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Abstract. Large-diameter trees regulate forest diversity, structure and aboveground biomass (AGB), but the mechanisms
whereby they control forest processes remain understudied, especially in early successional forests. We used 1,956 0.16 ha
plots from the Korean National Forest Inventory from mostly 20–50 years old stands (biomass accumulation phase) in closedcanopy temperate forests, with 236 species of woody plants and 391,543 individual stems ≥ 6 cm diameter at breast height.
Based hereon, we analyzed the effects of large-diameter trees on aboveground biomass (AGB) in the overstory, understory,
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and the two combined (total vegetation). We also considered the effects of species and functional diversity, functional
dominance of traits, stem density, and abiotic drivers (i.e., topographic, climatic and edaphic variables) interacting with largediameter trees on AGB. We performed model averaging approaches with backward stepwise regressions and piecewise
structural equation modeling to quantify and compare the effects of large trees vs. other biotic and abiotic drivers. Overall,
large-diameter trees had a dominant effect on AGB compared with remaining tree attributes and abiotic drivers for both the
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overstory and whole community; however, they did not strongly influence the understory. Large-diameter trees also modulated
the strength of the direct effects of abiotic drivers, particularly soil fertility, on AGB, as well as indirect effects via regulating
the attributes of smaller-diameter trees. Our study provides new insights into the mechanisms associated with self-thinning
and resource availability whereby large-diameter trees drive high AGB in succession forests. We also show that the effect of
large-diameter trees is forest stratum-dependent across different types of temperate forests. This study emphasizes the
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importance of large-diameter trees in determining the structure and function in early successional forests, and the need for
conservation and management actions to protect and promote these keystone organisms.
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1 Introduction
Large-diameter trees dominate the biomass of old-growth forests worldwide (Luyssaert et al., 2008; Lindenmayer et al., 2012;
Lutz et al., 2018), but to the extent to which this phenomenon arises earlier in forest succession has not been explored.
35

Furthermore, the mechanisms of biomass dominance in younger forests may control which trees persist as large-diameter
individuals in older forests (e.g., self-thinning process dominated by asymmetric competition among trees; Weiner, 1990; West
et al., 2009; Lin et al., 2016). How carbon sequestration is distributed and controlled in younger forests becomes increasingly
important as countries undertake more active carbon mitigation efforts via reforestation (Poorter et al., 2016; Pugh et al., 2019),
as carbon sequestration in younger forests is strongly affected by conservation and management policies (Heinrich et al., 2021).
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Forests store approximately 44% of the global carbon pool in the world’s terrestrial ecosystems (Pan et al., 2011) and have
important potential for climate change mitigation (Cook-Patton et al., 2020) as well as contribute to ecological stability and
regulation of the biogeochemical cycles of carbon, water, and nutrients (van der Plas, 2019).
In natural forests, aboveground biomass (AGB) is generally regulated by abiotic and biotic factors (Conti and Díaz, 2013;
Prado-Junior et al., 2016; Chun et al., 2020). Abiotic factors include environmental conditions such as climate (e.g., mean
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annual temperature, mean annual precipitation, and aridity), topography (e.g., elevation and slope), and soils (e.g., cation
exchange capacity), as well as forest development-related (e.g., stand age), disturbance-related or succession-related factors
(Slik et al., 2013; Jucker et al., 2014; Poorter et al., 2017). Abiotic factors directly or indirectly affect AGB by influencing
biotic factors (Chu et al., 2019; Chun et al., 2020; Ali and Wang, 2021). The effects of biotic factors on AGB have been
attributed to concepts of the niche complementarity and mass ratio effects (Prado-Junior et al., 2016; Poorter et al., 2017; Chun
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et al., 2020). The niche complementarity effect is related to species co-occurring through niche partitioning, which suggests
that higher taxonomic, structural, and functional diversity could lead to higher AGB (Tilman et al., 1997; Zhang et al., 2012).
The mass ratio effect states that AGB is primarily driven by the functional traits of dominant species measured using the
community-weighted mean (CWM) of trait values (Grime, 1998; Fotis et al., 2018). Stand structural attributes, such as stem
density, tree diameters, and height distributions at stand levels, can also directly or indirectly affect AGB via species richness
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and functional diversity (Ali and Yan, 2017; Fotis et al., 2018).
Recently, studies have shown that a small number of large-diameter trees drive variation in AGB (Slik et al., 2013;
Stephenson et al., 2014; Lutz et al., 2018), and that the effects of large-diameter trees on AGB override the effects of mediumand small-diameter tree attributes, species richness and abiotic factors (Ali et al., 2019a; Ali et al., 2020; Bordin et al., 2021).
Generally, large-diameter trees are acquisitive and limit available resources, such as light, water, and soil nutrients, to medium-
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and small-diameter trees (Stephenson et al., 2014; Ali et al., 2019a). Thus, the growth and fitness of the smaller-statured trees
may largely depend on the ecological behavior of the relatively few large-diameter trees in a stand (Lindenmayer and Laurance,
2017). Climatic factors and soil fertility affect large-diameter trees (e.g., Slik et al., 2013). Climatic factors are often
predominant drivers of large-diameter tree occurrence as well as species diversity, structure and AGB in forests (Chu et al.,
2019; Ali and Wang, 2021). Large-diameter trees can be more sensitive to drought than medium- or small-sized trees as they
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are exposed to extreme atmospheric drought, wind pressure, solar radiation, and temperature variation (Allen et al., 2010;
Bennett et al., 2015). Moreover, soil fertility (e.g., cation exchange capacity and total exchangeable bases) increases the stand
density and size of large-diameter trees (Slik et al., 2013; Ali et al., 2019b). In general, large-diameter trees are recognized as
the major biotic drivers of forest diversity, structure, and biomass dynamics through environmental filtering and their
competitive abilities in forest communities (Ali et al., 2019a; Yuan et al., 2021).
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Although earlier studies have related large-diameter trees effect to species diversity, functional diversity, and stand
structure, most have involved primary forests or older secondary forests (Slik et al., 2013; Lutz et al., 2018; Ali et al., 2019a;
Yuan et al., 2021). In contrast, the potentially differing influences of large-diameter trees on early successional forests and the
strata within them are poorly unknown. Using a data set of 1,956 plots distributed throughout the forested regions of South
Korea, we sought to examine the interactions of topographic, climatic, edaphic, and stand structural attributes with large-
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diameter trees, and also the effects of large-diameter trees, and other biotic and abiotic factors on the AGB of other forest strata
(Figure 1). To do so, we addressed the following questions and related predictions: 1) Are there any differences in the
explanatory power of models with and without the inclusion of a large-diameter tree metric? Our expectation was that the
AGB models including large-diameter trees as a predictor would have higher explanatory power based on their known
dominance of stand biomass (Ali et al., 2019b), and that the explanatory power of models including a large-diameter tree
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metric would be higher for the overstory stratum and the whole community compared to the understory stratum. 2) Does the
effect of large-diameter trees on forest AGB overwhelm the effects of other biotic and abiotic factors on the AGBs of other
forest strata? We expect that the effect of large-diameter trees on AGB will surpass the effects of other biotic and abiotic
factors for the overstory and whole community level, but not in the understory. 3) Which abiotic factors primarily influence
the size (i.e., diameter at breast height) of large-diameter trees and AGB? We expect that climatic factors (i.e., MAT, MAP,
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and aridity) will be the primary drivers for large-diameter trees and AGB in the overstory and whole community, as largediameter trees are disproportionately sensitive to drought stress (Phillips et al., 2010; Bennett et al., 2015). We also expected
that edaphic factors would be important predictors for understory AGB because of intense competition between understory
individuals for scarce resources caused by overstory trees (Ali and Yan, 2017; Ali et al., 2019b).

2 Materials and methods
90

2.1 Study area, data, and calculating AGB
Temperate forests occupy 64% of the total land area in South Korea (Korea Forest Service, 2019). All principal types of the
temperate forests are represented; broad-leaved (38.4%), coniferous (31.8%), and mixed (27.2%). The most abundant tree
species belong to Pinaeae and Fagaceae, namely the pines Pinus densiflora Siebold and Zucc. and P. thunbergii Parl, and the
oaks Quercus mongolica Fisch. Ex Ledeh., Q. serrata Murray, and Q. variabilis Blume. Almost all forests in South Korea are
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early-successional forests with ages between 20–50 years old (Figure S1). Many forest sites were extensively logged during
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the Japanese occupation (1910–1945), the period of the Korean War (1950–1953), and the immediate post-war period, which
together degraded forests to a stocking of 11.2 m3/ha by 1973.
Reforestation was prioritized from 1973–1987, and current conditions (146 m3/ha in 2019) primarily reflect the legacies
of these efforts. As a result, most South Korean forests are closed-canopy forests 40–50 years old (Figure S1) in the
100

developmental phase of biomass accumulation (sensu Franklin et al., 2002).
We used data from the sixth National Forest Inventory (NFI) survey collected between 2010 and 2015. The NFI protocol
has been designed and implemented to monitor changes in forest resources and forest cover considering forest quality, quantity,
and function (Korea Forest Research Institute, 2011). Plots are located on a systematic sampling grid of 4 km × 4 km oriented
to the cardinal directions. A sampling plot with four circular subplots was placed at the intersection of each 4 × 4 km grid line.
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Each circular subplot had an area of 0.04 ha (diameter of 22.6 m) for a total of 0.16 ha. All free-standing stems of woody
species with a diameter at breast height (DBH) of ≥ 6 cm were identified, and DBH and height were measured for all plots
(Korea Forest Research Institute 2011). From the NFI data, we extracted 2,067 sampling plots in natural forests (from the total
of 3,938 plots) and selected 1,956 plots with full complements of biotic and abiotic data (Figure S2). The final dataset included
236 species of woody plants and 391,543 individual stems. Finally, we analyzed 1,955 and 1,885 plots for overstory and
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understory structure, respectively, after excluding plots with zero values for biomass or missing biotic variables (e.g.,
functional dispersion (FDis)) for either forest stratum.
The AGB of each tree was calculated according to the methods of Son et al. (2014) which are based on stem volume, wood
density, and a biomass expansion factor relating whole-tree biomass to stem biomass. Stem volume is provided as basic NFI
data. Wood density and biomass expansion factors for tree species reflect national means from the National Institute of Forest
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Science, Korea Forest Service (Son et al., 2014). To investigate the impact of forest strata on AGB, we divided all stems into
overstory and understory individuals based on crown classes assigned to individual trees in each plot (i.e., dominant,
codominant, intermediate, and suppressed) provided by the NFI. We categorized dominant and codominant trees as overstory
and intermediate and suppressed trees as understory. All analyses were performed at the overstory, understory, and whole
community levels.
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2.2 Biotic factors – large-diameter trees, diversity, CWM, and stand structural variables
The definition of large-diameter trees should incorporate species, forest type, and topographic position, such as latitude,
longitude, elevation, and slope (Lindenmayer and Laurance, 2017; Lutz et al., 2018; Ali et al., 2020; Ali and Wang, 2021). For
cold sites, such as alpine or subalpine forests, a large-diameter tree may have a DBH of < 20 cm (e.g., Baltzer et al., 2014),
whereas at warmer sites in South Korea trees can exceed 60 cm DBH. Similarly, maximum diameters in younger forests are
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inherently limited when species-specific diameter maxima may not be reached for several centuries. Thus, large-diameter trees
are present in all forests and regions, but different abiotic and biotic attributes may limit the large diameter threshold (Bastin
et al., 2018). Owing to the range of conditions and successional status throughout South Korea (Table S1), we defined largediameter trees as the largest 1% by diameter in each plot (sensu Lutz et al., 2018; Ali et al., 2019a). The 99th percentile DBH
4
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value was considered as the large-diameter threshold and was used as the large-diameter tree attribute in this study (defined as
130

1% large-diameter tree DBH). Within the 1,956 plots, the large-diameter threshold varied from 12 cm to 91.5 cm (Table S2).
For analysis, we considered four tree categories (Figure S3): the 1% large-diameter trees, the 99% remaining trees except for
the 1% large-diameter trees in whole community (defined as 99% remaining trees), the remaining trees except for 1% largediameter trees in overstory (defined as overstory remaining trees), and understory trees.
We used taxonomic, stand structural and functional trait attributes to quantify niche complementarity and mass ratio effects
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(Fotis et al., 2018; Chun et al., 2020). Taxonomic diversity at the species level was evaluated using species richness (SR),
Shannon H (species diversity, SD), and species evenness (SE). To describe stand structural attributes, we selected stem density
because stem density at the stand level can incorporate vegetation quantity and niche complementarity effects (e.g., in general,
the higher the stem density, the higher the species richness, because more species are usually observed in denser forest stands;
Fotis et al., 2018; Ali et al., 2019b). To calculate functional diversity and CWM indices, we used four functional traits
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recognized as key characteristics for the survival and growth of plant species and ecosystem functions and services (PradoJunior et al., 2016; Poorter et al., 2017; Ali et al., 2019a, 2019b; Chun et al., 2020). The traits were maximum height (H), leaf
size (LS; leaf length multiplied by leaf width), and seed mass (SM). Functional traits were obtained from published literature
and open databases (Table S3). To quantify functional diversity, we calculated single and multivariate FDis values for three
traits (Laliberté and Legendre, 2010). FDis and CWM were calculated using the FD packages in R. The CWMs for these traits
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were quantified by weighting the mean trait value in each plot by the relative basal area of each tree species. Other biotic
drivers (excluding the large-diameter trees) were calculated for the 99% remaining trees, overstory remaining trees, and
understory trees. See Tables S1 and S2 for summary statistics.
2.3 Abiotic factors – topographic, climatic, and edaphic variables
To characterize each plot, we used eight abiotic variables (four topographic, three climatic, and one edaphic) calculated from
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the NFT plot locations. Topographic variables were latitude, longitude, elevation, and slope. Climatic variables were mean
annual temperature (MAT; °C) and mean annual precipitation (MAP; mm) from WorldClim (www.worldclim.org), and aridity
from the Global Aridity Index and Potential Evapotranspiration Climate Database (cgiarcsi.community). The edaphic variable
was median cation exchange capacity (CEC; cmolc/kg) calculated based on six soil horizons between 0 and 100 cm, which
were extracted from the SoilGrids database (https://soilgrids.org). To minimize covariation and redundancy within abiotic data,
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we used Principal Component Analysis (PCA) to reduce the dimensionality of the topographic and climatic variables separately
(Table S4). The first PCA axis for each factor was used as a new explanatory variable (i.e., PC1 topo and PCclim for topographic
and climatic factors, respectively) in the further analyses. The summary statistics of abiotic drivers are provided in Table S1.
2.4 Statistical analyses
We used generalized least squares models to examine spatial autocorrelation within biotic and abiotic drivers (Legendre and
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Legendre, 1998). Spatial models (including latitude and longitude) and nonspatial models (without latitude and longitude)
5
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were examined for each plot. Spatial and nonspatial model suitability was evaluated using lower Akaike Information Criterion
(AIC) values. There was no evidence for spatial autocorrelation because AIC values for nonspatial models were lower than
those for spatial models (Yuan et al., 2019; Chun et al., 2020). All biotic and abiotic AGB variables were standardized using
log or square root transformations to improve normality and linearity before analyses. MAP, aridity, DBH threshold for 1%
165

large-diameter trees, and FDisMUL were log-transformed, whereas AGB, elevation, CEC, SR, SE, FDisLS, CWMLS,
CWMSM, and stem density were square root transformed. The latitude, longitude, slope, MAT, FDisH and CWMH were not
transformed because non-transformed values performed better.
To evaluate whether the large-diameter tree effects prevailed over the effects of biotic (i.e., species and functional diversity,
functional dominance, and stand structure) and abiotic (i.e., topographic factors, climate and soil fertility) factors, we
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developed five competing models for each forest stratum (overstory, understory, and the whole community): 1)
“complementary diversity (CD)” models (abiotic factors + 1% large-diameter tree DBH + three taxonomic and four functional
diversity indices), 2) “functional dominance (FD)” models (abiotic factors + 1% large-diameter tree DBH + three CWM
indices), 3) “stand structure (SS)” models (abiotic factors + 1% large-diameter tree DBH + stem density), 4) “combined”
models (including each CD, FD, and SS factor and one abiotic factor with the highest standardization coefficient from each of
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the CD, FD, and SS model + 1% large-diameter tree DBH), and 5) “full” models (including all biotic and abiotic factors).
Before implementing these competing models, we removed highly correlated variables (r ≥ 0.7), such as SD and FDisSM in
the overstory, understory, and whole community (Figure S4). We also computed variance inflation factors (VIFs) to assess
multicollinearity among the explanatory variables (Graham, 2003). All VIF values were lower than 5, indicating that
multicollinearity among factors should not affect our results (Chun et al., 2020). Furthermore, we examined the quadratic
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relationships of biotic and abiotic factors with AGB, but found no obvious quadratic relationships. We implemented a
backward stepwise multiple regression procedure to select the best models for minimizing the AIC using the stepAIC function
from the MASS package in R. For the second step, the best model of the five competing models was subjected to modelaveraging approaches based on the corrected AIC (AICc) selection (ΔAICc < 2) to determine the best predictors using the
dredge function from the MuMIn package in R. We repeated these steps for the five competing models across the entire data
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set for the overstory, understory, and whole community without separating the large-diameter trees term to determine any
differences in explanatory power for AGBs based on large-diameter trees. The CD, FD, and SS models, except for the
combined and full models, are shown in Figures S4 and S5.
We also performed piecewise structural equation modeling (pSEM; Lefcheck, 2020) using the piecewiseSEM package in
R to assess the direct, indirect, and mediation effects of large-diameter trees on AGBs and differences in the relative importance
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of large-diameter trees from the overstory, understory, and whole community. To minimize model complexity, we used the
biotic and abiotic factors defined from the most parsimonious model (i.e., combined model) among the five competing models
as factors for pSEM (Figure 1). All statistical analyses were implemented with R version 4.1.2 (R Development Core Team,
2021).
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3 Results
195

The model-averaging approaches show that the inclusion of large-diameter tree DBH improved explanatory power for
overstory and whole-community AGB for all combined and full models, with large-diameter tree DBH explaining the highest
proportion of variance in both overstory and whole community AGB (Figures 2 and 3). In contrast, stem density had the
greatest effect on understory AGB for all models, showing that large-diameter trees are not the primary driver of understory
AGB (Figures 2, 3 and S7).
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For the pSEM results, overstory AGB strongly increased via the direct effect of large-diameter tree DBH (Figure 4a).
Furthermore, CEC showed large and indirect positive effects via large-diameter trees more than direct effects. Large-diameter
tree DBH also negatively and indirectly affected FDisH, CWMH, and stem density of overstory remaining trees for overstory
AGB. For attributes in overstory remaining trees, stem density showed the largest effect on AGB, while FDisH and CWMH
effects remained small. Finally, FDisH showed negative correlations with CWMH and stem density of overstory remaining
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trees, and CWMH was positively correlated with stem density. The importance of large-diameter tree DBH for AGB was much
lower for the understory compared to the overstory (Figures 4b, S8 and S9). Instead, stem density of understory trees showed
the greatest effect on understory AGB, supporting the results of model-averaging approaches.
The results for the whole tree community were similar to those of the overstory (Figures 4c). The indirect effect of CEC
via the large-diameter tree DBH on total AGB was larger than the direct effects. Unlike the overstory, the SE and stem density
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for 99% remaining trees indirectly affected the large-diameter tree DBH. However, the direct effect of large-diameter tree
DBH on AGB was much larger than the indirect effects. Stem density had the largest effect on total AGB for 99% remaining
trees among the three potential drivers.

4 Discussion
Large-diameter trees affect the AGB of the forest overstory and understory differently because of the different ecological
215

processes acting across forest strata. Large-diameter tree size (DBH) was the primary driver of AGB of the overstory and the
entire community whereas stem density was the primary driver for AGB in understory. Whole community and overstory AGB
responded similarly to biotic and abiotic predictors because of the major contribution of overstory AGB to whole community
AGB (Ali et al., 2019b). Generally, the attributes of large-diameter trees contribute more to forest AGB than smaller-sized
trees in subtropical, tropical and temperate forests (Slik et al., 2013; Lutz et al., 2018; Ali et al., 2019a; Ali et al., 2020). A
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large number of small-diameter trees cannot equal the AGB of large-diameter trees, most likely due to the increased height
and bole volume of large diameter trees (Lutz et al., 2018) although smaller-diameter trees can contribute to carbon cycling
and productivity dynamics (Meakem et al., 2018). According to the metabolic scaling hypothesis (Enquist et al., 1999; Sheil
et al., 2017), large-diameter trees are taller, have larger crowns, and/or are occupying growing spaces and resources which are
not available to smaller trees under the closed canopy (West et al., 2009). Therefore, the unique attributes of large-diameter
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trees on whole community and overstory AGBs in this study suggest that the conservation and management of these trees is
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important for increasing forest carbon sequestration and productivity (Stephenson et al., 2014; Lutz et al., 2018; Ali and Wang,
2021). Furthermore, our results show that the impact of vegetation quantity (e.g., stand biomass, stand density, and vegetation
coverage), particularly stem density, on overstory, understory and whole community AGBs in the studied early successional
temperate forests is more important than vegetation quality (e.g., SR, species composition, and functional trait diversity) in
230

explaining ecosystem function (Lohbeck et al., 2015; Ali et al., 2019a). These positive relationships between vegetation
quantity and AGB have been widely documented in natural forests, including temperate forests across the world (Lohbeck et
al., 2015; Yuan et al., 2019). Especially, our results highlight the importance and role of self-thinning process in regulating
AGB variations in early successional forests. According to self-thinning theory, trees undergo density-dependent competition
and mortality in the early succession stages (Weiner, 1990; West et al., 2009; Lin et al., 2016). Intriguingly, density-dependent
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competition can proceed in two different modes, namely asymmetric and symmetric competition (Weiner, 1990; Lin et al.,
2016). Asymmetric competition may lead the emergence of a few large trees that can disproportionately exploit more resources
and space for growth and survival, and suppress other smaller trees, increasing size inequality in tree populations (Weiner,
1990). On the other hand, under symmetric competition, competing trees trend to share resources and space equally and thus
lead similar size structures in tree populations (West et al., 2009; Lin et al., 2016). Our results suggest that asymmetric
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competition is the main competitive process shaping the build-up of AGB in early successional temperate forests via the
dominant effect of large-diameter trees. Moreover, our study suggests the possibility that the dominant large trees that emerge
in the early stage of forest succession may persist into late stages of succession in the absence of sever disturbances such as
fires, disease and typhoon.
In more detail with multiple pathways from pSEMs, large-diameter trees directly and positively regulated both AGBs in
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the overstory and whole community, and indirectly affected the AGBs mainly via the stem density of remaining trees. Although
large-diameter trees affected the CD and FD components of remaining trees, the indirect effects on the AGBs via the both
components were very low. These results suggest that AGB of either overstory or whole community is controlled in a
complementary way that decreases remaining tree density as large-diameter tree DBH increases and vice versa. That is, largediameter trees with overwhelming competitive ability exclude remaining trees and overrule the attributes of remaining trees
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in AGBs for the overstory and whole community levels (Ali et al., 2019a; Ali et al., 2020). These results indicate that largediameter trees are acquisitive and limit available resources to remaining trees in the overstory and whole community in our
early successional temperate forests (e.g., Lutz et al., 2014). Therefore, the growth and fitness of remaining trees in the
overstory and whole community may be largely determined by a small number of large-diameter trees (Lindenmayer and
Laurance, 2017). Under the metabolic scaling theory, we found that a small number of large-diameter trees regulated forest
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AGBs in the overstory and whole community, regulating a direct relationship between tree size, density, and stand-level AGB
(Enquist and Niklas, 2001; West et al., 2009). Moreover, large-diameter trees can moderate the effects of CEC on overstory
and whole AGBs. Interestingly, for the direct and indirect effects of CEC, the indirect effect via large-diameter trees was the
larger than the direct effect (approximately three times the direct effect). Recent studies on the role of large-diameter trees in
mediating abiotic drivers on AGB in tropical (Ali et al., 2019a) and moist temperate, semi-humid, and semiarid forests (Ali et
8
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al., 2020) have shown that the indirect effects of abiotic drivers (e.g., edaphic, topographic, and climatic factors) are
substantially larger than the direct effects. In particular, our results for the effect of soil fertility on large-diameter tree DBH
represent that the magnitude of the effect of these large-diameter trees on forest structure and function depends on the stand
conditions (i.e., soil fertility). The effect of large-diameter trees on stand structure and function is larger in stands with fertile
soils than in stands with non-fertile soils. In stands with non-fertile soils, the large-diameter trees effect is replaced by the
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density effect of remaining trees, resulting in a different stand structure and AGB pattern. These results are consistent with
previous studies on the predominance of size-asymmetric competition with larger individuals in fertile soils (Weiner, 1990;
Pretzsch and Biber, 2010) and the dominance of size-symmetric competition under a limitation of belowground resources (van
Kuijk et al., 2008; Pretzsch and Biber, 2010). After all, the structure and biomass pattern in early successional forests may
proceed as large-diameter trees-centric process or remaining trees-centric process depending on site conditions such as soil
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fertility. Therefore, our results indicate that interactions between self-thinning and resource availability affect the structure and
function across forest stands during early succession.
The effect of large-diameter trees on AGB was attenuated in the understory, where the effect of stem density on AGB
overwhelmed other predictors. Higher stem density, defined by species and functional trait diversity, can increase space
packing and lead to higher wood production (Morin, 2015). Recent studies also reported that stem density strongly affects
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AGB (Fotis et al., 2018; Ali et al., 2020). The pSEM results showed that stem density had the strongest direct effect on
understory AGB via a negative interaction with understory SE. These results suggest that vegetation quantity (i.e., stem density)
and quality (i.e., SE) complement each other to regulate understory AGB. Recent studies showed that stem density increases
with species diversity (i.e., more species are generally recorded in denser forest stands), which has a stronger direct effect on
AGB than high SR (Fotis et al., 2018). Moreover, recent studies also documented that understory AGB was primarily
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controlled by understory attributes rather than overstory attributes (Yuan et al., 2019; Chun et al., 2020).
The explanatory powers of models incorporating the large-diameter tree term as a predictor for overstory and whole
community AGBs increased approximately 2–3 times for both full and combined models, respectively, compared with models
not incorporating large-diameter trees term (Figures 2 and 3) consistent with the results of Ali et al. (2019a). Our results
suggest that AGB across forest strata is controlled by different processes within early successional temperate forests; i.e.,
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overstory and whole community AGBs are primarily regulated by the direct contribution of large-diameter trees, with an
especially strong effect at higher soil fertility, and understory AGB was primarily determined by stem density. In addition, the
development of understory in terms of structure and function may depend on other abiotic factors such as water, other soil
nutrients (e.g., nitrogen, phosphorus), and light conditions associated with stand-specific canopy conditions (Alvarez-Clare et
al., 2013; Matsuo et al., 2021), although not analyzed in our study.
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We found that CEC was the primary abiotic driver explaining the size (i.e., DBH) of large-diameter trees and AGB
variation. CEC is a useful indicator of soil fertility because CEC represents the capacity of the soil to provide nutrients for
plants (Doughty et al., 2018). In general, the soil fertility hypothesis predicts that AGB and productivity increases with higher
soil nutrient availability and that plants grow faster with high resource availability (Prado-Junior et al., 2016). Indeed, increased
9
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CEC was correlated with the DBHs of large-diameter trees in this study across forest strata. Moreover, higher CEC contributed
295

to higher understory AGB via increases in understory stem density, although the importance was lower than the overstory.
Slik et al. (2013) reported that soil fertility is an important positive correlate for large-diameter tree density and forest AGB at
global and continental scales, especially in Asia and South America. Here, our results also re-emphasize that soil fertility is an
important driver of large-diameter trees and forest AGB, although this result differed from our initial expectation that climatic
factors would be the best predictors. However, the Global Aridity Index Database (cgiarcsi.community) classified all our study
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plots as humid sites (aridity index > 0.65; Table S1) indicating that drought may not be a principal limiting factor at any of
them. Moreover, we found that CEC indirectly affected understory AGB, suggesting that biotic interactions (i.e., intraspecific
and interspecific interactions) in the understory are more important than abiotic factors in driving understory AGB (Halpern
and Lutz, 2013; Ali et al., 2019b). Although the effects of climatic and topographic factors varied among forest strata (i.e.,
overstory, understory and whole community) and models (i.e., models with and without a large-diameter trees term, and
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combined and full models), the two factors still have significant effects on AGBs. Especially, PCclim as a climatic factor have
significant positive effects on overstory and whole AGBs but not understory AGB. From PCA results (Table S4), PCclim had
strong positive correlations with moisture-related variables such as MAP and aridity, and negative correlation with MAT.
These results indicate that moisture-related variables are involved in driving high AGBs and the large-diameter threshold (Slik
et al., 2013) in overstory and whole community. However, PCtopo as a topographic factor had negative effects on overstory and

310

understory AGBs with the term of large-diameter trees in full modes, but the factor has positive effects on AGBs in overstory
and whole community. These results indicate that different topographic components are involved in controlling AGBs
depending on the presence or absence of large-diameter trees.

5 Conclusions
Here, we show that that large-diameter trees have an overwhelming effect on AGB in early-successional temperate forests,
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likely reflecting strong competitiveness and exploitative resource use of them. Moreover, large-diameter trees mediate the
effects of abiotic drivers on AGBs in overstory and whole community and play an important role in both controlling the
diversity and structure of remaining trees (e.g., CD and SS drivers in this study). The only exception is that understory AGB
primarily depends on the stem density in the understory itself, indicating that large trees do not necessarily limit understory
development. In addition, our study highlights the mechanisms of biomass dominance of large-diameter trees associated with
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self-thinning process and resource availability in early successional forests. Our study advocates the need to carefully consider
large-diameter trees in conservation and management of even early-successional forests, as they given their influence on total
AGB have strong importance for forest ecosystem functions and services (e.g., Lutz et al., 2018), sustainable forest
management (e.g., Yuan et al., 2021), and biodiversity (e.g., Harris et al., 2021). Therefore, we suggest that further studies
need to include the roles and functions of large-diameter trees on the multifunctionality and stability of forest ecosystems (Ali
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and Wang, 2021), and the sensitivity and importance of large-diameter trees and their dominant forests to climate change in
the global carbon sequestration (Phillips et al., 2010; Stephenson et al., 2014; Bennett et al., 2015; Bordin et al., 2021).

Data availability. All data sources are publicly available. National Forest Inventory (NFI) of South Korea are available from
Korea Forest Service (www.forest.go.kr). Climactic variables are available from WorldClim (www.worldclim.org) or the
330

Global Aridity Index and Potential Evapotranspiration Climate Database (cgiarcsi.community). Soil variables are available
from the SoilGrids database (https://soilgrids.org). All data analyzed in this paper are available through the corresponding
author upon request.
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Figure 1: Conceptual model indicating how the attributes of large-diameter trees (the largest 1% by DBH) and remaining trees combined with abiotic
drivers affect the aboveground biomass (AGB) of the overstory, understory, and whole community. Abbreviations: CD, complementary diversity; FD,
functional dominance; SS, stand structure.
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0.05, ** P < 0.01, and *** P < 0.001.

17

over, overstory; ovrem, overstory remaining trees excluding the 1% large diameter trees in overstory; under, understory. Significance levels are * P <

multi-trait including maximum height, leaf size, and seed mass; 99%, 99% remaining trees excluding the 1% large-diameter trees; wh, whole community;

evenness; SR, species richness; FDis, functional dispersion; CWM, community-weighted mean; H, maximum height; LS, leaf size; SM, seed mass; MUL,

of principal component analysis for climatic variables; CEC, cation exchange capacity; 1% Large_DBH, 1% large-diameter tree DBH; SE, species

between the parameter estimates of the predictor and the sum of all parameter estimates described as a percentage. Abbreviations: PCclim, the first axis

together with relative importance expressed as the percentage of explained variance. The relative importance of each predictor was calculated as the ratio

combined models. The average parameter estimates (standardized regression coefficients) of model predictors are shown with 95% confidence intervals

Figure 2: Relative effects of multiple predictors on the aboveground biomass (AGB) of (a) overstory, (b) understory, and (c) whole community from
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levels are * P < 0.05, ** P < 0.01, and *** P < 0.001.
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whole community; over, overstory; ovrem, overstory remaining trees excluding the 1% large diameter trees in overstory; under, understory. Significance

seed mass; MUL, multi-trait including maximum height, leaf size, and seed mass; 99%, 99% remaining trees excluding the 1% large-diameter trees; wh,

DBH; SE, species evenness; SR, species richness; FDis, functional dispersion; CWM, community-weighted mean; H, maximum height; LS, leaf size; SM,

climatic variables; PCtopo, the first axis of PCA for topographic variables; CEC, cation exchange capacity; 1% Large_DBH, 1% large-diameter tree

parameter estimate of the predictor and the sum of all parameter estimates described as a percentage. Abbreviations: PCclim, the first axis of PCA for

relative importance expressed as the percentage of explained variance. The relative importance of each predictor was calculated as the ratio between the

models. The average parameter estimates (standardized regression coefficients) of model predictors are shown with 95% confidence intervals along with

Figure 3: Relative effects of multiple predictors on the aboveground biomass (AGB) of (a) overstory, (b) understory, and (c) whole community from full
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Figure 4: Piecewise structural equation models (left) and relative contributions (right) for testing relationships between abiotic
drivers, large-diameter tree DBH, 99% remaining trees’ attributes, and the aboveground biomass (AGB) of (a) overstory, (b)
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understory, and (c) whole community in the temperate forests of South Korea. In piecewise structural equation models, blue and

525

red arrows indicate positive and negative pathways, respectively. Solid and dashed arrows represent significant and nonsignificant
pathways, respectively. Standardized coefficients are shown for each pathway and covariance. The relative contribution was
calculated as the ratio between the parameter estimate of the predictor and the sum of all parameter estimates expressed as a
percentage. Abbreviations for the variables are shown in Figure 3.
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