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Simple Summary

Forests contain many different tree species that are linked to each other through a long
evolutionary history. Which species grow together in a given stand depends not only
on the climate and soil, but also on chance events such as where seeds arrive and how
past disturbances have reshaped the forest. In this study, a nationwide forest inventory
and phylogenetic trees of all recorded woody species were used to examine how Korean
temperate forests are assembled and which factors matter most in different forest stand
types. More than two thousand forest plots across broadleaved, conifer, and mixed stands
were analyzed, incorporating both environmental conditions and key tree traits, such as
specific leaf area and maximum tree height, and species richness. Overall, SES.MPD in most
plots showed weak net deviation from the null-model baseline, while the main correlates
of phylogenetic community structure differed among stand types: functional trait-related
variables were most important in broadleaved and conifer stands, whereas species richness
played the dominant role in mixed stands. These results provide a basis for designing
forest management and restoration strategies that combine species with diverse traits and
evolutionary histories, helping to build forests that are more resilient to future climate
change, pests, and other disturbances.

Abstract

Understanding how environmental conditions, functional composition, and species rich-
ness jointly relate to phylogenetic community structure is important for sustainable forest
management under environmental change. Using 2858 plots from the 7th National Forest
Inventory of South Korea, phylogenetic community structure as the standardized effect size
of mean pairwise phylogenetic distance (SES.MPD) was quantified for broadleaved, conifer,
and mixed stands. Associations between SES.MPD and abiotic factors such as elevation,
mean annual precipitation, stand age, as well as biotic factors such as species richness
and community-weighted means of specific leaf area and maximum height were assessed
using multi-model inference and piecewise structural equation models (pSEM). Across
stand types, SES.MPD values in most plots were not significantly different from the null-
model baseline under the chosen randomization procedure, indicating weak net departures
from null-model-relative phylogenetic dispersion at the national scale; meanwhile, mean
SES.MPD tended to be slightly negative in broadleaved stands and positive in conifer and
mixed stands. In multi-model inference analysis, the strongest associations with SES.MPD
differed among stand types: trait composition—especially community-weighted specific
leaf area—showed the strongest association in total stands and broadleaved stands, whereas
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species richness was the dominant correlate in mixed stands and precipitation showed the
strongest association in conifer stands. The pSEM revealed that elevation, precipitation, and
stand age were linked to SES.MPD largely through indirect pathways via trait composition
and species richness, consistent with trait- and richness-mediated environmental filtering.
These results highlight stand-type-specific linkages among environment, traits, richness,
and phylogenetic structure and support trait- and phylogeny-informed forest management
and restoration to enhance resilience under ongoing environmental change.

Keywords: community weighted mean traits; phylogenetic community structure; species
richness; deterministic and random processes; temperate forests

1. Introduction

Understanding which species occur in an ecological community and in what combi-
nations they co-occur has long been a central question in ecology [1,2]. In recent decades,
research has increasingly moved beyond simple analyses of species richness and com-
position to use phylogenetic community structure to infer the mechanisms underlying
community assembly [1-3]. Because phylogenetic information encapsulates the shared
evolutionary history of species and the trajectories of trait evolution, it provides a powerful
framework for indirectly inferring various community assembly processes—such as en-
vironmental filtering, interspecific competition, and dispersal limitation—from observed
community patterns [1,4].

Community assembly is commonly described as the outcome of interacting determin-
istic and random (or stochastic) processes operating along a continuum whose relative
importance varies with environmental conditions [5,6]. Deterministic processes such as
environmental filtering, niche partitioning, and interspecific competition, favor species
that match local abiotic conditions (e.g., climate, elevation, soils) and biotic interactions [6],
whereas random processes including dispersal limitation, stochastic colonization and lo-
cal extinction, and disturbance legacies can also shape which species arrive, persist, and
spread particularly when species have similar fitness or when environments are heteroge-
neous [5,7]. Phylogenetic community structure can be used to indirectly summarize the net
imprint of these processes when evaluated relative to a specified null model. Importantly,
interpretations of phylogenetic clustering versus overdispersion are scale-dependent and
null-model dependent, because the direction and magnitude of SES-based patterns can vary
with the spatial extent of analysis and with assumptions about the species pool and ran-
domization procedure. Accordingly, strong filtering can yield phylogenetic clustering when
ecologically similar (and often closely related) species are repeatedly selected, whereas
stronger limiting similarity or competitive exclusion may promote coexistence among more
distantly related species, producing phylogenetic overdispersion [1,4]. In contrast, when
opposing processes offset one another or when stochasticity and historical contingencies
are prominent, phylogenetic structure may show weak or inconsistent departures from
null expectations and may be only modestly explained by measured environmental or trait
variables [3,8,9]

Analyzing phylogenetic community structure helps interpret community patterns
beyond species counts by linking species relatedness to environmental gradients, functional
strategies, and ecosystem functioning when key traits show phylogenetic signal [2—4,10-12].
Accordingly, integrating abiotic variables with biotic descriptors such as species richness
and community-weighted mean (CWM) traits (e.g., specific leaf area and maximum height)
can help interpret how environmental filtering, biotic interactions, and other processes
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jointly shape forest communities [3,13,14]. However, much of the existing literature has
emphasized abiotic gradients (e.g., climate, elevation, soils) while less consistently incor-
porating biotic variables and stand development context (e.g., stand age, successional
stage) into a unified analytical framework [3,8,9]. This imbalance can bias interpreta-
tion toward environmental filtering and makes it difficult to assess whether observed
phylogenetic patterns primarily reflect trait-mediated filtering, competition and niche
differentiation, or dispersal limitation. Consequently, there remains a need for integra-
tive, stand-type-comparative analyses that jointly evaluate abiotic conditions, functional
composition, species diversity, and stand development stage to better explain variation
in phylogenetic structure across forest types [6,15-17]. In Korea, most prior phylogenetic
community studies have largely been conducted at local extents or along specific gradients
(e.g., elevation), whereas a nationwide, stand-type-comparative assessment that integrates
abiotic gradients with trait composition, diversity, and stand development using NFI plots
has been limited [12,17].

In this context, this study used 2858 plots of the 7th National Forest Inventory of South
Korea to quantify phylogenetic community structure across broadleaved, conifer, and mixed
temperate forests and to evaluate how abiotic factors (elevation, mean annual temperature
and precipitation, and stand age) and biotic factors (species richness, CWM.SLA, and
CWM.MH) are associated with the standardized effect size of mean phylogenetic distance
(SES.MPD). Because SES.MPD describes phylogenetic dispersion relative to a specified null
model—rather than directly identifying assembly mechanisms—the aim was to identify
stand-type-specific correlates and linkage pathways instead of attributing patterns to a
single process. Three research questions were addressed: (Q1) Do mean SES.MPD patterns
differ among broadleaved, conifer, and mixed stands? (Q2) Are biotic attributes (species
richness and trait composition) stronger correlates of SES.MPD than abiotic gradients at the
national scale, and does this differ among stand types? and (Q3) Are associations between
abiotic gradients and SES.MPD expressed primarily through indirect pathways mediated
by trait composition and species richness? These questions were evaluated using three
testable expectations: (H1) mean SES.MPD differs among stand types, reflecting contrasts
in dominant lineages and community composition; (H2) biotic predictors—particularly
trait composition and/or species richness—show stronger associations with SES.MPD than
abiotic gradients in at least some stand types; and (H3) abiotic gradients are linked to
SES.MPD partly through indirect, trait- and richness-mediated pathways. H2 is evaluated
using model-averaged standardized coefficients (direct associations) from multi-model
inference, whereas H3 evaluated using pSEM to examine indirect, trait- and richness-
mediated pathways.

2. Materials and Methods
2.1. Study Area and Data

South Korea is located in the temperate zone, with a mean annual temperature of
7-15 °C and mean annual precipitation of approximately 1000-1900 mm, and about 63%
of the national territory is covered by forests [18]. Forests with stand ages of 41-50 years
account for about 40% of the total forest area, and coniferous, broadleaved, and mixed
forests represent approximately 37%, 32%, and 26% of the forest area, respectively [19]. The
main conifer tree species are Pinus densiflora and Pinus thunbergii, whereas broadleaved
forests are dominated by oaks such as Quercus mongolica. Mixed forests generally represent
stands where P. densiflora forests are undergoing succession toward Q. mongolica forests,
and both species usually co-occur.

This study used data from the 7th National Forest Inventory (NFI) of Korea, conducted
by the Korea Forest Service and the Korea Forestry Promotion Institute between 2016 and
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2020, covering all forests in the country (Figure 1). In the NFI, the whole territory of South
Korea is divided into a 4 km x 4 km grid, and at each grid vertex a cluster comprising four
circular plots (each with a radius of 11.3 m and an area of 400 m?) is established. Since the
5th NFI (2005-2010), vegetation surveys have been repeatedly conducted every five years
in the same clusters [19]. In each cluster, one central plot is located at the grid vertex, and
three additional plots are placed 50 m away from the central plot at bearings of 0°, 120°,
and 240°. Approximately 4500 clusters have been established across the country.

Broadleavd

120

Conifer

Figure 1. Location of National Forest Inventory (NFI) study plots (400 m?) across South Korea,
classified into total, broadleaved, conifer, and mixed stands.

This study focused on natural forests with no history of plantation establishment
over the past 50 years, and analyzed vegetation data from 2858 central plots (400 m?
each), excluding plantations. Although using only the central plot of each NFI cluster
may underrepresent within-cluster heterogeneity, this approach maintains a consistent and
spatially independent sampling unit across the nationwide grid and reduce within-cluster
spatial dependence that could arise when multiple plots within a cluster are analyzed
simultaneously. The central plots therefore provide a standardized basis for comparing
stand types and their correlates at the national scale [18,19]. Among these analytical plots,
1354 were broadleaved forest plots, 659 conifer forest plots, and 845 mixed forest plots
(Table S1). For each plot, species identity, diameter at breast height (DBH), and tree height
were available for all tree individuals. To comprehensively evaluate plant community
structure and its determinants by stand type, this study conducted analyses separately
for broadleaved, conifer, and mixed stands, as well as for total stands combined. To do
s0, each plot was classified into one of three forest stand types based on the proportion of
total basal area contributed by conifer versus broadleaved tree species (Table S2). Conifer
stands were defined as plots in which conifer species accounted for >75% of total basal
area; broadleaved stands were defined as plots in which broadleaved species accounted for
>75% of total basal area; and mixed stands were defined as plots in which neither conifer
nor broadleaved species exceeded this 75% threshold [18].

2.2. Phylogenetic Tree Construction and Quantification of Phylogenetic Community Structure

To analyze the phylogenetic community structure of each plot, phylogenetic trees
were constructed using the V.PhyloMaker2 package in R 4.1.2 [20], based on the tree species
recorded in the 2858 plots. Four separate phylogenies were constructed for broadleaved,
conifer, mixed, and total stands, comprising 203, 126, 171, and 220 woody species including
trees and shrubs, respectively; these phylogenies were then used to quantify phylogenetic
structure for each stand type (Figure S1). The phylogenies used here were derived from
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a megatree widely employed in community phylogenetic studies [20], and may there-
fore include uncertainty in species-level branching relationships (e.g., unresolved nodes,
polytomies) and branch lengths.

As an index of community phylogenetic structure at the plot level, the standardized
effect size of mean pairwise phylogenetic distance (SES.MPD) was calculated for each
plot. SES.MPD is a widely used metric that quantifies the phylogenetic relatedness among
species within a community. For each plot, SES.MPD was calculated as follows [3]:

MPD,,s — meanMDP,,.q

SES.MPD =
SDrand

where MPD,, is the observed mean pairwise phylogenetic distance among all possible
pairs of species in a plot, and meanMPD,,,q and SD,,5q are the mean and standard devia-
tion of MPD values obtained from 1000 randomly generated assemblages. The 1000 random
assemblages were generated by randomly shuffling species labels across the tips of the
phylogenetic tree [3,21-23]. This randomization procedure preserves the observed species-
by-plot matrix while randomizing the phylogenetic relationships among species. Thus,
species richness, species occurrence frequencies, and the spatial distribution of species are
maintained in each randomization.

In general, communities with SES.MPD values less than —1.96 are interpreted as being
phylogenetically clustered, whereas communities with SES.MPD values greater than 1.96
are interpreted as phylogenetically overdispersed [24,25]. SES.MPD was calculated using
the picante package in R 4.1.2.

2.3. Quantification of Biotic and Abiotic Factors

To characterize biotic factors affecting phylogenetic community structure by stand
type, species richness and the community-weighted means (CWMs) of specific leaf area
(SLA) and maximum tree height (MH) were used. Species richness represents the amount
of phylogenetic space occupied by a community and provides a baseline for interpreting
phylogenetic structure [18]. CWM is an index that ecologically aggregates functional traits
with large interspecific variation at the community level, thereby providing a representative
value that indicates which traits are favored in community assembly [3,18].

In this study, SLA and MH were used as key traits for calculating CWMs because they
are essential for plant survival and growth. SLA is a core trait that reflects resource-use
strategies such as photosynthetic rate, growth rate, and nutrient turnover, whereas MH is a
size-related trait that is closely associated with canopy structure, light competition ability,
and long-term biomass accumulation. These traits are also closely linked to stand develop-
ment: early successional communities often have higher SLA associated with fast-growing,
acquisitive strategies, whereas later successional stages tend to shift toward lower SLA and
more conservative resource-use strategies. Likewise, MH reflects canopy stratification and
competitive dominance for light, which often become more pronounced as stand develop,
leading to greater representation of tall, late-successional canopy species. Trait data for SLA
and MH were obtained from a database compiled by the author’s laboratory [18]. Trait
values represent species-level mean estimates and were applied consistently across plots
to characterize stand-level trait composition. Because trait values are species-level means,
intraspecific trait variation across local environmental gradients is not captured, which
may attenuate plot-level trait-environment coupling and yield conservative trait-mediated
associations. The CWM of trait x for each plot was calculated as:

n
CWMx = Z piti
i=1
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where CWM, is the community-weighted mean of trait x, n is the number of tree species in
the plot, ¢; is the trait value of the i-th species, and p; is the relative basal area of the i-th
species, calculated as the proportion of its basal area (at breast height) relative to the total
basal area of all tree species in the plot [4,18].

As abiotic factors, elevation, mean annual temperature, mean annual precipitation,
and stand age were used, which are key variables representing filtering effects associated
with topography, climate, and forest succession. Elevation was extracted from a digital
elevation model provided by the National Geographic Information Institute [18]. Mean
annual temperature and mean annual precipitation were extracted from spatial climate
data provided by WorldClim (https://www.worldclim.org/) [18,26]. Stand age for each
plot was obtained from the NFI database as the mean number of annual rings of the five
dominant trees recorded in each plot [26]. This measure primarily reflects the age of
the canopy-dominant trees (i.e., canopy establishment age) and may approximate time
since population establishment following past disturbance or management, but it does not
uniquely distinguish time since disturbance or canopy closure.

2.4. Statistical Analysis

Prior to statistical analyses, all variables were log- or square-root-transformed, as
appropriate, to improve linearity and normality. Subsequently, all variables were stan-
dardized to reduce differences in units and facilitate comparison of effect sizes among
predictors. To minimize multicollinearity among explanatory variables, first, correlation
analyses were conducted. Elevation and mean annual temperature showed a strong corre-
lation (Ir| > 0.65; Figure S2), and therefore mean annual temperature was excluded from
subsequent analyses. Multicollinearity in multiple regression models was further assessed
using variance inflation factors (VIFs). In all cases, VIF values were less than 3, indicating
that multicollinearity was unlikely to bias the results.

To evaluate the relative importance of each predictor for phylogenetic community
structure by stand type, multi-model inference was performed [27]. To avoid overfitting and
obtain robust parameter estimates, model coefficients were averaged across models with a
AAIC < 2, based on Akaike’s Information Criterion (AIC) [28]. The relative importance
of each variable was then quantified by summing the absolute values of its standardized
regression coefficients (f3) across the selected models and dividing by the total sum across
all variables, yielding a proportional importance value for each predictor [23,27,28].

In addition, to elucidate the linkage structure among explanatory variables and their re-
lationships with phylogenetic community structure, a piecewise structural equation model
(pSEM) was constructed based on a conceptual model (Figure S3) [29]. The conceptual
model was specified a priori based on established theory and empirical evidence linking
abiotic gradients to diversity and trait composition and linking these biotic attributes to
phylogenetic structure [3,18,27]. First, a full model was specified that included all plausible
paths among the explanatory variables and between these variables and the phylogenetic
community structure (SES.MPD). A d-separation procedure was then applied to iteratively
remove non-significant paths and selected the final model as the most parsimonious model
that adequately described the data [18,27]. Model fit was assessed using Fisher’s C statistic,
associated p-values, and AIC.

All multi-model inference and pSEM analyses were conducted in R version 4.1.2 using
the MuMlIn and piecewiseSEM packages, respectively.

3. Results

Across stand types, abiotic and biotic variables showed clear differences. Elevation
and mean annual precipitation were higher in broadleaved stands than in conifer and
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mixed stands, whereas mean annual temperature showed the opposite pattern. Stand age
did not differ markedly among the three stand types. Species richness (SR) was higher
in broadleaved and mixed stands than in conifer stands. The community-weighted mean
of specific leaf area (CWM.SLA) was highest in broadleaved stands, while the CWM of
maximum tree height (CWM.MH) was higher in conifer stands than in broadleaved and
mixed stands (Figure 2).
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Figure 2. Distributions of abiotic and biotic variables across stand types in temperate forest of South
Korea. Boxplots show elevation, mean annual precipitation, stand age, species richness (SR), and
community-weighted means (CWM) of specific leaf area (SLA) and maximum height (MH) for
broadleaved, conifer, mixed and total stands.

Analysis of phylogenetic community structure showed that the mean SES.MPD value
of broadleaved stands was negative (—0.28 + 1.02), whereas conifer (0.91 + 0.78) and
mixed (0.75 £ 0.67) stands exhibited positive mean values (Figure 3). However, across
the forest types, the proportion of plots classified as phylogenetically random (i.e., not
significantly different from the null expectation) was much higher than the proportion
showing significant phylogenetic clustering or overdispersion.

The multimodel inference analysis revealed that, for total stands combined (R% =0.34),
CWML.SLA (3 = —0.53, p < 0.001) had the strongest and significantly negative association
on SES.MPD, and SR (§ = —0.04, p < 0.05) also had a significant negative association. By
contrast, CWM.MH (3 = 0.09, p < 0.001) and mean annual precipitation (MAP; 3 = 0.07,
p < 0.001) showed significant positive associations on SES.MPD (Figure 4a). In broadleaved
stands (R? = 0.20), CWM.SLA again showed the strongest negative association on SES.MPD
(B = —041, p <0.001), while CWM.MH (3 = 0.11, p < 0.001), MAP (3 = 0.09, p < 0.01),
and elevation (3 = 0.07, p < 0.05) all had significant positive associations (Figure 4b). In
conifer stands (R? = 0.02), MAP (8 = 0.10, p < 0.05) had a significant positive association on
SES.MPD, whereas CWM.SLA (3 = —0.09, p < 0.05) had a significant negative association
(Figure 4c). In mixed stands (R? = 0.10), the biotic factors SR ( = —0.33, p < 0.001),
CWM.MH ( = —0.13, p < 0.001), and CWM.SLA (3 = —0.09, p < 0.05) all had significant
negative associations on SES.MPD (Figure 4d).
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Figure 3. Phylogenetic community structure across stand types: (a) standardized effect size of
mean pairwise phylogenetic distance (SES.MPD), and (b) classification of plots as phylogenetically
clustered, overdispersed, or random based on a two-tailed « = 0.05 criterion (approximately SES.MPD
<-1.96 and >1.96).
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Figure 4. Standardized parameter estimates (circles) with standard deviations (bars) of explanatory
variables on standardized effect size of mean pairwise phylogenetic distance (SES.MPD), used as a
proxy of community phylogenetic structure, for (a) total, (b) broadleaved, (c) conifer, and (d) mixed
stands in temperate forests of South Korea. Estimates were derived from multi-model inference
tests with model averaging: (a) total, (b) broadleaved, (c) conifer, and (d) mixed forest stands.
Abbreviations: MAP, mean annual precipitation; SR, species richness; CWM, community weighted
mean; SLA, specific leaf area; MH, maximum height.

The pSEM results showed that, for total stands combined (R? = 0.34), CWM.SLA
had the strongest direct negative effect on SES.MPD, while CWM.MH and SR exerted a
direct positive and negative effect, respectively (Figure 5a). Abiotic factors such as eleva-
tion, MAP, and stand age affected SES.MPD indirectly through their influences on biotic
variables. In particular, elevation had the largest negative indirect effect on SES.MPD
(—0.23) by increasing CWM.SLA, which in turn reduced SES.MPD. In broadleaved stands
(R? = 0.20), CWM.SLA also had the largest direct effect on SES.MPD, and elevation
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Figure 5. Piecewise structural equation models describing the direct and indirect pathways linking
abiotic factors (elevation, mean annual precipitation, stand age) and biotic factors (species richness
and trait CWMs) to the standardized effect size of mean pairwise phylogenetic distance (SES.MPD),
used as a proxy for community phylogenetic structure, for (a) total, (b) broadleaved, (c) conifer, and
(d) mixed stands in temperate forests of South Korea. Solid blue and red arrows indicate positive
and negative effects, respectively, and gray double-headed arrows indicate covariances between
variables. Standardized coefficients are shown for each path and covariance, and model fit statistics
are provided. Abbreviations: AIC, Akaike information criterion; Fisher’s C, Fisher’s chi-square; SR,
species richness; CWM, community weighted mean; SLA, specific leaf area; MH, maximum height.

In conifer stands (R? = 0.02), both MAP and CWM.SLA had direct effects on SES.MPD,
although the magnitudes of these effects were relatively small (Figure 5c). Abiotic factors,
namely elevation and stand age, had weak indirect effects on SES.MPD via CWM.SLA
(elevation: —0.02; stand age: 0.01). In mixed stands (R? = 0.10), in contrast to the other
stand types, SR showed the strongest negative direct effect on SES.MPD (Figure 5d).
High precipitation reduced SES.MPD indirectly (—0.07) by increasing SR, whereas higher
elevation had an opposite indirect effect (0.05) on SES.MPD by reducing SR.

4. Discussion

The present study analyzed plot-level phylogenetic community structure of forests
across South Korea and evaluated stand-type-specific correlates and linkage pathways with
SES.MPD. By jointly evaluating biotic and abiotic correlates and comparing stand types,
the analyses provide a national-scale, stand-type-comparative view of how phylogenetic
dispersion relates to environment, functional composition, and diversity. The main findings
can be summarized as follows: (1) Under the chosen null model, SES.MPD in most plots
did not deviate significantly from the null expectation, indicating weak net phylogenetic
structure at the national scale. (2) Mean SES.MPD differed among stand types, tending to
be slightly negative in broadleaved stands and positive in conifer and mixed stands. (3) The
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strongest correlates of SES.MPD differed among stand types: trait composition (especially
CWM.SLA) was most strongly associated with SES.MPD in total stands and broadleaved
stands, MAP showed the strongest association in conifer stands, and species richness was
the dominant correlate in mixed stands. (4) Abiotic gradients were linked to SES.MPD
largely via indirect pathways through trait composition and species richness, highlighting
trait- and richness-mediated environmental filtering. Below, these results are interpreted
with careful distinction between inference, plausible explanation, and implication.

Across stand types, the high proportion of plots not significantly different from the
null-model baseline suggests that net departures from null-model-relative phylogenetic
dispersion are generally weak at the national scale. This does not mean that deterministic
processes such as environmental filtering or competition are unimportant in Korean forests;
rather, it is more reasonable to interpret the findings in this study as evidence that multiple
assembly mechanisms overlap and counteract each other in space and time, leading to
strong apparent randomness in the resulting patterns [30,31]. This interpretation is consis-
tent with studies showing that combined deterministic and stochastic influences can yield
weak net phylogenetic structure when evaluated across broad extents and heterogeneous
conditions [1,4,30-32]. Importantly, the prominence of random patterns may also be ampli-
fied by averaging effects and scale mismatch across spatially heterogeneous environments
and disturbance histories, and by potential phylogenetic signal dilution, all of which can
reduce detectable departures from the null model baseline. Accordingly, the results are
interpreted as reflecting the combined influence of random and deterministic processes,
with their relative importance varying across space and stand types [28,30].

A plausible explanation for weak net departures at the national scale is the strong
heterogeneity in disturbance history, management legacies, and successional pathways
across Korea [18]. Opposing plot-level signals (clustering in some contexts, overdispersion
in others) can partially offset one another when aggregated across the entire country,
bringing SES.MPD values closer to zero overall. In addition, SES.MPD outcomes depend
on methodological choices—especially the null model and the definition of the species
pool. In this study, species pools were stratified by stand type because phylogenies (and
associated species sets) were constructed separately for broadleaved, conifer, mixed, and
total stands. Nonetheless, even within each stand type, the species pool still represents
a nationwide stand-type species pool (i.e., the full set of species recorded across Korea
for that stand type), which is broader than ecologically realistic pool available to many
individual plots. This mismatch can reduce detectable departures from the null-model
baseline and contribute to weak net phylogenetic structure at the national scale [31,33,34].
Because each stand type is standardized against its own nationwide stand-type species
pool, SES.MPD comparisons among stand types are interpreted as stand-type-conditional
(null-model-relative) patterns rather than as absolute effect sizes on a single common
baseline [21,25,26,31].

Stand-type comparisons revealed consistent, interpretable contrasts. Broadleaved
stands tended to show slightly negative mean SES.MPD, whereas conifer and mixed
stands tended to show positive mean values. Broadleaved stands in South Korea are
often dominated by oaks, including Quercus mongolica, so that species within a particular
clade—especially Fagaceae—tend to repeatedly dominate. Because temperate tree floras
are often dominated by a limited number of woody families and genera, repeated dom-
inance within a few clades is not unexpected. This pattern is consistent with repeated
selection under similar environmental contexts (i.e., filtering) [1,2]. Conifer and mixed
stands, by contrast, often include multiple lineages (e.g., Pinus spp. together with various
broadleaved taxa). Given Korea’s disturbance and management history together with
ongoing natural succession, these stands likely reflect overlapping influences of niche
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differentiation, dispersal limitation, and historical contingencies, producing a tendency
toward overdispersion in some contexts [1,33]. Mixed stands in particular can represent
transitional states where conifer and broadleaved lineages co-occur, allowing multiple
processes to operate simultaneously [33].

Both the multi-model inference and the pSEM consistently indicate that SES.MPD is
most strongly associated with stand-type-specific biotic attributes, whereas abiotic gra-
dients are linked to SES.MPD largely through trait- and richness-mediated pathways.
Accordingly, stand-type contrasts in phylogenetic dispersion are interpreted primarily in
terms of differences in functional composition and diversity, with climate and topography
acting mainly as upstream constraints [31,35-37].

Trait-based results can be interpreted in terms of canopy and resource-use strategies
while avoiding over-claiming specific mechanisms. The association between CWM.MH
and SES.MPD suggests that vertical structure and competitive strategies covary with
phylogenetic dispersion, consistent with studies linking canopy height to phylogenetic
structure [38]. In conifer stands, relatively homogeneous composition within the stand
type may partly explain weaker effect sizes and more limited variation explained by
predictors. In mixed stands, the negative association between richness and SES.MPD
suggests that higher richness does not necessarily translate into greater phylogenetic
dispersion, potentially reflecting repeated dominance by a few major clades (e.g., pines and
oaks) even as additional species accumulate—patterns that can occur during succession
and stand transitions [39,40].

Stand age showed primarily indirect relationships with SES.MPD, implying that
development-related changes may operate through shifts in trait composition and diversity
rather than through a strong direct association. This suggests that stand age captures
aspects of stand development and disturbance legacies (e.g., stand establishment following
past disturbance or management), and that these temporal dynamics may first alter the
functional trait composition of communities (e.g., leaf strategies, height structure), with
subsequent consequences for phylogenetic community structure [37-40]. However, because
Korean forests can share similar stand ages despite differing disturbance histories and
management pathways, stand age alone may be an imperfect proxy for successional stage;
this uncertainty could weaken or obscure stand-age-related relationships with SES.MPD
and warrants cautious interpretation.

From an applied perspective, the results suggest that one-size-fits-all strategies based
only on broad environmental gradients may be insufficient, and that stand-type-specific
approaches are more appropriate. For broadleaved stands, management that maintains
diverse leaf strategies and lineages (and avoids extreme dominance by a single clade)
may better support phylogenetic and functional resilience. For conifer stands, climatic
constraints—especially precipitation—should be explicitly considered alongside trait com-
position, given potential climate sensitivity of dominant conifer lineages. For mixed stands,
maintaining diversity while managing canopy structure and avoiding extreme dominance
by a few clades may help sustain compositional resilience during transitional dynam-
ics [2,4,31,38,40,41]. Phylogenetic community structure can therefore serve as a practical
indicator for planning and restoration, but interpretation must remain aligned with what
SES-based metrics can and cannot support.

Finally, SES.MPD—used here to quantify phylogenetic community structure—is an
indirect, null-model-relative descriptor of phylogenetic dispersion and is therefore sensi-
tive to methodological choices. SES-based metrics can covary with species richness and
species-pool definition, and estimates may also be affected by phylogenetic resolution and
branch-length uncertainty (including unresolved nodes/polytomies in megatree-derived
phylogenies). Moreover, linking clustering or overdispersion to specific mechanisms de-
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pends on phylogenetic signal in relevant traits and on the spatial scale of inference; at
national scale, environmental heterogeneity and disturbance legacies can also produce aver-
aging effects that weaken detectable departures from the null-model baseline. Accordingly,
SES.MPD patterns are interpreted as stand-type-specific, null-model-relative deviations
rather than direct evidence of particular assembly mechanisms. Trait composition was
characterized using species-level mean SLA and maximum height, which does not capture
intraspecific variation across plots; this may attenuate trait-environment coupling and
yield conservative estimates of trait-mediated associations with SES.MPD, because local
trait expression and realized height constraints can vary with microclimate, soils, and
stand development.

5. Conclusions

This study provides a nationwide assessment of plot-level phylogenetic community
structure across broadleaved, conifer, and mixed temperate forests in South Korea using the
7th National Forest Inventory. Under the chosen null model, SES.MPD in most plots did not
deviate significantly from the null expectation, indicating weak net phylogenetic structure
at the national scale, while mean patterns and key correlates differed among broadleaved,
conifer, and mixed stands. Trait composition (especially community-weighted specific leaf
area) and species richness emerged as strong stand-type-specific correlates of SES.MPD,
and piecewise structural equation models suggested that abiotic gradients are linked to phy-
logenetic structure largely through indirect pathways via traits and richness. These results
support stand-type-specific, trait- and phylogeny-informed management and restoration
to enhance resilience under ongoing environmental change—for example, prioritizing trait-
based species selection in broadleaved stands, accounting for climatic constraints in conifer
stands, and maintaining diversity in mixed stands to promote compositional resilience.
Future work should evaluate the robustness of SES-based inference by comparing multi-
ple null-model specifications (e.g., tip-shuffling, richness- or frequency-constrained, and
swap-based randomizations such as independent swap) and by using higher-resolution,
DNA-based phylogenies, and it should also consider complementary phylogenetic met-
rics (e.g., SES.MNTD alongside SES.MPD) that capture patterns at different phylogenetic
depths. In addition, future studies should incorporate additional functional traits (and,
where feasible, intraspecific trait variation) and include more explicit disturbance-history
and successional indicators beyond stand age to better resolve the processes underlying
national-scale patterns.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology15030268/s1, Table S1. The raw dataset used in this
study. Abbreviations: MAT, mean annual temperature; MAP, mean annual precipitation; SR, species
richness; CWM, community weighted mean; SLA, specific leaf area; MH, maximum height; SES.MPD,
standardized effect size of mean pairwise phylogenetic distance.; Table S2. Dominant woody species
and their relative abundance (%) across total, broadleaved, conifer, and mixed stands in the 7th
Korean National Forest Inventory. Abundance was calculated as the proportion of the summed
diameter at breast height (DBH) of each species relative to the summed DBH of all species within
the corresponding stand type.; Figure S1: Phylogenetic trees constructed using V.PhyloMaker2 for
(a) total, (b) broadleaved, (c) conifer, and (d) mixed stands in temperate forests of South Korea.; Figure
S2: Pearson’s correlation coefficients among explanatory variables for (a) total, (b) broadleaved,
(c) conifer, and (d) mixed stands in temperate forests of South Korea. Abbreviations: MAT, mean
annual temperature; MAP, mean annual precipitation; SR, species richness; CWM, community
weighted mean; SLA, specific leaf area; MH, maximum height.; Figure S3: Conceptual model
illustrating the hypothesized effects of explanatory variables on the standardized effect size of mean
pairwise phylogenetic distance (SES.MPD), used as a proxy for community phylogenetic structure in
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temperate forests of South Korea. The hypothesized relationships are based on evidence from previous
studies. Abbreviations: MAT, mean annual temperature; MAP, mean annual precipitation; SR, species
richness; CWM, community weighted mean; SLA, specific leaf area; MH, maximum height.

Funding: This study was carried out with the support of ‘National Research Foundation of Korea
(NRF) grand funded by the Korea government (MSIT) (Project No. RS-2024-00358413)’.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from
Chang-Bae Lee, corresponding author, upon reasonable request.

Acknowledgments: I sincerely thank the members of Biodiversity-Ecosystem Functioning Laboratory
of Kookmin University for their invaluable assistance in this study. I also express my gratitude to the
editor and reviewers for their helpful comments and careful revision of this manuscript.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Webb, C.O.; Ackerly, D.D.; McPeek, M.A.; Donoghue, M.]. Phylogenies and Community Ecology. Annu. Rev. Ecol. Syst. 2002, 33,
475-505. [CrossRef]

2. Cavender-Bares, ].; Kozak, K.H.; Fine, PV.A.; Kembel, S.W. The Merging of Community Ecology and Phylogenetic Biology. Ecol.
Lett. 2009, 12, 693-715. [CrossRef] [PubMed]

3. Swenson, N.G. The Assembly of Tropical Tree Communities—The Advances and Shortcomings of Phylogenetic and Functional
Trait Analyses. Ecography 2013, 36, 264-276. [CrossRef]

4. Kraft, N.J.B.; Cornwell, WK.; Webb, C.O.; Ackerly, D.D. Trait Evolution, Community Assembly, and the Phylogenetic Structure of
Ecological Communities. Am. Nat. 2007, 170, 271-283. [CrossRef]

5. Vellend, M. Conceptual Synthesis in Community Ecology. Q. Rev. Biol. 2010, 85, 183-206. [CrossRef]

6. Chase, ].M.; Myers, ].A. Disentangling the Importance of Ecological Niches from Stochastic Processes across Scales. Philos. Trans.
R. Soc. B 2011, 366, 2351-2363. [CrossRef] [PubMed]

7. Hubbell, S.P. The Unified Neutral Theory of Biodiversity and Biogeography; Princeton University Press: Princeton, NJ, USA, 2001.

8. Baldeck, C.A.; Kembel, SW.; Harms, K.E.; Yavitt, ].B.; John, R.; Turner, B.L.; Madawala, S.; Gunatilleke, N.; Gunatilleke, S.;
Bunyavejchewin, S.; et al. Phylogenetic Turnover along Local Environmental Gradients in Tropical Forest Communities. Oecologia
2016, 182, 547-557. [CrossRef] [PubMed]

9. Qian, H; Chen, S.; Zhang, J.-L. Disentangling Environmental and Spatial Effects on Phylogenetic Structure of Angiosperm Tree
Communities in China. Sci. Rep. 2017, 7, 5634. [CrossRef]

10.  Armijos Carrion, A.D.; Boisen Valentin, S.; Meades, S.; Burzynski, M.; Anions, M.EE.; Roncal, J. Lineage-Specific Phylogenetic
Structure of Boreal Habitats Suggests Different Assembly Processes across Phylogenetic and Spatial Scales. Ecography 2025, 2025,
e07630. [CrossRef]

11. de Bello, E; Lavorel, S.; Diaz, S.; Harrington, R.; Cornelissen, ].H.C.; Bardgett, R.D.; Berg, M.P; Cipriotti, P; Feld, C.K.; Hering, D.;
et al. Towards an Assessment of Multiple Ecosystem Processes and Services via Functional Traits. Biodivers. Conserv. 2010, 19,
2873-2893. [CrossRef]

12. Wang, M,; Lu, N.; An, N.; Fu, B. Plant Functional and Phylogenetic Diversity Regulate Ecosystem Multifunctionality in Semi-Arid
Grassland during Succession. Front. Environ. Sci. 2022, 9, 791801. [CrossRef]

13. Lavorel, S.; Garnier, E. Predicting Changes in Community Composition and Ecosystem Functioning from Plant Traits: Revisiting
the Holy Grail. Funct. Ecol. 2002, 16, 545-556. [CrossRef]

14. Garnier, E.; Cortez, J; Billeés, G.; Navas, M.-L.; Roumet, C.; Debussche, M.; Laurent, G.; Blanchard, A.; Aubry, D.; Bellmann,
A.; et al. Plant Functional Markers Capture Ecosystem Properties during Secondary Succession. Ecology 2004, 85, 2630-2637.
[CrossRef]

15. Mayfield, M.M.; Levine, ].M. Opposing Effects of Competitive Exclusion on the Phylogenetic Structure of Communities. Ecol.
Lett. 2010, 13, 1085-1093. [CrossRef]

16. Wan, X; Yu, Z.; Wang, M.; Zhang, Y.; Lucas-Borja, M.E.; Huang, Z. Functional Trait Variation and Community-Weighted Means of
Tree Traits Can Alter Soil Microbial Biomass and Community Composition. Soil Biol. Biochem. 2022, 170, 108715. [CrossRef]

17. Wang, R.; Xu, S.; Gao, K.; Zhang, Y.; He, X. Functional Evenness and Community-Weighted Mean Traits Jointly Drive Ecological

Multifunctionality in Urban Forests. J. Plant Ecol. 2025, 18, rtaf059. [CrossRef]

https://doi.org/10.3390 /biology15030268


https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1111/j.1461-0248.2009.01314.x
https://www.ncbi.nlm.nih.gov/pubmed/19473217
https://doi.org/10.1111/j.1600-0587.2012.00121.x
https://doi.org/10.1086/519400
https://doi.org/10.1086/652373
https://doi.org/10.1098/rstb.2011.0063
https://www.ncbi.nlm.nih.gov/pubmed/21768151
https://doi.org/10.1007/s00442-016-3686-2
https://www.ncbi.nlm.nih.gov/pubmed/27337965
https://doi.org/10.1038/s41598-017-04679-5
https://doi.org/10.1002/ecog.07630
https://doi.org/10.1007/s10531-010-9850-9
https://doi.org/10.3389/fenvs.2021.791801
https://doi.org/10.1046/j.1365-2435.2002.00664.x
https://doi.org/10.1890/03-0799
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.1016/j.soilbio.2022.108715
https://doi.org/10.1093/jpe/rtaf059
https://doi.org/10.3390/biology15030268

Biology 2026, 15, 268 14 of 14

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lee, M.K.; Chun, J.H.; Lee, C.B. Relative Importance of Biotic, Abiotic and Stand Age Factors in Influencing Ecosystem
Multifunctionality across Forest Stand Types in South Korea. Front. For. Glob. Change 2025, 8, 1675167. [CrossRef]

Korea Forest Service. Statistical Yearbook of Forest; Korea Forest Service: Daejeon, Republic of Korea, 2022.

Jin, Y.; Qian, H. V.PhyloMaker2: An Updated and Enlarged R Package That Can Generate Very Large Phylogenies for Vascular
Plants. Plant Divers. 2022, 44, 335-339. [CrossRef] [PubMed]

Chun, ].H.; Lee, C.B. Diversity Patterns and Phylogenetic Structure of Vascular Plants along Elevational Gradients in a Mountain
Ecosystem, South Korea. J. Mt. Sci. 2018, 15, 280-295. [CrossRef]

Chun, J.H.; Lee, C.B. Temporal Changes in Species, Phylogenetic, and Functional Diversity of Temperate Tree Communities:
Insights from Assembly Patterns. Front. For. Glob. Change 2019, 10, 294. [CrossRef] [PubMed]

Kim, H.; Lee, C.B. On the Relative Importance of Landscape Variables to Plant Diversity and Phylogenetic Community Structure
on Uninhabited Islands, South Korea. Landsc. Ecol. 2021, 36, 209-221. [CrossRef]

Bashirzadeh, M.; Soiveres, S.; Farzam, M.; Ejtehadi, H. Plant-plant interactions determine taxonomic, functional and phylogenetic
diversity in severe ecosystems. Glob. Ecol. Biogeogr. 2022, 31, 649—-662. [CrossRef]

Lin, HY.; Sun, M.; Hao, YJ.; Chen, Z.D.; Lu, A.M.; Wang, W. Phylogenetic diversity of eastern Asia—eastern North America
disjunct plants is mainly associated with divergence time. Plant Divers. 2023, 45, 27-35. [CrossRef] [PubMed]

Lee, MK; Lee, Y.J.; Lee, C.B. Ecosystem Multifunctionality in Temperate Forests of South Korea Is Primarily Controlled by
Structural Diversity and Potential Moisture Availability with Synergy Effects between Ecosystem Functions. J. Environ. Manag.
2025, 382, 125449. [CrossRef] [PubMed]

Legendre, P; Legendre, L. Numerical Ecology, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2012.

Garcfa-Palacios, P.; Gross, N.; Gaitén, ].; Maestre, ET. Climate Mediates the Biodiversity—Ecosystem Stability Relationship Globally.
Proc. Natl. Acad. Sci. USA 2018, 115, 8400-8405. [CrossRef]

Lefcheck, J.S. PIECEWISESEM: Piecewise Structural Equation Modelling in R for Ecology, Evolution, and Systematics. Methods
Ecol. Evol. 2016, 7, 573-579. [CrossRef]

Helmus, M.R,; Bland, T.J.; Williams, C.K.; Ives, A.R. Phylogenetic Measures of Biodiversity. Biol. Rev. 2007, 82, 419-445. [CrossRef]
Hu, B.; Zhang, Y.; Yakimov, B.N.; Zhao, X.; Zhang, C. Distinguishing the Mechanisms Driving Multi-Scale Community Spatial
Structure in a Temperate Forest. For. Ecol. Manag. 2022, 522, 120462. [CrossRef]

Zheng, ].; Arif, M.; He, X.; Liu, X,; Li, C. Distinguishing the Mechanisms Driving Multifaceted Plant Diversity in Subtropical
Reservoir Riparian Zones. Front. Plant Sci. 2023, 14, 1138368. [CrossRef]

Letcher, S.G.; Chazdon, R.L.; Andrade, A.C.S.; Bongers, F.; van Breugel, M.; Finegan, B.; Laurance, S.G.; Mesquita, R.C.G;
Martinez-Ramos, M.; Williamson, G.B. Phylogenetic Community Structure during Succession: Evidence from Three Neotropical
Forest Sites. Perspect. Plant Ecol. Evol. Syst. 2012, 14, 79-87. [CrossRef]

Hardy, O.]. Testing the Spatial Phylogenetic Structure of Local Communities: Statistical Performances of Different Null Models
and Test Statistics on a Locally Neutral Community. Ecography 2008, 96, 914-926. [CrossRef]

Kraft, N.J.B.; Adler, P.B.; Godoy, O.; James, E.C.; Fuller, S.; Levine, ]. M. Community Assembly, Coexistence and the Environmental
Filtering Metaphor. Funct. Ecol. 2015, 29, 592-599. [CrossRef]

Cavender-Bares, J.; Ackerly, D.D.; Baum, D.A.; Bazzaz, FA. Phylogenetic Overdispersion in Floridian Oak Communities. Am.
Nat. 2004, 163, 823-843. [CrossRef]

Chun, J.H.; Lee, C.B. Partitioning the Regional and Local Drivers of Phylogenetic and Functional Diversity along Temperate
Elevation Gradients on an East Asian Peninsula. Sci. Rep. 2018, 8, 2853. [CrossRef]

Mao, L.; Dong, Y.R.; Xing, B.B.; Chen, Y.H.; Dennett, J.; Bater, C.; Stadt, ].].; Nielsen, S.E. Maximum Canopy Height Is Associated
with Community Phylogenetic Structure in Boreal Forests. J. Plant Ecol. 2023, 16, rtac104. [CrossRef]

Lian, Z; Jin, Y,; Hu, X,; Liu, Y,; Li, F; Liang, F; Wang, Y.; Li, Z.; Wang, J.; Chen, H. Distinguishing the Mechanisms Driving
Community Assembly across Growth Stages in Quercus variabilis Forests. Forests 2025, 16, 1332. [CrossRef]

Letcher, S.G. Phylogenetic Structure of Angiosperm Communities during Tropical Forest Succession. Proc. R. Soc. B Biol. Sci. 2012,
279, 2377-2386. [CrossRef] [PubMed]

Pausas, ].G.; Verdd, M. The Jungle of Methods for Evaluating Phenotypic and Phylogenetic Structure of Communities. BioScience
2010, 60, 614-625. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /biology15030268


https://doi.org/10.3389/ffgc.2025.1675167
https://doi.org/10.1016/j.pld.2022.05.005
https://www.ncbi.nlm.nih.gov/pubmed/35967255
https://doi.org/10.1007/s11629-017-4477-x
https://doi.org/10.3389/fpls.2019.00294
https://www.ncbi.nlm.nih.gov/pubmed/30941153
https://doi.org/10.1007/s10980-020-01134-1
https://doi.org/10.1111/geb.13451
https://doi.org/10.1016/j.pld.2022.09.008
https://www.ncbi.nlm.nih.gov/pubmed/36876316
https://doi.org/10.1016/j.jenvman.2025.125449
https://www.ncbi.nlm.nih.gov/pubmed/40254009
https://doi.org/10.1073/pnas.1800425115
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1086/511334
https://doi.org/10.1016/j.foreco.2022.120462
https://doi.org/10.3389/fpls.2023.1138368
https://doi.org/10.1016/j.ppees.2011.09.005
https://doi.org/10.1111/j.1365-2745.2008.01421.x
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1086/386375
https://doi.org/10.1038/s41598-018-21266-4
https://doi.org/10.1093/jpe/rtac104
https://doi.org/10.3390/f16081332
https://doi.org/10.1098/rspb.2009.0865
https://www.ncbi.nlm.nih.gov/pubmed/19801375
https://doi.org/10.1525/bio.2010.60.8.7
https://doi.org/10.3390/biology15030268

	Introduction 
	Materials and Methods 
	Study Area and Data 
	Phylogenetic Tree Construction and Quantification of Phylogenetic Community Structure 
	Quantification of Biotic and Abiotic Factors 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

