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Abstract
Aim: Tree species diversity can increase the stability of ecosystem productivity by 
increasing mean productivity and/or reducing the standard deviation in productivity. 
However, stand structure, environmental and socio-economic conditions influence 
plant diversity and might strongly influence the relationships between diversity and 
stability in natural forest communities. The relative importance of these factors for 
community stability remains poorly understood in complex (species-rich) subtropical 
forests.
Location: Subtropical area of southern China.
Time period: 1999–2014.
Major taxa studied: Forest trees.
Methods: We conducted bivariate analyses to examine the mechanisms (overyielding 
and species asynchrony) underlying the effects of diversity on stability. Multiple re-
gression models were then used to determine the relative importance of tree species 
diversity, stand structure, socio-economic factors and environmental conditions on 
stability. Structural equation modelling was used to disentangle how these variables 
directly and/or indirectly affect forest stability.
Results: Tree species richness exerted a positive effect on stability through overyield-
ing and species asynchrony, and this effect was stronger in mountainous forests than 
in hilly forests. Species richness positively affected the mean productivity, whereas 
species asynchrony negatively affected the variability in productivity, hence increas-
ing forest stability. Structural diversity also had a positive effect, whereas population 
density had a negative effect on stability. Precipitation variability and slope mainly 
had indirect influences on stability through their effects on tree species richness.
Main conclusions: Overall, tree species diversity governed stability; however, stand 
structure, socio-economic conditions and environmental conditions also played 
an important role in shaping stability in these forests. Our work highlights the im-
portance of regulating stand structure and socio-economic factors in forest man-
agement and biodiversity conservation, to maintain and enhance their stability to 
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1  | INTRODUC TION

Forest ecosystems not only provide the primary habitats for a wide 
range of species, but are also essential for the provision of a diverse 
range of ecosystem services to human society (Ferreira et al., 2018; 
Isbell et al., 2017). Ecosystem processes change through time in 
response to environmental fluctuations and disturbances (García-
Palacios et al., 2018; Polley & Wilsey, 2018). In this context, the sta-
bility of forest productivity (hereafter “stability”) is a management 
goal to sustain ecosystem services for an expanding human popu-
lation and in the face of global change (Millar & Stephenson, 2015; 
Polley & Wilsey, 2018). A prerequisite to stabilizing productivity is an 
improved understanding of how biological attributes of ecosystems 
interact with environmental fluctuations to affect temporal variabil-
ity in plant growth (Polley & Wilsey, 2018).

There is mounting evidence that biodiversity enhances for-
est stability and ecosystem functioning and services (e.g., Hautier 
et al., 2014; Isbell et al., 2015; Jucker et al., 2014; Yuan et al., 2019). 
The stability reflects how much community biomass fluctuates 
through time, often annually, which can be defined as the ratio 
between mean productivity (µ) and its variation (σ, the SD of pro-
ductivity) (Jucker et al., 2014; Wang & Loreau, 2016). Overyielding 
and species asynchrony are the two main mechanisms proposed to 
explain the effects of diversity on the temporal stability of ecosys-
tem processes (Hector et al., 2010). Overyielding mathematically 
increases ecosystem stability by increasing µ relative to σ (Hector 
et al., 2010; Lehman & Tilman, 2000). Species synchrony is related to 
the temporal complementarity among species, which could generate 
a stabilizing influence by reducing σ (Loreau & de Mazancourt, 2013). 
Greater plant species richness has been shown to result in a greater 
stability of plant community productivity over many years in 
grasslands (Hautier et al., 2014; Isbell et al., 2015; Wang, Cadotte, 
et al., 2019) and dryland ecosystems (García-Palacios et al., 2018). 
For forest ecosystems, however, most studies to date were con-
ducted in comparatively species-poor forest ecosystems, such as 
European temperate forests (del Río et al., 2017; Jucker et al., 2014), 
Canadian boreal forests (Aussenac et al., 2019) and tropical exper-
imental tree plantations (Schnabel et al., 2019). Tree plantation ex-
periments allow an examination of the underlying mechanisms, but 
their results are difficult to extrapolate to “real-world” ecosystems 
that are influenced by human activities. In contrast, causal inference 
can be more difficult using large-scale inventory datasets of natu-
rally regenerated forests, but these can be used to study the impacts 
of environmental gradients and socio-economic factors on the rela-
tionship between species diversity and stability.

The effects of species diversity on stand stability have been ex-
tensively reported, whereas structural diversity has received less 
investigation (Forrester, 2019; Lei et al., 2009; Liang et al., 2007; 
Soares et al., 2016). Metrics of structural diversity, such as the Gini 
coefficient (Weiner & Solbrig, 1984), standard deviation (SD) and co-
efficient of variation (CV) of tree diameters (Schnabel et al., 2019; 
Soares et al., 2016; Zhang & Chen, 2015), have been found to affect 
stand productivity (Soares et al., 2016; Zhang & Chen, 2015).

Beyond species diversity and structural diversity, other environ-
mental factors (such as local climate and topography) can also influ-
ence forest stability directly or indirectly via their effects on species 
richness and stand structural attributes (del Río et al., 2017; Jucker 
et al., 2014, 2016; Poorter et al., 2017). Precipitation and interan-
nual variability in precipitation influence community stability by al-
tering community composition and species richness (García-Palacios 
et al., 2018; Isbell et al., 2015; Mazzochini et al., 2019). Topography 
has proved to be a good predictor of plant resource availability (Guo 
et al., 2017) and thus to be a key driver for determining tree species 
diversity, stand structure and productivity (Bohlman et al., 2008; 
Guo et al., 2014) and further affecting the relationship between 
diversity and forest productivity (Poorter et al., 2017; Takyu 
et al., 2002). Moreover, other studies have found that tree cover 
(a proxy for productivity) is affected by topography because steep 
terrain is less accessible to human activities (Belote, 2018; Nüchel 
et al., 2019). Therefore, it is important to understand how variability 
in environmental factors influences stability.

Increasing human disturbances and pressures (e.g., economic de-
velopment, urban expansions and human population density) have 
caused widespread forest fragmentation and degradation [Chazdon 
et al., 2017; Ferreira et al., 2018; Food and Agriculture Organization 
(FAO), 2015; Gonzalez et al., 2020]. The frequency and severity 
of these processes are likely to increase (Isbell et al., 2015; Jactel 
et al., 2017), and there might be new combinations of disturbances 
and pressures as a result of global change and other anthropogenic 
influences (Millar & Stephenson, 2015). These processes could af-
fect vegetation composition, diversity and growth, and thereby re-
duce resistance to natural or anthropogenic disturbance (Newbold 
et al., 2015; van der Plas et al., 2016) and also affect forest sta-
bility (Greve et al., 2011; Messier et al., 2019). Rapid human pop-
ulation density growth, accelerated economic development and 
drastic land-use change have been the main sources of human dis-
turbances and pressures that have resulted in biodiversity loss (Chen 
et al., 2018; Huang et al., 2019; Martínez-Ramos et al., 2016; Quan 
et al., 2011). Previous studies have also shown that socio-economic 
factors (e.g., drastic increases in human population density) have 
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had negative effects on forest growth owing to the greater risk of 
forest destruction to support the development of social and eco-
nomic systems (Nüchel et al., 2019; Wen et al., 2017). Moreover, it 
is worth noting that the relationship between biomass production 
and diversity is not direct, but is also mediated by human manage-
ment and human population density (Messier et al., 2019; Schulze 
et al., 2018). However, little is known about the influence of these 
disturbance-mediated changes on the relationship between stability 
and diversity in forests. Therefore, understanding how socio-eco-
nomic factors influence this relationship should be considered in 
further research.

Subtropical forests are an important hotspot of tree species 
richness, often in heterogeneous environments (Liu et al., 2018; 
Xiang et al., 2016). These forests have a high capacity for carbon 
(C) storage and have the potential to sequester huge amounts of C 
in the future (Liu et al., 2018; Ouyang et al., 2019). Nevertheless, 
anthropogenic disturbances (e.g., logging, agriculture and urban ex-
pansion) have resulted in drastic changes in ecological conditions 
that have caused biodiversity loss and reduced the capacity of these 
forests to maintain important ecosystem functions and services (Liu 
et al., 2018). The complex interactions of species diversity, stand 
structure, environment and human influence on stability have not 
yet been examined, although an understanding of these processes 
is crucial for designing biodiversity conservation and effective man-
agement strategies.

The areas where forests are distributed in southern China can be 
classified as mountainous areas and hilly areas. Forests in mountain-
ous areas are located at high elevations and on steep slopes, where 
forests are difficult to access for harvest and the main management 
objective is nature conservation; thus, these forests have very low 
management intensity. In contrast, forests in hilly areas are located 
on gentler topography (low elevations and less steep slopes); hence, 
they experience a higher management intensity. We hypothesize 
that forests in mountainous areas will exhibit a stronger relationship 
between diversity and forest stability, owing to the complex topog-
raphy and lower level of human activities than in hilly areas. In order 
to study the effects of such factors on stability, the statistical rep-
lication of biomass or productivity should be sufficiently large (e.g., 
Jucker et al., 2014; del Rio et al., 2017). Large-scale estimates of 
biomass have been derived successfully from national forest inven-
tory (NFI) data and have provided important insights into large-scale 
forest biomass stock and productivity dynamics (Fang et al., 2014; 
Ouyang et al., 2019; Pan et al., 2011).

In this study, we analysed a large dataset including national for-
est inventories from 1999 to 2014 across Hunan Province, China, to 
address three major questions:

1. Is stability significantly associated with tree species diversity 
in subtropical forests?

2. What are the effects of overyielding and species asynchrony on 
stability of subtropical forests?

3. What are the main driving factors determining stability of sub-
tropical forests?

In order to answer these questions, we investigated a key suite 
of species diversity, stand structure, environmental conditions and 
socio-economic variables that we hypothesize might modulate 
forest stability and its two components (µ and σ of productivity). 
Specifically, we hypothesize that: (a) diversity is positively correlated 
with stability after controlling for the effects of stand structure, en-
vironmental factors and socio-economic factors, and the positive 
effect of diversity on stability in mountainous areas is stronger than 
that in hilly areas because forests in hilly areas experience more in-
tense human impacts; (b) overyielding affects stability more strongly 
than species asynchrony in subtropical forests, because relatively 
slow changes in species composition of forests might limit the im-
portance of species asynchrony as a promoter of stability (del Río 
et al., 2017; Jucker et al., 2014; Yu et al., 2020); and (c) environmental 
and socio-economic factors also exert direct and indirect effects on 
stability via their effects on species and stand structure.

2  | MATERIAL S AND METHODS

2.1 | Study area

The study was conducted in Hunan Province (latitude 108°47′–
114°15′ E, longitude 24°38′–30°08′ N), situated in the mid-sub-
tropical area of China (Figure 1). Hunan Province is located in the 
transition zone from the Yunnan–Guizhou plateau to the lower 
mountains and hills on the southern side of the Yangtze River and 
has an elevation between 21 and 2,122 m a.s.l. The study area has 
a typical humid mid-subtropical monsoon. The mean annual air tem-
perature is 16–18°C. The mean precipitation is c. 1200–1700 mm, 
occurring primarily between April and October (Huang et al., 2014). 
The soils are red–yellow podzolic soils, which developed mostly from 
slate and shale parent material, and are classified as Plinthudults, 
according to the U.S. Soil Taxonomy. The climax vegetation of the 
region is subtropical evergreen broadleaved forest. Owing to an-
thropogenic disturbances in the 1960s–1970s, most natural forests 
were converted into plantations (Qi, 1990). Since the late 1980s, the 
Chinese government has implemented afforestation and natural for-
est restoration projects, meaning that most forests have naturally 
generated and become secondary forests. The forest areas of Hunan 
Province have increased rapidly from 43.5% of its total land area in 
the 1980s to 55.9% in the 2010s. Most forests are mixtures of co-
niferous, deciduous broadleaved and evergreen broadleaved species 
(Song, 2013; Xiang et al., 2016).

2.2 | Forest inventory and data collection

The stand data were acquired from permanent sample plots 
(25.82 m × 25.82 m, according to the protocols of the National 
Forest Inventory standards issued by the Chinese Ministry of 
Forestry) located across Hunan Province (Figure 1) from 1999 
to 2014, which were surveyed in the Fourth to Seventh National 



     |  503UYANG et Al.

Forest Inventories of China (1999, 2004, 2009 and 2014). Our 
study sites represent a typical topography and intensity of an-
thropogenic disturbance, and we grouped them into two distur-
bance levels relevant to topographic and socio-economic factors: 
mountainous forests (n = 137) and hilly forests (n = 105) (Figure 1). 
Within each plot, geographical location (latitude and longitude) 
and topographical variables (slope, elevation and slope position) 
were measured. All individual trees ≥ 5 cm diameter at breast 
height (d.b.h., 1.3 m) were recorded and identified to the species 
level.

2.3 | Calculations of productivity and community 
temporal stability

All individuals with a d.b.h. ≥ 5 cm were used in the analysis. After 
the total stock volume for each plot was calculated, the total bio-
mass was estimated using the biomass expansion factor method, 
which is an accurate method for estimation of forest biomass at 
large scales (Fang et al., 2014). The forest productivity was then 
determined as biomass increments between two inventories 
(Ouyang et al., 2019).

The community temporal stability of productivity within each 
plot was quantified as (Jucker et al., 2014; Wang & Loreau, 2016):

where μ and σ are the mean and the SD of the productivity of the 
inventory data with four repetitions.

2.4 | Species synchrony and overyielding

Species asynchrony was calculated for each plot as (Loreau & de 
Mazancourt, 2013):

where δ is the variance of community productivity, and δi is 
the SD of productivity of species i in a community with N species. 
Species asynchrony reflects how the productivity of multiple spe-
cies differs over the time. We performed linear regressions between 
species asynchrony and stability, in addition to its two components 
(μ and σ). A positive relationship between species richness and mean 
productivity indicates that effects of overyielding contribute to eco-
system stability (Hector et al., 2010; Jucker et al., 2014). We expect 
overyielding to increase mean productivity, and we expect species 
asynchrony to decrease the temporal variation in productivity.

2.5 | Species diversity and stand structure

We used species and structural diversity metrics to improve our un-
derstanding of the processes that drive stability, because previous 
studies have shown that these metrics can be correlated strongly 
with forest productivity (Dănescu et al., 2016; Schnabel et al., 2019). 
Species diversity was quantified as species richness (number of tree 
species within a plot). Stand structure was quantified by tree size 
(d.b.h.) and structural diversity. Using the method suggested by 

(1)Stability =

�

�

(2)Speciesasynchrony = 1 −

�2

�
∑

N

i= 1
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�2

F I G U R E  1   Spatial distribution of the forest plots in southern China. Blue dots indicate forests in hilly areas, and red dots indicate forests 
in mountainous areas [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Schnabel et al. (2019), three metrics of forest structural diversity (SD 
of d.b.h., CV of d.b.h. and Gini CV of d.b.h.) were calculated to quan-
tify the diversity of diameter.

2.6 | Environmental variables

We used elevation and slope as topographical factors that can po-
tentially influence forest productivity. For each location, we gath-
ered annual climatic data (mean air temperature and precipitation) 
of the same period (1999–2014) from the meteorological stations 
across Hunan Province (http://data.cma.cn/). We chose four climatic 
variables, including mean annual temperature (MAT; in degrees 
Celsius), mean annual precipitation (MAP; in millimetres), interannual 
variability in precipitation (SD of MAP) and interannual variability in 

temperature (SD of MAT). Previous studies have shown that these 
variables represent the mean annual levels and variability of pre-
cipitation and temperature (García-Palacios et al., 2018; Holmgren 
et al., 2013) and that plant growth is likely to be affected by these 
variables (García-Palacios et al., 2018; Hutchison et al., 2014; Zhao 
and Running, 2010).

2.7 | Socio-economic data

Both human population density and gross domestic product (GDP) 
were used as variables to represent socio-economic activities. 
These two datasets (1 km resolution) were obtained from the 
Data Center for Resources and Environmental Sciences, Chinese 
Academy of Sciences (RESDC; http://www.resdc.cn; Xu, 2017a, 

Variable Definition Unit Source

Climatic China Meteorological Data Sharing 
Service System (http://data.cma.cn/)

MAT Mean annual 
temperature

°C

SD of MAT Standard deviation 
of mean annual 
temperature

MAP Mean annual 
precipitation

mm

SD of MAP Standard deviation 
of mean annual 
precipitation

Topographic

Slope Surface gradient °

Elevation Elevation m

Socio-
economic

RESDC, http://www.resdc.cn

GDP Gross domestic 
product per square 
kilometre

RMB/km2

Population 
density

Human population 
density per square 
kilometre

number/
km2

Species 
diversity

Species 
richness

Species in a plot number/
plot

Stand 
structure

d.b.h. Diameter at breast 
height

cm

SD of d.b.h. Standard deviation 
of d.b.h.

CV of d.b.h. Coefficient of 
variation of d.b.h.

Gini CV of 
d.b.h.

Gini coefficient of 
d.b.h.

TA B L E  1   Biotic and abiotic variables 
used in the analysis and their sources

http://data.cma.cn/
http://www.resdc.cn
http://data.cma.cn/
http://www.resdc.cn
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2017b). We calculated the mean values of population density and 
GDP between the 2000 and 2014 in our analysis to represent their 
effects on stability.

2.8 | Statistical analysis

All variables used in this study are listed in Table 1. Linear regression 
analyses were used to evaluate the effects of species richness and 
species asynchrony on stability. One-way ANOVA, followed by the 
least significant difference (LSD), was used to test the differences in 
stability between the two areas (hilly and mountainous). Ordinary 
least squares regression and testing whether forest areas influenced 
the regressions were computed using the R package “smatr” v.3.4 
(Warton et al., 2012). The coefficient of determination (R2), the 95% 
confidence intervals for the slopes and the intercepts of the regres-
sion between species richness and stability were determined.

Multiple regression models were used to examine the effects 
of diversity on stability and on its two components (µ and σ of 
productivity), in addition to those of covarying stand structural, 
socio-economic and environmental factors. All variables were 
standardized before conducting the multiple regression analysis. 
To remove the multicollinear variables (Supporting Information 
Figure S1), we included predictor variables in the models only 
when the variance inflation factor (VIF) was less than five (Uriarte 
et al., 2012). The VIF was calculated using the R package “car” (Fox 
et al., 2017). Consequently, the full model included four climatic 
variables (MAP, MAT, temperature variability and precipitation 
variability), two topographical variables (elevation and slope), 
two forest structure variables (tree d.b.h. and SD of d.b.h.), two 
socio-economic variables (GDP and population density), one for-
est type (i.e., hilly and mountain forests) and one diversity vari-
able (species richness). The best model was selected using the 
corrected Akaike information criterion (AICc) by considering the 
lowest AICc and number of predictor variables (Bartoń, 2016; 
Burnham & Anderson, 2002). This analysis was conducted using 
the dredge () function in the R package “MuMIn” (Bartoń, 2016).

Structural equation models were used to determine the di-
rect and indirect effects of the above-mentioned driving factors 
on stability and its two components (mean and SD of produc-
tivity). We formulated a hypothetical causal model (Supporting 

Information Figure S2), based on a priori knowledge, in two steps. 
Firstly, we divided stability into two components (mean and SD 
of productivity) and included direct paths from species richness 
and species asynchrony to the two components, which represent 
the underlying mechanisms of stability (Craven et al., 2018; Loreau 
& Hector, 2001). Secondly, we included indirect paths from cli-
mate (García-Palacios et al., 2018; Mazzochini et al., 2019), slope 
(Nüchel et al., 2019; Zhang et al., 2019) and population density 
(Chen et al., 2018; Schulze et al., 2018) to stability because these 
factors could affect the forest stability via species and structural 
diversity (Supporting Information Table S1). We parameterized our 
structural equation model and tested its goodness-of-fit using the 
goodness-of-fit index (GFI), chi-square test and standardized root 
mean square residual (SRMR). Requirements for an acceptable 
model included an insignificant chi-square test statistic with p-
value > .05, GFI values and SRMR > 0.95 and < 0.08, respectively 
(Grace et al., 2016). The structural equation model was performed 
using the R package “lavaan” (Rosseel, 2012). All the statistical 
analyses were implemented in R v.3.4.1 (R Core Team, 2019).

3  | RESULTS

3.1 | Effects of tree species diversity on stability

Species richness was positively associated with forest stability 
(Table 2; R2 = 0.186; p < .001). Species asynchrony was also posi-
tively associated with stability (Table 2; R2 = 0.108; p < .001), and 
species richness was positively correlated with species asynchrony 
(Table 2; R2 = 0.354; p < .001). Species asynchrony was negatively 
associated with variability in productivity (Table 2; R2 = 0.04; 
p = .004). All these relationships suggest that diversity promotes 
ecosystem stability through the effects of both overyielding and 
species asynchrony.

There were also significant positive relationships between 
species diversity and stability in both hilly and mountainous for-
ests (p < .001; Supporting Information Figure S3). However, the 
relationships differed significantly between topographical types 
(F1,240 = 45.0, p < .001), with higher stability in mountainous areas 
(R2 = 0.21, p < .001) than in hilly areas (R2 = 0.10, p < .001; Supporting 
Information Table S2).

Response Predictor Slope (SE) R2
p-
value

Stability Species richness 0.431 (0.058) 0.186 < .001

Species asynchrony 0.329 (0.061) 0.108 < .001

Mean productivity Species richness 0.330 (0.061) 0.109 < .001

Species asynchrony 0.758 (0.064) 0.006 .240

Productivity variability Species richness −0.071 (0.064) 0.005 .273

Species asynchrony −0.183 (0.063) 0.040 .004

Species asynchrony Species richness 0.595 (0.052) 0.354 < .001

TA B L E  2   Model outputs of the linear 
regression testing of hypothesized drivers 
of stability
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3.2 | Drivers of forest stability and its components

The multiple regression models accounted for 49.7% of the varia-
tion in forest stability (Figure 2). Among the environmental variables, 
slope had a significantly positive effect and precipitation variability a 
significantly negative effect on stability. In terms of biotic variables, 
stand structural diversity and species richness had strong positive 
effects on stability, followed by tree size and species asynchrony 
(Figure 2a).

When disentangling stability into two components of stability, 
species richness had a strong positive effect on mean productivity, 
followed closely by MAP, slope, tree d.b.h. and structural diversity, 
whereas population density and precipitation variability had strong 
negative effects on mean productivity (Figure 2b). Species richness 
and precipitation variability had significantly positive effects on pro-
ductivity variability, whereas species asynchrony and structural di-
versity had significantly negative effects on productivity variability 
(Figure 2c).

3.3 | The direct and indirect effects of main drivers 
on stability and its two components

The structural equation model provided a good fit to the data 
and accounted for 44.2% of the variation in stability (Figure 3a). 
Structural diversity, species richness, species asynchrony and 
slope had positive effects on stability, whereas precipitation vari-
ability and population density had negative effects on stability 
(Figure 3a).

A separate structural equation model that included the two com-
ponents of stability (mean productivity and productivity variability) 
showed that species asynchrony increased stability by reducing 
the productivity variability (standardized path coefficient = −0.25). 
Species richness promoted stability by a faster increase in mean pro-
ductivity (standardized path coefficient = 0.28) than productivity 
variability (standardized path coefficient = 0.17) (Figure 3b). Species 
richness also had a positive indirect effect via species asynchrony 
(indirect effect = −0.12). Structural diversity promoted ecosystem 
stability by increasing mean productivity (standardized path coeffi-
cient = 0.16) and reducing productivity variability (standardized path 
coefficient = −0.18) (Figure 3b).

Precipitation variability decreased stability by directly reduc-
ing mean productivity (standardized path coefficient = −0.13) and 
via species richness (indirect effect = −0.04) and directly increased 
productivity variability (standardized path coefficient = 0.17) 
(Figure 3b). Population density decreased stability by decreasing 
mean productivity directly (standardized path coefficient = −0.30) 
and indirectly via species richness (indirect effect = −0.05), and in-
directly increased productivity variability via species diversity (in-
direct effect = −0.03). Slope not only increased mean productivity 
directly (standardized path coefficient = 0.12) and indirectly via spe-
cies richness (indirect effect = 0.08), but also indirectly increased 
productivity variability via species richness (indirect effect = 0.05) 

(Figure 3b). Given that the positive effect of slope on mean produc-
tivity was greater in magnitude than that of productivity variability, 
the total effect on stability was positive (Figure 3b).

F I G U R E  2   Effect of the predictor variables on (a) forest stability 
and its two components, namely (b) mean productivity and (c) 
productivity variability, from multiple regression 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), and 
means ± 1 SE are shown. Note that the terms not included in the 
best-fitting model are left blank. Variables are described in Table 1
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4  | DISCUSSION

4.1 | Positive effects of tree species diversity on 
stability in subtropical forests

Our study provides comprehensive evidence for the importance of 
tree species richness as a driver of stability in subtropical forests. 
We found that species richness was significantly and positively cor-
related with stability, supporting our hypothesis. Many studies have 
shown that diversity has a positive effect on stability through a com-
bination of processes, such as species asynchrony and species inter-
actions, which were observed in comparatively natural species-poor 
forests (Aussenac et al., 2019; del Río et al., 2017; Jucker et al., 2014) 
and in tropical experimental tree plantations (Schnabel et al., 2019). 
These studies showed that stability was higher in diverse communi-
ties compared with species-poor communities. Given the distribu-
tion of our dataset, our results of the positive diversity–stability 

relationship also hold at large spatial extents in high-diversity sub-
tropical forests.

Both species richness and species asynchrony significantly 
stabilized productivity in subtropical forests, but they influenced 
the two components of forest stability (mean productivity and its 
variability) differentially (Figures 2 and 3). Species richness might 
affect forest stability via an overyielding effect, because diverse 
communities apparently contain more species that are able to resist 
changing environmental conditions (Loreau & Hector, 2001). Species 
asynchrony could decrease interspecific competition and heteroge-
neity in response to changing environmental conditions (Loreau & 
de Mazancourt, 2013). Our results indicated that species richness 
increased mean productivity (via an overyielding effect), whereas 
species asynchrony decreased variability of productivity (Figures 2 
and 3). This is consistent with studies based on annual census data 
in tropical experimental tree plantations (Schnabel et al., 2019) and 
European temperate forests (Jucker et al., 2014). Interestingly, the 

F I G U R E  3   Structural equation model 
relating (a) forest stability and (b) its 
two components, mean productivity 
and productivity variability, to climate, 
slope, population density, species 
diversity, structural diversity and species 
asynchrony in subtropical forests. The 
coefficients are standardized prediction 
coefficients for each causal path. 
Continuous lines represent significant 
paths (p ≤ .05) (black = positive; grey = 
negative). Non-significant paths (p > .05) 
are not shown. The thickness of the 
solid arrows reflects the magnitude of 
the standardized prediction coefficients. 
R2 denotes the proportion of variance 
explained [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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effect of overyielding was stronger than that of species asynchrony 
in our study (Table 1; Figures 2 and 3), supporting our second hy-
pothesis. Owing to the longevity of trees and the amount of time 
they need to build their aboveground biomass (i.e., compared with 
annual plants), the rate of changes in species composition of forest 
ecosystems are relatively slow and might be decoupled from vari-
ation in interannual climate (Stephenson & van Mantgem, 2005), 
implying that forests might manifest weaker effects of species asyn-
chrony than ecosystems composed of shorter-lived species (Jucker 
et al., 2014). Some previous studies have used annual resolution data 
to show that tree species asynchrony is a strong driver of stability 
(Jucker et al., 2014; Schnabel et al., 2019). These different effects 
of species asynchrony on stability might be attributable to the tem-
poral scales and forest types investigated (Yu et al., 2020). Recent 
research has provided a useful framework to bridge the stability and 
synchrony measures across organizational levels and spatial scales 
(Wang, Lamy, et al., 2019). Based on these results, we suggest that 
future studies should test the effects of species asynchrony on sta-
bility across scales in different natural forest types and at different 
temporal resolutions.

In addition, our results supported the hypothesis that forests in 
mountainous areas exhibit higher stability than forests in hilly areas. 
The coefficient of determination of the relationship between species 
richness and stability decreased from the forests in mountainous 
areas to hilly areas, implying that the forests in mountainous areas 
have more stable productivity through time. This could be explained 
by differences in topography and the intensity of human activities. 
Forests in mountainous areas benefit from heterogeneous habitat 
to foster diverse communities of plant species and experience low 
human disturbance. In contrast, forests in hilly areas are usually lo-
cated on gentler topography, with lower elevations and lower slopes; 
hence, they tend to be more modified by humans. An effect of slope 
on the association between tree species richness and human activi-
ties has been found in other studies (Odgaard et al., 2014).

4.2 | Effects of stand structural and environmental 
factors on stability

Stability was influenced simultaneously by stand structure, climate 
and slope, supporting our third hypothesis. Tree d.b.h. diversity index 
was positively correlated with mean productivity (Figures 2 and 3), 
implying that structural diversity was an important determinant for 
stability in subtropical forests. These relationships might result from 
increasing light capture or efficiency of light use owing to the com-
plex tree size structures (Forrester, 2019; Forrester et al., 2019).

As expected, climatic variables also had significant effects on 
forest stability, which is consistent with previous studies (García-
Palacios et al., 2018; Pérez-Ramos et al., 2017). Generally, forest 
productivity at large spatial scales is driven mainly by MAP and 
MAT (Schuur, 2003; Wu et al., 2015). The positive effect of MAP on 
stability is attributable to an increase in mean productivity, with no 
change in productivity variability (Figure 2). The negative effect of 

precipitation variability on forest stability was explained by its nega-
tive effect on mean productivity and positive effect on productivity 
variability. Precipitation variability might also affect stability indi-
rectly by altering species compositions and diversity (Figures 2 and 
3; García-Palacios et al., 2018; Mazzochini et al., 2019). However, 
we found that temperature and its variability had no significant ef-
fects on stability. This might be attributable to the favourable tem-
perature conditions of our study region, with an average annual air 
temperature of 16–18°C (Huang et al., 2014). Moreover, the mag-
nitude of variation in annual air temperature was not large enough 
to lead to significant changes in forest productivity in our study re-
gion (Ouyang et al., 2019). Our results reveal that stability is highly 
sensitive to fluctuations in rainfall, which mainly affect stability via 
increasing the variability in productivity. Consequently, species-rich 
subtropical forests will play a key role in mitigating adverse effects 
of climate fluctuations and will increase the stability of productivity 
through time.

Topography also governs geographical gradients in species di-
versity (Belote, 2018; Nüchel et al., 2019; Wang et al., 2009; Zhang 
et al., 2019). Slope is a common factor influencing both patterns of 
land use and species diversity. The strong effect of slope on bio-
diversity suggests that topography might affect vegetation sta-
bility indirectly by influencing species composition and diversity 
(Belote, 2018). Our results suggest that this indirect effect of slope 
occurs mainly by modulating plant species richness and thereby has 
an indirect effect on stability. This analysis illustrates that the cor-
relation often found between site conditions and ecosystem stabil-
ity might be attributable, in part, to an indirect relationship reflecting 
changes in plant diversity (Nüchel et al., 2019; Zhang et al., 2019). 
Not surprisingly, slope steepness was also related to human modi-
fication (Nüchel et al., 2019). Regions with steeper slopes were less 
impacted by human modification. Similar patterns are observed glob-
ally, where the human footprint tends to be lower in areas charac-
terized by steeper slopes (Belote, 2018; Nüchel et al., 2019). Forests 
with steeper slopes are more difficult and costly to harvest and, 
therefore, represent lands more easily set aside in reserves (Nüchel 
et al., 2019). Areas at higher elevations and with steeper slopes are 
also less attractive and less accessible for humans or large herbi-
vores and, therefore, act as refuges for forests (Bakker et al., 2016; 
Nüchel et al., 2019).

4.3 | Socio-economic factors important in 
determining stability

Humans use forests by extracting timber, food and fuel and by 
building the transportation and infrastructure in order to support 
our social and economic systems [Costanza et al., 2014; FAO, 2015]. 
Pressures from these human activities have caused forest fragmen-
tation and degradation [Chazdon et al., 2017; Ferreira et al., 2018; 
FAO, 2015]. Consequently, these processes could be undermining 
stability and the capacity to maintain core ecosystem services (Chen 
et al., 2018; Steffen et al., 2015; Venter et al., 2016).
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We found that socio-economic activities (e.g., population den-
sity) had negative effects on stability, which is in line with findings 
from previous studies (McKinney, 2006; Wen et al., 2017; Zhou 
et al., 2015). For instance, Wen et al. (2017) found that anthropo-
genic activity (e.g., higher population density and percentage of 
urbanization) negatively affected forest vegetation growth owing 
to the higher risk of destruction of vegetation. Nüchel et al. (2019) 
also showed that the there was an increase in tree growth in east-
ern China owing to low and declining human pressure. Furthermore, 
there is mounting evidence that human demands on these natural 
systems are accelerating and have resulted in adverse effects on 
natural ecosystems (e.g., loss of forest biodiversity and increases 
in greenhouse gas emissions) (Chen et al., 2018; Martínez-Ramos 
et al., 2016; Steffen et al., 2015; Venter et al., 2016). We also found 
that socio-economic activities could significantly and negatively af-
fect tree species diversity and ultimately have a significant influence 
on stability.

In general, the forests distributed at low elevations and on 
flat or minor slopes indicate relatively more human disturbance 
owing to high accessibility and more intensive socio-economic 
activities (Belote, 2018). In contrast, the forests characterized as 
being much less accessible always have high naturalness and more 
biodiversity. The difference in topography is, therefore, the dom-
inant factor affecting human activities, forest quality and their 
relevant relationships. The difference in the main drivers of sta-
bility in forests between hilly and mountainous areas could also 
be explained by the different intensity of human activities. During 
the 2000–2015 period, because of higher human population den-
sity and urbanization, forests in hilly areas were usually associated 
with higher demand for forest natural resources (e.g., food, fibre 
and fuel) for developed lands and transportation infrastructure 
compared with forests in mountainous areas. In contrast, many 
mountainous areas that have experienced a decline in population 
density and an increase in tree cover (a proxy for productivity) ap-
peared in the areas with marginal farmlands abandoned in recent 
years, in particular, in mountainous areas with steep slopes, attrib-
utable to rural-to-urban migration in China (Nüchel et al., 2019; 
Nüchel & Svenning, 2017).

4.4 | Implications and limitations

We have attempted to provide one of the first comprehensive 
analyses of how diversity, stand structure, socio-economic and en-
vironmental factors shape the stability of subtropical forests. The 
results provide valuable information for policy-makers and practice 
at national and regional levels and highlight the importance of the 
conservation of diverse forests for maintaining and enhancing their 
stability in terms of providing the key ecosystem services in an in-
creasingly uncertain future. However, our work is subject to two 
main limitations.

The first limitation of our results is the fact that temporal 
stability was examined based on the estimate of productivity 

calculated from 5-year measurement intervals rather than on an 
annual basis. This might underestimate or mask any year-to-year 
effects of climate variability. However, annual measurement inter-
vals are rare for inventories that cover large areas, leading to a 
trade-off between high temporal resolution (annual measurement 
intervals), high spatial coverage representative of whole regions 
and highly diverse species compositions. The productivity–diver-
sity relationships were dominated by the woody part of vegetation 
(Brun et al., 2019). Given that trees are long lived and there was 
no regeneration of the annual aboveground biomass each year 
(Stephenson & van Mantgem, 2005), changes in the species com-
position of forests are relatively slow compared with grassland 
ecosystems (Jucker et al., 2014). It has, therefore, been suggested 
that the stability–diversity relationships of forests might be less 
affected by interannual variations in climate in the short term. 
Moreover, the 5-year-resolution national forest inventory data 
used in this study have been used successfully to derive large-scale 
estimates of productivity (Fang et al., 2014; Pan et al., 2011) and 
have provided important insights into biodiversity–productivity 
relationships in forest ecosystems at large scales (Guo et al., 2014; 
Ouyang et al., 2019; Wu et al., 2015). Another study (Yuan et al., 
2019), which used three repeated inventories of 5-year inventory 
data to examine the relationship between species asynchrony and 
stability in temperate Chinese forests, recommended that at least 
four repeated inventories should be used to analyse the stability 
of productivity, as done in the present study.

The second limitation of our study is that the contributions of the 
understorey species to productivity and stability were not consid-
ered. It is worth mentioning that the ecosystem services provided by 
the forests should reflect the contributions of all species in different 
layers, not only the tree layer, although the main focus of forestry is 
often timber production (Guo & Ren, 2014; Lugo, 1997). Thus, inves-
tigation of the contributions of both over- and understorey plants 
would help to provide a more accurate and complete understanding 
of the functioning and overall performance of forest ecosystems in 
future changing environmental conditions.

4.5 | Conclusions

We demonstrated that species diversity exerted a positive effect 
on stability, and this effect was stronger in the forests in moun-
tainous areas than that in hilly areas. Our study also showed that 
species richness increased mean tree productivity and that spe-
cies asynchrony decreased the variation in productivity, which in 
turn enhanced community stability. Socio-economic and environ-
mental conditions also influenced stability directly and indirectly 
via their effects on diversity and stand structure in subtropical 
forests. Our results indicated that forests in mountainous areas, 
mainly with a lower intensity of human disturbance (e.g., low or 
declining population density) and steep topography, were more 
likely to experience higher stability. Therefore, we argue that fu-
ture studies focusing on the effect of diversity on key ecosystem 
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functions could benefit from examining how socio-economic fac-
tors influence the relationship between diversity and ecosystem 
functioning along topographic gradients at regional scales. These 
results could provide valuable information for policy-making and 
to improve forest management and conservation initiatives in 
the face of future changing environmental and socio-economic 
conditions.
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