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Abstract

Background Plants can directly affect litter decom-
position by producing litter materials of differ-
ent qualities. However, whether living plants have
indirect effects on litter decomposition by affecting
changes in forest microenvironments is presently
unclear in plantation forests.

Methods We addressed this issue by studying the
decomposition of the leaf litter and fine roots of Chi-
nese fir [Cunninghamia lanceolata (Lamb.) Hook.],
a timber species widely planted in China, in 113
non-neighboring quadrats of varying basal area of
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the dominant plant species (i.e., Chinese fir) and dis-
tinct basal areas and species richness of regenerated
woody plants (i.e., species other than Chinese fir) in a
subtropical Chinese fir forest.

Results  Our results showed that fine roots decom-
posed significantly more rapidly than leaf litter pos-
sibly because fine roots were easier access to mineral-
ized nutrients and microbes compared with leaf litter.
Further analyses showed that leaf litter and fine root
decomposition rates were significantly controlled by
the plant community attributes. The decomposition of
both leaf litter and fine roots was mainly controlled
by woody species regenerated during stand develop-
ment rather than by Chinese fir. Specifically, leaf lit-
ter and fine root decomposition rates decreased with
increasing basal area of regenerated woody plants,
possibly due to nutrient competition and/or reduced
photodegradation.
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Conclusions This study provides empirical evi-
dence that woody species regenerated during stand
development play a certain role in determining litter
decomposition rates through plant-soil interactions
in Chinese fir plantations. Regenerated woody plants
should be considered in future studies on soil carbon
and nutrient cycling in plantation forest.

Keywords Plant-soil interaction - Leaf litter
decomposition - Fine root decomposition - Plantation
forest - Plant community attributes - Regenerated
woody plants

Introduction

Plant litter decomposition regulates carbon and nutri-
ent recycling in terrestrial ecosystems (Handa et al.
2014), which is particularly important in a planta-
tion forest because most of the nutrients needed for
plant growth are derived from the release of elements
during plant litter decomposition (Cao et al. 2020).
Plants can directly affect litter decomposition by pro-
ducing different litter materials that have different
chemical traits. Generally, high litter decomposition
rates are usually associated with high concentrations
of initial nitrogen (N) and phosphorus (P), a low car-
bon to nitrogen ratio (C:N ratio) and a low carbon to
phosphorus ratio (C:P ratio) (Aerts 1997; Sun et al.
2018; Zhang et al. 2016). In addition, living plants
can also indirectly influence litter decomposition
through the changing micro-environmental conditions
and soil microbial activity (Ball et al. 2009). How-
ever, the direction and extent of these indirect effects
have not been well evaluated.

The indirect effects of living plants on litter
decomposition are generally considered to be associ-
ated with ‘species energy theory’ (Whittaker 2006).
Plants with high abundance/biomass could input
more substrates (plant litters and root exudate) into
soils than other plants, which could improve soil
microbial biomass and activity (Chen et al. 2020),
accelerating plant litter decomposition (Lohbeck et al.
2015). In fact, Van Der Krift et al. (2002) reported
that the presence of living plants tended to accelerate
the decomposition rate of dead roots in a grassland
ecosystem. A classic case from the ‘Jena Biodiver-
sity Experiment’ also illustrated that increased plant
diversity could presumably contribute to enhanced
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litter decomposition in a grassland ecosystem (Milcu
et al. 2008). However, other studies have shown that
living plants suppress litter decomposition due to
strong nutrient competition between plants and soil
decomposers through resource competition, which
is termed ‘Gadgil effect’ (Averill et al. 2014; Gadgil
and Gadgil 1971). For example, plant litter decompo-
sition was reported to be high in root-trenched plots
in some ecosystems (Brzostek et al. 2015), and this
effect was particularly strong in nutrient-poor areas.
Moreover, the suppressing effect of living plants on
litter decomposition was also explained by the plant-
induced changes in microclimate conditions (i.e.,
light transmittance, moisture, and temperature) on
the forest floor (Hobbie et al. 2006). Previous stud-
ies showed that thinning (Trentini et al. 2017) and
understory removal (Zhao et al. 2013) significantly
enhanced soil temperature and decreased soil mois-
ture, which resulted in higher plant litter decom-
position rates. Consequently, our understanding of
the complex response of plant litter decomposition
to living plants is still limited in forest ecosystems,
although this effect is thought to be stronger in forests
than in other ecosystems due to the longevity of trees
relative to other plants (Joly et al. 2017b).

In China, plantation area amounts to approximately
69.33 million hectares, which is one-third of the total
plantation area in the world, ranking first globally
(State Forestry Administration of China 2018). In such
plantations, plant litter (such as aboveground leaf lit-
ter and belowground fine root litter) is mainly derived
from the dominant species planted for timber produc-
tion (i.e., timber species) or other commercial uses, and
its decomposition might be affected by the abundance/
biomass of the dominant planted species. According
to ‘species energy theory’ (Whittaker 2006), a large
abundance/biomass of dominant planted species may
support the growth of decomposers and accelerate lit-
ter decomposition. In addition, native woody plants
that regenerate in the understory strata during stand
development (i.e., regenerated woody plants) may also
play important roles in promoting biodiversity and the
ecological functions of plantation ecosystems (Chen
et al. 2019c; Rago et al. 2021). Regenerated woody
plants maintain biodiversity in plantations (Rago et al.
2021); thus, a high richness of regenerated woody
plants may promote fungi and fungal guild diversity,
leading to increased litter decomposition (Xiao et al.
2019). However, we still lack empirical evidence
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about how regenerated woody plants influence litter
decomposition.

Forests are mainly distributed in regions that
have relatively complex topography, and plant lit-
ter decomposition might also be affected by abiotic
environmental factors, such as topography (Scow-
croft et al. 2000) and soil properties (Craine et al.
2007; Van Huysen et al. 2016) in such ecosystems.
In fact, several studies have shown that various topo-
graphical landforms result in different environmen-
tal conditions, thereby altering litter decomposition
by changing soil microbial activity (Scowcroft et al.
2000). For example, Sariyildiz (2015) found that
that litter decomposed faster in areas with a south-
facing aspect and bottom slope position than in
those with a north-facing aspect and top slope posi-
tion because the areas with a south-facing aspect and
bottom slope position had higher soil temperatures,
favoring decomposers. A positive effect of soil water
content on litter decomposition was also reported
in both laboratory incubation and field experiments
(Lee et al. 2014; Zhong et al. 2017). In addition,
field incubation experiments with P addition have
illustrated that soil phosphorus influences litter
decomposition, especially in P-limiting subtropical
ecosystems (Van Huysen et al. 2016; Wieder et al.
2009). Therefore, it is essential to unravel these
effects investigations of the relationships between
living plants and litter decomposition.

Chinese fir (Cunninghamia lanceolata [Lamb.]
Hook) is the most important planted species in sub-
tropical China, and its plantation area has reached 9.9
million ha (State Forestry Administration of China
2018). In this study, we evaluated the role of living
plants in regulating the spatial pattern of litter decom-
position in a Chinese fir plantation. By using a litter-
bag technique, we measured the decomposition rates
of leaf litter and fine root of Chinese fir in 113 quad-
rats containing varying numbers of Chinese fir and
regenerated woody plants in a Chinese fir plantation.
We hypothesized that (H1) the abundance/biomass of
living plants, including dominant timber species (i.e.,
Chinese fir) and regenerated woody plants, can signif-
icantly accelerate litter decomposition, and this effect
is mainly mediated by the dominant timber species
due to the high abundance of Chinese fir (Whittaker
2006; Grime 1998); and (H2) regenerated woody
plants can favor litter decomposition due to their high
biodiversity (Milcu et al. 2008; Joly et al. 2017b).

Materials and methods
Study site

This study was carried out in a subtropical Chines fir
plantation forest in the Yingzuijie National Nature
Reserve (26°46° N-26°59" N, 109°49’E -109°58’
E), which is located in Huitong County, Hunan
Province, China. The study area has a humid mid-
subtropical monsoon climate. The mean annual tem-
perature is 16.5 °C and the mean annual precipitation
is 1,200 mm. The Yingzuijie Nature Reserve is one
of the most biodiverse animal and plant biosphere
reserves in subtropical China and covers an area of
approximately 159 km?, with elevations ranging from
270 to 938 m above sea level (asl) within Xuefeng
Mountain in Hunan Province (Zeng et al. 2016).

In 2013, we followed the forest plot construction
standard of the CTFS (Center for Tropical Forest
Science) and established a 9-ha (300300 m) long-
term, stationary, dynamic monitoring plot (here after
referred to as the HTF plot) in a Chinese fir planta-
tion in the Yingzuijie National Nature Reserve in
Huitong County. The HTF plot was divided into 225
quadrats (each 20x20 m). The Chinese firs in the
HTF plot were planted at an initial planting density
of 2 mx2.3 m, and the age of this forest in 2021 was
30 years.

Experimental design

We choose Chinese fir leaf litter and fine roots as
substrates to test the effects of living plants on litter
decomposition across 113 non-neighboring quadrats
in the HTF plot (Fig. S1). Leaf litter and fine roots
were collected in the forests near the HTF plot. For
leaf litter, only fallen leaf litter with complete shapes
were selected, whereas leaves with apparent signs of
herbivory and fungal attacks or those that were still
green were excluded. For fine roots, we collected
them from 0—40 cm soil horizon. Only fine roots with
diameters less than 0.8 mm were chosen because pre-
vious studies showed that Chinese fir fine roots with
such diameters are mainly absorptive roots that have
high turnover rates and play an important role in car-
bon cycling (Yin et al. 2020). All litter material and
roots were air-dried at room temperature immediately
after collection and then stored.
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Nylon litterbags of 0.1 mm mesh-size were cho-
sen to avoid the litter fragment loss that occurs when
mesh bags of larger mesh sizes are used in the field
(Coq et al. 2010). The litterbags were 15X 15 cm and
were filled with 5.0 g of air-dried leaf litter or 0.5 g of
air-dried fine roots. Due to the challenges and heavy
workload associated with fine root collection, we
only used 0.5 g fine roots as our experimental materi-
als. To overcome the high spatial heterogeneity that
existed within each plot under field conditions, the lit-
terbags of both leaf litter and fine root were replicated
10 times in each chosen quadrat. To better simulate
the decomposition in nature, leaf litterbags were
exposed on the surface soil, and the root litterbags
were buried in the soil with a soil depth is under the
surface of 10 cm. Thus, a total of 2, 260 litter bags (2
litter types X 113 quadrats X 10 replicates) were placed
in 113 quadrats on September 25, 2019. All litterbags
were retrieved after a total of 383 d of field exposure.
The remaining litter was gently rinsed with tap water
as soon as it was harvested to remove soil particles,
dried at 60 °C to constant mass, and then weighed.
The calculation of mass loss was based on the follow-
ing equation:

mass loss(%) = (M0 — Mz)/Mo x 100

where M, is the final dry mass at 60 °C, and M, is the
initial mass of leaf litter or fine roots converted into
the equivalent mass at 60 °C.

The mass loss values of each litter type within
each plot were averaged, and the mean values were
used for further analyses, leading to a total of 226 val-
ues (2 litter types X 113 quadrats).

Vegetation survey and plant attributes calculation

All living trees with a diameter at breast height
(DBH)>1 cm were identified, labelled, measured,
and mapped following the standard protocols of the
CTFS in 2020. The results showed that the 34,364
tree individuals belonged to 133 species, 75 genera,
and 40 families. In this study, we defined all these
species except C. lanceolata as regenerated woody
plants in each quadrat. Within the dynamic monitor-
ing plot, 113 quadrats were selected to conduct the
litter decomposition experiment, and these quadrats
contained different combinations of Chinese fir and
locally regenerated woody plants, with the richness of
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regenerated woody plants ranging from 1 to 37. The
species numbers of regenerated woody plants in the
specific quadrat were used to characterize the species
richness of regenerated woody plants (i.e., regenerated
woody plant richness; RR). The relative basal area
of C. lanceolata (i.e., CBA) and regenerated woody
plants (i.e., RBA) in each quadrat were used to char-
acterize the abundance of Chinese fir and regenerated
woody plants, respectively. Relative basal area means
the basal area in each quadrat converted into the basal
area per hectare, and it was calculated based on the
following equation:

T

m
relative basal area = Zo Z
0

(7 % (DBH, * 0.01/2)*) /(A % 0.0001)

where m is 1 (when calculating CBA) or the species
number of regenerated woody plants in the specific
quadrat, n; is the tree numbers of the specific spe-
cies m; in each quadrat,DBH, is the diameter at breast
height (DBH; cm) of tree k. A is the area (400 m?) of
each quadrat.

Soil sampling and physicochemical analysis

In May 2019, 16 soil cores (0—10 cm in the topsoil layer)
were randomly collected within each plot and then mixed
as a composite sample. All soil samples were sieved
through a 2.0-mm mesh and then used to measure soil
physio-chemical properties. In total, we measured 6 indi-
cators to characterize soil properties: soil water content
(SWO), soil available nitrogen (AN; [i.e.,NHI+NO§]),
soil available phosphorus (AP; [ i.e., POi‘]), soil organic
carbon (SOC), total nitrogen (TN) and total phospho-
rus (TP). Determinations of soil water contents and
soil nutrients were conducted as described by national
standard methods (Liu 1996). Briefly, AN was extracted
by 2 mol L™! KCI solution and AP was extracted by
0.03 mol L™' NH,F-0.025 mol L=! HCI solution, and
then determined by a continuous-flow analyzer (AA3,
SEAL Analytical, Australia). The concentrations of SOC
and TN were determined by an elemental analyzer (Vario
Macro Elementar, GmbH, Germany). TP concentrations
were determined by inductively coupled plasma-mass
spectrometry (ICP-Q, Thermo Scientific, America) after
the samples were digested with HNO; and HF solution
(at a volume ratio of 5:1).
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Litter chemical analyses

Carbon (C), nitrogen (N) and phosphorus (P) contents
for leaf litter and fine roots were measured using a sub-
sample collected in the forests near the HTF plot. Leaf
litter and fine roots were dried at 60 °C and ground
before chemical determination. The concentrations of C
and N were determined by an elemental analyzer (Vario
Macro Elementar, GmbH, Germany). P concentrations
were determined by a continuous-flow analyzer (AA3,
SEAL Analytical, Australia) after the samples were
digested with HNO,; and HCIO, solution (at a volume
ratio of 5:1).

Topographic indicator determination and calculation

In 2013, the geographic coordinates and the elevation
of each corner of the 225 plots within the HTF plot
were measured by the electronic total station (KTS-
4421 LCN; KOLIDA, China). The elevation raster of
each 20x20 m quadrat was obtained from the eleva-
tion at the four corners of each quadrat using kriging
interpolation (Burrough 1986; McBratney and Web-
ster 1986). The slope and aspect of each quadrat were
calculated in ArcGIS 10.6 (ESRI 2018) based on the
elevation raster. Then we extracted the mean values of
elevation, slope, and aspect from each 20X 20 m quad-
rat. Additionally, to better express aspect, we took the
transformed values of aspect, derived from ArcGIS
10.6 as the aspect values in the data analyses and used
the following transform formula:

aspect = sin(z X aspect, /360)

where aspect, (0-360°) identified the direction of the
downhill slope faces, indicating the compass direc-
tion of the surface faces at the given location, and
aspect(0 to 1; the higher the value is, the more south-
wards the aspect) was the transformation of the origi-
nal values of aspect,,.

Data analyses

Paired Student’s t-test was used to compare the dif-
ference in mass loss between leaf litter and fine roots.
Then, we conducted correlation analyses to evaluate
the relationships between the mass loss of litter (includ-
ing leaf litter and fine roots) and potential explana-
tory variables. Given the strong connections and

inter-correlations among the various factors (Fig. S4),
partial correlation analysis was used to test whether
the effect of living plants on mass loss was maintained
when accounting for the individual factors of topogra-
phy, soil properties, and other plant community attrib-
utes (Chen et al. 2019a). In addition, to disentangle
the effects of these biotic and abiotic variables on the
mass loss of leaf litter and fine roots, respectively, the
individual variables were subjected to multiple regres-
sion model selection. Before multiple regression model
analyses, mass loss was logit-transformed (Warton and
Hui 2011) to ensure normal distribution and homo-
scedasticity of residuals. Predictors were standardized
(average=0 and SD=1) to eliminate unit dimension
effects. All models were performed following R syn-
tax: (mass loss~predictor,+[...]+predictor,). In all
models, the variables showing variance inflation fac-
tor (VIF) values greater than 3 were removed from the
models to avoid multicollinearity. The VIF values were
calculated using the R package ‘car’. Model selec-
tion was performed using the ‘dredge’ function of the
‘MuMIn’ package based on the corrected Akaike infor-
mation criterion (AICc). For each explanatory variable,
we estimated relative importance (Zwi) by summing
AIC weights in overall models in which the explana-
tory variable appeared (Burnham and Anderson 2002).
Then, we defined the important variables as those
explanatory variables with Zwi>0.4 following Burn-
ham (2015) and reported the R? of the most parsimo-
nious model including all important variables. Finally,
we used the ‘lavaan’ package to construct structural
equation models (SEM) to illustrate the relationship
among all important variables and mass loss of leaf
litter or fine roots. All data analyses were performed
using R software, v.3.4.4 (R Core Team 2018).

Results

Differences in the decomposition rate between leaf
litter and fine root

The leaf litter and fine roots of Chinese fir used in our
study exhibited a great difference in the initial litter
chemistry properties. The C, N, and P concentrations
of leaf litter were much higher than those of fine roots
(Table 1). However, the C:N, C:P, and N:P ratios of leaf
litter were significantly lower than those of fine roots
(Table 1). After exposure for 383 days in the field, the
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Table 1 Initial chemical properties of Cunninghamia lanceolata leaf litter and fine root

C N P C:N ratio C:P ratio N:P ratio
mg/g mg/g mg/g
leaf litter 479.25+0.15 8.06+0.07 0.39+0.01 59.45+0.53 1238.02+36.54 20.84+0.72
fine root 454.01+0.18 6.40+0.04 0.27+0.02 70.93+0.38 1725.23 +124.69 24.35+1.87

Table 1 shows the mean + standard error of 5 samples

fine roots (42.28+5.77%) decomposed significantly
faster than leaf litters (40.56+7.65%), and the mass loss
variation of leaf litter (CV=18.86%) was higher than
that of fine roots (CV=13.64%; Table 2) across the 113
quadrats. Additionally, the mass loss in leaf litter and
fine roots were positively and significantly correlated
(R*=0.3; p<0.05; Fig. 1b).

Effects of plant attributes on leaf litter and fine root
decomposition

In this study, we evaluated the role of living plants
in regulating plant litter (leaf litter and fine roots)
decomposition in a Chinese fir plantation. The

effect of living plants on plant litter decomposition
varied between leaf litter and fine roots. Correlation
analysis showed that the total basal area of living
plants was significantly and negatively related to
the decomposition of leaf litter (R*=0.09, P <0.05;
Fig. 2a), but not to that of fine roots (P=0.3;
Fig. 2a). In addition, the decomposition of both leaf
litter (R2 =0, p=0.8; Fig. 2b) and fine roots (R2 =0,
p=0.7; Fig. 2b) was not affected by the basal area
of Chinese fir. In contrast, we found that plant litter
decomposition was mainly affected by regenerated
woody plants. Leaf litter decomposed more slowly
in quadrats with higher basal areas (R*>=0.06,
p <0.05; Fig. 2c) and richness (R2 =0.08, p<0.05;

Table 2 Descriptive characteristics of topography, soil, plant and response variable in HTF plot

Mean SD SE C.V (%) skewness kurtosis normtest. W normtest.p

Topography

Elevation (m) 420.03 19.42 1.83 4.62 0.10 -0.58 0.99 0.39

Slope (°) 30.29 8.49 0.80 28.02 -0.68 -0.18 0.95 <0.001

Aspect 0.72 0.26 0.02 36.04 -0.90 -0.35 0.88 <0.001
Soil properties

SOC (g-kg™ 65.63 17.89 1.68 27.26 0.71 0.46 0.96 <0.001

TN (gkg™) 4.03 1.09 0.10 27.09 1.26 3.11 0.91 <0.001

TP (g-kg™h) 3.64 1.13 0.11 31.12 0.99 0.46 0.92 <0.001

AN (mgkg™) 26.35 5.86 0.55 22.25 0.42 0.35 0.98 0.18

AP (mg-kg™h) 10.53 5.53 0.52 52.51 2.03 4.33 0.77 <0.001

SWC (%) 50.26 5.22 0.49 10.39 0.76 0.65 0.96 <0.01
Plant attributes

TBA (m>hm™) 37.84 705  0.66 18.63 -0.75 1.82 0.97 <0.01

CBA (m*hm™?) 29.11 9.95 0.94 34.19 -0.61 -0.03 0.97 <0.01

RBA (m>hm™2) 8.73 732 0.69 83.85 0.80 -0.16 0.92 <0.001

RR 19.90 7.93 0.75 40.00 -0.47 -0.59 0.96 <0.001
Response variable

Leaf mass loss (%) 40.56 7.65 0.72 18.86 0.45 -0.07 0.97 <0.05

Root mass loss (%) 42.28 5.77 0.93 13.64 0.08 -0.35 0.99 0.60

TBA The basal area of total investigated plants; CBA The basal area of C. lanceolata; RBA The basal area of regenerated woody
plants; RR The richness of regenerated woody plants; SOC Soil organic carbon; TP Total phosphorus; AN Available nitrogen; AP

Available phosphorus; SWC Soil water content
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Fig.1 (a) Relative mass loss of leaf (yellow box) and root
(blue box) in a C. lanceolata forest. Student’s t-test was per-
formed to examine the significant difference in mass loss

Fig. 2d) of regenerated woody plants, but this pat-
tern was not found for fine root decomposition
(p>0.05; Fig. 2a, c, and d). Partial correlation anal-
ysis showed that leaf litter decomposition continued
to be significantly correlated with the basal area and
richness of regenerated woody plants in most cases
after controlling for the topography and soil effects
(Fig. 3a), and fine root decomposition was still not
affected by plant community attributes.

Effects of topography and soil properties on leaf litter
and fine roots decomposition

The decomposition of leaf litter and fine roots was
also affected to some extent by topography and soil
properties. The leaf litter decomposition rate signifi-
cantly decreased with elevation (R2=0.17, p<0.05;
Fig. S2a) and slope (R>=0.04, p <0.05; Fig. S2b) and
increased from the north-facing to south-facing aspect
(R2=O.06, p <0.05; Fig. S2c) across all quadrats; fine
root decomposition increased from the north-facing
to south-facing aspect (R>=0.04, p<0.05; Fig. S2c)
but was not affected by the elevation and slope
(P>0.05, Figs. S2a and S2b). We also found that
leaf litter decomposed much faster in quadrats with

Root mass loss (%)

R*=03,p<0.05

50

404

304

30 40 50 60
Leaf mass loss (%)

between different litter types (leaf and root). (b) Regression
line showing the relation of leaf mass loss and root mass loss
in a C. lanceolata forest

high concentrations of soil TP (R2=0.06, p<0.05;
Fig. S2f), AN (R*=0.06, p<0.05; Fig. S2g), and
AP (R?*=0.08, p<0.05; Fig. S2h), but those patterns
were not found for fine root decomposition. It should
be noted that the concentrations of SOC, TN, and
SWC had little effect on the decomposition of leaf
litter and fine roots in the studied Chinese fir planta-
tion (all p>0.05, Fig. S2). Partial correlation analysis
showed that the effects of topography and soil proper-
ties on leaf litter decomposition were still significant
in most cases, even after filtering the effect of living
plants (Fig. 3a). These results implied that the decom-
position of leaf litter and fine roots might be indepen-
dently influenced by living plants and abiotic factors.

Combined effects of abiotic and biotic factors on the
decomposition of leaf litter and fine root

The combined effect of plant attributes (i.e., CBA
and RBA), topography (i.e., elevation and aspect)
and soil properties (i.e., AN) in the global model
explained a total of 32% of the variance in leaf litter
decomposition (Table 3). CBA, RBA, and elevation
had negative effects, while aspect and soil AN had a
positive effect on leaf litter decomposition (Table 3).
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Fig. 2 Regression lines a
showing the effects of plant

attributes on leaf (yel- 60 -
low circle) and root (blue
triangle) mass loss in a C.
lanceolata forest. Plant
attributes: (a) total basal
area, (b) basal area of C.
lanceolata, (c¢) basal area of
regenerated woody plants,
(d) richness of regenerated
woody plants. The solid and 30
dashed lines indicate sig-

nificant and no significant . . .
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After assessing the relative importance of each pre-
dictor in the optimal models, RBA (Zwi=0.55;
Table 3) was more important for the regulation of leaf
litter decomposition than CBA (Xwi=0.42; Table 3).
The most important predictors of leaf litter decom-
position were elevation, aspect, and soil nitrogen
availability (all Zwi=1; Table 3). In addition, fine
root decomposition was best explained by RBA, RR,
elevation, slope, aspect, and AN, which explained
16% of the variance (Table 3). RBA, elevation, and
slope showed similar negative effects on fine root
decomposition as that on leaf litter decomposition
(Table 3). RR, aspect, and AN all showed positive
effects on the decomposition of fine roots (Table 3).
Both RBA (Zwi=0.74) and RR (Zwi=0.83) had
important influence on fine root decomposition,
while CBA did not (Xwi=0.14<0.4; Table 3). The
most important predictor of fine root decomposition
was soil nitrogen availability (Xwi=1; Table 3).
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Structural equation modelling analysis revealed that
the combined effect of plant attributes, soil properties,
and topography explained 32% and 16% of the variance
in the mass loss of leaf litter and fine roots (Fig. 4a-b),
respectively. Of the tested variables in the SEMs, ele-
vation had the largest standardized effect on leaf litter
decomposition (r=-0.40); elevation not only had a sig-
nificant direct negative effect (r=-0.32) on leaf litter
decomposition but also had a significant indirect nega-
tive effect (r=-0.08) by increasing the RBA. RBA not
only had a direct negative effect (r=-0.28) on leaf litter
decomposition but also had an indirect negative effect
(r=-0.10) by decreasing AN. Aspect (r=0.26) and AN
(r=0.20) only had direct positive effects on leaf litter
decomposition. CBA had the least standardized effect
(r=-0.05) and only indirectly affected leaf litter decom-
position by decreasing AN (Fig. 4a and c¢). With regard
to fine root decomposition, RR had the largest standard-
ized effect and only had a direct positive effect on fine
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Fig. 3 Partial correlations between plant attributes and (a)
the leaf relative mass loss, (b) the root relative mass loss after
controlling topography, soil properties and other plant attrib-
utes. The x-axis shows the plants attributes of which the cor-
relations with the mass loss are examined. The y-axis shows
the zero-order (without controlling any factors) and the factors
being controlled. The size and color of the circles indicate the
strength and sign of the correlation. Differences in circle size

root decomposition (r=0.36). RBA had a direct nega-
tive effect (r=-0.29), while AN had a direct positive
effect (r=0.19) on fine root decomposition. Elevation
had a direct negative effect (r=-0.20), an indirect nega-
tive effect through increasing RBA (r=-0.10), and an
indirect positive effect through increasing RR (r=0.15)
on fine root decomposition. Aspect not only had a direct
positive effect (r=0.19) on fine root decomposition
but also had an indirect negative effect (r=-0.06) by
decreasing the RR. Slope not only directly decreased
fine root decomposition (r=-0.21) but also indirectly
increased fine root decomposition (r=0.11) by increas-
ing the RR (Fig. 4b and d).
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and color between the zero-order and controlled factors indi-
cate the level of dependency of the correlation between the
mass loss and the examined factor on the controlled variable
(no change in circle size and color between the controlled fac-
tor and zero-order =no dependency; a decrease/increase in cir-
cle size and color intensity =loss /gain of correlation). Abbre-
viation and unit for each given variable is explained in Table 2.
Note: (.p<0.1; *p<0.05; **p <0.01; **¥p <0.001)

Discussion

To the best of our knowledge, this study represents
the first attempt to assess the effects of living plants
on plant litter decomposition in plantation forests.
Through a field incubation involving leaf litter and
fine roots, our empirical study clearly showed that
plant litter decomposition was significantly regulated
by living plants, and this regulation was mainly medi-
ated by the native woody plants regenerated during
stand development (i.e., regenerated woody plants).
Various statistical methods, including partial cor-
relation analysis, multiple linear regression analysis,
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Table 3 Output of multiple linear models testing the combined effects of aboveground plant attributes, topography and soil fertility

retained variables on leaf litter and fine root mass loss rates

Leaf litter mass loss

Fine root mass loss

Slope (+ SE) Swi R? AICw Slope (+SE) Zwi R? AICw
CBA -0.21 (£ 0.12)* 042 032 0.09 CBA 014 016 012
RBA -0.28 (+0.13)* 0.55 RBA -0.29 (£0.13)*  0.74
RR RR 0.36 (£ 0.15)* 0.83
Elevation -0.32 (£0.09)%** 1,00 Elevation -0.20 (+0.10)* 0.63
Slope 0.18 Slope -0.21 (£0.11)*  0.54
Aspect 0.26 (& 0.08)** 1.00 Aspect 0.19 (+ 0.10)* 0.95
Nele 0.38 soC
TP 0.03 TP 0.09
AN 0.20 (4 0.09)* 1.00 AN 0.19 (£ 0.09)* 1.00
AP 0.32 AP 0.38
SWC 0.23 SWC 0.09

For each group of variables, we report the slope (+SE) of each variable and its relative importance (sum of Akaike information
criterion (AIC) weights (Zwi) over all models including the explanatory variable bound between 0 (not important) and 1 (relevant)).
We also report the R? and its AIC weight (AICw) of the most parsimonious model. The variables retained in the most parsimoni-
ous models are in bold and the variables with different significant level were note as following: (#p<0.1; *p <0.05; **p<0.01;
*##%p <0.001). Abbreviation and unit for each given variable is explained in Table 2

and structural equation modelling analysis, provided
robust results to demonstrate the effects of living
plants on litter decomposition. These findings pro-
vide complementary evidence for understanding the
importance of plant—soil interactions in driving lit-
ter decomposition and emphasize the urgent need to
investigate the role of regenerated woody plants in
soil carbon and nutrient cycling in plantation forests.

Differential response of decomposition of leaf litter
and fine roots to biotic factors

In the current study, we found that the fine root of
Chinese fir decomposed more rapidly than the leaf
litter (Fig. 1 and Table 1) across the studied Chi-
nese fir plantation. This is unlikely to be caused by
the difference in their initial qualities since both
the N and P concentrations in leaf litter were much
higher than those in the fine root. In contrast, this
difference in decomposition rate between fine root
and leaf litter might be related to their incubation
depths during decomposition. To better simulate
the natural decomposition environment, fine roots
were buried in the soil, while leaf litter was left
on the surface soil. The fine roots thus had easier
access to mineralized nutrients and microbes in the
soil (Fujii and Takeda 2012; Ostertag and Hobbie
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1999), which in part may explain the higher mass
loss compared to leaf litter. Similar results were
also found in previous studies (Fujii and Takeda
2012; Jacobs et al. 2018).

Before starting the experiment, based on the ‘spe-
cies energy theory’ (Whittaker 2006), we hypoth-
esized that (H1) plants that have higher abundance/
biomass might contribute more nutrients and energy
to the soil, stimulating soil microbial biomass and
activity and accelerating plant litter decomposi-
tion. However, we found that plant abundance/
biomass, expressed as tree basal area, had a signifi-
cant inhibitory effect on leaf litter decomposition
in the studied Chinese fir plantation (Figs. 2 and 3).
This effect might be attributed to the following two
reasons. One is related to the competition for nutri-
ents between plants and soil decomposers. Plants in
the quadrats with higher basal areas need to take up
more inorganic nutrients from the soil to support their
growth and thus decrease leaf litter decomposition
by suppressing soil microbial biomass and activities
(Kuzyakov and Xu 2013; Zhu et al. 2016). Our SEM
showed that both increases in the abundance of Chi-
nese fir and regenerated woody plants retarded leaf
litter decomposition by decreasing available nitrogen
(Fig. 4a), which may also imply that competition for
available nitrogen between plants and decomposers



Plant Soil (2023) 488:573-588

583

Elevatlon
-0.04 - -0.1 (w

Chi-square/df=0.455; P-value=0.635; AIC=1147.645; CFI=1.000; GFI=0.996; RMSEA=0.000

C
0.2
>
= 0.0
@
: I
8
S
=l
&
=
=
S
< 0.2
-0.47
0I ‘l' T T L)
& < Nod \od
& Ry & & d
¥

- Plant attributes
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properties and topography on the litter decomposition. The
structural equation modelling was conducted for mass loss of
two litter tissue: (a) leaf mass loss; (b) root mass loss. Single-
headed arrows indicate the hypothesized direction of causation.
Gold and blue arrows indicate positive and negative relation-
ships, respectively. Solid and dotted arrows indicate significant

involved in leaf litter decomposition may exist in our
study plantation. Previous studies also indicated that
plant presence possibly retarded litter decomposition
by reducing the availability of nitrogen for microbial
immobilization to support decomposition (Moor-
head et al. 1998; Brzostek et al 2015), while girdling
increased the litter decomposition rate by reducing
nutrient competition between rhizosphere microbes
and enzyme-producing saprotrophs (Brzostek et al
2015). The second reason for this pattern is related
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and insignificant relationship, respectively. The arrow width is
proportional to the strength of the relationship. The numbers
adjacent to the arrows are the standardized path coefficients.
We also reported the total standardized effect of each predictor
on (c) leaf mass loss; (d) root mass loss. Abbreviation and unit
for each given variable is explained in Table 2

to the modification of the microclimate driven by liv-
ing plants (Kaye and Hone 2016). For example, Wang
et al. (2021) reported that photodegradation is an
important driver of decomposition in the mesic forest
ecosystem. The high abundance/biomass of regener-
ated woody plants in our study was likely to result in
more canopy cover and cause less light transmittance
to the forest floor (Barbier et al. 2008), which could
also reduce the photodegradation of leaf litter to some
extent (Fig. 4a) and lower the soil temperature (Zhao
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et al. 2012), leading to the lower levels of biodeg-
radation (Li et al. 2021) of leaf litter and fine roots
observed in our study.

Moreover, we found that the inhibitory effect of
plant abundance/biomass on leaf litter decomposition
is mainly mediated by native woody plants regener-
ated during stand development (i.e., regenerated
woody plants) and not by Chinese fir (Fig. 4a). This is
consistent with a prior result that showed that under-
story removal significantly affected litter decomposi-
tion in the plantation ecosystems (Chen et al. 2019c).
This observation might be explained by the differ-
ence in nutrient requirements between Chinese fir and
regenerated woody plants. The studied plantation was
in the late stages of stand development, and nutri-
ent acquisition in Chinese fir declines at low growth
rates; in contrast, the regenerated woody plants are
generally young and in a fast-growing stage and have
higher requirements for nutrients compared to Chi-
nese fir. This may therefore result in different abilities
of competition in Chinese fir and regenerated woody
plants for nutrients with soil decomposers, resulting
in contrasting effects on plant litter decomposition
(Fig. 4a).

Although the effect of regenerated woody plants
on fine root decomposition was not significant in the
correlation analysis (Fig. 2c and d), we found that
the decomposition of fine roots decreased with an
increasing basal area of regenerated woody plants
and increased with the richness of regenerated woody
plants after accounting for other confounding factors
(Table 3). This pattern partly supported our second
hypothesis that (H2) regenerated woody plants can
favor litter decomposition due to their high biodiver-
sity. Generally, the diverse root exudates released by
different regenerated woody plants are considered to
stimulate soil microbial biomass (Eisenhauer et al.
2017) and enzyme activity (Barbe et al. 2017; Spohn
et al. 2013), resulting in a higher fine root decomposi-
tion in our study.

Non-negligible effects of abiotic factors on litter
decomposition

Although our results showed that plant attributes
can explain certain variations in the decomposition
of both leaf litter and fine roots across the Chinese
fir plantation, it seems that other predictors, such
as topography and soil properties, can play an even
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more important role in regulating the decomposi-
tion process (Table 3). We found that both leaf lit-
ter and fine roots decomposed faster in quadrats with
lower elevation and south-facing aspects (Fig. S2
and Fig. S3; Table 3). Similar results have also been
found in previous studies showing that decomposi-
tion is accelerated in areas with low elevations and/
or south-facing aspects than in areas at higher eleva-
tions and/or north-facing aspects (Bohara et al. 2020;
Sariyildiz 2015; Wang et al. 2009). These effects that
are driven by topography might mainly relate to the
alteration of temperature induced by topographic
conditions. Although soil temperature was not meas-
ured in the current study, the different topographic
conditions generally made a difference in soil tem-
perature (Jasiniska et al. 2019; Sariyildiz 2015). For
instance, south-facing slopes generally receive more
solar radiation, resulting in higher soil temperatures
than north-facing slopes in the Northern Hemisphere
(Jasinska et al. 2019; Sariyildiz 2015), which in turn
facilitates decomposers and promotes litter decom-
position (Sariyildiz 2015). The litter decomposition
rate (expressed as mass loss or decay parameter k)
declined with increasing elevation because decreas-
ing temperature has also been reported in tropical
and subtropical regions with elevation gradients
greater than 1000 m (Salinas et al. 2011; Wang et al.
2009). In principle, it is unexpected that both leaf
and root mass loss declined with increasing elevation
in the subtropical study area, which had an elevation
difference of only 100 m. However, a translocation
experiment in a model subtropical forest also showed
that only a 0.85 °C difference existed in soil temper-
ature between low-elevation sites (30 m) and high-
elevation sites (300 m); nonetheless, the effects of
the soil temperature increase induced by altitudinal
transplant on litter decomposition were still signifi-
cant (Liu et al. 2017). These results implied that the
microorganisms and enzymes involved in decompo-
sition remained sensitive to the alterations in temper-
ature induced by topographic conditions in subtropi-
cal areas with small elevation differences. Similarly,
Bokhorst et al. (2010) noted that increasing tem-
perature may stimulate litter decomposition as long
as microbial activity is not limited by moisture and
substrate levels. As precipitation is relatively abun-
dant in subtropical areas and high soil water content
in our studied plantation (Fig. S2i), soil decom-
poser activity in these areas may not be limited by
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soil moisture (Joly et al. 2017a) but may increase
with increasing temperature, which may also be the
reason why soil water content did not affect both
leaf and root decomposition. In addition, we found
that slope only played a negligible role in fine root
decomposition (Table 3 and Fig. 4), although previ-
ous studies reported that slope had significant effects
on litter decomposition rates through nutrient and
energy redistribution (Hu et al. 2020).

Phosphorus is considered to be an important driver
of litter decomposition in tropical and subtropical
areas since the soils are generally highly weathered,
and carbon and nutrient cycling in these areas may be
limited by P availability (Wieder et al. 2009). How-
ever, we used correlation analysis to reveal that soil
P availability only had a marginally significant effect
on plant litter decomposition (both leaf litter and fine
roots) and was not included in the most parsimonious
model when other plant attribute-related variables
were considered (Fig. S2h and Table 3). In contrast,
we found that soil N availability was an important
indicator in explaining the variation in the decom-
position of both leaf litters and fine roots (Fig. S2g
and Table 3), which is in line with previous results
obtained from N addition experiments. For example,
Zhong et al. (2017) and Xia et al. (2018) both found
that enhanced soil N availability resulting from N
addition significantly increased soil microbial activ-
ity and the decomposition of plant litter. These results
indicate that decomposition processes might be con-
strained by soil N availability in subtropical Chinese
fir plantations.

We found that the variance in leaf litter decomposi-
tion can be better explained by living plants and other
environmental factors than that in fine root decompo-
sition (Table 3; Fig. 4a and b). Similar to the differ-
ence in the decomposition rate between leaf litter and
fine roots, this phenomenon is possibly related to the
difference in incubation depths. Firstly, living plant
mainly mediate soil ecological processes by produc-
ing litter materials of different quantities and quali-
ties. However, dissolved organic materials leached
from decomposing litters have difficulty reaching
mineral soils and cause a dramatic change in soil
microbial activity (Cotrufo et al. 2015; Zhang et al.
2019). For example, Chen et al. (2019b) reported that
aboveground trees had significant influences on the
soil microbial communities of the top layer of organic

soil but did not affect deep mineral soils in subtropi-
cal forest ecosystems. Second, the environmental gra-
dient (such as soil temperature) induced by elevation
and aspect is larger at the surface than in the mineral
layer of soil (Gong et al. 2016). Lastly, photodegrada-
tion might not be as important for buried fine roots.
All of the abovementioned mechanisms can make
it difficult to predict the spatial variance in fine root
decomposition.

Conclusion

In the current study, we present clear evidence dem-
onstrating the indirect effects of living plants on litter
decomposition in a subtropical Chinese fir plantation
forest. The decomposition of leaf litter and fine roots
was inhibited by living plants, possibly due to nutrient
competition and reduced photodegradation. In addi-
tion, we found that Chinese fir litter decomposition was
mainly mediated by woody plants that were regener-
ated during stand development but not by Chinese fir.
Thus, we should take regenerated woody plants into
consideration in future studies on soil carbon and nutri-
ent cycling, especially in plantation forest ecosystems.
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