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Although the relationship between biodiversity and ecosystem functioning has been extensively studied, it re-
mains unclear if the relationships of biodiversitywith productivity and its spatial stability vary along productivity
gradients in natural ecosystems. Based on a large dataset from 2324 permanent forest inventory plots across
northeastern China, we examined the intensity of species richness (SR) and tree size diversity (Hd) effects on
aboveground wood productivity (AWP) and its spatial stability among different productivity levels. Structural
equation modeling was applied, integrating abiotic (climate and soil) and biotic (stand density) factors. Our re-
sults demonstrated that both SR andHdpositively affectedAWPand its spatial stability, and the intensity of these
positive effects decreased with increasing productivity. At low productivity levels, SR and Hd increased spatial
stability by reducing spatial variability and increasing mean AWP. At high productivity levels, stability increased
only throughmean AWP increase. Moreover, temperature and stand density affected the AWP directly and indi-
rectly via biodiversity, and the strength and direction of these effects varied among different productivity levels.
We concluded that biodiversity could simultaneously enhance productivity and its spatial stability in temperate
forests, and that the effect intensitywas uniform along productivity gradients, which provided a newperspective
on relationships within biodiversity−ecosystem functioning.
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1. Introduction

Forests play a crucial role in the terrestrial ecosystem as the most im-
portant repositories of biodiversity and components of the global carbon
cycle (Houghton et al., 2009; King et al., 2012). However, the role of bio-
diversity in maintaining forest ecosystem functioning is still debated. Al-
though several studies indicate that declining biodiversity will lead to
reduced forest ecosystem functioning (Liang et al., 2016; Chen et al.,
2018; Huang et al., 2018; Ouyang et al., 2019), others report negligible
(Vilà et al., 2003; Seidel et al., 2013; Fotis et al., 2018) or even negative re-
lationships (Cavard et al., 2010; Laganière et al., 2015; Forrester and
Bauhus, 2016). The effect of biodiversity on ecosystem functioning ap-
pears to depend on environmental conditions, forest characteristics
(e.g., stand density), andmanagement history, all ofwhich affect tree spe-
cies composition and stand structure (Tilman et al., 2012; reviewed in
Ammer, 2019 and van der Plas, 2019; Yuan et al., 2018a; Ali et al., 2020).

At a large scale, environmental variationsmaydrive themodulation of
biodiversity effects on forest ecosystem functioning (Jucker et al., 2016a;
García-Palacios et al., 2018; Conradi et al., 2020). For example, Jucker et al.
(2016a) found that the shape and strength of the relationship between
tree diversity and forest productivity (aboveground wood productivity,
AWP) critically depend on the environmental context. Thus, studying
the environmental regulation of biodiversity−ecosystem functioning re-
lationships (BEFs) may be crucial to understand the mechanisms under-
lying biodiversity effects onnatural communities. In particular, the stress-
gradient hypothesis predicts that facilitative interactions among species
gradually decrease as environmental conditions improve, while compet-
itive interactions gradually increase (Bertness and Callaway, 1994;
Maestre et al., 2009; He et al., 2013). Species interactions are central to
explaining positive BEFs in plant communities, as they underpin the
role of niche complementarity (Loreau, 1998; Jucker et al., 2016b). There-
fore, the biodiversity–productivity relationship varies along stress gradi-
ents in response to changes in species interactions. Stress environments
encompass most factors affecting the growth of tree species, including
light, temperature, water, and nutrient availability (Callaway et al.,
2002), with high environmental stress being associatedwith lowproduc-
tivity (Callaway et al., 2002; Paquette and Messier, 2011). However, re-
search on the intensity of the effect of variations in biodiversity on AWP
along productivity gradients is lacking.

Stability, a key characteristic of forest ecosystems, refers to the resis-
tance of the ecosystem function to spatial and temporal disturbance
(Tilman et al., 2006). Productivity in communities with greater diversity
ismore stable than that in less diverse communities (Tilman et al., 2006;
Isbell et al., 2009; Cardinale et al., 2013; García-Palacios et al., 2018;
Craven et al., 2018; Schnabel et al., 2019). Current studies of the
biodiversity–stability relationship mainly focus on the temporal stabil-
ity of productivity and show that greater biodiversity enhances the tem-
poral stability owing to a greater temporal complementarity between
species resulting from a higher asynchrony of species responses to envi-
ronmental fluctuations and high average productivity (Tilman et al.,
2006; Isbell et al., 2009; Cardinale et al., 2013; Craven et al., 2018;
García-Palacios et al., 2018; Schnabel et al., 2019). Analogous to the
temporal stability of productivity, spatial stability is a fundamental eco-
system characteristic that denotes the response of productivity to spa-
tial environmental heterogeneity (Zhong et al., 2017; Wang et al.,
2019). It measures productivity similarity across different forest com-
munities, which is defined as the reverse of productivity variability,
i.e., themagnitude of spatial changes in forest productivity against envi-
ronmental heterogeneity (Wang et al., 2019). Compared with the influ-
ence of biodiversity on temporal stability (Hector et al., 1999; Wilsey
and Polley, 2004; Isbell et al., 2009; Hector et al., 2010; Craven et al.,
2018), the potential effect of biodiversity on the spatial stability of forest
ecosystemproperties (e.g., AWP) has received little attention (however,
see Weigelt et al., 2008; Zhong et al., 2017).

A widely held perception is that biodiversity enhances both produc-
tivity and stability (Cardinale et al., 2013), which have so far been
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evaluated mostly in grasslands (Wilsey and Polley, 2004; Weigelt
et al., 2008; Isbell et al., 2009; Craven et al., 2018; Wang et al., 2019),
with only a few reports on natural forest ecosystems (however, see
Zhong et al., 2017; Mazzochini et al., 2019). If biodiversity simulta-
neously enhances forest productivity and its stability across different
productivity levels, conservation of biodiversity may indeed help maxi-
mize and sustain forest productivity (Yachi and Loreau, 1999; Cardinale
et al., 2013). In the face of future climatic stress and disturbances, inte-
grating biodiversity effects on AWP and its spatial stability is fundamen-
tal to conservation and management goals.

Beyond species diversity, stand structural diversity (e.g., tree size di-
versity [Hd] measured by the variation in diameter at breast height
[DBH]) was found to be a better predictor for ecosystem functioning
than species richness (SR; Vilà et al., 2003; Lei et al., 2009; Yuan et al.,
2018a, 2018b; Ali et al., 2019). Diverse forest structures result from
leaf layering and multilayered canopies, both of which influence forest
functions such as photosynthesis and respiration as well as stand pro-
ductivity (Lei et al., 2009). Species diversity can also promote tree size
heterogeneity and indirectly affect forest functioning via structural di-
versity as previously reviewed (Barry et al., 2019). However, the effects
of stand structural diversity on spatial stability of forest productivity are
not well understood. Recent studies have revealed that stand density
greatly affects forest productivity (Jucker et al., 2016b; Ouyang et al.,
2019). Higher stand density increases forest carbon storage and wood
productivity through higher canopy packing, which captures more
light (Forrester et al., 2018; Morin, 2015). However, their relative im-
portance might depend on environmental conditions (Paquette and
Messier, 2011). Therefore, stand density should be considered when
evaluating the relationships between biodiversity and AWP.

Here, we integrate abiotic (climate and soil) and biotic (stand
density) factors to evaluate the strength and direction of species and
structural diversity effects on AWP and its spatial stability among pro-
ductivity gradients based on 2324permanent sample plots in temperate
natural forests in northeast China. Specifically, our study was designed
to address the following questions: 1) Does the positive biodiversity ef-
fect on AWP decrease with increasing productivity? On the basis of the
stress-gradient hypothesis and the global positive and concave down
pattern (Liang et al., 2016), we hypothesized that the positive effect of
both SR and structural diversity onAWPdecreases along increasing pro-
ductivity gradients (Fig. S1a). 2) Does the pattern of positive effects of
biodiversity on spatial stability remain the same along productivity gra-
dients? The insurance effect hypothesis assumes that biodiversity can
increase ecosystem stability (Yachi and Loreau, 1999), and the positive
BEF effectsmay reach saturation in favorable habitats or at high produc-
tivity levels with high diversity when additional species are redundant
(Tilman et al., 1997; Loreau, 1998). We hypothesized that the effect in-
tensity and direction were consistent (Fig. S1b).

2. Material and methods

2.1. Study area and forest plots

Our study was performed in Jilin Province (40°52′-46°18′N, 121°38′-
131°19′ E) in northeastern China (Fig. 1). The climate, controlled by the
high latitude component of the East Asian monsoon, is temperate conti-
nental with warm summers, cold winters, and a short growing season.
Mean annual temperature and total annual precipitation from 1981 to
2010 were approximately 3.8 °C and 736 mm, respectively.

Sample plots were identified using the 9th National Forest Inventory
in Jilin Province in 2014 (State Forestry Administration, 2013). System-
atic samplingwas used in a 4 × 8 kmgrid across Jilin Province. Each plot
was rectangular with an area of 600 m2 (24.5 × 24.5 m). In all, 2324
plots of natural origin and without major human disturbances (the cut-
ting intensity less than 1% by basal area) were selected for the study
(Fig. 1). According to the protocols of the National Forest Inventory
standards issued by the State Forestry Administration of China,



Fig. 1. Geospatial distribution of forest plots among different productivity levels in Jilin Province, northeast China.
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geographic location (latitude and longitude) and altitude, tree species
name, DBH (1.3 m) of individual trees with DBH ≥ 5 cm, and stand age
were recorded. The stand age represents the average age of dominant
tree species in the stand. The biome types included broad-leaved
mixed forest, coniferous broad-leaved mixed forest, coniferous mixed
forest, broad-leaved forest, and coniferous forest (1374, 242, 42, 483,
and 183 plots, respectively).

2.2. Environmental data

MAT and mean annual precipitation (MAP) and annual heat-
moisture index (AHM) were used as climate variables in the analysis.
AHM is a biologically relevant indicator of aridity, which was calculated
as the ratio of temperature to precipitation: (MAT + 10)/(MAP/1000)
(Wang et al., 2012). We extracted climate variables from ClimateAP
v2.20 (Wang et al., 2017) for the geographical locations of the plots
and calculated their average values from 1981 to 2010.

Edaphic variables included soil pH and cation exchange capacity
(CEC, me/100 g), which represents the available soil nutrients for
plant growth (Conradi et al., 2020). We derived these soil variables
from the China Dataset of Soil Properties for Land Surface Modelling at
1 km resolution (Wei et al., 2013). Soil pH and CEC were averaged for
a 0–0.5 m soil profile.

2.3. Aboveground wood productivity and its spatial stability

At plot level, AWP represents annual aboveground biomass incre-
ment of all tree species. We estimated productivity based on stand age
and aboveground biomass (Eq. (1)),

AWP ¼ AGB
Age

, ð1Þ
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where AWP is aboveground wood productivity (t ha−1 year−1); AGB
and Age are stand aboveground biomass per hectare (t ha−1) and stand
age, respectively. AGB was calculated from the sum of individual tree
biomass in the plot using species-specific DBH-based allometric equa-
tions (Li and Lei, 2010). The 2324 plots were classified into three levels
of similar sample size according to their productivity: low (763 plots
with the average 1.34 ± 0.46 t ha−1 year−1), medium (775 plots with
the average 2.3 ± 0.23 t ha−1 year−1), and high (786 plots with the av-
erage 3.53 ± 0.79 t ha−1 year−1).

We calculated the spatial stability of AWP amongproductivity gradi-
ents using a widely implemented index, coefficient of variation (CV)
(Weigelt et al., 2008; Cardinale et al., 2013; Wang et al., 2019), i.e., the
reverse of productivity variability, calculated as the ratio of mean pro-
ductivity (μ) to standard deviation (SD) of AWP with the same tree SR
within plots (Eq. (2)). Biodiversity also increases ecosystem stability
via increasing μ (Jucker et al., 2014; Weigelt et al., 2008).

CV ¼ SD
μ

, ð2Þ

2.4. Biodiversity indices

In this study, we used tree SR for measuring species diversity,
i.e., number of tree species in a plot.We also considered stand structural
diversity, i.e., Hd (Eq. (3)), which was quantified by DBH class abun-
dance based on Shannon index for each plot (Lei et al., 2009).

Hd ¼ −∑
d

i¼1
pi⁎ log pi, ð3Þ

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



Fig. 2. Effects of species richness (SR) and tree size diversity (Hd) on aboveground wood
productivity along the productivity gradients (n = 763, n = 775, and n = 786 for low,
medium, and high productivity levels, respectively). The intensity of effects is described
by standardized coefficients from multiple linear models. Vertical bar denotes standard
deviation. *p < .05, **p < .01, ***p < .001.
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2.5. Statistical analyses

Forest productivity data were natural log-transformed prior to all
analyses for normal distribution. A linear regression model was used
for plots from each productivity level to fit AWP and its spatial stability
with each biodiversitymetric as an independent variable, and standard-
ized slopes were used to quantify the direction andmagnitude of biodi-
versity effect on AWP/spatial stability at different productivity levels.

We also conducted structural equation modeling (SEM) to test the
causal linkages between environmental (climate and soil) and stand
density factors, biodiversity (SR and Hd), and AWP, and to examine
how the biodiversity–AWP relationship changed among productivity
groups when controlling for environmental and stand factors (Fig. S2).
All environmental variables, biodiversity indices, and AWP were stan-
dardized to a mean of zero and a standard deviation of one. To avoid
the bias induced by multicollinear variables, we excluded MAP from a
pair of candidate variables with a correlation coefficient larger than
0.75. As soil CEC had weak or non-significant effects on AWP and biodi-
versity, we excluded it from analyses (Tables S2–S5). Consequently, the
full model included two climate factors (MAT and AHM), soil pH, stand
density, and two biodiversity indices (SR and Hd). We conducted SEM
based on the hypothesized mechanisms (Fig. S2), and the best-fit
model was evaluated based on a non-significant Chi-square (χ2) test
statistic (p > 0.05), comparative fit index (CFI) > 0.95, and lowest AIC
value. We only reported the results derived from the selected best-fit
model. SEM was performed using SPSS Amos v24 (IBM SPSS, Chicago,
IL, USA). One-way analysis of variance was used to test differences of
SR, Hd, and stand density among three productivity levels (i.e., low, me-
dium, and high productivity). Summary statistics of stand variables are
listed in Table S1.

3. Results

3.1. Bivariate biodiversity–AWP relationships

AWPwas positively related to both SR (R2=0.07, p<0.001; Fig. 2a)
and Hd (R2 = 0.21, p < 0.001; Fig. 2b). However, the strengths (stan-
dardized slope) of these biodiversity–AWP relationships varied with
biodiversity metrics and productivity gradients, showing a decrease
with increasing productivity (Fig. 2). AWP increased with SR at low
(R2 = 0.06, p < 0.001), medium (R2 = 0.01, p = 0.006), and high
(R2 = 0.01, p = 0.007) productivity levels (Fig. 2a); but increased
with Hd at low (R2 = 0.40, p < 0.001) and medium (R2 = 0.02,
p < 0.001) productivity levels, showing a decreasing trend with Hd at
the high productivity level (R2 = 0.004, p = 0.046) (Fig. 2b).

3.2. Structural equation modeling results

The finalmodel from the SEM revealed that abiotic factors (MAT and
AHM) combined with biotic factors (SR, Hd, and stand density) ex-
plained 43%, 4%, and 11% of the variation in AWP at low, medium, and
high productivity levels, respectively (Fig. 3). However, the pathways
of these effects varied along the productivity gradient. There was a
clear pattern in the strength of biodiversity effect on AWP after control-
ling for climate, soil, and stand density within productivity levels
(Fig. 3). SR had a positive indirect effect on AWP via Hd, and its strength
decreased with increasing productivity levels (β = 0.21, β = 0.05, and
β=0 at low, medium, and high productivity levels, respectively; Figs. 3
and 4). However, the direct effect of SR on AWP was not found for all
productivity levels (Figs. 3 and 4). Additionally, the positive effect of
Hd on AWP decreased with increasing productivity levels (β = 0.69,
β = 0.16, and β = 0 at low, medium, and high productivity levels, re-
spectively; Figs. 3 and 4).

In addition, stand density directly and indirectly affected AWP via
biodiversity, and the total effect increased with productivity levels.
MAT similarly affected AWP directly and indirectly via SR, Hd, and
4

stand density, but the intensity and direction varied among productivity
levels (Figs. 3 and 4). AHM had only weak negative indirect effects on
AWP at low productivity levels (Figs. 3 and 4). Soil pH displayed
weak/non-significant direct and indirect effects on AWP and biodiver-
sity for all productivity levels (Fig. 3 and Tables S3–S5).

3.3. Biodiversity–spatial stability of AWP relationships

The spatial stability of AWP was positively correlated with both SR
and Hd, which were both positively correlated with average AWP
(R2 = 0.93, p < 0.001; R2 = 0.69, p < 0.001; Fig. 5) and negatively cor-
related with CV (R2 = 0.57, p < 0.001; R2 = 0.73, p < 0.001). Further-
more, the strengths (standardized slope) of these biodiversity–
stability relationships varied with biodiversity metrics and productivity
gradients, showing a decrease with increasing productivity (Fig. 5). CV
was negatively correlated with SR (R2 = 0.59, p = 0.002) and Hd
(R2 =0.77, p< 0.001) at low productivity levels, but had no significant
relationship at medium and high productivity levels (Fig. 5).

The standardized slope of SR effect on μ shifted from 0.871
[0.555–1.198] (R2 = 0.76, p < 0.001) to 0.491 [−0.032–1.013] (R2 =
0.24, p = 0.062) to 0.723 [0.326–1.119] (R2 = 0.52, p = 002) under
low, medium, and high productivity conditions, respectively (Fig. 5).
The effect strength of Hd on μ decreased from low to high productivity
(R2=0.84, p<0.001; R2=0.39, p=0.013; R2=0.19, p>0.05, respec-
tively) (Fig. 5).

4. Discussion

To our knowledge, our study is the first to discern the correlation of
species richness and structural diversity with aboveground wood pro-
ductivity (AWP) and its spatial stability along productivity gradients
in temperate forests. We identified that high SR and Hd would signifi-
cantly enhance AWP when controlling for climate, soil, and stand den-
sity across different productivity levels. Moreover, the strength of this
positive effect on AWP decreased with increasing productivity levels;
consistent effects were found for the spatially averaged AWP. Mean-
while, the negative effect of both biodiversity metrices on the spatial
variability of AWPwas only found in low productivity plots. Our results
suggested that biodiversity (SR and Hd) simultaneously enhanced AWP
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and its spatial stability (e.g., decreasing CV of AWP, increasing average
AWP), and the effect intensity decreased from low to high forest pro-
ductivity. This also highlighted the importance of diverse structures to
improve AWP and its spatial stability, which may facilitate forest sus-
tainability, especially in those with low productivity.

4.1. Biodiversity effect on AWP

Weobserved consistent positive effects of both SR andHdonAWP at
lowandmiddle productivity levels in temperate forestwhen controlling
for climate, soil, and stand density. Furthermore, we found that the
magnitude and direction of biodiversity–AWP relationships strongly
depended on the productivity level. The positive effect of biodiversity
(SR and Hd) on AWP decreased along a large productivity gradient
from low to high, suggesting that the niche complementarity effects de-
creased with increasing productivity and thus supporting our first hy-
pothesis (Fig. S1a). This was consistent with the predictions of the
stress-gradient hypothesis, as well as with the findings in global forests,
i.e., a positive and concave down pattern of BEFs (Liang et al., 2016),
grasslands (Wang et al., 2019), and forest ecosystems among different
climate gradients and site conditions (Paquette and Messier, 2011;
Pretzsch et al., 2013; Toïgo et al., 2015; Wu et al., 2015; Jucker et al.,
2016a; Ratcliffe et al., 2017). For example, Paquette and Messier
(2011) showed that the complementarity outcome of species interac-
tions in a high-stress environment may be more important than that
under favorable habitats for forests from boreal to temperate regions
in eastern Canada.

Competitive interactions could also help to elucidate the shifts of
biodiversity–AWP relationships, as competition gradually increases
with environmental improvement (Bertness and Callaway, 1994;
Maestre et al., 2009; Paquette and Messier, 2011; He et al., 2013; Rees,
2013). Stand density characterizes this competition; a strong biodiver-
sity effect on AWP is present at low productivity levels and low stand
density, whereas the effect of biodiversity on AWP is weak at high pro-
ductivity levels and high stand density (Condés et al., 2013; Jucker et al.,
2016b), which is consistent with our results, i.e., stand density in high-
productivity plots was higher than that in low-productivity plots
(Fig. S4). Another possible mechanism for the weak biodiversity effect
in high-productivity plots is the saturation effect, i.e., high SR in highly
productive groups (Fig. S4) reached a plateau following an asymptotic
curve, which was also found in European temperate forests (Morin
et al., 2011). This was also in line with niche theory, which assumes
that resource use among species is complementary, but niche overlap
increases with increasing SR and Hd (Wu et al., 2015).

4.2. Biodiversity effect on the spatial stability of AWP

Our work showed that high biodiversity (SR and Hd), not only en-
hanced AWP, but also decreased its spatial variation and increased aver-
age AWP in the temperate forests of northeast China. This is consistent
with the insurance hypothesis, which assumes that biodiversity can in-
crease ecosystem stability (Yachi and Loreau, 1999), as well as with the
results of tropical tree diversity experiments considering temporal
stability (Schnabel et al., 2019), and a study of global natural grasslands
(Wang et al., 2019). These results support our second hypothesis, which
had not been tested in forest ecosystems, and reinforce the results of the
longest running biodiversity manipulation experiment across
Fig. 3. Final structural equation models of the direct and indirect effects of abiotic and
biotic factors on aboveground wood productivity at (a) low (n = 763), (b) medium
(n = 775), and (c) high (n = 786) productivity levels. Solid lines represent significant
paths (p < 0.05; orange, positive; blue, negative). Values indicate standardized
correlation coefficients; R2, proportion of variance explained; MAT, mean annual
temperature; AHM, annual heat-moisture index; pH, soil pH; Density, stand density; SR,
species richness; Hd, tree size diversity. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)



Fig. 4. Beta coefficients of climate, soil, stand, and diversity factors on aboveground wood
productivity for (a) low (n = 763), (b) medium (n = 775), and (c) high (n = 786)
productivity groups. Filled and dotted bars indicate the direct and indirect effect of
abiotic and biotic factors on aboveground wood productivity.
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ecosystemsworldwide, which considered the effect of biodiversity both
on community biomass and on its temporal variability (Kardol et al.,
2018).

Specifically, our results showed that the consistent positive ef-
fects of both SR and Hd on spatial average AWP decrease from low
to high productivity levels in temperate forest ecosystems. At low
productivity levels, the spatial stability of AWP increased not only
by reducing spatial variability of AWP but also by increasing average
AWP, suggesting that biodiversity simultaneously enhanced AWP
and its spatial stability in low productivity/stressful environments.
However, with high productivity/favorable conditions, stability in-
creased just by increasing average AWP, and not by decreasing its
spatial variability. This is consistent with results of Schnabel et al.
(2019) in a tropical tree diversity experiment with favorable climatic
conditions (annual mean temperature and precipitation of 26 °C and
2661 mm, respectively). These authors suggested that high SR and
structural diversity will be more beneficial for stabilizing forest
productivity against spatial environmental heterogeneity in low-
than in high-productivity areas. Zhong et al. (2017) found that the
strength of the species diversity effect on the spatial stability of
productivity increased along elevation gradients in subtropical
mountain forests. Moreover, based on a global network of dryland
ecosystems, García-Palacios et al. (2018) showed that SR may have
a greater stabilizing role across time under the most arid conditions.

Theremay be various underlyingmechanisms for explaining the dif-
ferent relationships between biodiversity and spatial stability of AWP
among productivity levels. The strong positive effect of biodiversity on
the spatial stability of AWP (i.e., negative biodiversity effect on spatial
6

variation) in low-productivity forests might be caused by facilitative in-
teractions (e.g., reduced competition) among neighboring trees, and
niche partitioning (e.g., diverse tree size structures and species compo-
sition), which generally increases tree resistance to perturbations and
environmental fluctuations (Pretzsch et al., 2013; Jucker et al., 2014).
However, the weak or non-significant biodiversity effect on the spatial
stability of AWP in high-productivity forests might be caused by species
saturation, similar to that of the biodiversity–AWP relationship, i.e., high
SR and Hd in highly productive groups reaches a plateau, following an
asymptotic curve (see Figs. S3 and S4).

Additionally, the different responses of biodiversity and AWP to cli-
mate might lead to different biodiversity effects on spatial stability
along productivity gradients. Our work revealed that environmental ef-
fects on biodiversity (SR and Hd) and AWP varied among productivity
levels. We found that the temperature effect on AWP shifted from
positive to non-significant to negative under low-, moderate-, and
high-productivity conditions, respectively, which is similar to
results from neotropical forests (Malhi et al., 2004). The effects of tem-
perature on stand density andHdwere stronger at low than at high pro-
ductivity levels. However, Kardol et al. (2018) and Wang et al. (2019)
found a discordant trend in both types of biodiversity–AWP/stability re-
lationships along the productivity/stress gradients. They showed that
the effect of biodiversity on AWP and stability decreased (Kardol et al.,
2018) and increased (Wang et al., 2019) along the productivity/stress
gradients. This contradiction was probably due to differences in ex-
perimental settings: Kardol et al. (2018) included a low number of
tree species, whereas the study by Wang et al. (2019) was focused
on grassland ecosystems. Further studies are needed to test whether
biodiversity metrics (including functional diversity/composition and
phylogenetic diversity) drive the biodiversity–productivity and
biodiversity–spatial stability relationships, and to better understand
the mechanisms underlying these relationships in different forest
ecosystems. Moreover, we observed only weak or non-significant ef-
fects of soil on AWP, whichmay be due to the coarse soil data at 1 km
resolution. Additionally, these effects can be easily overwhelmed by
the covariant biodiversity and stand density factors on AWP (Wu
et al., 2015).

In addition to environment, biodiversity, and stand factors, human
intervention can also modify the tree species composition and growth,
and thus affect the relationships between biodiversity and AWP and
its spatial stability (Newbold et al., 2015; van der Plas et al., 2016;
Gonzalez et al., 2020). For example, Ouyang et al. (2021) showed that
human activities had significant effects on tree species and structural di-
versity, and forest stability. Therefore, all plots for this study were se-
lected from natural forests without major human disturbances
according to a cutting intensity of less than 1% by basal area; however,
there may be enrichments in some plots due to silvicultural practice.
Although information on enrichments is not available, enrichment
planting in natural forests was widely applied only in recent years
and the tree species was predominantly Korean pine, which grows
very slowly in its early stages and therefore has not reached the
5 cm threshold of DBH measurement in a plot. Thus, we believe
this will not affect the results of this study. In addition, recent studies
have reported that functional traits can capture the degree of func-
tional redundancy and niche overlap well, which have a greater ex-
planatory power for biomass and productivity than SR alone (Lasky
et al., 2014; Luo et al., 2019). Therefore, further studies should con-
sider the effects of functional diversity and functional trait composi-
tion on AWP and its stability. The relationships between ecosystem
multifunctionality and biodiversity also need to be examined in the
future (Yuan et al., 2020).

5. Conclusions

Our results demonstrate that both SR and Hd positively affect AWP
and its spatial stability, and the strength of these effects decreases



Fig. 5. Effect of species richness (SR) and tree size diversity (Hd) on spatial stability of
aboveground wood productivity (mean(μ)/standard deviation) along the productivity
gradients. The intensity of effects is described by standardized coefficients from multiple
linear models. Vertical bar denotes standard deviation. *p < .05, **p < .01, ***p < .001.
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with increasing productivity. The mechanism underlying both effects
might be the same as that responsible for variations in strength of
niche complementarity (e.g., facilitative interactions) and saturation ef-
fects along low−high stress/productivity gradients (Jucker et al., 2016a;
García-Palacios et al., 2018; Schnabel et al., 2019). The results provide a
new perspective on biodiversity–ecosystem function relationships and
have important implications for ecological restoration and improving
the productivity and stability of forest ecosystems with different pro-
ductivity levels.

Data availability

The dataset used for this paper is available as supplementary files
(Tables S1–S5). More information about the dataset is available upon
request to the corresponding author.

CRediT authorship contribution statement

WQG and XDL designed the experiment and performed data analy-
ses. YTL and DLG collected the data. WQG and XDL wrote the paper.
MWL,ML, and HRZ helped frame the study and contributed to thewrit-
ing. All authors contributed to the final preparation of the manuscript.
7

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This work was supported by the Fundamental Research Fund for the
Central Non-Profit Research Institute of CAF [CAFYBB2018SY022],
National Key Research and Development Program of China
[2017YFC0504101] and Forestry Public Welfare Scientific Research
Project [201504303]. There are no conflicts of interest to declare.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.146674.

References

Ali, A., Lin, S.L., He, J.K., Kong, F.M., Yu, J.H., Jiang, H.S., 2019. Climate and soils determine
aboveground biomass indirectly via species diversity and stand structural complexity
in tropical forests. For. Ecol. Manag. 432, 823–831.

Ali, A., Sanaei, A., Li, M., Nalivan, O.A., Ahmadaali, K., Pour, M.J., Halipour, A., Karami, J.,
Aminpour, M., Kaboli, H., Askari, Y., 2020. Impacts of climatic and edaphic factors
on the diversity, structure and biomass of species-poor and structurally-complex for-
ests. Sci. Total Environ. 706, 135719.

Ammer, C., 2019. Diversity and forest productivity in a changing climate. New Phytol. 221,
50–66.

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., et al., 2019. The future of complementarity: disentangling
causes from consequences. Trends Ecol. Evol. 34, 167–180.

Bertness, M.D., Callaway, R., 1994. Positive interactions in communities. Trends Ecol. Evol.
9, 191–193.

Callaway, R.M., Brooker, R.W., Choler, P., Kikvidze, Z., Lortie, C.J., Michalet, R., Paolini, L.,
Pugnaire, F.I., Newingham, B., Aschehoug, E.T., et al., 2002. Positive interactions
among alpine plants increase with stress. Nature 417, 844–848.

Cardinale, B.J., Gross, K., Fritschie, K., Flombaum, P., Fox, J.W., Rixen, C., van Ruijven, J.,
Reich, P.B., Scherer-Lorenzen, M., Wilsey, B.J., 2013. Biodiversity simultaneously en-
hances the production and stability of community biomass, but the effects are inde-
pendent. Ecology 94, 1697–1707.

Cavard, X., Bergeron, Y., Chen, H.Y.H., Paré, D., 2010. Mixed-species effect on tree above-
ground carbon pools in the east-central boreal forests. Can. J. For. Res. 40, 37–47.

Chen, S., Wang, W., Xu, W., Wang, Y., Wan, H., Chen, D., Tang, Z., Tang, X., Zhou, G., Xie, Z.,
et al., 2018. Plant diversity enhances productivity and soil carbon storage. Proc. Natl.
Acad. Sci. U. S. A. 115, 4027–4032.

Condés, S., Del Rio, M., Sterba, H., 2013. Mixing effect on volume growth of Fagus sylvatica
and Pinus sylvestris is modulated by stand density. For. Ecol. Manag. 292, 86–95.

Conradi, T., van Meerbeek, K., Ordonez, A., Svenning, J.C., 2020. Biogeographic historical
legacies in the net primary productivity of Northern Hemisphere forests. Ecol. Lett.
23, 800–810.

Craven, D., Eisenhauer, N., Pearse, W.D., Hautier, Y., Isbell, F., Roscher, C., Bahn, M.,
Beierkuhnlein, C., Bönisch, G., Buchmann, N., et al., 2018. Multiple facets of biodiver-
sity drive the diversity–stability relationship. Nat. Ecol. Evol. 2, 1579–1587.

Forrester, D.I., Bauhus, J., 2016. A review of processes behind diversity—productivity rela-
tionships in forests. Curr. For. Rep. 2, 45–61.

Forrester, D.I., Ammer, C., Annighöfer, P.J., Barbeito, I., Bielak, K., Bravo-Oviedo, A., Coll, L.,
del Río, M., Drössler, L., Heym, M., et al., 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. J. Ecol.
106, 746–760.

Fotis, A.T., Murphy, S.J., Ricart, R.D., Krishnadas, M., Whitacre, K.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. J. Ecol.
106, 561–570.

García-Palacios, P., Gross, N., Gaitán, J., Maestre, F.T., 2018. Climate mediates the
biodiversity–ecosystem stability relationship globally. Proc. Natl. Acad. Sci. U. S. A.
115, 8400.

Gonzalez, A., Germain, R.M., Srivastava, D.S., Filotas, E., Dee, L.E., Gravel, D., Thompson, P.L.,
Isbell, F., Wang, S., et al., 2020. Scaling-up biodiversity-ecosystem functioning re-
search. Ecol. Lett. 23, 757–776.

He, Q., Bertness, M.D., Altieri, A.H., 2013. Global shifts towards positive species interac-
tions with increasing environmental stress. Ecol. Lett. 16, 695–706.

Hector, A., Schmid, B., Beierkuhnlein, C., Caldeira, M.C., Diemer, M., Dimitrakopoulos, P.G.,
Finn, J.A., Freitas, H., Giller, P.S., Good, J., et al., 1999. Plant diversity and productivity
experiments in European grasslands. Science 286, 1123–1127.

Hector, A., Hautier, Y., Saner, P., Wacker, L., Bagchi, R., Joshi, J., Scherer-Lorenzen, M.,
Spehn, E.M., Bazeley-White, E., Weilenmann, M., et al., 2010. General stabilizing

https://doi.org/10.1016/j.scitotenv.2021.146674
https://doi.org/10.1016/j.scitotenv.2021.146674
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0005
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0010
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0010
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0010
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0015
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0015
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0020
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0020
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0025
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0025
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0030
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0030
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0035
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0035
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0035
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0040
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0040
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0045
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0045
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0050
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0050
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0055
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0055
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0055
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0060
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0060
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0065
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0065
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0070
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0075
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0075
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0075
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0080
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0080
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0080
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0085
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0085
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0090
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0090
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0095
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0095
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0100


W.-Q. Gao, X.-D. Lei, M.-W. Liang et al. Science of the Total Environment 780 (2021) 146674
effects of plant diversity on grassland productivity through population asynchrony
and overyielding. Ecology 91, 2213–2220.

Houghton, R.A., Hall, F., Goetz, S.J., 2009. Importance of biomass in the global carbon cycle.
J. Geophys. Res. Biogeosci. 114, G00E03.

Huang, Y., Chen, Y., Castro-Izaguirre, N., Baruffol, M., Brezzi, M., Lang, A., Li, Y., Härdtle, W.,
von Oheimb, G., Yang, X., et al., 2018. Impacts of species richness on productivity in a
large-scale subtropical forest experiment. Science 362, 80–83.

Isbell, F.I., Polley, H.W., Wilsey, B.J., 2009. Biodiversity, productivity and the temporal sta-
bility of productivity: patterns and processes. Ecol. Lett. 12, 443–451.

Jucker, T., Bouriaud, O., Avăcăriței, D., Coomes, D.A., 2014. Stabilizing effects of diversity on
aboveground wood production in forest ecosystems: linking patterns and processes.
Ecol. Lett. 17, 1560–1569.

Jucker, T., Avăcăriței, D., Bărnoaiea, I., Duduman, G., Bouriaud, O., Coomes, D.A., 2016a. Cli-
mate modulates the effects of tree diversity on forest productivity. J. Ecol. 104,
388–398.

Jucker, T., Cuni Sanchez, A., Lindsell, J., Allen, H., Amable, G., Coomes, D., 2016b. Drivers of
aboveground wood production in a lowland tropical forest of West Africa: teasing
apart the roles of tree density, tree diversity, soil phosphorus, and historical logging.
Ecol. Evol. 6, 4004–4017.

Kardol, P., Fanin, N., Wardle, D.A., 2018. Long-term effects of species loss on community
properties across contrasting ecosystems. Nature 557, 710–713.

King, A.W., Hayes, D.J., Huntzinger, D.N.,West, T.O., Post, W.M., 2012. North American car-
bon dioxide sources and sinks: magnitude, attribution, and uncertainty. Front. Ecol.
Environ. 10, 512–519.

Laganière, J., Cavard, X., Brassard, B.W., Paré, D., Bergeron, Y., Chen, H.Y.H., 2015. The influ-
ence of boreal tree species mixtures on ecosystem carbon storage and fluxes. For.
Ecol. Manag. 354, 119–129.

Lasky, J.R., Uriarte, M., Boukili, V.K., Erickson, D.L., Kress, W.J., Chazdon, R.L., 2014. The re-
lationship between tree biodiversity and biomass dynamics changes with tropical
forest succession. Ecol. Lett. 17, 1158–1167.

Lei, X.D., Wang,W.F., Peng, C.H., 2009. Relationships between stand growth and structural
diversity in spruce-dominated forests in New Brunswick, Canada. Can. J. For. Res. 39,
1835–1847.

Li, H., Lei, Y., 2010. Estimation and Evaluation of Forest Biomass Carbon Storage in China.
China Forestry Publishing, Beijing.

Liang, J., Crowther, T.W., Picard, N., Wiser, S., Zhou, M., Alberti, G., Schulze, E.D., McGuire,
A.D., Bozzato, F., Pretzsch, H., et al., 2016. Positive biodiversity-productivity relation-
ship predominant in global forests. Science 354, 196–208.

Loreau, M., 1998. Biodiversity and ecosystem functioning: a mechanistic model. Proc.
Natl. Acad. Sci. U. S. A. 95, 5632–5636.

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 for-
est strata influence ecosystem function. Ecol. Lett. 22, 1449–1461.

Maestre, F.T., Callaway, R.M., Valladares, F., Lortie, C.J., 2009. Refining the stress-gradient
hypothesis for competition and facilitation in plant communities. J. Ecol. 97, 199–205.

Malhi, Y., Baker, T.R., Phillips, O.L., Almeida, S., Alvarez, E., Arroyo, L., Chave, J., Czimczik,
C.I., Di Fiore, A., et al., 2004. The above-ground coarse wood productivity of 104 Neo-
tropical forest plots. Glob. Chang. Biol. 10, 563–591.

Mazzochini, G.G., Fonseca, C.R., Costa, G.C., Santos, R.M., Oliveira-Filho, A.T., Ganade, G.,
2019. Plant phylogenetic diversity stabilizes large-scale ecosystem productivity.
Glob. Ecol. Biogeogr. 28, 1430–1439.

Morin, X., 2015. Species richness promotes canopy packing: a promising step towards a
better understanding of the mechanisms driving the diversity effects on forest func-
tioning. Funct. Ecol. 29, 993–994.

Morin, X., Fahse, L., Scherer-Lorenzen, M., Bugmann, H., 2011. Tree species richness pro-
motes productivity in temperate forests through strong complementarity between
species. Ecol. Lett. 14, 1211–1219.

Newbold, T., Hudson, L.N., Hill, S.L.L., Contu, S., Lysenko, I., Senior, R.A., Börger, L., Bennett,
D.J., Choimes, A., Collen, B., et al., 2015. Global effects of land use on local terrestrial
biodiversity. Nature 520, 45–50.

Ouyang, S., Xiang, W., Wang, X., Xiao, W., Chen, L., Li, S., Sun, H., Deng, X., Forrester, D.I.,
Zeng, L., et al., 2019. Effects of stand age, richness and density on productivity in sub-
tropical forests in China. J. Ecol. 107, 2266–2277.

Ouyang, S., Xiang, W., Gou, M., Chen, L., Lei, P., Xiao, W., Deng, X., Zeng, L., Li, J., Zhang, T.,
Peng, C., Forrester, D.I., 2021. Stability in subtropical forests: the role of tree species
diversity, stand structure, environmental and socio-economic conditions. Glob. Ecol.
Biogeogr. 30, 500–513.

Paquette, A., Messier, C., 2011. The effect of biodiversity on tree productivity: from tem-
perate to boreal forests. Glob. Ecol. Biogeogr. 20, 170–180.

Pretzsch, H., Bielak, K., Block, J., Bruchwald, A., Dieler, J., Ehrhart, H.P., Kohnle, U., Nagel, J.,
Spellmann, H., Zasada, M., et al., 2013. Productivity of mixed versus pure stands of
8

oak (Quercus petraea (MATT.) LIEBL. and Quercus robur L.) and European beech
(Fagus sylvatica L.) along an ecological gradient. Eur. J. For. Res. 132, 263–280.

Ratcliffe, S., Wirth, C., Jucker, T., van der Plas, F., Scherer-Lorenzen, M., Verheyen, K., Allan,
E., Benavides, R., Bruelheide, H., Ohse, B., et al., 2017. Biodiversity and ecosystem
functioning relations in European forests depend on environmental context. Ecol.
Lett. 20, 1414–1426.

Rees, M., 2013. Competition on productivity gradients - what dowe expect? Ecol. Lett. 16,
291–298.

Schnabel, F., Schwarz, J.A., Dănescu, A., Fichtner, A., Nock, C.A., Bauhus, J., Potvin, C., 2019.
Drivers of productivity and its temporal stability in a tropical tree diversity experi-
ment. Glob. Chang. Biol. 25, 4257–4272.

Seidel, D., Leuschner, C., Scherber, C., Beyer, F., Wommelsdorf, T., Cashman, M.J.,
Fehrmann, L., 2013. The relationship between tree species richness, canopy space ex-
ploration and productivity in a temperate broad-leaf mixed forest. For. Ecol. Manag.
310, 366–374.

State Forestry Administration, 2013. Forest Resource Data Collection Technical Specifica-
tion Part 1: National Forest Inventory in China.

Tilman, D., Lehman, C.L., Thomson, K.T., 1997. Plant diversity and ecosystem productivity:
theoretical considerations. Proc. Natl. Acad. Sci. U. S. A. 94, 1857–1861.

Tilman, D., Reich, P.B., Knops, J.M.H., 2006. Biodiversity and ecosystem stability in a
decade-long grassland experiment. Nature 441, 629–632.

Tilman, D., Reich, P.B., Isbell, F., 2012. Biodiversity impacts ecosystem productivity as
much as resources, disturbance, or herbivory. Proc. Natl. Acad. Sci. U. S. A. 109,
10394–10397.

Toïgo, M., Vallet, P., Perot, T., Bontemps, J.D., Piedallu, C., Courbaud, B., 2015. Overyielding
in mixed forests decreases with site productivity. J. Ecol. 103, 502–512.

van der Plas, F., 2019. Biodiversity and ecosystem functioning in naturally assembled
communities. Biol. Rev. 94, 1220–1245.

van der Plas, F., Manning, P., Soliveres, S., Allan, E., Scherer-Lorenzen, M., Verheyen, K.,
Wirth, C., Zavala, M.A., Ampoorter, E., Baeten, L., et al., 2016. Biotic homogenization
can decrease landscape-scale forest multifunctionality. Proc. Natl. Acad. Sci. USA
113, 3557–3562.

Vilà, M., Vayreda, J., Gracia, C., Ibáñez, J.J., 2003. Does tree diversity increase wood produc-
tion in pine forests? Oecologia 135, 299–303.

Wang, T., Hamann, A., Spittlehouse, D.L., Murdock, T.Q., 2012. ClimateWNA—high-resolu-
tion spatial climate data for western North America. J. Appl. Meteorol. Climatol. 51,
16–29.

Wang, T., Wang, G., Innes, J.L., Seely, B., Chen, B., 2017. ClimateAP: an application for dy-
namic local downscaling of historical and future climate data in Asia Pacific. Front.
Agric. Sci. Eng. 4, 448–458.

Wang, Y., Cadotte, M.W., Chen, Y., Fraser, L.H., Zhang, Y., Huang, F., Luo, S., Shi, N., Loreau,
M., 2019. Global evidence of positive biodiversity effects on spatial ecosystem stabil-
ity in natural grasslands. Nat. Commun. 10, 3207.

Wei, S., Dai, Y., Liu, B., Zhu, A., Duan, Q., Wu, L., Ji, D., Ye, A., Yuan, H., Zhang, Q., et al., 2013.
A China data set of soil properties for land surface modeling. J. Adv. Model. Earth Syst.
5, 212–224.

Weigelt, A., Schumacher, J., Roscher, C., Schmid, B., 2008. Does biodiversity increase spa-
tial stability in plant community biomass? Ecol. Lett. 11, 338–347.

Wilsey, B.J., Polley, H.W., 2004. Realistically low species evenness does not alter grassland
species-richness-productivity relationships. Ecology 85, 2693–2700.

Wu, X., Wang, X., Tang, Z., Shen, Z., Zheng, C., Xia, X., Fang, J., 2015. The relationship be-
tween species richness and biomass changes from boreal to subtropical forests in
China. Ecography 38, 602–613.

Yachi, S., Loreau, M., 1999. Biodiversity and ecosystem productivity in a fluctuating envi-
ronment: the insurance hypothesis. Proc. Natl. Acad. Sci. U. S. A. 96, 1463–1468.

Yuan, Z., Ali, A., Wang, S., Gazol, A., Freckleton, R., Wang, X., Lin, F., Ye, J., Zhou, L., Hao, Z.,
Loreau, M., 2018a. Abiotic and biotic determinants of coarse woody productivity in
temperate mixed forests. Sci. Total Environ. 630, 422–431.

Yuan, Z., Wang, S., Ali, A., Gazol, A., Ruiz-Benito, P., Wang, X., Lin, F., Ye, J., Hao, Z., Loreau,
M., 2018b. Aboveground carbon storage is driven by functional trait composition and
stand structural attributes rather than biodiversity in temperate mixed forests recov-
ering from disturbances. Ann. For. Sci. 75 (75–67).

Yuan, Z., Ali, A., Ruiz-Benito, P., Jucker, T., Mori, A.S., Wang, S., Zhang, X., Li, H., Hao, Z.,
Wang, X., Loreau, M., 2020. Above- and below-ground biodiversity jointly regulate
temperate forest multifunctionality along a local-scale environmental gradient.
J. Ecol. 108, 2012–2024.

Zhong, Y., Sun, Y., Xu, M., Zhang, Y., Wang, Y., Su, Z., 2017. Spatially destabilising effect of
woody plant diversity on forest productivity in a subtropical mountain forest. Sci.
Rep. 7, 9551.

http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0100
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0100
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0105
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0105
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0110
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0110
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0115
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0115
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0120
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0120
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0120
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0125
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0125
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0125
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0130
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0135
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0135
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0140
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0140
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0140
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0145
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0145
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0145
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0150
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0150
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0150
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0155
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0155
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0155
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0160
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0160
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0165
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0165
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0170
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0170
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0175
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0175
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0180
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0180
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0185
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0185
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0190
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0190
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0195
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0195
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0195
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0200
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0200
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0200
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0205
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0205
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0210
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0210
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0215
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0215
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0215
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0220
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0220
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0225
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0225
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0225
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0230
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0230
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0230
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0235
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0235
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0240
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0240
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0245
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0245
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0245
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0250
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0250
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0255
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0255
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0260
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0260
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0265
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0265
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0265
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0270
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0270
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0275
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0275
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0280
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0280
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0280
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0285
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0285
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0290
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0290
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0290
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0295
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0300
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0300
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0305
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0305
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0310
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0310
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0315
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0315
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0320
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0320
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0320
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0325
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0325
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0330
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0330
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0335
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0335
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0335
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0340
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0340
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0340
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0345
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0345
http://refhub.elsevier.com/S0048-9697(21)01742-3/rf0345

	Biodiversity increased both productivity and its spatial stability in temperate forests in northeastern China
	1. Introduction
	2. Material and methods
	2.1. Study area and forest plots
	2.2. Environmental data
	2.3. Aboveground wood productivity and its spatial stability
	2.4. Biodiversity indices
	2.5. Statistical analyses

	3. Results
	3.1. Bivariate biodiversity–AWP relationships
	3.2. Structural equation modeling results
	3.3. Biodiversity–spatial stability of AWP relationships

	4. Discussion
	4.1. Biodiversity effect on AWP
	4.2. Biodiversity effect on the spatial stability of AWP

	5. Conclusions
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




