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Introduction: Scale dependencies play a vital role in defining the biodiversity-

ecosystem functioning relationship in forest ecosystems, which varies based on

the magnitude of multiple plant diversity attributes, soil properties, and

aboveground biomass in forest ecosystems. However, the effects of plant

diversity and big-sized trees on the relationship between plant diversity and

aboveground biomass across different scales remain unclear in forest ecosystems.

Methods: Based on a 30-ha tropical montane evergreen broad-leaved forest

dynamics plot in Yunnan province, China, we comparatively analyzed the

importance of scale-dependent effects of multiple plant diversity attributes,

soil properties, neighborhood competition intensity and aboveground biomass

of big-sized trees, as well as stand structural complexity on aboveground

biomass of all woody individuals. The aim is therefore to identify the main

predictors for sustaining aboveground biomass of all woody individuals,

considering multiple biotic and abiotic factors jointly, as well as underlying

mechanisms.

Results: Our results suggest that indicators such as species richness and

phylogenetic diversity did not strongly contribute to aboveground biomass of

all woody individuals with increasing spatial scales, while aboveground biomass

of big-sized trees exhibited the greatest contribution to aboveground biomass of

all woody individuals. Stand structural complexity, characterized by variances in

woody plant diameter at breast height, also contributed more to aboveground

biomass of all woody individuals indirectly via neighborhood competition

intensity and aboveground biomass of big-sized trees. Contributions of

functional dispersion and community-weighted mean of leaf phosphorus

concentration to aboveground biomass of all woody individuals became

stronger with increasing spatial scales. Neighborhood competition intensity

exhibited a negative linear relationship with aboveground biomass of all woody

individuals at the smallest scale, but it affected positively aboveground biomass of

all woody individuals across spatial scales, likely due to indirect effects via

aboveground biomass of big-sized trees.
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Discussion: Big-sized trees will likely become more important in biodiversity

maintenance and ecosystem function management as deforestation and forest

degradation.
KEYWORDS

species richness, functional dispersion, phylogenetic diversity, soil nutrients,
neighborhood competition intensity, biodiversity and ecosystem functioning
relationship, scale dependence
1 Introduction

Recently, investigating the drivers of ecosystem function is one

of the most prominent problems in ecological research (Chisholm

et al., 2013; van der Sande et al., 2017; Luo et al., 2019; Craven et al.,

2020). Many studies have revealed several biotic and abiotic factors

that regulate the biodiversity–ecosystem function relationship

through underlying mechanisms including sampling effects and

complementary effects (Loreau and Hector, 2001; Zhang and Chen,

2015; Grace et al., 2016; Li SF et al., 2018; Luo et al., 2019; Jing et al.,

2021). Biodiversity plays several key roles in driving biomass stocks

in forest ecosystems (Liang et al., 2016; Liu et al., 2018; Li et al.,

2019; Jing et al., 2021; Li et al., 2021). However, species richness

only reveals partial mechanisms in driving aboveground biomass

stocks in terrestrial ecosystems (Yuan et al., 2019), while multiple

biodiversity attributes displayed more important roles including

functional dispersion and composition (Finegan et al., 2015; Ali

et al., 2017; Yuan et al, 2019; Mahaut et al., 2020), phylogenetic

diversity (Flynn et al., 2011; van der Sande et al., 2018; Liang et al.,

2019), as well as soil microbial diversity (van der Heijden et al.,

2008; Schnitzer et al., 2011; Li et al., 2020a). Recently, more studies

have focused on understanding driving mechanisms of stand

structural attributes in shaping aboveground biomass in forest

ecosystems. Among these, big-sized trees, stand structural

complexity, and interspecific interactions are thought to be

important drivers the enhancement of ecosystem functioning

(Cardinale et al., 2002; Ali, 2019; Ali et al., 2019; Fan et al., 2020;

Ali and Wang, 2021).

The ecological role of big-sized trees in forest ecosystem

function and service has received increasing attention among

ecologists (Mensah et al., 2020; Ali and Wang, 2021). Big-sized

trees are now recognized as the main driver in influencing stand-

level aboveground biomass in forest ecosystems (Ali et al., 2019;

Yuan et al., 2021). Big-sized trees (defined as the top 1% large-

diameter trees) have been shown to store up to 50% of biomass

stock in temperate forests, exhibiting a greater contribution to

biomass was more than that to species diversity (Yuan et al.,

2021). However, these large trees are known to be the most

susceptible to extreme climatic events and deforestation

(McDowell et al., 2020). Big-sized trees generally grow in the

overstory and make up the main stand structure, where they

exhibit a stronger ability to regulate available resources including

light, water, and soil nutrients through niche differentiation (Ali
02
et al., 2019; Yuan et al., 2021), and play an indispensable role in

sustaining medium and small trees in the forest. Therefore, studies

interested in the biodiversity–ecosystem function relationship of

forests should not neglect the role of the “big-sized trees effect” on

aboveground biomass, which could provide scientists with a deeper

understanding of forest functioning jointly through abiotic and

biotic drivers (Ali and Wang, 2021). Variation among individual

trees allows for the coexistence of competitors in forest trees (Clark,

2010). Therefore, variation in tree diameters could be considered as

stand structural complexity, which could increase forest

aboveground biomass through positive plant–plant interactions

by the niche complementarity effect (Zhang and Chen, 2015;

Ali, 2019).

Local neighborhood interactions also served as a main driver in

the biodiversity–productivity relationship (Kunz et al., 2019).

Competition for limited resources plays an important role in

determining stand dynamics, productivity, and ecological

processes (Jucker et al., 2014; Hui et al., 2018). Recently, there has

been a growing interest in assessing the effect of competition

intensity on shaping ecosystem function in grasslands (Mahaut

et al., 2020) and forest ecosystems (Jucker et al., 2014; Zhou et al.,

2018). Competition among individual trees displayed significant

effects on growth and water use efficiency (De Andrés et al., 2018).

Competition intensity could strengthen the complementarity effect

of plant diversity on ecosystem functioning in forest ecosystems

(Searle and Chen, 2020), which is known to be a crucial factor for

driving and regulating biomass allocation (Zhou et al., 2018). In

addition, soil nutrients may influence demographic processes at

regional or local scales (Zhang and Chen, 2015; van der Sande et al.,

2017). For example, in a tropical rainforest, soil nutrient was shown

to be more important than plant diversity in driving productivity

and biomass stocks (van der Sande et al., 2018). Therefore, it is

essential to explore the underlying mechanisms of biotic and abiotic

drivers in sustaining ecosystem functioning.

The scale-dependent relationship between biodiversity and

ecosystem functioning has been recognized as an important

component for providing better guidance for management of

biodiversity and ecosystems (Gonzalez et al., 2020). plant species

richness changes with spatial scale in a nonlinear fashion due to

species composition differences (Chalcraft et al., 2004), with scale-

dependence being also the main driver of the phylogenetic structure

of tree communities (González-Caro et al., 2021). The scale-

dependent relationship between biodiversity and aboveground
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biomass has received more attention in recent years (Chalcraft et al.,

2004; Ni et al., 2007; Chisholm et al., 2013; Fan et al., 2020; Barry

et al., 2021). For instance, Chisholm et al. (2013) observed a positive

richness–biomass relationship at small scales, and a negative

relationship increased with increasing scales in forests. Ni et al.

(2007) reported a positive and non-linear relationship in grasslands.

However, the effects of spatial scale and plot size on the

biodiversity–ecosystem function relationship remains poorly

understood (Steur et al., 2020). Specifically, scientists have fewer

evidence to jointly assess the scale-dependent effect of multiple

diversity attributes, big-sized trees, stand structural complexity, and

soil nutrients in driving aboveground biomass of all woody

individuals in forest ecosystems.

The tropical montane evergreen broad-leaved forest distributes in

tropical mountains of southern Yunnan province, China, with

altitudes from 1200 to 1600 m. This forest stores abundant carbon

in aboveground biomass (Zhu et al., 2019), and plays a key regulatory

role in the regional carbon cycle in southern Yunnan province, China

(Li et al., 2020b). Although this forest exhibits extremely rich

biodiversity and abundant ecosystem function and service, the

biodiversity–ecosystem function relationship for this area still has

remains unclear. In an era of increasing climate change and forest

degradation, it is essential to assess and predict multiple drivers of

forest ecosystem functioning in this forest. In this study, we

comparatively analyzed the effects of multiple plant diversity

attributes, big-sized trees, stand structural complexity, and soil

nutrients on the aboveground biomass of all woody individuals at

different scales in a 30-ha forest dynamics plot. We put forward main

hypotheses as following: (1) The positive effect of plant diversity on
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aboveground biomass of all woody individuals decreases with

increasing spatial scale; (2) Big-sized trees, rather than stand

structural complexity, determine forest aboveground biomass of all

woody individuals at different spatial scales; and (3) Neighborhood

competition intensity of big-sized trees regulates the relationship

between plant diversity and aboveground biomass of all woody

individuals with increasing spatial scale. Here, our objectives were to

explore the role of plant diversity and big-sized trees in accumulating

aboveground biomass, which could provide useful suggestions for

sustainable forest ecosystem management in a period of increasing

biodiversity loss, deforestation and forest degradation.
2 Materials and methods

2.1 Study area and forest plot design

Our study was conducted in the 30-ha forest dynamics plot of

the tropical montane evergreen broad-leaf forest at Taiyanghe

Provincial Nature Reserve (22.58°N, 101.13°E). The elevation of

the study area ranged from 1462 m to 1580 m. This region has a

subtropical monsoon climate with a distinct rainy season from May

to October. The average annual temperature and precipitation are

17.7 °C and 1548 mm, respectively (Li et al., 2020b). The soil type of

this region is mainly classified as hilly red soil, while the vegetation

type is Castanopsis echinocarpa forest, which contains high species

richness and complex community structure (Figure 1A). We

identified 154,372 individual plants including trees, shrubs, and

lianas belonging to 271 species, 178 genera, and 78 families. The
FIGURE 1

Landscape (A), conceptual framework (B) for the effects of multiple biodiversity attributes, soil nutrients, stand structural complexity (C): spatial
distribution of all woody individuals), and big-sized trees (D): spatial distribution) on aboveground biomass of all woody individuals in the 30-ha plot
of tropical montane evergreen broad-leaved forest. AGB, aboveground biomass; BSAGB, large tree aboveground biomass; CVDBH, DBH variation;
BSNCI, large tree neighborhood competition intensity; SR, species richness; PD, phylogenetic diversity; FDis, functional dispersion; CWMTP,
community-weighted mean total phosphorus of leaf; SoilPC1, soil nutrient.
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dominant species in this plot are Castanopsis echidnoarpa Miq.,

Lithocarpus fenestratus (Roxb.) Rehd., Schima wallichii (DC.)

Choisy, Lithocarpus truncatus (King) Rehd. et Wils., Betula

alnoides Buch.-Ham. ex D. Don, Machilus rufipes H. W. Li,

Vaccinium exaristatum Kurz, Lindera metcalfiana var.

dictyophylla (Allen) H.P.Tsui, Castanopsis calathiformis (Skan)

Rehd. et Wils., Litthocarpus grandifolius (D. Don) Biswas, Garuga

pierrei Guill., and Ternstroemia gymnanthera (Wight et Arn.)

Beddome (Li et al., 2020b). The tropical montane evergreen

broad-leaved forest is well-preserved primary forest with few

disturbances occurring over 40 years (Li et al., 2020b). These

factors make this area an ideal study region for exploring the

relationship between biodiversity and ecosystem functioning.

The 30-ha forest dynamics plot (500m×600m) was divided into

750 subplots (20 × 20 m). All living woody individuals with

diameter at breast height (DBH≥1cm) were mapped, tagged,

measured, and identified in this permanent forest dynamics plot

before May 20th, 2019 (Figure 1B). We conducted the following

analyses across the plot at five scales: (a) 750 0.04-ha forest plots

(20m×20m); (b) 375 0.08-ha forest plots (20m×40m); (c) 187

0.16-ha forest plots (40m×40m); (d) 83 0.36-ha forest plots

(60m×60m); and (e) 30 1-ha forest plots (100m×100m).
2.2 Aboveground biomass

We calculated aboveground biomass of all woody individual

plants with DBH≥1cm using the general allometric equation based

on the DBH (cm), height (H, m), and the species’ wood density (r,
g•cm−3) as follows (Chave et al., 2014):

AGB = 0:0673� (r� DBH2 �H)0:976 (1)

Aggregate sums of aboveground biomass was calculated for all

woody individuals and big-sized trees, separately, by summing the

aboveground biomass measurements at the plot level for each

group. Subsequently, the aboveground biomass for five spatial

scales was scaled up to t•ha−1.
2.3 Trait sampling and measurement

Five plant functional traits were selected including leaf area,

specific leaf area, leaf nitrogen concentration, leaf phosphorus

concentration, and wood density. Specific leaf area was chosen as

an indicator of light interception efficiency, while leaf nitrogen

concentration and phosphorus concentration were selected as

indicators of photosynthetic capacity and metabolic rate. In

addition, wood density represents volume growth and stem

defense (van der Sande et al., 2017; Villa et al., 2020). The

community-weighted mean was calculated using the above these

trait compositions at the stand level as the sum of the trait values of

all species multiplied by their relative basal area. Plant functional

traits from 271 woody species were measured, and 10 mature leaves

were collected in each woody species. Leaf area was measured using

Li-COR 3100C Area Meter (LI-COR, Lincoln, NE, USA). Then,

single leaf of each woody species was dried to a constant weight at
Frontiers in Ecology and Evolution 04
65°C for 72 h in the laboratory for leaf dry weight. Specific leaf area

was calculated by the ratio of leaf area to dry weight. Next, the leaves

of each woody species were composited to measure leaf nitrogen

and phosphorus concentrations using a 2400IICHNelemental

analyzer (PerkinElmer, Boston, MA, USA) and the molybdenum

antimony blue colorimetry, respectively. Wood density of every

species was measured using an increment borer (DBH≥5cm) and

the water replacement method (DBH<5cm), respectively, which

were dried to a constant mass at 65°C for 72 h in the laboratory and

weighed using an electronic analytical balance (0.0001g accuracy).
2.4 Soil sampling and physicochemical
property analyses

750 soil samples were collected in the 30 hm2 forest dynamic

plot at depth of 0~10cm surface soil, which soil composite sample

was mixed from three soil samples in each 20m × 20m plot for soil

properties including soil pH, soil organic carbon, total nitrogen,

total phosphorus, total potassium, hydrolysable nitrogen, available

phosphorus, and available potassium were measured. Finally, 750

soil samples were collected in March, 2019, which were sieved

through a 2 mm mesh for further analysis. Standard soil property

measurement procedures were used to determine soil properties

including pH, organic carbon, total nitrogen, total phosphorus, total

potassium, hydrolysable nitrogen, available phosphorus, and

available potassium. Therein, a pH meter (1:2.5 soil/water ratio)

(FE20K, Mettler-Toledo, Greisensee, Switzerland) was to determine

soil pH, while a 2400IICHNelemental analyzer (PerkinElmer,

Boston, MA, USA) was used to determine soil organic carbon

and total nitrogen. Total phosphorus and available phosphorus

were determined using the molybdenum antimony blue colorimetry

and the Olsen method, while total potassium and available

potassium were determined using the atomic absorption

photometry method.
2.5 Multiple plant diversity attributes

Species richness was used to quantify the diversity of woody

species at each plot, which was calculated as the sum of the total

number of woody species with DBH ≥1 cm in the quadrat at five

spatial scales. Functional dispersion was calculated using leaf area,

specific leaf area, leaf nitrogen concentration, leaf phosphorus

concentration, and wood density. Community-weighted means

(CWM) of five plant functional traits also were calculated using

the average value of traits as well as the relative abundance of

species. These analyses were performed using the “FD” package in R

4.4.0 (R Core Team 2021). Faith’s phylogenetic distance was

selected to represent phylogenetic diversity (PD) by species

relative abundance and phylogenetic distances in each plot (Luo

et al., 2019). We calculated Faith’s PD according to data of woody

species at DBH≥1cm based on Angiosperm Phylogeny Group

(APG) IV. The evolutionary tree was obtained from an online

framework (http://phylodiversity.net) using the existing framework.
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Phyocom software version 4.2 was used to calculate an ultrametric

tree with branch lengths scaled to divergent time (Li et al., 2020a).
2.6 Stand structural attributes

Big-sized trees, defined as the 99th percentile for DBH

measurements within each plot when all individuals up to a large-

diameter threshold in tropical forest were considered (Figure 1C)

(Ali et al., 2019). DBH variation was defined as the coefficient of

variation in DBH, which was to quantify stand structural

complexity using the ratio of the standard deviation to the mean

value of DBH of all woody individuals in each plot at five scales.

The neighborhood Hegyi index is a widely used index of

conventional competition (Hegyi, 1974), which represents the

distance-dependent index. It is calculated using the following

equation:

Hegyi =o
n

i=1

Dj

Di
˙
1
dij

 !
(2)

Where Dj and Di are the DBH (cm) of neighboring trees and

big-sized tree, respectively, and dij is the horizontal distance (m)

between neighboring trees and big-sized tree. n is the number of

sample trees. In our study, competition trees are defined as all

woody individuals within 6m of a sample tree.
2.7 Data analysis

Variables of interest were characterized using a descriptive

statistical analysis via violin plots including aboveground biomass,

neighborhood competition intensity, species richness, functional

diversity, phylogenetic diversity, DBH variation, CWM, and soil

nutrient, which were then natural logarithm transformed for

normality and linearity for use in later analysis. All the variables

including aboveground biomass of all woody individuals and big-

sized trees, neighborhood competition intensity of big-sized trees,

species richness, functional diversity, phylogenetic diversity,

functional composition, DBH variation as well as soil nutrients

were employed to calculate the differences using one-way analysis of

variance (ANOVA) at different spatial scales.

To avoid the problem of multicollinearity, we conducted the

analysis in two steps. First, a principal component analysis (PCA)

on soil properties was used to represent soil nutrients. As the first

axis of the PCA (SoilPC1) explained 35.1%, 37.8%, 44.5%, 51.3%, and

56.1% of the total variation across the five scales, respectively, we

conclude that SoilPC1 can better represent soil nutrient availability

(Figure S1). Second, a Pearson correlation analysis was performed

to reduce the bias of high correlation among different CWM, and

CWM of leaf phosphorus concentration was used in further analysis

due to its > 0.5 correlation coefficient with the other CWM of plant

functional traits (Figure S2).

To assess the effects of abiotic and biotic factors on

aboveground biomass of all woody individuals, Pearson

correlation coefficients firstly were used to measure the pair-wise
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relationships between aboveground biomass of all woody

individuals and each predictor of biodiversity (species richness,

functional diversity, phylogenetic diversity, and functional

composition), stand structural complexity (DBH variation), big-

sized tree attributes (aboveground biomass and neighborhood

competition intensity), and soil nutrients at different spatial scales

(Figure S3). Bivariate relationships were tested between

aboveground biomass of all woody individuals and different

response variables using ordinary least squared linear regression

across five spatial scales.

To predict the relative contributions of abiotic and biotic factors

to aboveground biomass of all woody individuals, a Random Forest

analysis was performed to identify the importance of these variables

using the package “randomForest” package. Additionally, a causal

diagram was utilized to comprehensively test whether the

hypothesized abiotic and biotic factors mediate the relationship

between multiple biodiversity attributes and ecosystem function

using a structural equation model based on a priori knowledge and

hypotheses (Rosseel, 2012; Grace et al., 2016; Li SF et al., 2018; Ali

et al., 2019; Yuan et al., 2021). Specifically, a prior conceptual

framework was used to test the following paths (Figure 1D):

(1) species richness, functional dispersion, functional

composition, phylogenetic diversity, big-sized tree aboveground

biomass and neighborhood competition intensity, stand structural

complexity, and soil nutrients directly affect aboveground biomass

of all woody individuals; (2) species richness, functional dispersion,

functional composition, and phylogenetic diversity indirectly affect

aboveground biomass of all woody individuals via aboveground

biomass and neighborhood competition intensity of big-sized trees,

and stand structural complexity; (3) neighborhood competition

intensity of big-sized trees and stand structural complexity

indirectly affect aboveground biomass of all woody individuals via

aboveground biomass of big-sized trees; and (4) soil nutrients

indirectly affect aboveground biomass of all woody individuals via

multiple biotic factors. To determine model fitness, metrics

including the chi-square test (P>0.05), root square mean errors of

approximation (RMSEA<0.05), and goodness-of-fit index

(GFI>0.95) were utilized (Rosseel, 2012; Zhang and Chen, 2015).

Analyses and graphics were implemented in R 4.1.0 (R Core

Team 2021). The structural equation model was implemented with

the “lavaan” package, and all figures were created using the

“ggplot2” and “ggpubr” packages.
3 Results

3.1 Characteristics of aboveground
biomass of all woody individuals, multiple
plant diversity, and stand structural
attributes, and soil nutrients

Aboveground biomass of all woody individuals and big-sized

trees, DBH variation, and soil nutrients displayed no significant

variation across increasing scales (Figures 2A, B, I; Table S1).

Neighborhood competition intensity of big-sized trees, species

richness, and phylogenetic diversity exhibited increasing trends as
frontiersin.org
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spatial scales increased (Figures 2C, E, F; Table S1). Functional

dispersion and CWM of leaf phosphorus concentration displayed

decreasing trends with increasing scales (Figures 2G, H;

Table S1).
3.2 Bivariate relationships between
aboveground biomass of all woody
individuals and explanatory variables

Aboveground biomass of all woody individuals was influenced

by effects of scale-dependent abiotic and biotic factors (Figures 3A–

H), with aboveground biomass of all woody individuals

demonstrating a positive linear trend with increasing species

richness at the smallest scale (0.04ha), and no significant

relationships with increasing scales (Figure 3A). Aboveground

biomass of all woody individuals was not significantly related to

either functional dispersion or phylogenetic diversity (Figures 3B,

C). Aboveground biomass of all woody individuals decreased

significantly with increasing CWM of leaf phosphorus

concentration at smaller scales (Figure 3D, 0.04ha and 0.08ha),

which decreased significantly with neighborhood competition

intensity of big-sized trees at the scale of 0.04ha (Figure 3E).

Aboveground biomass of all woody individuals increased

significantly with aboveground biomass of big-sized trees

(Figure 3F) and DBH variation (Figure 3G), which increased

significantly with increasing soil nutrients at larger spatial

scales (Figure 3H).
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3.3 Relative importance of plant
diversity, big-sized trees, stand
structural complexity, and soil
nutrients on aboveground
biomass of all woody individuals

Aboveground biomass of big-sized trees displayed the strongest

effect on aboveground biomass of all woody individuals across all

spatial scales (Figures 4A–E). DBH variation had the second greatest

contribution at smaller scales from 0.04ha to 0.16ha, which then

decreased at the scale of 0.36ha. Neighborhood competition intensity

of big-sized trees contributed more to aboveground biomass of all

woody individuals at the smallest scale, with minor contributions at

larger scales. In addition, functional dispersion and CWM of leaf

phosphorus concentration displayed more contributions to

aboveground biomass of all woody individuals.
3.4 Effects of plant diversity, big-sized
trees, stand structural complexity, and soil
nutrients on aboveground biomass of all
woody individuals

Based on the SEM showed that 55.7%, 50.8%, 54.7%, 59.6% and

72.9% of the variation in aboveground biomass of all woody

individuals were explained by multiple plant diversity attributes,

soil nutrients, DBH variation, neighborhood competition intensity

and aboveground biomass of big-sized trees at five spatial scales,
B C

D E F

G H I

A

FIGURE 2

Comparison of (A) aboveground biomass of all woody individuals (AGB), (B) aboveground biomass of big-sized trees (BSAGB), (C) neighborhood
competition intensity of big-sized trees (BSNCI), (D) DBH variation (CVDBH), (E) species richness (SR), (F) phylogenetic diversity (PD), (G) functional
dispersion (FDis), (H) community-weighted mean of leaf phosphorus concentration (CWMLPC), and (I) soil nutrients (SoilPC1) based on violin plots
across five spatial scales. Different letter in each violin plot exhibits difference significantly at P<0.05.
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respectively (Figures 5A–E). CWM of leaf phosphorus

concentration displayed a direct negative effect on aboveground

biomass of all woody individuals across the five spatial scales, while

species richness and phylogenetic diversity indicated no significant
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direct effects. Neighborhood competition intensity of big-sized trees

had a stronger direct effect on aboveground biomass of all woody

individuals at the smallest scale (0.04ha), and indicated indirect

effects at the other scales via aboveground biomass of big-sized
B C

D E F

G H

A

FIGURE 3

Relationships between aboveground biomass of all woody individuals (AGB) and (A) species richness (SR), (B) phylogenetic diversity (PD),
(C) functional dispersion (FDis), (D) community-weighted mean of leaf phosphorus concentration (CWMLPC), (E) neighborhood competition intensity
of big-sized trees (BSNCI), (F) aboveground biomass of big-sized trees (BSAGB), (G) DBH variation, and (H) soil nutrients (SoilPC1) using ordinary least
linear regression at five scale-dependent changes including 0.04ha, 0.08ha, 0.16ha, 0.36ha, and 1ha.
B C D EA

FIGURE 4

Main predictors of aboveground biomass of all woody individuals based on the random forest model at five sampling scales: (A) 0.04ha, (B) 0.08ha,
(C) 0.16ha, (D) 0.36ha, and (E) 1ha. BSAGB, big-sized trees aboveground biomass; CVDBH, DBH variation; BSNCI, big-sized trees neighborhood
competition intensity; SR, species richness; PD, phylogenetic diversity; FDis, functional dispersion; CWMLPC, community-weighted mean of leaf
phosphorus concentration; SoilPC1, soil nutrients; %IncMSE, %Increase in mean squared error.
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trees. Simultaneously, aboveground biomass of big-sized trees

exhibited direct effects on aboveground biomass of all woody

individuals across all spatial scales. In addition, DBH variations

exhibited indirect effects on aboveground biomass of all woody

individuals via neighborhood competition intensity and

aboveground biomass of big-sized trees. Soil nutrients displayed

no significant effects at most spatial scales.
4 Discussion

In this study, we observed that plant species diversity exhibited

a fewer contribution to aboveground biomass of all woody
Frontiers in Ecology and Evolution 08
individuals across increasing spatial scales from 0.04 ha to 1 ha,

while neighborhood competition intensity, aboveground biomass of

big-sized trees and stand structural complexity displayed greater

contribution. These results support that big-sized trees and stand

structural complexity could affect the biodiversity–ecosystem

functioning relationship (Zhang and Chen, 2015; Ali et al., 2019;

Ali and Wang, 2021; Ali and Wang, 2021; Yuan et al., 2021). We

found that aboveground biomass of all woody individuals increased

with increasing plant species richness at the smallest spatial scale

(0.04ha), while this relationship weakened or even disappeared with

increasing spatial scales. Our study supported the first hypothesis

that the positive relationship between species richness and

aboveground biomass of all woody individuals decreased with
B

C D

E

A

FIGURE 5

Structural equation models depicting direct and indirect effects of species richness (SR), functional dispersion (FDis), phylogenetic diversity (PD),
community-weighted mean of leaf phosphorus concentration (CWMLPC), neighborhood competition intensity of big-sized trees (BSNCI), aboveground
biomass of big-sized trees (BSAGB), DBH variation (CVDBH), and soil nutrients (soilPC1) on aboveground biomass of all woody individuals (AGB) at five
sampling scales: (A) 0.04ha, (B) 0.08ha, (C) 0.16ha, (D) 0.36ha, and (E) 1ha. Blue solid arrows indicated significant positive effects, while red solid arrows
indicated significant negative effects with standardized coefficients and significance (*P<0.05, **P<0.01). Red dashed arrows suggested no significant
effects. Standardized total effects of abiotic and biotic factors on AGB from structural equation models are shown in the figure.
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increasing spatial scales. Previous studies found that the positive

relationship between aboveground biomass and species richness is

ubiquitous in forest ecosystems (Wu et al., 2015; Liang et al, 2016; Li

SF et al., 2018; Liu et al., 2018). Our findings also confirmed that

plant species richness was the main predictor in driving

aboveground biomass at the plot scale threshold from 400 m2

(Yuan et al., 2019; Li et al, 2021), 600 m2 (Wu et al., 2015; Zhang

and Chen, 2015), to 900 m2 (Liang et al., 2016; Liu et al., 2018). The

scale-dependent result in our study was consistent with similar

studies, which suggested that plant species richness had a positive

effect on aboveground biomass at small spatial scale (400 m2)

(Chisholm et al., 2013; Gonzalez et al., 2020). The species pool or

heterogeneity varied independently of productivity, and a non-

significant species richness–productivity relationship was found at

larger spatial scales (Šıḿová et al., 2013). Our findings suggested

that higher plant species richness was likely affected by habitat

heterogeneity at larger spatial scales, while habitat heterogeneity did

not depend on plant productivity.

The existence of scale dependencies in our findings suggest that

the species richness–aboveground biomass relationship was greatly

influenced by other biotic and abiotic factors (Fan et al., 2020;

Gonzalez et al., 2020). This could be potentially explained by

variation in ecosystem properties at different spatial scales. For

example, plant species richness, phylogenetic diversity, and

neighborhood competition intensity of big-sized trees increased

with increasing spatial scale, while bias of aboveground biomass of

all woody individuals became more stability with increasing spatial

scale (Figure 2). In fact, the positive relationship between plant

species richness and aboveground biomass of all woody individuals

at small spatial scales may be mediated by stem density rather than

selection and complementary effects (Chisholm et al., 2013).

Moreover, plant species richness exhibited no significant direct

effect on aboveground biomass of all woody individuals based on

the structural equation modeling across all spatial scales when other

response variables were considered.

Across all five spatial scales, aboveground biomass of big-sized

trees exhibited a consistently positive effect on aboveground

biomass of all woody individuals, suggesting that big-sized trees

are a strong driver in accumulating aboveground biomass of all

woody individuals in a tropical montane evergreen broad-leaved

forest. It is not surprising that aboveground biomass of big-sized

trees strongly affected aboveground biomass of all woody

individuals according to a simple power law relationship with tree

size. Big-sized trees displayed a disproportionate contribution to

stand-level productivity (Yuan et al., 2021), and fewer big-sized

trees contributed a larger fraction to aboveground biomass of all

woody individuals (Lohbeck et al., 2016; Ali and Wang, 2021).

These results emphasize the importance of the “big-sized trees

hypothesis” in sustaining ecosystem function, even though small-

and medium-sized trees contribute substantially to plant diversity

and soil carbon cycling in tropical forests (Ali et al., 2019). In a

tropical montane evergreen broad-leaved forest, big-sized trees

included slow-growing species, such as Castanopsis echinocarpa,

Lithocarpus truncates, Lithocarpus fenestratus, and Schima wallichii,

as well as fast-growing species, such as Alnus nepalensis, Lindera

metcalfiana var. dictyophylla, and Betula alnoides. The larger DBH
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of these species demonstrated greater resource availability for

biomass accumulation, including light-use efficiency and soil

nutrients uptake (Lohbeck et al., 2016; Ali and Wang, 2021; Yuan

et al., 2021), which have become stronger predictors of

aboveground biomass of all woody individuals in the stand level,

which have played a vital role in sustaining ecosystem function.

Our findings suggest that selection and complementarity effects

also played an important role in accumulating aboveground

biomass of all woody individuals. Stand structural complexity

displayed positive effect on aboveground biomass of all woody

individuals indirectly through aboveground biomass of big-sized

trees across all spatial scales, which suggested that complementarity

effects could maintain higher plant species richness resulting in

niche differentiation and facilitation (Zhang and Chen, 2015; Ali

et al., 2019; Mensah et al., 2020; Yuan et al., 2021). Big-sized trees

further supported the selection effect that larger productive and

functioning species can result in higher ecosystem provisioning

(Loreau and Hector, 2001; Šıḿová et al., 2013), which could serve as

a selection mechanism for more competitive species from an

abundant species pool with higher competition intensity.

Moreover, complementarity effect increased with competition

intensity, which could improve individual tree productivity

(Searle and Chen, 2020). In our study, big-sized trees indicated

complementary light use strategies among neighboring trees (Jucker

et al., 2014), which exhibited weaker competition with small- and

medium-sized woody species for light and water by niche

differentiation. Competition intensity played a crucial factor in

driving and regulating aboveground biomass allocation (Jucker

et al., 2014; Zhou et al., 2018; Mahaut et al., 2020). Neighborhood

competition intensity of big-sized trees displayed a positive effect on

aboveground biomass of all woody individuals at the smallest

spatial scale, as well as an indirect positive influence on

aboveground biomass of all woody individuals through

aboveground biomass of big-sized trees. These finding supports

our third hypothesis that neighborhood competition intensity of

big-sized trees regulated the relationship between plant diversity

and aboveground biomass of all woody individuals.

Our finding showed that CWM of leaf phosphorus

concentration demonstrated a negative effect on aboveground

biomass of all woody individuals at most spatial scales, which was

inconsistent with previous studies (Finegan et al., 2015; Ali et al.,

2017). In forest ecosystems, with high plant species richness and

complex community structure, it can be difficult to determine which

composition of traits could predict aboveground biomass of all

woody individuals with high plant species richness and complex

community structure. Functional traits are a promising tool for

exploring diversity–biomass relationship (Mahaut et al., 2020), and

functional trait compositions could enhance uptake of nutrients,

such as phosphorus, by trait complementarity in light, water, and

nutrient interception (De Deyn et al., 2008). Higher productivity

maybe depend on resource conservative trees (Yuan et al., 2021),

such as trees with lower leaf phosphorus concentrations. There are a

large number of small- and medium-sized woody species in this

tropical montane evergreen broad-leaved forest (Li et al., 2020b),

and growth of these species has been shown to be mainly influenced

by soil phosphorus (Li SF et al., 2018). Regardless, big-sized trees
frontiersin.org

https://doi.org/10.3389/fevo.2023.1188161
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Li et al. 10.3389/fevo.2023.1188161
were the main contributor to aboveground biomass of all woody

individuals, which may serve as one explanation for the lower

CWM of leaf phosphorus concentration with higher aboveground

biomass. This could be because dominant species traits may

determine ecosystem function based on the mass-ratio hypothesis

(Finegan et al., 2015; Lohbeck et al., 2016; Yuan et al., 2021). Our

results strongly suggest that CWM of leaf phosphorus

concentration of larger woody individuals is a more important

predictor of aboveground biomass than CWM of leaf phosphorus

concentration of all woody individuals in the tropical montane

evergreen broad-leaved forest.

Although previous studies suggested that soil nutrients play a

vital role in driving aboveground biomass (van der Sande et al.,

2018; Yuan et al., 2019), our study did not support given the scale-

dependent results. One possible explanation could be that the

magnitude and stability of ecosystem functioning depends

strongly on the degree of autocorrelation in the environment

(Gonzalez et al., 2020). Slower rate of species turnover on account

of similar soil nutrients may be attributable to a negligible effect on

accumulating aboveground biomass of all woody individuals in the

30ha dynamics plot. However, soil nutrients indirectly affected

aboveground biomass accumulation of all woody individuals

through big-sized trees, which suggested that big-sized trees with

deeper roots are more susceptible to minor soil nutrient variability

and improve aboveground biomass accumulation with greater soil

nutrients availability (Yuan et al., 2019; Ali and Wang, 2021).

The present study provided evidence to support that big-sized

trees attributes and functional diversity were more important roles

than other factors including soil nutrients and multiple biodiversity

attributes in determining accumulating aboveground biomass in a

tropical montane evergreen broad-leaved forest. Moreover, both

selection effects and complementarity effects could explain the

variation in accumulating aboveground biomass of all woody

individuals, and complementarity effects played a more important

role in accumulating aboveground biomass of big-sized trees than

selection effects. These results suggested that the two underlying

mechanisms are not contradictory, and that they may play an

irreplaceable role in accumulating aboveground biomass in a

tropical montane evergreen broad-leaved forest. Our study

strengthens the importance of neighborhood competition

intensity in accumulating aboveground biomass, and stand

structural complexity indicated an indirect effect on aboveground

biomass. Our findings provide meaningful suggestions for

afforestation and forest management that big-sized trees should

be retained and protected in considering the biodiversity–ecosystem

function relationship.
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