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Abstract

Background: Soil organic carbon (SOC) is important for soil quality and fertility in forest ecosystems. Labile SOC
fractions are sensitive to environmental changes, which reflect the impact of short-term internal and external
management measures on the soil carbon pool. Organic mulching (OM) alters the soil environment and promotes
plant growth. However, little is known about the responses of SOC fractions in rhizosphere or bulk soil to OM in
urban forests and its correlation with carbon composition in plants.

Methods: A one-year field experiment with four treatments (OM at 0, 5, 10, and 20 cm thicknesses) was conducted
in a 15-year-old Ligustrum lucidum plantation. Changes in the SOC fractions in the rhizosphere and bulk soil; the
carbon content in the plant fine roots, leaves, and organic mulch; and several soil physicochemical properties were
measured. The relationships between SOC fractions and the measured variables were analysed.

Results: The OM treatments had no significant effect on the SOC fractions, except for the dissolved organic carbon
(DOQ). OM promoted the movement of SOC to deeper soil because of the increased carbon content in fine roots
of subsoil. There were significant correlations between DOC and microbial biomass carbon and SOC and easily
oxidised organic carbon. The OM had a greater effect on organic carbon fractions in the bulk soil than in the
rhizosphere. The thinnest (5 cm) mulching layers showed the most rapid carbon decomposition over time. The time
after OM had the greatest effect on the SOC fractions, followed by soil layer.

Conclusions: The frequent addition of small amounts of organic mulch increased SOC accumulation in the present
study. OM is a potential management model to enhance soil organic matter storage for maintaining urban forest
productivity.

Keywords: Soil organic carbon, Labile organic carbon fractions, Rhizosphere, Urban plantation forest, Organic mulching
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Background

Forest soil organic carbon (SOC) accounts for about
70% of global SOC, which is an important part of the
global terrestrial ecosystem and is vital for soil quality
and fertility (Jandl et al. 2007; Shen et al. 2018). Labile
SOC fractions, such as dissolved organic carbon (DOC),
easily-oxidised organic carbon (EOC), and microbial bio-
mass carbon (MBC), account for approximately 10% of
total organic carbon (Sainepo et al. 2018) and have
emerged as standardised indicators because of their
potential to detect early SOC trends over time (Ramirez
et al. 2020). They are the most active fractions of SOC;
they have rapid turnover rates (Chen et al. 2019), are
more responsive to changes in forest management strat-
egies, and have helped explain the mechanism of SOC
retention (Chen et al. 2019). Labile SOC fractions also
participate in many ecological processes and play an im-
portant role in soil nutrient availability and soil quality
improvement (Garcia-Diaz et al. 2018).

Plantations in China account for approximately one-
third of the world’s planted forest area and the total area
of plantations in China is 79.54 million ha (State
Forestry Administration of China 2014). Recent studies
have shown that management practices, such as fertilisa-
tion and under-forest litter removal, significantly reduce
SOC stocks, owing to the increased decomposition of
soil organic matter and decreased carbon input to soil,
and increase soil respiration (Li et al. 2013; Vogel et al.
2015), with subsequent negative impacts on carbon se-
questration in forest soils. Therefore, the consequences
for soil carbon should be considered before land man-
agement policies are put forth. Organic mulching (OM)
is one measure that can effectively change the soil envir-
onment and provide available nutrients for plants (Li
et al. 2013; Vogel et al. 2015). The application of organic
mulch changes the nutrient cycle and energy flow
between the soil and plants and alters SOC dynamics.
OM improves soil properties by adding carbon and
nutrient sources through the decomposition of organic
matter; thus, OM directly increases SOC. Furthermore,
more SOC is transported to soil through the roots when
plants absorb more nutrients from organic mulch (Sasse
et al. 2018; Wang et al. 2018). Organic mulching also
accelerates soil respiration and CO, emissions, making it
uncertain whether its use would promote SOC pool
storage or loss (Lenka and Lal 2013) because labile SOC
fractions are reset in the short term (Kuzyakov 2010).
More recent research has suggested that soil carbon var-
ies over time with the decomposition of organic matter
and, especially for the rhizosphere, the priming effect
may be long-lasting after litter addition (Chen and Chen
2018). The effects of OM on SOC fractions are contro-
versial (Li et al. 2010; Wang et al. 2018) and its mechan-
ism of action has not been clarified. Furthermore, the
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effect of OM may vary between ecosystems, but most
studies have focused on agriculture, with few investigat-
ing forest ecosystems.

Labile SOC fractions have distinct seasonal dynamics
and soil microbial carbon is likely driven by climate
(precipitation and temperature) and soil physicochemical
properties rather than by nutrient addition (Shao et al.
2015; Jing et al. 2020). Therefore, time (i.e., season) may
be a critical factor that impacts SOC fractions and
should be considered in studies. Soil depth is another
important factor that may significantly affect SOC frac-
tions. The topsoil is more directly and strongly affected
by external interferences, such as fertilisation than the
subsoil, but the stability of the subsoil is also controlled
by fresh organic matter (Shao et al. 2015; Jing et al
2020). Added nutrients increase the growth of trees,
which promotes root turnover and horizontal or vertical
growth. Roots are an important source of SOC (Wang
et al. 2019a), and changes in carbon composition of the
roots after OM will affect the soil carbon fractions. The
uncertainty of the direction of plant root growth may
lead to a variety of organic carbon fractions in different
soil layers after OM (Fontaine et al. 2007). Therefore,
the response of soil carbon fractions at different depths
to land management is controversial (Hicks Pries et al.
2018; Borchard et al. 2019). Some studies have shown
that SOC and its active fractions decrease with increas-
ing soil depth in all OM applications (Gu et al. 2016),
whereas a 12-year field experiment showed that the
effects of mulching treatments on different labile SOC
fractions at different soil layers are distinct (Zhou et al.
2019).

The rhizosphere is a special ecological interface that
connects root systems and soil and is strongly influenced
by the plant root system and microbial activity (Kuzya-
kov and Xu 2013; York et al. 2016). Nutrient cycling and
energy conversion are more rapid in the rhizosphere
than in bulk soil (Cheng et al. 2014). The physical,
chemical, and biological properties of the rhizosphere
and bulk soil differ after nutrient addition (Phillips and
Fahey 2007). As an important site for plant-soil-
microorganism interactions, the combination of the
rhizosphere and the bulk soil environments may provide
an important window in understanding the mechanism
of soil-plant interactions. Accordingly, we tested changes
in the SOC fractions in the rhizosphere and bulk soil
after four OM treatments over a period of 1 year. We
measured the carbon content in the plant fine roots,
leaves, and organic mulch, as well as several soil physico-
chemical properties, to analyse the relationships between
SOC fractions and the measured variables. We hypothe-
sised that: (1) OM would significantly affect SOC frac-
tions and that DOC would be the most variable carbon
fraction; and (2) with the decomposition of the organic
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mulch, the carbon input through the production and
turnover of fine roots should increase because of
improvements in the soil properties and plant growth,
which will then increase rhizosphere deposition and
promote SOC storage.

Materials and methods

Study area and experimental design

The study was conducted in the forest in Xiaolingwei,
Xuanwu District, Nanjing City, China (32°02'37"—
32°02'39” N, 118°49°41"-118°49°43" E, 37 m altitude,
flat terrain). The experimental plot has a northern
subtropical monsoon climate, an annual precipitation of
1000-1050 mm, an annual average temperature of
15.4°C, and 2213 annual sunshine hours on average. Ac-
cording to the historical records of Zhongshan Cemetery
in Nanjing, buildings were originally present in the area
but later demolished, and the region is currently covered
with 50-60 cm thick layer of soil (mainly allochthonous)
and planted trees. We chose 15-year-old pure Ligustrum
lucidum W.T.Aiton (Broad-leaf privet; family, Oleaceae)
forest, the most common evergreen plantation type in
southern China, with tree spacings of more than 2m
and canopy densities of approximately 0.85 for this
study. The average tree height was 7.5 m, and the aver-
age diameter at breast height was 10.9 cm. Soil physical
and chemical properties are shown in Table 1.

Four adjacent trees were randomly selected as one
experimental plot, and a total of 32 experimental plots
were established. The area of each plot was approxi-
mately 16 m” and these plots were concentrated and
uniformly distributed in the experimental area. Individ-
ual trees were randomly allocated to one of four treat-
ments, namely mulch placed around the tree on the soil
surface to a depth of either 0, 5, 10, or 20 cm (i.e., 0, 35,
70, and 140 kg of mulch/tree, respectively; codes OMO,
OM5, OM10, and OM20) in each plot. The mulch
extended 80 cm away from the trunk allowing a > 0.5-m
buffer between the trees. The treatments were com-
pleted by the end of November 2017. The organic mulch
consisted of composted municipal green waste derived
from urban gardens and was produced by Shanghai
Mogqi Garden Co., Ltd. (Shanghai, China). The basic
physical and chemical properties of the mulch are shown
in Table 2.

Table 1 Physicochemical properties of the soil used in the study
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Sample collection

Samples were taken after 6, 9, and 12 months of OM
(i.e., May, August, and November 2018, respectively),
and five experimental plots (i.e, n=5 per treatment)
were randomly selected for each treatment at each mon-
itoring point. Each experimental plot was used only once
in the entire experiment. Soil profiles were dug 50 cm
away from the main trunk of the plant, and each profile
was divided into two layers (0—20 and 20-40 cm below
the mulch layer). Soil blocks of 20 cm x 20 cm x 20 cm
were dug from each layer, and the “rhizosphere” soil was
collected by gently shaking off soil adhering to the roots.
The remaining soil was bulk soil. The fine roots (< 2
mm in diameter) in each plot, leaves on the sampled
tree, and organic mulch of each treatment were col-
lected. Soil samples were taken using cylindrical steel
cores (100 cm®) for the determination of bulk density
(BD) in each soil profile, and the soil and plant samples
were placed in self-sealing bags and immediately trans-
ported to the laboratory for testing. Soil temperature of
different soil layers was recorded in situ using Thermo-
chron temperature loggers (DS1923Hygrochron; OnSo-
lution Pty Ltd., Baulkham Hills, NSW, Australia).

Measurement methods

The soil pH was determined using a glass electrode pH
meter (PHS-3C; Leici Inc., Shanghai, China) with a soil:
water ratio of 1:2.5. After air-drying, the soil samples
were sifted through 0.149-mm meshes and SOC and
total nitrogen were determined using an elemental ana-
lyser (Elemental Vario EL; Elementar, Langenselbold,
Germany). The DOC was determined using an organic
carbon analyser (TOC-VCPH + TNM-1; Shimazu Inc.,
Kyoto, Japan) (Jones and Willett 2006). Easily-oxidised
organic carbon was determined using the KMnO, oxida-
tion method (Blair et al. 1995). The MBC (Kc = 0.45)
and microbial biomass nitrogen (Kc =0.54) were deter-
mined using the chloroform fumigation-K,SO, extrac-
tion method and values were obtained using the organic
carbon analyser (Brookes et al. 1985; Wu et al. 1990).
Ammonium and nitrate were determined using a
continuous flow analyser (San++; Skalar, Breda,
Netherlands). Soil organic matter was determined after
digestion by the K,Cr,O- titration method. Total phos-
phorus and available phosphorus were determined by
molybdenum blue colourimetry. Total potassium was

Soil pH Total Total Total Available Total Available NO;™-N NH,*-N

layer (cm) carbon nitrogen phosphorus phosphorus potassium potassium (mg-kg™") (mg-kg™")
(kg™ (kg™  (gkg™) (mgkg™") (gkg™") (gkg™")

0-20 729 13.12 1.58 040 29.02 1.08 0.14 1.71 250

20-40 7.31 11.20 142 032 2312 0.95 0.13 1.69 143
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Table 2 Physicochemical properties of the organic mulch used in the study

pH Dry density Wet density Electrical Porosity Organic Total Total Total Total
(Mg:-m™) (Mg-m™3) conductivity (m3>m~3) matter carbon nitrogen phosphorus potassium
(mS-cm™) (gkg™) (kg™ (gkg™)  (gkg™") (gkg™")
6.40 0.14 0.79 1.35 317.80 902.00 598.50 23.80 430 19.50
determined by inductively coupled plasma-atomic emis- Results

sion spectroscopy (ICP-AES) (ICAP6300; Thermo Fisher
Scientific, Waltham, MA, USA) after wet digestion with
HClO4-HF. Available potassium was extracted with 1
mol-L~ ' CH;COONH, (pH = 7.0) solution and measured
by ICP-AES after filtering. The collected fine roots and
leaves were washed and dried to a constant mass in an
oven at 65°C. Organic mulch samples were air-dried
and then ground and sifted through 0.149-mm meshes.
The C content of these samples was determined using
an elemental analyser. The moisture content was deter-
mined by oven-drying the samples at 105 °C.

Data analysis

All statistical analyses were conducted using R Studio
Version 1.1.463 (R Studio, Inc., Boston, MA, USA) (R
Development Core Team 2018). To evaluate differences
in SOC fractions among treatments and soil layers, as
well as their interactions, linear mixed-effects models
were calculated using the R package “Ime4” (Bates et al.
2015). Treatment (four levels), soil layer (two levels),
time after OM (season, three levels), and their interac-
tions (three-way) were treated as fixed factors and the
sampling plots were treated as random factors. Because
the interaction of these three factors has no significant
effect on SOC fractions, a comparison of SOC fractions
between the rhizosphere and bulk soil was carried out
using the Tukey pairwise comparison test. The figures
and the redundancy analysis were created using the
“ggplot2” and “vegan” (Oksanen et al. 2019) software
packages in R, respectively. Statistical significance was
determined at P < 0.05.

Effects of OM on SOC fractions in the rhizosphere and
bulk soil

Time was the main factor affecting the SOC fractions
(expect for EOC in the bulk soil), followed by soil layer,
whereas treatments had no significant effect on the labile
SOC fractions, with the exception of DOC (Table 3).
The interactions among time after OM, soil layer, and
treatments had no significant impact on any of the labile
SOC fractions. The SOC and EOC after the different
treatments were lower compared with those in OMO at
the beginning of OM, and subsequently increased (12
months after OM), except for those in the bulk soil. The
SOC fractions showed a different trend for seasonal vari-
ations, but for the same fraction in the topsoil (0-20 cm)
and subsoil (20-40cm), as well as that in rhizosphere
and bulk soil, they had the same trend of change (Fig. 1).
The DOC and MBC decreased gradually over time,
whereas SOC initially decreased before increasing, with
EOC showing no obvious change. The DOC and MBC
decreased in the topsoil after 6 months of OM in the
bulk soil, and then subsequently increased (compared
with those in OMO0). The DOC in the topsoil rhizo-
sphere decreased again in the non-growing season.

Changes in carbon content in plants and organic mulch

The carbon content in the fine roots was the highest in
the non-growing season (12 months after OM; Fig. 2).
After OM, the carbon content in the fine roots initially
decreased in the topsoil and then increased, whereas it
initially increased and then decreased in the subsoil. The
carbon content in the organic mulch gradually decreased

Table 3 Analysis of the variance of the effects of different treatments, soil layers, and time after organic mulching on soil organic

carbon fractions in the rhizosphere and bulk soil

df Soil organic carbon Dissolved Easily-oxidised Microbial
organic carbon organic carbon biomass carbon
Bulk Soil Rhizosphere Bulk Soil  Rhizosphere Bulk Soil Rhizosphere Bulk Soil Rhizosphere

Time 2 9.73%xx 10.69%** 114.48***  82.63*** 7.28** 141 96.71%**  136.83***
Soil layer 1 10.40** 4.49* 25.49%** 13.59%** 83.73%**  7429%** 29.61%**  17.371%**
Treatment 3 048 0.15 5.06%* 4.12% 1.27 0.83 0.30 037
Time X Soil layer 2 5.99%* 301 0.55 0.09 0.75 1.65 0.04 267
Time XTreatment 6 102 0.86 0.92 2.1 2.94* 1.74 0.17 0.29
Soil layer x Treatment 3097 0.62 1.78 0.87 3.62* 0.20 2.22 1.18
Time X Soil layer x Treatment 6  1.08 044 0.98 0.89 0.73 0.60 1.36 0.66

Note: * P<0.05; ** P<0.01; *** P<0.001
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Fig. 1 Effects of organic mulching on soil organic carbon fractions in the rhizosphere and bulk soil over time. Values are means + the standard
error (n=5). SOC: soil organic carbon; DOC: dissolved organic carbon; EOC: easily-oxidised organic carbon; MBC: microbial biomass carbon; OMO:
control (no mulch); OM5: 5 cm mulch; OM10:; 10 cn mulch; OM20: 20 cm mulch

over time, but there were no significant differences in
carbon content at the same sampling among the differ-
ent treatments. After OM, the carbon content in the
leaves initially increased and then decreased compared
with OMO, and as the amount of mulch increased, the
differences between the treatments and OMO gradually
decreased.

Association between labile SOC fractions and the
physicochemical properties of soil and carbon content in
plants

The SOC fractions in the rhizosphere were correlated
with those in the bulk soil (Fig. 3; Table S1). There was
a significant correlation between DOC and MBC and be-
tween SOC and EOC. The SOC fractions in the rhizo-
sphere and bulk soil were significantly correlated with
most of the soil physicochemical properties (Fig. 3; Table
S2). There was a significant positive correlation between
SOC and the C/N ratio. The DOC was mainly related to
water content, followed by ammonium and nitrate. The
MBC was mostly related to water content followed by
ammonium. Temperature and BD were also important
factors associated with SOC and DOC. The carbon con-
tent in the fine roots was negatively correlated with that

in the organic mulch and was strongly correlated with
other carbon fractions except with EOC in the rhizo-
sphere and SOC. With the exception of EOC, the carbon
content in the leaves was related to the other carbon
fractions.

Discussion

Response of SOC fractions to OM

With the exception of DOC, OM had no significant ef-
fect on SOC fractions (Table 3), which indicates that the
labile SOC fractions are stable for a short time (within
half a year) after OM. This result agrees with other stud-
ies, which demonstrated that straw mulch has no obvi-
ous effect on the labile SOC fractions over different
periods of time and that the SOC content does not
change with management practice over the short term
because of a high background carbon concentration and
spatial variability (Gu et al. 2016; Zhang et al. 2018).
However, other studies have shown that both labile SOC
fractions and carbon pool activity increase significantly
after straw return under an annual wheat/maize rotation
system (Dong et al. 2018; Li et al. 2019). The continuous
application of straw mulch over time can increase soil
carbon sequestration by increasing stable carbon fractions
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and simultaneously decreasing labile fractions (Wang
et al. 2018). The reasons for the differences in these results
may be related to the organic matter property, soil prop-
erty, sampling time, or other factors. In our study, SOC
initially decreased in the topsoil, whereas OM increased
the SOC in the subsoil, especially OM5, with lower
amounts of mulch that are easily decomposed in the soil.
We ascribe this to the following factors:

1)

2)

Organic mulching improves the soil water content
in the growing season, which promotes the leaching
of soil nutrients into the deeper soil layer and the
movement of organic carbon from the topsoil to
the subsoil. In parallel, a large number of organic
acids are produced during the decomposition of
organic mulch (Haynes and Mokolobate 2001),
which intensifies the leaching of carbon
components into the native soil. In addition, the
increased temperature after organic mulching
decreased forest topsoil SOC content (Sun et al. 2019).
Fine roots play an important role in forming SOC
(Sokol et al. 2019) and the main source of SOC is
usually through rhizosphere deposition (Chen and
Chen 2018). In our study, OM promoted carbon
accumulation in the fine roots of the deeper soil in
the growing season and the carbon content in the
fine roots showed the same trend as the SOC,

3)

especially in the rhizosphere (Fig. 2). Organic
carbon transported downward through the roots
increases when plants absorb more nutrients from
the organic mulch (Sasse et al. 2018; Wang et al.
2019b). This could be because fine roots are more
sensitive to nutrients in the subsoil than those in
the topsoil (Bjork et al. 2007; Wang et al. 2019b).
The changes in carbon content in the fine roots are
consistent with those observed for SOC in the soil,
which provides important evidence for a decrease
in SOC in the topsoil after OM.

After OM, the input of organic matter stimulates
the decomposition of the original stable soil carbon
in the topsoil (Bjork et al. 2007; Wang et al. 2019b).
Environmental changes could also destroy the
balance between previous carbon inputs and
outputs by accelerating the decomposition of
unstable and semi-stable organic carbon (Wang

et al. 2012). The carbon-nitrogen ratio (C/N ratio)
in the bulk soil decreased initially (Fig. S1), implying
that the input of organic matter promotes the
utilisation of a large number of carbon sources;
thus, available carbon, such as DOC and MBC
(Fig. 1). Furthermore, OM increases soil porosity
by decreasing BD, which may promote soil
respiration and CO, emission, resulting in carbon
loss in the topsoil at this stage at levels that
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exceed the stable carbon derived from the
addition of organic matter.

4) In our study, SOC was mainly correlated with the
C/N ratio (Fig. 3; Table S2). The C/N ratio in the
original soil was low (Table 1); the input of a new
source with high C/N ratio (Table 2) promoted
more active carbon fractions because the labile
SOC fractions/SOC (i.e., DOC/EOC, EOC/SOC,
and MBC/EOC) ratio increased after OM (Fig. S1).
An important mediator of the belowground
responses of trees to elevated CO, is nitrogen
availability and low nitrogen supply will increase the
carbon allocation of plants to roots (Phillips et al.
2011). Thus, the stimulation has a greater impact
on the upper layer and the stable organic carbon in
the subsoil increases more.

5) During the sampling process, we found more
earthworms in the soil with treatments than OMO,
which stimulates vertical bioturbation and transport
of carbon to the subsoil (Birkhofer et al. 2008). This
could explain why SOC decreased in the topsoil.

The decrease in labile SOC fractions in the subsoil at
the beginning of the growing season is also related to
nutrient leaching and water drainage into the deeper
soil. From the later growing season, the carbon content
in the fine roots increased in the topsoil compared with
that in OMO (Fig. 2), which indicates that OM acceler-
ates carbon accumulation in the fine roots by promoting
plant growth.

The DOC and MBC showed the same trend in their
changes (Fig. 1), and their strong positive correlation
(Table S1) might be mainly because they were both
significantly affected by water content, ammonium, and
nitrate (Fig. 3; Table S2). Organic mulching is conducive
to water conservation. Additionally, the addition of
organic matter directly adds DOC and the decompos-
ition of organic matter stimulates microorganisms to
produce more MBC and available nitrogen (ammonium
and nitrate) in the soil (Li et al. 2016; Dong et al. 2018).
Among the labile SOC fractions, OM only had a signifi-
cant effect on DOC (Table 3), indicating that this
fraction is more sensitive than the others to OM. On the
one hand, OM improves soil physical properties (Pramanik
et al. 2015; Nawaz et al. 2017), which provides a relatively
favourable environment for DOC owing to its correlation
with these physical soil traits (Fig. 3; Table S2). On the
other hand, the DOC is derived principally from biotic deg-
radation processes, in which soil microorganisms are the
main players, and from root exudates (Balland-Bolou-Bi
et al. 2019). OM provides additional organic matter that
can decompose and leach into the soil, promoting plant
growth that, in turn, produces more root exudates and rhi-
zodeposition and stimulates microbial activity (which also
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explains the significant correlation between DOC and
MBC). The increased carbon from plants (especially from
the roots) after OM enhanced the DOC because carbon
content in mulch, fine roots, and leaves was significantly
correlated with DOC (Fig. 3; Table S2). Some researchers
have found that MBC is the most sensitive indicator of
SOC changes following treatment with straw mulch
(Balland-Bolou-Bi et al. 2019). The microbial biomass
changes rapidly with changes in the external environment
over a short period of time (Sinsabaugh et al. 2015). As we
only took samples at a limited number of time points, this
could be a limitation in this study.

Change in SOC fractions in the rhizosphere and bulk soil
Our results suggest that there was a greater variation in
the bulk soil than in the rhizosphere after OM. A large
number of studies have shown that the rhizosphere is
more sensitive to external disturbance than the bulk soil
(Phillips and Fahey 2007; De Feudis et al. 2017). How-
ever, in our experiment, the nutrients in the soil con-
tinuously decreased in the process of transfer to the
plants after OM, which caused the environmental
change from soil to the rhizosphere to gradually weaken.
To a certain extent, this process weakened the OM
stimulation on the rhizosphere; thus, OM has a different
intensity of action on the rhizosphere and bulk soil de-
pending on the nutrient gradients (Kuzyakov and Razavi
2019). Our results also showed that only time had a
significant effect on the rhizosphere effects of EOC and
MBC (Table S3). The rhizosphere environment can be
stable over the short term, but our sampling times (6, 9
and 12 months after OM) were much longer or missed
the peak time of the priming effect (Kuzyakov et al.
2000). Furthermore, the soil at our experimental site was
transported from elsewhere. During the sampling
process, the plant roots were shallowly distributed, there
was a less extensive root system in the subsoil, and the
interaction between the rhizosphere soil and the plant
roots was weak, all of which may have led to a weak
rhizosphere effect on carbon fractions.

Effect of time and soil layer on SOC fractions

The time after OM (i.e., season) had the greatest impact
on the SOC fractions, followed by soil layer in our study
(Table 3). Different sampling times resulted in variability
in several environmental factors (e.g., water and
temperature), which are important indicators that affect
the soil carbon pool (Kawahigashi et al. 2003; Xue et al.
2018). Therefore, the response of the SOC fractions to
soil management varies with time (Kawahigashi et al
2003; Xue et al. 2018). For instance, seasonal variations
in climate, site conditions, and soil physicochemical
properties affect changes in the soil DOC content
(Kawahigashi et al. 2003). The different distribution of
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root exudates and soil microorganisms in the different
soil layers leads to a variety of different soil profile envi-
ronments (Angst et al. 2018), which may cause signifi-
cant differences in the SOC fractions at different depths.
Soil nutrients decrease with increases in soil depth
(Angst et al. 2018) and the SOC fractions were closely
related to soil nutrients in this study (Fig. 3; Table 3).
Furthermore, the upper soil is more directly affected by
the addition of organic mulch and the available nutrients
in the topsoil are higher than those in the subsoil. The
increasing carbon content in the fine roots in the subsoil
(Fig. 2) contributes to the SOC fractions in the subsoil.
Of these factors, the one that plays a dominant role may
determine the content of the SOC fractions in different
soil layers. Accordingly, both time and soil layers are
essential factors that affect SOC fractions, which
should be accounted for in OM and other land man-
agement research.

Changing processes of soil carbon fractions in soil and
plants after OM

We suggest that the addition of organic mulch initially
improved the water content and soil porosity (BD
decreased), causing the downward movement of soil
carbon fractions and the downward growth of fine roots
at the beginning of the growing season (6 months after
OM). This, in turn, promoted SOC deposition into the
deeper soil. As time goes on, organic mulch gradually
decomposes and MBC and DOC increase. The increas-
ing availability of nutrients in the soil increases the
carbon content of the leaves through greater photosyn-
thesis, and more elements are introduced to the rhizo-
sphere by the fine roots. In the growing season, the leaf
biomass increases with the growth of plants and the
distribution of carbon content per unit in the leaves
decreases. Element input through roots and labile SOC
fractions are continuously enhanced. Finally, in the non-
growing season (12 months after OM), rhizosphere
deposition and SOC increase. Lastly, the organic mulch
in OM5 lost more carbon than other treatments over
time (Fig. 2) suggesting that using lower amounts of
organic mulch can enhance relative decomposition and
nutrient utilisation by soil. More dynamic and long-term
studies into the effect of OM on the soil environment in
forest ecosystems should be carried out to understand
its mechanism of action, particularly because of its im-
pact on environmental factors and their interactions.

Conclusions

Our study showed that DOC is more sensitive to OM
than the other labile carbon fractions. The SOC moved
to deeper soil after OM and the carbon content in the
fine roots increased in the subsoil. OM affected organic
carbon fractions in the bulk soil more than in the
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rhizosphere. Frequently applying small quantities of or-
ganic mulch may be beneficial to the accumulation of
SOC in urban forest management. Time after OM (sea-
son) had the greatest effect on SOC fractions, followed
by soil layer; hence, these are important factors that
need to be considered in future research.
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