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Abstract

Comprehending the determinants of change in forest understory biomass (UB) offers a theoretical foundation for sustain-
able forest management. Our objective was to explore how different forest management practices (forest tending (FT),
closing mountains for reforestation (CMRF), and clear-cutting (CC)) affect UB. We surveyed forest stand structure and
understory vegetation and measured soil properties. Partial least squares structural equation modeling (PLS-SEM) was
applied to explore how forest management, soil properties, stand structure, and understory species diversity influence
UB. Our results indicated significant differences in UB under various management conditions, with FT resulting in the
highest UB. Stand density, soil organic matter, total nitrogen, and total carbon were negatively correlated with UB, while
species diversity was positively correlated with it. The explanatory degree of PLS-SEM results on UB was 61%, and for-
est management mainly affected UB by influencing stand structure (0.27, insignificant) and understory species diversity
(-0.46, significant). Understory species diversity exerts a positive effect on UB, whereas stand structure has a negative
effect. Our results highlights the importance of considering both understory species diversity and stand structure in future
forest management strategies.
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Introduction

Understory vegetation, a vital forest stratum, serves as an
essential reservoir for maintaining forest biodiversity and
carbon stock (Gilliam 2007; Kumar et al. 2018; Zhang et al.
2016a, b). Understory vegetation possesses a considerable
capacity to enhance the carbon pool in the forms of under-
story vegetation biomass, forest floor, and soils due to its
substantially high turnover rate (Landuyt et al. 2019). Addi-
tionally, understory vegetation has become an important
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buffer for reducing carbon emissions and alleviating climate
change thanks to its strong capacity for community regener-
ation and carbon accumulation (Mitchard 2018). Therefore,
maintaining sufficient understory vegetation and its biomass
should be a key objective in forest ecosystem management.

The crucial role of understory plants in maintaining
biodiversity, soil nutrient cycling, and carbon storage has
gained increasing attention (Jin et al. 2022; Palmroth et al.
2019; Zhang et al. 2022), prompting a shift in forest man-
agement priorities from timber production to forest quality
and ecological restoration (Zhou et al. 2016). At present,
a primary goal of forest management is to maintain equi-
librium between the upper canopy and the understory veg-
etation biomass. However, most studies have examined the
impact of individual management practices on understory
species diversity, stand structure, or soil properties (Hart et
al. 2008; Li et al. 2020; Trentini et al. 2017; Zhang et al.
2022; Zhou et al. 2016), while the differential impacts of
multiple forest management approaches on understory bio-
mass (UB) remain unclear. Furthermore, there is a need for a
relatively rigorous and comprehensive evaluation of current
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forest management practices to identify optimal strategies
that maximize UB.

Typically, forest management practices include clear-
cutting, forest tending, thinning, and so on (Baran et al.
2020; Okudaa et al. 2003; Trentini et al. 2017), all of which
affect the driving factors of dynamic changes in UB, such
as stand structure and species diversity. Thinning or clear-
cut harvesting can enhance understory species diversity by
improving the full acquisition of available resources by
plants (e.g., light, water, and nutrients). However, Baran et
al. (2020) reported that forest thinning or clearcut harvest-
ing may reduce species diversity in the understory due to
the increased dominance of one or a few species. In con-
trast, forest tending by cutting and thinning dead wood can
improve the complementary utilization of light, water, and
nutrients in a limited space and thus improves stand canopy
density and UB (Trentini et al. 2017).

Species diversity and stand structure, largely depended
on forest management, are also important factors affect-
ing UB (Sigurdsson et al. 2005; Su et al. 2021; Wang et al.
2018). Usually, high species diversity has high resource-use
efficiency, suggesting that an increase in species diversity
enhances UB (Gao et al. 2021), as different species contrib-
ute uniquely to ecosystem function (Barry et al. 2019). As a
result of competition for resources such as light, nutrients,
space, and water, an increase in stand structural indices will
usually be lower than the UB. For example, the increase of
stand density (Zangy et al. 2021), canopy closure which is
defined as the proportion of sky hemisphere obscured by
vegetation when viewed from a single point (Jennings et
al. 1999), and diameter at breast hight (DBH) (Zhang et al.
2016a, b) have been shown to decrease UB. There is cur-
rently some controversy on the relationship between the
stand structure and the UB (Silva Pedro et al. 2015; Thom
and Seidl 2016). On one hand, stand structure (such as by
reducing canopy closure) increases species diversity in the
understory, thereby improving UB (Li et al. 2020). On the
other hand, adjustments in stand structure, such as decreas-
ing stand density, can improve light availability and tem-
perature conditions in the understory, as well as promote
soil nutrient cycling, all of which support plant growth (Ter-
borgh et al. 2017). Previous studies have shown that for-
est management is conducive to species diversity increase
(Rossman et al. 2018) and biomass accumulation (Wang et
al. 2021). Whereas some studies revealed contrasting results
on the impact of forest management on species diversity
along with the negative (Wang et al. 2021), or neutral effects
(Barefoot et al. 2019). Therefore, it is urgent to identify the
key factors driving the effects of forest management on UB.

In this study, we divided forest management into three
categories according to their nature and human interfer-
ence level: clear-cutting (CC), forest tending (FT), and
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closing mountains for reforestation (CMRF). CC refers to
the removal of understory vegetation to decrease resource
competition between canopy trees and understory plants,
and it has the strongest disturbance to the understory veg-
etation and only reduces stand density. The primary goal
of CC is to promote the growth of tree species by reduc-
ing competition with understory species for resources. FT,
a moderate disturbance, entails the selective removal and
thinning of less desirable trees to improve the stand density
and enhance both vertical and horizontal forest structure,
thereby increasing forest quality and ecological benefits
(Liu et al. 2015). CMREF represents a low-impact interven-
tion, where the forest is enclosed, and human interference is
prohibited (Liu et al. 2009), with the goal of promoting nat-
ural forest recovery and quality. Our objectives were (1) to
identify the most beneficial forest management methods for
understory biomass retention, and (2) to clarify the underly-
ing mechanisms of how forest management affects UB.

Materials and methods
Study area

The study area, located in Chongqing in the Three Gorges
Reservoir area (Fig. 1a), is characterized by a subtropical
monsoon climate with high temperatures and abundant rain-
fall in summer. The average annual temperature and precipi-
tation are 17.13 °C and 1130 mm, respectively.

Stand and site selection

To analyze the effect of different forest management prac-
tices on UB, the criteria for stand selection were as follows:
first, the stand was monospecific, and second, only one for-
est management practice had been implemented within the
last two decades. CMFT sites were plantations with even-
aged, single-species stands, while FT and CC sites included
a few tree species in uneven-aged stands. The CC plots are
all afforestation sites where tree seedlings were planted at
a density of 2,500 stems per hectare. In contrast, the FT
and CMFT plots are natural secondary forests, established
through natural regeneration of local tree species. Most eco-
logical management practices were implemented around
2008, with a 2-3 year difference at some sample sites. The
dominant tree species at the sampling sites include Chinese
fir (Cunninghamia lanceolata), Masson pine (Pinus mas-
soniana), Japanese larch (Larix kaempferi), and cypress
(Cupressus spp.). To representatively and systematically
select sample sites, forest survey data was collected from
the local Forestry Bureau, and consultations were held
with senior forestry practitioners. Based on these criteria,
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Fig. 1 The sampling sites (a) in the study area and diagram of vegetation quadrat survey and soil sampling (b)

28 suitable sample sites were selected. The average stand
densities for CC, FT, and CMFT plots are 1,800, 1,425, and
1,225 stems per hectare, respectively.

Field measurements and biomass calculations

In each sampled stand, a 20 x 20 m plot was chosen to repre-
sent the stand. All plots were situated more than 100 m from
forest edges adjacent to farmland and roads. Understory
vegetation surveys were conducted in October 2020 and
September 2021. The shrub layer refers to any woody plant
species between 1.3 and 4.0 m in height (Hart and Chen
2008). The herbaceous layer contained seedlings of trees
and shrubs (no more than 1.3 m in height) and all herba-
ceous vascular plants (Su et al. 2021). Consequently, some
species appeared in both the herb and shrub layers. Within
each plot, five 2 %2 m shrub subplots and five 1 x 1 m herb
subplots were set according to the plum shape (Fig. 1b), and
herb subplots were set within the shrub subplots.

To assess the biomass of the herb and shrub layers, under-
story plants within each quadrat were harvested by cutting
at the groundline and packing separately in labeled cotton
gauze bags. The harvested samples were dried at 70 °C to a
constant mass and then weighed. UB was calculated as the
sum of the biomasses of the shrub and herb layers, with tree
seedlings included in the shrub layer biomass.

Understory species diversity and stand structure

Species diversity indices were used to represent understory
species diversity. Species richness refers to the total number
of species observed in each quadrat, and Shannon’s index
was chosen to measure understory species diversity. Species
diversity indices were calculated using the vegan package in
R v.4.0 (Oksanen et al. 2019).

Stand structure variables in this study included stand
density, diameter at breast height (DBH), and canopy clo-
sure. Stand density, indicating the strength of plant-plant
interactions, was defined as the number of individual trees
within a quadrat, with trees of DBH>5 cm recorded using
a steel measuring ruler. Canopy closure represents the light
conditions of the understory vegetation. We applied ocular
(visual) estimation to measure the canopy closure, which
is an inexpensive and conceptually simple procedure for
estimating canopy closure (Paletto and Tosi 2009; Van Hees
and Mead 2000). An expert operator assigned a cover index
to each tree in a given quadrat, then calculated the average
of these cover indices across the sample square, yielding a
canopy closure value expressed as a percentage.

Soil properties measurements

For soil sampling within each plot, three sampling points
were selected to dig the 0—60 cm soil profile to obtain a
mixed sampling (Fig. 1b). All soil samples were naturally
air-dried, manually cleaned of small stones and roots, and
sieved through a 0.149 mm mesh. To obtain the soil nutri-
ent status at each sampling sites, we measured total carbon,
total nitrogen, total potassium, available potassium, total
phosphorus, soil pH, soil organic matter, and soil texture.
Total carbon and total nitrogen were measured using an ele-
mental analyzer (Vario EL cube, Elementar, Langenselbold,
Germany) (Ye et al. 2019). The content of total potassium
and available potassium was detected using a flame pho-
tometer (PF6410, INESA, China) (Ren et al. 2020). Total
phosphorus was measured using an ultraviolet photometer
(UV-1750, Shimadzu, Japan) (Ren et al. 2020). Soil pH was
measured in a 1:2.5 mixture of soil-water using a Mettler
Toledo pH meter after shaking with deionized water. Soil
organic matter was measured by the mass loss after hydro-
lysis in a Muffle furnace at 550 °C (Dean 1974). Soil texture
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was analyzed using a laser particle analyzer (Mastersizer
3000, Malvern Panalytical, UK).

Statistical analyses

A summary of biomass, understory species diversity, stand
structure, and soil properties are provided in Table SlI.
One-way ANOVA was used to investigate the differences
in understory species diversity, stand structure, soil prop-
erties, and biomass among FT, CMRF, and CC. Addition-
ally, simple linear regression analysis was applied to assess
the relationship between understory species diversity, stand
structure, soil properties, and UB. Pearson correlations
between variables are presented in Fig. S1.

Variance partitioning analysis was performed using the
“varpart” function in the “vegan” package of the R. The
pure effect and the shared effect of each factor were visual-
ized using Wayne diagrams.

Partial least squares structural equation modeling (PLS-
SEM) was used to evaluate multiple relationships among
forest management, soil properties, understory species
diversity, stand structure, and UB. PLS-SEM, a type of
structural equation modeling, performs effectively with a
limited number of observations, given the complexity of
the model structure (Hair et al. 2017). We tested PLS-SEM
based on the effects of forest management as a categorical
variable on the predictors and UB. With this model structure,
we also assessed the direct and indirect effects of predictors
on response variables using the corresponding mediator(s).
Several parameters were used to assess model effective-
ness: loading values indicate the contribution of observed
variables to latent variables, with higher values represent-
ing a stronger contribution; R?(R-squared) assesses the fit
of endogenous variables; with values above 0.3 considered
acceptable; goodness of fit (GOF) evaluates overall model
performance. Additionally, Dillon-Goldstein’s rho (DG.
rho) and average variance extracted (AVE) were seleceted
to assess model reliability and validity (Liu et al. 2024). The
PLS-SEM was performed using the plspm package, with all
analyses conducted in R. 4.0 (R Core Team 2021).

Results

Understory biomass, understory species diversity,
and stand structure under different forest
management

UB, shrub layer biomass, and herb layer biomass showed
significant differences among the three treatments (Fig. 2).
Under FT, the UB, shrub layer, and herb layer were the
highest, with average values of 284.06 g/m?, 181.37 g/m?,
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and 102.69 g/m?, respectively. In contrast, the lowest UB,
shrub layer, and herb layer biomass were observed under
CC, with average values of 103.50 g/m?, 67.12 g/m? and
36.37 g/m?, respectively. For the herb layer, biomass under
FT was significantly different from that under CC, whereas
was no significant difference between the herb layer biomass
of CC and CMRF. Moreover, the shrub layer biomass and
UB under the different forest management regimes showed
the same regularity as the herb layer biomass. Notably, the
shrub layer biomass was higher than the herb layer biomass
(Fig. 2b and c).

Understory species diversity was not significantly differ-
ent under the different forest management regimes (Fig. 3).
FT exhibited the highest understory species richness and
biomass, followed by CMRF and CC. There were signifi-
cant differences in stand structure under different forest
management regimes, implying that forest management
affected stand structure (Fig. 4). Specifically, CC had the
highest stand density and canopy closure; FT had the largest
DBH; CMREF had the lowest canopy closure and DBH, and
FT had the lowest stand density.

Effects of biotic and abiotic factors on understory
biomass

Variance partitioning analysis showed that UB was influ-
enced to some extent by environmental factors (Fig. 5). UB
was mainly affected by the combined interaction of forest
management, stand structure, and species diversity, fol-
lowed by soil properties, with explanation rates of 19%,
13%, and 8%, respectively.

The PLS-SEM model indicated that all predictor vari-
ables together accounted for 61% of the variation in the UB
(R?=0.61) (Fig. 6). The GOF value was 0.5, demonstrat-
ing an acceptable overall model quality. Stand structure had
a significant negative effect on UB with a path coefficient
of -0.48 (P=0.003), whereas forest management indirectly
and positively influenced UB via stand structure (path coef-
ficient: 0.27, P=0.15). Soil properties had a direct positive
effect on UB (Fig. 6), and forest management had a sig-
nificant indirect positive impact on it via stand structure
(path coefficient: 0.46, P=0.003). Meanwhile, understory
species diversity strongly affected UB (path coefficient:
0.59, P<0.001), while forest management significantly,
indirectly, and negatively affected it through species diver-
sity, with a path coefficient of -0.46 (path coefficient: 0.46,
P=0.04).
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Fig. 2 Differences in understory biomass, shrub biomass, and herb
biomass under different forest management practices. Different letters
above the boxplots indicate significant differences at the p<0.05 level

Discussion

Mixed effects of forest management on understory
biomass

Forest management influences understory biomass (UB) in
complex ways. First, it directly promotes UB. Additionally,
forest management indirectly affects UB through interac-
tions with understory species diversity, stand structure,
and soil properties. Specifically, management enhances
UB via stand structure and soil properties, but negatively
impacts UB through understory species diversity. While
species diversity contributes positively to UB, stand struc-
ture and soil properties both have negative effects. Further-
more, these components—stand structure, soil properties,
and understory species diversity—interact with each other,
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according to Tukey’s post hoc test. FT: Forest tending; CC: Clear-cut-
ting; CMRF: Closure of mountains for reforestation

with forest management playing a critical role in shaping
all these factors. Therefore, it was not possible to determine
whether the overall effect of forest management on UB was
predominantly positive, negative, or neutral. Therefore, we
refer to the impact of forest management on UB as a mixed
effect.

Positive effects of understory species diversity on
understory biomass

Understory species diversity did not differ significantly
across different forest management practices. FT had the
highest understory species richness and biomass, followed
by CMRF and CC (Fig. 2). Previous studies have shown
that thinning increases understory plant diversity in both
shrub and herb layers (Hart 2008; Wang et al. 2021). FT
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reduces canopy cover through tree pruning, which improves
the microclimate (such as light, water, and soil nutrient
availability), and influences resource availability and het-
erogeneity, promoting an increase in understory species
diversity. Improvements in understory light and tempera-
ture are beneficial for plant growth and increase the number
of individual plants. Therefore, the number and biomass of
individual plants tended to increase. Studies have also indi-
cated that forest management can increase species diversity
in understory herb layers (Su et al. 2021). Diversity in both
the shrub and herb layers greatly improved after FT in the
southern humid domain (Li et al. 2020). Compared to FT,
understory plant diversity is lower in CC due to the high
density of plantations, high canopy closure, and low branch
height, which lead to limited understory light, restricting the
growth of shrubs and herbs. In addition, plot-scale diversity
is influenced by the regional species pool, and the CC plots
were originally wasteland or cultivated land. Consequently,
the seed bank in CC is less abundant than in FT and CMRF.

We found that species richness was positively correlated
with UB under different forest management regimes (Fig.
S2). The FT plots exhibited the highest understory species
richness and higher UB (Fig. 3). FT enhances herbaceous
biomass growth by reducing canopy closure, improving the
understory light condition, and promoting the growth of
understory herbs, and shrubs (Tinya and Odor 2016; Tren-
tini et al. 2017). This increase may be attributed to the clear-
ing of shrubs and standing dead trees, as well as thinning
in the FT woodlands, which creates a canopy gap effect.
Ren et al. (2021) showed that canopy gap disturbance can
decrease plant competition for resources, promoting com-
plementary utilization of resources and the effect of niche

@ Springer

complementarity on productivity through increased under-
story species diversity. For example, the dynamics of herb
and shrub diversity in FT or thinning are not exactly the
same (Fig. 3; Yilmaz et al. 2018). A shrub layer with a high
density can result in low herb species diversity as a result of
the shade effect (Fig. S5; Li et al. 2020), whereas it could
potentially enhance herb species richness by improving soil
nutrient availability and light heterogeneity as the shrub
layer expands (Yu et al. 2022).

Across all three forest management practices, greater
species diversity was generally linked to increased biomass
in the herbaceous, shrub, and understory layers. However,
this association did not hold for the herbaceous layer in
plantation forests (Figs. 2 and 3; Fig. S5). This phenom-
enon can be explained by several ecological mechanisms.
One is niche complementarity, where reduced interspecific
competition allows species to use available resources more
efficiently. Another is interspecific facilitation, where some
species modify the environment in ways that enhance the
growth or survival of others. Additionally, the selection
effect (or sampling effect) suggests that as species richness
increases, the probability of including highly productive
species with unique functional traits also rises (Fox et al.
2005; Loreau and Hector 2001). This, in turn, increases the
likelihood of positive interactions, such as complementar-
ity and facilitation, and leads to improved ecosystem func-
tioning (Forrester 2014; Fridley 2001; Ruiz-Benito et al.
2014). Shrub and herbaceous species can efficiently utilize
resources through niche complementarity due to their dis-
tinct niches, thereby enhancing species diversity. Addition-
ally, different species occupy various niches, maximizing
biomass through resource partitioning (Liu et al. 2023). This
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further indicates that species utilize resources such as light,
nutrients, and water in different ways, reducing resource
competition and enhancing overall community productivity
(Zhang et al. 2016a, b). Moreover, understory resources het-
erogeneity, influenced by canopy trees, may promote niche
complementarity (Wei et al. 2021a, b), becoming the pri-
mary mechanism driving the understory diversity-produc-
tivity relationship.

Negative effects of stand structure on understory
biomass

As many studies have stated, UB is powerfully impacted
by the overstory structure (Ensslin et al. 2015; Wei et al.
2021a, b). We found a negative relationship between the
UB and canopy closure (Fig. S3). Sigurdsson et al. (2005)
also reached the same conclusion for larch and birch forest

stands. Conversely, Suchar and Crookston (2010) reported
no significant relationship between canopy closure and UB.
Wei et al. (2021a, b) showed that small variations in can-
opy closure could increase biomass by approximately 40%
in native plantations. These discrepancies may stem from
differences in the canopy closure across studies; research
suggests that an optimal canopy closure of 0.6—0.7 is recom-
mended to maintain a potentially higher UB (Ahmad et al.
2018, 2019). Apparently, the effects of the overstory struc-
ture on UB varied across studies and contexts. In our study,
the understory light availability declined as stand density
and canopy closure increased, leading some plants to gradu-
ally wither and die due to limited growth. After thinning, the
light environment improved considerably, allowing under-
story plants to grow significantly faster.

Understory vegetation is affected by stand structure due
to changes in resource availability. We observed a positive
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Fig.5 Variation in understory biomass by forest management, species diversity, soil properties, and stand structure. (Values <0 not shown)

relationship between UB and DBH (Fig. S3c). Ali et al.
(2019) showed that DBH and UB forests were positively
correlated in a natural subtropical forest. The structure of
overstory trees imposes competitive limitations on under-
story vegetation, enhancing understory plant growth by
altering the availability of light, heat, soil moisture, and
space for shrub and herbaceous plants (Barbier et al. 2008;
Wei et al. 2020). However, some studies have shown that UB
is not always related to stand structure (Chen et al. 2020; Jin
and Bao 2014). For example, low UB may depend more on
factors such as forest management, natural disturbance, or
soil conditions, which also influence light, heat, and nutrient
availability and may be less responsive to stand structure.

Effects of soil properties on understory biomass
The UB is influenced by species richness and stand struc-

ture. Additionally, soil factors also affect UB (Alietal. 2019;
Guo et al. 2021; Zhang et al. 2015). Total P, N, C, available
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K, and soil texture all showed negative correlations with UB
(Fig. S4). This negative relationship between soil properties
and UB may be associated with the fact that most species
have adapted to habitats with low nutrients content (Poorter
et al. 2015). In contrast to our findings, Yamashita et al.
(2004) showed that soil N availability enhanced aboveg-
round biomass in two coniferous plantations. Similarly, high
soil fertility can lead to nutritional imbalances or even vege-
tation mortality, which can negatively impact the biomass of
tree propagation (Bordin et al. 2019). We also found a weak
positive correlation between SOM and UB, indicating that
SOM may be the limiting factor for understory plant growth
in the forests of the Three Gorges Reservoir. Therefore, the
relationship between soil nutrients and UB may depend on
the overall soil fertility (Baraloto et al. 2011).
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Fig. 6 Partial least-squares path model relating understory biomass
to soil properties, stand structure, species diversity, and forest man-
agement, with relative contributions. Solid black arrows denote posi-
tive whereas red arrows denote negative direct effects. Dotted arrows
represent non-significant effects. Line width shows the magnitude

Conclusion

Our study shows that different forest management regimes
drastically influence the forest UB. The PLS-SEM model
reveals that the influence of forest management on UB has
mixed effects and is mainly indirect by affecting the stand
structure and understory species diversity. These findings
further emphasize the importance of stand structure, a fac-
tor that has been previously overlooked. Furthermore, our
results highlight that species diversity is the primary ele-
ment affecting UB, indicating that niche complementarity is
the dominant mechanism driving changes in UB.
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