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Abstract

In natural forests, it is increasingly suggested that stand factors are far more important for community biomass and productivity
than biodiversity, but the relative importance of stand factors vs. diversity on ecosystem stability, and how their relative roles
change with grain size, still remain unclear. Using inventory data from tropical forest plots in southwestern China from 2004 to
2010, we found that stand factors were clearly more stronger drivers than diversity for forest biomass and productivity (at each
grain size from 400 m?2 to 0.25 ha), while diversity was predominate for temporal stability of biomass and productivity. The
effect of diversity on biomass and productivity increased with increasing grain size, but did not change clearly for ecosystem
stability. Functional diversity was more important for ecosystem functions and stability than taxonomic and phylogenetic
diversity, and richness was more important than the other two diversity components (evenness and divergence). Our results
reconcile the recent debate on the relative importance of diversity vs. stand factors on ecosystem properties, and suggest that
forest management to adjust stand structure is an effective way to increase forest carbon storage rapidly, but biodiversity

conservation may be crucial for long-term ecosystem stability under climate change.

INTRODUCTION

For decades, ecologists have realized that global change has caused rapid losses in biological diversity, which
may in turn led to reductions in important ecosystem functions and services (Duffy 2009; Isbell et al. 2011;
Hooper et al. 2012; Liang et al. 2016; Huang et al. 2018). The relationship between biodiversity and
ecosystem functions (BEF), e.g. productivity or biomass, and their stability have thus become an important
part of ecological research since the 1990s (Wardle et al. 2000; Ruijven & Berendse 2005; Tilman et al. 2014;
van der Plas 2019). Previous theoretical and experimental studies have shown that diversity has a significant
effect on ecosystem functions and stability (Naeem & Li 1997; Loreau 1998; Cadotte et al. 2012; Loreau &
de Mazancourt 2013; Pennekamp et al. 2018). While there were a number of BEF studies, however, many
of them were conducted in algae, wetland or grassland ecosystems (Tilman et al. 2006; Isbellet al. 2009;
de Mazancourt et al. 2013; Morin et al. 2014; Craven et al. 2018; Pennekamp et al. 2018). In natural
forests, whether biodiversity is important for forest biomass and productivity is still hotly debated (Fotis et
al. 2018; Ouyang et al. 2019). Moreover, knowledge on the biodiversity effect on forest ecosystem stability
is still limited (Mazzochiniet al. 2019), especially in tropical forests which cover only 7 ~ 10% of the Earth’s
land surface but account for 55% of carbon pool and ~70% of carbon sink in global forests, and hold 96% of
the world’s estimated 45,000 tree species (Panet al. 2011; Poorter et al. 2015).

Two hypotheses were commonly used to explain the effect of biodiversity on ecosystem functions. The
complementarity effect hypothesis assumes that difference in niches among coexisting species lead to higher
resource utilization efficiency, thereby, increasing diversity enhances ecosystem productivity through niche
differentiation and facilitation (Tilman et al. 1997). Meanwhile, the sampling effect hypothesis proposes



that higher diversity increases community productivity through an increased chance of possessing highly
productive species (Hooperet al. 2005). As for the positive influence of diversity on ecosystem stability, the
insurance hypothesis suggests that the asynchrony of different species responding to environmental changes
ensures that ecosystem functions have a lower variability when disturbance occurs, and consequently enhances
ecosystem stability (Naeem & Li 1997; Mori et al. 2013). At the same time, the change of interactions
among species with time can also enhance ecosystem stability, which reflects the niche complementary on
the temporal scale (Morin et al. 2014; del Rio et al. 2017; Mazzochiniet al. 2019). The niche complementary of
coexisting species on temporal and spatial scales ultimately leads to lower variability of ecosystem functions
in higher-diversity communities.

Earlier BEF studies generally examined the effect of taxonomic diversity (TD) on ecosystem functions, and
species richness is still the most widely used metric till now (Liang et al. 2016; Huang et al. 2018). However,
the necessity of including other diversity dimensions and components is increasingly recognized (Craven
et al. 2018; van der Plas 2019). In addition to TD, functional diversity (FD) and phylogenetic diversity
(PD) are also critical diversity dimensions, which are useful to better address the processes responsible for
spatial and temporal dynamics of species co-occurrence (Jarzyna & Jetz 2016). Some studies have shown
that functional and/or phylogenetic diversity are stronger predictors than taxonomic diversity for ecosystem
functions (Craven et al. 2018; Hao et al. 2018; Mazzochiniet al. 2019; Staples et al. 2019). Meanwhile,
diversity still includes three components, namely richness, evenness and divergence (Mason et al. 2005;
Helmus et al. 2007; Mouchetet al. 2010), with increasing studies found that evenness and divergence may
also be important for ecosystem functions and stability (Zhang et al. 2012; Potter & Woodall 2014; Shirima
et al.2015). However, previous BEF studies have seldom included these diversity components and dimensions
simultaneously (Flynn et al.2011; Zhang et al. 2012; Craven et al. 2018), it still remains unclear about the
relative importance of the richness, evenness and divergence of species, functional and phylogenetic diversity
in natural forests. It also remains unclear whether their relative roles differ between distinctive ecosystem
functions, e.g. forest biomass and productivity (stock and rate, respectively; see Schmid et al. 2009), and
differ between ecosystem functions and their temporal stability.

Experiments that manipulate diversity generally report a strong effect of diversity on ecosystem functions
(Isbell et al. 2017; Isbellet al. 2018; van der Plas 2019). However, whether these conclusions obtained from
artificial communities can be extrapolated to natural communities has long been controversial, especially for
natural forests with far more complex community structure (Poorter et al.2017; van der Sande et al. 2017;
Satdichanh et al. 2019). Increasing studies have shown that though diversity had a significant effect on bio-
mass or productivity, the effect can be very weak compared to environmental gradients, species (functional)
identity and stand structure (Ma et al. 2010; Wu et al. 2015a; van der Sandeet al. 2018; Ouyang et al. 2019;
Staples et al.2019). For instance, two recent studies have illustrated the much stronger role of stand structure
attributes over diversity in shaping forest biomass and productivity patterns, respectively in temperate (Fo-
tis et al. 2018) and subtropical forests (Ouyang et al. 2019). While these findings still need further testing,
they also raised an interesting question which has not been examined before: what are the relative roles of
diversity vs. stand factors in affecting the temporal stability of forest biomass and productivity? Based on
the above-mentioned hypotheses on ecosystem stability (e.g. the insurance hypothesis), and evidence from
manipulation experiments (del Rioet al. 2017; Schnabel et al. 2019), it can be predicted that diversity metrics
are critical for the stability of forest productivity. However, we also can not reject the possibility that stand
factors may be more important than diversity in natural forest, similar as what was found for biomass and
productivity per se (Fotiset al. 2018; Ouyang et al. 2019).

Meanwhile, the relationship between diversity and ecosystem functions may change with grain size (Chisholm
et al. 2013; Thompsonet al. 2018; Luo et al. 2019). Chisholm et al. (2013) found that the relationship of
species richness with productivity and biomass is the strongest at a 400m? plot size. However, later studies
suggest that the relationship is the strongest at about 1000 m? (Thompson et al. 2018), or even larger grain
size (Luo et al. 2019; Mazzochini et al.2019). Thus, the scale dependence of BEF relationships still need
further examination. It is also notable that how the biodiversity effect on ecosystem stability changes with
grain size has much less been examined compared with forest biomass and productivity (Wang & Loreau



2014), despite it is an urgent question for sustainable forest ecosystem services in the context of rapid global
climate change (Mazzochini et al. 2019).

In summary, here we aimed to examine three inter-related questions as follows: 1) In tropical forests, what are
the relative effects of diversity vs. stand factors on biomass/productivity, as well as ecosystem stability? 2)
How does the relative importance of diversity and stand factors change with grain size? 3) Which of the three
diversity components (richness, evenness and divergence) and three dimensions (taxonomic, phylogenetic and
functional diversity) are more important for ecosystem functions and stability?

To examine these questions, we used a dataset from 10 permanent plots (50 * 50 m each) in the tropical
rainforests of Xishuangbanna (southwest China), which were revisited annually from 2004 to 2010. We also
split each 0.25 ha plot into subplots with three grain sizes (400, 800 and 1200 m?) to examine the scale-
dependence of diversity effect on stand biomass, productivity and their stability. Based on previous studies,
we tested several predictions for our questions as follows. 1) Stand factors, instead of diversity, are the main
drivers of forest biomass and productivity (Gough et al. 2019; Ouyanget al. 2019). By contrast, diversity
may be more important for the temporal stability of productivity and biomass (Delsol et al. 2018). 2) The
complementarity and asynchrony between coexisting species is hypothesized to increase with lager grain size
(Bond & Chase 2002; Delsol et al. 2018), and thus it is predicted that the effect of diversity on ecosystem
functions and stability should increase with plot size. 3) Functional and phylogenetic diversity are stronger
predictors for ecosystem functions and stability than taxonomic diversity (Craven et al. 2018; Haoet al.
2018), while richness, evenness and divergence may affect ecosystem functions and stability together (Potter
& Woodall 2014).

MATERIALS AND METHODS
Study site

The study site was located at the Xishuangbanna Tropical Botanical Garden (21°54’ N, 101deg46’ E) in the
Mengla County, Yunnan Province, China. The zonal vegetations here are tropical rain forests and monsoon
forests, which is not only a critical region for China’s tropical rain forests, but also the northern limit for
tropical rain forests in Southeast Asia. The Xishuangbanna region is an important part of the Indo-Burma
global biodiversity hotspots, and harbor over 5000 vascular plant species, which account for 16% of vascular
species across China (Cao et al. 2006). The rain forests here not only possess biodiversity that is important
both nationally and globally, but also revealed one of the highest forest productivity across China (Fenget
al. 1999) as a result of high energy and water availability. Climate in this region is controlled by northern
tropical monsoon, with a mean annual temperature of 21.5 degC, and mean temperature in June and January
of 25.5 degC and 14.8 degC, respectively. Annual precipitation averaged 1557 mm, of which 1335 mm (87%)
occurred in the wet season (May to October), while precipitation during the dry season (November to the
next April) accounts for only 13% of annal total. Relative humidity averaged around 80 %, and frost was
never recorded in this region.

The dataset

The dataset was provided by the Xishuangbanna National Forest Scientific Observation and Research Station,
available at the Chinese Ecosystem Research Network (CERN) (http: //www.cnern.org.cn/). The data
we downloaded included: 1) repeated measurements of 10 permanent plots (50 m x 50 m) in the rain
forests of Xishuangbanna, including different forest types from secondary to primary forests (Table 1); 2)
allometric equations to estimate tree biomass for each forest type (Table S1). 3) Soil variables, including
ten soil variables (soil organic carbon, pH, moisture, nitrogen, phosphorous and kalium concentrations, etc.)
measured at three locations in each plot in the year of 2010. These 10 plots were established in 2004, each
consist of 25 subplots (10 m x 10 m), which were investigated annually from 2004 to 2010. In each subplot
by each year, tree species name and diameter at breast height (DBH, 1.3 m) for all individuals with a DBH
[?]1.0 cm were recorded.

To examine the effect of grain size on the relative importance of diversity vs. stand factors on ecosystem



functions and stability, we split each 0.25 ha plot into subplots with different sizes: i.e. 400 m?, 800 m? and
1200 m?2. As a result, we obtained 61, 30, 20, and 10 (sub)plots with an area of 400, 800, 1200 and 2500 m?,
respectively.

Stand biomass, productivity and their stability

The biomass of each (sub)plot, from 400 to 2500 m?, was calculated by summing the total biomass
(stem + branches + foliage + roots) for each tree, which was estimated using the allometric
equations that were separately developed for each forest type (Table S1). Annual biomass incre-
ment was calculated as the difference in stand biomass between two adjacent years (¥ = B; —
Bi.1, whereByisthestandbiomasso fthecurrentyear). N otedthat® doesnotincludelitter fallproductionandthusisaparto fnetpr

To analyze the relationship between diversity and ecosystem functions, we calculated the multi-year mean
biomass (2004-2010) and productivity (2005-2010) for each plot (subplot). To explore the effect of diversity
on ecosystem stability, we calculated the temporal stability index (Tilman et al. 2006; van der Plas 2019)
based on the annual biomass and productivity data for each (sub)plot. Temporal stability is a measure of
how community productivity (biomass) fluctuates around its multi-year means: S =1 / CV = u/6, where
L is the mean value for a time period and6 is the standard deviation over the same interval, while CV is
the coefficient of variation (Tilman et al. 2006; van der Plas 2019). Hereafter, the stability of biomass and
productivity are abbreviated as S_B, S_P, respectively.

Explanatory variables

We calculated taxonomic, functional and phylogenetic diversity, and stand factors, to examine their relative
effects on biomass, productivity and their stability.

1) Tazonomic diversity

We calculated species richness and Pielou’s evenness for each plot (or subplot) using the 2010 inventory data.
Other species diversity indices (e.g. Shannon index) were not included in the final data analyses because of
their similar biological meanings and collinearity with richness and evenness. For taxonomic diversity we did
not find an index that clearly depict divergence. For instance, Rao’s Q is stated to included information on
both richness and divergence (Mouchet et al. 2010), but a preliminary analysis revealed that it was highly
correlated with species richness. As a result, the divergence of taxonomic diversity was not included in data
analyses.

2) Phylogenetic diversity

To ensure that the species names matched the Angiosperm Phylogeny Group IIT (APG III, 2009), the Plant
List (http://www.theplantlist.org/) database was used to proof read the 351 species names in the plots. Then
we generated a phylogenetic tree with branch length for the 337 species using the online program Phylomatic
3 (http://phylodiversity.net/phylomatic/) (Appendix S2), based on the phylogeny of Zanne (2014) which
was generated using sequence data of seven gene regions available in GenBank, as well as fossil data. To
represent different components (richness, evenness and divergence) of phylogenetic diversity, we calculated
three indices as follows. Phylogenetic species variability (PSV) quantifies how phylogenetic relatedness
decreases the variance of a hypothetical trait shared by all species in a community, and is used here as a
metric for divergence (Helmus et al. 2007; Potter & Woodall 2014). Phylogenetic species richness (PSR)
is calculated as the number of species in a community multiplied by the community’s PSV. Phylogenetic
species evenness (PSE), on the other hand, is the metric of PSV modified to incorporate relative species
abundances (Helmus et al. 2007). All phylogenetic diversity indices are calculated using the R package
“picante” (Kembel et al. 2010).

3) Functional diversity

Previous studies have shown that maximum tree height and wood density were key functional traits
to predict forest biomass and productivity (Ruiz-Benito et al. 2014; Woodall et al. 2014; Wu et



al. 2015b). Consequently, we calculate functional diversity based on these two traits. The maxi-
mum tree height data for each species was obtained from the ”Flora of China” (Editorial Committee of
Flora of China, 2004). The wood density data were retrieved from the global wood density database
(http://datadryad.org/repo/handle/10255/dryad.235) and China Woody Plant Wood Density Database
(Zhang et al. 2011). To represent the three diversity components, we calculated functional richness (FRic),
functional evenness (FEve), and functional divergence (FDiv) for each (sub)plot. FRic is the amount of
niche space filled by species in the community, while FEve is the evenness of abundance distribution in filled
niche space, and FDiv is the degree to which abundance distribution in niche space maximizes divergence
in functional characters within the community (Mason et al. 2005). All functional diversity indices were
calculated with the R package “FD” (Laliberté & Legendre 2010).

4)Stand and soil factors

We calculated stand total basal area (TBA), maximum breast diameter (DBH,,,x) and stand density for all
plots (or subplots). TBA was excluded from final data analyses, because of its collinearity with DBH,.x.
Unlike TBA which is correlated with both DBH and density, DBH,,,x and stand density were selected for
statistical analyses because they reflects distinctive stand structural attributes, and previous studies have
also shown that they may have important effects on biomass and productivity (Lutz et al. 2018; Ouyang et
al. 2019).

In preliminary analyses, we have also used the ten soil variables (see “The dataset” section) as environmental
factors. However, the soil variables were not significantly correlated with the four response variables in
most cases, and were rarely retained in the final multivariate models. This is not surprising because the
ten plots were located within a relatively small region and thus not differed much in site condition (http:
//www.cnern.org.cn/). Consequently, in the final data analyses we excluded the soil variables to focus on
the relative importance of stand factors vs. diversity on ecosystem function and stability.

Data analyses
1)Analyses based on all (sub)plots

Prior to data analyses all variables were Z-score standardized to avoid the difference in dimension among
variables. To examine Questions 173, we explained biomass, productivity and their stability (S_B, S_P)
with two groups of variables as follows: 1) Biodiversity, including eight variables depicting the richness,
evenness and divergence of species, functional and phylogenetic diversity, as mentioned above; 2) Stand
factors, including stand density and DBH .

In addition to bivariate analyses, we used model selection based on modified Akaike information criterion
(AICc) to obtain the most parsimonious model, so as to identify the major factors affecting ecosystem
functions and stability. Model selection was conducted with the “dredge” function in the MuMIn package of
R, which select the optimal model based on both the lowest AICc value and the least number of predictors
(Bartonn 2016). To evaluate the relative importance for variables retained in the models, we calculated
Chi-square values for mixed-effect models (400, 800, and 1200 m? subplots), while F-value for models of
the 2500 m? plots. The 400, 800 and 1200 m2subplots were split from the 2500 m? plots, and thus were
statistically not fully independent among subplots within a same plot. Consequently, for these subplots we
used mixed-effect models with plot as a random effect, which were then submitted to the MuMIn package
for model selection. Mixed-effect model analyses were implement with the R package “nlme”. For the 2500
m? plots, ordinary multiple regression was used. However, because of the limited sample size (10 plots), a
maximum of seven predictors were allowed by the model selection procedure with the MuMIn package. As a
result, we selected five out of eight diversity indices (i.e. species richness and evenness, PSR, PSV and Fric),
which showed stronger correlations with the four response variables, to be used in the initial models of the
2500 m? plots (together with stand density and DBH .y ).

2) Analyses based on random sampling

In the above-mentioned analyses, the sample size differed markedly among grain sizes [the number of 400,



800, 1200 m? and 2500 m? (sub)plots was 61, 30, 20 and 10, respectively]. In case that the difference in
sample size would affect the statistical results, we randomly extracted a same number (14) of subplots for the
400, 800 and 1200 m? grain sizes, which were fitted with mixed-effect model and then submitted to model
selection (as mentioned above). This procedure was repeated for 200 iterations. We sampled 14 subplots
because this was the least sample size (which was closer to the 10 sample size of 2500 m? plots) allowed by
the MuMin package when we wanted to use 10 candidate predictors in a mixed effect model. For the 2500
m? plots, we did not conduct random sampling analyses because of the limited sample size (10) compared
with number of predictors (see above), and the results were listed only for reference.

In each iteration, for the variables retained in the model, we used variation partitioning analyses to decompose
the total variations in a response variable into four components (Borcard et al. 1992): the pure effect of
stand factors (e ) and diversity (b ), respectively; the joint effect of stand factors and diversity (¢ ), and
unexplained variations (u ) (see Fig. S3 for an illustration). Note that the pure effect of diversity is the
explanatory power when the effect of stand factors has been already accounted for (Schmid et al. 2009, Wu
et al. 2015), and thus it may be argued that the biodiversity effect may be underestimated by this metric
(the situation is also true for stand factors). Consequently, we also reported the total effect for both diversity
(i.e. a + ¢ ) and stand factors (b + ¢ ). In some iterations, only stand factors (or diversity indices) were
retained in the model, in this situation both the total and pure effects were equal to the model R2. In a next
step, we calculated the mean pure and total effects for diversity (or stand factors) over the 200 iterations, to
measure the relative effect of diversity (or stand factors) on each response variable (i.e. biomass, productivity
and their temporal stability). We used these results for a more robust evaluation of the relative importance
of diversity vs. stand factors (Question 1), and how their relative effects changed with plot size (Question
2).

Finally, to examine the relative roles of different diversity dimensions and components (Question 3), we also
calculated variable importance for the variables retained in the model, for each iteration of the 200 random
samplings. We conducted hierarchy partitioning analyses using the “hier.part” function in hier.part package
in R (Walsh & Nally. 2020). In each iteration, we recorded the importance value of each diversity or stand
factor variable (when a variable was excluded from the model, it’s importance value was 0), and model R2.
In the “hier.part” function, variable importance is calculated as the percentage of independent contribution
to model R? by each variable in the model (Walsh et al. 2004). However, the model R? in different iterations
might differ markedly, and thus the variable importance was not well comparable among iterations (for
instance, FRic may contribute to 80% in a model with an R? of 0.3, but may contribute to 50% of a model
R? of 0.8). Consequently, we calculated “variable importance” in each iteration as the product of model
R? and the importance value obtained by hier.part. Then the importance of a diversity dimension (or a
component) was calculated by averaging the importance of corresponding diversity indices (e.g. importance
of the richness component = averaged “variable importance” for species richness, FRic and PSR). In a final
step, we averaged the resulting importance values across the 200 iterations to evaluate the relative effects of
different diversity dimensions (or components) on ecosystem functions and stability.

All statistical analyses were performed with R 3.6.0 (R Development Core Team, 2019).
RESULTS
Bivariate relationships of diversity, stand factors with ecosystem functions and stability

Both stand biomass and productivity were strongly correlated with DBHpax (r = 0.68 ~ 0.92), at each
grain size from 400 to 2500 m? (Table 1). However, they were only occasionally related to diversity indices
significantly, except for FRic, which still showed correlations markedly lower than DBH,, .. In contrast, the
stabilities of biomass and productivity were significantly related to diversity at most grain sizes, especially for
richness metrics (taxonomic, phylogenetic and functional richness), but were rarely related to stand factors.
These results imply that stand factors may be the main drivers for forest biomass and productivity, while
diversity may be mainly responsible for their temporal stability.

Relative importance of stand factors vs. diversity



The optimal model obtained by model selection based on all (sub)plots showed that (Table 3), for stand
biomass and productivity, DBH,,x was the most powerful predictor at each grain size (as indicated by the
chi-square or F values). Meanwhile, diversity indices entered the models only occasionally and revealed weak
effect. For ecosystem stability, however, diversity indices play a dominant role at all grain sizes, while stand
factors were excluded from all models.

Changes of the relative importance of diversity vs. stand factors with grain size

The models in Table 3 were based on (sub)plots that differed markedly in sample size, consequently we
randomly extracted a same number of subplots for a better comparison across grain sizes (see Methods).
Figure 1 again showed that, for forest biomass and productivity, stand factors revealed a markedly stronger
effect than diversity indices at each grain size (especially for biomass), no matter measured by the pure or
total effect. This confirms our conjecture that stand factors are dominant in driving forest biomass and
productivity. However, we also noted that the total and pure effects of diversity on biomass both showed an
increase from the 400 to 1200 m? grain size (for the 2500 m? results, see below). For productivity, the total
effect of diversity increased with grain size while the pure effect decreased, suggesting that the joint effect
between diversity and stand factors increased with lager plot size. We thus concluded that the biodiversity
effect on forest biomass and productivity might increase with grain size.

For the stability of biomass and productivity, however, the total and pure effects of diversity were markedly
higher than that of stand factors across grain sizes, confirming that diversity is dominant in affecting ecosys-
tem stability. However, the total and pure effects of diversity and stand factors on the two stability metrics
did not revealed a consistent pattern across grain sizes.

For comparison with the above results based on random sampling of subplots, we also reported the variation
partitioning analyses based on models in Table 3 (Fig. S3). We found that while the basic results were similar
(stand factors were important for biomass and productivity, while diversity was dominant for stability), there
were also notable differences. For biomass and productivity, diversity occasionally showed higher explanatory
power in Fig. S3 compared with that in Fig. 1, while at other grain sizes diversity was excluded from the
models in Fig. S3. Meanwhile, the explanatory power of diversity from 400 to 1200 m? in Fig. S3 were ca.
23% and 20% for biomass and productivity, respectively, which were clearly lower than that in Fig. 1 (ca.
40% and 37%, respectively). These differences suggest that the results based on random sampling of plots
may be more robust (see Discussions for details). Consequently, the results of the 2500 m? (which was not
based on random sampling) should be viewed with caution, and was listed in Fig. 1 for reference only, and
not reported in subsequent analyses.

The relative importance of different diversity components and dimensions

The results based on random sampling of the subplots showed that (Figure 2), functional diversity (including
the effect of richness, evenness and divergence) seemed to be more important for biomass and productivity
than phylogenetic and taxonomic diversity, and the importance of functional diversity increases markedly
with larger grain size. Thus the increase in the explanatory power of diversity in Figures 1A and 1B may
be mainly caused by functional diversity. For biomass stability, functional diversity is also clearly more
important than phylogenetic and taxonomic diversity, while the three dimensions of diversity showed similar
importance on productivity stability. Meanwhile, the relative importance of three diversity dimensions did
not reveal a consistent trend across grain sizes, which may be why the effect of diversity did not show a clear
pattern with plot size in Figures 1C and 1D.

As for the three components of diversity (Figure 3), the importance of richness (mean importance of species,
functional and phylogenetic richness) on ecosystem functions and stability were generally higher than that
of evenness and divergence. However, for biomass and productivity, the importance of divergence increase
with grain size. While for the two stability measures, the change of importance value with grain size differed
among three diversity components.

DISCUSSION



Stand factors are more important than diversity in affecting forest biomass and productivity

Our results revealed the clearly dominant effect of DBH,,,x on forest biomass and productivity across all
grain sizes (Table 3 and Fig. 1). According to the metabolic theory of ecology, the metabolic rate of
an organism scales as a power function of it’s body mass (Brown et al. 2004), which means that larger
trees accumulate organic matter (i.e. productivity) much faster than small ones, and thus further lead to
unproportionally higher biomass. Consistent with this theory, increasing studies have shown that DBH .
or maximum tree height are good surrogates of plot biomass (Wang et al. 2013; Wu et al. 2015b; Bastinet
al. 2018; Lutz et al. 2018), and that large trees are predominant contributors to forest productivity (Xu et
al. 2019).

We found that diversity has a weak effect on biomass and a medium effect on productivity (Fig. 1), which
provided some supports to the complementary effect hypothesis. However, the effect of diversity is clearly
weaker than that of stand factors, which is consistent with recent findings (Ouyang et al. 2019; Staples et
al. 2019). These increasing evidences suggest that previous BEF studies may have put too much emphasis
on the effects of diversity (van der Plas 2019) compared with stand factors. Forest ecosystems have complex
community structures, and many studies have found that stand structure attributes are strong predictors for
community biomass or productivity (Wu et al. 2015b; Fotis et al. 2018; Gough et al. 2019). Further, studies
have reported that the species-poor planted forests can have biomass and productivity that were comparable
to (or even higher than) natural forests with higher diversity (Guo & Ren 2014), which also suggests that
diversity may not be the main driver of forest biomass and productivity compared with stand factors.

Diversity is the main driver of ecosystem stability

In contrast to biomass and productivity, we found that the relative importance of diversity is much higher
than stand factors for ecosystem stability at different grain sizes (Table 3 and Fig. 1). In more-diverse
communities, the growth and development of coexisting species are often asynchronous in time and space,
which allows the community to stabilize ecosystem functions under environmental perturbations (Loreau &
de Mazancourt 2013; Morinet al. 2014). The asynchrony of coexisting species is mainly determined by the
species-specific attributes (such as functional traits, evolutionary history, etc.), and these differences in species
attributes can be reflected by diversity indices (e.g. taxonomic, phylogenetic and functional diversity) (Mori
et al.2013; del Rio et al. 2017). This may be why diversity metrics were powerful in explaining ecosystem
stability in our analysis. Hector et al. (2010) proposed the over-yielding effect hypothesis, which suggests that
diversity may also stabilize ecosystem functions under environmental disturbances by increasing community
biomass or productivity. However, the hypothesis was not well supported, because we found that the influence
of diversity on biomass and productivity was weak, and thus the over-yielding effect seem not to be the main
driver for ecosystem stability. Recent studies have also shown that the relationship between diversity and
ecosystem stability is mainly shaped by the asynchrony of species’ response to environmental fluctuation
and interactions among species, instead of the over-yielding effect (del Rioet al. 2017).

It is also suggested that diversity can increase ecosystem stability through species facilitation, which was
found to reduce mortality caused by climate events such as drought (Fichtner et al. 2017; Hutchison et al.
2018; Schnabel et al. 2019). Under disturbances or environmental changes, the asynchrony, facilitation and
species interactions may be the main drivers of ecosystem stability, and thus the difference in attributes
among coexisting species (i.e. diversity indices) may be more important than stand factors. Recent studies
have reported that taxonomic diversity explained forest stability better than structural diversity (Schnabel
et al. 2019), which also provided some supports to our finding that stand factors showed weak effect on
stability. However, analyses on the relative effect of stand factors vs. diversity on ecosystem stability are still
limited till now (Mazzochiniet al. 2019; Wang et al. 2019), and the mechanisms why stand factors are so
weak predictors of ecosystem stability across grain sizes is still largely unknown (considering the dominant
effect of stand factors on biomass and productivity per se , this is surprising). More studies are needed to
test our findings and to better understand the underlying mechanisms.

The role of different dimensions and components of diversity



We found that functional diversity showed stronger effect on forest productivity than taxonomic and phy-
logenetic diversity (Fig. 2), which is consistent with recent findings (Craven et al. 2018; Haoet al. 2018;
Mazzochini et al. 2019; Staples et al.2019). This is somehow not surprising because functional diversity is
designed to reflect the functional differences among coexisting species that may not be well captured by
taxonomic and phylogenetic diversity, but are more closely related to species niches and thus ecosystem
functions (Petchey & Gaston 2006). Interestingly, we also found markedly higher effect of functional diversi-
ty than taxonomic and phylogenetic diversity on biomass stability, though not for the temporal stability of
productivity. Plant functional traits may affect the resistance, resilience and stability of communities through
mechanisms as follows (Mori et al. 2013; Schnabel et al. 2019): communities dominated by fast-growth stra-
tegy species may have higher resilience, while communities dominated by slow-strategy species may have
higher resistance. Consequently, communities with higher mixture of species strategies from fast-growth to
slow-growth can exhibit both greater resistance and resilience, and thus higher ecosystem stability. However,
this hypothesis can only explain our findings for biomass stability, but not for productivity stability. A recent
study also reported that taxonomic and phylogenetic diversity stabilized community productivity through
enhanced asynchrony of coexisting species, while functional diversity revealed a weak effect (Craven et al .
2018). Biomass and productivity are distinctive types of ecosystem functions (stock and rate, respectively),
which have been shown to be affected by diversity differently in both manipulation experiments and natural
forests (Caspersen & Pacala 2001). Our results are consistent them and suggest that the mechanisms how
different diversity dimensions affect forest stability is different between carbon stock and carbon assimilation
rate, which still needs further studies to examine why, because such knowledge is critical for sustainable
forest managements with different management purposes (Craven et al. 2018).

As for different diversity components, we found that richness was generally the strongest predictor of biomass
and productivity and their stability, but evenness and dispersion also played a role (Fig. 3). Richness is an
indicator of the quantity of species number, functional space, and phylogenetic distance among species.
The higher the richness, the more spatial and temporal niches are occupied by coexisting species in the
community (Laliberté & Legendre 2010), which can increase the complementary and asynchrony in space
and time and thus increased ecosystem productivity and stability. As for evenness and dispersion, some
studies have shown that they can also significantly improve ecosystem functions and stability (Zhang et al.
2012; Potter & Woodall 2014). The relative weaker effect of evenness and dispersion than richness observed
in our study may suggest that: the volume of niche space (i.e. amount of resources) occupied by a community
is more important for ecosystem functions and stability, while how the niche space is filled by coexisting
species (as reflected by evenness and dispersion, see Mason et al . 2005) plays a second role.

Scale dependence of the diversity effect.

Previous studies have showed that the relationship between diversity and productivity (biomass) changed
with plot size (Chisholm et al.2013; Thompson et al. 2018; Luo et al. 2019). We also found that the explana-
tory power of diversity increased from the 400 to 1200 m? grain size for biomass and productivity (Fig. 1). It
is generally hypothesized that the biodiversity effect will first increase with larger plot size, and then show
a decrease. At smaller plot sizes, environmental heterogeneity increases with increased grain size and thus
biodiversity also accumulates, which lead to higher biodiversity effect. However, when diversity gradually
saturates with further increase in grain size, the effect of diversity on ecosystem functions will weaken (Chis-
holm et al . 2013, Thompson et al. 2018). As for the grain size with the strongest diversity effect on forest
biomass and productivity, (Chisholm et al. 2013) found that the optimal grain size was 0.04 ha, and that
biodiversity effect may become null or even negative for plot size > 0.1 ha. However, later studies suggest
that the optimal grain size is around 0.1 ha (Thompson et al. 2018). Our results suggest that the optimal
grain size may be larger than 1200 m? for forest biomass and productivity. A recent study also found that the
diversity effect is the strongest at a grain size of 0.25 ha in a temperate forest (Luo et al. 2019). These results
are clearly different from previous idea that biodiversity effect should be the strongest at the smallest grain
size, where community processes (e.g. complimentary and sampling effect) play a dominant role (Chisholm
et al. 2013).



Compared with forest biomass and productivity per se , the change of diversity effect on their stability with
grain size has much less been reported with field data. However, Wang et al. (2014) proposed a theoretical
model and predicted that ecosystem stability itselfshould increase from local to regional scales. As for
diversity-stability relationship, their model predicts distinctive pattern between the local and regional scales:
1) at the local community scale, the diversity-stability relationship do not change with grain size; 2) while at
the regional (metacommunity) scale, ecosystem stability should be higher with both increasing diversity and
grain size. Interesting, our results obtained at the community scale also showed that the effect of diversity on
biomass and productivity stability did not showed clear trend across grain sizes (Fig. 1), and thus provide
support to their first prediction. Meanwhile, their second prediction is also consistent with a large-scale
study, which found that the effect of biodiversity on productivity stability was stronger at a larger grid size
of 7 55 km (0.5 °) than the ~ 5 km grids (Mazzochini et al. 2019). Thus, biodiversity is crucial for ecosystem
stability from local community to large scales.

In previous studies that examined the scale dependence of diversity effect, results based on subplots that
differed greatly in sample size were generally compared directly (e.g. Chisholm et al. 2013, Thompson et al.
2018, Luo et al. 2019). Our analysis seems to be the first one that test the potential influence of sample size on
the scale-dependence of biodiversity effects. Our test showed that while the results based on different subplot
numbers (Fig. S3) showed some similarity with that based on random sampling of subplots (Fig. 1), there
were also notable differences. For instances, for biomass and productivity, Fig. S3 can not provide a clear
picture of increasing diversity effect with larger plot size, as revealed by Fig. 1. However, this difference seems
not to be mainly caused by difference in sample size. Instead, it seems to be caused by the fact that: when
the diversity effect is weak, diversity indices have higher probability to be excluded from the models, which
result in the occasionally high explanatory power of diversity in Fig. S3A and S3B (this is also evident when
comparing the effect of stand factors on ecosystem stability between Fig. 1 and Fig. S3). Thus, we suggest
the random sampling method may provide a more robust way to examine the relative effect of diversity vs.
other factors, and their scale dependence. It remains unclear whether the different optimal grain size found
by previous studies (e.g. Chisholm et al. 2013, Thompson et al. 2018) from ours results were caused by this
statistic issue. It is a pity that the maximum plot size in our dataset is not large enough. We suggest authors
with larger plots to test our method, for a better understanding of the scale dependence of biodiversity effect.

CONCLUSION

Our results reconcile the recent debate on the relative importance of diversity vs. stand factors on ecosystem
properties in natural forests. We showed that forest biomass and productivity are more affected by stand
factors, while their temporal stability is dominated by diversity. Notably, our results imply that the effect
of diversity on forest biomass and productivity may increase with grain size. Our analysis highlights the
importance of forest management to adjust stand structure as an effective way to increase forest biomass
and productivity, so as to mitigate global climate change. Meanwhile, biodiversity conservation should be
incorporated in forest management practices, which is crucial for ecosystem stability and to sustain ecosystem
services under projected future climate change. Our results also suggest that management practices to
increase richness and functional diversity may be more effective to enhance ecosystem functions and stability,
than other diversity components and dimensions.
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Table 1. Community characteristics of the 10 permanent forest plots (50 m x 50 m) in Xishuangbanna,
southwest China. Density, DBHyean, DBHmax, and TBA are stand density (tree/ha), mean breast diameter
(cm), maximum breast diameter (cm) and total basal area (m?/ha), respectively.

Plot ID Forest type Density DBHpean DBHpaxy TBA  Dominant genus

BNFFZ01 secondary forest 2464 8.9 118.60 50.32  Barringtonia, Pometia
BNFFZ02 secondary forest 2724 7.7 63.60 29.24  Barringtonia, Baccaurea
BNFZHO1 monsoon rainforest 2732 7.1 82.90 34.76  Barringtonia, Pometia
BNFZH02 monsoon rainforest 2312 7.6 146.50 37.32  Barringtonia, Baccaurea
BNFZHO3 monsoon rainforest 2020 7.9 91.00 28.24  Gironniera, Walsura
BNFZH04 monsoon rainforest 2712 7.39 113.90 32.88  Barringtonia, Gironniera
BNFZQO01 karst monsoon forest 3280 7.63 81.55 29.76  Cleistanthus

BNFZQ02 secondary forest 2420 6.67 35.43 13.20  Syzygium, Millettia, Castanop
BNFZQO03 secondary forest 2704 6.66 39.53 14.68  Scheffiera, Machilus, Dolichan
BNFZQ04 monsoon evergreen broad-leaf forest 3272 7.3 69.96 26.60  Castanopsis, Aporusa, Schima

Table 2. Correlation of stand factors and diversity indices with forest biomass, productivity and their
stability (S_B and S_P) at different plot size. Only significant relationships (p < 0.05) were listed for clarity.
The unit of grain size is m?. Ric is species richness; Eve is species evenness; PSR, PSE, and PSV are
phylogenetic richness, phylogenetic evenness and phylogenetic variability, respectively; FRic, FEve, and

FDiv are functional richness, evenness and divergence, respectively. Level of significance: P < 0.001 ", P
<0.01™,P <0.05".

Ecosystem Taxonomi@daxonomiPhylogeneficylogendPieylogendfimctionaFunction:
proper- Grain Stand Stand diver- diver- diver- diver- diver- diver- diver-
ties size factors factors sity sity sity sity sity sity
DBH,..x Density Ric PSR PSE PSV FRic FEve

Biomass 400 0.86" 0.29"

800 0.92"" 0.39" 0.39"

1200 0.91™"

2500 0.91™"
Productivit30 0.68™ - 0.33"

0.26™

800 0.74™* 0.37" 0.43"

1200 0.73™* 0.46"

2500 0.77""
S_B 400 0.28" 0.27" 0.37"

800 0.43" 0.42" 0.45"

1200 0.48" 0.47" 0.51"

2500 -

0.66™"
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Ecosystem Taxonomidaxonomi®hylogendPicylogendPicylogendfimctionaFunction:

proper- Grain Stand Stand diver- diver- diver- diver- diver- diver- diver-
ties size factors factors sity sity sity sity sity sity sity
S_P 400 0.34" 0.34" 0.38"

800 0.37" 0.36" 0.37" 0.36"

1200

2500 0.68""  0.69""  0.68*" 0.63™"

Table 3. Optimal models for the effects of stand factors and diversity on forest biomass, productivity and
their stability (S-B and S_P, respectively) at different plot sizes, obtained through model selection procedure.
For the grain sizes from 400 to 1200 m?, we used mixed-effects models and thus the chi-square values were
reported for variables retained in the model. While for the 2500 m? grain size, we used ordinary regression
and thus F values were reported (see Methods for details).

Ecosystem properties Grain size Variables retained in the model (chi-square or F values) Model R?

Biomass 400 DBH,ax (170.81) 0.74
800 DBHpax (149.93) 4+ Richness (6.95) + PSR (6.91) 0.88
1200 DBHmax (88.19) 0.83
2500 DBHmax (36.27) 0.82
Productivity 400 DBHmax (46.07) + Density (2.46) 0.48
800 DBHmax (30.48) + FRic (6.32) + PSR (4.32) 0.64
1200 DBHmax (20.54) 0.53
2500 DBHmax (11.84) 0.60
S B 400 FRic (17.61) + PSE (7.03) 0.23
800 FRic (7.29) 0.21
1200 FRic (6.47) 0.26
2500 PSV (6.18) 0.44
S_P 400 FRic (10.14) 0.15
800 PSR (5.86) + FDiv (4.02) 0.25
1200 PSR (2.82) 0.14
2500 Eve (7.12) 0.47
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Figure 1. Variation partitioning analysis for the relative importance of stand factors vs. diversity in
explaining forest biomass (A), productivity (B) and their stability (C and D, respectively) at different plot
size. For the 400, 800 and 1200 m? grain size, we reported the mean percentage of variations explained
(PVE), and the standard error, during the 200 sampling of 14 subplots (see Methods). The 2500 m?results
were based on models in Table 3. Abbreviations: Diver_T, Diver_P, Stand_T and Stand_P, the total and
pure effect of diversity indices, and the total and pure effect of stand factors, respectively.
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Figure 2. The relative importance of three diversity dimensions in explaining stand biomass (A), produc-
tivity (B) and their stability (C and D, respectively), as obtained by hierarchy partitioning analysis. For
each grain size, the mean variable importance (and standard error) over 200 random samplings of subplots
were reported. TD, taxonomic diversity; PD, phylogenetic diversity; FD, functional diversity.
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Figure 3. The relative importance of different diversity components in explaining stand biomass (A),
productivity (B) and their stability (C and D, respectively), as obtained by hierarchy partitioning analysis.
For each grain size, the mean variable importance (and standard error) over 200 random samplings were
reported.

APPENDIX 1: SUPPLEMENTAL TABLES AND FIGURES
Tables S1

Figures S1-S3

Appendices

Table S1. Biomass equations of each forest type in this study, as developed by the Xishuangbanna Tropical
Botanical Garden. a, b and c are the fitted parameters; r? is the coefficient of determination; B,, B, Bpark,
By, By are the biomass (B, kg) of root, stem, bark, branch and leaf, respectively; D is the diameter (DBH,
cm) at breast height; H is the tree height (H, m)

Forest type Range ppu Equation a b
Karst monsoon forest 1.075.0 B,=a*DP 0.041 2.156
By=a*DP 0.099 2.469
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Forest type Range pgy Equation a b
Bpa=a*D" 0016  2.123
By=a*DP 0.037 2.315
B=a*DP 0.028 1.961
5.0720.0 B,=a*DP 0.028 2.469
By=a*DP 0.119 2.331
Bp=a*DP 0.015 2.733
Bj=a*DP 0.043 2.469
20.0788.4 B,=a*DP 0.039 2.375
Bs=a*D+c 0.132 -
Bp=a*D+c 9.116 -
Bj=a*DP 0.422 2.370
Secondary forest 1.075.0 B,=a*DP 0.055 1.894
B,=a*DP 0.064 2.406
Bhark=2a*DP 0.017 1.984
Bp=a*DP 0.025 2.149
Bj=a*DP 0.021 1.643
>2.0 B,=a*D?*HP 0.037 0.775
By=a*D?*HP 0.017 0.805
Bp=a*D?*HP 0.019 0.876
Bi=a*D?*HP 0.009 0.755
Monsoon rainforest/ monsoon evergreen broad-leaf forest 3.0720.0 B,=a*D?*H?+b*D?**H+c  3x107  0.004
W,=a*D?*H24+-b*D?*H+c -7x107 0.023
W,=a*D?*H2+b*D?*H+c  2x10°  -0.002
W =a*D?*HP 0.010 0.725
18.0790.0 W,= a*D?*HP 0.006 0.984
W= a*D?*HP 0.036 0.941
Wy,= a*D?*HP 0.206 0.632
W= a*D?*HP 0.107 0.467

Figure S1. Phylogenetic tree for the 337 species from the 10 plots used in this study
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Figure S2. The total effect and independent effect of stand factors and diversity on ecosystem functions
and stability. a, b and c are the independent effect of stand factor, independent effect diversity and join
effect of stand factor and diversity, respectively. a+c, b+c are the total effect of stand factor, total effect of
diversity, respectively. u=1-a-b-c, the unexplained variation in response variables.
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Figure S3. Variation partitioning analysis for the relative importance of stand factors vs. diversity in
explaining forest biomass (A), productivity (B) and their stability (C and D, respectively). Different from
Fig. 1, results here were based on models in Table 3, which differed markedly in sample size among grain
sizes. PVE (%), percentage of variations explained; Diver_T, Diver P, Stand_T and Stand_P, the total and
pure effect of diversity indices, and the total and pure effect of stand factors, respectively.
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