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Abstract: Although ecologists often emphasize the roles of environmental- versus biotic-filtering
in structuring forest communities, the relative importance of these processes could vary among
undisturbed versus disturbed forests. To test this assumption, we gathered leaf traits and site
conditions data from intact mature forests (control), moderately disturbed shrublands, and severely
disturbed plantations from subtropical China. We found that plantations had higher leaf area, specific
leaf area, leaf nitrogen and phosphorus concentrations but lower leaf thickness, dry matter content,
and C:N than the shrubland or mature forest, suggesting the dominance of resource acquisition
strategy in plantations versus conservation strategy in the mature forests. Plantations also had
significantly lower trait ranges than mature forest or shrubland, suggesting the play of stringent
environmental filtering in the plantation. However, intraspecific trait variations in leaf dry matter
content and C:N were substantial in plantation, while interspecific variation in leaf thickness was
high in mature forests, suggesting the importance of intra- versus inter-specific competition in
plantation versus mature forests. Results from our species-level analysis were consistent with the
community-level results mentioned above. Overall, our study demonstrates the shifting importance
of environmental and biotic filtering from disturbed to undisturbed forests.

Keywords: habitat disturbance; environmental filtering; leaf economic spectrum; trait gradient
analyses; intraspecific trait variation

1. Introduction

Understanding community assembly or biodiversity maintenance processes across
natural to human-modified systems is a central topic in ecology and is germane to anthro-
pogenic land management [1–4]. Traditionally, ecologists describe community assembly as
a sequential process: that is, species from a regional species pool first arrive at the locality;
second, if the underlying environmental conditions suit, the arriving species survive; and
finally, superior competitors among the surviving species make up the local community [5].
However, ecological processes rarely act individually or sequentially as such: processes
often interact [6], and most importantly, the relative importance of processes may vary
with site abiotic and biotic conditions [1]. Since anthropogenic habitat disturbances often
modify site abiotic and biotic conditions, the importance of processes shaping ecological
communities may vary among undisturbed versus disturbed habitats [7]. Yet, studies
comparing community structuring processes for natural versus anthropogenically mod-
ified secondary forests are rare, especially in the context of natural versus post-clearcut
secondary forests in the subtropics [7]. This is a significant knowledge gap with profound
management implications, given that clearcutting is a relatively common forestry practice
in the subtropics [8].
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However, clearcutting practice itself can be of diversified forms [9,10]. Some forms of
clearcutting involve removing all standing vegetation, followed by plantation raising. Other
forms include removing commercially valuable (e.g., timber, pole, and fuelwood) stems and
keeping the residual ground vegetation without any plantation raising. Such a contrasting
approach to clearcutting often leads to different types of secondary forests, including
plantation forests and shrublands in subtropical China [11,12]. Presumably, the relative
importance of environmental versus biotic filtering structuring among post-disturbance and
undisturbed forest communities might differ markedly. More specifically, in a post-clearcut
plantation forest without residual ground vegetation, the planted and naturally colonized
species often find the underlying environment severe [13], suggesting the possible play
of stringent environmental filtering [14]. At that time, the number of resident or planted
species should be relatively small, indicating somewhat weak biotic filtering mediated by
interspecific competition [7]. However, intraspecific competition-mediated biotic filtering
could be vital if the planted species are densely packed or crowded.

In contrast, if clearcutting does not remove the ground layer, such as the context
of Chinese shrubland, the already adapted residual species of a post-clearcut secondary
forest may experience the underlying environment somewhat less severe [10]. That means
environmental filtering may be less intense. At the same time, removing the overstory trees
through clearcutting may offer favorable conditions, allowing new species colonization
and an increasing abundance of residual species [13], ultimately promoting interspecific
competition. In sharp contrast to post-clearcut communities, species in undisturbed mature
forests (control) usually adapt to the locality, experience productive environmental condi-
tions, new species colonize, and the community becomes complex [15,16]. In that scenario,
interspecific competition-mediated biotic filtering is crucial. In sum, the importance of in-
terspecific competition-mediated biotic filtering should wane, and environmental filtering
should strengthen with the increasing intensity of clearcutting disturbance.

One of the ways to verify such predictions is to employ a trait-based approach [6,17]
and examine the patterns of trait mean, range, variation, and trait–trait covariation. While
the mean, range, and covariation of traits can indicate the importance of environmental
filtering, inter and intraspecific trait variations can show the importance of both biotic
and environmental filtering. That is, plants that can tolerate a site’s abiotic condition
should pass the environmental filter [18], share common phenotypic traits [3], and exhibit
similarities in their trait values [17,19]. So, trait ranges (difference between the maximum
and minimum trait values) should be narrow under robust environmental filtering and
vice versa [3]. The overall values of trait mean (community-weighted) could be small
or large depending on whether the underlying environment favors a small versus large
phenotype or any particular functional strategy such as resource acquisition versus resource
conservation. Trait–trait covariation should be strong under stringent environmental
filtering because a species needs to fulfill a rigid set of multi-trait combinatorial criteria
to earn community membership [20,21]. Therefore, if our hypothesis that environmental
filtering may strengthen with increasing disturbance held, we should find a narrow trait
range and higher trait–trait covariation in post-clearcut secondary forests versus intact
mature forests. Similarly, we expect higher community-weighted mean values for resource
acquisition trait (e.g., larger leaf area, higher specific leaf area, and higher leaf nitrogen and
phosphorus concentrations) and lower values for resource conservation trait (e.g., leaf dry
matter content, leaf thickness, leaf carbon to nitrogen ratio, and nitrogen to phosphorus
ratio) in the in post-clearcut secondary forests than intact mature forests.

In contrast, the internal-biotic filter usually refers to the degree of inter and intraspecific
competition among coexisting species [6], essentially limiting functional similarity [22].
Inter and intraspecific trait variations, which are signs of competition-mediated functional
dissimilarity, could indicate the strength of internal-biotic filtering [23–25]. Consequently,
if our assumption—that is, interspecific competition-mediated biotic filtering may weaken
with disturbance—held, we should find more interspecific trait variation in intact mature
forests than post-clearcut secondary forests. Alternatively, if post-disturbance plantation
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forests are densely packed and crowded, we may discover higher intraspecific trait variation
due to intraspecific competition [25].

However, a community is a mixture of species, and it is the individual species that
ultimately experience environmental filtering or competition. So, species’ attributes (i.e.,
trait mean and range) can offer complementary insights into biodiversity maintenance
processes [17,26]. One crucial aspect of the species-level analysis is that a species’ trait
values can be divided into within- and among-community components [17]. The within-
community component, commonly denoted as alpha-trait value, describes how the trait
value of a focal species relative to coexisting species varies; thus attributed to competition-
mediated biotic filtering. The among-community component, denoted as beta-trait value,
describes the mean-trait values of the focal species across communities; thus attributed
to site condition-mediated environmental filtering. Therefore, a species experiencing
robust biotic filtering should have a higher alpha-trait value, while a species facing robust
environmental filtering should have a higher beta-trait value. So, in the context of post-
clearcut secondary forest, we can hypothesize that most species occurring in the post-
clearcut plantation forest would have higher beta-trait values, while most intact mature
forests would have higher alpha-trait values. However, when a species occurs in a wide
range of environmental conditions, its trait values should vary widely. The difference
between maximum and minimum trait values for a species may thus indicate the species’
niche breadth. The more benign the environment is, the higher the niche breadth. So,
species with higher niche breadth might dominate the intact mature forests more than the
post-clearcut secondary forests.

The subtropical forest communities of eastern China include both intact mature forests
and post-clearcut secondary forests (e.g., shrubland and plantation forests), offering a
unique setting to assess external versus internal filters’ roles in undisturbed versus dis-
turbed forest communities using a trait-based approach. Here forest disturbance takes
the form of forest clearance through cutting for firewood. The cutting intensity has been
severe, with the mature forest cleared but with many stumps remaining and then allowed
to regrow [12]—the shrublands developed through natural regeneration after cessation of
clearcutting [11]. In more intensively clear-cut areas, entire vegetation was removed and
planted with Chinese fir and bamboo. By contrast, mature evergreen broadleaved climax
forest had no history of cutting. While past research has assessed species and functional di-
versity patterns in these systems [27–31], mechanistic understanding regarding community
assembly processes remains unclear. Therefore, this study utilizes mature forest, shrubland,
and plantation communities that share a regional species pool and employ a trait-based
approach to address the following three questions:

• Do community-level trait means, trait ranges, and trait–trait covariation reflective of
external-environmental filtering vary among intact mature forest versus post-clearcut
secondary forests?

• Do community-level inter and intraspecific trait variation reflective of biotic filtering
vary among intact mature forest versus post-clearcut secondary forests?

• Do species-level alpha- and beta-trait values, as well as niche breaths, vary among
intact mature forests versus post-clearcut secondary forests?

2. Materials and Methods
2.1. Study System and Natural History

This study was conducted in the subtropical forests at Tiantong National Forest
Park of Eastern China (29◦48′ N, 121◦47′ E; elevation: 143–409 m a.s.l.; Figure 1). The
regional climate is characterized by mean annual precipitation of 1679.42 mm and the
mean annual temperature of 17.74 ◦C [32]. Topography is hilly, and soils are ferrallisols,
rich in iron and aluminum oxides [21]. The climate and topographic conditions are ideal
for typical subtropical evergreen forests. The overstory layer is dominated by Schima
superba, Cyclobalanopsis myrsinaefolia, and Symplocos sumuntia; the shrub layer is dominated
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by Camellia fraternal, Loropetalum chinense, and Eurya muricate; and the ground layer is
dominated by Cibotium barometz, Diplopterygium glaucum, and Dryopteris montigena.
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Figure 1. Location of study sites with representative figures of control versus treatment (shrubland
and plantation).

The regionally famous Tiantong temple is located in this area, and the mature forest
around the temple remains relatively intact, without any history of clearcutting. However,
some forests around the temple were clearcut around 35 years ago for firewood. Those
forests are now characterized by tall shrubs developed through natural regeneration after
cessation of clearcutting [11]. Moreover, park authorities had clearcut the vegetation in
some areas and raised large-scale plantations with Chinese fir decades ago. Many plant
communities have recommenced the early stages of succession, which results in a very
diverse mosaic of communities [12]. Thus, the study area includes relatively intact mature
forest (MF), post-clearcut (with residual vegetation) shrubland (SL), and post-clearcut
(without residual vegetation) plantation (PL) (Figure 1). The ages of the mature forest are
over 60 years, shrublands are over 35 years, and plantations are around 20 years [29,33].
This 20–35 years time frame may be sufficient for vegetation restoration and recovery and
thus suitable for assessment of assembly processes [8,9].

2.2. Sampling Design

We selected four sites from each of three forest types—post-clearcut plantation, post-
clearcut shrubland, and intact mature forest—for a total of 12 sites in this study. Selected
sites were separated from each other by at least 150 m. At each site (N = 12), we established
six contiguous plots of 20 × 20 m for a total of 72 plots (6 plots per site × 4 sites per
disturbance and control × 3 disturbance types = 72 × 20 × 20 m plots) in this study. We
established six contiguous plots instead of six random plots to capture essential within-site
variability in environmental properties, species, and functional composition. At the same
time, we chose four sites per forest type to capture landscape-level between-site variations
in environmental properties and species and functional composition.
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2.3. Vegetation and Environmental Data

We identified all woody species at each plot (N = 72) and recorded their abundance
(i.e., counted the number of individuals). To assess the site’s environmental conditions, we
measured (i) soil moisture content (%), (ii) the depth of organic matter (cm), (iii) canopy
opening (%), and (iv) soil compaction (kg/cm2) at each plot. We measured soil moisture
using an HH2 moisture meter (Delta-T Devices Ltd., Cambridge, England), soil organic
matter depth using a hand-held auger, and soil compaction using a soil compaction meter
(TJSD-750; Zhejiang Top Cloud-Agri Technology Co., Ltd., Hangzhou, China). We estimated
canopy exposure ocularly (without using any instrument) on a 0–100% scale. For all
environmental variables, except canopy exposure, we took five measurements at five
random locations within a 20 × 20 m plot and averaged them to represent the plot. All
environmental variables were measured within seven days without rain at least seven days
before the measurement days.

2.4. Functional Traits

We focused on eight leaf traits: (i) leaf area (LA), (ii) specific leaf area (SLA), (iii) leaf
dry matter content (LDMC), (iv) leaf thickness (LT), (v) leaf nitrogen concentration (LNC),
(vi) leaf phosphorus concentration (LPC), (vii) leaf carbon to nitrogen ratio (C:N), and (viii)
leaf nitrogen to phosphorus ratio (N:P) in this study. These traits represent essential physi-
ological functions related to species performance, fitness, and distribution: LA and SLA are
related to the plant growth rate [34,35]; LDMC is related to plant nutrient conservation [36];
LT is related to plant nutrient conservation, response to water deficits, and palatability to
herbivores [37–41]; LNC and LPC concentrations are related to photosynthesis [42] and
protein synthesis [43]; leaf C:N ratio is pertinent to plants’ nitrogen [44], whereas leaf N:P
ratio is pertinent to phosphorous use efficiency and are usually negatively correlated with
plant growth [45,46]. Correlations among the eight leaf traits were relatively weak (see
Supplementary Materials, Section S1), implying that these traits may capture relatively
unique information.

We measured leaf physical traits (LA, SLA, LDMC, and LT) for each species from
three individuals at the plot level. If a species had less than three individuals in a plot, we
collected trait data from all individuals. However, for leaf chemical traits (LNC, LPC, C:N,
and N:P), we measured traits from a single individual from a 20 × 20 m2 plot for logistical
constraints. Hence, our sampling effort was robust enough to capture the interspecific
trait variation for all traits at a resolution of plot-level and intraspecific trait variations at
a resolution of site-level. We followed standard protocol for trait sampling [47,48]. That
is, from each individual, we collected three well-grown branches with their leaves on
them. Then, we selected 10 mature leaves without any sign of physical damage from
each branch and combined all leaves to form a composite sample of over 60 leaves per
individual. We wrapped these leaves in moist paper, placed them into a sealed plastic
bag, and kept those bags in a cooler until they were transported back to the laboratory
within six hours. Next, we randomly selected 10 mature leaves from each individual to
weigh fresh leaf weight (lfw) using an electric balance (BSA224S electronic scale, Sartorius
Group, Beijing) and to measure leaf areas (larea) using a leaf area meter (Li-Cor 3100C
leaf area scanner, Li-Cor, Lincoln, NE, USA). Samples were then placed in an oven at
75 ◦C for 48 h to determine dry leaf weight (ldw). We quantified SLA as larea/ldw, LDMC
as ldw/lfw [47,48]. Leaf samples were then boiled with concentrated H2SO4 and H2O2 to
oxidize and decompose leaf organic nitrogen and phosphorus. After the constant volume
of dissolving solution, leaf nitrogen concentration (LNC) was assessed following Kjeldahl
method [49], leaf phosphorus concentration (LPC) was assessed following the Mo-Sb Anti
spectrophotometric method [50]. Leaf carbon concentration (LCC) was assessed following
potassium dichromate oxidation outside the heating method [51].
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2.5. Quantifying Plot- and Species-Level Trait Mean, Range, Variation, and Trait–Trait Covariation

To quantify plot-level community-weighted mean (Pj) and trait range (Rj) values
for each trait, we followed Ackerly and Cornwell [17]. Utilizing the same approach, we
quantified species-level trait mean (ti), alpha-trait value (αi), beta-trait value (βi) and niche
breadth (Ri) for each trait and species. The variables were computed as follows:

Pj =
∑S

i=1 aijtij

∑S
i=1 aij

(1)

ti =
∑P

j=1 aijtij

∑
p
j=1 aij

(2)

βi =
∑P

j=1 Pjaij

∑P
j=1 aij

(3)

αi = ti − βi (4)

Ri = Pjmax − Pjmin (5)

where tij is the trait value of species i in plot j and aij is the abundance of species i in plot j.
S is the total number of species and P is the total number of plots in the study. Therefore,
Pj is defined as the abundance-weighted plot mean trait values (Equation (1)), and ti is
defined as species mean trait values (Equation (2)). βi is the abundance-weighted mean
of Pj (Equation (3)), called beta-trait value because it measures beta-niche position along
the gradient, which ranked Pj represents. Similarly, αi is defined as the difference between
ti and βi (Equation (4)), called alpha-trait value, because it measures the α niche position
of species. The niche breadth (Ri) is defined as the range of Pj that species i has occupied
(Equation (5)). In our study, the total species S = 117; plot numbers P = 72; the number of
species per plot ranged from 2 to 36.

To quantify inter and intraspecific trait variation, we followed an analysis of variance
framework and first computed within-group and between-group variances, where group
refers to species. We then square root them to derive within- and between-group standard
deviations. These standard deviations are divided by the mean value to derive within-
group and between-group co-efficient of variations [52], representing intraspecific and
interspecific trait variations, respectively (Biswas et al. submitted). However, we found
many singleton or doubleton species in a plot, making those unsuitable for computing
intraspecific trait variations at a plot level. We overcame this computational issue by
lumping six plots at the site and calculating intraspecific trait variations at the site level.
Just to be consistent with scale for both axes of trait variations (i.e., inter versus intra), we
also calculated interspecific trait variation at the site level.

We followed He, Biswas, Xu, Yang, You, and Yan [21] and measured trait–trait covaria-
tion in terms of the strengths of trait integration across eight leaf traits for each plot. We
first built a trait correlation matrix for each plot from its species by trait matrix. We then
computed the strength of trait integration as the variance of the eigenvalues of the trait
correlation matrix (i.e., var(eigen(cor(TraitCorrelationMatrix))$values)).

2.6. Statistical Analysis

We first conducted a series of spatial correlogram analyses to examine potential spatial
autocorrelation in the data, using function “sp.correlogram” in the R-library “spdep” [53].
We found a modest degree of autocorrelation in most variables (Moran’s I values ranged
from +0.12 to +0.82: see Supporting Information, Section S2 for details and variable-wise
autocorrelation pattern); those autocorrelations originated from six contiguous plots at each
site. Therefore, to examine whether the plot-level trait means and trait ranges vary among
the successional communities (question 1), we used a series of generalized least squares
models and included a correlation structure to account for the spatial autocorrelation in
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the data explicitly. The analysis was conducted using function the “gls”—which fits a
linear model using generalized least squares and allows errors to be correlated and have
unequal variances—in the R-library “nlme” [54] using the model formula as: Y~forest type,
correlation = compoundSymmetry (form = x-coordinate + y-coordinate|site). Where Y rep-
resents community-level trait mean, trait range, or trait–trait covariation. When the overall
model showed significant differences among treatments (i.e., mature forest, shrubland,
and plantation), we conducted Tukey’s post-hoc test, using the function “lsmean” from R-
library “lsmean” [55]. Before analyzing, we transformed data into natural logarithms when
required. Residual analyses using histograms indicate that transformations successfully
met the normality assumptions. We summarized the gls results using the function “anova”
in the R-library “car” [56]. We repeated our analysis using site means (i.e., the average
value of six contiguous plots) and found qualitatively similar results (results not shown);
however, we report the results with the correlation structure to better use our data.

Secondly, concerning question 2, our site-level inter and intraspecific trait variation
data showed non-normal distributions; hence, we used the non-parametric Kruskal–Wallis
test, using the function “kruskal_test” in the R-library “rstatix” [57]. We applied the
non-parametric Dunn’s post-hoc test [58] when the overall Kruskal–Wallis test showed
significant results. We implemented the post-hoc analysis using the function “dunn.test” in
the R-library “dunn.test” [59].

Thirdly, concerning question 3, we conducted a series of two-sample Kolmogorov–
Smirnov tests to examine whether the empirical distributions of species trait values vary
among successional communities. For each trait, we repeated the analysis three times
for pairwise comparisons (i.e., PL versus MF, PL versus SL, and MF versus SL) because
the test can compare two distributions simultaneously. We implemented the test using
the “ks.test” function in the R-library “stats” [60]. For straightforward interpretation, we
complemented the Kolmogorov–Smirnov tests with a series of non-parametric Kruskal–
Wallis tests for comparing species-level trait-mean, alpha-trait, beta-trait, and niche breadth
among successional communities, using species within each forest type as replicates. We
conducted all analyses in the statistical program R 4.0.2, and used packages “ggplot2” [61],
“gapminder” [62], and “ggpubr” [63] for graphics.

3. Results

Intact mature forest sites had higher soil moisture, a thicker layer of soil organic
matter, higher canopy openings, and lower soil compaction than the disturbed shrubland
or plantation (Figure 2; Supporting Information, Section S3). At the same time, the number
of species was substantially lower on plantation sites than in mature forest or shrubland
(F2,69 = 97.5; p < 0.01), while the number of individuals per plot was markedly low at the
intact mature forest (F2,69 = 22.66; p < 0.01; Figure 2). Species composition also differed
dramatically among the three forest types (Figure 2). Therefore, considering the improved
site abiotic and biotic conditions (Figure 2; Supporting Information, Section S3), mature
forest, shrubland, and plantation can be aligned along a gradient of increasing disturbance.
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3.1. Community-Level Trait Mean, Range, and Trait–Trait Covariation Vary among Intact Mature
Forest versus Post-Clearcut Secondary Forests

Community-weighted trait means differed markedly among forest communities
(Figure 3; Supporting Information, Section S4). Plantations had, on average, higher leaf
area, specific leaf area, and leaf nitrogen and phosphorus concentrations but lower leaf
thickness, leaf dry matter content, C:N, and N:P than the shrubland or mature forest (all
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p-values < 0.01, Supporting Information, Section S4), confirming the dominance of resource
acquisition strategy in the post-disturbance forest and resource conservation strategy in the
mature forest. However, community-level trait ranges for most traits, except leaf phospho-
rus concentration (p = 0.106), was substantially narrower for plantation than shrubland or
mature forest (Figure 3, Supporting Information, Section S4).
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Similarly, plot-level trait–trait covariation was significantly higher in plantation than
shrubland or mature forest (F2,69 = 37.25; p < 0.001; Figure 4). While the differences in trait
means for mature forest versus shrubland were somewhat apparent, those differences were
negligible in their trait ranges.
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3.2. Community-Level Inter and Intraspecific Trait Variations Vary among Intact Mature Forest
versus Post-Clearcut Secondary Forests

Multivariate inter and intraspecific trait variations across forest communities ac-
counted for 67.8% and 32.2% of the variance, respectively. Such a pattern of inter- versus
intraspecific trait variation held for individual traits (Table 1). However, mature forests
and shrublands had slightly higher interspecific trait variations in leaf thickness (Kruskal–
Wallis chi-squareddf=2 = 6.73; N = 12, p = 0.03) than in the plantation (Figure 5; Supporting
Information, Section S5). In contrast, the plantation had slightly higher intraspecific trait
variations in leaf dry matter content (KW chi-squareddf=2 = 6.58; N = 12; p = 0.03) and leaf
C:N (KW chi-squareddf=2 = 6.03; N = 12; p < 0.05) than in shrublands (Figure 5). Compared
to plantation or shrubland, the intraspecific trait variation in leaf thickness was also signif-
icantly higher at mature forests (KW chi-squareddf=2 = 8.65; N = 12; p = 0.01). While the
differences in trait mean among mature forest and shrublands were somewhat apparent,
those differences were negligible in their trait variations.

Table 1. Patterns of interspecific versus intraspecific trait variations in the studied traits.

Traits Interspecific Trait Variation (%) Intraspecific Trait Variation (%)

LA 68.3 31.7

SLA 68.3 31.7

LDMC 60.5 39.5

LT 61.6 38.4

LNC 69.6 30.4

LPC 62 38

C:N 47.5 52.5

N:P 34.2 65.8
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3.3. Species-Level Trait Mean, Alpha-Trait and Beta-Trait, and Niche-Breadth Vary among Intact
Mature Forests versus Post-Clearcut Secondary Forests

The empirical distribution of species’ trait mean, alpha-trait and beta-trait values
differed markedly among forest communities (Figure 6; Supporting Information, Section S6).
More specifically, the frequency of species with higher mean trait values for resource
acquisitive traits (SLA, LNC, and LPC) was substantially higher at plantations than the
shrubland or mature forest (Supporting Information, Section S7). By contrast, the frequency
of species with higher mean trait values for resource conservative traits (LT, LDMC, C:N,
and N:P) was substantially higher at mature forests than at the plantation. However, when
looking into the component of species’ beta-trait value that is reflective of environmental
filtering, the overall pattern of resource acquisitive versus conservative traits was similar,
but the differences among forest communities were more striking (Supporting Information,
Section S7). By contrast, when looking into the component of species’ alpha-trait value
reflective of competition, the overall pattern blurred, and the differences among forest
communities were unclear.
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Figure 6. Frequency distributions of species-level trait mean, alpha-trait, and beta-trait values for
control (mature forest = MF) versus treatment (shrubland = SL and plantation = PL). Letter colored in
sea green, goldenrod, and deep sky blue within each figure represent MF, SL, and PL sequentially,
and having the same letter within a color refers to a non-significant difference α = 0.05 as identified
by Kolmogorov–Smirnov tests.

Consistent across traits (except for LA and LPC), the frequency of species having
higher niche breadth was substantially higher at mature forests than at the plantation,
confirming that a less stressful environment provides greater niche breadth (Figure 7;
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Supporting Information, Sections S8 and S9). Conversely, the higher frequency of species
with lower niche breadth may point towards stringent environmental filtering at the
plantation. While the differences in species niche breadth among mature forest versus
plantation were somewhat apparent, those differences were negligible for mature forest
versus shrublands.
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letter within a color refers to a non-significant difference α = 0.05 as identified by Kolmogorov–
Smirnov tests.
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4. Discussion

Our study demonstrates the shifting importance of site condition-mediated envi-
ronmental filtering and inter and intraspecific competition-mediated biotic filtering from
undisturbed mature forests to post-disturbance secondary forests. Our study also validates
a commonly held assumption that ecological processes leave their signatures on plant
functional traits; hence, analysis of community and species-level trait structures can help
disentangle processes from a pattern. These results, as discussed below, will contribute
towards an improved understanding of forest biodiversity maintenance processes and,
thereby, help conserve and manage forested ecosystems effectively.

4.1. Shifting Ecological Strategies along a Disturbance Gradient

Consistent with Garnier et al. [64] and many other earlier studies [65–68], our results
indicate that high LA, SLA, LNC, and LNP are the hallmarks of plantation with a severe
disturbance history, while intact mature forests communities were characterized by high
LT, LDMC, C:N, and N:P (Figures 3 and 6). This means that plantations are represented by
species with faster growth, thinner and softer leaves with limited nutrients, while mature
forests are marked by the slower growth rate, thicker leaves, and more nutrients in leaves. A
fast-growing species acquires and consumes resources instead of preserving them and thus
can quickly occupy the vacant niche in a post-disturbance early successional community. A
slow-growing species in a mature forest, by contrast, conserves resources and thus survives
along with coexisting species through competition [26]. Hence, the shifting importance of
resource acquisition to conservation strategy for disturbed versus undisturbed forests is
consistent with the concept of the leaf economic spectrum [69]. Additionally, our results of
higher leaf nitrogen to phosphorus ratio (N:P) from disturbed to undisturbed control sites
may indicate phosphorus limitation in intact primary forests [70]. Nevertheless, community
functional structures of shrublands seem to resemble those of mature forests, suggesting
their efficient recovery following clearcutting through successional processes.

4.2. Shifting Importance of Assembly Processes along a Disturbance Gradient

Our community-level analyses revealed a relatively narrow trait range and a more
substantial degree of trait integration at the plantation, suggesting stringent environmental
filtering in the post-clearcut plantation. Conversely, a comprehensive trait range coupled
with a weaker trait integration may mean a slightly softer degree of environmental filtering
in the mature forest (control) or post-clearcut shrubland. In complementary species-level
analyses, we found the consistent dominance of species with broader niche breadths
and lower beta-trait values for resource-acquisitive traits in mature forests; both indicate
weaker environmental filtering. Hence, by taking the results of community and species-
level analyses together, it is very likely that the strength of abiotic filtering increases with
increasing disturbance.

Mechanistically, resource-conservative traits’ values (mean and ranges) are positively
associated with site productivity, while trait ranges decrease with soil disturbance. Hence,
disturbance-mediated reduced site productivity (Figure 2) may contribute towards the
reduced values of LDMC, LT, C:N, and N:P in plantations (Figure 3). Alternatively, in-
creased soil disturbance attributed to clearcutting and soil preparation (Figure 2) may filter
out resource-conservative species and allow species with only resource acquisitive traits.
That being said, environmental filtering can be stabilizing (i.e., unimodal trait response
along environmental gradient), disruptive (i.e., bimodal trait response), or directional (i.e.,
linearly increasing or decreasing trait response) [71]. Results of our species’ niche breaths
indicate that most of the traits showed a bimodal response (Figure 7), suggesting the play
of disruptive environmental filtering structuring subtropical forest communities.

Meanwhile, species trait variations reflective of biotic filtering varied somewhat
weakly among post-clearcut secondary forests versus intact mature forests. Yet, inter-
specific variation in leaf thickness was strikingly higher in the mature forest than in a
plantation. In contrast, intraspecific variations in LDMC and C:N were higher in the
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plantation. It is, thus, likely that interspecific competition is somewhat essential for struc-
turing mature forests and shrubland communities, while intraspecific competition may be
necessary for structuring plantation communities.

Nevertheless, inter and intraspecific trait variation can be driven by multiple factors
such as taxonomic differences in phylogeny, genetic differences, and phenotypic plas-
ticity [72]. The trait variation among individuals of the same species (i.e., intraspecific
trait variation) or different species (interspecific trait variation) provides some individuals
within populations or some species with specialized behavior or form that could provide
advantages when obtaining resources or competing with co-occurring individuals and
species [73,74]. However, constrained by trait plasticity or heritable trait difference [75],
both environmental filtering and biotic competition will constrain or enhance inter- as well
as intra-specific trait variation [76], which make it hard to detect the association among
environmental factors and trait variation, or disturbance effects on the patterns and de-
terminants of trait variation. Additionally, due to logistical constraints, we could sample
intraspecific trait variation at the site level instead of plot-level and focus on only three
individuals from a species instead of all individuals, potentially making it difficult to detect
the localized effects of disturbance on trait variation patterns, unlike a clear signal on trait
mean, range of covariation. Sampling species traits from all individuals at the plot level
and along a disturbance gradient may be a worthy topic to explore in the future.

4.3. Implications for Management

The most notorious factor contributing to the ongoing loss of biodiversity and the
concomitant loss of ecosystem functions and services is anthropogenic habitat modifica-
tion [77–80], and the most dominant form of habitat modification is forest conversion.
According to the latest assessment by the Food and Agricultural Organization of the United
Nations [81], the area of relatively intact mature forests has been shrinking at about eight
million hectares per year between 1990 and 2020. Clearcutting is a reasonably common
forestry practice in the subtropics [8]; forest managers are tasked with raising and man-
aging post-clearcut secondary forests that can structurally and functionally resemble a
pre-disturbance intact mature forest. Therefore, a detailed understanding of biodiversity
maintenance processes in natural versus human-modified habitats is crucial for forest con-
servation planning. To that end, our study suggests that the relative importance of external
versus internal filters could vary among undisturbed versus post-disturbance secondary
forests. More specifically, we show a clear dominance of resource acquisition strategy in
plantation versus resource conservation strategy in the mature forests. Those plantations
had significantly lower trait ranges than mature forest or shrubland, suggesting the play of
stringent environmental filtering in the plantation. However, intraspecific trait variation
in some traits was high in plantation communities, while interspecific trait variation in
other traits was high in intact mature forests, suggesting the importance of intra- versus
inter-specific competition in plantation versus mature forests. Such shifting importance of
site condition-mediated environmental filtering and intraspecific competition-mediated
biotic filtering in the plantation to interspecific competition-mediated biotic filtering in the
intact mature forests and shrublands can help inform forest management. For instance,
plantation forestry can benefit from thinning operations to reduce intraspecific competition
and minimize soil disturbance to improve site productivity and diversity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f13050672/s1, Section S1: Trait-trait correlation over the entire data set, Section S2: Spatial
autocorrelation in the abiotic and biotic variables, Section S3: Statistical results showing the differ-
ences in community and environmental properties among forest types (cf. disturbance), Section S4:
Statistical results showing the differences in community-level trait-mean and trait ranges among for-
est types (cf. disturbance), Section S5: Statistical results showing the differences in community-level
inter and intraspecific trait variations among forest types (cf. disturbance), Section S6: Statistical
results showing the differences in species-level trait-mean, alpha-trait and beta-trait values among
forest types (cf. disturbance), Section S7: Box-plots showing species-level trait mean, alpha-trait,
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and beta-trait values for control (intact mature forest) versus treatment (shrubland and plantation),
Section S8: Statistical results showing the differences in species-niche breadths among forest types (cf.
disturbance), Section S9: Box-plots showing species-level niche breadths for control (intact mature
forest) versus treatment (shrubland and plantation), Section S10: Site-wise species composition data
for control (mature forest, MF) versus treatment (shrubland, SL and plantation, PL).
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