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Abstract

+ Key message The results of this study, based on a large dataset with mapped tree locations, suggest that the relationship
between biodiversity and ecosystem functioning (BEF) is different between the over- and understorey in the investigated
forest community. Neither the functional nor the phylogenetic diversity showed a significant advantage in predicting
aboveground biomass and biomass production (aboveground biomass increment) when compared with species richness.
+ Context Consistent conclusions have still not been reached regarding the relative importance of the different diversity indices in
predicting biomass production. Furthermore, the effects of certain forest strata on the BEF relationship remain unclear.

« Methods The woody plant species in the study area were classified as two vertical strata and were referred to as the “overstorey”
(trees with dbh > 10 cm) and “understorey” (trees with dbh < 10 cm). The relationships between different metrics of tree diversity
and biomass production were quantified using linear models. The set of the best predictors for tree biomass and productions were
determined using a multi-model selection approach. The differences in diversity-ecosystem functioning relationships between the
two forest vertical strata, and the effects of canopy trees on the understorey trees, were investigated using structural equation
models.

+ Aims The relative importance of the species diversity, phylogenetic diversity, and functional diversity in predicting the above-
ground biomass production (ABP) was examined to compare the potential of phylogenetic and functional diversity indices and
species richness in predicting biomass productivity and compare the influence of niche complementarity, selection effects, or
mass-ratio effects on aboveground biomass variables and to assess possible differences in the BEF relationships between the
overstorey and understorey layers in the studied ecosystems. Also, this study investigated possible differences in the BEF
relationships between the overstorey and understorey layers in the studied ecosystems.

+ Results The results confirmed a positive diversity-productivity relationship in the natural coniferous and broadleaved mixed
forest. However, the relationship in the overstorey stratum was statistically stronger than that in the understorey layer. The
combination of diversity indices and functional traits could explain more of the variations in the biomass and productivity than
when examined separately. The correlation between the richness of the overstorey and understorey species was found to be
positive. However, the aboveground woody biomass of the overstorey layer had negative effects on the understorey biomass.
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« Conclusion In summary, this study found a stronger positive correlation between the woody plant diversity and productivity in
the overstorey than in the understorey stratum. These findings indicate that the BEF relationships are hierarchically dependent,
and supported by niche complementarity. Also, a much weaker relationship was observed between the functional diversity and
biomass production than between the species diversity and biomass production due to a selection effect. The aboveground woody
biomass was found to be enhanced in communities dominated by functional traits correlated to smaller leaf areas, greater
maximum tree heights, and higher leaf carbon content. These findings suggest that the BEF relationships were driven by a

mass-ratio hypothesis.

Keywords Temperate forest - Temperate forest - Tree species diversity - Biomass productivity - Vertical forest stratum

1 Introduction

The biodiversity and ecosystem functioning relationships are
known to be positive in natural forests, which suggests that a
greater species richness in a particular community tends to
facilitate fuller resource usage and greater productivity
(Cardinale et al. 2006; Liang et al. 2016; Liu et al. 2016;
Wang et al. 2016; Webb and Donoghue 2005; Zhang et al.
2012). However, most of the previous studies have focused on
species richness, which only partly accounts for the produc-
tivity of communities, and cannot fully explain certain differ-
ences or similarities between species (Cardinale et al. 2006).
Furthermore, many studies have explored the biodiversity and
ecosystem functioning relationships by using measurements
of the functional and phylogenetic diversities as predictors of
the ecosystem functions (EFs) (Cadotte 2015; Lei et al. 2016;
Venalil et al. 2015).

The exploration of the relative importance of the different
diversity indices in predicting productivity has become an im-
portant research issue. Previously, researchers were not success-
ful in obtaining consistent conclusions (Cadotte 2015; Cadotte
et al. 2009; Cadotte et al. 2010; Liu et al. 2015; Liu et al. 2016;
Yuan et al. 2016). It was found that the phylogenetic diversity
explained more of the variables of the plant biomass accumu-
lation when compared with the taxonomy diversity and func-
tional group richness (Cadotte et al. 2008). However, Venail
et al. (2015) found that phylogenetic diversity was not a better
explanatory variable than species richness in predicting the
community biomass in 16 grassland experiments. In a removal
experiment using natural alpine assemblages in the Tibetan
Plateau, Liu et al. (2015) found that multivariate functional
diversity indices alone consistently explained more of the var-
iations in productivity than other single measures (phylogenet-
ic, richness, and evenness). Studies conducted by Yuan et al.
(2016) revealed that the relationships between biomass and
phylogenetic diversity variables were more often significantly
positive than the relationships between biomass variables and
species richness and/or functional dispersion in broad-leaved
Korean pine forests. These findings suggest that further re-
search is required regarding the relationship between phyloge-
netic and functional diversities and ecosystem functions.
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The relative contributions of the different measures of bio-
diversity in promoting ecosystem functions should indicate
which hypothesis could be used to explain the biodiversity
and ecosystem functioning relationships in the study area. A
positive correlation was found between the aboveground
woody biomass (AWB) and functional diversity by Zhang
et al. (2012) who believed that this may have resulted from
niche complementarity, in which a higher diversity of species
occupying more niche allowed each species to make full use
of the limited resources in order to increase its individual
contribution to ecosystem functioning (Loreau 2000).
Selection effects may also explain such a positive relationship
between AWB and diversity (Fox 2005), as forests with higher
biodiversity are more likely to be characterized by high pro-
ductivity of ecologically important species. Based on the se-
lection effects hypothesis, Fotis et al. (2018) could show that
the relationship between the functional diversity and AWB
would be much weaker than the relationship between the tax-
onomic diversity and the AWB. Thus, a mass-ratio hypothe-
sis, where ecosystem functions are driven by the traits of the
most dominant species in the community, could be used to
predict ecosystem functions at given points in time; this is
chiefly determined by the trait values of the dominant contrib-
utors to total plant biomass (Grime 1998). According to the
mass-ratio hypothesis, the EFs should be predictable from the
community-weighted mean (CWM) trait values, with proven
links to the different resource captures, usages, and releases at
the ecosystem level and the level of the individual (Diaz et al.
2007).

In the past, the development of biodiversity and ecosystem
functioning relationships in forest ecosystems has been focus-
ing mainly on the canopy trees while the understorey trees,
shrubs, and herbaceous plants were ignored (Zhang et al.
2016). The failure to consider all components of the vegeta-
tion may have generated misleading conclusions (Fowler et al.
2012), as well as divergent results regarding the relationships
between biodiversity and the functioning of ecosystems
(Balvanera et al. 2013). Therefore, forest structure and the
vertical forest strata should not be ignored. The canopy spe-
cies play a leading role in assessing the overall productivity of
a forest. However, the understorey plants also contribute
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significantly to the nutrient cycling and soil carbon accumu-
lation processes (Gilliam 2007; Nilsson and Wardle 2005;
Zhang et al. 2016). Zhang et al. (2017) found stronger positive
relationships between the species diversity and biomass
production in the overstorey layer than in the understorey
layer, where the understorey tree species richness was
positively affected by the overstorey species. Ali and Yan
(2017) found a forest strata-dependent relationship between
the biodiversity and the aboveground biomass. Li et al.
(2018) observed positive relationships between species rich-
ness and biomass in four forest vegetation layers (tall trees,
short trees, shrubs, herbs, and liana). However, the relation-
ship was found to be strongest in the herb layers. The
overstorey vegetation with its high productivity may consume
additional environmental resources, which would result in re-
ductions of resources that are available for the understorey
communities (Zhang et al. 2016). Facilitative effects were
found between the shrubs and tree seedings in boreal forests,
where the shrubs were observed to increase the tree seedings’
environment heterogeneity and growth (Holmgren et al.
2015). These studies show that the BEF relationships at dif-
ferent vertical levels may be different and require further
investigation.

The majority of the available information regarding biodi-
versity and ecosystem functioning relationships still mainly
originates from Europe and North America. Complementary
studies of Asian forest communities are therefore expected to
be of particular interest. China’s northeastern temperate conif-
erous and broad-leaved mixed forests represent an important
natural ecosystem in China. The biodiversity and ecosystem
functioning studies in these forests are thus essential for the
understanding of biomass accumulations and ecosystem func-
tioning. The objective of this study is to examine the correla-
tions between different measures of diversity and above-
ground biomass variables in two vertical forest strata based
on a large dataset of observations. Three main goals were
addressed: (1) to compare the potential of phylogenetic and
functional diversity indices and species richness in predicting
biomass productivity; (2) to compare the interpretation of
niche complementarity, selection effects, or mass-ratio effects
on biodiversity and ecosystem functioning relationships; and
(3) to assess possible differences in the BEF relationships
between the overstorey and understorey layers in the studied
ecosystems. Thus, both, the selection effects hypothesis and
the mass-ratio hypothesis are evaluated in this study.

2 Materials and methods
2.1 Study site

The study site was located in the Jiaohe Experimental
Forest in Jilin Province. The area was characterized by a

temperate continental climate, with an annual average tem-
perature of 3.7 °C. The mean temperature was 21.7 °C in
July, and — 18.6 °C in January. The mean annual precipi-
tation was 695.9 mm. The soil type was considered to be a
dark brown forest soil according to the China Soil
Classification (Council 1999), with an average soil depth
of 45 cm. A permanent observational field plot of 30 ha
(500 m x 600 m) was established in 2010 at 43° 57.928'—
43°58.214' N, 127° 45.287'-127° 45.790" E. The forest in
the study area was a typical natural coniferous and
broadleaved-mixed forest, which had been protected from
human disturbances for at least 50 years. The plot was
subdivided into 750 cells, each measuring 20 m x 20 m.
The elevation, slope, aspect, and convexity were assessed
for each cell. The elevation ranged between 576 and
784 m, resulting in an elevational difference between the
highest and lowest point of 208 m. All of the woody plants
with a breast height diameter (dbh) exceeding 1 cm were
tagged and mapped. Then, their dbh, overall heights,
crown widths, and height-to-live crowns were assessed.
In this 30 ha observational study, a total of 49,678 woody
plants (belonging to 48 species) were surveyed during the
summers of 2010 and 2015, and the survey results were
recorded. The dominant tree species were found to be
Pinus koraiensis, Tilia amurensis, Fraxinus mandshurica,
Ulmus laciniata, and Acer mono. The 33 tree species in the
study area were represented by at least 30 individuals.

2.2 Forest strata and biomass estimation

The woody plant species in the study area were classified
as belonging to one of two vertical strata, which are re-
ferred to in this study as the “overstorey” and
“understorey” layers. In accordance with the classification
method put forward by Barrufol et al. (2013), in order to
ensure that there was at least one species in each cell, this
study used a 10-cm diameter point at breast height as the
reference point to distinguish the overstorey and
understorey layers. The overstorey layer included10,133
trees with a dbh> 10 cm, which belonged to 31 species,
20 genera, and 13 families. The understorey layer included
all trees with a dbh <10 cm, with a total of 19,055 woody
plants belonging to 28 species, 19 genera, and 12 families
(Supplementary Table 1).

The basal area (BA) per cell was calculated as the sum
of basal area of each individual in each cell. The above-
ground woody biomass (AWB) of all individual trees was
calculated using a species-specific allometric growth equa-
tion (Supplementary Table 2). The total AWB was calcu-
lated as the sum of the aboveground biomass values of all
the trees in each 20 m x 20 m subplot. The aboveground
biomass production (ABP) was calculated for each tree as
the tree biomass variation during a 5-year period. Only
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those individuals who were present at both inventories
were considered, and any dead trees and recruits were
ignored.

2.3 Species, functional traits, and phylogenetic
diversity

Three different criteria were used to express the diversity of the
species, functional traits, and phylogeny. The following three in-
dices were used to quantify the taxonomic species diversity (SD):

1. The number of species in each 20 x 20 m cell: species
richness (sr);

2. The Shannon-Weaver diversity index: H= — Y (p,)(Inp;);

3. The Simpson diversity index: Dg=1— Y p/.

Where pi is the relative importance of species i: p; = %; N;is
the number of individuals of species #; and N is the sum of all the
species individuals within the community.

The functional diversity was calculated using the functional
traits which reflected the growth potential of the different species
(Petchey and Gaston 2002). This study used five functional traits
of the overstorey and understorey species as follows: (a) the
maximum tree height (Hmax); (b) leaf carbon content (LC); (c)
leaf nitrogen content (LN); (d) leaf area (LA); and (e) specific leaf
area (SLA). The Hmax was considered to be the maximum
height of each species in the study area, and indicated the light
acquisition strategy for the species. The four leaf traits reflected
the light acquisition capacities, relative weights of the investment
costs, and lifetimes (Chave et al. 2009; Wright et al. 2004). The
maximum tree heights were measured using a laser range finder
(Trupulse360, US). More than sun-exposed 20 leaves were taken
from each plant individual and dried in an oven for 48 h. After
drying, the leaves were ground for the measurement of elemental
content. Leave samples were no less than 30 individuals for each
species. The leaf carbon content and leaf nitrogen content were
measured using a PE-2400 element analyzer (PerkinElmer Inc.,
USA). The leaf area was measured with a scanner using samples
of five undamaged, sun-exposed leaves collected from more than
30 individual trees in each of the tree species. Also, the specific
leaf areas (leaf area/dry matter) were obtained using standard
methods (Cornelissen et al. 2003). The averages of each of the
species were selected for this study’s analysis.

The functional traits were used to calculate functional
diversity indices (FD) (including the three indices pro-
posed by Villeger et al. (2008)); functional richness
(FRic); functional evenness (FEve); and functional diver-
gence (FDiv). In addition, this study utilized the functional
dispersion (FDis) proposed by Laliberte and Legendre
(2010). The community-level weighted means (CWM) of
each single trait were then calculated for each of the two
forest layers.
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A plant phylogenetic tree was then constructed for each of
the two layers by entering all of the species found in the study
area into a phylogenetic database (Phylomatic). This database
was essentially a web page which provided phylogenetic in-
formation based on a group of plant species classification
names which had been submitted by users (http://www.
phylodiversity.net; Webb and Donoghue 2005). The
Phylomatic system used the Angiosperm Phylogeny Group
1T (APG 1II, 2010) as a skeleton. The three phylogenetic
diversity indices (PD) were calculated based on this phyloge-
netic tree as follows: The phylogenetic diversity (pd) which
had been defined as the total branch length across the phylo-
genetic tree of all the species within the community (Faith
1992); the mean pairwise distance (mpd) between all the spe-
cies in each community; and the mean nearest taxon distance
(mntd) defined as the mean distance separating each of the
species within the community from its closest relative
(Webb et al. 2008). The mpd is generally thought to be more
sensitive to the tree-wide patterns of phylogenetic clustering
and evenness. Meanwhile, the mntd has been found to be
more sensitive to patterns of evenness and clustering closer
to the tips of the phylogeny (Liu et al. 2015; Yuan et al. 2016).
The PD and FD indices were calculated using the “picante”
package (Kembel et al. 2010), and the “FD” package
(Laliberte and Legendre 2010), both of which were detailed
in the R package (R Core Team 2016).

2.4 Data analysis

Linear regression was used to evaluate the relationships be-
tween the biomass variables and each diversity index of the
two strata. The data sets were standardized by “scale” func-
tion prior to further analysis. A linear model was fitted for
each diversity-biomass combination. Then, the fit of these
models was evaluated by means of the AIC values and their
adjusted R*. The variables which were used in the model de-
velopment are listed in Supplementary Table 3. The correla-
tion matrix of all of the independent variables is listed in
Supplementary Tables 4 and 5.

The most parsimonious model was identified based on the
aforementioned three diversity index categories (SD, PD, and
FD), along with the CWM of each single trait (CWMpmax,
CWMLc, CWMLN, CWMLA, and CWMSLA)- This Stlldy also
followed a previously proposed model simulation method in
which the combinations of multiple diversity and specific
functional traits provided the most parsimonious explanations
of the biomass production (Liu et al. 2015; Yuan et al. 2016).
There was little collinearity observed between the functional
traits (kappa = 3.85 in the overstorey; 3.35 in the understorey).
Therefore, these were allowed to appear in the same model.
The models were compared and ranked using the R package
“MuMIn” (Kamil 2013). The particular method used in this
study examined the AIC weights to compare the explanatory
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capabilities of the models. Therefore, it was possible to eval-
uate whether or not a given model was the most appropriate
and parsimonious for describing the observed relationships.
A structural equation model (SEM) was used to examine
the relationships between the aboveground biomass, biodiver-
sity indices, and elevations of the two forest layers. Two
metamodels were constructed for the two forest vertical strata
(Fig. 1). The analysis was based on the covariance matrices
and correlation structures between the multiple variables. It
was first assumed that the environmental factors affected both
species diversity and functional trait diversity. Subsequently,
the species diversity determined the phylogenetic diversity, as
well as the functional diversity. It was also assumed in this
study that the species diversity and biomass of the understorey
layer were affected by the overstorey trees (Zhang et al. 2017).
The environmental factors and species richness both affected
the functional trait diversity, while the functional trait diversity
was assumed to directly affect the aboveground biomass and
productivity. The species diversity (str, H, DS); phylogenetic
diversity (pd, mpd, mntd); functional diversity (FRic, FEve,

(a) Overstorey

(b) Understorey

elevation

vl

X BA T FD )
FEve

Fig. 1 The Structural equations metamodels in the overstorey a and the
understorey b. ENV, SD, PD, and FD are latent variables. ENV represents
environment factors, including four observed variables: elevation (ele),
aspect (asp); slope (slope), and convexity (con); BA represents basal area;
SD represents species diversity, including species richness (sr), the
Shannon-Weaver diversity index (H), the Simpson diversity index (Ds);
PD represents phylogenetic diversity indices, including phylogenetic di-
versity (pd), the mean pairwise distance (mpd), the mean nearest taxon
distance (mntd); FD represents functional diversity, including functional
richness (FRic), functional evenness (FEve), functional divergence
(FDiv), and functional dispersion (FDis); AWB is aboveground woody
biomass; ABP is aboveground biomass production; sr. O represents spe-
cies richness in the overstorey; AWB. O is the aboveground woody bio-
mass of the overstorey trees

FDiv, FDis); and environmental factors were used to develop
a structural equation model for the purpose of evaluating the
relationships between the diversity, aboveground biomass
(AWB), and biomass production (ABP). It was found that
the entire SEM did not pass the fitness test. Therefore, this
study gradually reduced the insignificant relationships and
relatively insignificant variables. The optimal structural equa-
tions were separately obtained for the overstorey and
understorey strata layers. The best fit SEM models included
the sr, pd., FRic, ele, BA, AWB, and ABP.

A root mean squared error of approximation (RMSEA),
along with a goodness-of-fit index (GFI), was used to evaluate
the fit of the two structural equation models. An RMSEA
value of less than 0.05 indicated a good model fit
(McDonald and Ho 2002). A GFI value greater than 0.9 sug-
gested that the model path map effectively fit the observations
(Marcoulides and Yuan 2017). A graph of the structural equa-
tion models was also developed. The SEM model calculations
were performed using AMOS software (Blunch 2012). All
other analyses were carried out with the R version 3.3.2 (R
CoreTeam 2016).

3 Results

For all of the woody plants, without any distinction of strata,
most of the diversity indices displayed significantly positive
correlations with the aboveground woody biomass. Moreover,
except leaf area, specific traits as the maximum tree height,
specific leaf area, and the carbon content of the leaves, also
were found to have positive impacts on the AWB. The
community-level weighted means of leaf area had significant-
ly negative effect on AWB. And for ABP, compared with the
functional traits and topographical factors, only the basal area
and diversity indices showed significantly positive correla-
tions with the ABP. The functional traits and topographical
factors had neutral effects on the ABP (Fig. 2).

The correlations between almost all of the diversity indices
and biomass production were significantly positive (Fig. 3).
The impacts of both the pd and sr on the biomass production
were significantly higher than that of the FRic in the
overstorey. The impacts of the pd on the biomass production
in the overstorey stratum were slightly stronger than that of the
st. However, in the understorey layer, the sr explained more of
the variations in the biomass production than pd. The FRic
also showed a weak positive correlation with the overstorey
biomass production. Furthermore, the relationships between
all of the diversity indices and biomass productivity were
slightly more pronounced for the overstorey layer than for
the understorey (Supplementary Tables 6).

In the two strata layers, three indices of species diversity
(sr, H, Ds) and pd were both found to have significantly pos-
itive impacts on the AWB and ABP. Also, the pd had a slightly
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Fig. 2 Univariate regression model results referring to woody plants
without any distinction of strata. Left: Relationships between
independent variables and aboveground woody biomass (AWB). Right:
Relationships between independent variables and aboveground woody
biomass production (ABP). Each variable was standardized and their

stronger effect than other variables in the overstorey.
However, in the understorey stratum, the sr showed a stronger
effect on the AWB and ABP than the other variables. The
FRic displayed a weak correlation with the AWB. However,
it showed a significantly positive relationship with the ABP in
the overstorey. The FRic in the understorey layer was

Effect Size

effect size (circles) was compared to determine differences in strength
of predictor variables on AWB/ABP. The solid circles represent signifi-
cant effects (p <0.05). The hollow circles indicate relationships that are
not significant (p > 0.05). The lines indicate standard errors

observed to have a significantly positive correlation with the
AWB and ABP. The community-level weighted means of
each single trait were found to have different effects on the
AWB and ABP. The CWM¢ 4 of the overstorey showed a
significantly negative impact on the AWB, and an insignifi-
cant correlation with the ABP (Fig. 3).

AWB ABP
sr —— - e —
2 8 N R —e— S »*
ps o iTTTTemes e ——
pdp s — ol ——
mpd ---bA———ro —A:—e—
mntd SoAi—e Ao
FRic —o——he - Y —
FEve - A— SR N SN
FDiv —e—b--- .
FDis —e—-Ad- e bto—
CWMLLA [ — ®— - —o—— -
CWM.SLA —— - —A—
CWM.Hmax e ——
CWM.LC el —e— e
CWM.LN —— i e . e RS
elevation [~ "7 ToC — e
slope ---Amo— DN N
aspect - — R N E A
convexity --A—e— —e——h---
-02 -01 00 01 02 03 04 -02 01 00 01 02 03 04

Fig. 3 Univariate regression model results referring to the overstorey
(circles) and the understorey (triangles). Left: relationships between inde-
pendent variables and aboveground woody biomass (AWB). Right: rela-
tionships between independent variables and aboveground woody bio-
mass production (ABP). Each variable was standardized and their effect
size was compared to determine differences in strength of predictor
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Effect Size

variables on AWB/ABP. The solid circles and triangles represent signif-
icant effects (p < 0.05). The hollow circles and triangles indicate relation-
ships that are not significant (p > 0.05). The solid lines indicate standard
errors of variables in the overstorey and the dotted lines represent standard
errors in the understorey
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In the understorey stratum, the CWM » showed a significant-
ly negative impactmé4rf 12 on the AWB, and significantly posi-
tive effects on the ABP. The CWMy,,. and CWM ¢ were both
found to have significantly positive effects on the AWB and ABP
in the overstorey layer. Meanwhile, the CWMyy.x and CWM ¢
were both determined to have significantly negative correlations
with the ABP in the understorey stratum. In regard to the envi-
ronmental factors, it was determined that the elevation had sig-
nificantly positive impact on the AWB of the overstorey and
significantly negative effect on the AWB of the understorey.
The elevation also was found to have positive correlations with
the ABP in the overstorey as well as the understorey layers, as
detailed in Fig. 3 and Supplementary Table 7.

The structural equation model of the overstorey explained the
observations effectively (RMSEA = 0.00; GFI = 1). The sr, FRic,
and AWB had explained 37% of the ABP of the canopy trees.
The elevations had negative effects on the species and functional
richness in the overstorey stratum, and positive effects on the
AWB. The pd positively affected the FRic, while the FRic had
an insignificantly positive effect on the AWB. It was found that
the sr and FRic had negative correlations, and the pd had a
significantly positive effect on the FRic. Furthermore, the sr,
FRic, and AWB affected the ABP positively, with the AWB
having the greatest impact, as shown in Fig. 4 a.

The understorey observations could be effectively explained
by the structural equation model (RMSEA =0.029; GFI=
0.998), in which 41% of the ABP variations were explained.
The richness of the tree species in the overstorey stratum was
found to have positive effects on the understorey tree species
richness, and significantly negative effects on the ABP of
understorey tree. The aboveground woody biomass of the
understorey trees was significantly affected by the sr and pd of
the understorey layer. The sr and AWB of the understorey had
positive effects on the ABP of the understorey. However, the sr
and AWB of the overstorey stratum were observed to have neg-
ative effects on the understorey ABP. In addition, the effects of
the elevations on the species richness and functional richness of
understorey plants were weaker than that of the overstorey trees
in Fig. 4 b.

Multivariate linear models were used to assess the rela-
tionships between the diversity indices and the biomass. It
was found that combinations of the diversity indices and
the CWM of the functional traits could explain more of the
variations in the biomass and biomass production. These
combinations specifically included FDis, FRic, pd, and
some functional traits which explained the AWB more ef-
fectively, while the ABP variations were explained by
combinations of the FDis, FDiv, FRic, pd, sr, and function-
al traits (Table 1). However, the combination of the FDis,
FEve, sr, and functional traits showed higher explanations
of the AWB and ABP in the understorey, as shown in
Table 2. The functional traits which explained more
AWB in the overstorey were the specific leaf area,

maximum tree height, and leaf carbon content. The partic-
ular traits which showed higher explanatory power with
regard to the ABP of the overstorey stratum were deter-
mined to be the leaf traits (leaf carbon content, leaf area,
and specific leaf area). The maximum tree height, leaf car-
bon content, and specific leaf area explained more of the
variations in the AWB of the understorey, while the leaf
area and specific leaf area explained more variations of the
ABP of the understorey. Also, this study found that the LN
did not display any significant effects in the multiple re-
gression models for the prediction of the biomass in both
strata layers.

4 Discussion

4.1 Phylogenetic and functional diversities are less
effective predictors of biomass production than
species richness

In the comparisons of the relationships of the different diversity
indices with the aboveground biomass production, the phyloge-
netic diversity (pd) did not significantly emerge as a better pre-
dictor when compared with species richness (cf. Cadotte 2015).
The effect of pd on biomass and biomass production proved to be
slightly greater than the effect of sr, which differed from the
observations made in the understorey stratum. These findings
suggest that the advantages of the pd were only manifested in
the overstorey layer where the trees had larger dimensions
(Cadotte et al. 2008; Zhang et al. 2017). A possible reason for
this result may be that the pd had increased with increasing
richness of the functional traits, which in turn has led to increased
biomass yields. The pd showed a positive relationship with the
FRic, which indicated greater niche complementarity (Cadotte
2015; Cadotte et al. 2009). However, the weaker advantage of
the pd may also have been the result of many species belonging
to the same family (Kelly et al. 2014).

We found that the functional diversity indices displayed no
advantages in predicting the aboveground biomass in the study
area. Only the FRic showed a significantly positive correlation
with the aboveground biomass production in the two layers.
Other functional indices had an almost zero effect on the ABP.
These findings were consistent with the results presented by Fotis
et al. (2018), where the functional diversity indices had neutral
relationships with the aboveground biomass in mixed mesophyt-
ic temperate forests of the eastern USA. Szwagrzyk and Gazda
(2007) found that functional diversity had negative effects on the
aboveground biomass across 100 temperate forests in Central
Europe, which was similar to the relationship between the FDis
and AWB in our overstorey stratum. In addition, the analyses
regarding the functional traits and ecosystem functions con-
firmed that the CWM traits provided better explanations, while
the functional diversity indices (such as the FDis) showed weak
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Fig. 4 Structural equations for linking the aboveground biomass and
biodiversity in the overstorey a and the understorey b. a—ele is
elevation; BA is basal area; pd. is phylogenetic diversity; sr is species
richness; FRic is functional richness; AWB is aboveground woody
biomass; ABP is aboveground biomass production. b—sr.O is species
richness of the overstorey; BA.U is basal area of the understorey; sr.U
is species richness of the understorey; pd.U is phylogenetic diversity of
the understorey; ele is elevation; FRic.U is functional trait richness of

correlations with the functions (Finegan et al. 2015; Kunstler
et al. 2015). The weaker relationships between the ABP and
the functional diversity, when compared with that of the species
taxonomic diversity and the ABP, were believed to have two
possible causes. One cause may have been that the previous
analyses had correlated the trait means and dissimilarities with
the overall biomass, and had not considered the performance
components of the polycultures relative to those expected from
monocultures (Cadotte 2017). It may also have been that the
functional traits used in this study were not sufficiently compre-
hensive or accurate regarding the entire forest area, or that they
were not the dominant traits which could greatly affect the bio-
mass accumulation of this particular forest community.
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understorey; AWB.O is aboveground woody biomass of the overstorey;
ABP.U is aboveground biomass increment of understorey: AWB.U is
aboveground woody biomass of understorey. The dashed lines represent
insignificant relationships (p > 0.05). The solid line from fine to coarse
represents the significance of different relationships (p <0.05, p<0.01,
p<0.001). The correlation coefficients are shown above the
corresponding lines

4.2 BEF relationship and the effects of the functional
traits

The relationships between the biodiversity and above-
ground biomass and biomass production in Jiaohe support-
ed the general findings of previous studies, in which the
correlation between the species diversity and biomass pro-
ductivity in a forest ecosystem is positive (Liang et al.
2016; Paquette and Messier 2011; Yuan et al. 2016;
Zhang et al. 2012, 2017). Other studies found neutral and
even negative relationships between forest biomass pro-
ductivity and species diversity (Fahey et al. 2015; Gadow
et al. 2016; Fotis et al. 2018; Hardiman et al. 2011). These
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Table 1  Comparison of multiple linear regression model results predicting biomass in the overstorey

Dependent variable ~ Model df  logLik AlCc Delta R’

AWB ~CWMy ¢ + CWMgmax + CWMs; 4 + FDis + FRic + pd 8  —950.57 1917.33 0 0.25
~CWMpmax + FDis + FRic + pd 6  —95271 1917.54 020 0.25
~CWMpmax + CWMgp A + FDis + FRic + pd 7  —951.79 1917.74 040 0.25
~CWMypmax + FDis + FEve + FRic + pd 7  —95181 1917.76 043  0.25
~CWM ¢ + CWMpmax + CWMs; A + FDis + FRic + pd. + sr 9 —94980 1917.84 0.51  0.26

ABP ~CWM, ¢ + CWM; 5 + CWMg; A + FDis + FDiv + FRic + pd. + sr 10 —99524 2010.78 0 0.16
~CWM, ¢ + CWMpmax + CWM; o + CWMg; o +FDis+ FDiv+FRic+pd. +sr 11 —99444 201124 046  0.16
~CWM c + CWM| o + CWMg A + FDis + FRic + pd. + sr 9 —996.71 2011.65 0.88 0.16
~CWM_ ¢+ CWM| 5 + CWMg| 4 + FDis + FDiv + FEve + FRic + pd. + sr 11 —99496 2012.29 1.51 0.16
~CWM ¢ + CWMyax + CWM| o + CWMg, 4+ FDis + FRic + pd. + sr 10 —996.05 201239 161 0.16

AWRB is aboveground woody biomass; ABP is aboveground biomass production. pd is phylogenetic diversity; sr is species richness; FRic is functional
richness; FDis is functional dispersion; FDiv is functional divergence. CWM| ¢ is community-level weighted means of leaf carbon content; CWM .y 1S
community-level weighted means of the maximum tree height; CWM , is community-level weighted means of leaf area; CWMg; 4 is community-level

weighted means of specific leaf area

different results may have been caused by variations in the
spatial scale. Chisholm et al. (2013) found that the size of
subplots can change the relationship between diversity and
productivity, which is positive at smaller spatial scales
(0.04—-0.1 ha) and neutral or negative at larger scales
(0.25—1 ha) (Fotis et al. 2018; Poorter et al. 2015). The
majority of the ten diversity indices which were used
showed positive correlations with the AWB and ABP in
both layers. Greater diversity resulting in higher biomass
production suggests that niche complementarity in our
study area (weak interspecific competition leading to high
resource utilization) had played an important role (Loreau
2000; Madrigal-Gonzalez et al. 2016a).

The CWM of the functional traits was found to have
completely different impacts on the AWB and ABP in the
two vertical layers. The CWM_ 5, had more significantly

negative effects on the AWB in the overstorey than in the
understorey stratum. This may have been caused by the
fact that the overstorey trees were exposed to higher solar
radiation and leaf-to-air vapor pressure deficits than the
trees in the relatively buffered understorey level (Roberts
et al. 1990). This may have made it impossible for the
upper canopy leaves to maintain hydraulic safety, while
simultaneously opening the stomata sufficiently to main-
tain a positive carbon balance and regulation of leaf tem-
perature (through transpirative cooling) under the condi-
tions of lower water availability and higher evaporative
demands (natural droughts only) (Bennett et al. 2015).
The CWM, 4 showed a positive impact on the ABP in the
understorey, due to the fact that the trees in the understorey
stratum survived under the shade of the canopy trees with
their larger leaf areas.

Table 2 Comparison of multiple linear regression model results predicting biomass in the understorey

Dependent variable Model df logLik AlCc Delta R’

AWB ~CWM ¢ + CWMymax + CWMgt 4 + FDis + FDiv + FEve + mntd + pd. + sr 11 —893.01 1808.38 0 0.36
~CWM ¢ + CWMymax + CWMgy 4 + FDis + FDiv + FEve + mntd + mpd + sr 11 —893.32 1809.01 0.62 0.16
~CWM ¢ + CWMpnax + CWMgy A + FDis + FDiv + FEve + mntd + pd 10 —894.38 1809.06 0.68 0.36
~CWM ¢ + CWMpax + CWMp o + CWMgp o + FDis + FDiv + FEve + mntd + pd. +sr 12 —892.55 1809.52 1.14 0.36
~CWM| ¢ + CWMyax + FDis + FDiv + FEve + mntd + pd. + sr 10 —894.75 1809.80 141 0.36

ABP ~CWMy 5 + CWMg; 4 + FDis + FEve + sr 7 —995.04 2004.24 0.00 0.16
~CWMj 5 + CWMg; 4 + FDis + FEve + mpd + sr 8 —994.05 2004.29 046 0.16
~CWMy 5 + CWMg; 4 + FDis + FDiv + FEve + sr 8 —994.13 200446 0.88 0.16
~CWMy o + CWMg; 4 + FDis + FEve + mntd + sr 8 —994.14 200448 151 0.16
~CWMymax + CWM| 5 + CWMg A + FDis + FDiv + FEve + sr 9 —993.12 200449 1.61 0.16

AWRB is aboveground woody biomass; ABP is aboveground biomass production. pd is phylogenetic diversity; mntd is the mean nearest taxon distance;
sr is species richness; FEve is functional evenness; FDis is functional dispersion; FDiv is functional divergence. CWM| ¢ is community-level weighted
means of leaf carbon content; CWMp,, is community-level weighted means of the maximum tree height; CWM; 4 is community-level weighted means
of leaf area; CWMg; 4 is community-level weighted means of specific leaf area
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The CWMymax showed a positive correlation with the
AWRB in both the overstorey and understorey layers. The tall
species tend to have high AWB and ABP in the taller closed
canopy systems, which underlines the potential importance of
the adult individuals for the growth and survival of the forest
(Finegan et al. 2015; Wright et al. 2010). The CWM ¢ was
observed to have significantly positive correlations with both
the AWB and ABP in the overstorey, while only weak impacts
on the AWB in the understorey. The high carbon content in the
community indicated that the accumulation rate of the organic
matter was high. Therefore, it was concluded that there was a
positive correlation between the leaf carbon content and bio-
mass production (Hao et al. 2018). In contrast, the CWM| v
displayed significantly negative impacts on the AWB and
ABP in the overstorey and positive in the understorey. The
reasons for these results may have been that the high CWM| v
meant that there were more plants with high leaf nitrogen
content in the community. These were mainly conifers in the
current study, such as Pinus koraiensis, which are character-
ized by slow growth rates resulting in small biomass produc-
tion (Hutchins et al. 1996). The effects of the CWM on the
biomass production of all the woody trees were not signifi-
cant. This may have been due to the fact that the opposing
effects of the CWM on the ABP in the two strata, which
greatly weakened the overall effects of the CWM on the tree
community without distinction of strata.

The observed correlations between the CWM specific traits
and the AWB and ABP were significant in both strata. The
various combinations of the diversity indices and functional
traits explained more of the biomass and productivity varia-
tions. This was consistent with previous results, which sug-
gested that niche complementarity only partly explained the
BEF relationships (Feng et al. 2011; Finegan et al. 2015; Liu
et al. 2015; Paquette and Messier 2011). Mass-ratio and selec-
tion effects also played a role in influencing biomass produc-
tion in our study. However, the relative importance of the
niche complementarity, selection effects, and mass-ratio ef-
fects in explaining ecosystem functioning is a complex issue
which requires further research (Cadotte 2017; Finegan et al.
2015; Fotis et al. 2018).

4.3 Differences in the BEF relationships in the two
strata

The effects of biodiversity on biomass and biomass produc-
tivity were lightly stronger in the trees of the overstorey than
in the understorey trees. The magnitudes and directions of the
BEF relationships were affected by the surrounding environ-
mental conditions and available resources (Diaz and Cabido
2001; Fridley 2002). Different tree sizes lead to differences in
competitiveness, so stand basal area could be used as proxy
for competition intensity (Paquette and Messier 2011). In our
study area, the aboveground woody biomass is determined
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mostly by the stand basal area in two strata. And same is found
in species richness, which is also strongly effected by basal
arca. However, the effect of basal area on aboveground bio-
mass production in the overstorey is stronger than it in the
understorey. The competition intensity of overstorey trees is
greater than that of the understorey trees, and overstorey trees
(mean basal area = 22.98 m?*/ha) can restrict the growth of the
understorey trees (mean basal area = 1.28 m*/ha) by competi-
tion and resource utilization (Gilliam 2007; Mason et al.
2011). The negative effects of the overstorey biomass on the
productivity of the understorey biomass confirmed these find-
ings (cf. Bartels and Chen 2013; Zhang et al. 2016). The
resource-constraining effects of the overstorey trees resulted
in the reduced resource-use efficiency of the understorey trees
(Hooper et al. 2005). Similar findings were presented by
Mason et al. (2011) when describing the niche overlapping
effects of woody plants. Also, there were differences observed
in the light utilization patterns between the overstorey and
understorey trees. The smaller trees used the light sources
for shorter periods of time during the day depending on the
size of overstorey tree canopy. This may explain why the
above ground biomass of the overstorey trees had a negative
effect on the biomass production of the understorey trees
(Madrigal-Gonzalez et al. 2016b).

The correlations between the overstorey and understorey
tree species richness were found to be positive, which was
consistent with previous studies (Gamfeldt et al. 2013;
Zhang et al. 2017). The positive relationships between woody
plant species richness in the different vertical strata may have
been due to different responses to climate, soil, and space
utilizations (Taylor et al. 2014). The greater species richness
in the overstorey layer caused greater environmental hetero-
geneity in the understorey layer, due to the variations in the
litter and light penetrations (Barrufol et al. 2013; Bartels and
Chen 2013). Also, the various root systems had different rates
of soil nutrient absorption, which may have also affected the
species biomass accumulation (Houle et al. 2014) and resulted
in greater species numbers in the understorey. The comple-
mentarity and mutual promotion in the two strata has also
been found in subtropical, temperate, and boreal forests (Ali
and Yan 2017; Zhang et al. 2017). In grassland experiments, it
was found that the differences in leaf phenology potentially
determined the length of time that light could be captured,
which was assumed to be associated with species coexistence
(Mason et al. 2013). It is believed that niche complementarity
may be important for the promotion of a positive diversity-
productivity relationship of understorey trees. The comple-
mentary effects were found to be more beneficial to the sur-
vival of the tree species due to their impacts on the temporal
and spatial environmental heterogeneity of the overstorey
trees (Fridley 2002; Hooper et al. 2005).

In this study, elevation had a greater positive effect on the
aboveground biomass of the overstorey when compared with
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that of the understorey biomass. Elevation was negatively cor-
related with overstorey tree species richness, while the effects
of elevation on the understorey species richness were weak.
These results indicate that elevation played a role in screening
the richness of the overstorey species without limiting their
growth. The resource filtration of the overstorey vegetation
not only affected the intensity of the relationships between
the diversity and aboveground biomass, but also affected the
richness of the understorey species’ responses to the environ-
ment (Taylor et al. 2014). The effects of the overstorey trees
and elevation on the BEF relationships of the understorey
trees indirectly indicated that there was no single, general
relationship between the diversity and productivity in this par-
ticular natural community. The intensities of these relation-
ships were found to be largely affected by the environmental
conditions (Diaz and Cabido 2001; Fridley 2002; Zhang et al.
2016).

Many studies have shown that climate and local site con-
ditions will affect species diversity, aboveground biomass,
and productivity as well as their direct or indirect relationships
(Zhang et al. 2016; Ali and Yan 2017; Li et al. 2018). The
climate and soil factors have different effects on plant diver-
sity and biomass at different strata in different regions. This
study only analyses correlations without hypothesizing causal
effects. We are aware that the same non-measured factors may
cause differences in both diversity and production, especially
possible fertility effects, e.g., spatial differences in soil nutrient
and moisture availability. These factors should be included in
future studies to explain differences in diversity and produc-
tion in greater detail.
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