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In the context of tropical monsoonal dwarf forest restoration, it is well known
that the interaction between soil properties and plant functional traits influences
the dynamics and forest composition of plant communities. The main aim of
this study was to determine the relationships and variations between the plant
functional traits and environmental variables in tropical coastal secondary forests.
However, it is undisputed whether trait variation is coordinated and whether there
is a relationship between the community-weighted mean (CWM) traits and soil
variables. TNNR conducted a ground survey to collect actual ground data on the
biophysical characteristics of individual trees and shrubs, along with soil sample
data. All soil samples and plant materials were collected at the end of June, in the
2020 growing season (July and August), in each quadrat with a 400-m? area. To
gain insight into these questions, a total of 4 plant functional traits of 167 species
and 5 soil nutrients from 128 soil samples were analyzed from 128 plots in a
tropical evergreen monsoon forest on Hainan Island. Using SMA (standardized
major axis), wood density (WD), and leaf thickness (LT), as well as specific leaf
area (SLA) and relative leaf water content (RLWC), were significantly positively
correlated. Using Pearson correlation analysis, leaf thickness (LT) was significantly
positively correlated with soil organic matter (OM). Using principal component
analysis (PCA), we also found that soil TN and OM were the strongest predictors
for functional traits, i.e.,, WD and LT. Moreover, using path analysis, OM and TN
have a major impact on plant CWM traits, e.g., SLA and RLWC. Our results show a
significant relationship between functional traits and soil pH and soil nutrients in
tropical coastal secondary forests. Our results highlight that plant traits can be used
to predict specific soil nutrients and ecosystem functioning in tropical secondary
forests, but we are concerned about how variation in the physical structure of
plant affect ecosystem function in forest communities. This research can help us
to better understand the restoration of habitats and green infrastructure design,
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suggesting that selecting different species across multiple trait axes can help
ensure functionality at the maximum level.
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Introduction

Analysis of plant functional traits is becoming a more and more
useful ecological approach for understanding plant community
assembly (Funk et al, 2017). Plant functional traits are increasingly
recognized as a powerful framework for understanding shifts in
species distribution and responses to environmental change (Funlk
et al., 2017; Costa et al., 2018; Griffin-Nolan et al., 2018), and
this could provide a powerful framework to generate insights into
how simultaneous changes in drought and nutrient availability
differentially impact coexisting dryland species. For example, a
rapid or slow strategy needs the same sets of leaf, root, and
stem features regardless of whether the main limiting factor is
light, N, P, water, or temperature due to the small number of
coupled resources in plant economics (Reich, 2014). Rather, certain
species have characteristics that relate to their ability to store
resources in protected tissues, which is referred to as a conservation
strategy (Reich, 2014). It is demonstrated in the experimental
data that abiotic stress factors, ie., due to less availability of
nutrients and light (Lohbeck et al, 2015), the plant functional
traits and plant species composition can change, leading to changes
from an acquisitive strategy to a conservative strategy (Raecvel
et al,, 2012). In this way, changes in leaf functional traits (LFTs)
may reflect changes in the environment, such as light and soil
property variations (Reich, 2014). Hodgson et al. (2011) revealed
that specific leaf area (SLA), a key component of the worldwide
leaf economic spectrum, is the preferred soft (morphological)
plant trait for assessing soil fertility. At present, the intraspecific
variation at a community level has been consistently reported, but
its consequences have not been completely explored (Siefert, 2014).

Recently, empirical studies have quantified the relative amount
of intraspecific trait variation (ITV) compared to interspecific
variation for various plant functional traits and communities
(e.g., Messier et al., 2010; Auger and Shipley, 2013). Therefore,
quantifying intraspecific trait variability as well as interspecific
variability is important for understanding niche segregation and
species distribution at the regional level.

Differences in forest composition, i.e., age, size, and spatial
arrangement within a forest stand, have been influenced by the
distribution of environmental factors such as soil nutrients and soil
pH (Spence et al, 2008). Plant functional traits (PFTs) aggregate
features of individual plants with similar activities in an ecosystem
and similar responses to external factors such as water and
nutrient availability based on a finite number of static parameters
(Kattge et al, 2011). The relationships among traits, resources,
and biodiversity are supported by parallel gradients in species
abundances and traits (i.e., fast-slow variation) with respect to
soil nutrients, e.g., phosphorus (P) gradients. For example, with
limited resources of soil P in Western Australia, plants with slow
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functional traits compete a little with each other, resulting in high
diversity (Lambers et al,, 2013), like the less availability of soil
nitrogen (N) in temperate grasslands (Clark and Tilman, 2008).
Increased plant diversity due to reduced soil fertility most likely
reflects global patterns (Laliberté et al., 2013). For example, several
long-term soil chrono sequences around the world have shown that
local plant species richness increases with soil age. This is associated
with low P in older soils (Laliberté et al., 2013). These patterns
raise the possibility that P limitation itself promotes plant species
coexistence (Olde Venterink, 2011). This may be related to the fact
that soil phosphorus exists in many chemical forms and several
different phosphorus uptake strategies can target specific forms
(Lambers et al., 2006, 2008). Soil P gradients related to soil substrate
type or age are important with respect to economic plant attributes,
whether the gradients are landscape or regional (Lambers et al,
2013). Despite these identified patterns, very little research has been
done about the relationship between plant functional traits and soil
properties under specific climatic conditions.

Aboveground and belowground feature variability can be
incorporated into dynamic global vegetation models (DGVMs) in
several ways. One approach is to vary parameters within the PFT
as a function of environment variables. One such approach has the
rationale that community mean trait values (or PFTs) are selected
by environmental conditions, thereby triggering trait convergence.
This environmental selection may influence functional leaf traits
by climate (Wright et al., 2005), soil fertility (Ordonez et al., 2009),
or a combination thereof (e.g., van Ommen Kloeke et al,, 2012).
The incorporation of empirical feature—environment relationships
into the JSBACH DGVM, part of the Max Planck Institute Earth
System Model (MPI-ESM), suggests a large impact of feature
variability on vegetation and carbon dynamics in the present
climate (Verheijen et al., 2013). The second approach is to use trait
variability to predict survival of the fittest trait combinations for a
range of environmental variables using tradeoffs between traits and
evolutionary rules (Langan et al., 2017). It is documented in a few
studies about how plant functional traits respond to environmental
variables, e.g., soil pH, and nutrients, such as N and P in soil, play
an important role, all of which influence plant functional traits (Pan
et al., 2018). On the other hand, the leaf morphological properties,
i.e., leaf thickness (LT), leaf area (LA), specific leaf area (SLA), and
leaf dry matter content (LDMC) are functional traits that can be
easily measured to designate the resource strategies and adaptive
traits of a plant in relation to its environment (Vendramini et al.,
2002). It is therefore important to realize how functional traits
express plant strategies when changes occur in plant functional
traits due to the effect of soil nutrients. To identify factors related
to alterations in community functional traits, it is also necessary to
determine the relationship between the functional traits of plants
and surrounding environmental conditions (Reich et al., 2003).
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Therefore, experimental projects that aim to better understand the
relationships between plant functional traits and soil properties
in natural forest communities are needed (Wardle, 2016). These
linkages may support identifying the factors that influence changes
in plant functional traits and the composition of tropical forest
communities. The significant intraspecific variation at the local
level and environmental variation at the larger level have been
consistently reported; nonetheless, their significance is still under
investigation (Siefert et al., 2015).

A comparative study of plant functional trait (PFTs) dynamics
in species provides one basis for the identification of life history
strategies (Adler et al, 2014) and parameterization of dynamic
vegetation models (Atkin et al., 2015). Some leaves, trees, and
seed characteristics are thought to indicate that the plant receives
resources, reproduces, and competes with other plants (Westoby
etal,, 2002). While there is a wide variety of variables that determine
fundamental strategies worldwide, recent research has shown that
at the local scale, this relationship will be weak (Messier et al.,
2017), and the intraspecific relationship differing between sites
characterized by different species and/or growing conditions (Lira-
Martins et al., 2019) or within the species (Anderegg et al., 2018).
This means that a general equation for estimating one of the other
parameters will not affect multiple measurements. The change in
productivity may be related to the type of harvest as well as the
environmental conditions in which individuals grow (Garnier et al.,
2016). Geographic gradients, where a group of species is repeatedly
found in different conditions, provide a natural laboratory for
investigating the relative impact of taxonomic and environmental
plasticity on differences (Turnbull et al., 2016). Hence, to fill this
gap, the main objective of our study was to examine the linkages
and changes between selected functional traits and soil abiotic
properties in tropical coastal secondary forests. Hainan Island,
off the northeastern coast of China, is known for its tropical
coastline forests. The changes in leaf functional traits (LFTs) may
reflect environmental variations such as light and soil property
variations (Reich, 2014). One of the characteristics of tropical
monsoonal cloud forest (TMCEF) is the persistent existence of haze
or low clouds, resulting in waterlogging on plants (Bruijnzeel and
Veneldaas, 1998), less solar radiation, and lower soil temperatures
compared to tropical rain forests (Vitousek and Sanford, 1986).
However, the tropical monsoonal dwarf forests of TNNR have been
severely affected by human disturbances, i.e., shifting cultivation
and slash and burn, and natural catastrophe such as typhoons
(Longetal., 2018). Tongguling National Nature Reserve (TNNR) in
Wenchang County, Hainan Province, is surrounded on three sides
by the sea (Si tu, 1987). It has lateritic soil (Long et al., 2012). Only
a few similar ecosystems exist in the TNNR monsoonal evergreen
forest, which is the natural forest vegetation in southern China
(Wu, 1995). Therefore, the most important issues in this county
are natural environmental monitoring, biodiversity conservation,
and typhoon mitigation (Long et al., 2018). At present, the tropical
secondary forests have been restored. Therefore, our research
was on productive or rich species in tropical coastal secondary
forests in a TNNR region with an attempt to answer the following
questions: (a) Are plant functional traits linked to soil nutrients,
and which nutrients contribute most to community assembly?
(b) Are variations in plant functional traits distinctly affected
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by soil properties in the forest community? We predicted that
plant morphological traits related to soil nutrients would show
consistent relationships in tropical forest community. Second, we
expected that plant functional traits and soil properties (i.e., using
community-weighted mean (CWM) trait values) would predict
ecosystem processes.

Materials and methods

Study site

The current survey was conducted in 2020 in TNNR, located
in the northeastern part of Hainan Island in southern China
(19°36'19°41" N 110°58'111°03’ E). TNNR is a 44-square-
kilometer nature reserve with an elevation of 338 m.a.s.l. above sea
level. It has a tropical monsoon climate. From May until October
is the wet season and from November until April is the dry season.
The average annual temperature is 23.9°C and the precipitation is
1,721.6 mm. The tropical evergreen monsoonal forest possesses a
lateritic soil type (Long et al., 2012). The predominant forest type
in TNNR is tropical evergreen monsoonal forest, which covers the
total area. Before the year 1980, all these forests had been logged
and altered into shrublands, grassland, or second-growth forests.
Deforestation was restricted once the TNNR was established in
1983, and forests have been well-recovered (Long et al., 2018).

Plant sampling

In the area of TNNR, tropical evergreen monsoonal forest, we
randomly established nine 50 x 50 m (2,500 m?) plots. To precisely
measure tree coordinates, 128 plots were divided into 20 x 20-
m quadrates and any two plots were always separated by more
than 50 m. TNNR conducted a ground survey to collect actual
ground data on the biophysical characteristics of individual trees
and shrubs, along with soil sample data. The Flora of the Republic
of China helped identify the species (Editorial Committee of Flora
of China) (Wu, 1995). We collected all soil samples and plant
material at the end of June, in the 2020 growing season (July and
August), in each quadrat with a 400-m? area.

However, we conducted our study at the plot level in a
vegetation community with the same type of topography and
climatic condition, ie., the inclination of gradient, parental
substances, and aspects.

Soil sampling and analysis

During the rainy season in July 2020, soil samples were
collected from the top 0-20 cm of the mineral soil in the center
of each quadrat in a total of 128 20 x 20m (400 m?) plots.
The nutrients and transformation fluxes were calculated using a
compound sample made up of these samples (described in a later
section). During the growing season (July and August), a total of
128 soil samples were taken in TNNR.
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Soil pH, organic matter (OM), total nitrogen (TN), total
phosphorus (TP), and soil water content (SWC) were all tested
during the wet season. Five soil profiles were randomly selected
from each 20 x 20-m (400 m?) plot, and samples were taken from
each plot. Then, for each profile, the grass layer above the soil was
removed, and a sample from the soil surface specimen (0-20 cm)
was collected (Jobbagy and Jackson, 2001). The soil sample was
mixed well, air-dried, and then milled into a fine powder. The
samples were then manually screened and examined (Anderson
and Ingram, 1989).

For the analysis of the concentration of OM (g. kg-1), 5mL of
IN potassium dichromate (K;Cr,O7) solution and 5mL of 98%
sulfuric acid (H2SO4) solution were mixed with 0.5 g of soil and
kept at room temperature for 30 min. After adding deionized water,
the color changes from blue to green, add concentrated phosphoric
acid (H3PQOy,), and then added 0.5 M iron ammonium sulfate (NHy)
2Fe (SO4)2.6H, O titrate the mercury solution. Finally, the titration
was repeated till the color changed from violet-blue to green.

For pH analysis, 25 g of soil was carefully mixed with deionized
water and stirred. The pH of the suspension was then determined
using a pH electrode at a temperature in the range of 20°C to 25°C
(Phoenix Electrode Company, Houston, TX, USA).

To measure the concentration of TN (g. kg '), 1.0 g of soil was
digested with potassium sulfate, copper sulfate (K,SO4-CuSOy4 x
5), and hydroxy selenide (H,O-Se) in 98% sulfuric acid (H,SO4).
After that, ammonium nitrogen was extracted from the digest using
steam and a pH increase of 0.1 M sodium hydroxide (NaOH).
Third, the distillate was obtained in 2% H?>BO? and titrated with
0.05 H,SOy4 to give a pH of 5.0. Finally, the TN concentration was
computed based on the volume change of a 0.05M sulfuric acid
(H,SO4) solution.

To determine the TP concentration (g. kg~!), 0.25 g of soil was
carefully mixed with a 60% HCIOy solution. The mixture was then
diluted with standard and sample vanadium-molybdate reagents
at a wavelength of 700 nm. Finally, TP was calculated using the
calibration curve.

For soil water content (SWC) calculation, the Gravimetric
method was used in the laboratory. A detailed amount of soil was
placed in a container that is heated to 105°C and dried until all
moisture has evaporated (Liu et al., 2016). The gravimetric method,
also known as the drying method, is a direct way of assessing the
moisture content of a soil sample by drying it and calculating the
difference in weight between the wet and dry samples. The soil
water content was calculated as the following: water content (%)
= fresh weight-dry weight divided by dry weight multiplied by 100.

Trait collection and measurements

Plant functional traits (PFTs) were measured using a
standardized protocol on sun-exposed leaves from the tops of
crowns (Cornelissen et al,, 2003). In many cases, a 3-4-m long
pruning pole was used for smaller trees. When necessary, we
used climbing tools and a pruning pole to reach the high tops
of larger tree crowns. We collected trait data of species present
during surveys using standard methods (Libalah et al, 2017).
Using a clinometer, the height of all individual trees in each plot
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was investigated with a dbh < 5 (diameter at breast height). To
investigate the functional properties of the plants, 2-3 freshly
emerged sun-exposed leaves on the current-year shoots were
taken from each plant and measured on 3 standard trees of each
species. Leaf thickness was measured using a digital reading
caliper (SF2000, Guilin, China; Long et al., 2022; Yaseen et al,
2022). In addition, leaf area was measured using a leaf area
meter (LI-COR 3100C Area Meter, LI-COR, Lincoln, NE, USA).
The leaves were first dried at 70°C for at least 72h to constant
weight, weighed on a digital balance (Ohaus Adventurer AR2140
Analytical Balance, Hayward, CA, USA), and leaf area and dry
matter were used to calculate the specific leaf area (SLA) (mm?
mg—1) for each tree. We focused on four plant functional traits:
wood density (WD-g.cm~3), leaf thickness (LT-mm), specific leaf
area (SLA-mm?.g~!), and relative leaf water content (RLWC %)
across the 167 species in our dataset. Within 6 to 24 h, the fresh
weight of the leaves was measured immediately with a SE202F
electronic balance (Ohaus Corp., Parsippany, NJ, US), then stored
in damp paper towels and placed in the refrigerator. The average
area of the three leaves (LA) per tree was calculated, and the ratio
between LA and SLA (cm’g~!) (the average mass of the three
leaves) was calculated (Pérez-Harguindeguy et al.,, 2016). SLA is
also associated with competitive ability, as species with low SLA
compete better for scarce resources such as nitrogen (Weiher et al.,
1999). Similarly, SLA is linked to growth rate and stress tolerance,
with higher SLA associated with species that develop faster and
are less stress-tolerant (Wright et al., 2004). Before measuring the
mass and area of the fresh leaves, the leaf samples were stored in
a wet bag below 4°C for up to 72 h. A leaf area meter was used to
measure the size of the leaves (LI-COR 3100C Area Meter, LICOR),
while the dry leaf mass was calculated after drying in the oven at
70°C for 72 h. After drying for at least 72 h at 70°C and weighing to
the nearest 0.01 g, leaf mass per unit area (mg.mm?) was calculated
for each tree based on leaf area and dry mass. We collected three
twigs (width 1-2 cm) from each representative individual collected
for leaf attributes to describe the species (WD, g.cm?) (501 twigs
in total). We removed the pith, phloem, and bark from the branch
after at least 3 days at 70°C, measured fresh volume with water
displacement on the rest of the branch, and calculated dry mass
(Cornwell et al., 2006). Branch density is strongly associated with
core wood density for mature trees in TNNR by dividing the dry
mass of the rest of the branch (excluding the pith, phloem, and
bark) by its volume (Bu et al., 2014). The relative leaf water content
(RLWC) was calculated as the following: water content (%) = fresh
weight-dry weight divided by fresh weight multiplied by 100 (Jin
et al,, 2017). Each sample was measured in biological triplicate.
Thus, the leaf thickness was calculated by a digital vernier caliper
(Long et al., 2022; Yaseen et al., 2022).

Statistical analysis

Before the analysis, a principal component analysis (PCA)
was used to explain the multivariate variations in soil variables
and CWM functional traits of each species (Libalah et al., 2017),
with data Box-Cox transformations (Box and Cox 1964). After
that, to conduct mean standardized major axis analysis (Figure 1),
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»

the scatter plots with trend lines were created using the “smatr
package while graphs were created using the plot function from
the “base” package. For bar graph implementation to see the
variation in CWM values of plant functional traits across dominant
species (Figure 2), the “ggplot2” package was applied. For Pearson
correlation analysis (Figure 3), the “Im” function is to build the
model using the “ggmisc” package along with the “ggplot2” package
for visualization. The R-value indicated Pearson correlation and
a probability value lower than 0.05 indicated that there is a
significant association between the variables. In addition, a biplot
was created (Figure4) to see the relationship between CWM
plant functional traits and soil abiotic properties using “factoextra”
package. Finally, to conduct path analysis graphical representation
(Figure 5), the library “lavann”, “semPlot”, “OpenMx”, “tidyverse”,
“knitr”, “kableExtra”, and “GGally” packages were used. All analyses
were performed in R software 4.0.2 (R Core Development Team,
2016).

Frontiersin Forests and Global Change 05

Regression and path analysis

A path analysis or non-causal effect model was developed to
further understand the relationship between the plant functional
traits and environmental variables patterns (Figure 5). This model
was also used in previous studies to measure the relationships
among plant leaf traits (Scheiner et al., 2000). Path analysis
is a relationship model that reveals complicated interactions
such as non-existent realistic ties, gradual loops, and self-
feedback. A straight path is shown by the arrow to the other
component (Aamir et al, 2021). Path analysis differs from
multiple regression in that the former assumes a specific causal
structure among the variables, whereas the latter assumes that
all attributes directly affect fitness. A path diagram includes
estimates of the strength of relationships called path coefficients
(p). In the context of the other independent variables, a path
coefficient is the standardized slope of the regression of the
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FIGURE 2
Bar graph of CWM values of functional traits across dominant species in a tropical evergreen monsoonal forest. LT, leaf thickness; WD, stem density;
SLA, specific leaf area; RLWC, relative leaf water content. The black bar in each facet represents the maximum value for this variable across all
dominant species, while the dark gray bars represent the values for a single species.

dependent variable on the independent variable (Scheiner et al,
2000).

A path analysis (Figure 5) was used to observe the direct
or indirect effect between soil variables and CWM traits while
regression analysis (Supplementary Table S1) was used to detect
the interspecific relationships. These two methods are important
to discuss the impact of soil properties on plant functional traits.
This aim was to analyze the changes in CWM traits due to
environmental variables in TNNR in the year 2020. In contrast, it
also provides a reference and ideas that how CWM traits differ due
to soil properties in tropical monsoonal forest. As well as it suggests
many ways to improve the tropical vegetation community and its
control measures.

Multiple linear regression was applied to determine the
association between the plant functional traits and environmental
variables. Before regression analysis, the values of plant
functional traits for each species were used to calculate the
CWM. To do this, we calculated a mean value for each
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trait at each site by multiplying the trait value of each
species by its total abundance at each site. For each PFTs,
the CWM was determined separately. The calculation was
as follows:

n n
CWM =) (i'wi)/) wi

Where n represents the total number of species and the
relative abundance (density) of each species is represented by
Wi, while the value of PFT in the ith species is denoted by Xi.
Before being used to calculate the CWM, the PFTs data were
log-transformed and then normalized according to the formula,

= (Xi = Xnean)/SD, where Zi signifies the standardized value
for a specific species I, Xi denotes the trait value of each
individual of species attribute 7; and the standard deviation of
the value of each specie’s feature is also referred to as SD.
CWM trait values were calculated by using the package “dplyr” in
Rv.3.0.2.
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Pearson correlation coefficients between soil nutrients and plant functional traits. Soil nutrients such as TN (total nitrogen), OM (organic matter),
versus plant functional traits e.g., LT (leaf thickness), and RLWC (relative leaf water content). Green dots show the sites. The black line is a trend line,
and the grey-shaded area represents the SE (standard error). The R-value indicated Pearson correlation and a probability value lower than 0.05

indicates there is a significant association between the variables.

Results

Bivariate relationships among functional
traits

Using a standardized major axis (SMA) (Figure 1), there were
found many changes in plant functional traits e.g., LT, WD, SLA,
and RLWC during the year of 2020. In these, WD and LT (p =
0.312, slope = 0.183, Figure 1A) were positively correlated while
SLA and RLWC (p < 0.001, slope = 0.491, Figure 1F) had a
significantly positive association. On the other hand, LT with SLA
and RLWC (p < 0.001, slope = —3.335, Figure 1D; p < 0.001, slope
= —1.66, Figure 1E) were significantly negatively correlated. But,
WD with SLA and RLWC (p = 0.037, slope = —0.61, Figure 1B; p
= 0.413, slope = —0.299, Figure 1C) were negatively correlated.

Variations in community-weighted mean
values of functional traits across dominant
species

A bar graph was used to compare the different CWMs traits
across dominant species in the tropical evergreen forest (Figure 2).
The purpose of the bar graph is to quickly convey relational
information between traits and dominant species visually. Based
on the bar chart and the accompanying data, it appears that the
species Olea dioica has the highest value for the variable SLA,
which represents a specific leaf area. This means that Olea dioica
has relatively thin leaves compared to the other species in the
dataset. In contrast, Hydnocarpus hainanensis has the highest value
for the variable RLWC, which represents relative water content,
indicating that it has a relatively high water content compared to
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the other species. Moreover, the species Schefflera octophylla has the
highest value for the WD which signifies the wood density and the
species Litsea verticillata has the highest value for the variable LT
which signifies leaf thickness, indicating high leaf thickness than
other species in the dataset. Furthermore, the black bar in each
facet represents the maximum value for that variable across all
the species, while the dark gray bars represent the values for the
individual species. Hence, the dominant species were Acronychia
oligophlebia, Syzygium buxifolium, Elaeocarpus sylvestris, Acmena
acuminatissima, Xantolis longispinosa, Olea dioica, Hydnocarpus
hainanensis, Mallotus hookerianus, Schefflera octophylla, and Litsea
verticillata (Supplementary Table S2).

Dominant species based on their basal area

We conducted our study at the community and plot
level in a vegetation community with the same type of
topography and climatic condition, i.e., the inclination of gradient,
parental substances, and aspects. Hence, the dominant species
were Acronychia oligophlebia, Syzygium buxifolium, Elaeocarpus
sylvestris, Acmena acuminatissima, Xantolis longispinosa, Olea
dioica, Hydnocarpus hainanensis, Mallotus hookerianus, Schefflera
octophylla, and Litsea verticillata (Supplementary Table S2).

Relationships between functional traits and
soil conditions

The Pearson correlation analysis showed the changes in the
CWM-PFTs and the soil abiotic properties (Figure 3). The CWM-
LT has a significant positive relationship with soil OM (R = 0.22,
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Principle component analysis (PCA) between soil abiotic properties such as soil pH; TN, total nitrogen; TP, total phosphorus; OM, organic matter;
SWC, soil water content and plant functional traits e.g., LT, leaf thickness; WD, wood density; SLA, leaf-specific area; RLWC, relative leaf water
content. Blue vectors show the soil abiotic properties and plant functional traits, and orange dots show the vegetation sites.

p = 0.014). On the other hand, CWM-RLWC had a negative
significant association with OM and TN (R = —0.23, p = 0.008;
R=—0.17, p = 0.055).

We performed PCA analysis of 4 plant functional traits and 5
soil properties to assess multivariate relationships and reveal the
dimension of variation in traits and soil variables (Figure 4). In
this figure, circular symbols were representing vegetation sites. The
soil variables and functional traits of the plants are represented
as vectors. The first PC accounts for a higher variance (27.7%)
compared to the second PC (18.4%). The variables TN and OM
have a strong positive association with PC2 while WD, SLA, and
RLWC contributed more toward PC1. Among the soil variables,
TN and OM showed a strong positive association indicating that
with an increase in soil OM, there is an increase in soil TN.
Soil OM and TN also have a strong positive association with
CWM traits such as LT and WD. The increase in SWC is highly
dependent on soil OM and SWC has a weak positive connection
with TP. A similar association was also recorded between RLWC
and SLA indicating an increase in plant SLA with an increase in
RLWC. Another interesting aspect is that there is a strong negative
association of soil pH with TP, TN, OM, and SWC while no or very
slight influence on all of the plant functional traits.

Path analyses were used to find the direct and indirect
relationship between CWM traits (dependent variables) and soil
variables (independent variables). f is the correlation coeflicient
range from 0 to 1. The higher the value of beta, the stronger
the association between the variables. It can be observed that
the greater value of CWM plant functional traits e.g., SLA B
coefficient, was 4.988 with the soil properties such as TN. Whereas,
LT —0.00 and —0.013 with OM and TN have a lower value
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Path analysis graphical representation between soil properties and
CWM traits. The upper dotted lines represent the indirect effect and
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(Supplementary Table S1). The TN was positively correlated to
CWM traits, i.e., SLA. On the other hand, based on the multiple
R2 values, the soil pH was 0.120 and was positively significantly
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TABLE 1 Mean and standard error values of environmental variables, as
well as the minimum and maximum.

Soil variables Mean + SE Min Max
Soil variables and soil pH

pH 4.8540.14 4.10 5.88
OM 60.06 = 7.19 33.35 117.33
N 2.76 +0.23 1.62 4.03
TP 0.3+ 0.03 0.12 0.55
SWC 49.64 % 3.84 24.77 71.86

The properties highlighted in bold show higher values. TN, total nitrogen; TP, total
phosphorus; OM, organic matter; SWC, soil water content. Mean, SE, standard error; Min,
Minimum; Max, Maximum.

TABLE 2 Relationship between soil properties and the two axes resulting
from PCA.

Soil variables PC1 (41.5%) PC2 (25.6%)

pH —0.176 —0.104
OM 0.390 —0.025
™N 0.349 —0.144
TP 0.045 —0.438
SWC 0.056 0.172

Values in bold indicate the higher values of soil variables. PCA, principal component analysis.
TN, total nitrogen; TP, total phosphorus; OM, organic matter; SWC, soil water content.

correlated to CWM traits such as WD and SLA while TP
has a lower value and is negatively correlated to LT and SLA
(Supplementary Table S1). Therefore, the results from the path
analysis showed a strong positive relationship between soil variables
such as OM and cwm traits, i.e., RLWC as well as TN and SLA.
Hence, soil variables such as OM and TN have a major impact on
plant CWM traits, e.g., SLA and RLWC (Figure 5).

According to regression analysis, five soil properties changed
significantly in the year 2020. Soil organic matter (OM) and soil
water content (SWC) showed the highest values than that of soil
pH, soil TN, and TP in the tropical evergreen monsoonal forest
(Table 1).

The principal component analysis shows that soil OM (0.390)
and TN (0.349) were strongly positively related to the first axis
while negatively related to the second axis (—0.025 and —0.144).
The SWC had a positive relationship on both axes (PC1 = 0.056,
PC2 = 0.172). On the other hand, soil pH was negatively related
on both axes (PC1 = —0.176, PC2 = —0.104). The soil TP was
positively related to PC1 (0.045) and negatively related to PC2
(—0.438) (Table 2).

Table 2 shows the results of the eigenvectors of two
components. These two components were selected to identify
the most influencing variable. The variable which has a higher
value contributes more to the variation.

Discussion

Our study quantifies to examine the dynamic patterns of soil
variables and plant functional traits, as well as their relationship.
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According to assumptions, we observed the differences in
soil nutrients and plant functional traits in tropical evergreen
monsoonal forests.

Differences between plant functional traits
in bivariate trait relationships

The relationships among CWM traits are useful for classifying
functional tradeoffs and plant strategies, and they are often used in
dynamic vegetation models to conclude one functional trait from
another (Sakschewski et al., 2015). Rather than relying on average
species or average PFT values, the next generation of dynamic
vegetation models will use universal scaling relationships to reflect
functional diversity within trait spectra (Fyllas et al., 2014). As
a result, this common scaling relationship is relatively useful
(Anderegg et al,, 2018). Furthermore, Fyllas et al. (2020) showed
the correlation between the PFTs in Mountainous Mediterranean
Forests (MMF), LMA and LT, and LDMC and LMA, were
significantly positively correlated while LT and LDMC were
significantly negatively associated. A similar negative trend was
found in LT and RLWC (Figure 1E) and a positive trend was found
in RLWC and SLA (Figure 1F) in our study Moreover, SLA and LT
had a significantly negative correlation (Figure 1D). The backbone
of the leaf economics spectrum is leaf mass per unit area (LMA),
which incorporates numerous features of leaf construction such as
LDMC, tissue density, and LT (Garnier et al,, 2001). Wood density
is a well-researched stem feature (Zanne et al., 2010) because it is
a simple way to quantify resource allocation to structural support.
Moreover, it is proved that the correlation between functional traits
such as LMA vs. WD was significantly positively related (Long et al.,
2020). Nonetheless, we found contradictory results that SLA vs.
WD had a significantly negative relationship (Figure 1B).

Some functional traits such as WD and SLA are globally
considered to be fundamental functional traits that explain plant
growth rates (Kunstler et al,, 2016). A high WD is related to a
slow potential growth rate, indicating a high level of competitive
tolerance and a strong competitive effect. Whereas LT of plant
species (Kunstler et al., 2016) is due to the limited resources of
soil nutrients (Ordonez et al, 2009). Generally, CWM traits to
measure community dynamics and ecosystem attributes have been
demonstrated (Garnier et al., 2007).

Variation in community-weighted mean
values of plant functional traits across
dominant species

Functional leaf traits like specific leaf area (SLA) and relative
leaf water content (RLWC) have frequently been examined
and they show directional changes during forest recovery. The
occurrence of trait alterations in the process of succession has
been well described. It was reported in recent studies that some
traits are important in the dynamic of litter decomposability in the
multiple regression analysis, such as LDMC, which did not change
significantly during the forest recovery process (Eichenberg et al,
2015). Our observations demonstrated that SLA and RLWC were
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greater than WD and LT (Figure 2). Similarly, a previous study
found that CWM for WD was not decreased on the windward side
while it is slightly decreased on the leeward side (Marod et al,
2020). Most studies have used cover to estimate abundance and
have focused on identifying CWM responses to environmental
change, for instance, natural and anthropogenic disturbances
(Lavorel et al., 2008). In contrast, of the four plant morphology
traits, the CWMs were not significantly different (Figure 2).

According to recent studies, changes in dominant species
composition are found in severely damaged and undamaged forests
due to some environmental factors, for instance, light density,
nutrient availability, and soil processes (Prach and Walker, 2011).
Moreover, most of the studies proved that the most common or
dominant species in forests in the primary successional stage have
a higher SLA than species in forests in the climax successional
stage (Chai et al., 2015). Xiao et al. (2018) found the highest value
for the variable SLA for Ardisia quinquegona. Furthermore, high
WD enhances the stiffness and strength of wood, thus protecting
trees against biophysical hazards and enhancing plant survival (Van
Gelder et al., 2006). Our results also clearly show the higher values
of SLA for Olia dioca and WD for Schefflera octophylla (Figure 2).
Leaf traits of the most dominant species should have the highest
influence on ecosystem processes such as decomposition (Garnier
et al.,, 2004).

The pattern of a few predominant species and many rarer
species is a defining feature of communities on a large scale. These
abundant species are commonly referred to as dominant species.
At present, the phrase dominant species is poorly defined, and
different authors use it to convey different information (Avolio
etal., 2019).

In addition, the important value index (IVI) of the most
common or dominant species was found (Supplementary Table 52)
in recent studies, which proved that each species plays an important
role in maintaining ecosystem equilibrium (Chala et al., 2016).
During the year 2020, the important values (IV) were used to
describe the most important species of vegetation sites. The
decline in the dominant species altered and species with higher
decline ratios were possibly removed for forest conservation in the
following years. Furthermore, species with lower decline ratios have
been suggested to conserve for longer periods (Lu et al., 2018).
However, at the secondary stage of succession, these species may
be creating enough space for the most prevalent species.

Association between community-weighted
mean traits and soil conditions

It is demonstrated that in the tropical region, only two traits,
for example, SLA and LT, describe soil properties strongly linked
with the axis (Marod et al, 2020). Wood density (WD) and
SLA are two functional traits that are thought to be important
in understanding plant growth rates worldwide (Kunstler et al,
2016). According to Marod et al. (2020), the first PC (PC1) was
strongly correlated with CWM-SLA, whereas the second axis of
PCA contributed most to CWM-LDMC, CWM-WD, and CWM-
LA. Moreover, they reported that only two CWM traits such as
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SLA and LT were significantly related to soil properties and the
PC (Dim1) axis separated most of the CWM attributes and soil
variables (Marod et al., 2020). Ordoniez et al. (2009) proved that it
is a common strategy in linking community-level trait responses
to the environment. A negative association was found in RDA
(redundancy analysis) between CWM for SLA and LT (Marod et al.,
20205 Figure 4). On the other hand, Chai et al. (2019) demonstrated
that soil water content (SWC) was more contributed to the primary
axis of CCA while soil pH contributed more to the second axis of
CCA2. Zirbel et al. (2017) found that the first PC axis was positively
related to soil organic matter (OM). Hence, our findings show that
the first axes of PC most contributed to SWC and OM, whereas soil
pH had little influence on both axes. However, Niclsen et al. (2019)
described the soil’s total phosphorus and total nitrogen as more
contributed to secondary axes of PC. Our evidence also showed that
TP and TN most contributed to the second axes (Figure 4). On the
contrary, Chen et al. (2021) found that the primary axis of PCA was
strongly positively related to soil nutrients, i.e., TN (Figure 4).

CWM attribute values are particularly useful for describing
soil properties because CWMs of leaf attributes indicate nutrient
cycling via decomposing plant material available for soil resources
(Eichenberg et al., 2015). In general, CWM for SLA has historically
been shown to be associated with nutrient cycling and dynamics
(Garnier et al., 2004; Eichenberg et al., 2015). CWM for SLA
is related to nutritional dynamics (Kleyer et al, 2012). The
changes in LMA are controlled by various environmental factors
and should be considered part of an integrated trait complex
(Poorter et al., 2009, 2014). We found a negative association
between soil TP and CWM for SLA (Figure 4). Furthermore, a
significant positive connection was found between OM and LT
(Figure 3A) and a significant negative relationship was found
between RLWC and OM (Figure 3B). Hence, Marod et al. (2020)
found a similar and dissimilar finding, a positive relationship
between available phosphorus (AP) and CWM for SLA. Whereas,
a negative relationship was found between leaf dry matter content
(LDMC) and soil OM and found a positive relationship between
available phosphorus (AP) and CWM for SLA.

Soil nutrients are one of the most important limiting variables
for tropical forest structure and primary productivity, as well
as for other biological processes such as plant root distribution,
development, and litter formation (Zhang et al., 2015). Moreover,
TMCEF soil is characterized by low pH, which could lead to limited
nutrient availability (Bruijnzeel and Veneklaas, 1998). Our results
also show a low mean value of soil pH than that of OM and
SWC (Table 1). The accumulation of soil OM, which stimulates
the generation of organic acids, could be the reason for increasing
soil acidity during forest community restoration (Roman et al,
2011). The SWC controls erosion, river discharge, and groundwater
recharge by determining the separation of precipitation into
surface runoff and infiltration. SWC is a major influence on plant
development and crop quality at the field scale (McBratney et al.,
2016) (Table 1). Furthermore, Libalah et al. (2017) found that the
summary statistics of the soil and topography variables, such as
soil TN, TP, OM, and moisture content, had positive values. Our
findings also identified the almost same values of soil variables, e.g.,
TN, OM, and SWC (Table 1).
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Two PCA axes were selected using Guttman’s Kaiser criterion
to summarize the most important gradients of the soil variables
and to select the most important PCA axes that can be interpreted.
Unlike other selection methods that rely on visual evaluation of
PCA axes, this method calculates the mean of all eigenvalues and
saves only those axes with eigenvalues greater than the mean, i.e.,
eigenvalues >1 for standardized PCA (Borcard et al,, 2011). Zirbel
et al. (2017) found that soil OM was positively correlated to the
first axis of PCA. Our results support the above findings that soil
OM was positively related to the primary axis of PCA; whereas,
we also found controversial results that soil pH was negatively
correlated to PC1 (Table 2). It is also described that soil P could be
critical in defining plant community structure (Mason et al., 2012).
Whereas, Herndndez-Vargas et al. (2019) found the total P and total
N contributed positively to the PC (Dim1) as compared to other
minerals (Table 2). Conversely, Libalah et al. (2017) demonstrated
that the same soil variables were positively correlated to the primary
axis of PC while moisture content (MOC) was positively related
to the second axes of PC. Our results also show that the soil TN,
TP, and OM had a positive association with the primary axes while
SWC was positively correlated to both axes (Table 2). Similarly,
Trujillo et al. (2021) found a negative correlation between soil
pH on the first axis of PCA. Meanwhile, our observations also
showed a negative association of soil pH on primary axes (PClI)
PCs (Table 2).

Conclusion

By using the data of the four most prevalent PFTs, five
soil properties in TNNR were established for differences and
relationships in important functional traits and environmental
variables. We report a key set of morphological traits that are
important for understanding the community assembly patterns in
a tropical evergreen monsoonal forest. We found in interspecific
correlation that soil OM and TN are strongly positively related
to CWM-LT and CWM-WD. Furthermore, evidence showed that
CWM-WD with CWM-LT and CWM-SLA with CWM-RLWC had
a significant positive relationship. The overall inter- and intra-
specific relationship in these forests suggests that they are mostly
specialists in the local environment for limiting resources such as
nutrients and moisture, and survival during wind disturbance may
be more important than competition for resources at the regional
scale. Moreover, this suggests that resource allocation patterns for
these important functional traits, which describe important plant
strategies, are driven by a combination of extreme conditions linked
to solar radiation and soil nutrient content.

Suggestions and future prospects

Plant functional traits can be used to predict soil nutrients
and ecosystem functioning in tropical secondary forests. The
coexistence of species and community assembly can increase our
knowledge of the tropical coastal secondary forests. This study will
help to better understand the restoration of habitats and green
infrastructure design, suggesting that selecting different species
across multiple trait axes will ensure functionality at the maximum
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level. However, further studies are needed to explore the soil
properties and their association with plant functional features and
their role in ecosystem functioning.
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