

Factors df
Litter Mass-

Loss Rate (%)
N Concentration

(mg g−1)
P Concentration

(mg g−1)
N/P Ratio

N Release
(mg g−1)

P Release
(mg g−1)

F p F p F p F p F p F p

M 1 1.936 0.176 24.302 0.000 3.907 0.060 20.675 0.000 10.746 0.003 5.113 0.033
C 1 0.115 0.737 46.680 0.000 15.909 0.001 4.270 0.050 28.123 0.000 9.259 0.006

M × C 1 2.537 0.123 4.495 0.045 5.170 0.032 0.000 0.994 0.792 0.382 0.835 0.370

Abbreviations: M = AM fungus treatments; C = Competition pattern treatments. p < 0.05 and p < 0.01 indicate significant differences, and
p < 0.001 indicates highly significant differences.

However, the significant M+ > M− were presented for N release and P concentration
under Intra-treatment (Figure 3c,e). The competition pattern (C) significantly affected the N
and P concentrations, N/P ratio and the N and P releases of residual litter. The significant
Inter- > Intra- of N concentration (Figure 3b) and the significant Inter- < Intra- of N release
(Figure 3e) were presented under M+ or M− treatment.

The P concentration and P release under M− showed Inter- > Intra- or Inter < Intra-,
respectively, while there were no significant differences between Inter- and Intra-treatments
under M+ (Figure 3c,f). The N/P ratio of Inter-treatment was greater than Intra-treatment
but was not significant under M+ or M− in the residual litter (Figure 3d). The interaction of
M × C significantly affected the concentrations of N and P but not for the N/P ratio and
the releases of N and P (Table 2).
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Figure 3. The residual litter on mass-loss rate (a), on the concentrations of nitrogen and phosphorus (b,c) and N/P ratio (d)
and nutrient release of nitrogen and phosphorus (e,f) in two competition soils through AM fungus treatment. Abbreviations:
see Figure 2 for explanations of M+, M−, Intra-, Inter-, * and **, the lowercase letters (a,b) and the ns.

3.4. The Nutrients of Nitrogen and Phosphorus in Two Competition Soil with AM Fungus and
Litter Treatments

Under the litter addition, the AM fungus (M) significantly affected the total nitrogen
(TN) and N/P ratio but not for the total phosphorus (TP), the available nitrogen (AN) and
the available phosphorus (AP) (Table 3). The significant M+ > M− of the TN and N/P
ratio was found under Intra- and Inter-treatments (Figure 4a,c); however, a significant
M+ < M− of TP was found under Intra-treatment (Figure 4b). The competition pattern
(C) significantly affected the TN but did not significantly affect the TP and N/P ratio;
furthermore, the interaction of M × C significantly affected TN and TP via the two-way
ANOVAs analysis (Table 3).

Table 3. Two-Way ANOVAs for the effects of AM fungus (M+ vs. M−) and competition pattern (Intra- vs. Inter- ) on total
nitrogen and phosphorus and the N/P ratio and the available nitrogen and phosphorus of soil under L+ and L− treatments.

Factors df
Total Nitrogen

(mg g−1)
Total Phosphorus

(mg g−1)
N/P Ratio

Available Nitrogen
(mg kg−1)

Available Phosphorus
(mg kg−1)

F p F p F p F p F p

L+
M 1 64.409 0.000 1.784 0.193 9.522 0.005 0.006 0.940 0.591 0.449
C 1 41.446 0.000 2.578 0.120 0.401 0.532 0.254 0.619 0.101 0.753

M × C 1 34.943 0.000 4.814 0.037 0.001 0.977 0.790 0.382 0.947 0.340

L−
M 1 1.244 0.275 15.942 0.000 11.148 0.003 1.141 0.295 4.009 0.056
C 1 9.046 0.006 0.002 0.969 0.013 0.909 3.871 0.060 0.129 0.723

M × C 1 3.019 0.094 0.949 0.339 0.001 0.981 0.181 0.674 0.627 0.436

Abbreviations: L+ = with litter addition treatment; L− = without litter addition treatment; M = AM fungus treatments; C = Competition
pattern treatments. p < 0.05 and p < 0.01 indicate significant differences, and p < 0.001 indicates highly significant differences.

Under M+, the TN and TP of Inter-treatment were significantly greater than Intra-
treatment (Figure 4a,b). In addition, the AM fungus (M), competition pattern (C) and their
interaction did not significantly affect AN and AP, and there were no differences of AN
and AP among Intra- and Inter- compared with other soil nutrients under the M+ and M−
treatments (Figure 4d,e).
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Figure 4. The soil nutrient properties on the total nitrogen and phosphorus (a,b) and the N/P ratio (c) and the available
nitrogen and phosphorus (d,e) in two competition soils through AM fungus under litter addition treatment. Abbreviations:
see Figure 2 for explanations of M+, M−, Intra-, Inter-, ** and ***, the lowercase letters (a,b) and the ns.

Under the no litter addition, the AM fungus (M) significantly affected TP and N/P
ratio but not for TN, AN and AP (Table 3); the TN and N/P ratio were showed as M+ > M−
under Intra-, but the TP was showed as M+ < M− under Intra- and Inter- (Figure 5a–c). The
competition pattern (C) significantly affected the TN but not for the TP, the N/P ratio and
the AN and AP (Table 3), by significantly increasing the TN of Intra-treatment (Figure 5a).
The interaction of M × C did not significantly affect the nutrients of TP, AN, AP and N/P
ratio via this experiment (Table 3).

Figure 5. The soil nutrient properties on the total nitrogen and phosphorus (a,b) and the N/P ratio (c) and the avail-
able nitrogen and phosphorus (d,e) in two competition soils through AM fungus under none-litter addition treatment.
Abbreviations: see Figure 2 for explanations of M+, M−, Intra-, Inter- and **, the lowercase letters (a,b) and the ns.

218



Forests 2021, 12, 1704

4. Discussion

4.1. Intraspecific and Interspecific Competition Mediated The Accumulation of Plant Biomass and
Soil Nutrients and The Releases of Litter Nutrient via AM Fungi

In this study, the interspecific competition significantly increased the biomass of
B. papyrifera than the intraspecific competition via AM fungus regardless of litter addition
(Figure 2a,c), which indicated that interspecific competition endowed plant biomass ac-
cumulation an advantage over the intraspecific competition. Matos et al. [48] found that
interspecific competition enhanced the biomass accumulation of Bidens pilosa and Ipomoea
grandifolia than the intraspecific competition; Heuermann et al. [49] also observed that
interspecific competition greatly increased the biomass of catch plants.

In addition, the interspecific competition significantly increased the soil N and P
compared with intraspecific competition under AM fungus inoculation and litter addition
(Figure 4a,b), indicating that interspecific competition was more beneficial to increase
soil nutrients when compared with the intraspecific competition, which was similar to
the previous studies. For instance, the interaction of interspecific plants can positively
influence soil properties and, thus, reducing soil nutrients loss, while this was not obvious
in competitive intraspecific plants [50].

Additionally, when compared to intraspecific competition, interspecific competition
could enhance soil nutrient availability through altering the densities of plants inter-
cropping [51]. Therefore, the interspecific competition confers greater soil nutrients than
intraspecific competition; this exactly verified the hypothesis of H1. Overall, the interspe-
cific competition plays an important role in plant biomass accumulation and soil nutrient
improvement in nutrient-limited karst soil.

The competition significantly affected the N and P releases of litter (Table 2), and
the N and P releases in the intraspecific competition were all greater than in interspecific
competition (Figure 3e,f), indicating that intraspecific competition was an important factor
affecting the nutrient release of litter in nutrient strategies of competitive plants.

Yang et al. [52] proposed that the intraspecific competition was the main competition
mode, which greatly intensified the plant nutrient acquisitions due to niche overlap,
thus, driving the decomposition of organic matter and nutrient release [53]. Meanwhile,
Tedersoo et al. [54] discovered that the interspecific competition reduced the nutrient
demands of plants due to niche differentiation, thus, slowing down litter decomposition
and nutrient release [55]. These results supported that intraspecific competition promoted
the greater nutrient releases for litter when compared with the interspecific competition in
this experiment.

4.2. Arbuscular Mycorrhizal Fungi Regulate the Release of Nitrogen and Phosphorus in
Decomposing Litter

AM fungus significantly increased the N release of litter under intra- and interspecific
competitions (Figure 3e), indicating that N release positively responded to AM fungus,
which was consistent with the study of Hodge et al. [56] and Tan et al. [19], who found that
AM fungi stimulated N release during the process of litter decomposition. The N release
of litter via AM fungi was mainly achieved through two pathways. One is that AM fungi
accelerated N release through decomposing nitrogen compounds in the litter [57], and the
other is that AM fungi could facilitate the transformation of organic N into inorganic N;
thereby, the N was released from decomposed litter [58].

Previous studies have shown that AM fungi can directly or indirectly affect the de-
composition of litter and then promote nutrient release. Directly, the length of AM fungal
extraradical mycelium can generally exceed 13-fold of the root length [59], which pene-
trates into the litter to facilitate the decomposition [21]. Indirectly, AM fungi accelerated
decomposition by altering the fungal community composition associated with litter break-
down [60]. In addition, AM fungi hyphal exudates could stimulate litter decomposition by
increasing soil enzyme activity [61].
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Therefore, AM fungi contribute to the nutrient release of litter directly or indirectly;
this exactly verifies the hypothesis of H2. Nevertheless, whether most of the released
nutrients are transferred to host plants or soil through AM fungi remains unclear. There-
fore, isotope tracing experiments are necessary to explore the nutrient transport among
competitive plants via AM mycelium in the future.

4.3. Arbuscular Mycorrhizal Fungi Differentially Affected Plant Biomass and Soil Nutrients

AM fungus significantly increased the biomass of B. papyrifera seedlings under intra-
and interspecific competitions in this study (Figure 2a,c), which was accordant with AM
fungi enhancing the biomass of Cinnamomum camphora [62]. Wu et al. [63] also proposed
that AM fungi facilitated the biomass accumulation of Populus cathayana seedlings.

In this experiment, the AM fungus had no significant effect on the biomass of
C. pubescens compared with B. papyrifera (Figure 2a–d), indicating that the two plants
differently responded to AM fungus in biomass production, which proved that the AM
fungi had the selectivity in regulating plant growth. For example, AM fungi enabled the
preferential allocation of nutrient resources to high-quality host plants and aggravated the
growth differences between plants [64].

Meanwhile, when two plants were mixed, one of the plants obtained higher N and P
and subsequently promoted the biomass accumulation than the neighboring plant through
AM fungi [65]. Smith and Read [12] and Helgason and Fitter [66] also agreed that there was
a selectivity between specific AM fungi and host plants. Thereby, AM fungi are essential
for plant growth, but the mutual selection is not excluded between AM fungi and host
plant, precisely as the B. papyrifera and C. pubescens seedlings presented further growth
under interspecific or intraspecific competition.

In this experiment, AM fungus increased soil N and P under interspecific competition
with litter addition (Figure 4a,b) compared with no litter addition (Figure 5a,b), which
indicated that AM fungi improved soil nutrients in the presence of litter. Several studies
reported that AM fungi could increase soil N content by stimulating the secretion of soil
urease [67] and P content through improving the phosphatase activity [68]. In addition, the
nutrients released from the decomposing litter were transferred to the surrounding soil
through AM fungi, thus, affecting the soil nutrient turnover [69].

Litter is the main source of soil nutrients, and AM fungi could significantly increase
the soil N and P during decomposition [19]. Moreover, AM fungus significantly increased
the soil N/P ratio under litter addition, indicating that AM fungi facilitated the soil nitrogen
accumulation more than phosphorus (Figure 4c). Verbruggen et al. [70] showed that AM
fungi could regulate the soil N/P ratio, and a higher N/P ratio means that the contribution
of AM fungi to nitrogen was greater than phosphorus.

It is possible that AM fungi prevented soil N loss through expanding nutrient inter-
ception zone [71] or acquired mobile N by absorbing NH4

+ and NO3
− ions in the soil [72].

Overall, these studies showed that AM fungi could improve soil nutrients associated with
litter, and the improvement in nitrogen is greater than for phosphorus. However, the
specific mechanism of how AM fungi regulating soil nutrients through litter needs to be
further explored in the future.

5. Conclusions

In this experiment, AM fungus affected the plant growth, litter nutrient release and soil
nutrients differently under intra- and interspecific competitions via litter. The litter addition
had a significant improvement on the root mycorrhizal colonization of B. papyrifera and C.
pubescens in intraspecific competition. The AM fungus exerted a positive influence on the
biomass of B. papyrifera, the litter N release and soil TN and N/P ratio while showing the
opposite effects for the N concentration, P release and N/P ratio of litter in two competitive
patterns under litter addition.

The interspecific competition interacting with AM fungus enhanced the biomass
accumulation of B. papyrifera and the N concentration and N/P ratio of litter, as well as the
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TN and TP of soil under litter addition; however, the intraspecific competition regulated
by AM fungus significantly improved the N and P releases of litter. In conclusion, the
interspecific competition conferred more significant benefits over intraspecific competition
in enhancing plant biomass and soil nutrients, while the intraspecific competition instead
increased litter nutrient releases when associated with AM fungi in karst soil.

Author Contributions: Conceptualization, Y.H.; Data analysis, Y.G., M.H., D.C., T.X., K.S., Q.L.
and L.K.; methodology, X.H., M.H. and L.Z.; writing—original draft preparation, B.W.; writing—
review and editing, B.W. and Y.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (31660156,
31360106), the Science and Technology Project of Guizhou Province ([2021] General-455, [2016]
Supporting-2805), the Guizhou Hundred-level Innovative Talents Project (Qian-ke-he platform
talents [2020]6004), the First-class Disciplines Program on Ecology of Guizhou Province (GNYL
[2017]007) and the Talent-platform Program of Guizhou Province ([2017]5788, [2018]5781).

Data Availability Statement: Not applicable.

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

References

1. Camenzind, T.; Httenschwiler, S.; Treseder, K.K.; Lehmann, A.; Rillig, M.C. Nutrient limitation of soil microbial processes in
tropical forests. Ecol. Monogr. 2018, 88, 4–21. [CrossRef]

2. Yue, K.; Yang, W.; Peng, C.; Peng, Y.; Zhang, C.; Huang, C.; Tan, Y.; Wu, F. Foliar litter decomposition in an alpine forest
meta-ecosystem on the eastern Tibetan Plateau. Sci. Total Environ. 2016, 566, 279–287. [CrossRef] [PubMed]

3. Berg, B.; McClaugherty, C. Models that describe litter decomposition. In Plant Litter: Decomposition, Humus Formation, Carbon
Sequestration; Springer: Berlin/Heidelberg, Germany, 2014; pp. 189–199.

4. Adair, E.C.; Parton, W.J.; Del Grosso, S.J.; Silver, W.L.; Harmon, M.E.; Hall, S.A.; Burke, I.C.; Hart, S.C. Simple three-pool model
accurately describes patterns of long-term litter decomposition in diverse climates. Glob. Chang. Biol. 2008, 14, 2636–2660.
[CrossRef]

5. Berger, T.W.; Duboc, O.; Djukic, I.; Tatzber, M.; Gerzabek, M.H.; Zehetner, F. Decomposition of beech (Fagus sylvatica) and
pine (Pinus nigra) litter along an alpine elevation gradient: Decay and nutrient release. Geoderma 2015, 251, 92–104. [CrossRef]
[PubMed]

6. Scott, N.A.; Binkley, D. Foliage litter quality and annual net N mineralization: Comparison across North American forest sites.
Oecologia 1997, 111, 151–159. [CrossRef]

7. Del Giudice, R.; Lindo, Z. Short-term leaching dynamics of three peatland plant species reveals how shifts in plant communities
may affect decomposition processes. Geoderma 2017, 285, 110–116. [CrossRef]

8. Wardle, D.A.; Bardgett, R.D.; Klironomos, J.N.; Setala, H.; van der Putten, W.H.; Wall, D.H. Ecological linkages between
aboveground and belowground biota. Science 2004, 304, 1629–1633. [CrossRef]

9. Trogisch, S.; He, J.-S.; Hector, A.; Scherer-Lorenzen, M. Impact of species diversity, stand age and environmental factors on leaf
litter decomposition in subtropical forests in China. Plant Soil 2016, 400, 337–350. [CrossRef]

10. Bradford, M.A.; Veen, G.F.; Bonis, A.; Bradford, E.M.; Classen, A.T.; Cornelissen, J.H.C.; Crowther, T.W.; De Long, J.R.;
Freschet, G.T.; Kardol, P.; et al. A test of the hierarchical model of litter decomposition. Nat. Ecol. Evol. 2017, 1, 1836–1845.
[CrossRef] [PubMed]

11. Zhao, C.; Long, J.; Liao, H.; Zheng, C.; Li, J.; Liu, L.; Zhang, M. Dynamics of soil microbial communities following vegetation
succession in a karst mountain ecosystem, Southwest China. Sci. Rep. 2019, 9, 2160. [CrossRef]

12. Smith, S.; Read, D. Mycorrhizal symbiosis. Q. Rev. Biol. 2008, 3, 273–281.
13. Korb, J.; Johnson, N.; Covington, W. Arbuscular mycorrhizal propagule densities respond rapidly to ponderosa pine restoration

treatments. J. Appl. Ecol. 2003, 40, 101–110. [CrossRef]
14. Kiers, E.T.; Duhamel, M.; Beesetty, Y.; Mensah, J.A.; Franken, O.; Verbruggen, E.; Fellbaum, C.R.; Kowalchuk, G.A.; Hart, M.M.;

Bago, A.; et al. Reciprocal rewards stabilize cooperation in the mycorrhizal symbiosis. Science 2011, 333, 880–882. [CrossRef]
15. Güsewell, S. N: P ratios in terrestrial plants: Variation and functional significance. New Phytol. 2004, 164, 243–266. [CrossRef]
16. Cheng, L.; Booker, F.L.; Tu, C.; Burkey, K.O.; Zhou, L.; Shew, H.D.; Rufty, T.W.; Hu, S. Arbuscular mycorrhizal fungi increase

organic carbon decomposition under elevated CO2. Science 2012, 337, 1084. [CrossRef] [PubMed]
17. Xu, J.; Liu, S.; Song, S.; Guo, H.; Tang, J.; Yong, J.W.H.; Ma, Y.; Chen, X. Arbuscular mycorrhizal fungi influence decomposition

and the associated soil microbial community under different soil phosphorus availability. Soil Biol. Biochem. 2018, 120, 181–190.
[CrossRef]

18. Kalbitz, K.; Solinger, S.; Park, J.H.; Michalzik, B.; Matzner, E. Controls on the dynamics of dissolved organic matter in soils: A
review. Soil Sci. 2000, 165, 277–304. [CrossRef]

221



Forests 2021, 12, 1704

19. Tan, Q.; Si, J.; He, Y.; Yang, Y.; Shen, K.; Xia, T.; Kang, L.; Fang, Z.; Wu, B.; Guo, Y.; et al. Improvement of karst soil nutrients
by arbuscular mycorrhizal fungi through promoting nutrient release from the litter. Int. J. Phytoremediat. 2021, 23, 1244–1254.
[CrossRef] [PubMed]

20. Sheldrake, M.; Rosenstock, N.P.; Revillini, D.; Olsson, P.A.; Mangan, S.A.; Sayer, E.J.; Wallander, H.; Turner, B.L.; Tanner, E.V.J.
Arbuscular mycorrhizal fungal community composition is altered by long-term litter removal but not litter addition in a lowland
tropical forest. New Phytol. 2017, 214, 455–467. [CrossRef]

21. He, Y.J.; Cornelissen, J.H.C.; Zhong, Z.C.; Dong, M.; Jiang, C.H. How interacting fungal species and mineral nitrogen inputs affect
transfer of nitrogen from litter via arbuscular mycorrhizal mycelium. Environ. Sci. Pollut. Res. 2017, 24, 9791–9801. [CrossRef]

22. Herman, D.J.; Firestone, M.K.; Nuccio, E.; Hodge, A. Interactions between an arbuscular mycorrhizal fungus and a soil microbial
community mediating litter decomposition. FEMS Microbiol. Ecol. 2012, 80, 236–247. [CrossRef]

23. Daisog, H.; Sbrana, C.; Cristani, C.; Moonen, A.-C.; Giovannetti, M.; Barberi, P. Arbuscular mycorrhizal fungi shift competitive
relationships among crop and weed species. Plant Soil 2012, 353, 395–408. [CrossRef]

24. Weiss, L.; Schalow, L.; Jeltsch, F.; Geissler, K. Experimental evidence for root competition effects on community evenness in one of
two phytometer species. J. Plant Ecol. 2019, 12, 281–291. [CrossRef]

25. Stanescu, S.; Maherali, H. Arbuscular mycorrhizal fungi alter the competitive hierarchy among old-field plant species. Oecologia
2017, 183, 479–491. [CrossRef] [PubMed]

26. Lamb, E.G.; Cahill, J.F., Jr. When competition does not matter: Grassland diversity and community composition. Am. Nat. 2008,
171, 777–787. [CrossRef] [PubMed]

27. Bever, J.D.; Dickie, I.A.; Facelli, E.; Facelli, J.M.; Klironomos, J.N.; Moora, M.; Rillig, M.C.; Stock, W.D.; Tibbett, M.; Zobel, M.
Rooting theories of plant community ecology in microbial interactions. Trends Ecol. Evol. 2010, 25, 468–478. [CrossRef]

28. Scheublin, T.R.; Logtestijn, R.S.P.V.; Heijden, M.G.A.V.D. Presence and identity of arbuscular mycorrhizal fungi influence
competitive interactions between plant species. J. Ecol. 2010, 95, 631–638. [CrossRef]

29. Aponte, C.; Maranon, T.; Garcia, L.V. Microbial C, N and P in soils of Mediterranean oak forests: Influence of season, canopy
cover and soil depth. Biogeochemistry 2010, 101, 77–92. [CrossRef]

30. Hattenschwiler, S.; Tiunov, A.V.; Scheu, S. Biodiversity and litter decomposition in terrestrial ecosystems. Annu. Rev. Ecol. Evol.
Syst. 2005, 36, 191–218. [CrossRef]

31. Chesson, P. Mechanisms of maintenance of species diversity. Annu. Rev. Ecol. Syst. 2000, 31, 343–366. [CrossRef]
32. Moora, M.; Zobel, M. Effect of arbuscular mycorrhiza on inter- and intraspecific competition of two grassland species. Oecologia

1996, 108, 79–84. [CrossRef]
33. Phillips, R.P.; Brzostek, E.; Midgley, M.G. The mycorrhizal-associated nutrient economy: A new framework for predicting

carbon-nutrient couplings in temperate forests. New Phytol. 2013, 199, 41–51. [CrossRef] [PubMed]
34. Liu, C.; Lang, Y.; Li, S.; Hechun, P.; Tu, C.; Liu, T.; Zhang, W. Researches on biogeochemical processes and nutrient cycling in

karstic ecological systems, southwest China: A review. Front. Earth Sci. 2009, 16, 1–12.
35. Yu, G.; Wang, S.; Rong, L.; Ran, J. Litter dynamics of major successional communities in Maolan karst forest of China. Chin. J.

Plant. Ecol. 2011, 35, 1019–1028.
36. He, Y.; Cornelissen, J.H.C.; Wang, P.; Dong, M.; Ou, J. Nitrogen transfer from one plant to another depends on plant biomass

production between conspecific and heterospecific species via a common arbuscular mycorrhizal network. Environ. Sci. Pollut.
Res. 2019, 26, 8828–8837. [CrossRef]

37. Shen, K.; Cornelissen, J.H.C.; Wang, Y.; Wu, C.; He, Y.; Ou, J.; Tan, Q.; Xia, T.; Kang, L.; Guo, Y.; et al. AM fungi alleviate
phosphorus limitation and enhance nutrient competitiveness of invasive plants via mycorrhizal networks in karst areas. Front.
Ecol. Evol. 2020, 8, 125. [CrossRef]

38. Xia, T.; Wang, Y.J.; He, Y.; Wu, C.; Han, X. An invasive plant experiences greater benefits of root morphology from enhancing
nutrient competition associated with arbuscular mycorrhizae in karst soil than a native plant. PLoS ONE. 2020, 15, e0234410.
[CrossRef]

39. Biermann, B.; Linderman, R.G. Quantifying vercular-arbuscular mycorrhizas: Aproposed method towards standardization. New
Phytol. 1981, 87, 63–67. [CrossRef]

40. Rillig, M.C.; Wright, S.F.; Shaw, M.R.; Field, C.B. Artificial climate warming positively affects arbuscular mycorrhizae but
decreases soil aggregate water stability in an annual grassland. Oikos 2002, 97, 52–58. [CrossRef]

41. Mcgonigle, T.P.; Miller, M.H.; Evans, D.G.; Fairchild, G.L.; Swan, J.A. A new method which gives an objective measure of
colonization of roots by vesicular—arbuscular mycorrhizal fungi. New Phytol. 1990, 115, 495–501. [CrossRef]

42. Hopkins, D.W.; Alef, K.; Nannipieri, P. Methods in applied soil microbiology and biochemistry. J. Appl. Ecol. 1996, 33, 178–188.
[CrossRef]

43. Myers, S.W.; Claudio, G.; Wolkowski, R.P.; Hogg, D.B.; Wedberg, J.L. Effect of soil potassium availability on soybean aphid
(Hemiptera: Aphididae) population dynamics and soybean yield. J. Econ. Entomol. 2005, 98, 113–120. [CrossRef]

44. Holliday, V.T.; Gartner, W.G. Methods of soil P analysis in archaeology. J. Archaeol. Sci. 2007, 34, 301–333. [CrossRef]
45. Stubbs, M.M.; Pyke, D.A. Available nitrogen: A time-based study of manipulated resource islands. Plant Soil 2005, 270, 123–133.

[CrossRef]
46. Bragazza, L.; Siffi, C.; Iacumin, P.; Gerdol, R. Mass loss and nutrient release during litter decay in peatland: The role of microbial

adaptability to litter chemistry. Soil Biol. Biochem. 2007, 39, 257–267. [CrossRef]

222



Forests 2021, 12, 1704

47. Wu, Q. Effects of snow depth manipulation on the releases of carbon, nitrogen and phosphorus from the foliar litter of two
temperate tree species. Sci. Total Environ. 2018, 643, 1357–1365. [CrossRef]

48. Da Conceição de Matos, C.; da Silva Teixeira, R.; da Silva, I.R.; Costa, M.D.; da Silva, A.A. Interspecific competition changes
nutrient: Nutrient ratios of weeds and maize. J. Plant Nutr. Soil Sci. 2019, 182, 286–295. [CrossRef]

49. Heuermann, D.; Gentsch, N.; Boy, J.; Schweneker, D.; Feuerstein, U.; Groß, J.; Bauer, B.; Guggenberger, G.; von Wirén, N.
Interspecific competition among catch crops modifies vertical root biomass distribution and nitrate scavenging in soils. Sci. Rep.
2019, 9, 11531. [CrossRef]

50. Irvine, W.; Hollingsworth, A.D.; Grier, D.G.; Chaikin, P.M. Below-ground interactions in tropical agroecosystems: Concepts and
models with multiple plant components. Cabi Publ. 2004, 12, 881–891.

51. Corre-Hellou, G.; Fustec, J.; Crozat, Y. Interspecific competition for soil N and its interaction with N 2 fixation, leaf expansion and
crop growth in pea–barley intercrops. Plant Soil 2006, 282, 195–208. [CrossRef]

52. Yang, X.; Zhang, W.; He, Q. Effects of intraspecific competition on growth, architecture and biomass allocation of Quercus
liaotungensis. J. Plant Interact. 2019, 14, 284–294. [CrossRef]

53. Sun, Y.; Zang, H.; Splettstosser, T.; Kumar, A.; Xu, X.; Kuzyakov, Y.; Pausch, J. Plant intraspecific competition and growth stage
alter carbon and nitrogen mineralization in the rhizosphere. Plant Cell Environ. 2021, 44, 1231–1242. [CrossRef]

54. Tedersoo, L.; Bahram, M.; Zobel, M. How mycorrhizal associations drive plant population and community biology. Science. 2020,
367, eaba1223. [CrossRef]

55. Boberg, J.B.; Finlay, R.D.; Stenlid, J.; Ekblad, A.; Lindahl, B.D. Nitrogen and carbon reallocation in fungal mycelia during
decomposition of Boreal forest litter. PLoS ONE 2014, 9, e92897. [CrossRef]

56. Hodge, A.; Campbell, C.D.; Fitter, A.H. An arbuscular mycorrhizal fungus accelerates decomposition and acquires nitrogen
directly from organic material. Nature 2001, 413, 297–299. [CrossRef]

57. Kahkola, A.; Nygren, P.; Leblanc, H.A.; Pennanen, T.; Pietikainen, J. Leaf and root litter of a legume tree as nitrogen sources for
cacaos with different root colonisation by arbuscular mycorrhizae. Nutr. Cycl. Agroecosystems 2012, 92, 51–65. [CrossRef]

58. Hodge, A.; Fitter, A.H. Substantial nitrogen acquisition by arbuscular mycorrhizal fungi from organic material has implications
for N cycling. Proc. Natl. Acad. Sci. USA 2010, 107, 13754–13759. [CrossRef]

59. Camenzind, T.; Rillig, M.C. Extraradical arbuscular mycorrhizal fungal hyphae in an organic tropical montane forest soil. Soil
Biol. Biochem. 2013, 64, 96–102. [CrossRef]

60. Lin, D.; Pang, M.; Fanin, N.; Wang, H.; Qian, S.; Zhao, L.; Yang, Y.; Mi, X.; Ma, K. Fungi participate in driving home-field
advantage of litter decomposition in a subtropical forest. Plant Soil 2019, 434, 467–480. [CrossRef]

61. Alguacil, M.M.; Caravaca, F.; Azcon, R.; Roldan, A. Changes in biological activity of a degraded Mediterranean soil after using
microbially-treated dry olive cake as a biosolid amendment and arbuscular mycorrhizal fungi. Eur. J. Soil Biol. 2008, 44, 347–354.
[CrossRef]

62. Kang, L.; He, Y.; Zang, L.; Si, J.; Yang, Y.; Shen, K.; Xia, T.; Tan, Q.; Wu, B.; Guo, Y.; et al. Mycorrhizal networks interacting with
litter improves nutrients and growth for one plant through the vary of N/P ratio under karst soil. Phyton-Int.J. Exp. Bot. 2021, 90,
701–717. [CrossRef]

63. Wu, Q.; Tang, Y.; Dong, T.; Liao, Y.; Li, D.; He, X.; Xu, X. Additional AM fungi inoculation increase Populus cathayana intersexual
competition. Front. Plant Sci. 2018, 9, 607. [CrossRef]

64. Fellbaum, C.R.; Mensah, J.A.; Cloos, A.J.; Strahan, G.E.; Pfeffer, P.E.; Kiers, E.T.; Bücking, H. Fungal nutrient allocation in common
mycorrhizal networks is regulated by the carbon source strength of individual host plants. New Phytol. 2014, 203, 646–656.
[CrossRef] [PubMed]

65. Walder, F.; Niemann, H.; Natarajan, M.; Lehmann, M.F.; Boller, T.; Wiemken, A. Mycorrhizal networks: Common goods of plants
shared under unequal terms of trade. Plant Physiol. 2012, 159, 789–797. [CrossRef] [PubMed]

66. Helgason, T.; Fitter, A.H. Natural selection and the evolutionary ecology of the arbuscular mycorrhizal fungi (Phylum Glomeromy-
cota). J. Exp. Bot. 2009, 60, 2465–2480. [CrossRef]

67. Zheng, S.; Guo, S.; Zhang, Y.; Song, X.; Chen, F.; Zhang, J.; Sun, J. Effects of arbuscular mycorrhizal fungi on characteristics of
photosynthesis, microbial diversity and enzymes activity in rhizosphere of pepper plants cultivated in organic substrate. Acta Bot.
Boreali-Occident. Sin. 2014, 34, 800–809.

68. Xu, H.; Shao, H.; Lu, Y. Arbuscular mycorrhiza fungi and related soil microbial activity drive carbon mineralization in the maize
rhizosphere. Ecotoxicol. Environ. Saf. 2019, 182, 109476. [CrossRef]

69. Frey, S.D.; Six, J.; Elliott, E.T. Reciprocal transfer of carbon and nitrogen by decomposer fungi at the soil-litter interface. Soil Biol.
Biochem. 2003, 35, 1001–1004. [CrossRef]

70. Verbruggen, E.; Xiang, D.; Chen, B.; Xu, T.; Rillig, M.C. Mycorrhizal fungi associated with high soil N:P ratios are more likely to
be lost upon conversion from grasslands to arable agriculture. Soil Biol. Biochem. 2015, 86, 1–4. [CrossRef]

71. Cavagnaro, T.R.; Bender, S.F.; Asghari, H.R.; Der Heijden, M.G.A.V. The role of arbuscular mycorrhizas in reducing soil nutrient
loss. Trends Plant Sci. 2015, 20, 283–290. [CrossRef]

72. Govindarajulu, M.; Pfeffer, P.E.; Jin, H.; Abubaker, J.; Douds, D.D.; Allen, J.W.; Bucking, H.; Lammers, P.J.; Shachar-Hill, Y.
Nitrogen transfer in the arbuscular mycorrhizal symbiosis. Nature 2005, 435, 819–823. [CrossRef] [PubMed]

223





Citation: Zhao, Y.; Yan, J.; Jin, J.; Sun,

Z.; Yin, L.; Bai, Z.; Wang, C. Diversity

Monitoring of Coexisting Birds in

Urban Forests by Integrating

Spectrograms and Object-Based

Image Analysis. Forests 2022, 13, 264.

https://doi.org/10.3390/f13020264

Academic Editor: Todd

Fredericksen

Received: 6 November 2021

Accepted: 28 January 2022

Published: 8 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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

Diversity Monitoring of Coexisting Birds in Urban Forests by
Integrating Spectrograms and Object-Based Image Analysis

Yilin Zhao 1,2,3, Jingli Yan 4,5,*, Jiali Jin 1,2,3, Zhenkai Sun 1,2,3, Luqin Yin 1,2,3, Zitong Bai 1,2,3,6 and

Cheng Wang 1,2,3,*

1 Research Institute of Forestry, Chinese Academy of Forestry, Beijing 100091, China;
elyn_zhaoyilin@163.com (Y.Z.); king90emily@gmail.com (J.J.); zksun_caf@caf.ac.cn (Z.S.);
yinluqin@caf.cn (L.Y.); baizitong0604@foxmail.com (Z.B.)

2 Key Laboratory of Tree Breeding and Cultivation, National Forestry and Grassland Administration,
Beijing 100091, China

3 Urban Forest Research Center, National Forestry and Grassland Administration, Beijing 100091, China
4 School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai 200240, China
5 Shanghai Yangtze River Delta Eco-Environmental Change and Management Observation and Research

Station, Ministry of Science and Technology, Shanghai 200240, China
6 Beijing Institute of Landscape and Traditional Architecture Design and Research Co., Ltd.,

Beijing 100005, China
* Correspondence: jlyan24@163.com (J.Y.); wch8361@163.com (C.W.); Tel.: +86-21-3420-4780 (J.Y.);

+86-10-6288-8361 (C.W.)

Abstract: In the context of rapid urbanization, urban foresters are actively seeking management mon-
itoring programs that address the challenges of urban biodiversity loss. Passive acoustic monitoring
(PAM) has attracted attention because it allows for the collection of data passively, objectively, and
continuously across large areas and for extended periods. However, it continues to be a difficult
subject due to the massive amount of information that audio recordings contain. Most existing
automated analysis methods have limitations in their application in urban areas, with unclear eco-
logical relevance and efficacy. To better support urban forest biodiversity monitoring, we present a
novel methodology for automatically extracting bird vocalizations from spectrograms of field audio
recordings, integrating object-based classification. We applied this approach to acoustic data from
an urban forest in Beijing and achieved an accuracy of 93.55% (±4.78%) in vocalization recognition
while requiring less than 1/8 of the time needed for traditional inspection. The difference in efficiency
would become more significant as the data size increases because object-based classification allows
for batch processing of spectrograms. Using the extracted vocalizations, a series of acoustic and mor-
phological features of bird-vocalization syllables (syllable feature metrics, SFMs) could be calculated
to better quantify acoustic events and describe the soundscape. A significant correlation between
the SFMs and biodiversity indices was found, with 57% of the variance in species richness, 41% in
Shannon’s diversity index and 38% in Simpson’s diversity index being explained by SFMs. Therefore,
our proposed method provides an effective complementary tool to existing automated methods for
long-term urban forest biodiversity monitoring and conservation.

Keywords: biodiversity monitoring; soundscape ecology; spectrograms; acoustic indices; birds;
urban forests; object-based image analysis; novel approach

1. Introduction

Biodiversity loss has been a major and challenging problem globally, and is a potential
risk factor for pandemics [1]. The ongoing global COVID-19 pandemic has confirmed
this concern. The loss of biodiversity has generated conditions that not only favored
the appearance of the virus but also enabled the COVID-19 pandemic to surface [2,3].
Biodiversity conservation is, therefore, an urgent global task.
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Aiming to produce high-quality habitats and improve regional biodiversity [4], in 2012,
Beijing launched its largest decade-long afforestation campaign, the Plain Afforestation
Project (PAP), which required building hundreds of gardens and parks in urban areas.
To assess the success of PAP, the rapid and effective monitoring of urban biodiversity is
key [5], which has led to a need for innovative investigation approaches. However, the
need for expert knowledge and the substantial costs in terms of both money and time are
major obstacles for any multi-taxa approach based on large-scale fieldwork [6]. Thus, the
development of cost-effective and robust tools for monitoring urban forest biodiversity is a
pressing need [1].

Operating within the conceptual and methodological framework of ecoacoustics [7],
passive acoustic monitoring (PAM) is a promising approach with many advantages, includ-
ing its availability in remote and difficult-to-reach locations, noninvasiveness, non-observer
bias, permanent record of surveys, and low cost [8–11]. In addition, PAM allows for stan-
dardized surveys that can provide new insights into sound-producing organisms over
enhanced spatiotemporal scales [12]. For example, the global acoustic database Ocean
Biodiversity Information System–Spatial Ecological Analysis of Megavertebrate Population
(OBIS-SEAMAP) was developed to enable research data commons, and contains more than
one million observation recordings from 163 datasets spanning 71 years (1935 to 2005),
provided by a growing international network of data users [13].

In terrestrial soundscapes, bird vocalizations are one of the most prominent ele-
ments [14] and have been widely used to detect species and monitor and quantify ecosys-
tems [15]. More specifically, acoustic traits have been proved to respond to environmental
changes, such as climate change [16], habitat fragmentation [17], vegetation structure,
and microclimate [18]. With the emergence of PAM, massive acoustic data have accumu-
lated globally, offering unprecedented opportunities, as well as challenges, for innovative
biodiversity monitoring.

A critical challenge in PAM studies is the analysis and handling of very large amounts
of acoustic data, especially for programs spanning wide temporal or spatial extents [19].
However, manual analysis is still the primary method for extracting biological information
from PAM recordings [20], which typically combines aural and visual inspection of spectro-
grams [21,22] to achieve graphical representations of acoustic events connected to biophony,
geophony, and anthrophony, as well as a general overview of the daily acoustic pattern [21].
When experienced observers are involved, manual analysis is always considered to be the
most accurate, but it is time-consuming, costly, frequently subjective, and ultimately fails
to be applied across broad spatiotemporal scales [22].

To address the challenges posed by massive data and manual analysis, increasing
numbers of studies have been conducted on individual species, and there seems to be a
rising interest in the ecological processes of biomes [23,24]. It has been well established
that monitoring community acoustic dynamics is key to understanding the changes and
drivers of ecosystem biodiversity within the framework of soundscape ecology [25–28]. The
burgeoning development of this framework has stimulated research interest in ecological
applications of acoustic indices, which have been intensively proposed and tested [29–34].

Unfortunately, automated acoustic analysis remains a difficult subject to study because
of the wide variety of information available in each acoustic environment, making it
difficult to quickly identify and extract critical ecological information for interpreting
recordings [29]. Most existing acoustic indices use simple algorithms to collapse the signal
into one domain and quantify the soundscape by summing or contrasting acoustic energy
variations [12,24,34], which are intrinsically an extension of the traditional sound pressure
and spectral density indices [29,35–38]. Although cheap and fast, this type of analysis leads
to massive loss of information, so its eco-efficiency remains controversial. In addition, the
difficulty in excluding the interference of noise in order to quantify biophony alone remains
a major limitation of the existing indices, which leads to huge bias in the application of
these indices in urban areas [33], raising concerns over their applicability [34,37].
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Although automated analysis techniques are rapidly improving, software tools still
lag far behind actual applications [22,39–42]. We therefore suggest that advancing the
theory and practice of soundscape ecology research requires going beyond the limits of
the temporal/frequency structure of sound and developing more tools to retain as much
ecologically relevant information as possible from recordings, testing our methods in
complex urban environments to clarify their robustness.

Remote sensing technology has been broadly used in many applications, such as
extracting land cover/usage information. Object-based image analysis (OBIA) has emerged
as an effective tool to overcome the problems of traditional pixel-based techniques of image
data [43,44]. It defines segments rather than pixels to classify areas, and it incorporates
meaningful spectral and non-spectral features for class separation, thereby providing a
clear illustration of landscape patterns [43–46]. Owing to its superiority and efficiency [47],
OBIA has been utilized in many different areas, such as computer vision [48,49], biomedical
imaging [50,51], and environmental scanning electron microscopy (SEM) analysis [52–54].
Just as remote sensing images are numeric representations of the earth surface landscape
consisting of water area, forest land, wetlands, etc. [55], spectrograms are visual expressions
of collections of various sound components (biophony, geophony and anthrophony). As
such, could OBIA provide a novel perspective for extracting bird vocalizations when
introducing advanced remote sensing tools in the soundscape field? Could we further
digitally summarize vocalization patches and use them as ecologically relevant indicators
of acoustic community patterns?

Based on the above hypotheses, an automated bird vocalization extraction method
based on OBIA is presented here. We hypothesize that OBIA may allow for the extracting
of bird vocalizations from recordings with complex background noise and the represen-
tation of long-term acoustic data as numbers describing biophony. From the perspective
of community-level soundscape ecology, we are not necessarily concerned with species
identification, but with achieving a numerical description of the qualitative patterns of
species vocalizations [24]. OBIA enables rapid identification of the number of bird vocaliza-
tions while providing multidimensional spectral, morphological, and acoustic traits, unlike
other existing methods (whether manual or automatic). Examples of spectral variables
include the mean value and standard deviation of a specific spectral band; morphological
traits include size, perimeter, and compactness; acoustic traits include song length and
frequency information.

In the present paper, we take a first look at how OBIA might provide a new perspective
on the current automated acoustic analysis methods and provide a complement to existing
acoustic indices that can be used for urban forest biodiversity assessments.

2. Materials and Methods

2.1. Study Area and Data Sets

For the present study, we selected an old urban forest in Zhongshan Park, Beijing
(115◦24′—117◦30′ E, 39◦38′—41◦05′ N) as our case study area (Figure 1A). As the capital
of China and the second-largest city in the world, Beijing is also a major node in the East
Asian–Australasian bird flyway [56]. Beijing is a key corridor for birds’ spring and autumn
migrations, as it is in the ecosystem transition zone from Northeast China to North China.
Urban forests in Beijing play an important role in supporting roosting, breeding and other
activities of birds, and as a result, they are rich in soundscapes.

Our data were derived from audio recordings continuously obtained during four
consecutive sunny, windless days, from 18 to 21 May 2019, provided by three recorders
positioned in Zhongshan Park (Figure 1B). Recorders were placed and fixed horizontally
at a height of 2 m on healthy growing trees (Figure 1C,D). Auto-recording led to a total of
17,280 min of raw recordings, which were subsequently processed using the AudioSegment
function in PYTHON v.3.7.2 and sampled into 15-s clips every 15 min, resulting in a
sub-dataset of 1152 15-s clips. A sampling protocol of 15 s was used as it provided a
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tradeoff between ensuring an effective acoustic survey and a manageable amount of data
for processing when there is no standardized protocol [57].

Figure 1. Location of the urban forest (A); location of sites used for acoustic recording (B); an acoustic
recorder (C) and its positioning in the urban forest (D) are also presented.

Recordings were obtained using Zoom H5 acoustic sensors (Zoom Inc., Tokyo, Japan,
System 2.40) with XYH-5 X/Y microphones. Zoom H5 is a commercial digital recording
device that has good sound reliability and has been successfully used in other soundscape
ecology research [27,58]. Parameters of sensors were set as follows: the sampling rate
was 44,100 Hz, bit depth 16 bits, and recording channels two (stereo). Files were saved as
non-compressed WAVE files.

Two trained technicians (Yu and Hanchen Huang) manually identified the acoustic
events (AEs) in all audio clips for further use in evaluating the reliability and sensitivity of
our approach. Over 95% of biological acoustic events (BEs) were from birds; thus, only bird
sounds were identified to the species level (List of Bird Species see Table A1), while BEs
that were not bird sounds were identified to the family level. For example, cricket sounds
were labelled Gryllidae. Because we were unable to distinguish individual animals based
on their sounds, technicians identified and counted the total number of BEs for a given
species (or family) in each clip. Anthropogenic and geophysical sounds were also counted
and classified into AEs. The results of this process were finally confirmed by Hanchen
Huang. Richness (S), Shannon’s diversity (H’) and Simpson’s diversity (λ) indices were
calculated for each spectrogram (i.e., per 15 s clip) to reflect the diversity of bird species as
well as AE and BE types [12].

2.2. Methods

We developed an automated bird vocalization extraction approach based on OBIA,
which followed a typical analysis workflow of bird vocalizations with three main steps [59]:
preprocessing, automated extraction, and feature calculation. In line with this workflow, the
processing details of each step of our approach are described in the following subsections.
An overview of the approach is depicted in Figure 2.
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Figure 2. Overall scheme of the proposed approach.

2.2.1. Pre-Processing

1. Audio recordings denoising

The step prior to spectrogram analysis was denoising, and it was carried out to obtain
clear vocalization patterns to improve extraction accuracy and minimize false positives [60].
We selected only noise reduction techniques that could perform batch and fast processing,
to allow the proposed approach to be more generalizable and to reduce the effects of
human operations.

Audio signals are characterized by the presence of higher energy in the low-frequency
regions dominated by environmental noise. Therefore, we applied a high-pass filter with
a cut-off frequency setting (800 Hz) below the lowest frequency at which bird songs are
expected, with a 12 dB roll-off per octave [61–64]. This allowed for the elimination of current
and environmental noise, mostly created by mechanical devices such as engines [65,66].
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Since medium and high frequencies are the useful part for discriminating between
different acoustic events [67], we applied a widely used signal enhancement method to our
recordings, the Wiener filter [68–70] and postfilter, to minimize baseline and white noise and
improve the quality of bird sound recordings. In field recordings, bird songs are transient
but a considerable amount of background noise is nearly stationary. The Wiener filter elimi-
nates this quasi-stationary noise, provided that it approximates a Gaussian distribution [22].

To verify the denoising effect, we randomly chose 80 clips from all datasets (including
anthropogenic AEs) that were listened to before and after the denoising process to assess
denoising efficacy.

2. Short-time Fourier transformation (STFT)-Spectrogram

Bird vocalizations of songs or calls are complex, non-stationary signals with a great
degree of variation in intensity, pitch, and syllable patterns [71]. One of the proven methods
for joint time-frequency domain analysis of non-stationary sound signals is STFT [59]. The
STFT spectrogram is a two-dimensional convolution of the signal and window function [72]:
the X-axis represents time, the Y-axis represents frequency, and the amplitude of a particular
frequency at a particular time is represented by its color in the image [73].

Our STFT spectrogram was calculated with a Hamming window of 1024 samples,
no zero paddings, and a 75% overlap between successive windows. A peak amplitude of
−25 dB was set to standardize the spectrograms [42].

2.2.2. Bird Vocalization Extraction

Generally, bird vocalizations are classified into songs (longer-term) and calls (shorter-
term). In the present study, the separation between songs and calls was not considered
because both types use syllables as fundamental units [74]. All vocalizations were seg-
mented and classified at the syllable level. To facilitate understanding, a BE refers to either
a song (call) in recordings or a syllable in spectrograms [10].

Bird syllable extraction is the key part of the proposed OBIA. All processing steps
were conducted in one framework. Firstly, we adopted a multi-resolution segmentation
algorithm to segment spectrograms into image objects. Then, we manually selected samples
representing a pure spectrum of bird syllables to generate potential extraction features
using a Classification and Regression Tree (CART). Finally, to extract bird syllables from
background noise, we applied the rulesets established from identified potential features to
all spectrograms.

1. Segmentation

Segmentation creates new meaningful image objects according to their spectral prop-
erties (Figure 3), including subdividing and merging operations [75]. We applied the MRS
algorithm embedded in eCognition Developer™ to generate image objects. This algorithm
consecutively merges pixels or existing image objects into larger objects based on relative
homogeneity within the merged object [53,54,76]. The process uses three key parameters in
the process: scale, shape and compactness [77]. A coarse scale value allows for the forming
of larger objects and more heterogeneity, involving more spectral values. Shape defines
the influence of color (spectral value) and shapes on the formation of the segments, while
compactness defines whether the boundary of the segments should be smoother or more
compact [78]. In our segmentation, we employed the “trial and error” method of visual
inspection to determine the optimal segmentation parameters [53], as bird syllables and
their shapes on spectrograms are easily recognized by human eyes. After several attempts,
we finally selected a scale of 40, 0.2 of shape, and 0.5 of compactness to produce segmented
image objects.
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Figure 3. Segmented image objects with three different scales but identical shape and compactness.
(a) Scale 20 (1657 objects); (b) Scale 40 (458 objects); (c) Scale 60 (174 objects).

2. Classification

Techniques from machine learning and computational intelligence have been used in
bird vocalization analysis [79,80]. In the present study, CART [81] was applied to construct
accurate and reliable predictive models for syllable extraction. CART does not require any
special data preparation, only a good representation of the problem. Creating a CART
model involves selecting input variables and split points on those variables until a suitable
tree is trained. To operate CART, we randomly selected 288 syllable samples, one for each
of the 288 audio clips, and divided them into training samples (70%, n = 202) and testing
samples (30%, n = 86). Meanwhile, the ten most explanatory object features, including spec-
tral, shape and textural characteristics (Table 1), were identified by calculating the feature
variations in syllable samples and other objects, and were imported into CART as input
variables. The representation of the CART model is a binary tree derived from recursive
binary splitting (or greedy splitting). The binary tree allows for relatively straightforward
obtainment of clear classification rules from the model diagram.

Table 1. The summary of the 10 most explanatory object features used in CART.

Feature Name Description Rel. Imp

Brightness Mean value of all image bands 81.24
Shape index The smoothness of the boundary of an image object 10.85
Area The area of objects in number of pixels 18.01
Length/width The ratio of length to width 7.58
Elliptic fit How well an image object fits into an ellipse 1.36
Hue Mean of hue, one of three color components 4.97
Saturation Mean of saturation, one of three color components 23.12
Intensity Mean of intensity, one of three color components 54.33
GLCM-M Mean value of GLCM (Gray-level Co-occurrence Matrix) 19.54
GLCM-H Homogeneity of GLCM (Gray-level Co-occurrence Matrix) 60.49

Rel. imp stands for relative importance; GLCM (Gray-level Co-occurrence Matrix) is a tabulation of how often
different combinations of pixel gray levels occur in a scene.

The complexity of a decision tree is defined by the number of splits in each tree.
Simpler trees are preferred, as they are easier to understand and less likely to overfit
the data. Trees can be pruned to further improve performance. The fastest and simplest
pruning method is to work through each leaf node in the tree and evaluate the effect of
removing it using a hold-out test set. Leaf nodes are removed only if this results in a
decrease in the overall cost function for the entire test set. Node removal is stopped when
no further improvements can be made.

We introduced two indicators, relative cost (RC) and rate of change (ROC), to evaluate
the performance of the CART model. The value of RC ranges from 0 to 1, with 0 indicating
a perfect model with no error and 1 indicating random guessing. Similarly, the value of
ROC ranges from 0 to 1, with higher values suggesting better performance. The resulting
optimal decision tree consisted of three features: brightness, intensity, and grey level co-
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occurrence matrix (GLCM) homogeneity (Figure 4). It had an RC of 0.124 and a ROC of
0.979, indicating the reliability of the prediction model. The final step was to apply the
ruleset generated from CART to classify all image objects.

Figure 4. The optimal decision tree resulting from CART. Instances with a split value greater than the
threshold (in parentheses) were moved to the right.

2.2.3. Feature Representation of Extracted Syllables

The time-frequency pattern of syllables displayed via spectrograms is a useful represen-
tation of species information, which can also characterize bird vocalization patterns [82,83].
Based on the remote sensing framework, where syllables on spectrograms are comparable to
landscape patches on maps, our approach could easily calculate and analyze morphological
descriptors. Each extracted syllable was characterized by a sequence of feature vectors.

Considering their good performance with respect to feature analysis of syllables in
previous studies, instantaneous frequency (IF) [59], and amplitude [84] were adopted in this
work. Each parameter was further statistically analyzed to obtain more detailed descriptive
values such as maximum (IF_MAX), minimum (IF_MI), mean, and central frequency. The
mean instantaneous frequency (IF_MN) is the first moment of the spectrogram relative to
the frequency, and it can be calculated using Equation (1):

fi(t) =

∫ ∞
−∞ f · S(t, f )d f∫ ∞
−∞ S(t, f )d f

(1)

where fi(t) is the mean instantaneous frequency at time t, and S (t, f ) is the spectrogram at
frequency f and time t.

In addition to the time-frequency characteristics, we also summarized the landscape
metrics that were of practical meaning for syllable patches. Datasets were rasterized in R
(https://www.r-project.org (accessed on 28 May 2021)) and imported into FRAGSTATS [85].
For each extracted syllable (patch level), we calculated area, shape index, border index,
length, width (duration), etc., to obtain the fundamental spatial character and morphologi-
cal understanding of each patch. Landscape-level metrics were also further summarized
and nondimensionalized in each spectrogram, reflecting time-frequency patterns of acous-
tic activities, including: (1) NP, the number of syllable patches; (2) CA, the sum of the areas
of all patches; (3) SHAPE_MN, mean value of the shape index of each patch; (4) TL, total
bandwidth occupancy of all patches, calculated from a transformation of patch length; and
(5) TW, total duration of all patches, calculated from a transformation of patch width. To
facilitate reading, we abbreviated all these syllable feature metrics as SFMs (Table 2).
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Table 2. Summary of the main syllable feature metrics (SFMs).

SFMs Description in Landscape Ecology Transformation Meaning in Acoustics

NP (Patch Number) NP is a count of all the patches across the
entire landscape. none Number of acoustic events.

CA (Class Area) CA is the sum of the areas of all patches
belonging to a given class. none Proportion of spectrogram covered by

acoustic-event patches.

SHAPE_MN SHAPE_MN equals the average shape index
of patches across the entire landscape. none

Average shape index (complexity of
patch shape) of the extracted
vocalization syllables.

TL (Total Length) The sum of the lengths of all patches
belonging to a given spectrogram. ×15 Total bandwidth occupancy of acoustic

events (Hz).

TW (Total Width) The sum of the widths of all patches
belonging to a given spectrogram. ÷200 The total duration of the acoustic

events (s).

2.3. Statistical Analysis

All statistical analyses were performed in R version 4.0.5 (R Core Team, Vienna,
Austria, 2021).

Because the probability distribution of the raw data failed the Kolmogorov–Smirnov
test for normality, transformations were performed using the bestNormalize package [86],
which attempts a range of transformations and selects the best one based on the goodness-
of-fit statistic to ensure transformations are consistent. It can also remove the effects of
order-of-magnitude differences among variables.

2.3.1. Accuracy Assessment

Manual inspection of BEs from audio clips was used as a reference for accuracy
assessment. To minimize errors, we marked each syllable patch with a serial number when
calculating it to avoid missing or double-counting. We also recorded the time spent by the
technician on each spectrogram. We used relative error (RE) as a measurement of accuracy,
which is the ratio of the absolute value of the reference value [87]. Specifically, RE was
calculated by dividing the number of syllables correctly identified through the automated
approach by the total number of BEs identified through manual inspection as a reference.

2.3.2. Correlation Analysis

Correlation analysis (Spearman’s rho, p < 0.01) was performed between the number
of extracted syllable patches and bioacoustic and acoustic events to further verify the
reliability of the approach of automated extraction of bird vocalizations. Then, a second
Spearman’s rho correlation test was performed for the relationships between SFMs and
bird species S. Non-parametric correlation analysis was selected because not all data were
normally distributed despite being transformed.

2.3.3. Modelling

To test the efficacy of SFMs as a biodiversity proxy, we used a random forest (RF)
machine learning procedure (randomForest package) [88,89] to predict bird species biodi-
versity from SFMs calculated from matching recordings.

RF is a meta-estimator and one of the most accurate learning algorithms available.
The RF algorithm aggregates many decision trees and combines the results of multiple
predictions, while ensuring that the ensemble model makes fair use of all potentially pre-
dictive variables and prevents overfitting [90]. In addition, RF accommodates multivariate
collinearity among predictors, which is convenient for calculating the nonlinear effects
of variables [27]. We used a bootstrapping cross-validation method to select the model
structure with the lowest median of mean squared error (MSE) and highest R2 between
tested data and predicted values [12]. MSE was also used to measure the importance of
each variable. A higher percentage increase in MSE indicated a greater ability to predict
the model [91].
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3. Results

3.1. Approach Reliability

With pre-processing denoising, we removed more than 85% (n = 77) of the anthro-
pogenic acoustic events (for a denoising example see Figure 5A,B). The number of syllables
identified from the spectrograms varied from 0 to 183 in each spectrogram according to
the automatic extraction approach. The REs of the approach ranged from 11.52% to 0.00%
across all spectrograms with an average of 6.45% (±4.78%), suggesting that the automated
extraction process yielded high accuracy (93.55%) values (for an example of identified
syllables see Figure 5).

 

Figure 5. Typical spectrograms of audio scenes during processing procedures. (A1,A2) is the original
spectrogram. (B1,B2) shows the result of noise reduction: a cleaner recording (although possibly with
some artifacts) that is ready to be used as input into segmentation algorithms. (C1,C2) shows the
result of the segmentation procedure and (D1,D2) shows the classification results; the yellow patches
are the extracted syllables.

A high correlation coefficient between the NP values and the number of bio-acoustic
events and all acoustic events (r = 0.71, p < 0.01; r = 0.89, p < 0.01) was observed for
the Spearman’s rho correlation matrix (Table 3). The CA (area), TL (duration) and TW
(frequency) values of extracted syllables were also significantly correlated with bio-acoustic
events and all acoustic events, albeit less strongly (Table 3).

234



Forests 2022, 13, 264

Table 3. Spearman’s rho correlation matrix (p < 0.01; n = 288).

NP CA TL TW

BE 0.71 0.60 0.56 0.63
AE 0.89 0.74 0.71 0.79

These results indicate that this new, automated approach was much more efficient than
manual inspection. For manual inspection, on average, it took approximately 27 s of effort
to analyze 15-s acoustic data, which was approximately eight times longer than the time
required for the automated approach (3.5 s refers to the time taken for the whole process
shown in Figure 2, averaged by each 15 s-spectrogram). This is because analysts tend to
replay recordings to confirm results [92], and the time spent on loading and annotating
vocalizations must also be accounted for. Further, it is expected that the difference in
efficiency would be more significant with increasing amounts of data, because spectrograms
can be batch processed using our approach.

3.2. SFMs’ Correlation with Biodiversity

High correlation coefficients (r > 0.5) between SFMs and bird species richness were
found, except for shape index and MIF (avg, min, and max) (Figure 6). Simpson’s and
Shannon’s diversity indices were also correlated with SFMs, albeit less strongly. PN always
had the highest correlation with the three diversity indices.

3.3. Prediction of Biodiversity

Random forest regression models confirmed that combinations of SFMs are good
predictors of biodiversity (Table 4). Bird species richness was predicted well (R2 = 0.57)
but the acoustic diversity of bird communities was less reliably predicted (Simpson’s and
Shannon’s diversity indices had R2 of 0.38 and 0.41, respectively). These results suggest
that SFMs have great potential for tracking acoustic communities, even in the presence of
considerable anthrophony (human-induced noise) in an urban environment [29,93].

Table 4. Mean squared error (MSE) and R2 of the top models of SFMs that predicted species richness,
Shannon diversity, and Simpson diversity in acoustic recording samples.

Response Variable Model Type a SFM-Covariates MSE R2

Richness 3 PN + CA + TW + TL + Border_len + Width_Pxl + HSI_Transf +
HSI_Tran_1 + Max_pixel_ + Shape_MN + Compactnes + Brightness +
Roundness + Area_Pxl + Border_ind + MIF_min + MIF_max + MIF

1.47 0.57
Simpson diversity 1 0.30 0.38
Shannon diversity 2 0.27 0.41

a The number of variables tried at each split. For each number of variables per split from one to six, a new random
forest was generated, which was evaluated and chosen both by the error rates in the test set and the out-of-bag
OOB error. See Appendix A Materials for the descriptions of variables that are not described in the text.

We used all 14 SFMs as predictors (including soundscape and patch levels) in each RF
regression model and investigated the relative contributions of each SFM. These metrics
described soundscapes (syllable patches) from different perspectives and levels. Results
demonstrated that SFMs effectively explained different pieces of information in acoustic
recordings, likely because their unique mathematical properties reflect different dimensions
of a soundscape. The number of syllable patches (PN) was the strongest single predictor in
the best model found for richness (Figure 7a). In the best models predicting Simpson’s and
Shannon’s diversity, the SFM with the highest importance was the total length of patches
(20% and 23% of variance explained, respectively) (Figure 7b,c). It is noteworthy that PN,
TL, and PI (Patch Intensity) were always the top three predictors for the three models (the
sum of their contributions was 68%, 57%, and 65% in models a, b, and c respectively),
suggesting that PN, TL and PI can be considered the most promising SFMs. All other
indices exceeded the analytic threshold [63,94], suggesting that they all contributed little to
predictive power.
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Figure 6. Spearman’s correlation coefficient values shown for each relationship in the
upper half of the matrix (only showing coefficient values that are statistically significant,
p < 0.001). The diagonal shows the variables. Labels: NP = the number of syllable patches,
CA = the sum of the areas of all patches in the given spectrogram, SHAPE_MN = the average shape
index of patches across the entire spectrogram, TW = total duration of all patches in the given
spectrogram (s), TL = total bandwidth occupancy of all patches in the given spectrogram
(Hz), MIF = the mean instantaneous frequency (Hz), MIF_min = the minimum instantaneous fre-
quency (Hz). MIF_min = the maximum instantaneous frequency (Hz). S = bird species richness,
λ = Simpson’s Diversity Index, H’ = Shannon’s diversity index.
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Figure 7. Importance of covariates in random forest models, indicated by mean percent increase in
mean squared error (MSE): the final models. (a) Richness of bird species, (b) Simpson diversity, and
(c) Shannon diversity. Greater MSE indicates a larger loss of predictive accuracy when covariates are
permuted and thus a larger influence in the model. Results are shown for acoustic index covariates,
ordered by MSE. See Appendix A for a description of all SFMs.

4. Discussion

When analyzing biophony in urban environments, anthrophony could lead to potential
false positives [95]. Low recognition accuracy is often attributed to noise [96], which affects
the whole process unless removed initially. Hence, at present, most methods for analyzing
biophony in urban environments are trained and tested on relatively low numbers of
high-quality recordings that have been carefully selected [22]. This may lead to better
results but will limit the generalization of their approach to real field recordings, especially
in urban areas with complex acoustic environments. Therefore, in our study, we used only
noise reduction, which meant that batch and fast processing could be performed.

According to Spearman’s rho correlations, NP was always more strongly correlated
with AEs than with BEs, suggesting that SFMs were still somewhat influenced by human-
generated noise, even after the denoising process. SFMs were hardly affected by constant-
intensity noise (e.g., noise from aircraft or automobile traffic; for an example see Figure 5D:
persistent noise was not extracted by the algorithm) [29,33]. In addition to pre-processing
filtering, which eliminated most of the noise, CART models minimized the confounding
effects of noise and syllables through training samples. The inherent properties of constant-
intensity noise are different from those of bird vocalizations and are easily recognized by the
model. For example, the brightness (Figure 4) of bird vocalizations was generally greater
than 80, while the values for noise were 30–60. Nevertheless, some intermittent human
noises, such as car horns and ringtones, might be extracted together with bird vocalizations
using our approach. However, we believe that testing the approach in other habitats such
as natural forests or biodiversity conservation areas will yield more encouraging results.

By treating spectrograms as images, previous studies have applied image process-
ing techniques to extract bird vocalizations [10,59,60,83,96–98], such as widely used me-
dian clipping [41,99,100] and frame- or acoustic event-based morphological filtering [66].
There are plenty of toolboxes available to extract acoustic traits [22], such as central fre-
quency, highest frequency, lowest frequency, initial frequency, and loudest frequency and
so on [10,59], which are basically time–frequency characteristics only. To the best knowl-
edge, all these studies aimed to identify or classify one or several bird species specifically.
However, when focusing on the entire ecosystem, the species-level approach misses the
forest for the trees [101]. Unlike the studies aiming at recognition of one or more species,
ours attempted to take a global estimate of the acoustic output of the community. Our
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results indicated that SFMs are a promising complement to the existing indices working as
biodiversity proxies when rapid assessments are required because SFMs were significantly
correlated with diversity indices. SFMs allow for the effective interpretation of different
pieces of bio-information in recordings, probably because their unique mathematical prop-
erties reflect different components of the soundscape, preserving more of the potentially
eco-relevant information.

Using the proposed approach, we could collect a series of data including acoustic
traits on the time–frequency scale (Figure 8), such as duration and mean, maximum, and
minimum frequency of acoustic events, and morphological characteristics of acoustic events
(Figure 9), such as the size and shape characteristics for each syllable patch. Such features
(i.e., SFMs) may contribute to a more nuanced understanding of the acoustic environment
of the study area from multiple perspectives. In Figure 8, the frequency patterns of syllable
patches are shown across frequency intervals. The soundscape was dominated by mid-
frequency sounds (3–5 kHz); syllable patches were over 50%. Mid-frequency sounds are
generally attributed to biophony, especially bird species ranging from larger birds such
as the Eurasian magpie (Pica pica) to smaller species such as the Oriental reed warbler
(Acrocephalus orientalis). At the other end of the frequency spectrum, the number of patches
within individual high-frequency intervals was quite low (biophony patches in the highest
four frequency intervals accounted for 1.5%) and were mainly within 20–22 kHz, which
may be attributed to some night-flying moths of the family Noctuidae or to mating calls
from grasshoppers. In Figure 9, the average shape index (SHAPE) over 24 h was shown
to rise rapidly at dawn chorus to reach the peak of the day, falling rapidly and remaining
steady until dusk, when the chorus rose rapidly again, and then fluctuated and fell until
the morning. The daily pattern of SHAPE is consistent with previous studies of other
acoustic indices [27,31,102,103], thus reflecting a daily activity pattern and highlighting
distinct dawn and dusk bird choruses. However, compared to other indices that only focus
on sound intensity, SHAPE provides a new perspective on patterns of complexity of bird
songs: songs of the dawn and dusk choruses tended to be more complex and elaborate than
daytime songs. This is mainly related to defending territory and/or attracting a mate [104].

 

Figure 8. Number of maximum, medium, and minimum frequencies for each syllable patch across 23
1-kHz intervals.

238



Forests 2022, 13, 264

Figure 9. Shape index variation for 24 h. Upper bound is the maximum. Lower bound is
the minimum.

Borrowing a framework from landscape ecology, many types SFMs can effectively
be used to interpret different aspects of acoustic information and different components of
the soundscape, which is presumably attributed to the mathematical properties of SFMs
and to the introduction of a spatial concept. SFMs calculated in this study, such as area,
compactness, roundness, and shape index of the patches, could be easily generated in
eCognition developer. In addition, many existing open-source platforms (e.g., package
landscapemetrics in R) or software have integrated huge workflows, which can provide
similar functions (e.g., QGIS). Measurement of biophony from multiple dimensions has
been considered useful for detecting variations in the behavior and composition of acoustic
communities and, as a result, to better monitor their dynamics and interactions with
habitats [29]. These results support the possibility that PAM could potentially offer a more
comprehensive picture of biodiversity than traditional inspection [63].

Under the high pressure of a surplus of data, and facing the lack of technology, funding
and standardized protocols [11], most passive monitoring now lasts one to three years at
most [105], while ecosystem conservation and ecological change detection usually require
at least ten years. In particular, there is usually a lag period when measuring the benefits
of planted forests, as individual trees need to grow and stands need to mature to form
a stable structure [4]. Short-term monitoring may lead to a reduction in the quality and
reliability of data [106]. This emphasizes the significance of utilizing and applying PAM
within the framework of a monitoring strategy, with defined objectives, effective indicators,
and standardized protocols [20].

There is developing acknowledgment from governments and related sectors that urban
greenery is not monitored adequately to satisfy its crucial roles in biodiversity provisioning
and ecosystem support [33,107]. A rich and diverse biophony usually indicates a stable and
healthy ecosystem [26]. With its government-led design, planning, and implementation,
the in-depth greening project in Beijing has indeed enhanced green space in the plain
area, if only considering the total increased amounts of trees and connected urban forest
and park patches [108]. However, the large-scale transition between cropland and forest
generated by the afforestation process has the potential to lead to original wildlife habitat
loss. By long-term monitoring of biodiversity patterns and processes, we can better assess
the positive and negative impacts of afforestation projects.

According to our preliminary results, the proposed approach (with high computational
efficiency and accuracy) may benefit further research on the rapid assessment and predic-
tion of biodiversity in urban forests, providing an indirect but immediate measurement of
bird activity dynamics across enhanced spatio-temporal scales. This would facilitate the
application of PAM and the formulation of a standardized sampling protocol. Furthermore,
a robust automated approach could support PAM as part of citizen science research. This
would benefit developing countries that lack financial budgets, experts, and capacity for
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massive data processing. Globally, only 5% of PAM studies are conducted in regions of Asia,
western Oceania, northern Africa, and southern South America, where some countries
still have no record of using PAM [20]. As our approach does not require a priori data, it
facilitates the implementation of long-term ecosystem monitoring in developing countries
where baseline data are not available.

5. Conclusions

In 2019, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES) warned that the unprecedented deterioration of natural resources was
deracinating millions of species and reducing human well-being worldwide. However,
global biodiversity loss has not attracted as much public attention as global climate change.
To evaluate the diversity of coexisting birds in urban forests and ultimately facilitate the
assessment of afforestation benefits in urbanized Beijing, we developed an automated
approach to extract and quantify bird vocalizations from spectrograms, integrating the
well-established technology of object-based image analysis. The approach could achieve
recognition accuracy (93.55%) of acoustic events at much higher efficiency (eight times
faster) than traditional inspection methods. In addition, it also provided multiple aspects
of acoustic traits, such as quantity, song length, frequency bandwidth, and shape informa-
tion, which can be used to predict bird biodiversity. In our case, 57% of the variance in
bird species richness could be explained by the acoustic and morphological features se-
lected. The proposed soundscape evaluation method sheds light on long-term biodiversity
monitoring and conservation during the upcoming global biodiversity crisis.
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Appendix A

Table A1. List of Bird Species. A total of 30,758 vocalizations pertaining to 33 species were counted
during recording sessions, as shown in the table below.

No. Common Name Binomial Name
Number of
Syllable Patches

%
Predominant
Frequency Intervals

1 Common Blackbird Turdus merula 227 23.67049 /
2 Eurasian tree sparrow Passer montanus 158 16.4755 2.3–5 kHz or
3 Azure-winged magpie Cyanopica cyanus 120 12.51303 2–10 kHz
4 Large-billed crow Corvus macrorhynchos 116 12.09593 1–2 kHz
5 Spotted dove Spilopelia chinensis 109 11.36601 1–2 kHz
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Table A1. Cont.

No. Common Name Binomial Name
Number of
Syllable Patches

%
Predominant
Frequency Intervals

6 Light-vented bulbul Pycnonotus sinensis 55 5.735141 1.5–4 kHz
7 Eurasian magpie Pica pica 46 4.796663 0–4 kHz
8 Common swift Apus apus 42 4.379562 20–16,000 Hz
9 Yellow-browed warbler Phylloscopus inornatus 17 1.77268 4–8 kHz
10 Arctic warbler Phylloscopus borealis 12 1.251303 /
11 Crested myna Acridotheres cristatellus 7 0.729927 /
12 Two-barred warbler Phylloscopus plumbeitarsus 7 0.729927 /
13 Dusky warbler Phylloscopus fuscatus 6 0.625652 /
14 Marsh tit Poecile palustris 5 0.521376 6–10 kHz
15 Grey starling Spodiopsar cineraceus 4 0.417101 above 4 kHz
16 Great spotted woodpecker Dendrocopos major 4 0.417101 0–2.6 kHz
17 Chinese grosbeak Eophona migratoria 4 0.417101 /
18 Barn swallow Hirundo rustica 3 0.312826 /
19 Chicken Gallus gallus domesticus 2 0.208551 5–10 kHz
20 Grey-capped greenfinch Chloris sinica 2 0.208551 3–5.5 kHz
21 Yellow-rumped Flycatcher Ficedula zanthopygia 1 0.104275 /
22 Oriental reed warbler Acrocephalus orientalis 1 0.104275 /
23 Yellow-throated Bunting Emberiza elegans 1 0.104275 /
24 Red-breasted Flycatcher Ficedula parva 1 0.104275 /
25 Carrion crow Corvus corone 1 0.104275 0–8 kHz
26 Dusky thrush Turdus eunomus 1 0.104275 /
27 Black-browed Reed Warbler Acrocephalus bistrigiceps 1 0.104275 /
28 Grey-capped pygmy woodpecker Dendrocopos canicapillus 1 0.104275 4.5–5 kHz
29 Naumann’s Thrush Turdus naumanni 1 0.104275 /
30 U1 / 1 0.104275 /
31 U2 / 1 0.104275 /
32 U3 / 1 0.104275 /
33 U4 / 1 0.104275 /

Note: Unidentified species marked as U1-Un.

Table A2. List of other SFMs.

No. Metric Description

1 Border_len(Border Length) The sum of the edges of the patch.

2 Width_Pxl (Width) The number of pixels occupied by the length of
the patch.

3 HSI_Transf HSI transformation feature of patch hue.
4 HSI_Tran_1 HSI transformation feature of patch intensity.

5 Compactnes

The Compactness feature describes how compact a
patch is. It is similar to Border Index but is based on
area. However, the more compact a patch is, the smaller
its border appears. The compactness of a patch is the
product of the length and the width, divided by the
number of pixels.

6 Roundness

The Roundness feature describes how similar a patch is
to an ellipse. It is calculated by the difference between
the enclosing ellipse and the enclosed ellipse. The radius
of the largest enclosed ellipse is subtracted from the
radius of the smallest enclosing ellipse.
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Table A2. Cont.

No. Metric Description

7 Area_Pxl (Area of the patch)

The number of pixels forming a patch. If unit
information is available, the number of pixels can be
converted into a measurement. In scenes that provide
no unit information, the area of a single pixel is 1 and
the patch area is simply the number of pixels that form
it. If the image data provides unit information, the area
can be multiplied using the appropriate factor.

8 Border_ind (Border index)

The Border Index feature describes how jagged a patch
is; the more jagged, the higher its border index. This
feature is similar to the Shape Index feature, but the
Border Index feature uses a rectangular approximation
instead of a square. The smallest rectangle enclosing the
patch is created and the border index is calculated as the
ratio between the border lengths of the patch and the
smallest enclosing rectangle.
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