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1  | INTRODUC TION

Forests play important roles in terrestrial ecosystems as the most 
important biodiversity repositories and components of the global 

carbon cycle (Houghton et al., 2009; King et al., 2012). Variations in 
the biodiversity, as well as structural and abiotic factors (e.g., climate 
and soil), determine forest ecosystem functioning (Ali et al., 2019a; 
Paquette et al., 2015; Prado- Junior et al., 2016; Vargas- Larreta et al., 
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Abstract
Forests play a key role in regulating the global carbon cycle, a substantial portion of 
which is stored in aboveground biomass (AGB). It is well understood that biodiversity 
can increase the biomass through complementarity and mass- ratio effects, and the 
contribution of environmental factors and stand structure attributes to AGB was also 
observed. However, the relative influence of these factors in determining the AGB 
of Quercus forests remains poorly understood. Using a large dataset retrieved from 
523 permanent forest inventory plots across Northeast China, we examined the ef-
fects of integrated multiple tree species diversity components (i.e., species richness, 
functional, and phylogenetic diversity), functional traits composition, environmen-
tal factors (climate and soil), stand age, and structure attributes (stand density, tree 
size diversity) on AGB based on structural equation models. We found that species 
richness and phylogenetic diversity both were not correlated with AGB. However, 
functional diversity positively affected AGB via an indirect effect in line with the 
complementarity effect. Moreover, the community- weighted mean of specific leaf 
area and height increased AGB directly and indirectly, respectively; demonstrat-
ing the mass- ratio effect. Furthermore, stand age, density, and tree size diversity 
were more important modulators of AGB than biodiversity. Our study highlights that 
biodiversity– AGB interaction is dependent on the regulation of stand structure that 
can be even more important for maintaining high biomass than biodiversity in tem-
perate Quercus forests.
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2021; Yuan et al., 2016; Zhang & Chen, 2015). Hence, a better un-
derstanding of the relationship between multiple abiotic and biotic 
factors with aboveground biomass (AGB) is critical to sustaining 
forest ecosystem functions (Huang et al., 2018; Yuan et al., 2018). 
However, underlying mechanisms associated with this relationship 
have still not well understood.

Biodiversity can increase the AGB (Luo et al., 2019; Yuan et al., 
2016; Zhang & Chen, 2015). Two hypotheses proposed to explain 
the positive effect of biodiversity on AGB are complementar-
ity and mass- ratio effects. The complementarity effect predicts 
that increasing biodiversity can increase resource- use efficiency. 
Therefore, increased biodiversity enhances productivity (Tilman 
et al., 1997) because dissimilar species provide unique contributions 
to ecosystem function (Barry et al., 2019; Cadotte, 2017). Besides 
species richness (Mouquet et al., 2002; Tilman et al., 1997), recent 
studies have found that functional and/or phylogenetic diversity can 
have greater explanatory power on AGB than species richness (Dıáz 
& Cabido, 2001; Flynn et al., 2011; Fotis et al., 2018; Ruiz- Benito 
et al., 2014). Functional diversity can better capture the degree of 
functional redundancy and niche overlap. Phylogenetic diversity 
contains information on evolutionary distances, and it is used to 
reflect the diversity of phylogenetically conserved traits related to 
resource capture, use, and storage (Faith, 1992; Satdichanh et al., 
2019). Therefore, the positive effect of species richness, functional, 
and phylogenetic diversity on AGB can be considered as the com-
plementarity effects. The mass- ratio effect assumes that variation 
in AGB is driven by the trait values of the dominant species, which 
is captured by the community- weighted mean (CWM) of trait val-
ues (Cadotte, 2017). Thus, the positive relationship between the 
CWM trait values and AGB indicated the mass- ratio effect (Fotis 
et al., 2018). These two hypotheses have been deemed to work to-
gether in different ecosystems (Cardinale et al., 2007; Fotis et al., 
2018; Sonkoly et al., 2019). However, their relative importance is 
not fully understood. For example, Hao et al. (2020) found that 
mass- ratio effects were more important than the complementarity 
effect in driving the biomass of temperate secondary forests domi-
nated by Juglans mandshurica, Acer mono, Tilia amurensis, Tilia mand-
shurica, Pinus koraiensis, Betula platyphylla, and Populus davidiana in 
northeastern China. Fotis et al. (2018) found that AGB is driven by 
mass- ratio effects, but not complementarity effects, in a temperate 
deciduous forest dominated primarily by Acer rubrum, Acer saccha-
rum, and Liriodendron tulipifera. These studies further suggest that 
the biodiversity effect on AGB varied with forest types.

Beyond biodiversity, stand age, and forest structure, such as 
stand density and tree size complexity, also affect AGB in natural 
forests (Forrester & Bauhus, 2016; Forrester et al., 2013; Zhang & 
Chen, 2015). Stand age can enhance AGB via an increase in tree size 
(Barry et al., 2019; Becknell & Powers, 2014). The higher stand den-
sities are thought to increase AGB through a higher canopy packing 
(Forrester et al., 2018; Morin, 2015). Diverse structures result in leaf 
layering and multilayered canopies, and thus increase light capture 
and use among component species in a community (Lei et al., 2009). 
The structural diversity has greater explanatory power for biomass 

and productivity than species richness alone in forest ecosystems 
(Ali et al., 2019a; Fotis et al., 2018; Park et al., 2019). Importantly, 
forest communities with richer biodiversity are associated with di-
verse structures (Ali et al., 2019b) and higher stem density (Chisholm 
et al., 2013), suggesting that biodiversity can also increase AGB via 
the stand structure. However, little is known about how stand struc-
ture modify complementarity and/or mass- ratio effects.

Environmental factors are the key regulators of AGB in forests 
at large scales (Ali et al., 2020; Fotis et al., 2018; Jucker et al., 2016). 
Previous studies indicated that climate and soil can, directly and in-
directly, affect forest biodiversity and AGB (Ali et al., 2019a; Zhang 
& Chen, 2015). Environmental factors (e.g., climate and soil factors) 
may influence the growth and distribution of tree species (Matias 
et al., 2017; Paquette & Messier, 2011), which, in turn, affect the tree 
species composition and stand structure (Ali et al., 2020; Ouyang 
et al., 2019; Zhang & Chen, 2015). Therefore, environmental fac-
tors should be considered when testing the drivers of AGB in forest 
ecosystems.

Quercus forests are the largest forest component occupying 
9.21% and 8.32% of the total forest area and volume in China (State 
Forestry & Grassland Administration, 2019) and is one of major for-
est types on earth. Most of them are secondary forests with varied 
tree species compositions. Understanding the mechanisms driving 
the AGB of Quercus forests is of increasing significance to guide 
forest management. However, there was a knowledge gap on the 
drivers of AGB Quercus forests, especially the biodiversity– AGB 
relationships at large scales. Therefore, in this study, our objective 
was to integrate abiotic (climate and soil) and biotic (biodiversity, 
stand age, and stand structure) factors to assess the drivers of AGB 
of Quercus forests across Jilin Province in northeast China using a 
dataset from 523 permanent sample plots. We hypothesized that: 
(1) Tree species diversity and functional composition will have a 
positive effect on AGB through mass- ratio and/or complimentary 
effects; (2) the effect of complementarity and/or mass- ratio is de-
pendent on stand structure, because the higher biodiversity is as-
sociated with diverse structures and higher stand density (Ali et al., 
2019b; Chisholm et al., 2013); (3) abiotic and biotic factors also exert 
direct and indirect effects on AGB through their effects on biodiver-
sity and stand structure.

2  | MATERIAL S AND METHODS

2.1 | Study area and forest plots

The study area was in Jilin Province (40°52′– 46°18′N, 
121°38′−131°19′E) in northeast China (Figure 1). As one of the most 
important natural forest regions in China, Quercus forests in the 
province provide both timber and other ecosystem services. The 
climate, high- latitude East Asia monsoon, is temperate continental 
with warm summer, cold winter, abundant precipitation, and a short 
growing season. The mean annual temperature is 3.9℃, and the 
mean annual precipitation is 547 mm.
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The data of stand characteristics used in this study were re-
trieved from the permanent sample plots of the 9th National 
Forest Inventory (NFI) in 2014. Systematic sampling was used with 
a 4 × 8 km grid across Jilin Province (Figure 1). Each plot was a 
square with an area of 600 m2. We selected plots with the propor-
tion of Quercus larger than 30% by basal area, and in total 523 plots 
with weak human disturbances (the cutting intensity <1% by basal 
area) (see the spatial distribution of the sample plots in Figure 1). 
According to the protocols of the National Forest Inventory stan-
dards issued by the State Forestry Administration of China, geo-
graphic location (latitude and longitude) and altitude, tree species, 
DBH (1.3 m) of individual trees with DBH ≥ 5 cm, and stand age 
were recorded. Besides Quercus mongolica, other major tree species 
include Pterocarya stenoptera, Fraxinus mandshurica, Picea jezoen-
sis, B. platyphylla, Populus ussuriensis, J. mandshurica, Phellodendron 
amurense, and T. amurensis.

AGB values of all tree species were calculated using DBH- based 
allometric equations (Table S1). The total AGB per plot was the sum 
of the aboveground biomass of all trees with DBH ≥ 5 cm, which was 
then converted to tons per hectare (t ha−1).

2.2 | Environmental data

Climate variables used in the analysis included mean annual tem-
perature (MAT), mean annual precipitation (MAP), and annual heat– 
moisture index (AHM). AHM is a biologically relevant indicator of 
aridity, which was calculated as the ratio of temperature and pre-
cipitation (Wang et al., 2012). Based on the geographical location of 
plots, we extracted climate variables from ClimateAP v2.20 (Wang 
et al., 2017), and we used the mean values of these climate variables 
from 1981 to 2010.

Soil variables included soil pH and cation exchange capacity 
(CEC) representing available soil nutrients for plant growth (Ali et al., 
2019a; Poorter et al., 2017). Soil pH and CEC in each plot were de-
rived from the China Dataset of Soil Properties for Land Surface 
Modelling (Wei et al., 2013). We used the mean values of soil pH and 
CEC from the first to the fifth layer (0– 50 cm) for each plot.

2.3 | Biodiversity and stand structure

Tree species diversity (including species richness, functional diver-
sity, and phylogenetic diversity) and functional composition were 
calculated to examine their effects on AGB and elucidate under-
lying mechanisms. Functional diversity (FDis) represents the dif-
ference in functions or characteristics of species in a community 
(Laliberté & Legendre, 2010). FDis was calculated as the disper-
sion of functional traits of each plot using the mean trait value of 
species (Table S1), including specific leaf area (SLA, m2/kg), spe-
cies wood density (WD, g cm−3), and maximum tree height (H, m). 
These functional traits are physical characteristics that affect the 
growth, survival, and reproduction of individuals, and therefore, 
the AGB (Garnier et al., 2004). Functional composition is defined as 
the community weighted mean (CWM) of traits. The community- 
weighted mean (CWM) of single traits reflects the relative domi-
nance of species (Garnier et al., 2004), and it was calculated as 
the mean trait value of a plant in a community. The values of both 
FDis and CWM of traits were calculated using the dbFD function 
in the‘FD’ package in R (R Development Core Team, 2013). SLA 
values were extracted from the literature (Niu et al., 2017; Wang 
et al., 2018). The wood density values were obtained from the da-
tabase of global wood density (Zanne et al., 2009). The recorded 
maximum height of each species was compiled from Flora of China 

F I G U R E  1   Spatial distribution of the 
Quercus sample plots in Jilin Province, 
northeast China
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(Editorial Committee of Flora of China, 2004). Phylogenetic diver-
sity was represented as Faith's PD that is the sum of total phylo-
genetic branch lengths, weighted by abundance (Faith, 1992). The 
phylogenetic analysis was implemented using Phylocom version 
4.2 (Webb et al., 2008).

Stand structure includes stand density and tree size diversity 
(SD), of which SD was quantified based on the Shannon index of 
DBH in this study (Eq. [1]) (see Lei et al., 2009).

where pi is the relative basal area of the ith diameter class in a given 
plot, and d is the number of diameter classes. The diameter class width 
was set to 2 cm.

2.4 | Statistical analyses

Aboveground biomass (AGB) was ln- transformed prior to analyses. 
All variables of abiotic and biotic were standardized before conduct-
ing the analysis. Linear regression analyses were used to examine 
bivariate relationships between AGB and biodiversity.

Multiple linear mixed- effects (LME) models were used to ex-
amine the effects of biodiversity, stand age, stand structure, soil, 
and climate variables on the AGB of Quercus forests (Eq. (2)). We 
excluded MAP and phylogenetic diversity from a pair of candidate 
variables with a correlation coefficient larger than 0.75 to avoid the 
bias induced by multicollinear variables (Figure S1). The full model 
included two climate variables (MAT and AHM), two soil variables 
(soil pH and CEC), two diversity indices (species richness and func-
tional diversity), CWM functional trait values (maximum height, 
SLA, and wood density), stand age, and two structural variables 
(stand density and structural diversity). Region (county)- level ran-
dom effect was included in the model intercept. Model selection 
was then conducted by comparing all possible models based on the 
corrected Akaike information criterion (AICc). For each response 
variable, we calculated the average model based on selected mod-
els (ΔAICc < 2) (Table S2), as implemented in the R package‘MuMIn’ 
(Bartoń, 2016).

where AGB is aboveground biomass; diversity is species richness and 
functional diversity; CWM is the CWM of height, SLA, and wood den-
sity; structure represents the tree size diversity and stand density; age 
is stand mean age; climate and soil are candidate variables mentioned 
above; β0 is the estimated fixed intercept; β1, β2, β3, β4, β5, and β6 are the 
model coefficients estimated for the biodiversity, CWM, structural, 
age, climate, and soil, respectively; bcounty represents the random ef-
fect; and � represents the error term.

Structural equation modeling (SEM) was performed to test the 
direct and indirect effects of the driving factors above- mentioned 
on AGB based on our conceptual model (Figure 2). The best- fit SEM 
was evaluated based on a non- significant Chi- square (χ2) test sta-
tistic (p > .05), comparative fit index (CFI) > 0.95, and lowest AIC 
value (Tables S3 and S4). We only reported the results derived from 
the selected best- fitted SEM. The relative contribution of each pre-
dictor to AGB was calculated as the ratio between the beta co-
efficient of a given predictor and the sum of beta coefficients of 
all predictors and expressed as a percentage. We used the total 
standardized effect and beta coefficient (i.e., direct and indirect 
effects) of a given predictor to maintain consistency between our 
conceptual model (Figure 2) and tested SEMs (Yuan et al., 2019). 
The SEM model was constructed using the AMOS software (IBM 
SPSS Amos v24).

3  | RESULTS

3.1 | Effects of biodiversity on aboveground 
biomass

When bivariate relationships between biodiversity and AGB were 
examined, AGB was positively correlated with functional diver-
sity (Table 1; R2 = .021, p < .001), but not significantly correlated 
with species richness and phylogenetic diversity (Table 1, p > .05). 
Regarding the functional composition, AGB was positively correlated 

(1)SD = −

d
∑

i=1

pi ∗ logpi

(2)
LnAGB =�0+�1 ∗diversity+�2 ∗CWM+�3 ∗ structure

+�4 ∗age+�5 ∗climate+�6 ∗ soil+bcounty+�,

F I G U R E  2   Hypothetical causal model for structural equation 
model (SEM) exploring the effects of biodiversity (species richness, 
functional diversity, phylogenetic diversity, functional trait 
composition), stand age, structure, and environmental variables on 
aboveground biomass (AGB). We predict that environment, stand 
age, and biodiversity directly or indirectly affect AGB through 
altering stand structural attributes
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with CWM of SLA (CWMSLA) (Table1; R2 = .110, p < .001), but not 
significantly correlated with CWM of height (CWMH) and wood den-
sity (CWMWD) (Table 1).

3.2 | Drivers of aboveground biomass

Multiple linear mixed- effects models accounted for 78% of the 
variation in AGB (Figure 3, Table S2). Regarding the environment 
variables, the annual heat– moisture index had a significantly nega-
tive effect on AGB. However, temperature, soil pH, and CEC had 
no significant effects on AGB. Among biotic variables, stand age, 
tree size diversity, and stand density had strong positive effects 
on AGB, followed by CWMSLA and CWMH (Figure 3). However, the 
functional diversity had a significantly negative effect on ABG. 
Species richness and CWMWD did not have a significant effect on 
AGB (Figure 3).

3.3 | The direct and indirect effects of main drivers 
on aboveground biomass

The final SEM provided a good fit to the data and accounted for 78% 
of the variation in AGB (Figure 4). Stand age, tree size diversity, and 
stand density had strong positive direct effects on AGB (Figure 4). 
However, functional diversity had a weak negative direct, but indirect 
positive effect on AGB via tree size diversity. Moreover, CWMH and 
CWMSLA had direct and indirect positive effects via stand density 
on AGB. Annual heat– moisture index had significant direct, as well 
as indirect negative, effects on AGB. The indirect negative effects 
were mediated by tree size diversity and stand density (Figure 4). 
Calculations of the relative contribution of each predictor using 
the final path models showed that stand age (31%) and structural 

attributes (tree size diversity, 22%; stand density, 13%) had the high-
est effect on AGB, followed by AHM (9%), CWMSLA (9%), CWMH 
(8%), and functional diversity (8%) (Figure 4).

4  | DISCUSSION

This study evaluates the importance of tree species richness, func-
tional diversity, functional composition (CWM), stand age, structural 
attributes, and environmental factors to the AGB of Quercus for-
ests at a large scale. Specifically, functional diversity, CWMSLA and 
CWMH indirectly affect the AGB via tree size diversity and stand 
density, respectively. These results suggest that variation in stand 
density and tree size diversity act as a mechanism linking the mass- 
ratio effect and complementarity effect and simultaneously drives 
the AGB of Quercus forests. AHM and stand age also exert direct 
and indirect effects on AGB through their effects on biodiversity 
and stand structure.

TA B L E  1   Model outputs of the linear regression testing effects 
of tree species diversity and community- weighted means (CWM) of 
functional trait values on aboveground biomass

Predictor Slope (SE) R2 p value

Tree species diversity

Species richness 0.059 
(0.048)

.001 .223

Functional diversity 0.145 
(0.042)

.021 <.001

Phylogenetic diversity −0.072 
(0.048)

.002 .138

Community- weight means of trait values

CWM of height −0.088 
(0.047)

.005 .062

CWM of specific leaf area 0.378 
(0.047)

.110 <.001

CWM of wood density 0.023 
(0.049)

.000 .632

F I G U R E  3   Effect of the predictor variables on aboveground 
biomass (AGB) from linear mixed- effects models. Each variable 
was standardized and their effect sizes (circles) were compared to 
determine differences in the strength of predictor variables. Filled 
circles indicate significant effects (p < .05). The lines indicate the 
95% confidence interval. Note that the terms excluded in the best- 
fit model were left blank
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4.1 | Effects of biodiversity on AGB depend on tree 
size diversity and stand density

Our results indicated that both species richness and phylogenetic 
diversity had non- significant relationships with AGB. Moreover, 
functional diversity had a weak positive relationship with AGB of 
Quercus forests and the positive relationships became negative 
when accounting for other predictors. These results were inconsist-
ent with previous studies conducted in temperate forests that found 
positive relationships between functional diversity and AGB (Hao 
et al., 2020; Ruiz- Benito et al., 2014; Vargas- Larreta et al., 2021; Vilà 
et al., 2003; Yuan et al., 2016). Other studies also observed consist-
ent results as neutral (Hardiman et al., 2011; Paquette & Messier, 

2011; Yue et al., 2020) and negative relationships (Fahey et al., 2015; 
Fotis et al., 2018; Jacob et al., 2010).

Interestingly, we found that tree size diversity had a strong pos-
itive effect on AGB, and functional diversity had an indirect positive 
effect via tree size diversity. This was consistent with the results 
of Ali et al. (2019a) who found that functional diversity positively 
affected AGB by increasing tree crown variation in a subtropical 
forest. Zhang and Chen (2015) also found that AGB was indirectly in-
creased with tree species diversity via increasing tree size inequality. 
This result suggests that the relationship between biodiversity and 
AGB is linked to other predictor variables, such as stand structure 
(Zhang & Chen, 2015). Forest communities with higher biodiversity 
are associated with diverse structures (Ali et al., 2019b). Diverse 

F I G U R E  4   Structural equation model 
relating aboveground biomass (AGB) to 
environmental factors, biodiversity, stand 
age, and stand structure attributes and 
relative contributions. (a) Lines represent 
significant paths (p ≤ .05, orange: positive; 
blue: negative). The thickness of the 
solid arrows reflects the magnitude of 
the standardized prediction coefficients. 
The dotted lines indicate non- significant 
effects. R2 denotes the proportion of 
explained variance. (b) Beta coefficients 
and the relative contribution (%) of abiotic 
and biotic factors on AGB. Filled bars 
represent the direct effects of abiotic 
and biotic factors on AGB, while dotted 
line bars represent indirect effects. The 
relative contribution in the pie chart 
represents the amount of variance 
explained by a given predictor of AGB 
within a given SEM. AHM, annual heat– 
moisture index; Age, stand age; Density, 
stand density; SD, tree size diversity; FDis, 
functional diversity; CWMSLA and CWMH, 
community- weighted means of specific 
leaf area and height
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structures of forests contribute to an increase in light capture or 
light use utilization through high canopy packing densities and large 
vertical physical space (Forrester et al., 2019; Fotis et al., 2018; Lei 
et al., 2009; Lohbeck et al., 2015; Yuan et al., 2018). Therefore, tree 
size diversity acts as a driver for the positive effects of biodiversity 
on AGB, and it is linked to the complementarity effect.

The mass- ratio hypothesis predicts that ecosystem properties 
should be largely determined by the dominant species characteris-
tics within a community (Grime, 1998). Therefore, if the mass- ratio 
effect drives the relationships between biodiversity and ecosystem 
functioning, then the AGB should closely correlate with the CWM 
of traits. Our results indicated that the CWMSLA and CWMH had 
significantly positive effects on AGB of Quercus forests when other 
predictors are controlled (Figures 3 and 4); supporting the mass- 
ratio effects in our study. This was consistent with other studies 
that found strong mass- ratio effects on AGB in temperate forests 
(Fotis et al., 2018; Hao et al., 2020). These results were largely in 
line with our expectations because biomass and productivity are 
associated with the resource acquisition abilities of tree species 
(Chiang et al., 2016; Fotis et al., 2018). For example, there were 
high SLA values of tree species (dominant species of Q. mongolica, 
F. mandshurica, Tilia tuan, J. mandshurica, and P. amurense) and the 
tall tree (dominant species: P. koraiensis, and Picea asperata) in our 
study. Meanwhile, we found that the AGB of Quercus forests was 
influenced by stand density, and stand density acted as an indirect 
effect of CWMSLA and CWMH on AGB. This was consistent with the 
results of Chiang et al. (2016), who found that the trait of maximum 
height may indirectly contribute to ecosystem function by influ-
encing stem density in a subtropical forest. Therefore, AGB can be 
driven by the mass- ratio effect indirectly affecting canopy packing 
densities. As stand density increases, the interactions among indi-
viduals and tree species will be more intensive, and the AGB can 
be mainly contributed by competitively superior tree species with 
strong resource acquisition abilities (Cadotte, 2017; Wright et al., 
2004; Yuan et al., 2018). Specially, we found that both CWMSLA and 
CWMH were more important than functional diversity in driving the 
AGB of Quercus forests. Therefore, the mass- ratio effect was more 
important than that of the complementarity effect (Figure 4b). This 
is consistent with previous multiple studies showing that biomass 
storage can be better explained by mass- ratio effect than by the 
complementarity effect (Chiang et al., 2016; Prado- Junior et al., 
2016; Villa et al., 2020). Fotis et al. (2018) also found that the AGB 
was driven by mass- ratio effects in a temperate deciduous forest. 
Our results provided additional evidence regarding the importance 
of stand structure in maintaining the AGB of Quercus forests.

4.2 | The relative effects of abiotic and biotic 
factors on AGB

In addition to stand density and tree size diversity, stand age also 
had larger effects on AGB than tree species diversity and functional 

composition did. We also found an indirect positive effect of stand 
age on AGB via functional diversity, CWMSLA, and tree size diver-
sity. Older stands contain larger and older trees (Campetella et al., 
2011; Enquist et al., 1999). The stand age can enhance biomass and 
productivity via an increase in tree size variation (Ali et al., 2017; 
Ouyang et al., 2019; Zhang & Chen, 2015), tree species diversity, 
and CWM of traits (Becknell & Powers, 2014). For example, Alvarez- 
Anorve et al. (2012) found a positive relationship between stand age 
and CWMSLA. Thus, future studies on the role of biodiversity on AGB 
and other ecosystem functions may benefit from accounting for co-
variance factors of stand age.

Our results support the general theoretical predictions and em-
pirical findings that large- scale patterns of AGB and productivity 
are regulated by climate (Frank et al., 2015; Hooper et al., 2012), 
not through direct effects, but also indirect effects, such as biodi-
versity and stand structure (Chen et al., 2018; Chu et al., ; Maestre 
et al., 2012). In this study, the AHM was significantly and negatively 
related to AGB, biodiversity, and functional composition. This was 
consistent with previous studies indicating that climatic water was a 
key resource for trees, which could dramatically affect the structure, 
biomass, and productivity of forests (Ali et al., 2020; Chen et al., 
2018; Poorter et al., 2017). Moreover, the indirect AHM effect on 
AGB was mediated by functional diversity, stand density, and tree 
size diversity; further reinforcing the direct effect on AGB. In addi-
tion, the soil pH and CEC had a non- significant effect on AGB. These 
results supported the general notion that climate rather than soils 
can greatly determine biomass and productivity in large- scale for-
ests (Conradi et al., 2020; Poorter et al., 2017).

4.3 | Implications for management of 
Quercus forests

Results from this study showed that both functional diversity and 
composition (acquisitive traits: CWMH and CWMSLA) can signifi-
cantly influence AGB in temperate Quercus forests. Specifically, 
functional diversity and composition simultaneously and indirectly 
drive aboveground biomass through stand structure. Our results 
provided additional evidence regarding the importance of functional 
traits and stand structure in maintaining the AGB of Quercus forests 
and should be considered in future sustainable forest management 
decision making. Maintaining complex stand structure and including 
other tree species with important functional traits will be benefi-
cial to meet the management objectives of biomass production and 
biodiversity conservation for Quercus forests. In addition, because 
functional traits allow species to establish in habitats with contrast-
ing environmental filters (Maracahipes et al., 2018), future studies 
should test how the functional traits strategies (e.g., acquisitive and 
conservative strategies) drive biomass/productivity of oak forests 
among different ecological gradients, which has important implica-
tions in maintaining high biomass, especially in future changing envi-
ronmental conditions.
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5  | CONCLUSION

Our findings indicate that functional diversity, functional composi-
tion, stand age, structure (i.e., stand density and tree size diversity), 
and environmental factors contribute to the geographic variation in 
AGB of temperate Quercus forests. Stand age and structure were 
the most important drivers of AGB. CWM of traits had larger ef-
fects on AGB than functional diversity did. However, species rich-
ness and phylogenetic diversity had a non- significant effect on 
AGB. Functional diversity significantly but indirectly affected AGB 
through their effects on tree size diversity. Functional traits compo-
sition directly and indirectly enhanced AGB via stand density. The 
mass- ratio effect was more important than the complementarity 
effect. Our results provide valuable information for policy- makers 
and practice at national and regional levels and highlight the impor-
tance of the conservation of diverse forests, especially diverse stand 
structure, for enhancing their aboveground biomass in terms of pro-
viding ecosystem services.

ACKNOWLEDG EMENTS
This work was supported by the Fundamental Research 
Funds for the Central Non- profit Research Institute of CAF 
(CAFYBB2018ZB001- 9, CAFYBB2018SY022) and Forestry Public 
Welfare Scientific Research Project (No. 201504303). We thank two 
anonymous reviewers for their constructively critical comments that 
have helped improve the manuscript.

AUTHOR CONTRIBUTIONS
Wen- Qiang Gao: Conceptualization (lead); Data curation (lead); 
Formal analysis (lead); Methodology (lead); Validation (lead); Writing- 
original draft (lead); Writing- review & editing (lead). Xiang- Dong 
Lei: Conceptualization (supporting); Formal analysis (supporting); 
Methodology (supporting); Validation (lead); Writing- review & edit-
ing (lead). Dong- Li Gao: Data curation (supporting); Writing- review 
& editing (supporting). Yu- Tang Li: Data curation (lead).

DATA AVAIL ABILIT Y S TATEMENT
The datasets used and/or analysed during the current study are 
available from the corresponding author on reasonable request.

ORCID
Wen- Qiang Gao  https://orcid.org/0000-0003-4477-3913 

R E FE R E N C E S
Ali, A., Lin, S. L., He, J. K., Kong, F. M., Yu, J. H., & Jiang, H. S. (2019a). 

Climate and soils determine aboveground biomass indirectly via 
species diversity and stand structural complexity in tropical for-
ests. Forest Ecology and Management, 432, 823– 831. https://doi.
org/10.1016/j.foreco.2018.10.024

Ali, A., Lin, S. L., He, J. K., Kong, F. M., Yu, J. H., & Jiang, H. S. (2019b). Tree 
crown complementarity links positive functional diversity and abo-
veground biomass along large- scale ecological gradients in tropical 
forests. Science of the Total Environment, 656, 45– 54. https://doi.
org/10.1016/j.scito tenv.2018.11.342

Ali, A., Sanaei, A., Li, M., Nalivan, O. A., Ahmadaali, K., Pour, M. J., Valipour, 
A., Karami, J., Aminpour, M., Kaboli, H., & Askari, Y. (2020). Impacts 
of climatic and edaphic factors on the diversity, structure and bio-
mass of species−poor and structurally−complex forests. Science of 
the Total Environment, 706, 135719. https://doi.org/10.1016/j.scito 
tenv.2019.135719

Ali, A., Yan, E. R., Chang, S. X., Cheng, J. Y., & Liu, X. Y. (2017). Community- 
weighted mean of leaf traits and divergence of wood traits predict 
aboveground biomass in secondary subtropical forests. The Science 
of the Total Environment, 574, 654– 662. https://doi.org/10.1016/j.
scito tenv.2016.09.022

Alvarez- Anorve, M. Y., Quesada, M., Sánchez- Azofeifa, G. A., Avila- 
Cabadilla, L. D., & Gamon, J. A. (2012). Functional regeneration and 
spectral reflectance of trees during succession in a highly diverse 
tropical dry forest ecosystem. American Journal of Botany, 99, 816– 
826. https://doi.org/10.3732/ajb.1100200

Barry, K. E., Mommer, L., van Ruijven, J., Wirth, C., Wright, A. J., Bai, 
Y., Connolly, J., De Deyn, G. B., de Kroon, H., Isbell, F., Milcu, A., 
Roscher, C., Scherer- Lorenzen, M., Schmid, B., & Weigelt, A. (2019). 
The future of complementarity: Disentangling causes from conse-
quences. Trends in Ecology and Evolution, 34, 167– 180. https://doi.
org/10.1016/j.tree.2018.10.013

Bartoń, K. (2016). MuMIn: Multi- model inference. R package version 1.15.6. 
https://CRAN.R- proje ct.org/packa ge=MuMIn

Becknell, J. M., & Powers, J. S. (2014). Stand age and soils as drivers of 
plant functional traits and aboveground biomass in secondary trop-
ical dry forest. Canadian Journal of Forest Research, 44, 604– 613. 
https://doi.org/10.1139/cjfr- 2013- 0331

Cadotte, M. W. (2017). Functional traits explain ecosystem function 
through opposing mechanisms. Ecology Letters, 20, 989– 996. 
https://doi.org/10.1111/ele.12796

Campetella, G., Botta- Dukát, Z., Wellstein, C., Canullo, R., Gatto, S., 
Chelli, S., Mucina, L., & Bartha, S. (2011). Patterns of plant trait- 
environment relationships along a forest succession chronose-
quence. Agriculture Ecosystems and Environment, 145, 38– 48. 
https://doi.org/10.1016/j.agee.2011.06.025

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., 
Srivastava, D. S., Loreau, M., & Weis, J. J. (2007). Impacts of plant 
diversity on biomass production increase through time because of 
species complementarity. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 18123– 18128. https://
doi.org/10.1073/pnas.07090 69104

Chen, S., Wang, W., Xu, W., Wang, Y., Wan, H., Chen, D., Tang, Z., Tang, X., 
Zhou, G., Xie, Z., Zhou, D., Shangguan, Z., Huang, J., He, J.- S., Wang, 
Y., Sheng, J., Tang, L., Li, X., Dong, M., … Bai, Y. (2018). Plant diver-
sity enhances productivity and soil carbon storage. Proceedings of 
the National Academy of Sciences of the United States of America, 115, 
4027– 4032. https://doi.org/10.1073/pnas.17002 98114

Chiang, J.- M., Spasojevic, M. J., Muller- Landau, H. C., Sun, I.- F., Lin, Y., 
Su, S.- H., Chen, Z.- S., Chen, C.- T., Swenson, N. G., & McEwan, R. W. 
(2016). Functional composition drives ecosystem function through 
multiple mechanisms in a broadleaved subtropical forest. Oecologia, 
182, 829– 840. https://doi.org/10.1007/s0044 2- 016- 3717- z

Chisholm, R. A., Muller- Landau, H. C., Abdul Rahman, K., Bebber, D. P., 
Bin, Y., Bohlman, S. A., Bourg, N. A., Brinks, J., Bunyavejchewin, 
S., Butt, N., Cao, H., Cao, M., Cárdenas, D., Chang, L.- W., 
Chiang, J.- M., Chuyong, G., Condit, R., Dattaraja, H. S., Davies, 
S., … Zimmerman, J. K. (2013). Scale- dependent relation-
ships between tree species richness and ecosystem function 
in forests. Journal of Ecology, 101, 1214– 1224. https://doi.
org/10.1111/1365- 2745.12132

Chu, C., Lutz, J. A., Král, K., Vrška, T., Yin, X., Myers, J. A., Abiem, I., 
Alonsa, A., Bourg, N., Burslem, D. F. R. P., Cao, M., Chapman, H., 
Condit, R., Fang, S., Fischer, G. A., Gao, L., Hao, Z., Hau Billy, C. 
H., He, Q., … He, F. (2018). Direct and indirect effects of climate 

https://orcid.org/0000-0003-4477-3913
https://orcid.org/0000-0003-4477-3913
https://doi.org/10.1016/j.foreco.2018.10.024
https://doi.org/10.1016/j.foreco.2018.10.024
https://doi.org/10.1016/j.scitotenv.2018.11.342
https://doi.org/10.1016/j.scitotenv.2018.11.342
https://doi.org/10.1016/j.scitotenv.2019.135719
https://doi.org/10.1016/j.scitotenv.2019.135719
https://doi.org/10.1016/j.scitotenv.2016.09.022
https://doi.org/10.1016/j.scitotenv.2016.09.022
https://doi.org/10.3732/ajb.1100200
https://doi.org/10.1016/j.tree.2018.10.013
https://doi.org/10.1016/j.tree.2018.10.013
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1139/cjfr-2013-0331
https://doi.org/10.1111/ele.12796
https://doi.org/10.1016/j.agee.2011.06.025
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1073/pnas.1700298114
https://doi.org/10.1007/s00442-016-3717-z
https://doi.org/10.1111/1365-2745.12132
https://doi.org/10.1111/1365-2745.12132


16814  |     GAO et Al.

on richness drive the latitudinal diversity gradient in forest trees. 
Ecology Letters, 22, 245– 255. https://doi.org/10.1111/ele.13175

Conradi, T., Meerbeek, K. V., Ordonez, A., Svenning, J. C., & Penuelas, 
J. (2020). Biogeographic historical legacies in the net primary pro-
ductivity of Northern Hemisphere forests. Ecology Letters, 23, 800– 
810. https://doi.org/10.1111/ele.13481

Dı ́az, S., & Cabido, M. (2001). Vive la différence: Plant functional 
diversity matters to ecosystem processes. Trends in Ecology 
and Evolution, 16, 646– 655. https://doi.org/10.1016/S0169 
- 5347(01)02283 - 2

Editorial Committee of Flora of China (2004). Flora Reipublicae Popularis 
Sinicae (Chinese Edition of Flora of China). Science Press.

Enquist, B. J., West, G. B., Charnov, E. L., & Brown, J. H. (1999). Allometric 
scaling of production and life- history variation in vascular plants. 
Nature, 401, 907– 911. https://doi.org/10.1038/44819

Fahey, R. T., Fotis, A. T., & Woods, K. D. (2015). Quantifying canopy com-
plexity and effects on productivity and resilience in late succes-
sional hemlock−hardwood forests. Ecological Applications, 25, 834– 
847. https://doi.org/10.1890/14- 1012.1

Faith, D. P. (1992). Conservation evaluation and phylogenetic di-
versity. Biological Conservation, 61, 1– 10. https://doi.
org/10.1016/0006- 3207(92)91201 - 3

Flynn, D. F. B., Mirotchnick, N., Jain, M., Palmer, M. I., & Naeem, S. (2011). 
Functional and phylogenetic diversity as predictors of biodiversity– 
ecosystem– function relationships. Ecology, 92, 1573– 1581. https://
doi.org/10.1890/10- 1245.1

Forrester, D. I., Ammer, C., Annighöfer, P. J., Barbeito, I., Bielak, K., Bravo- 
Oviedo, A., … Pretzsch, H. (2018). Effects of crown architecture 
and stand structure on light absorption in mixed and monospecific 
Fagus sylvatica and Pinus sylvestris forests along a productivity and 
climate gradient through Europe. Journal of Ecology, 106, 746– 760.

Forrester, D. I., & Bauhus, J. (2016). A review of processes behind diver-
sity−productivity relationships in forests. Current Forestry Reports, 
2, 45– 61. https://doi.org/10.1007/s4072 5- 016- 0031- 2

Forrester, D. I., Kohnle, U., Albrecht, A. T., & Bauhus, J. (2013). 
Complementarity in mixed−species stands of Abies alba and Picea 
abies varies with climate, site quality and stand density. Forest 
Ecology and Management, 304, 233– 242. https://doi.org/10.1016/j.
foreco.2013.04.038

Forrester, D. I., Rodenfels, P., Haase, J., Härdtle, W., Leppert, K. N., 
Niklaus, P. A., von Oheimb, G., Scherer- Lorenzen, M., & Bauhus, 
J. (2019). Tree−species interactions increase light absorption 
and growth in Chinese subtropical mixed−species plantations. 
Oecologia, 191, 421– 432. https://doi.org/10.1007/s0044 2- 019- 
04495 - w

Fotis, A. T., Murphy, S. J., Ricart, R. D., Krishnadas, M., Whitacre, J., 
Wenzel, J. W., Queenborough, S. A., & Comita, L. S. (2018). Above- 
ground biomass is driven by mass- ratio effects and stand structural 
attributes in a temperate deciduous forest. Journal of Ecology, 106, 
561– 570. https://doi.org/10.1111/1365- 2745.12847

Frank, D., Reichstein, M., Bahn, M., Thonicke, K., Frank, D., Mahecha, 
M. D., Smith, P., Velde, M., Vicca, S., Babst, F., Beer, C., Buchmann, 
N., Canadell, J. G., Ciais, P., Cramer, W., Ibrom, A., Miglietta, F., 
Poulter, B., Rammig, A., … Zscheischler, J. (2015). Effects of climate 
extremes on the terrestrial carbon cycle: Concepts, processes and 
potential future impacts. Global Change Biology, 21, 2861– 2880. 
https://doi.org/10.1111/gcb.12916

Garnier, E., Cortez, J., Billès, G., Navas, M. L., Roumet, C., Debussche, M., 
… Toussaint, J. P. (2004). Plant functional marker capture ecosystem 
properties during secondary succession. Ecology, 85, 2630– 2637.

Grime, J. P. (1998). Benefits of plant diversity to ecosystems: Immediate, 
filter and founder effects. Journal of Ecology, 86, 902– 910. https://
doi.org/10.1046/j.1365- 2745.1998.00306.x

Hao, M., Messier, C., Geng, Y., Zhang, C., Zhao, X., & von Gadowet, 
K. (2020). Functional traits influence biomass and productivity 

through multiple mechanisms in a temperate secondary forest. 
European Journal of Forest Research, 139, 959– 968. https://doi.
org/10.1007/s1034 2- 020- 01298 - 0

Hardiman, B. S., Bohrer, G., Gough, C. M., Vogel, C. S., & Curtis, P. S. 
(2011). The role of canopy structural complexity in wood net pri-
mary production of a maturing northern deciduous forest. Ecology, 
92, 1818– 1827. https://doi.org/10.1890/10- 2192.1

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A., 
Matulich, K. L., Gonzalez, A., Duffy, J. E., Gamfeldt, L., & O'Connor, 
M. I. (2012). A global synthesis reveals biodiversity loss as a major 
driver of ecosystem change. Nature, 486, 105– 108. https://doi.
org/10.1038/natur e11118

Houghton, R. A., Hall, F., & Goetz, S. J. (2009). Importance of biomass in 
the global carbon cycle. Journal of Geophysical Research Atmospheres, 
114, G00E03. https://doi.org/10.1029/2009J G000935

Huang, Y., Chen, Y., Castro- Izaguirre, N., Baruffol, M., Brezzi, M., Lang, 
A., Li, Y., Härdtle, W., von Oheimb, G., Yang, X., Liu, X., Pei, K., Both, 
S., Yang, B. O., Eichenberg, D., Assmann, T., Bauhus, J., Behrens, 
T., Buscot, F., … Schmid, B. (2018). Impacts of species richness on 
productivity in a large−scale subtropical forest experiment. Science, 
362, 80– 83. https://doi.org/10.1126/scien ce.aat6405

Jacob, M., Leuschner, C., & Thomas, F. M. (2010). Productivity of tem-
perate broad−leaved forest stands differing in tree species diver-
sity. Annals of Forest Science, 67, 503– 512. https://doi.org/10.1051/
fores t/2010005

Jucker, T., Avăcăriței, D., Bărnoaiea, I., Duduman, G., Bouriaud, O., 
Coomes, D. A., & Gilliam, F. (2016). Climate modulates the effects of 
tree diversity on forest productivity. Journal of Ecology, 104, 388– 
398. https://doi.org/10.1111/1365- 2745.12522

King, A. W., Hayes, D. J., Huntzinger, D. N., West, T. O., & Post, W. 
M. (2012). North American carbon dioxide sources and sinks: 
Magnitude, attribution, and uncertainty. Frontiers in Ecology and the 
Environment, 10, 512– 519. https://doi.org/10.1890/120066

Laliberté, E., & Legendre, P. (2010). A distance−based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 
299– 305. https://doi.org/10.1890/08- 2244.1

Lei, X., Wang, W., & Peng, C. (2009). Relationships between stand 
growth and structural diversity in spruce- dominated forests in New 
Brunswick, Canada. Canadian Journal of Forest Research, 39, 1835– 
1847. https://doi.org/10.1139/X09- 089

Lohbeck, M., Poorter, L., Martínez- Ramos, M., & Bongers, F. (2015). 
Biomass is the main driver of changes in ecosystem process rates 
during tropical forest succession. Ecology, 96, 1242– 1252. https://
doi.org/10.1890/14- 0472.1

Luo, Y.- H., Cadotte, M. W., Burgess, K. S., Liu, J., Tan, S.- L., Zou, J.- Y., Xu, 
K., Li, D.- Z., & Gao, L.- M. (2019). Greater than the sum of the parts: 
How the species composition in different forest strata influence 
ecosystem function. Ecology Letters, 22, 1449– 1461. https://doi.
org/10.1111/ele.13330

Maestre, F. T., Quero, J. L., Gotelli, N. J., Escudero, A., Ochoa, V., Delgado- 
Baquerizo, M., García- Gómez, M., Bowker, M. A., Soliveres, S., 
Escolar, C., García- Palacios, P., Berdugo, M., Valencia, E., Gozalo, 
B., Gallardo, A., Aguilera, L., Arredondo, T., Blones, J., Boeken, B., 
… Zaady, E. (2012). Plant species richness and ecosystem multi-
functionality in global drylands. Science, 335, 214– 218. https://doi.
org/10.1126/scien ce.1215442

Maracahipes, L., Carlucci, M. B., Lenza, E., Marimon, B. S., Junior, 
B. H. M., Guimarães, F. A. G., & Cianciaruso, M. V. (2018). 
How to live in contrasting habitats? Acquisitive and conserva-
tive strategies emerge at inter-  and intraspecific levels in sa-
vanna and forest woody plants. Perspectives in Plant Ecology 
Evolution and Systematics, 34, 17– 25. https://doi.org/10.1016/j.
ppees.2018.07.006

Matias, L., Linares, J. C., Sanchez, M. A., & Jump, A. (2017). Contrasting 
growth forecasts across the geographical range of Scots pine due 

http://doi.org/10.1111/ele.13175
https://doi.org/10.1111/ele.13481
https://doi.org/10.1016/S0169-5347(01)02283-2
https://doi.org/10.1016/S0169-5347(01)02283-2
https://doi.org/10.1038/44819
https://doi.org/10.1890/14-1012.1
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1890/10-1245.1
https://doi.org/10.1890/10-1245.1
https://doi.org/10.1007/s40725-016-0031-2
https://doi.org/10.1016/j.foreco.2013.04.038
https://doi.org/10.1016/j.foreco.2013.04.038
https://doi.org/10.1007/s00442-019-04495-w
https://doi.org/10.1007/s00442-019-04495-w
https://doi.org/10.1111/1365-2745.12847
https://doi.org/10.1111/gcb.12916
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1007/s10342-020-01298-0
https://doi.org/10.1007/s10342-020-01298-0
https://doi.org/10.1890/10-2192.1
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature11118
https://doi.org/10.1029/2009JG000935
https://doi.org/10.1126/science.aat6405
https://doi.org/10.1051/forest/2010005
https://doi.org/10.1051/forest/2010005
https://doi.org/10.1111/1365-2745.12522
https://doi.org/10.1890/120066
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1139/X09-089
https://doi.org/10.1890/14-0472.1
https://doi.org/10.1890/14-0472.1
https://doi.org/10.1111/ele.13330
https://doi.org/10.1111/ele.13330
https://doi.org/10.1126/science.1215442
https://doi.org/10.1126/science.1215442
https://doi.org/10.1016/j.ppees.2018.07.006
https://doi.org/10.1016/j.ppees.2018.07.006


     |  16815GAO et Al.

to altitudinal and latitudinal differences in climatic sensitivity. 
Global Change Biology, 23, 4106– 4116. https://doi.org/10.1111/
gcb.13627

Morin, X. (2015). Species richness promotes canopy packing: A promis-
ing step towards a better understanding of the mechanisms driving 
the diversity effects on forest functioning. Functional Ecology, 29, 
993– 994. https://doi.org/10.1111/1365- 2435.12473

Mouquet, N., Moore, J. L., & Loreau, M. (2002). Plant species rich-
ness and community productivity: Why the mechanism that pro-
motes coexistence matters. Ecology Letters, 5, 56– 65. https://doi.
org/10.1046/j.1461- 0248.2002.00281.x

Niu, C. Y., Meinzer, F. C., & Hao, G. Y. (2017). Divergence in strategies 
for coping with winter embolism among co- occurring temper-
ate tree species: The role of positive xylem pressure, wood type 
and tree stature. Functional Ecology, 31, 1550– 1560. https://doi.
org/10.1111/1365- 2435.12868

Ouyang, S., Xiang, W., Wang, X., Xiao, W., Chen, L., Li, S., Sun, H., Deng, 
X., Forrester, D. I., Zeng, L., Lei, P., Lei, X., Gou, M., & Peng, C. 
(2019). Effects of stand age, richness and density on productivity 
in subtropical forests in China. Journal of Ecology, 107, 2266– 2277. 
https://doi.org/10.1111/1365- 2745.13194

Paquette, A., Joly, S., & Messier, C. (2015). Explaining forest productivity 
using tree functional traits and phylogenetic information: Two sides 
of the same coin over evolutionary scale? Ecology and Evolution, 5, 
1774– 1783. https://doi.org/10.1002/ece3.1456

Paquette, A., & Messier, C. (2011). The effect of biodiversity 
on tree productivity: From temperate to boreal forests. 
Global Ecology and Biogeography, 20, 170– 180. https://doi.
org/10.1111/j.1466- 8238.2010.00592.x

Park, J., Kim, H. S., Jo, H. K., & Jung, I. B. (2019). The Influence of Tree 
Structural and Species Diversity on Temperate Forest Productivity 
and Stability in Korea. Forests, 10, (12), 1113. https://doi.
org/10.3390/f1012 1113

Poorter, L., van der Sande, M. T., Arets, E. J. M. M., Ascarrunz, N., Enquist, 
B. J., Finegan, B., Licona, J. C., Martínez- Ramos, M., Mazzei, L., 
Meave, J. A., Muñoz, R., Nytch, C. J., de Oliveira, A. A., Pérez- 
García, E. A., Prado- Junior, J., Rodríguez- Velázques, J., Ruschel, 
A. R., Salgado- Negret, B., Schiavini, I., … Peña- Claros, M. (2017). 
Biodiversity and climate determine the functioning of Neotropical 
forests. Global Ecology and Biogeography, 26, 1423– 1434. https://
doi.org/10.1111/geb.12668

Prado- Junior, J. A., Schiavini, I., Vale, V. S., Arantes, C. S., Sande, M. T., 
Lohbeck, M., & Poorter, L. (2016). Conservative species drive bio-
mass productivity in tropical dry forests. Journal of Ecology, 104, 
817– 827. https://doi.org/10.1111/1365- 2745.12543

R Development Core Team (2013). R: A Language and Environment for 
Statistical Computing. R Foundation for Statistical Computing, 
Vienna, Austria.

Ruiz- Benito, P., Madrigal- González, J., Ratcliffe, S., Coomes, D. A., 
Kändler, G., Lehtonen, A., Wirth, C., & Zavala, M. A. (2014). Stand 
structure and recent climate change constrain stand basal area 
change in European forests: A comparison across boreal, temper-
ate, and mediterranean biomes. Ecosystems, 17, 1439– 1454. https://
doi.org/10.1007/s1002 1- 014- 9806- 0

Satdichanh, M., Ma, H., Yan, K., Dossa, G. G. O., Winowiecki, L., Vågen, 
T. G., Gassner, A., Xu, J., & Harrison, R. D. (2019). Phylogenetic 
diversity correlated with above- ground biomass production 
during forest succession: Evidence from tropical forests in 
Southeast Asia. Journal of Ecology, 107, 1419– 1432. https://doi.
org/10.1111/1365- 2745.13112

Sonkoly, J., Kelemen, A., Valkó, O., Deák, B., Kiss, R., Tóth, K., Miglécz, 
T., Tóthmérész, B., & Török, P. (2019). Both mass ratio effects and 
community diversity drive biomass production in a grassland exper-
iment. Scientific Reports, 9, 1848. https://doi.org/10.1038/s4159 8- 
018- 37190 - 6

State Forestry and Grassland Administration (2019). China Forest 
Resources Report (2014– 2018). China Forestry Publishing House.

Tilman, D., Lehman, C. L., & Thomson, K. T. (1997). Plant diversity and 
ecosystem productivity: Theoretical considerations. Proceedings of 
the National Academy of Sciences of the United States of America, 94, 
1857– 1861.

Vargas- Larreta, B., López- Martínez, J. O., González, E. J., Corral- 
RivasJosé, J., & Hernández, F. J. (2021). Assessing above- ground 
biomass- functional diversity relationships in temperate forests in 
northern Mexico. Forest Ecosystems, 8, 8. https://doi.org/10.1186/
s4066 3- 021- 00282 - 3

Vilà, M., Vayreda, J., Gracia, C., & Ibáñez, J. J. (2003). Does tree diversity 
increase wood production in pine forests? Oecologia, 135, 299– 303. 
https://doi.org/10.1007/s0044 2- 003- 1182- y

Villa, P. M., Ali, A., Martins, S. V., de Oliveira Neto, S. N., Rodrigues, A. 
C., Teshome, M., … Gastauer, M. (2020). Stand structural attributes 
and functional trait composition overrule the effects of functional 
divergence on aboveground biomass during Amazon forest suc-
cession. Forest Ecology and Management, 477, 118481. https://doi.
org/10.1016/j.foreco.2020.118481

Wang, H., Harrison, S. P., Prentice, I. C., Yang, Y., Bai, F., Togashi, H. F., 
Wang, M., Zhou, S., & Ni, J. (2018). The China Plant Trait Database: 
Toward a comprehensive regional compilation of functional traits 
for land plants. Ecology, 99, 500. https://doi.org/10.1002/ecy.2091

Wang, T., Hamann, A., Spittlehouse, D. L., & Murdock, T. Q. (2012). 
ClimateWNA— High- resolution spatial climate data for Western 
North America. Journal of Applied Meteorology and Climatology, 51, 
16– 29. https://doi.org/10.1175/JAMC- D- 11- 043.1

Wang, T., Wang, G., Innes, J. L., Seely, B., & Chen, B. (2017). ClimateAP: 
An application for dynamic local downscaling of historical 
and future climate data in Asia Pacific. Frontiers of Agricultural 
Science and Engineering, 4, 448– 458. https://doi.org/10.15302/ 
J- FASE- 2017172

Webb, C. O., Ackerly, D. D., & Kembel, S. W. (2008). Phylocom: Software 
for the analysis of phylogenetic community structure and trait evo-
lution. Bioinformatics, 24, 2098– 2100. https://doi.org/10.1093/
bioin forma tics/btn358

Wei, S., Dai, Y., Liu, B., Zhu, A., Duan, Q., Wu, L., Ji, D., Ye, A., Yuan, H., 
Zhang, Q., Chen, D., Chen, M., Chu, J., Dou, Y., Guo, J., Li, H., Li, J., 
Liang, L., Liang, X., …, Zhang, Y. (2013). A China data set of soil prop-
erties for land surface modeling. Journal of Advances in Modeling 
Earth Systems, 5, 212– 224. https://doi.org/10.1002/jame.20026

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., Cavender- Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., 
Flexas, J., Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont, 
B. B., Lee, T., Lee, W., Lusk, C., … Villar, R. (2004). The world-
wide leaf economics spectrum. Nature, 428, 821– 827. https://doi.
org/10.1038/natur e02403

Yuan, Z., Ali, A., Jucker, T., Ruiz- Benito, P., Wang, S., Jiang, L., Wang, X., 
Lin, F., Ye, J. I., Hao, Z., & Loreau, M. (2019). Multiple abiotic and bi-
otic pathways shape biomass demographic processes in temperate 
forests. Ecology, 100, e02650. https://doi.org/10.1002/ecy.2650

Yuan, Z., Ali, A., Wang, S., Gazol, A., Freckleton, R., Wang, X., Lin, F., Ye, 
J. I., Zhou, L. I., Hao, Z., & Loreau, M. (2018). Abiotic and biotic de-
terminants of coarse woody productivity in temperate mixed for-
ests. Science of the Total Environment, 630, 422– 431. https://doi.
org/10.1016/j.scito tenv.2018.02.125

Yuan, Z., Wang, S., Gazol, A., Mellard, J., Lin, F., Ye, J., Hao, Z., Wang, X., 
& Loreau, M. (2016). Multiple metrics of diversity have different 
effects on temperate forest functioning over succession. Oecologia, 
182, 1175– 1185. https://doi.org/10.1007/s0044 2- 016- 3737- 8

Yue, Q., Hao, M., Li, X., Zhang, C., von Gadow, K., & Zhao, X. (2020). 
Assessing biotic and abiotic effects on forest productivity in three 
temperate forests. Ecology and Evolution, 10, 7887– 7900. https://
doi.org/10.1002/ece3.6516

https://doi.org/10.1111/gcb.13627
https://doi.org/10.1111/gcb.13627
https://doi.org/10.1111/1365-2435.12473
https://doi.org/10.1046/j.1461-0248.2002.00281.x
https://doi.org/10.1046/j.1461-0248.2002.00281.x
https://doi.org/10.1111/1365-2435.12868
https://doi.org/10.1111/1365-2435.12868
https://doi.org/10.1111/1365-2745.13194
https://doi.org/10.1002/ece3.1456
https://doi.org/10.1111/j.1466-8238.2010.00592.x
https://doi.org/10.1111/j.1466-8238.2010.00592.x
http://dx.doi.org/10.3390/f10121113
http://dx.doi.org/10.3390/f10121113
https://doi.org/10.1111/geb.12668
https://doi.org/10.1111/geb.12668
https://doi.org/10.1111/1365-2745.12543
https://doi.org/10.1007/s10021-014-9806-0
https://doi.org/10.1007/s10021-014-9806-0
https://doi.org/10.1111/1365-2745.13112
https://doi.org/10.1111/1365-2745.13112
https://doi.org/10.1038/s41598-018-37190-6
https://doi.org/10.1038/s41598-018-37190-6
https://doi.org/10.1186/s40663-021-00282-3
https://doi.org/10.1186/s40663-021-00282-3
https://doi.org/10.1007/s00442-003-1182-y
https://doi.org/10.1016/j.foreco.2020.118481
https://doi.org/10.1016/j.foreco.2020.118481
https://doi.org/10.1002/ecy.2091
https://doi.org/10.1175/JAMC-D-11-043.1
https://doi.org/10.15302/J-FASE-2017172
https://doi.org/10.15302/J-FASE-2017172
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.1002/jame.20026
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.1002/ecy.2650
https://doi.org/10.1016/j.scitotenv.2018.02.125
https://doi.org/10.1016/j.scitotenv.2018.02.125
https://doi.org/10.1007/s00442-016-3737-8
https://doi.org/10.1002/ece3.6516
https://doi.org/10.1002/ece3.6516


16816  |     GAO et Al.

Zanne, A. E., Lopez- Gonzalez, G., Coomes, D. A., Ilic, J., Jansen, S., Lewis, 
S. L., Miller, R. B., Swenson, N. G., Wiemann, M. C., & Chave, J. 
(2009). Data from: Towards a worldwide wood economics spectrum, 
Dryad, Dataset. https://doi.org/10.5061/dryad.234

Zhang, Y., & Chen, H. Y. H. (2015). Individual size inequality links forest 
diversity and above- ground biomass. Journal of Ecology, 103, 1245– 
1252. https://doi.org/10.1111/1365- 2745.12425

SUPPORTING INFORMATION
Additional supporting information may be found in the online version 
of the article at the publisher’s website.

How to cite this article: Gao, W.- Q., Lei, X.- D., Gao, D.- L., & Li, 
Y.- T. (2021). Mass- ratio and complementarity effects 
simultaneously drive aboveground biomass in temperate 
Quercus forests through stand structure. Ecology and Evolution, 
11, 16806– 16816. https://doi.org/10.1002/ece3.8312

https://doi.org/10.5061/dryad.234
https://doi.org/10.1111/1365-2745.12425
https://doi.org/10.1002/ece3.8312

