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A B S T R A C T

Intraspecific functional trait diversity (FTD) has improved our understandings about the key mechanisms of
species coexistence in plant communities. Yet, little is known about whether and how intraspecific and inter-
specific FTD mediate the response of aboveground biomass to species richness across forest strata (i.e. overstorey
and understorey) and at whole-community in forests. To address this question, we tested the direct and indirect
responses of aboveground biomass to species richness via intraspecific and interspecific FTD based on specific
leaf area (FTDSLA) and leaf dry matter content (FTDLDMC) using structural equation modeling, in addition to the
effects of soil nutrients, across 125 plots in a 5-ha subtropical forest in Eastern China. Results showed that
intraspecific FTD mediates the response of aboveground biomass to species richness at overstorey and under-
storey strata, and whole-community level, while interspecific FTD did so at understorey strata only. At over-
storey strata, 14% of the variation in aboveground biomass was accounted by the strong direct positive effect of
species richness only. At understorey strata, soil nutrients had a strong negative direct effect followed by positive
effects of species richness and FTDLDMC on aboveground biomass with 44–45% of the variation in both in-
traspecific and interspecific FTD models. At whole community level, 14% of the variation in aboveground
biomass was explained by the strong positive direct effect of species richness followed by negative direct effect of
intraspecific FTDSLA. Intraspecific and interspecific FTDLDMC had positively mediated the response of above-
ground biomass to species richness at understorey strata through niche differentiation. Intraspecific FTD had
negligible mediation role, whereas interspecific FTD had no role, for linking the response of aboveground
biomass to species richness at overstorey strata, indicating that only dominant species with a specific functional
strategy may largely determine community trait space. Intraspecific FTDSLA had negative relationship with
aboveground biomass at the whole-community, probably due to the presence of a few large trees occupying
larger niche space in a community. We conclude that intraspecific versus interspecific FTD plays a central role
for linking the direct and indirect responses of aboveground biomass to species richness, but these relationships
depend on the forest strata of a community.

1. Introduction

Substantial evidences exist for the positive relationship between
species richness and aboveground biomass or productivity in forest
ecosystems (Poorter et al., 2015), and such relationship is thus a po-
tential ecological indicator for biodiversity conservation and carbon

storage (Chisholm et al., 2013; Poorter et al., 2015; Zhang et al., 2016).
However, increasing species richness may also lead to niche overlap
and species redundancy (functionally similar species that make use of
the same resources) instead of niche complementarity (Prado-Junior
et al., 2016; Walker, 1992). Therefore, the positive relationship be-
tween species richness and aboveground biomass does not always hold
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true in forest ecosystems (Szwagrzyk and Gazda, 2007; Vilà et al.,
2003). The direction of this relationship depends on the resource-use
complementarity of co-occurring individuals within and between or
among species, and functional traits can be used as indicators for the
ecological mechanisms (e.g., Paquette and Messier, 2011; Vilà et al.,
2007). However, in the past empirical studies, mean values of the
functional traits have been generally used for relating functional trait
diversity (FTD) with aboveground biomass or productivity in forest
ecosystems. Intraspecific FTD was considered to be negligible for ex-
plaining variation in aboveground biomass (Ali et al., 2017; Conti and
Díaz, 2013; Yuan et al., 2016) or productivity (Finegan et al., 2015;
Prado-Junior et al., 2016). It is insufficient to use only interspecific FTD
to represent total FTD of a forest community (de Bello et al., 2011; Mao
et al., 2017). For instance, considering mean trait values per species can
underestimates the ability of a species to endure the presence of others
in a community, and ultimately underestimates the degree of niche
differentiation and facilitation among species (e.g. Violle et al., 2012).

Intraspecific FTD has been recognized as a critical driver for
maintaining individuals within species, co-occurring species dynamics,
total FTD and functioning of communities (e.g. Chesson, 2000; Chu
et al., 2009; Clark, 2010; Kichenin et al., 2013; Siefert et al., 2015). In
fact, some plant species are tolerant and perform well for a diverse
array of environmental heterogeneity by adjusting its phenotypic
plasticity (Via et al., 1995), hence maintaining high level of in-
traspecific FTD (Clark, 2010; Kichenin et al., 2013; Siefert et al., 2015).
At the global scale, intraspecific trait variability can explain about 25%
of the total trait variation on average within communities (Siefert and
Ritchie, 2016). In a given community, species richness maintains total
FTD that directly influences ecosystem function (e.g. Clark, 2010; Flynn
et al., 2011; Siefert et al., 2015). As such, both intraspecific and in-
terspecific FTD may evoke or mediate the effects of species richness on
aboveground biomass (Fig. 1). Interspecific FTD is the primary me-
chanism underlying the effect of species richness on the community
level productivity or aboveground biomass (Loreau, 2010). At the same
time, intraspecific FTD allows individual plants to adjust in response to
environmental fluctuation (Clark, 2010; Ravenscroft et al., 2014;
Spasojevic et al., 2016) and modifies their traits in response to the
activity of their closest neighbors (Le Bagousse-Pinguet et al., 2015;
Uriarte et al., 2010; Violle et al., 2012), thus modulating the stabilizing
effect of species diversity on the aboveground biomass of coexisting
species.

Natural forests are always structurally and functionally complex due
to the life-history and resource allocation strategies of different tree
species (Rüger et al., 2012; Wright, 2002). To consider the functional
strategies and trade-offs underlying different life-history strategies
(Wright et al., 2004; Zhao et al., 2017), it is therefore essential to gain
insights into the relationship between species richness and above-
ground biomass across forest strata (i.e. overstorey and understorey).
Species compositions and thus functional strategies generally differ
across overstorey and understorey strata (Ali and Yan, 2017a). In ad-
dition, understorey strata account for the majority of species richness
but less quantities of aboveground biomass, whereas overstorey strata

maintain few dominant species but large quantities of aboveground
biomass due to their large wood volumes in subtropical forests (Ali and
Yan, 2017b). As such, environmental conditions that influence plant
performance vary with forest strata, and important resources such as
light is often limiting in the understorey while abundant in overstorey
strata of forests (e.g., Brenes-Arguedas et al., 2011; Wright, 2002). In
this context, the mechanisms behind the relationship between species
richness and aboveground biomass may be forest strata-specific.

The niche complementarity hypothesis predicts that communities
with a variety of species (Tilman, 1999) or functional traits (Díaz et al.,
2011) are therefore able to use available resources more efficiently,
thus enhancing the magnitude of ecosystem functions in natural forests
(Zhang et al., 2012a). As shown by the niche-based model, the func-
tional similarity or dissimilarity within and among coexisting species or
functional groups indicates how the available resources are distributed
among species within the community (de Bello et al., 2011; Mao et al.,
2017; Mason et al., 2011; Tilman, 1997). In a given forest, an increase
of species richness may contribute to aboveground biomass through
both the niche overlap of functionally similar species, and the niche
complementarity across functionally dissimilar species (Prado-Junior
et al., 2016; Walker, 1992). Indeed, the niche overlap effect may be
more important in productive environment of the overstorey due to the
presence of a few large tree species, while niche complementarity effect
may be a main driver of aboveground biomass in the light-stressful
understorey strata as a result of a larger number of small tree species. As
such, we have previously reported that high aboveground biomass was
potentially driven by functional identity of tree height through making
use of plentiful soil nutrients at overstorey strata, whereas by con-
servative strategy at understorey strata through enduring nutrient-poor
soils (Ali and Yan, 2017a).

Intraspecific FTD, due to the predominantly uneven abundances of
dominant species, may largely determine community trait space and
the ability of species to acquire resources (Johnson et al., 2015), and
consequently influencing aboveground biomass (Li et al., 2017). As
such, traits of dominant species have been shown to produce high
aboveground biomass at community level through opposing strategies
in different (sub-) tropical forests (Ali et al., 2017; Finegan et al., 2015;
Lin et al., 2016; Prado-Junior et al., 2016). For instance, high specific
leaf area (SLA) is positively related with relative growth rate, photo-
synthetic efficiency and leaf net carbon assimilation rate, i.e. acquisi-
tive strategy of a plant, while high leaf dry matter content (LDMC) is
associated with low leaf water and nutrient retention, i.e. conservative
strategy of a plant (Finegan et al., 2015; Poorter and Markesteijn, 2008;
Reich, 2014; Wright et al., 2010). Environmentally and taxonomically
driven changes of some key traits such as SLA and LDMC may very well
scale up to forest strata, community and ecosystem levels. In this case,
the trait(s) weighted by the species’ relative basal area or abundance
will improve the scaling of individual responses to community and
ecosystem functions (Ali et al., 2017; de Bello et al., 2011; Mao et al.,
2017; Prado-Junior et al., 2016). Previous studies have shown that the
few productive species dominating at the canopy contribute to most of
the aboveground biomass in forests (Balvanera et al., 2005; Lohbeck

Fig. 1. Conceptual model showing how functional trait diversity
mediates the response of aboveground biomass to species richness, in
addition to the effects of soil nutrients. Conceptual model was con-
structed based on two theoretical frameworks, including (a) in-
traspecific functional trait diversity and (b) interspecific functional
trait diversity, for each of the overstorey and understorey strata, and
whole-community. Functional trait diversity is characterized by the
variation in functional trait (e.g. SLA and LDMC) using Rao’s quad-
ratic entropy.
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et al., 2016). High aboveground biomass or productivity can be built up
by few dominant species with functional similarity through the niche
overlap (species redundancy) or intraspecific FTD, rather than inter-
specific FTD (e.g., Prado-Junior et al., 2016). In this context, we ad-
dressed whether intraspecific and/or interspecific FTD mediate the re-
sponse of aboveground biomass to species richness across forest strata
and at whole-community in a subtropical forest (Fig. 1).

We present biophysical data including functional traits (SLA and
LDMC) weighted by species’ relative basal area for the quantification of
intraspecific and interspecific FTD, species identity, soil nutrients and
aboveground biomass from 125 plots inside a 5-ha natural subtropical
forest in Eastern China. In order to unravel the mediation role of in-
traspecific and interspecific FTD for the response of aboveground bio-
mass to species richness, we construct two separate theoretical frame-
works based on conceptual model for each of overstorey and
understorey strata, and whole-community level in a subtropical forest
(Fig. 1). We hypothesized that intraspecific and interspecific FTD
mediate the response of aboveground biomass to species richness in
understorey strata through niche complementarity, whereas only in-
traspecific FTD would mediate this response in overstorey strata or
whole-community due to the presence of a few large trees occupying
larger niche space in a community. This hypothesis leads to three key
predictions: 1) positive direct relationship between species richness and
aboveground biomass at each of forest strata and whole-community
level; 2) intraspecific and interspecific FTD will strongly affect above-
ground biomass in understorey strata; and 3) intraspecific rather than
interspecific FTD will strongly affect aboveground biomass in over-
storey strata or whole-community. We tested the proposed hypothesis
and predictions after accounting for the main effects of soil nutrients on
species richness and aboveground biomass because soil nutrients may
strongly influence species adaptation and aboveground biomass in (sub-
) tropical forests (Ali and Yan, 2017a; Prado-Junior et al., 2016).

2. Materials and methods

2.1. Study site and forest plots

This study was conducted in a 5-ha subtropical forest plot in
Tiantong National forest park (29°48′N, 121°47′E, 200 m a.s.l), located
in Ningbo city, Zhejiang province, in Eastern China. The area is char-
acterized by a warm and humid subtropical monsoon climate, and has
an average temperature of 28 °C and 4.2 °C in the warmest and coldest
months, respectively. The average annual precipitation is 1375 mm,
most of which falls between May and August; annual evaporation is
1320 mm and annual relative humidity is 82% (Yan et al., 2013). The
vegetation is characterized as a subtropical evergreen broadleaf forest,
and the soils are classified as Ferralsols in the FAO soil classification
system (World Reference Base for Soil Resources, 2006), with pH values
that range from 4.4 to 5.1. The parental material is mostly composed of
Mesozoic sediments and intrusive acidic rocks, including quartzite and
granite (Ali and Yan, 2017b; Yan et al., 2013; Zhang et al., 2012b). The
studied 5-ha forest plot is located in the center of the Park, and is di-
vided into 125 (20 × 20 m) subplots. More details about the study area
and forest plots are available in our previous studies (Ali and Yan,
2017a,b).

2.2. Available data

All stems ≥ 1 cm diameter at breast height (DBH) were individually
tagged, geo-referenced, measured for DBH using a diameter tape and
identified to species-level in June to August 2009. A total of 20,253
stems were recorded belonging to 108 species, 76 genera and 43 fa-
milies. This work was guided on “Observation Methodology for Long-
term Forest Ecosystem Research” of National Standards of the People's
Republic of China (GB/T 33027-2016).

In this study, we used two key functional traits across all individuals

of 108 species; SLA and LDMC. Leaf traits measurements were obtained
in the summer (i.e., June to August) of 2010–2013, when trees had fully
developed leaves. We measured SLA and LDMC for each of the 20,253
individuals in the plots following Cornelissen et al. (2003). The detail
description about the measurement of plant functional traits is provided
in our previous study (Ali and Yan, 2017a).

To take into account for the effects of soil properties and nutrients
on the relationships between FTD and aboveground biomass, the ori-
ginal dataset of soil physicochemical properties for each sampling plot
within a 5-ha forest plot were used from the study of Zhang et al.
(2012b). Soil physicochemical properties included soil carbon con-
centration, phosphorus concentration, nitrogen concentration, pH, vo-
lumetric soil water content, bulk density and humus depth. In order to
reduce the number of local soil physicochemical properties and to avoid
the strong correlations among them (see Table A1 for correlations), we
ran principal component analyses (PCA) based on the soil physico-
chemical properties. In all statistical analyses, we used PC2 which ba-
sically represents soil nutrients gradients (see Table A2).

2.3. Quantification of intraspecific and interspecific functional trait
diversity

Overstorey strata were defined as all individuals with DBH≥ 10 cm
in each forest plot, and understorey strata included trees with
1≤ DBH < 10 cm. This resulted in a total of 3224 stems belonging to
75 species, 51 genera and 29 families in the overstorey strata, and a
total of 17,004 stems belonging to 103 species, 65 genera and 37 fa-
milies in the understorey strata across 125 plots in a 5-ha subtropical
forest (Ali and Yan, 2017a,b).

For calculation of intra- and interspecific FTD of overstorey (75),
understorey (103), and whole-community species (108 species in total),
we used two functional traits that are important for plant growth and
survival (Poorter and Markesteijn, 2008; Wright et al., 2010), and
hence for standing aboveground biomass, biomass productivity and
carbon storage (Finegan et al., 2015; Prado-Junior et al., 2016). We
used five measures of diversity that were quantified for the overstorey
and understory strata separately: species richness, intra- and inter-
specific FTD (single trait) based on SLA and LDMC. This resulted in ten
diversity measures per plot for forest strata level analyses, while five
measures per plot for whole-community level analyses.

We used Rao’s quadratic entropy approach for the partitioning of
total FTD into between species and within species components for each
plot (de Bello et al., 2011). This approach is similar to the partitioning
of total regional species diversity into between communities (β-di-
versity) and within communities (α-diversity). The species’ relative
basal area (relative to the whole-community or understorey/overstorey
basal area) was used to weight the traits of species within each plot,
because basal area is a better indicator of plant performance than
abundance (Prado-Junior et al., 2016).

The intraspecific FTD at the plot-level (whole community, under-
storey or overstorey) is represented by the average trait dissimilarity
between each pair of individuals within a species weighted by the re-
lative basal area of that same species and averaged for all the species
within the plot. It thus reflects the community-weighted mean in-
traspecific trait variation. The interspecific FTD at the plot-level (whole
community, understorey or overstorey) is represented by the average
trait dissimilarity between each pair of species weighted by their re-
lative basal area within plot. An example R function used in this study
for partitioning of the total FTD into inter- and intraspecific FTD is
available in de Bello et al. (2011). The calculations on the Rao diversity
indices were performed using the ade4 and cati packages (Dray, 2016;
Taudiere and Violle, 2015).

2.4. Estimation of aboveground biomass

We calculated aboveground biomass for each tree with DBH≥ 5 cm

A. Ali, E.-R. Yan Ecological Indicators 85 (2018) 493–501

495



(AGBt) using a global allometric equation (Chave et al., 2014), which is
based on tree DBH, site-specific environment stress factor (E) and
species’ wood density (ρ).

= − − + × + ×

− ×

tAGB exp{ 1.803 0.976(E) 0.976 ln(ρ) 2.673 ln(DBH)

0.0299 (ln(DBH))2 (1)

Where E for our study site was derived from Chave et al. (2014).
We estimated aboveground biomass of shrubs and small trees

(AGBs) with DBH < 5 cm using a general multi-species allometric Eq.
(2) developed locally for small trees (Ali et al., 2015), which is similarly
based on tree DBH and species’ wood density (ρ).

= × − + × +AGBs 1.450 exp{ 4.97 2.20 ln(DBH) 3.06(ρ)} (2)

2.5. Statistical analyses

All numerical variables including aboveground biomass, species
richness, intraspecific and interspecific FTD indices were natural-loga-
rithm transformed and standardized in order to meet the assumptions of
normality and linearity, and to allow comparisons among multiple
predictors and models (Zuur et al., 2009). We first tested a structural
equation model (SEM) for the relationship between species richness and
aboveground biomass without including FTD (intraspecific and inter-
specific) as a mediator, in addition to the effects of soil nutrients at each
of the overstorey and understorey strata, and whole-community in a
natural subtropical forest (Fig. 1). To test our proposed hypothesis and
predictions, we further constructed two SEMs based on known theo-
retical multivariate causes of FTD and aboveground biomass, i.e., in-
traspecific FTD model and interspecific FTD model, at each of the
overstorey and understorey strata, and whole-community level, after
accounting for the effects of species richness on FTD and aboveground
biomass (Fig. 1). The direct effects of soil nutrients were only con-
sidered on species richness and aboveground biomass, but not on FTD
indices because we were only interested whether and how intraspecific
and interspecific FTD act as mediators for linking species richness with
aboveground biomass. See conceptual model or SEM of Flynn et al.
(2011) for known theoretical paths for linking species richness, FTD
and aboveground biomass. Several tests were used to assess the good-
ness of fit for SEMs (Malaeb et al., 2000), i.e., the Chi-square (χ2) test,
goodness-of-fit index (GFI), comparative fit index (CFI), standardized
root mean square residual (SRMR) and Akaike information criterion
(AIC). We critically used χ2 test, representing the maximum likelihood
estimation, to assess how well the hypothesized SEM fits the data (Ali
and Yan, 2017b). The SEMs were implemented using the lavaan
package (Rosseel, 2012).

Our study design may confound statistical results when there is
spatial autocorrelation in the variables of interest. To account for this
we performed generalized least-squares (GLS) models (Pinheiro and

Bates, 2016), accounting for subplots spatial autocorrelation (including
subplots X and Y coordinates as a spatial effect), and without spatial
autocorrelation (no reference to subplots X and Y coordinates) among
subplots for each of the relationships between predictors and above-
ground biomass. The goodness of fit of spatial and non-spatial GLS
models was evaluated by the AIC, and we found that models without
spatial autocorrelation always had the lower AIC values (Table A3),
which is similar to the recent observations in forest ecosystems (Ali and
Yan, 2017a, b; Chiang et al., 2016; Yuan et al., 2016).

For the interpretation of SEM results, we conducted the bivariate
relationships indicating each hypothesized path according to the con-
ceptual model in Fig. 1, using Pearson’s correlation and regression
analyses. The complementary Pearson’s correlations and bivariate re-
lationships to the SEMs are provided in Table A4 and Figs. A1–A3, re-
spectively. See Appendix B for the dataset used in the analyses. For all
statistical and ecological analyses R 3.2.2 was used (R Development
Core Team, 2015).

3. Results

3.1. Performance of intraspecific and interspecific FTD to aboveground
biomass

According to the χ2 test, the model without considered FTD as a
mediator was saturated (χ2 = 0.00, P = 0) at each of the overstorey
and understorey strata, and whole-community level (Table 1). There-
fore, it was not possible to accept the goodness of fit for prediction of
aboveground biomass. The intraspecific FTD model was well fit to the
data at each of the overstorey (χ2 = 5.15, P = 0.076) and understorey
strata (χ2 = 1.71, P = 0.426), as well as at the whole-community level
(χ2 = 2.30, P = 0.317). The interspecific FTD model at understorey
strata was also well fit to the data (χ2 = 2.91, P = 0.233) whereas
model at each of the overstorey strata (χ2 = 10.95, P = 0.004) and
whole-community level (χ2 = 8.87, P = 0.012) was rejected (Table 1).
In conclusion, this result indicates that both intraspecific and inter-
specific FTD mediate the response of aboveground biomass to species
richness at understorey strata, whereas only intraspecific FTD mediates
the response of aboveground biomass to species richness at overstorey
strata and whole-community level (Figs. 2 and 3).

3.2. Intraspecific FTD mediates the response of aboveground biomass to
species richness at forest strata and whole-community level

With respect to the overstorey strata, the intraspecific FTD model
explained 14, 20, 4, and 2% of variation in aboveground biomass,
species richness, intraspecific FTDSLA, and intraspecific FTDLDMC, re-
spectively (Fig. 2a). Species richness had the strongest positive direct
effect on aboveground biomass (β = 0.35, P < 0.001), whereas in-
traspecific FTDSLA (β= 0.00, P = 0.997), intraspecific FTDLDMC

Table 1
Model selection of good-fit structural equation model (SEM) for aboveground biomass (AGB). Models were accepted, rejected and saturated based on χ2 test. Only accepted models were
considered in this study (see Table 2; and Figs. 2 and 3).

Ecosystem functions Hypothesized model df Model fit statistics summary Model remarks SEM
CFI GFI SRMR AIC R2 χ2 (P-value)

Overstorey AGB No FTD mediation model 0 1.00 1.00 0.000 1104.72 0.14 0.00 (0) Saturated Not shown
Intraspecific FTD model 2 0.97 0.98 0.057 1771.62 0.14 5.15 (0.076) Accepted Fig. 2a
Interspecific FTD model 2 0.90 0.97 0.077 1793.17 0.19 10.95 (0.004) Rejected Not shown

Understorey AGB No FTD mediation model 0 1.00 1.00 0.000 1079.34 0.40 0.00 (0) Saturated Not shown
Intraspecific FTD model 2 1.00 0.99 0.038 1772.41 0.44 1.71 (0.426) Accepted Fig. 2b
Interspecific FTD model 2 0.99 0.99 0.045 1650.86 0.45 2.91 (0.233) Accepted Fig. 3

Whole-community AGB No FTD mediation model 0 1.00 1.00 0.000 1124.13 0.11 0.00 (0) Saturated Not shown
Intraspecific FTD model 2 0.99 0.99 0.035 1823.23 0.14 2.30 (0.317) Accepted Fig. 2c
Interspecific FTD model 2 0.90 0.97 0.076 1801.00 0.14 8.87 (0.012) Rejected Not shown

Abbreviations: FTD, functional trait diversity; df, degrees of freedom; CFI, comparative fit index; GFI, goodness of fit index; SRMR, standardized root mean square residual; AIC, Akaike
information criterion; χ2, Chi-square test; R2 indicates the total variation in aboveground biomass that is explained by the combined independent variables.
Note: df is based on the number of ‘knowns’ minus the number of free parameters in the model, not on the sample size.
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(β = 0.04, P= 0.495) and soil nutrients (β = −0.03, P = 0.712) had
negligible direct effects on aboveground biomass (Table 2). There was a
significant positive direct effect of species richness on intraspecific
FTDSLA (β = 0.19, P = 0.028), but a non-significant positive direct ef-
fect on intraspecific FTDLDMC (β = 0.15, P = 0.097; Fig. 2a).

When testing the role of intraspecific FTD at understorey strata, the
model accounted for 44, 6, 3, and 2% of the variation in aboveground
biomass, species richness, intraspecific FTDSLA, and intraspecific

FTDLDMC, respectively (Fig. 2b). Soil nutrients had the strongest positive
direct effect on aboveground biomass (β = −0.51, P < 0.001), fol-
lowed by the positive direct effect of species richness had (β = 0.27,
P < 0.001), positive direct effect of intraspecific FTDLDMC (β = 0.18,
P = 0.014), and a negligible direct effect of intraspecific FTDSLA

(β =−0.06, P = 0.402; Table 2). There was a significant positive di-
rect effect of species richness on intraspecific FTDSLA (β = 0.18,
P = 0.042), but a non-significant positive direct effect on intraspecific

Fig. 2. The best-fit structural equation models of intraspecific functional trait diversity relating aboveground biomass to species richness, in addition to the effects of soil nutrients, at
overstorey and understorey strata, and whole-community level. Solid arrows represent significant (P < 0.05) paths and dashed arrows represent non-significant paths (P > 0.05). For
each path the standardized regression coefficient is shown. R2 indicates the total variation in a dependent variable that is explained by the combined independent variables. Model-fit
statistics are shown in Table 1. For abbreviations, see Table 2.

Table 2
The direct, indirect, and total standardized effects of soil nutrients, species richness and functional diversity (intra- and interspecific) on aboveground biomass based on structural
equation models (SEMs). Effects values of accepted SEMs are shown here (see Table 1 for model fit statistics, and Figs. 2 and 3 for accepted SEMs). Significant effects are indicted in bold
(P < 0.05).

Predictor Pathway to aboveground
biomass

Intraspecific FTD models Interspecific FTD model

Overstorey strata model in
Fig. 2a

Understorey strata model in
Fig. 2b

Whole-community model in
Fig. 2c

Understorey strata model in
Fig. 3

Effect P-value Effect P-value Effect P-value Effect P-value

Soil nutrients Direct effect −0.03 0.712 −0.51 < 0.001 −0.14 0.113 −0.52 <0.001
Indirect effect via species
richness

−0.16 0.002 −0.07 0.026 −0.09 0.018 −0.04 0.107

Total effect −0.19 0.031 −0.57 <0.001 −0.22 0.009 −0.56 <0.001
Species richness Direct effect 0.35 <0.001 0.27 <0.001 0.27 0.002 0.17 0.045

Indirect effect via FDSLA 0.00 0.997 −0.01 0.438 −0.03 0.138 −0.02 0.764
Indirect effect via FDLDMC 0.01 0.703 0.02 0.192 0.01 0.486 0.13 0.023
Total effect 0.35 <0.001 0.29 <0.001 0.25 0.005 0.28 <0.001

FTDSLA Direct effect 0.00 0.997 −0.06 0.402 −0.19 0.035 −0.03 0.764
FTDLDMC Direct effect 0.04 0.495 0.18 0.014 0.11 0.195 0.23 0.017

Abbreviations: FTDfunctional trait diversity; FTDSLAfunctional trait diversity based on specific leaf area; FTDLDMCfunctional trait diversity based on leaf dry matter content.
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FTDLDMC (β = 0.14, P = 0.125, Fig. 2b).
At whole-community level, the intraspecific FTD model accounted

for 14, 10, 3, and 1% of the variation in aboveground biomass, species
richness, intraspecific FTDSLA, and intraspecific FTDLDMC, respectively
(Fig. 2c). Species richness had the strongest positive direct effect on
aboveground biomass (β = 0.27, P = 0.002), followed by the negative
direct effect of intraspecific FTDSLA (β = −0.19, P = 0.035), non-sig-
nificant negative direct effect of soil nutrients (β = −0.14, P = 0.113),
and positive direct effect of intraspecific FTDLDMC (β = 0.11,
P = 0.195; Table 2). There was a significant positive direct effect of
species richness on intraspecific FTDSLA (β = 0.18, P= 0.038), but a
non-significant positive direct effect on intraspecific FTDLDMC

(β = 0.07, P= 0.410; Fig. 2c).
In all intraspecific FTD models (Fig. 2), soil nutrients had the sig-

nificant negative direct effect on species richness but the strength of the
effect varies at overstorey (β= −0.45, P < 0.001), understorey
(β = −0.24, P = 0.007) and whole-community (β= −0.31,
P < 0.001). Soil nutrients had a significant indirect negative effect via
species richness on aboveground biomass at overstorey (β= −0.16,
P = 0.002), understorey (β =−0.07, P = 0.026) and whole-commu-
nity (β = −0.09, P = 0.018; Table 2). There were negligible indirect
effect of species richness on aboveground biomass via intraspecific
FTDSLA and intraspecific FTDLDMC at forest strata and whole-commu-
nity. The total (direct + indirect) effect of soil nutrients on above-
ground biomass was quite similar at overstorey strata (β= −0.19,
P = 0.031) and whole-community (β =−0.22, P = 0.009), but rela-
tively high at understorey strata (β = −0.57, P < 0.001; Table 2). The
total effect of species richness on aboveground biomass was quite si-
milar at overstorey strata (β = 0.35, P < 0.001), understorey strata
(β = 0.29, P < 0.001) and whole-community (β= 0.25, P = 0.005;
Table 2).

3.3. Interspecific FTD mediates the response of aboveground biomass to
species richness at understorey strata

At understorey strata, the interspecific FTD model accounted for 44,
6, 3, and 2% of the variation in aboveground biomass, species richness,
interspecific FTDSLA, and interspecific FTDLDMC, respectively (Fig. 3).
Soil nutrients had the strong negative direct effect on aboveground
biomass (β = −0.52, P < 0.001), followed by the significant positive
direct effect of species richness (β = 0.17, P = 0.045), positive direct
effect of interspecific FTDLDMC (β = 0.23, P = 0.017), and a negligible
direct effect of interspecific FTDSLA (β = −0.03, P= 0.764; Table 2).
There was a significant positive direct effect of species richness on

interspecific FTDSLA (β = 0.59, P < 0.00) and interspecific FTDLDMC

(β = 0.55, P < 0.034, Fig. 3). Soil nutrients had the significant nega-
tive direct effect on species richness (β= −0.24, P < 0.001), but a
negligible indirect effect via species richness on aboveground biomass
(β =−0.04, P= 0.107). Species richness had the significant positive
indirect effect via interspecific FTDLDMC (β = 0.13, P = 0.023), but a
negligible indirect effect via interspecific FTDSLA (β = −0.02,
P = 0.764). The total effect of soil nutrients and species richness on
understorey aboveground biomass was −0.56 (P < 0.001) and 0.28
(P < 0.001), respectively (Table 2).

4. Discussion

This study highlights the mediation role of intraspecific and inter-
specific FTD for linking the response of aboveground biomass to species
richness, after accounting for the effects of soil nutrients, in a sub-
tropical forest. In agreement with our hypothesis, this study showed
that intraspecific and interspecific FTD mediate the response of
aboveground biomass to species richness at understorey strata, whereas
only intraspecific FTD did so at overstorey strata and whole-community
level. The main novelty of this study is determining that high above-
ground biomass in a subtropical forest is shaped by high intraspecific
and interspecific FTD at understorey strata, whereas high intraspecific
FTD has negligible or negative relationships with aboveground biomass
at overstorey strata and whole-community, respectively.

At overstorey strata, the negligible mediation role of intraspecific
FTD and no role of interspecific FTD for linking the response of
aboveground biomass to species richness may be due to the in-
traspecific variation of few dominant species which largely determine
community trait space and the ability to obtain resources. In line with
the previous studies, these findings suggest that aboveground biomass
or productivity likely depends to a great extent on the functional traits
of the dominant species or functional groups within communities due to
the mass ratio effect rather than niche complementarity effect (Ali and
Yan, 2017a; Chiang et al., 2016; Conti and Díaz, 2013; Finegan et al.,
2015). This is likely the result of decades of environmental filtering that
trees need to pass through to be able to occupy the overstorey, com-
bined with the fact that only a subset of the species, and hence in-
dividuals of those few species, are able to become tall enough to occupy
the overstorey strata. Strong effects of environmental filtering will
narrow down the range and diversity of functional strategies (hence low
FTD) that becomes abundant to drive aboveground biomass (Keddy,
1992).

Interestingly, at the whole-community level, the strong negative
association of intraspecific FTDSLA with aboveground biomass implies
the presence of few large trees having low intraspecific differentiation
towards a more light acquisitive strategy within studied species in a
community. Therefore, low intraspecific FTDSLA tends to have high
aboveground biomass at whole-community level. This result indicates
intraspecific-level carbon gain but the presence of few large trees oc-
cupying larger niche space makes this relationship negative, and hence
high functioning (Ali and Yan, 2017a; Johnson et al., 2015; Siefert
et al., 2015). Alternately, this result may be attributable to complex
vertical structures of the studied forest having a lot of unshaded leaves,
which result mainly from the few dominant canopy species that are
effective in light acquisition (Ali et al., 2017; Fotis et al., 2017).

At understorey strata, the strong positive associations of in-
traspecific and interspecific FTDLDMC with aboveground biomass in-
dicate the niche differentiation between and within species towards a
more resource conservative strategy, supporting the niche com-
plementarity hypothesis (Ali and Yan, 2017a; Díaz et al., 2011; Tilman,
1999). Our findings confirm that resource-use complementarity, the
ability of functionally diverse co-occurring species or individuals within
species to more efficiently utilize a pool of limiting resources, manifests
under resource-limiting environments – in our case the understorey
strata of a subtropical forest (Grime, 1973; Hardin, 1960). At

Fig. 3. The best-fit structural equation models of interspecific functional trait diversity
relating aboveground biomass to species richness, in addition to the effects of soil nu-
trients, at understorey strata. General explanation is provided in Fig. 2.
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structurally complex forests, overstorey trees have dominant effect over
understorey trees by effectively intercept light to the understorey trees
(Bartels and Chen, 2010; Lohbeck et al., 2016; Oberle et al., 2009).
Consequently, few dominant overstorey trees with a high proportion of
unshaded leaves within species have high aboveground biomass
through low intraspecific niche differentiation towards light acquisitive
strategy. This may be attributable to the greater effect of large woody
trees on overall functioning of forest ecosystems, in contrast to that of
small woody trees (Ali and Yan, 2017b; Liang et al., 2015). These re-
sults implies that expectations derived from intraspecific niche simi-
larity at overstorey strata will scale up to the whole-community level
due to the superior role of overstorey trees on understorey trees in
terms of canopy properties and ecosystem function (Siefert et al., 2015).
Further, this result indicates that in a complex subtropical forest,
combining data across forest strata may swamp these relationships and
that to better understand the mechanisms of intraspecific FTD –
aboveground biomass it is worth to analyse the understorey and over-
storey strata separately.

The contrasting relationships of aboveground biomass with in-
traspecific FTDSLA and FTDLDMC may be related to the plant’s leaf
economics spectrum (e.g., Garnier et al., 2004), at different forest strata
as well as at whole-community. These results indicate that extensive
intraspecific variation in leaf economic traits arising from plastic re-
sponses to light, nutrients and other environmental factors (Mao et al.,
2017; Rozendaal et al., 2006), as well as genetic variability and onto-
genetic variation (Mason et al., 2013; Siefert et al., 2015; Vasseur et al.,
2012). Our findings that leaf economic traits consistently represent
intraspecific FTD at different forest strata in the studied forest have
important implications in the individual plant strategies, community
assembly and ecosystem function (Reich, 2014; Siefert et al., 2015). For
instance, this study showed that, on the one hand, exploitative plants
characterized by high SLA and fast nutrient acquisition and turnover,
thus being conducive to fast growth and high aboveground biomass at
overstorey strata. On the other hand, conservative plants with high
LDMC, nutrient-poor leaves and slower growth associated with slow
nutrient and biomass turnover at understorey strata (Wright et al.,
2004; Zhao et al., 2017).

The observed negative relationships of soil nutrients with species
richness and aboveground biomass at forest strata and whole-commu-
nity are not driven by a higher productivity with poor soils in the
studied forests. However, this may be attributable to species adapta-
tions to the local soil conditions through increasing longevity and stand
biomass retention (Ali and Yan, 2017a, b; Poorter et al., 2015; Prado-
Junior et al., 2016). As such, we have previously reported that nutrient-
poor soils tend to be dominated by species with conservative strategy,
whereas nutrient-rich soils tend to be dominated by species with ac-
quisitive strategy in the studied forest (Ali and Yan, 2017a).

5. Concluding remarks

We conclude that the mediation role of intraspecific and inter-
specific FTD for the response of aboveground biomass to species rich-
ness along soil nutrients gradients depends on the forest strata of a
community. For example, intraspecific and interspecific FTD mediate
the response of aboveground biomass to species richness at understorey
strata, whereas only intraspecific FTD mediates the response of
aboveground biomass to species richness at whole-community and
overstorey strata. Intraspecific and interspecific FTDLDMC had strong
direct positive effect on aboveground biomass at understorey strata
representing niche differentiation. Intraspecific FTDSLA had strong di-
rect negative effect on aboveground biomass at whole-community level,
probably due to the presence of a few large trees occupying larger niche
space in a community. Intraspecific FTD had negligible mediation role,
whereas interspecific FTD had no role, for linking the response of
aboveground biomass to species richness at overstorey strata indicating
that only dominant species may largely determine community trait

space and the ability to obtain resources. Clearly, this study shows that
intraspecific versus interspecific FTD plays a central role for linking the
response of aboveground biomass to species richness. Lastly, this study
suggests that trait variability within species need to be separately or
explicitly considered in the theoretical development for linking biodi-
versity and ecosystem function across forest strata in a subtropical
forest.
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