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Big-sized trees, species diversity, and stand density affect aboveground biomass in
natural tropical and temperate forests. However, these relationships are unclear in
arid natural forests and plantations. Here, we hypothesized that large plants (a
latent variable of tall-stature and big-crown, which indicated the effect of big-sized
trees on ecosystem function and structure) enhance aboveground biomass in
both arid natural forests and plantations along the gradients of climate water
availability and soil fertility. To prove it, we used structural equation modeling (SEM)
to test the influences of large plants located in 20% of the sequence formed by
individual size (a synthetical value calculated from tree height and crown) on
aboveground biomass in natural forests and plantations while considering the
direct and indirect influences of species diversity as well as climatic and soil
conditions, using data from 73 natural forest and 30 plantation plots in the
northwest arid region of China. The results showed that large plants, species
diversity, and stand density all increased aboveground biomass. Soil fertility
declined aboveground biomass in natural forest, whereas it increased biomass in
plantation. Although climatic water availability had no direct impact on
aboveground biomass in both forests, it indirectly controlled the change of
aboveground biomass via species diversity, stand density, and large plants. Stand
density negatively affects large plants in both natural forests and plantations.
Species diversity positively affects large plants on plantations but not in natural
forests. Large plants increased slightly with increasing climatic water availability in
the natural forest but decreased in plantation, whereas soil fertility inhibited large
plants in plantation only. This study highlights the extended generality of the big-
sized trees hypothesis, scaling theory, and the global importance of big-sized tree
in arid natural forests and plantations.
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Introduction

How species diversity loss affects ecosystem functioning has
sparked numerous concerns over the past three decades (Hector
et al., 1999; Hooper et al., 2005; Huang et al., 2018). Evidence is
mounting that a decline in species richness or diversity has a
negative effect on plant productivity in grasslands (Tilman et al,,
1996; Liang et al, 2016; van der Plas, 2019). Through this
understanding, the niche complementarity hypothesis suggests
that plant productivity or aboveground biomass increases with
increasing plant species diversity because the coexistence of
species can use the available resources more efficiently (Tilman
et al., 1997; Loreau and Hector, 2001; Hooper et al., 2005). The
selection effect hypothesis proposes that community
productivity is often shifting with increasing species diversity
due to the higher probability of productive species. In forest
ecosystems, a considerable number of studies have demonstrated
that large-diameter trees (big-sized trees) contribute
disproportionally to aboveground biomass at either the
individual or stand level (Clark and Clark, 1996; Lutz et al.,
2012; Bastin et al., 2015). In addition to the influence of big-sized
trees on carbon enhancement, species diversity and stand
structure have been tested to promote forest productivity or
aboveground biomass through the niche complementarity
mechanism (Yachi and Loreau, 2007; Mensah et al., 2018).
Although aboveground biomass shifting with big-sized trees
and species diversity has been well documented in natural
tropical and temperate forest ecosystems with high diversity
and strong resistance (Ali et al., 2019b; Yuan et al., 2021), these
responses and mechanisms in species-poor arid temperate
forests (particularly in arid natural forest and plantation)
remain largely understudied (Figure 1).

In global forests and woodlands, big-sized trees dominate
above- and belowground carbon storage and reallocation
processes, as well as provide abundant habitats for vertebrates,
invertebrates, and microorganisms through their individual
specific traits, such as large diameter, tall height, and big
crown (Luyssaert et al., 2008; Lindenmayer et al.,, 2012; Lutz
et al,, 2012). More specifically, the scaling theory suggests that a
few big-sized trees contribute a great quantity of the
aboveground biomass (Clark and Clark, 1996; Slik et al,
2013). A study from moist tropical forests found that 1.5%
large-diameter trees explain more than 50% of aboveground
biomass variation at a regional scale (Bastin et al, 2015).
Moreover, a global study of 48 primary and secondary forests
indicated that the largest 1% of trees comprised 50% of
aboveground live biomass, and the diameter threshold of big-
sized trees has a positive effect on aboveground biomass (Lutz
et al,, 2018). However, what kind of role the big-sized trees play
in species diversity-aboveground biomass is still unclear. A
recent study of tropic forests revealed that big-sized trees have
a strong positive effect on forest carbon storage in the natural
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forest but a negligible effect in plantations, which proved that the
regulation of big-sized trees in species diversity-aboveground
biomass might be dependent on vegetation types (Mensah et al,
2020). Compared to natural forests, plantations characterized by
lower species diversity consisted of fast-growing woods (Erskine
et al., 2006; Kelty, 2006; Subedi et al., 2012). There are
unpredictable feedback differences in carbon sequestration to
species diversity and large plants (a latent variable of tall-stature
and big-crown of big-sized trees, which indicate the effect of big-
sized trees on ecosystem function and structure) between natural
forest and plantation. Nevertheless, we know little about the
joint effects of species diversity and large plants on aboveground
biomass in plantations.

Aboveground biomass responds differently to species
diversity with various stand structures in natural forests, such
as stand density (Forrester et al., 2013; Yoshida et al., 2017;
Ouyang et al,, 2019). Most studies assume that stand density
promotes carbon sequestration via the complementarity of
crown light resources (Vitamin, 2015; Forrester et al.,, 2018).
Nevertheless, there is a great difference between the stand
density of plantations and natural forests. Previous studies
demonstrated that higher stand density has a negligible effect
on aboveground biomass in plantations due to asymmetric
resource competition (Poorter et al., 2012; Condes et al., 2013;
Ma et al,, 2021). Furthermore, competition has been confirmed
to cause a negative density dependence, which would promote
species diversity (LaManna et al., 2017), and thus, a shifting
species diversity-aboveground biomass relationship would occur
in plantations among various stand densities. Some studies have
shown that stand structure and large plants regulate
aboveground biomass jointly in natural forests (Ali et al,
2019a; Ouyang et al., 2019). Yet, we do not know whether the
joint effects of stand density, species diversity, and large plants
on aboveground biomass exist in plantations.

In natural forests and plantations, the effects of large plants
and species diversity on aboveground biomass could be
mediated by the variability of climate and soil conditions
(Zhang and Chen, 2015; Ali et al,, 2019b; Li et al., 2020).
Studies have often shown that climatic water availability rather
than soil fertility plays a major role in determining aboveground
biomass directly and indirectly via large plants and species
diversity in natural forests (Ali et al., 2019b), but these
mechanisms are yet to be understood in plantations.
Furthermore, a study focusing on natural shrub forests in arid
regions demonstrated that increasing climatic water availability
weakens the response of biomass to species diversity and density
because of strong interspecific competition between drought-
sensitive species (Guo et al., 2019). However, several studies in
tropical and subtropical natural forests found that soil fertility
increased aboveground biomass via large plants (Ali et al., 2019a;
Ouyang et al., 2019). These studies suggest that the responses of
aboveground biomass to biotic factors are shifting with climate
and soil conditions among different ecosystems. Therefore, to
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A conceptual model for testing the linkages among climatic water availability, soil fertility, large plants, species diversity, stand density, and
aboveground biomass in natural forest and plantation of the arid temperate region in China.

better understand and predict carbon sequestration, we need to
consider species diversity, large plants, and stand density under
various climate and soil conditions in natural forest and
plantation ecosystems.

Arid ecosystems cover more than 41% of the global land
surface and are one of the most frangible biosystems to climate
change and human activities due to lower biodiversity (Reynolds
et al,, 2007). A double warming tendency over arid regions than
humid areas has been confirmed because of the reduced carbon
sequestration (Huang et al., 2016). Numerous public efforts have
been made to slow down the expansion rates of environmental
degradation (ie., desertification and desert expansion), such as
afforesting plantations (Raich and Tufekcioglu, 2000; Paul et al,
20025 Piao et al., 2009). However, as mentioned above, there are
many unknowns about the response of carbon storage to species
diversity, large plants, and stand density in arid regions.
Consequently, we aim to evaluate the relative effects of large
plants, species diversity, and stand density on aboveground
biomass in arid natural forests and plantations under climate
and soil conditions in this study (Figure 1). We expect that (1)
large plants play a central role in driving aboveground biomass in
natural forest and plantation, whereas species diversity and stand
density are of additional importance; (2) large plants and species
diversity do not maintain each other in both natural forest and
plantation, and hence, both of them play an independent role in
driving aboveground biomass; (3) climatic water availability and
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soil fertility regulate species diversity, large plants, stand density,
and aboveground biomass in natural forest and plantation
through several underlying ecological mechanisms.

Materials and methods
Study area and forest inventory

The study area is located in the northwest arid region of
China (31° 42'-53° 23’ N, 73° 40’-126° 04’ E), and it includes
five provinces (Xinjiang, Gansu, Inner Mongolia, Shaanxi, and
Ningxia). The total area is about 3.55 million square kilometers,
accounting for about 78% of the arid area of China. The study
area belongs to a typical arid temperate continental climate, with
an annual average rainfall ranging from 75 to 557 mm, an annual
average evaporation ranges 700 to 2,300 mm, and an average
temperature ranging from —1.5°C to 9.6°C (Chen et al., 2016;
Chen et al., 2017).

In this study, 103 plots (73 natural forest and 30 plantation
plots, Figure 2) with sample areas equaling 25 and 400 m* were
investigated haphazardly in the northwest arid region of China
from June to September 2019. According to previous studies, 25
and 100 m* were the minimum sampling areas of shrub and
forest communities, respectively, which covered the main
changes in species and plant community composition in the
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FIGURE 2
Sampling plot locations in the northwest arid region of China.
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arid ecosystem (Chen et al., 2017; Guo et al, 2019). The
influence of the total study area on the sampling intensity was
not considered in this study, because most arid areas in
northwest China are deserts, while plant community types and
species in other areas are few and have an uneven distribution
(Guo et al,, 2019). In the sampling process, we first considered
plant communities and included all community types as much as
possible. Meanwhile, we haphazardly set up sample points.
However, the distance between sampling points was expanded
largely to ensure that information contained by different points
overlapped less.

In each plot, tree height, diameter at breast height (DBH, 1.3
m from the ground), basal diameter (0.2 m from the ground),
and crown width of all woody plants were determined by using a
Vertex meter (Vertex-IV, Haglof Haglof, Dalarna, Sweden) and
a tape, and a meter stick, respectively. Crown width was
calculated as the average diameter of the east-west and north-
south cross sections of the crown using a meter stick. Crown area
was estimated using the equation (7 X Deyst-west X Drorth-south)/4-
Chinese Flora Database (http://foceflora.cn/) was used to
identify species at the taxonomic level.

Natural forest plots included 2,915 individuals belonging to
21 species, 20 genera, and 11 families. Haloxylon ammodendron,
Populus euphratica, Tamarix chinensisare, and Caragana
Korshinskii are the common species in arid natural forests.
Plantation plots included 780 individuals belonging to 14
species, 12 genera, and nine families. The frequent species are
Haloxylon ammodendron, Ulmus glaucescens, and
Elaeagnus angustifolia.

Aboveground biomass

We estimated the aboveground biomass of individual plants
based on the species-specific allometric equations, which were
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based on the combinations of plant height, diameter, and crown
dimensions (Supplementary Table S1). Total aboveground
biomass is the sum of the aboveground biomass of all
individual plants within each plot, which is then converted to
a mega gram per hectare (Mg ha™").

Stand density, species diversity, and big-
sized trees

Based on the forest inventory data, stand density was
quantified as the total number of individuals per plot, which
was then converted to stems per hectare. The Shannon-Wiener
index was calculated to represent species diversity for each plot.
In the forest community, a few big-sized trees could occupy the
vast majority of the aboveground biomass (Slik et al., 2013;
Bastin et al,, 2015; Lutz et al., 2018). However, there is no
universal definition for big-sized trees, but the general
understanding is that big-sized trees vary among ecosystems
(Lutz et al., 2018). For example, trees with a DBH of >20 cm in a
cold coniferous forest, a DBH of 260 cm in temperate deciduous
forests, and a DBH of 2100 cm in tropical forests are generally
defined as big-sized trees (Lutz et al., 2012). Still, different abiotic
and biotic conditions may limit the threshold size for big-sized
trees in different forest types and statuses. However, many
woody plants have no DBH due to their short stature in arid
regions (Guo et al., 2019). Precious studies have indicated that
big-sized trees could be defined based on big-sized stature, for
instance, plant height and crown (Lutz et al., 2018; Ali et al,,
2019a). In order to characterize the big-sized trees, we used the
entropy weight method (EWM) to calculate the weight of plant
height and crown, then got the integrative values (58.62%
stdheight + 41.38% stdcrown), which were then used to define
the top 20% large trees within each plot. The proportion of the
aboveground biomass of individuals in the top 1%, 5%, 10%, and
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20% in the ranking position to the aboveground biomass was
analyzed, respectively. In arid regions, especially in arid desert
regions, severe environment makes the vast majority of
individuals in sampling plots to be shrub species. Also, the
effect of severe environment on plant growth results in small
abundance in sampling plots. All big-sized trees might not be
involved in the top 1%~10% of the ranking position. Therefore,
the top 20% of individuals in the rank of DBH or base diameter
were selected as the big-sized trees in this study. Our results
indicated that there were 17 and 10 large plant species in natural
forests and plantations, respectively (for more details, see
Supplementary Table S2).

As suggested by Ali et al. (2019a), the influence of the top
20% of individuals in the rank of DBH or base diameter on forest
structure and function was defined as the effect of the big-sized
tree. It was a latent variable, represented by the “large plants,”
and composed of tree height and crown area in this study. The
internal reason for this design was that the tree height and crown
area of big-sized trees have a greater impact on ecosystem
processes, such as light acquisition, interspecific competition,
and shading, in the forest compared with DBH and basal
diameter. After that, the ratio of the sum of the top 20% of
individual biomass to the total biomass was calculated to verify
the existence of large plants in arid regions.

Climatic water availability and soil fertility

To explore the influence of climatic water availability and
soil fertility on the relationships among species diversity, stand
density, large plants, and aboveground biomass, the annual
climatic aridity index (CAI mean annual precipitation/mean
annual potential evapotranspiration) of each plot was
downloaded from CGIAR-CSI (Trabucco and Zomer, 2009) to
represent climatic water availability. Higher values of the aridity
index represent the higher water content available for plant
growth. The soil cation exchange capacity (CEC) of topsoil (0-
30 cm) and subsoil (30-100 cm) were then obtained from
Harmonized World Soil Database (FAO et al., 2012). Here, we
used the mean soil CEC of topsoil and subsoil to define the soil
fertility (Ali et al., 2019a).

Statistical analyses

The structural equation model (SEM) was used to test the
conceptual model for linking climatic water availability, soil
fertility, species diversity, stand density, large plants (a latent
variable of tall-height and big-crown, indicating the influences of
big-sized trees on forest structure and function) and
aboveground biomass in arid natural forest and plantation
(Figure 1). The degree of model fit was evaluated by using the
following three indicators: standardized root means square
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residual (SRMR <0.08), comparative fit index (CFI >0.90), and
goodness-of-fit index (GFI >0.90). We also employed the Wald
statistic test to assess the significance of each hypothesized
pathway in SEM (p < 0.05). We used a maximum estimator
with standard errors and scaled statistics to estimate
standardized coefficients. Direct, indirect, and total effects were
estimated by using standardized coefficients. After testing the
SEM, we calculated the relative contribution of each predictor
variable (i.e., climatic water availability, soil fertility, species
diversity, stand density, large plants) to explain variance in
aboveground biomass (Ali et al, 2019a). As suggested by
Grace et al. (2016) and Yuan et al. (2021), the relative
contribution of each predictor referred to its proportion in
explaining the variation of AGB (total variance) among all
sampling plots. To be specific, in the SEM models, the total
AGB variance was evaluated from two stratifications: (1) the
direct contribution of each predictor to the total AGB variance.
According to the variance partition of the multiple regression,
the total AGB variance was reduced to the part that could be
explained by each predictor (regression sum of the square) and
the other part that could not be explained by them (residual sum
of variance). In the first part, the proportion of each predictor in
explaining the total AGB variance was considered its
contribution and (2) the indirect contribution of each
predictor to the total AGB variance via mediator variables. For
each pathway (e.g., Figure 3), the variance partition of the binary
regression was used to calculate the contributions of the
predictor to the total variance of the mediator variable, and
the latter to the total AGB variance. The product of these two
contributions was taken as the indirect contribution of the
predictor to the total AGB variance. The sum of the direct and
indirect contributions at two stratifications was the total
contribution of each predictor to the change in AGB among
all samples. The SEM was implemented using the lavaan
package (Rosseel, 2012) in R 3.6.0 (R Core Team, 2020).

Before the analysis, we performed a natural logarithmic
transformation of the data to meet the requirements of
normality and linearity. In order to validate the results from
SEM, we also performed simple linear regression for each
pathway in SEM. A summary of the variables used in the
analyses is presented in Table 1.

Results

Differences in the drivers of
aboveground biomass between natural
forest and plantation

Based on the statistical results of 73 natural forest and 30
plantation plots, our study found that climatic water availability,
species diversity, stand density, and aboveground biomass of
20% of the big-sized trees in the natural forest were significantly
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FIGURE 3

Structural equation models for linking climatic water availability, soil fertility, large plants (a latent variable of tall stature and big crown; indicated
the influences of big-sized trees on ecosystem function and structure), species diversity, stand density, and aboveground biomass in (A) natural
forest and (B) plantation of the arid temperate region in China. Solid lines represent significant paths (p < 0.05), while dashed lines indicate
nonsignificant paths (p > 0.05). The confidence degree of the relationship between two paired variables at less than *0.05, **0.01, and ***0.001,
respectively. For each path, the standardized regression coefficient is shown (Supplementary Tables S3, and S4). Model-fit statistics for (A):
comparative fit index (CFl) = 0.953, goodness-of-fit index (GFI) = 0.941, and the standardized root mean square residual (SRMR) = 0.052; (B):
CFl = 0.911, GFI = 0.941, SRMR = 0.055.

higher than in plantations. There were no significant differences
in soil fertility between natural forest and plantation. Specifically,
the mean of aboveground biomass in natural forest (27.02 + 7.00
Mg ha™'/mean + SE) was higher than that of plantation (16.62 *

2.98 Mg ha™'/mean + SE). The top 20% of individuals, based on
the rank of integrative values, hold 59.25% of total aboveground
biomass in natural forest, whereas they account for 39.66% of
total aboveground biomass in plantations (Table 1). The

TABLE 1 Summary of the variables, from 73 natural forest plots and 30 plantation plots, was used in this study.

Forest type Variable Unit
Natural forest Top 20% tall height m
Top 20% big crown m?
Hs #
SD N ha™!
CAIL %
Soil fertility cmol kg™
AGB Mg ha™'
AGB proportion of 20% big-sized trees Percentile
Plantation Top 20% tall height m
Top 20% big crown m?
Hs #
SD Nha
CAI %
Soil fertility cmol kg™
AGB Mg ha™
AGB proportion of 20% big-sized trees Percentile

Mean SE Minimum Maximum
5.58 a 1.01 0.73 41.00
8.00 a 125 0.19 59.96
0.84 a 0.06 0.00 1.66

3,859.93 a 324.15 800.00 18,400.00

1932 a 1.74 11.01 86.37
1219 a 0.58 5.00 28.00
27.02 a 7.00 0.03 353.28
59.25 a 3.91 3.56 99.59
2.89a 0.24 0.53 5.37
434a 0.48 0.61 12.17
0.44 b 0.07 0.00 1.06

2,583.33 b 162.40 800.00 7,500.00

11.64 b 1.94 123 33.43
12.00 a 0.70 6.00 26.00
16.62 a 2.98 0.20 88.92
39.66 b 4.10 7.82 97.53

Hs, species diversity; SD, stand density; CAI, climatic aridity index; AGB, aboveground biomass. All variables presented here are nontransformed "#" means that the index (Hs) has no unit
(i.e., original data). Natural logarithm transformed values were used in the statistical analyses. Lowercase letters indicate significant differences between natural forest and plantation.
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standard deviation in the proportion of the top 20% of
individuals to total aboveground biomass in natural forest
(0.33) was obviously higher than plantation (0.22) (Table 1).

SEMs: What determines aboveground
biomass directly and indirectly in natural
forest and plantation

The SEMs for natural forest and plantation showed that
large plants, species diversity, and stand density had significant
positive direct effects on aboveground biomass (Figure 3). Stand
density declined for large plants directly in both natural forest
and plantation (rya = —0.37; rpp. = —0.40). Species diversity had a
negligible direct effect on large plants in the natural forest but a
significant positive direct effect on the plantation (rya = —0.21;
rpr, = 0.45). Climatic water availability had a negligible direct
effect on aboveground biomass in natural forest and plantation
(rna = 0.09; rp, = 0.13), while soil fertility directly decreased
aboveground biomass in natural forest but increased in
plantation (mya = —0.33; rpy, = 0.52). Climatic water availability
had a negative effect on species diversity and stand density
directly in natural forest (rya = —0.70; 7p, = —0.47) but negligible

A Natural forest

10.3389/fpls.2022.999793

direct effects in plantation (s = 0.14; rp, = 0.03). Soil fertility
exerted a negligible influence on species diversity in the natural
forest but decreased species diversity directly in plantation
(rna = —0.10; rp;, = —0.40). Large plants increased slightly with
an increase in climatic water availability in natural forest but
decreased in plantation (rya = 0.21; rpp = —0.63), whereas soil
fertility inhibited large plants in plantation only (rya = —0.04;
rpr, = 0.28; Figure 3).

The comparative analysis of direct and indirect effects
showed that large plants possessed a strong positive direct
effect on aboveground biomass than species diversity and
stand density in natural forest, while species diversity
possessed stronger positive direct and indirect effects on
aboveground biomass than large plants and stand density in
plantation (Figures 3, 4A). Stand density possessed indirect
negative effects on aboveground biomass via large plants in
both natural forests and plantations. Species diversity possessed
an indirect positive effect on aboveground biomass via large
plants in the plantation but a negligible indirect effect in natural
forests (Figures 3, 4A). Soil fertility possessed a strong indirect
negative effect on aboveground biomass via species diversity and
large plants in the plantation but a negligible indirect effect in
natural forests. Climatic water availability possessed a strong

M Climatic water availability
1 Soil fertility
Large plants

B Plantation
I 1 T T T 1
120 -080 -040 000 040 080 1.20

Beta coefficient

FIGURE 4

B Species diversity

] B Stand density

Relative contribution(%)

Total relative contribution (A; pie charts) of predictors to aboveground biomass and comparison of direct and indirect effects (B; bar charts) of
predictors on aboveground biomass in natural forest and plantation. Solid-filled color represents direct effect, whereas pattern-filled color

represents indirect effect.
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indirect effect on aboveground biomass via stand density, species
diversity, and large plants in natural forests and to a little extent
in plantations (Figures 3, 4A).

The comparative analysis of the relative contribution (based
on total effect or direct effect if there was no indirect effect) of
drivers of aboveground biomass showed that, in natural forests,
large plants explained higher variation in aboveground biomass
followed by soil fertility, species diversity, climatic water
availability, and stand density (Figure 4B). With respect to the
plantation, species diversity explained higher variation in
aboveground biomass, followed by large plants, climatic water
availability, soil fertility, and stand density (Figure 4B). Bivariate
relationships for each hypothesized path in natural forest and
plantation are shown in Supplementary Figures S3,
54, respectively.

Discussion

In this study, we explored the relative effects of large plants,
species diversity, and stand density on aboveground biomass
along climate and soil gradients in natural forests and
plantations in an arid region. We found that large plants and
species diversity increased aboveground biomass directly in
natural forests and plantations, hence providing theoretical
support to niche complementarity and big-sized trees effects
(Morin et al, 2011; Ali et al., 2019a). However, these positive
effects were different in plantations and natural forests, which
might be due to the differential mechanisms and direct effects of
climatic water availability and soil fertility on aboveground
biomass, as well as indirect effects via large plants, species
diversity, and stand density (Zhang and Chen, 2015; Ali et al,,
2019b; Ouyang et al., 2019; Li et al., 2020). In sum, our results
suggest that the small portion of biotic drivers (i.e., large plants,
species diversity, and stand density) enhance aboveground
biomass through similar mechanisms whereas the small
portion of abiotic drivers regulates aboveground biomass
through opposing mechanisms in natural forest versus
plantation (van der Sande et al., 2017; Mensah et al., 2020; Wu
et al., 2020).

Large plants increased aboveground biomass in both natural
forests and plantations, providing the first evidence of the
generality of the big-sized trees hypothesis as well as to scaling
theory and the global importance of big-sized trees (Clark and
Clark, 1996; Slik et al., 2013; Bastin et al., 2015; Lutz et al., 2018;
Ali et al, 2019a). The strong positive effect of large plants on
carbon sequestration in natural forests and plantations is because
big-sized trees modulate the above- and belowground resource
allocation via luxuriant branches and fine roots which has positive
feedback on carbon storage (Luyssaert et al., 2008; Lutz et al,
2012). More specifically, we found that the taller and bigger crown
plants dominate (i.e., top 20%) 59.25% and 39.66% of the biomass
in a plot, respectively. The natural forests have a higher increase in
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aboveground biomass than plantation. These result is consistent
with a recent local-scale study that showed that large plants have a
stronger positive influence on aboveground biomass in natural
forests than mixed plantations (Mensah et al., 2020). The change
in the effect of large plants between natural forest and plantation
largely results from the similar stand age in the plantation, which,
against the generation of big-sized trees, further leads to a weaker
big-sized tree effect (Ruiz-Jaen and Potvin, 2011; Subedi et al,
2012; Ouyang et al,, 2019). Interestingly, we found no relationship
between species diversity and large plants in natural forests but
found a positive relationship in plantations. In natural forests,
there is no relationship between species diversity and large plants,
which might be further attributable to the environmental filtering
effect (Morin et al,, 2018). Drought-sensitive species and near-
drought-resistant neighbors tend to aggregate in arid regions after
environmental filtering (Guo et al, 2019; Wright et al, 2021),
indicating that diverse community compositions may buffer
multiple biotic interactions, such as the influence of species
diversity on large plants. The positive relationship in the
plantation is the result of niche complementarity, but we found
a negative relationship between large plants and stand density in
both natural forest and plantation. These results point to a
competitive exclusion mechanism in the natural forest, whereas
niche complementarity among species of dominant functional
group in plantations (Yachi and Loreau, 2007; Subedi et al., 2012;
Forrester et al., 2013; Liu et al., 2020), and thus lead to species
competition due to big-sized trees in different ways, resulting in a
reduction in stand density directly and aboveground biomass
indirectly (van der Sande et al., 2017; Ouyang et al., 2019).
Aboveground biomass in the natural forest and plantation
was mainly explained by large plants and species diversity, even
though the relative contribution of the drivers varied due to the
indirect effects in some cases. This pattern indicates species
diversity and large plants may govern carbon sequestration in
various ecosystems (Ruiz-Jaen and Potvin, 2011; Mensah et al.,
2020). In plantations, species diversity promotes aboveground
biomass through facilitating abiotic and biotic conditions
simultaneously, for instance, light interception and seed
dispersion (Binkley et al., 2010; Nagaike et al, 2012). In a
natural forest, the positive relationship between species
diversity and aboveground biomass was expected due to the
complementarity effect, particularly in water availability
complementarity (Guo et al., 2019; Wright et al., 2021; Yang
etal., 2022). Previous studies showed that the positive facilitation
between different plant species was common in arid regions, for
instance, the hydraulic redistribution of soil water (Yu et al,
2013; Guo et al, 2019). Thus, deep-rooting species (such as
Populus euphratica and Tamarix chinensis) would lift
groundwater or deep soil water to the soil surface for the
survival of other species (e.g., Kali collinum and Alhagi
sparsifolia). However, the resource-use complementarity
mechanism might have influenced aboveground biomass
differentially in natural forests and plantations, probably due
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to the contrasting influences of resource supply patterns on
species diversity.

Stand density has a strong positive effect on aboveground
biomass in both natural forests and plantations. This similarity
may be due to the resource complementarity effect, which means
higher stand density intensifies the positive interspecies
interactions that drive plants to make effective utilization of
light, water, and soil nutrients (Morin et al., 2011; Forrester
et al, 2018). However, stand density also had an indirect
negative effect on the aboveground biomass of natural forest
and plantation via large plants, indicating stand density may
regulate the aboveground biomass in both natural forest and
plantation by suppressing the dominant species, such as big-sized
trees (Boyden et al., 2005; Subedi et al., 2012; Ouyang et al., 2019).
Previous studies suggested that the direct and indirect effects of
stand density on aboveground biomass are related to stand age,
stand structure, functional diversity, and ecosystem types
(Paquette and Messier, 2011; Guo and Ren, 2014; Yuan et al,
2018; Ouyang et al,, 2019). For example, in subtropical forests, the
positive regulation of stand density on aboveground biomass
would be stronger with the increase of stand age. These results
indicate the importance of stand density on aboveground biomass
via different pathways in natural forests and plantations. However,
our results differed from those of previous studies, which high
densities result in lower biomass due to increased mortality from
competition (Fernandez Tschieder et al., 2012; Sun et al., 2018).
The potential reason for our results may be the complementarity
effect of the resource. Two reasons may be explained for it: (1) the
influences of stand closure or stand age (Guo and Ren, 2014;
Ouyang et al,, 2019): aboveground biomass decreased as stand
density increased due to intensive sapling competition before
stand closure. After stand closure, aboveground biomass shows
an upward tendency with the increase of stand density because of
resource complementarity; and (2) the influences of functional
diversity (like RaoQ or CWM trait) (Yuan et al., 2018; Yuan et al,,
2021): higher density may lead to lower productivity when the
community consists of the same functional species, such as
acquisitive species. On the contrary, it would increase
productivity if the community had a higher functional diversity.

Climatic water availability had a negligible positive effect on
aboveground biomass in both natural forest and plantation,
whereas soil fertility directly increased aboveground biomass
in plantation only, indicating that plant physiological and
metabolic processes are directly influenced by the length of the
growing season and nutrient availability, but the directions of
these influences are context-dependent (Poorter et al., 2017; Ali
et al,, 2019a). However, it is also expected that species diversity,
large plants, and stand density might be spatially structured and
might be driven in part by abiotic factors differentially in natural
forests and plantations (Van et al., 2017; van der Sande et al,
2017; Wang et al,, 2017; Wu et al., 2020). As such, we found that
climatic water availability and soil fertility influenced species
diversity, large plants, and stand density through opposing
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mechanisms in natural forest and plantation, and hence
differentially determined aboveground biomass indirectly via
biotic factors (Morin et al., 2018; Ali et al., 2019b). Previous
studies have shown that climatic water availability and soil
nutrients regulate forest productivity via shifting inter-
intraspecific relationships, but their direction and intensity are
closely related to species functional composition, succession
stage, and stand age (Page-Dumroese et al, 2010; Coomes
et al, 2014; Guo and Ren, 2014; Ouyang et al., 2019). For
instance, it has been confirmed that the positive responses
between productivity to mean annual precipitation and soil
fertility are stronger in the mature forest than in young forest
(Michaletz et al., 2014; Ouyang et al., 2019). More specifically,
soil fertility decreased aboveground biomass in plantations
indirectly via species diversity, large plants, and stand density,
whereas the indirect effects were negligible in natural forests,
indicating that the influences of abiotic factors are largely
dependent on underlying biotic factors and thus context-
dependent (Poorter et al., 2015; Ali et al., 2019b; Li et al,
2020). In plantations, abiotic factors regulated aboveground
biomass via biotic factors. The strong indirect effect might be
that the influence of initial anthropogenic inference on carbon
sequestration decreases with stand age, and then the
environmental resource availability intensifies the biotic
process, which may decrease aboveground biomass (Subedi
et al., 2012; Forrester, 2014; Wu et al., 2020). Previous studies
have confirmed that with increasing stand age, there are stronger
biotic interactions in plantation, such as self-thinning (Subedi
et al,, 2012; Guo and Ren, 2014). In an arid natural forest, the
negligible indirect effect between soil fertility and aboveground
biomass via biotic factors might be related to resource limitation
(Guo et al, 2019; Li et al., 2020). Poor soil conditions limit
plants’ growth process and hence weaken the indirect effect.

Conclusions

A vast literature has explored the relationship between species
diversity, stand structure, and forest function, but less so about the
relationships among species diversity, large trees, and forest
functions. Our study presents the first empirical results on the
relationship among large plants, species diversity, stand density,
and aboveground biomass in arid natural forests and plantations.
This study highlights the importance of large plants to
aboveground biomass in both natural forests and plantations
along abiotic and biotic gradients, hence supporting the
generality of the big-sized tree hypothesis and scaling theory.
Although our results show that large plants, species diversity, and
stand density increase aboveground biomass in both natural
forests and plantations, the roles of climatic water availability
and soil fertility seem to be differential in natural forests and
plantations. We need to point out that the regulation of plant
species diversity and large plants to aboveground biomass is
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dependent on spatial scale, indicating that numerous samplings
across a large spatial scale for further exploration are necessary,
particularly in sensitive and species-poor arid regions. Moreover,
we argue that further work is still needed to explore the underlying
role of plant species’ functional strategies, in terms of functional
diversity and composition, in order to fully explore the underlying
ecological mechanisms in natural forests and plantations.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Author contributions

X-DY and AA developed the idea and designed the study. B-
YY, YL, X-DY collected the data. B-YY analyzed the data and
wrote the paper with full support from AA, YL, X-NZ, X-MH,
and X-DY. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 41871031 and 31860111),

References

Ali, A, Lin, S. L., He, J. K., Kong, F. M., Yu, J. H.,, and Jiang, H. S. (2019a). Big-
sized trees overrule remaining trees' attributes and species richness as determinants
of aboveground biomass in tropical forests. Global Change Biol. 25 (8), 2810-2824.
doi: 10.1111/gcb.14707

Ali, A, Lin, S. L., He, J. K, Kong, F. M,, Yu, J. H,, and Jiang, H. S. (2019b).
Climate and soils determine aboveground biomass indirectly via species diversity
and stand structural complexity in tropical forests. For. Ecol. Manage. 432, 823—
831. doi: 10.1016/j.foreco.2018.10.024

Bastin, J.-F., Barbier, N., Réjou-Méchain, M., Fayolle, A., Gourlet-Fleury, S.,
Maniatis, D., et al. (2015). Seeing central African forests through their largest trees.
Sci. Rep. 5 (1), 1-8. doi: 10.1038/srep13156

Binkley, D., Stape, J. L., Bauerle, W. L., and Ryan, M. G. (2010). Explaining
growth of individual trees: Light interception and efficiency of light use by
eucalyptus at four sites in Brazil. For. Ecol. Manage. 259 (9), 1704-1713.
doi: 10.1016/j.foreco.2009.05.037

Boyden, S., Binkley, D., and Senock, R. (2005). Competition and facilitation
between eucalyptus and nitrogen-fixing falcataria in relation to soil fertility. Ecology
86 (4), 992-1001. doi: 10.1890/04-0430

Chen, Y. N,, Li, B. F., Li, Z., and Li, W. H. (2016). Water resource formation and
conversion and water security in arid region of Northwest China. J. Geogr. Sci. 26
(7), 939-952. doi: 10.1016/0378-1127(95)03607-5

Chen, Y.-L,, Xu, T.-L., Veresoglou, S. D., Hu, H.-W., Hao, Z.-P., Hu, Y.-],, et al.
(2017). Plant diversity represents the prevalent determinant of soil fungal
community structure across temperate grasslands in northern China. Soil Biol.
Biochem. 110, 12-21. doi: 10.1016/j.s0ilbio.2017.02.015

Frontiers in Plant Science

10

10.3389/fpls.2022.999793

Natural Science Foundation of Xinjiang (Grant No.
2017D01C080), and the Science and Technology Innovation
2025 Major Project of Ningbo City (Grant No.
20212ZDYF020049). Arshad Ali was supported by Hebei
University (Grant No. 521100221033).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
{pls.2022.999793/full#supplementary-material

Clark, D. B., and Clark, D. A. (1996). Abundance, growth and mortality of very
large trees in neotropical lowland rainforest. For. Ecol. Manage. 80 (1-3), 235-244.
doi: 10.1016/0378-1127(95)03607-5.

Condées, S., Del Rio, M., and Sterba, H. (2013). Mixing effect on volume growth
of fagus sylvatica and pinus sylvestris is modulated by stand density. For. Ecol.
Manage. 292, 86-95. doi: 10.1016/j.foreco.2012.12.013

Coomes, D. A,, Flores, O., Holdaway, R., Jucker, T., Lines, E. R., and Vanderwel,
M. C. (2014). Wood production response to climate change will depend critically
on forest composition and structure. Global Change Biol. 20 (12), 3632-3645.
doi: 10.1111/gcb.12622

Erskine, P. D., Lamb, D., and Bristow, M. (2006). Tree species diversity and
ecosystem function: can tropical multi-species plantations generate greater
productivity? For. Ecol. Manage. 233 (2-3), 205-210. doi: 10.1016/
j.foreco.2006.05.013

FAOQ, I, ISRIC, ISSCAS  JRC (2012). Harmonized world soil database (version
1.2) (Rome, Italy:FAO, Laxenburg, Austria:IIASA).

Fernandez Tschieder, E., Elena Fernandez, M., Miguel Schlichter, T.,
Alcides Pinazo, M., and Hector Crechi, E. (2012). Influence of growth
dominance and individual tree growth efficiency on pinus taeda stand
growth. a contribution to the debate about why stands productivity
declines. For. Ecol. Manage. 277, 116-123. doi: 10.1016/j.foreco.
2012.04.025

Forrester, D. 1. (2014). The spatial and temporal dynamics of species interactions
in mixed-species forests: From pattern to process. For. Ecol. Manage. 312, 282-292.
doi: 10.1016/j.foreco.2013.10.003

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.999793/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.999793/full#supplementary-material
https://doi.org/10.1111/gcb.14707
https://doi.org/10.1016/j.foreco.2018.10.024
https://doi.org/10.1038/srep13156
https://doi.org/10.1016/j.foreco.2009.05.037
https://doi.org/10.1890/04-0430
https://doi.org/10.1016/0378-1127(95)03607-5
https://doi.org/10.1016/j.soilbio.2017.02.015
https://doi.org/10.1016/0378-1127(95)03607-5.
https://doi.org/10.1016/j.foreco.2012.12.013
https://doi.org/10.1111/gcb.12622
https://doi.org/10.1016/j.foreco.2006.05.013
https://doi.org/10.1016/j.foreco.2006.05.013
https://doi.org/10.1016/j.foreco.2012.04.025
https://doi.org/10.1016/j.foreco.2012.04.025
https://doi.org/10.1016/j.foreco.2013.10.003
https://doi.org/10.3389/fpls.2022.999793
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

Forrester, D. I, Ammer, C., Annighofer, P. J., Barbeito, L, Bielak, K., Bravo-
Oviedo, A., et al. (2018). Effects of crown architecture and stand structure on light
absorption in mixed and monospecific fagus sylvatica and pinus sylvestris forests
along a productivity and climate gradient through Europe. J. Ecol. 106 (2), 746-760.
doi: 10.1111/1365-2745.12803

Forrester, D. 1., Kohnle, U., Albrecht, A. T., and Bauhus, J. (2013).
Complementarity in mixed-species stands of abies alba and picea abies varies
with climate, site quality and stand density. For. Ecol. Manage. 304, 233-242.
doi: 10.1016/j.foreco.2013.04.038

Grace, J. B., Anderson, T. M., Seabloom, E. W., Borer, E. T., Adler, P. B., Harpole,
W. S., et al. (2016). Integrative modelling reveals mechanisms linking productivity
and plant species richness. Nature 529 (7586), 390-393. doi: 10.1038/naturel6524

Guo, Q., and Ren, H. (2014). Productivity as related to diversity and age in
planted versus natural forests. Glob. Ecol. Biogeogr. 23 (12), 1461-1471.
doi: 10.1111/geb.12238

Guo, Y., Schéb, C., Ma, W., Mohammat, A., Liu, H, Yu, S, et al. (2019).
Increasing water availability and facilitation weaken biodiversity-biomass
relationships in shrublands. Ecology 100 (3), €02624. doi: 10.1002/ecy.2624

Hector, A., Schmid, B., Beierkuhnlein, C., Caldeira, M. C., Diemer, M.,
Dimitrakopoulos, P. G., et al. (1999). Plant diversity and productivity
experiments in European grasslands. Science 286 (5442), 1123-1127.
doi: 10.1126/science.286.5442.1123

Hooper, D. U., Chapin, F. S., Ewel, J. ], Hector, A., Inchausti, P., Lavorel, S., et al.
(2005). Effects of biodiversity on ecosystem functioning: A consensus of current
knowledge. Ecol. Monogr. 75 (1), 3-35. doi: 10.1890/04-0922

Huang, Y., Chen, Y., Castro-Izaguirre, N., Baruffol, M., Brezzi, M., Lang, A., et al.
(2018). Impacts of species richness on productivity in a large-scale subtropical
forest experiment. Science 362 (6410), 80-8+. doi: 10.1126/science.aat6405

Huang, J., Yu, H., Guan, X., Wang, G., and Guo, R. (2016). Accelerated dryland
expansion under climate change. Nat. Clim. Change 6 (2), 166-171. doi: 10.1038/
NCLIMATE2837

Kelty, M. J. (2006). The role of species mixtures in plantation forestry. For. Ecol.
Manage. 233 (2-3), 195-204. doi: 10.1016/j.foreco.2006.05.011

LaManna, J. A,, Belote, R. T., Burkle, L. A, Catano, C. P., and Myers, J. A. (2017).
Negative density dependence mediates biodiversity-productivity relationships
across scales. Nat. Ecol. Evol. 1 (8), 1107-1115. doi: 10.1038/s41559-017-0225-4

Liang, J. J., Crowther, T. W., Picard, N., Wiser, S., and Reich, P. B. (2016).
Positive biodiversity-productivity relationship predominant in global forests.
Science 354 (6309), 196. doi: 10.1126/science.aaf8957

Li, Z., Li, Z., Tong, X., Zhang, J., Dong, L., Zheng, Y., et al. (2020). Climatic
humidity mediates the strength of the species richness—biomass relationship on the
Mongolian plateau steppe. Sci. Total. Environ. 718, 137252. doi: 10.1016/
j.scitotenv.2020.137252

Lindenmayer, D. B., Laurance, W. F., and Franklin, J. F. (2012). Global decline in
large old trees. Science 338 (6112), 1305-1306. doi: 10.1126/science.1231070

Liu, P, Wang, W, Bai, Z., Guo, Z., and Zang, R. (2020). Competition and
facilitation co-regulate the spatial patterns of boreal tree species in kanas of
Xinjiang, northwest China. For. Ecol. Manage. 467, 118167. doi: 10.1016/
j.foreco.2020.118167

Loreau, M., and Hector, A. (2001). Partitioning selection and complementarity
in biodiversity experiments. Nature 412 (6842), 72-76. doi: 10.1038/35083573

Lutz, J. A., Furniss, T. J., Johnson, D. J., Davies, S. J., Allen, D., Alonso, A., et al.
(2018). Global importance of large-diameter trees. Glob. Ecol. Biogeogr. 27 (7), 849-
864. doi: 10.1126/science.1231070

Lutz, J. A., Larson, A. J., Swanson, M. E., Freund, J. A., and Ben, B. L. (2012).
Ecological importance of Large-diameter trees in a temperate mixed-conifer forest.
PloS One 7 (5), €36131-. doi: 10.1371/journal.pone.0036131

Luyssaert, S., Schulze, E., Bérner, A., Knohl, A., Hessenméller, D., Law, B. E,,
et al. (2008). Old-growth forests as global carbon sinks. Nature 455 (7210), 213-
215. doi: 10.1038/nature07276

Ma, S., Wang, X., Wang, X,, Sun, H., and Guo, Z. (2021). Relative influence of
environmental, stand factors and functional traits on allocation of forest
productivity during the restoration of subtropical forests in central China. For.
Ecol. Manage. 482, 118814. doi: 10.1016/j.foreco.2020.118814

Mensah, S., du Toit, B., and Seifert, T. (2018). Diversity-biomass relationship
across forest layers: Implications for niche complementarity and selection effects.
Oecologia 187 (3), 783-795. doi: 10.1007/s00442-018-4144-0

Mensah, S., Salako, V. K., and Seifert, T. (2020). Structural complexity and large-
sized trees explain shifting species richness and carbon relationship across
vegetation types. Funct. Ecol. 34 (8), 1731-1745. doi: 10.1111/1365-2435.13585

Michaletz, S. T., Cheng, D., Kerkhoff, A. J., and Enquist, B. J. (2014).
Convergence of terrestrial plant production across global climate gradients.
Nature 512 (7512), 39-43. doi: 10.1038/nature13470

Frontiers in Plant Science

10.3389/fpls.2022.999793

Morin, X., Fahse, L., Jactel, H., Scherer-Lorenzen, M., Garcia-Valdeés, R., and
Bugmann, H. (2018). Long-term response of forest productivity to climate change
is mostly driven by change in tree species composition. Sci. Rep. 8 (1), 1-12.
doi: 10.1038/s41598-018-23763-y

Morin, X., Fahse, L., Scherer-Lorenzen, M., and Bugmann, H. (2011). Tree
species richness promotes productivity in temperate forests through strong
complementarity between species. Ecol. Lett. 14 (12), 1211-1219. doi: 10.1111/
j.1461-0248.2011.01691.x

Nagaike, T., Fujita, T., Dejima, S., Chino, T., Matsuzaki, S., Takanose, Y., et al.
(2012). Interactive influences of distance from seed source and management
practices on tree species composition in conifer plantations. For. Ecol. Manage.
283, 48-55. doi: 10.1016/j.foreco.2012.07.006

Ouyang, S., Xiang, W., Wang, X,, Xiao, W., Chen, L., L, S., et al. (2019). Effects of
stand age, richness and density on productivity in subtropical forests in China. J.
Ecol. 107 (5), 2266-2277. doi: 10.1111/1365-2745.13194

Page-Dumroese, D. S., Jurgensen, M., and Terry, T. (2010). Maintaining soil
productivity during forest or biomass-to-Energy thinning harvests in the Western
United States. West. J. Appl. For. 25 (1), 5-11. doi: 10.1093/wjaf/25.1.5

Paquette, A., and Messier, C. (2011). The effect of biodiversity on tree
productivity: From temperate to boreal forests. Global Ecol. Biogeogr. 20, 170-
180. doi: 10.1111/.1466-8238.2010.00592.x

Paul, K. I, Polglase, P. J., Nyakuengama, J. G., and Khanna, P. K. (2002). Change
in soil carbon following afforestation. For. Ecol. Manage. 168 (1-3), 241-257.
doi: 10.1016/s0378-1127(01)00740-x

Piao, S., Fang, J., Ciais, P., Peylin, P., Huang, Y., Sitch, S., et al. (2009). The
carbon balance of terrestrial ecosystems in China. Nature 458 (7241), 1009-1013.
doi: 10.1038/nature07944

Poorter, H., Niklas, K. J., Reich, P. B., Oleksyn, J., Poot, P., and Mommer, L.
(2012). Biomass allocation to leaves, stems and roots: Meta-analyses of interspecific
variation and environmental control. New Phytol. 193 (1), 30-50. doi: 10.1111/
j.1469-8137.2011.03952.x

Poorter, L., van der Sande, M. T., Arets, E. J., Ascarrunz, N., Enquist, B. J.,
Finegan, B., et al. (2017). Biodiversity and climate determine the functioning of
Neotropical forests. N Phytol. 26 (12), 1423-1434. doi: 10.1111/geb.12668

Poorter, L., van der Sande, M. T., Thompson, J., Arets, E. J., Alarcon, A., Alvarez-
Sanchez, J., et al. (2015). Diversity enhances carbon storage in tropical forests. Glob.
Ecol. Biogeogr. 24 (11), 1314-1328. doi: 10.1111/geb.12364

Raich, J. W., and Tufekcioglu, A. (2000). Vegetation and soil respiration:
Correlations and controls. Biogeochemistry 48 (1), 71-90. doi: 10.1023/
a:1006112000616

R Core Team (2020). . r: a language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing).

Reynolds, J. F,, Smith, D. M. S.,, Lambin, E. F,, Turner, B., Mortimore, M.,
Batterbury, S. P., et al. (2007). Global desertification: Building a science for dryland
development. science 316 (5826), 847-851. doi: 10.1126/science.1131634

Rosseel, Y. (2012). Lavaan: An r package for structural equation modeling.
J. Stat. Software 48, 1-36. doi: 10.18637/jss.v048.102

Ruiz-Jaen, M. C., and Potvin, C. (2011). Can we predict carbon stocks in tropical
ecosystems from tree diversity? Comparing species and functional diversity in a
plantation and a natural forest. N Phytol. 189 (4), 978-987. doi: 10.1111/j.1469-
8137.2010.03501.x

Slik, J. F., Paoli, G., McGuire, K., Amaral, 1., Barroso, J., Bastian, M., et al. (2013).
Large Trees drive forest aboveground biomass variation in moist lowland forests
across the tropics. Glob. Ecol. Biogeogr. 22 (12), 1261-1271. doi: 10.1111/geb.12092

Subedi, K., Zhao, D. H., Borders, B., and Greene, D. (2012). Cultural intensity
and planting density effects on aboveground biomass of 12-year-old loblolly pine
trees in the upper coastal plain and piedmont of the southeastern United States.
For. Ecol. Manage. 267, 157-162. doi: 10.1016/j.foreco.2011.12.008

Sun, H., Diao, S., Liu, R., Forrester, D., Soares, A., Saito, D., et al. (2018).
Relationship between size inequality and stand productivity is modified by self-
thinning, age, site and planting density in sassafras tzumu plantations in central
China. For. Ecol. Manage. 422, 199-206. doi: 10.1016/j.foreco.2018.02.003

Tilman, D., Lehman,, and Clarence, L. (1997). Plant diversity and ecosystem
productivity: Theoretical considerations. PNAS 94 (5), 1857-1861. doi: 10.1073/
pnas.94.5.1857

Tilman, D., Wedin, D., and Knops, J. (1996). Productivity and sustainability
influenced by biodiversity in grassland ecosystems. Nature 379 (6567), 718-720.
doi: 10.1038/379718a0

Trabucco, A., and Zomer, R. J. (2009). Global aridity index (global-aridity) and
global potential evapo-transpiration (global-PET) geospatial database. CGIAR-CSI
GeoPortal. Available at: https://cgiarcsi.community/

Van, D., Arets, E., Pefia-Claros, M., Hoosbeek, M. R., Caceres-Siani, Y., Peter, V.,
et al. (2017). Soil fertility and species traits, but not diversity, drive productivity and

frontiersin.org


https://doi.org/10.1111/1365-2745.12803
https://doi.org/10.1016/j.foreco.2013.04.038
https://doi.org/10.1038/nature16524
https://doi.org/10.1111/geb.12238
https://doi.org/10.1002/ecy.2624
https://doi.org/10.1126/science.286.5442.1123
https://doi.org/10.1890/04-0922
https://doi.org/10.1126/science.aat6405
https://doi.org/10.1038/NCLIMATE2837
https://doi.org/10.1038/NCLIMATE2837
https://doi.org/10.1016/j.foreco.2006.05.011
https://doi.org/10.1038/s41559-017-0225-4
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1016/j.scitotenv.2020.137252
https://doi.org/10.1016/j.scitotenv.2020.137252
https://doi.org/10.1126/science.1231070
https://doi.org/10.1016/j.foreco.2020.118167
https://doi.org/10.1016/j.foreco.2020.118167
https://doi.org/10.1038/35083573
https://doi.org/10.1126/science.1231070
https://doi.org/10.1371/journal.pone.0036131
https://doi.org/10.1038/nature07276
https://doi.org/10.1016/j.foreco.2020.118814
https://doi.org/10.1007/s00442-018-4144-0
https://doi.org/10.1111/1365-2435.13585
https://doi.org/10.1038/nature13470
https://doi.org/10.1038/s41598-018-23763-y
https://doi.org/10.1111/j.1461-0248.2011.01691.x
https://doi.org/10.1111/j.1461-0248.2011.01691.x
https://doi.org/10.1016/j.foreco.2012.07.006
https://doi.org/10.1111/1365-2745.13194
https://doi.org/10.1093/wjaf/25.1.5
https://doi.org/10.1111/j.1466-8238.2010.00592.x
https://doi.org/10.1016/s0378-1127(01)00740-x
https://doi.org/10.1038/nature07944
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1111/geb.12668
https://doi.org/10.1111/geb.12364
https://doi.org/10.1023/a:1006112000616
https://doi.org/10.1023/a:1006112000616
https://doi.org/10.1126/science.1131634
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.1111/j.1469-8137.2010.03501.x
https://doi.org/10.1111/j.1469-8137.2010.03501.x
https://doi.org/10.1111/geb.12092
https://doi.org/10.1016/j.foreco.2011.12.008
https://doi.org/10.1016/j.foreco.2018.02.003
https://doi.org/10.1073/pnas.94.5.1857
https://doi.org/10.1073/pnas.94.5.1857
https://doi.org/10.1038/379718a0
https://cgiarcsi.community/
https://doi.org/10.3389/fpls.2022.999793
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

biomass stocks in a Guyanese tropical rainforest. Funct. Ecol 32 (2), 461-474.
doi: 10.1111/1365-2435.12968

van der Plas, F. (2019). Biodiversity and ecosystem functioning in naturally
assembled communities. Biol. Rev. 94 (4), 1220-1245. doi: 10.1111/brv.12499

van der Sande, M. T., Pefia-Claros, M., Ascarrunz, N., Arets, E. J., Licona, J. C.,
Toledo, M., et al. (2017). Abiotic and biotic drivers of biomass change in a
Neotropical forest. J. Ecol. 105 (5), 1223-1234. doi: 10.1111/1365-2745.12756

Vitamin, E. (2015). Species richness promotes canopy packing: A promising step
towards a better understanding of the mechanisms driving the diversity effects on
forest functioning. Funct. Ecol. 29 (8), 993-994. doi: 10.1111/1365-2435.12473

Wang, J., Knops, J. M., Brassil, C. E., and Mu, C. (2017). Increased productivity
in wet years drives a decline in ecosystem stability with nitrogen additions in arid
grasslands. Ecology 98 (7), 1779-1786. doi: 10.1002/ecy.1878

Wright, A,, Mommer, L., Barry, K., and Van Ruijven, J. (2021). Stress gradients
and biodiversity: Monoculture vulnerability drives stronger biodiversity effects
during drought years. Ecology 102 (1), €03193. doi: 10.1002/ecy.3193

Wu, H,, Xiang, W., Ouyang, S., Xiao, W., Li, S., Chen, L., et al. (2020). Tree
growth rate and soil nutrient status determine the shift in nutrient-use strategy of
Chinese fir plantations along a chronosequence. For. Ecol. Manage. 460, 117896.
doi: 10.1016/j.foreco.2020.117896

Yachi, S., and Loreau, M. (2007). Does complementary resource use enhance
ecosystem functioning? A model of light competition in plant communities. Ecol.
Lett. 10 (1), 54-62. doi: 10.1111/j.1461-0248.2006.00994.x

Frontiers in Plant Science

12

10.3389/fpls.2022.999793

Yang, X.-D., Anwar, E.,, Zhou, J., He, D., Gao, Y.-C, Lv, G.-H,, et al. (2022).
Higher association and integration among functional traits in small tree than shrub
in resisting drought stress in an arid desert. Environ. Exp. Bot. 201, 104993.
doi: 10.1016/j.envexpbot.2022.104993

Yoshida, T., Naito, S., Nagumo, M., Hyodo, N., Inoue, T., Umegane, H., et al.
(2017). Structural complexity and ecosystem functions in a natural mixed forest
under a single-tree selection silviculture. Sustainability 9 (11), 2093. doi: 10.3390/
su9112093

Yuan, Z., Ali, A,, Sanaei, A., Ruiz-Benito, P., Jucker, T., Fang, L., et al. (2021).
Few large trees, rather than plant diversity and acomposition, drive the above-
ground biomass stock and dynamics of temperate forests in northeast China. For.
Ecol. Manage. 481, 118698. doi: 10.1016/j.foreco.2020.118698

Yuan, Z., Wang, S., Ali, A., Gazol, A, Ruiz-Benito, P., Wang, X, et al. (2018).
Aboveground carbon storage is driven by functional trait composition and stand
structural attributes rather than biodiversity in temperate mixed forests
recovering from disturbances. Ann. For. Sci. 75, 67. doi: 10.1007/s13595-018-
0745-3

Yu, T., Feng, Q., Si, J., Xi, H,, Li, Z.,, and Chen, A. (2013). Hydraulic
redistribution of soil water by roots of two desert riparian phreatophytes in
northwest china’s extremely arid region. Plant Soil. 372 (1), 297-308.
doi: 10.1007/s11104-013-1727-8

Zhang, Y., and Chen, H. Y. (2015). Individual size inequality links forest
diversity and above-ground biomass. J. Ecol. 103 (5), 1245-1252. doi: 10.1111/
1365-2745.12425

frontiersin.org


https://doi.org/10.1111/1365-2435.12968
https://doi.org/10.1111/brv.12499
https://doi.org/10.1111/1365-2745.12756
https://doi.org/10.1111/1365-2435.12473
https://doi.org/10.1002/ecy.1878
https://doi.org/10.1002/ecy.3193
https://doi.org/10.1016/j.foreco.2020.117896
https://doi.org/10.1111/j.1461-0248.2006.00994.x
https://doi.org/10.1016/j.envexpbot.2022.104993
https://doi.org/10.3390/su9112093
https://doi.org/10.3390/su9112093
https://doi.org/10.1016/j.foreco.2020.118698
https://doi.org/10.1007/s13595-018-0745-3
https://doi.org/10.1007/s13595-018-0745-3
https://doi.org/10.1007/s11104-013-1727-8
https://doi.org/10.1111/1365-2745.12425
https://doi.org/10.1111/1365-2745.12425
https://doi.org/10.3389/fpls.2022.999793
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Large plants enhance aboveground biomass in arid natural forest and plantation along differential abiotic and biotic conditions
	Introduction
	Materials and methods
	Study area and forest inventory
	Aboveground biomass
	Stand density, species diversity, and big-sized trees
	Climatic water availability and soil fertility
	Statistical analyses

	Results
	Differences in the drivers of aboveground biomass between natural forest and plantation
	SEMs: What determines aboveground biomass directly and indirectly in natural forest and plantation

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


