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Abstract
Investigating variation in plant functional traits facilitates understanding of the
mechanisms and strategies by which plants adapt to their environment, and pro-
vides a basis for predicting species distribution and environmental change. In
the Hainan Bawangling tropical cloud forest, 21 permanent 20 m × 20 m plots
were established and subdivided into 336 subplots of 5 m × 5 m. Functional
traits (leaf area, LA; leaf dry weight, LDW; leaf mass per area, LMA; chloro-
phyll content, Chl; leaf thickness, LTh; wood density, WD) were measured for
all individual trees and shrubs with a diameter at breast height greater than
5 cm, along with soil nutrient content. Variance partitioning was employed to
quantify the magnitude of functional trait variation at individual, intraspecific,
interspecific, and community levels, and to examine the influence of soil nu-
trients on trait variation. The results indicated that the ranges of explained
variance for LA, LDW, LMA, CHl, LTh, and WD at individual, intraspecific,
interspecific, and community levels were 0.06–0.47, 0.09–0.35, 0.35–0.72, and
0–0.07, respectively. Across these hierarchical levels, interspecific variation in
functional traits was greatest, while community-level variation was minimal.
Stepwise regression analysis revealed that functional trait variation at different
scales was closely associated with soil organic matter, nitrogen, and phosphorus
contents.
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Abstract

Studying variation in plant functional traits helps us understand how plants
adapt to environmental conditions and provides a basis for predicting species
distributions and environmental changes. We established twenty-one 20 m × 20
m plots, subdivided into 336 subplots of 5 m × 5 m, in the tropical cloud forests
of Bawangling, Hainan Island. Functional traits—including leaf area (LA), leaf
dry weight (LDW), leaf mass per area (LMA), leaf chlorophyll content (Chl), leaf
thickness (LTh), and wood density (WD)—were measured for all trees and shrubs
with diameter at breast height (DBH) ≥ 5 cm, along with soil nutrient contents
in all plots. The magnitude of variation in each functional trait was assessed at
individual, within-species, among-species, and community levels using variance
decomposition analysis, while relationships between soil nutrients and functional
traits were examined using stepwise linear regression. Results showed that the
ranges of explained variance for LDW, LMA, Chl, LTh, LA, and WD were 0.06–
0.47, 0.09–0.35, 0.35–0.72, and 0–0.07 at the individual, within-species, among-
species, and community levels, respectively. This indicates that functional trait
variation was highest at the among-species level and lowest at the community
level. Stepwise regression analysis showed that changes in functional traits at
all studied scales were significantly correlated with soil organic matter, nitrogen,
and phosphorus.
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Introduction

Plant functional traits typically refer to biological characteristics that affect
plant survival, reproduction rate, and ultimate fitness. These traits reflect in-
teractions between organisms and between organisms and their environment
at individual, community, and ecosystem levels, advancing community ecology
from qualitative description and complex models toward quantitative and parsi-
monious approaches. Plant functional traits are closely related to environmental
conditions, with different traits reflecting different ecological strategies and influ-
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encing species assembly processes in communities. The magnitude of functional
trait plasticity varies among species, and the effects of environmental filtering
on functional traits are related to both spatial scale and community organiza-
tion level. Community organization levels include individual, within-species,
among-species, and community scales, which help researchers explain ecological
patterns and processes.

Most scholars consider among-species functional trait variation as the primary
approach for functional trait studies. However, recent findings indicate that
within-species functional trait variation is also very important, potentially be-
ing more sensitive to environmental conditions than among-species variation
and playing a significant role in community ecology. Some researchers argue
that studying functional traits at the community level can place environmental
factors and functional traits within the same system to explain plant adapta-
tion mechanisms. Although many studies have sought potential sources of func-
tional trait variation across various community organization levels, controversy
remains regarding the relative magnitude of variation at each level.

Tropical cloud forests refer to forests in humid tropical regions that are fre-
quently shrouded in clouds and fog. These forests experience strong mountain
winds, and soil water content is often saturated. Compared with typical low-
altitude tropical forests, tropical cloud forests have significantly shorter tree
heights and smaller diameters, often with crooked trunks, high proportions of
simple leaves, and rich in endemic and endangered species. Affected by envi-
ronmental filters such as low air temperature and low soil phosphorus, Hainan
Island’s tropical cloud forests are mainly distributed on mountain tops or ridges
above 1200 m in forested areas. Plants in tropical cloud forests have smaller
specific leaf area and height than low-altitude forest plants, suggesting that
patterns of functional trait variation may differ from low-altitude vegetation in
tropical regions.

Taking the tropical cloud forest in Bawangling, Hainan as our study object, we
measured functional traits including leaf dry weight, leaf chlorophyll content,
leaf thickness, and wood density for all individuals with DBH ≥ 5 cm in each
20 m × 20 m plot, as well as soil organic matter, total nitrogen, and available
nitrogen content. We then used variance decomposition to quantify the magni-
tude of trait variation at individual, among-species, and community levels, and
explored relationships between soil nutrients and functional trait variation at
different community organization scales. We hypothesized that: (1) functional
traits of tropical cloud forest plants would show different magnitudes of vari-
ation across community organization scales, with the largest variation at the
among-species level; and (2) soil factors would significantly affect functional
trait variation across community organization scales.
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1. Study Site Description

The study site is located in Bawangling Nature Reserve (18°50�–19°05� N,
109°05�–109°25� E), with an elevation range of 100–1654 m. The region has
a tropical monsoon climate with distinct wet and dry seasons. The average
annual temperature at 100 m is 23.6°C, with annual precipitation of 1677.1 mm.
Soils transition from latosol (mountain red soil) at lower elevations to mountain
yellow soil and mountain meadow soil at higher elevations. Vegetation types
distributed along the elevation gradient include tropical lowland rainforest,
tropical montane rainforest, tropical montane evergreen forest, and tropical
montane dwarf forest. Bawangling’s tropical cloud forests are mainly dis-
tributed as island-like patches on Yajia Songding and Songlingding peaks, with
dominant species including Pinus fenzeliana, Distylium racemosum, Rhododen-
dron moulmainense, Syzygium buxifolium, and Engelhardia roxburghiana. The
average tree height is approximately (4.79 ± 2.80) m.

2. Species Survey Methods

We established 21 plots of 20 m × 20 m in the tropical cloud forests of Yajia
Songding and Songlingding in Bawangling, covering a total area of 0.84 hm2.
Plots were spaced 10–11 m apart. Each plot was subdivided into 5 m × 5
m subplots. For all trees and shrubs with DBH ≥ 5 cm, we measured DBH
using a diameter tape and recorded species names. Specimens that could not
be identified in the field were collected and taken to the laboratory for expert
identification. Plot information is summarized in .

3. Selection and Measurement of Functional Traits

We selected functional traits that reflect plant carbon accumulation, photosyn-
thetic rate, and resistance to environmental stress: leaf area (LA), leaf dry
weight (LDW), leaf mass per area (LMA), leaf chlorophyll content (Chl), leaf
thickness (LTh), and wood density (WD). Leaf mass per area reflects the adap-
tation ability of cloud forest plants to low temperature and thin soil conditions,
as well as their competitive ability for light and space resources. Wood density
reflects growth rate and the ability to resist pathogens and physical damage.
Leaf chlorophyll content is related to photosynthetic rate and carbon accumu-
lation, while leaf thickness reflects mechanical strength and responses to low
temperature and strong wind conditions in tropical cloud forests.

Functional traits were measured for all trees and shrubs with DBH ≥ 5 cm
(excluding gymnosperms). For each plant individual, we selected 3–5 fully ex-
panded, mature, sun-exposed leaves from the canopy edge. Leaf thickness was
measured as the thickness between the edge and midrib (avoiding veins) using
a digital caliper (SF2000, Guilin, China). Chlorophyll content was measured
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using a portable chlorophyll meter (SPAD-502 Plus, Konica Minolta, Japan).
Leaf area was measured with a leaf area meter (LI-COR 3100C, LI-COR, USA).
Leaves were then oven-dried at 70°C for 72 hours and weighed to obtain leaf
dry weight. LMA was calculated as the ratio of leaf dry weight to leaf area.

From each plant, we cut a 10 cm branch segment, removed the bark, and mea-
sured volume using the water displacement method. The branch was then oven-
dried at 70°C for 72 hours and weighed. Wood density was calculated as the
ratio of dry weight to volume. Previous studies have shown strong correlations
between branch and trunk wood density for trees in Bawangling tropical forests,
allowing us to use branch density as a non-destructive proxy that avoids damage
from tree coring.

4. Soil Sampling and Nutrient Measurement

Soil samples were collected from the center of each 5 m × 5 m subplot. After re-
moving surface litter, we collected soil from 0–20 cm depth, placed it in labeled
bags, and transported it to the laboratory. Samples were air-dried and sieved
for analysis. Soil organic matter was measured using the high-temperature ex-
ternal heating potassium dichromate volumetric method. Total nitrogen was
determined by the Kjeldahl method. Total phosphorus was measured using
HClO4-H2SO4 digestion followed by ascorbic acid reduction colorimetry. Avail-
able nitrogen was determined by alkali diffusion method, and available phospho-
rus by acid ammonium fluoride extraction [32].

5. Data Analysis Methods

To normalize the data, all functional trait values were log10-transformed before
analysis. We used restricted maximum likelihood (REML) in the“lme”package
of R 3.1.3 to perform variance component analysis for functional traits at
individual, within-species, among-species, and community levels. The analysis
model was structured as: varcomp.LMA <- varcomp(lme(log(LMA) ~ 1,
random = ~1 | Plot/Species/Tree/leaf or stem, data = d, na.action
= na.omit), 1). This allowed us to quantify the magnitude of trait variation
at different organizational scales.

To analyze relationships between functional traits and soil nutrients, we con-
ducted stepwise linear regression with soil organic matter, total nitrogen, and
available nitrogen as independent variables, and leaf area, leaf dry weight, leaf
mass per area, chlorophyll content, leaf thickness, and wood density at individ-
ual, within-species, among-species, and community levels as dependent variables.
Model selection was based on coefficient of determination (R2) and P-values. All
analyses and figures were generated using R [33].
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Results

1. Variation in Functional Traits at Individual, Within-Species,
Among-Species, and Community Levels The average species richness
was 25.80 ± 6.00 per 20 m × 20 m plot, with community similarity of 0.58
± 0.10. The explained variance for the six functional traits at different
scales showed consistent patterns: among-species variation was largest, while
community-level variation was smallest. For leaf dry weight, the explained
variance was 0.47 at the among-species level, 0.43 at the within-species level,
and 0.06 at the individual level. For leaf mass per area, variance was 0.57–0.72
among-species, 0.58 within-species, and 0.26 at the individual level. Chloro-
phyll content showed 0.35–0.72 among-species, 0.34 within-species, and 0.06
at the individual level. Leaf thickness variation was 0.21–0.30 among-species,
0.06–0.09 within-species, and 0.00–0.01 at the individual level. Wood density
variation was 0.35 among-species, 0.09 within-species, and 0.00 at the individual
level.

Frequency distribution patterns of functional traits in each plot were consistent
with those across all plots. When the among-species level was removed from the
model, most of its variance component was added to the within-species level,
with some added to the community level, but the overall pattern of variation
remained consistent.

2. Relationships Between Functional Trait Variation and Soil Nu-
trients Functional trait variation at all scales was closely related to soil or-
ganic matter, nitrogen, and phosphorus. At the within-species level, leaf traits
were primarily correlated with soil organic matter content, while wood density
variation was mainly related to soil phosphorus and nitrogen. At the among-
species level, stem traits were related to both soil organic matter and nitro-
gen/phosphorus. At the community level, leaf traits were correlated with or-
ganic matter, but wood density showed no significant relationship with soil
nutrients. Specific relationships are detailed in and

.

Discussion

1. Variation in Functional Traits Across Different Scales The six func-
tional traits showed different magnitudes of variation across community organi-
zation scales, with the largest variation at the among-species level and the small-
est at the community level. This indicates that among-species functional trait
variation has the greatest influence on overall trait patterns. Among-species
variation may be related to both genetic and environmental factors. Studies
have detected significant phylogenetic signals in traits such as LMA and LTh,
indicating strong phylogenetic conservatism. The evolutionary history of func-
tional traits significantly influences their development, and associations between
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Figure 1: Figure 2
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traits reflect phylogenetic relationships that facilitate functional coordination for
survival in variable environments.

The high among-species variation in tropical cloud forests may also be strongly
influenced by environmental conditions. Distributed above 1200 m elevation,
these forests experience dramatic environmental gradients, with plants sub-
jected to low air temperature and low soil phosphorus stress. Soil nutrients
significantly affect among-species functional traits, consistent with the view
that functional trait variation is primarily expressed at the among-species level.
Community-level functional trait variation was smallest, likely due to relatively
high similarity among communities (0.58 ± 0.10), which reduces the impact of
species turnover on functional trait changes. However, community-level varia-
tion remains an important source of trait change, directly linking environmental
factors to functional traits in ecosystems and providing an important approach
for analyzing plant ecological strategies and environmental adaptation.

Contrary to our first hypothesis, within-species variation was slightly smaller
than among-species variation but larger than individual and community-level
variation. This pattern is consistent with other studies showing that within-
species functional trait variation is an important source of trait change. Within-
species variation arises primarily from phenotypic plasticity and genetic diver-
sity. In the variable environment of tropical cloud forests, plants adjust their
attributes through phenotypic plasticity to adapt to complex conditions, which
helps expand species distribution ranges along environmental gradients.

2. Effects of Soil Factors on Plant Functional Traits Consistent with
our second hypothesis, functional trait variation at individual, within-species,
among-species, and community scales was closely related to soil organic mat-
ter, nitrogen, and phosphorus, although the specific effects varied by trait and
scale. At the within-species level, leaf traits were generally correlated with soil
organic matter content, while wood density variation was mainly related to soil
phosphorus and nitrogen. At the among-species level, stem traits were related
to both organic matter and nitrogen/phosphorus. At the community level, leaf
traits correlated with organic matter, but wood density showed no significant
relationship with soil nutrients.

Soil organic matter contains abundant nitrogen (N) and phosphorus (P), which
are important components of leaf dry matter and structure. Leaf area and
dry matter content are therefore closely related to soil organic matter. In
nutrient-poor environments, plants often adopt conservative nutrient-use strate-
gies. Tropical cloud forests have low soil phosphorus content, and plants with
high LMA and leaf thickness can better adapt to such conditions. Chlorophyll
content is influenced by both light adaptation and mineral elements, especially
nitrogen deficiency, which can block chlorophyll biosynthesis or accelerate de-
composition, reducing photosynthetic pigment content and rate. Wood density
was positively correlated with soil organic matter and available nitrogen, likely
because strong winds in tropical cloud forests favor slow-growing trees with high
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wood density. Soil phosphorus was negatively correlated with wood density,
possibly because plants can use limited phosphorus to synthesize structural ma-
terials for stems, while available nitrogen can be directly absorbed to synthesize
wood fibers and lignin, enhancing stem hardness.
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**** Information of 21 plots
**

** Distribution of the study sites
**

** Variance partitioning for the six functional traits across individual, within-
species, among-species, and community levels
**

** Density distribution of functional traits
[FIGURE:4] Variance partitioning for the six functional traits across individ-
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Figure 2: Figure 1

ual, within-species, and community levels
**** Stepwise regression analysis of functional traits with soil nutrients
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Figure 3: Figure 2
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Figure 4: Figure 3
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