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Abstract Nitrogen is an essential component in forest
ecosystem nutrient cycling. Nitrogen fractions, such as
dissolved nitrogen, ammonium, nitrate, and microbial bio-
mass nitrogen, are sensitive indicators of soil nitrogen pools
which affect soil fertility and nutrient cycling. However, the
responses of nitrogen fractions in forest soils to organic
mulching are less well understood. The rhizosphere is an
important micro-region that must be considered to better
understand element cycling between plants and the soil. A
field investigation was carried out on the effect of mulching
soil in a 15-year-old Ligustrum lucidum urban plantation.
Changes in total nitrogen and nitrogen fractions in rhizos-
phere and bulk soil in the topsoil (upper 20 cm) and in the
subsoil (20—40 cm) were evaluated following different levels
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of mulching, in addition to nitrogen contents in fine roots,
leaves, and organic mulch. The relationships between nitro-
gen fractions and other measured variables were analysed.
Organic mulching had no significant effect on most nitrogen
fractions except for the rhizosphere microbial biomass nitro-
gen (MBN), and the thinnest (5 cm) mulching layer showed
greater effects than other treatments. Rhizosphere MBN was
more sensitive to mulching compared to bulk soil, and was
more affected by soil environmental changes. Season and
soil depth had more pronounced effects on nitrogen frac-
tions than mulching. Total nitrogen and dissolved nitrogen
were correlated to soil phosphorus, whereas other nitrogen
fractions were strongly affected by soil physical properties
(temperature, water content, bulk density). Mulching also
decreased leaf nitrogen content, which was more related to
soil nitrogen fractions (except for MBN) than nitrogen con-
tents in either fine roots or organic mulch. Frequent appli-
cations of small quantities of organic mulch contribute to
nitrogen transformation and utilization in urban forests.

Keywords Rhizosphere - Nitrogen fraction - Organic
mulching - Soil-plant interaction - Urban plantation forest

Introduction

Organic mulching plays an important role in urban soil nutri-
ent conservation and restoration. It is an effective means
to modify the structure of soil ecosystems, which is neces-
sary to ensure that these ecosystems function properly. In
addition to its physical effects such as water conservation
and temperature regulation, organic mulching contributes
carbon (C) and nutrients to the soil, with the interaction of
multiple factors resulting in complex mechanisms responsi-
ble for changes in the soil environment (Kader et al. 2017).

@ Springer
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Organic mulching improves soil conditions and promotes
plant growth (Jiménez et al. 2017; Pal and Mahajan 2017).
However, most studies that have evaluated the effects of
organic mulching on the soil environment have tended to
focus on agricultural soils, whereas studies on these effects
in forest ecosystems, which may be characterised by mark-
edly contrasting dynamics, are rare.

Nitrogen (N) plays a prominent role in controlling the
primary production of plants in terrestrial ecosystems (Guig-
nard et al. 2017). Enhanced plant N uptake reduces N leach-
ing loss and increases N availability through root exudates
by stimulating the microbial turnover of fast-cycling N pools
(Meier et al. 2017). Nevertheless, the accumulation of nitrate
as a consequence of continuous N addition tends to cause
soil acidification (Lucas et al. 2011), which can have inhibi-
tory effects on microbial activities related to plant growth
and N fixation (Vitousek et al. 1997). However, there is
controversy regarding the response of N fractions to mulch-
ing or organic matter addition (Coppens et al. 2006; Rose
et al. 2016). The quantity and fractions of N are strongly
affected by plant litter (Zhou et al. 2015). Numerous stud-
ies have found that litter is an important C source for soil
microorganisms, and litter quality, determined by C:N ratios,
phenolic compounds, or soluble C or N content and quan-
tity, can affect N mineralization and nitrification (Templer
et al. 2003; Meier and Bowman 2008). At the same time,
root exudates and root turnover are also the main factors
controlling soil N transformation (Huang et al. 2013). Thus,
the underlying mechanisms of N changes are complex and
remain to be confirmed.

Soil total N (TN) is a primary factor determining soil
fertility and plant growth in forests, whereas labile N frac-
tions determine the content of soil available N and nutrient
cycling processes (Pastor and Post 1986). The available N
in soil, in the form of ammonium or nitrates, is strongly
correlated with TN (Turner et al. 2017). Dissolved N (DN)
undergoes rapid changes in response to environmental vari-
ability, and microbial biomass N (MBN) is considered to
comprise the largest labile soil organic N fractions, and thus
their turnover significantly contributes to the soil N cycle
(Zhou and Wang 2015; Ren et al. 2016). Investigating these
N fractions can contribute to a more comprehensive under-
standing of how N dynamics and the stability of soil N pools
change in response to different land management practices.

Soil N transformation is regulated by microorganisms
(Chen et al. 2018), and microbial sensitivity to seasonal
changes can be associated with temperature and N dynam-
ics (Yokobe et al. 2018). Labile N fraction pools and net
ammonification and nitrification rates in forest soils have
been found to undergo substantial temporal variations
driven by differences in temperature and precipitation over
the year (Kaiser et al. 2011), thus the time of year should

@ Springer

be considered in studies of soil N dynamics. The spatial
variability of soil properties is affected by multiple factors.
Nitrogen transformation rates have been found to decrease
with soil depth in response to a reduction in organic mat-
ter content (Wild et al. 2015). External anthropogenic
interference, such as the application of straw mulch or
forage, affects the topsoil more directly than the subsoil
because of the closer contact and nutrient addition, result-
ing in comparatively higher contents of TN and available
N in the topsoil (Fu et al. 2019). Subsoil organic matter is
derived from the retention of organic matter that is trans-
ported with percolating water (Mikutta et al. 2019), and
the changes in subsoil properties (e.g., mineral N content)
are similar to or greater than those in the topsoil (Wang
et al. 2019). Accordingly, with respect to the stable N pool,
there may be equivalent or greater changes in the subsoil
compared with those in the topsoil. Thus, if the soil is to
be managed sustainably, it is necessary to monitor and
predict changes in soil properties throughout the entire
soil profile (Usowicz and Lipiec 2017).

Organic mulching has the notable effect of enhancing
plant growth as a consequence of promoting an increase
in the absorption of nutrients, which in turn can lead to
a modification in the soil environment via the secretion
of root exudates synthesised in response to the subse-
quent changes in plant nutrient cycling (Kuzyakov and
Xu 2013). The environmental complexity driven by
plant—soil interactions increases after mulching. Although
the individual effects of relatively few plant factors have
been observed, they have been found to show interactive
effects with soil factors (Chen et al. 2016b); however, such
plant—soil interactions are rarely considered. As an impor-
tant micro-region of chemical exchange and energy flow
between plants and the soil, the rhizosphere constitutes an
important zone for plant—-microbial interactions. Examin-
ing this micro-region can also provide valuable insights
into N cycling in soil and plant ecosystems (Kuzyakov
and Xu 2013). However, to date, there has been no study
investigating changes in the rhizosphere environment in
response to organic mulching. Accordingly, the response
of N fractions to organic mulching in rhizosphere and bulk
soil were determined to further understand the N cycle
between plants and soil, and to find a suitable level of
mulching for urban forest management. We hypothesised
that organic mulching would significantly stimulate N
fractions, with the effects being dependent on the amount
of applied mulch; that MBN would be the most sensitive N
fraction responding to organic mulching; that N fractions
in the rhizosphere would be more sensitive than those in
the bulk soil; and that more organic mulch would have a
pronounced effect on soil N transformation because of the
more nutrient input.
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Materials and methods
Study site

The experimental plot was located in Xiaolingwei,
Xuanwu District, Nanjing, China (32°02'37"-32°02'39"N,
118°49'41"-118°49'43"E, 37 m a.s.1, flat terrain) (Fig. 1).
The study site lies within the northern subtropical mon-
soon climate zone which is characterised by distinct sea-
sons, with an annual precipitation of 1000-1050 mm, an
annual average temperature of 15.4 °C, and an annual aver-
age 2213 h of sunshine. According to the historical records
of Zhongshan Cemetery in Nanjing, buildings were origi-
nally located on the area; however, these were later demol-
ished and the region was subsequently covered with forest
plantations established on 50-60 cm of soil. For the pur-
poses of the present study, a 15-year-old pure Ligustrum
lucidum W. T. Aiton (broad-leaf privet; family, Oleaceae)
plantation was selected in which trees were >2 m apart and
with a canopy density of approximately 85%. The average
tree height was 7.5 m, and the average diameter at breast
height 10.9 cm. The basic physical and chemical proper-
ties of the soil at the site are shown in Table 1.

Experimental design

Four adjacent trees were randomly selected to establish one
experimental plot (Fig. 2), and 32 such plots were estab-
lished in total. According to the “Technical specification for
the application of organic mulch on urban and rural green-
ing” of Shanghai, China, and related literature (Dietrich
et al. 2019; Zhang et al. 2020), we applied three treatments:
35, 70, and 140 kg of mulch/tree, along with a crosscheck
control (CK) without mulch. The organic mulch extended
evenly 80 cm away from the trunk, allowing for a buffer
(>0.5 m) between the trees, and was carefully mounded
around each tree as uniformly as possible to a height of 5,
10, or 20 cm above the ground (OMS5, 35 kg mulch; OM10,
70 kg mulch; OM20, 140 kg mulch). Treatment was com-
pleted by the end of November 2017. The organic mulch
used was urban garden litter that had been semi-decomposed
(Shanghai Moqi Garden Co., Ltd., Shanghai, China), the
basic physical and chemical properties of which are shown
in Table 2.

Data collection

Soil and plant samples were collected 6, 9, and 12 months
after mulching (i.e., May, August, and November 2018),
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Fig. 1 Diagrammatic sketch of the geographical location of the study site
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Table 1 Physical and chemical properties of the soil at experimental site

Nitrate Ammo-

Available

Total potassium

(gkg™

Total phosphorus Available phospho-

(gkg™

Carbon/nitro-
gen ratio

Total carbon (g Total nitrogen

kg™

pH

Soil layer

nium (mg

kg™

(mgkg™")

potassium
(gke™
0.14

0.13

rus (mg kg™

(gkg™

2.50
1.43

1.71
1.69

1.08
0.95

29.02
23.12

0.40
0.32

8.30
7.89

1.58
1.42

13.12
11.20

7.29

0-20 cm
20-40 cm

7.31

with five randomly selected plots (i.e., five replicates, one
plot per replicate) for each treatment at each time point.
Each experimental plot was only used once during the
entire experiment, and 20 trees were used for one sample.
Soil profiles were obtained from pits dug 50 cm away from
the trunk of the tree, and each profile was divided into
two sections (0-20 cm and 20-40 cm below the mulch
layer). Soil blocks 20 x 20 x 20 cm® were removed from
each depth, and the rhizosphere soil was collected by gen-
tly shaking off soil that had adhered to the roots, whereas
the remainder of the soil was considered as bulk soil. In
addition, in each plot, fine roots (<2 mm in diameter) and
leaves from the sampled trees were collected, as well as
samples of organic mulch. All soil and plant samples were
placed in self-sealing bags and taken to the laboratory for
analysis. Soil samples were also obtained using cylindrical
steel cores (100 cm?) for the determination of bulk density
(BD) of each soil profile. Soil temperatures at each depth
were recorded in situ using Thermochron temperature log-
gers (DS1923Hygrochron, OnSolution Pty Ltd, Baulkham
Hills, NSW, Australia).

Estimates of soil pH were obtained from 1:2.5
soil-water mixtures using a PHS-3C glass electrode pH
meter (Leici Inc., Shanghai, China). After air-drying, the
samples were sifted (0.15 mm mesh), and soil organic car-
bon (SOC) and TN calculated using an Elemental Vario EL
element analyser (Elementar, Langenselbold, Germany).
Dissolved nitrogen (DN) was extracted with 0.5 M K,SO,
and determined using a TOC-VCPH 4+ TNM-1 organic car-
bon analyser (Shimazu Inc., Kyoto, Japan). Ammonium
and nitrate were both identified colorimetrically in 1 M
KCl1 extracts (1:5 w/v) using a San++ continuous flow
analyser (Skalar, Breda, Netherlands). Microbial biomass
N (MBN; Ky =0.54) was obtained using chloroform fumi-
gation—K,SO, extraction methods and calculated using the
aforementioned organic carbon analyser. Total phosphorus
(TP) was determined by digestion with H,SO,~HCIO, and
quantified based on molybdenum blue colorimetry. Availa-
ble phosphorus (extracted with 0.03 M NH,F-0.02 M HCI)
was identified by molybdenum blue colorimetry. Total
potassium was determined by inductively coupled plasma-
atomic emission spectroscopy ICP-AES (ICAP6300,
Thermo Fisher Scientific, Waltham, MA, USA) after
wet digestion with HC10,~HF. Available potassium was
extracted with 1 M CH;COONH, (pH =7.0) solution and
measured by ICP-AES after filtering. Soil organic matter
was determined after digestion by the K,Cr,0; titration
method, and soil moisture content by oven drying samples
at 105 °C. Collected fine roots and leaves were washed and
oven- dried. The organic mulch samples were air-dried,
ground, and sifted (0.15 mm mesh), and the N content
determined using the aforementioned element analyser.
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Fig. 2 Diagrammatic sketch of
experimental plots

diameter
=1.6m

one plot

Table 2 Physicochemical properties of the organic mulch used in the study

pH Drydensity Wetdensity Electrical Porosity (m>  Organic mat- Total carbon ~ Total nitro-  Total phos-  Total potas-
(gecm™) (gem™) conductivity m™>) ter (g kg™h) (gkg™ gen (gkg™")  phorus (g sium (g kg™
(mS cm™") ke™)
6.40 0.14 0.79 1.35 317.80 902.00 598.50 23.80 4.30 19.50
Statistical analysis Results

All statistical analyses were conducted using R v. 3.5.3
(R Development Core Team 2018). To evaluate the dif-
ferences in soil N fractions among treatments, time
after mulching, soil depth, and their interactions, linear
mixed effects models were calculated using the R pack-
age “Ime4” (Bates et al. 2015). Treatment (four levels),
soil depth (two levels), time after organic mulching
(season, three levels), and their interactions (three-way)
were treated as fixed factors, and the sampling plots were
treated as random factors. Comparisons of the N fractions
and N content in fine roots, leaves, and organic mulch
between treatments were carried out using two-way analy-
ses of variance (ANOVA) and Tukey’s pair-wise com-
parison tests. Figure preparation and redundancy analysis
(RDA) were conducted using the ‘ggplot2’ and ‘vegan’
(Oksanen et al. 2019) packages in R, respectively. Com-
parisons of soil N fractions between the rhizosphere and
bulk soils were performed using ¢-tests. Differences were
considered to be statistically significant at the P <0.05
level.

Effects of organic mulching on soil N fractions
in rhizosphere and bulk soils

Time after mulching and soil depth had significant effects on
N fractions, whereas the effects of different mulching treat-
ments were detected only with respect to rhizosphere MBN
(Table 3). Rhizosphere MBN with OM5 was significantly
higher than those of the other two treatments and CK, mainly
6 months after organic mulching (Fig. 3). The interactions
of time, depth, and mulching had a significant effect on TN
in bulk soil and DN and nitrate in the rhizosphere. Seasonal
variation in the N fractions in rhizosphere and bulk soil
were consistent at different soil depths, although changes in
the rhizosphere were more pronounced than those in bulk
soil, particularly for MBN. With an increase in time after
mulching, there was a gradual decrease in MBN, the sea-
sonal variation of which was similar to that observed for
TN. Ammonium content was highest 12 months after mulch-
ing, whereas values of DN and nitrate content were found to
be highest 9 months after mulching. Organic mulching had

@ Springer
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Table 3 Analysis of variance of the effects of different treatments, depths, and time on soil nitrogen fractions
Soil Factors Total nitrogen Dissolved nitrogen Ammonium Nitrate Microbial bio-
mass nitrogen
Bulk soil Time 10.72%%3* 149.77%** 912.47%** 343.54%** 276.10%**
Depth 18.81%** 18.427% %% 7.55%% 15.27%%% 128.30%**
Treatment 0.06 2.05 1.92 1.10 2.67
Time X Depth 0.51 0.43 1.78 0.45 55.77%%*
Time X Treatment 0.70 2.74% 0.53 1.52 0.93
Depth X Treatment 1.66 1.31 0.38 0.21 0.14
Time X Depth X Treatment 2.63* 0.44 0.43 0.97 0.04
Rhizosphere Time 4.38* 125.28%** 157.33%** 383.92%** 719.22%%*
Depth 13.47%%* 37.07%** 33.00%** 17.38% %% 102.95%:%*
Treatment 0.01 2.55 0.62 0.01 16.14%%%
Time X Depth 1.09 0.48 6.56%* 0.15 10.00%%**
Time X Treatment 0.22 2.62% 0.62 0.50 8.09%#:*
Depth X Treatment 0.47 3.66* 2.33 0.53 0.01
Time X Depth X Treatment 0.33 2.51* 1.61 2.63* 0.39

F values are reported with p values indicated as follows: *P <0.05; **P <0.01; *¥*P <0.001

greater effects on the N fractions in the subsoil (20—40 cm)
than that in the topsoil (0-20 cm), especially for DN and
MBN. The OMS treatment had the highest effects on MBN
as well as on DN in the subsoil.

Changes in the N contents of fine roots, leaves,
and organic mulch

Nitrogen levels in fine roots increased and in organic mulch
decreased gradually over time, but the difference of N in
fine roots and organic mulch between treatments was not
significant (Fig. 4). Leaf N content decreased 6 months after
mulching, later increased, and subsequently decreased again
in the dormant season. OM10 and OM20 had significant
effects on leaf N 6 months and 12 months after mulching,
respectively, whereas it was 9 months after mulching for
OMS5 and OM20 compared with other treatments.

Association of N fractions with soil and plant properties

Redundancy analysis indicated a significant positive cor-
relation between each N fraction in the rhizosphere and the
corresponding fraction in bulk soil (Fig. 5 and Table S1 in
Supplementary information). Total N was mainly affected
by the ratio of N to phosphorus (N:P), for which we detected
a significant positive correlation (Fig. 5 and Table S2 in
Supplementary information). In contrast, dissolved N was
negatively correlated with the TP and N contents of leaves.
In addition, ammonium, nitrate, and MBN appeared to be
mainly related to soil physical properties (i.e., water con-
tent, temperature, and BD), and nitrate was negatively cor-
related with leaf N content. Nitrogen levels in fine roots were
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positively correlated with rhizosphere TN and DN but nega-
tively correlated with rhizosphere MBN. Moreover, leaf N
was mainly negatively correlated with DN and nitrate and
positively correlated with ammonium, whereas mulch N
levels were positively correlated with MBN and negatively
with ammonium.

Discussion
Response of soil N fractions to organic mulching

Contrary to our hypothesis, the OMS5 treatment had signifi-
cant effects on N fractions compared to those of the other
two treatments, especially for rhizosphere MBN. The appli-
cation of smaller amounts of organic mulch could contrib-
ute to enhancing relative decomposition and nutrient uti-
lization by soil microorganisms because of the significant
increase of MBN. Meanwhile, N immobilization could be
increased when a large amount of mulch is added (Cao et al.
2018). Thick mulch prevents water from entering the soil
and reduces the ability of plants to absorb water accompa-
nied by low nitrate movement and accumulation toward the
root surface, i.e., rhizosphere (Guo et al. 2002; Gorska et al.
2008). The C/N ratio in the original soil was low (Table 1),
and the decomposition of mulch consumed N, which further
enhanced the N limitation of the soil and thus did not signifi-
cantly accelerate the element cycling in the soil with a large
amount of mulch (Valenzuela-Solano and Crohn 2006). In
addition, a large amount of organic mulch may restrict its
own decomposition (N contents in OM10 and OM20 were
higher than in OMS), preventing it from producing more
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Fig. 3 Effects of organic mulching on soil nitrogen fractions in
rhizosphere and bulk soils over time; error bars represent standard
error of the mean (SE), values are means+SE (n=5). CK control
(no mulch), OM5 5 cm (35 kg) mulch, OM10 10 cm (70 kg) mulch,

available N. Accordingly, we speculate that frequent applica-
tions of small quantities of organic mulch might represent a
beneficial strategy that favours N transformation and utiliza-
tion in urban forests.

From the results, MBN is more sensitive than other
N fractions to organic mulching, and N immobilization
increased after mulching. Soil MBN is readily decom-
posed, which can be directly transformed into ammonium
and nitrate through mineralization (Turner et al. 2017). Our
results also revealed that MBN was correlated with DN,
ammonium, and nitrate. In addition, MBN was significantly

OM20 20 cm (140 kg) mulch. Different letters represent statistical
differences among treatments at different soil depths and time after
mulching according to Tukey’s test (P <0.05)

correlated with soil physical properties (i.e., temperature,
water content, and bulk density), which can be directly
affected by mulching. Increases in MBN and the MBN: TN
ratio were detected (Fig. 3, Fig. S1 and Table S4 in Supple-
mentary information). Organic mulch-derived N assimilated
by microorganisms, to a certain extent, may have contributed
to reducing N loss via mineral N leaching. Moreover, the
pH of bulk soil was correlated with MBN, although not as
strongly as temperature, water content, or BD; pH was also
an indicator of small changes in our study. In this regard,
it has been found that pH, owing to its prominent effects

@ Springer
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on soil microorganisms, is an important factor affecting N
mineralization and nitrification (Kader et al. 2013; Yao et al.
2018), and thus to a certain extent, may have an indirect
influence on N fractions.

The results of the RDA revealed strong correlations
between the N fractions and soil physical properties (tem-
perature, water content, and BD), whereas TN was affected
to a greater extent by soil elements (i.e., carbon and phos-
phorus), indicating that N fractions are more susceptible to
environmental factors, whereas TN tends to be more stable.
The initial increase observed for TN in the topsoil can be
attributed to the direct addition of organic mulch. Total N
showed a significant positive correlation with the soil N:
P ratio (Fig. 5, Table 3), and the addition of organic much
resulted in a higher N: P ratio (Table 1 and Table 2), which
in turn increased TN. However, TN began to decrease at the
end of the growing season (9 months after mulching), which
could be ascribed to changes in the N fractions (Fig. 3) and
the ratios of these fractions to TN (Fig. S1, Table S4 in Sup-
plementary information) during the growing season. Given
that ammonium increased continuously, whereas nitrate
initially increased and subsequently decreased, a greater
quantity of nitrate underwent gaseous conversion via deni-
trification or was leached into the soil water at the end of
the growing season (Smolander et al. 2019), with the latter
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effect being enhanced by a significant increase in rainfall
during the summer. Meanwhile, nitrate may also have been
taken up more by plants after organic mulching in the grow-
ing season. However, we found that rhizosphere TN showed
the opposite trend to that of bulk soil, indicating that larger
quantities of potentially labile N fractions were stimulated
in the rhizosphere in response to organic mulching, which
may be associated with N cycling, and that TN accumulated
during the non-growing season (12 months after mulching).

Organic mulching has the effect of stimulating the
available N in soil, and in response to this treatment, a
greater quantity of available N is assimilated into the
soil organic N pool by microbial activity (Mooshammer
et al. 2014), given that DN in the topsoil increases dur-
ing the early growth stage, whereas there is a correspond-
ing decrease in the DN: TN ratio (Fig. S1, Table S4 in
Supplementary information). The formation of DN is
dependent on the rate of exchangeable N decomposition
(Kalbitz et al. 2000), and in the present study, soil DN
and ammonium increased at the beginning of the growing
season (6 months after mulching), thereby indicating that
the addition of organic mulch provides a greater quantity
of available N for the soil. This may have the effect of
enhancing nutrient exchange and increasing the generation
of nitrate via nitrification. Dissolved nitrogen content is
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Fig. 5 Redundancy analysis (RDA) ordination plot of nitrogen frac-
tions constrained by environmental variables that significantly explain
variation. TN total nitrogen, DN dissolved nitrogen, AN ammonium,
NN nitrate, MBN microbial biomass nitrogen, BD bulk density, T
temperature, W water content, SOC soil organic carbon, CN ratio
of carbon to nitrogen, TP total phosphorus, NP ratio of nitrogen to

mainly related to TP, and the addition of organic mulch
is more conducive to the promotion of N mineralization
in the rhizosphere when levels of soil phosphorus are low
(Chen et al. 2016a). DN is also generally correlated with
pH, and given that the pH of our plot soils tended to be
neutral (Table 1), we suspect that this provided condi-
tions conducive to microbial activity and N transforma-
tion, thereby favouring an increase in soil DN (Cheng
et al. 2013). A substantial quantity of DN was utilized
during the growing season and large amounts of nitrate
were absorbed by the plants. Meanwhile, the DN: TN ratio
in the subsoil increased after mulching (Fig. S1, Table S4
in Supplementary information), which is assumed can be
ascribed to an increase in rainfall during the early period
of the growing season. This resulted in a large quantity
of available N leaching to the deeper soil layer (DN in
the subsoil increased significantly after 9 months mulch-
ing; Fig. 3), thereby contributing to an increase in the N

phosphorus, NR nitrogen content in fine roots, NL nitrogen content
in leaves, NM nitrogen content in organic mulch, B in bulk soil, R in
rhizosphere, CK control (no mulch), OM5 5 cm (35 kg) mulch, OM10
10 cm (70 kg) mulch, OM20 20 cm (140 kg) mulch, OM organic
mulching

content of fine roots in the subsoil (DN correlated posi-
tively with fine root N content; Fig. 5).

On the basis of our results, it is speculated that organic
mulching initially improves the soil physical environment
and provides a direct source of available N which is assimi-
lated into the soil N pool via microbial activity, resulting in
increases in TN and N fractions. With time, copious rain-
fall during the growing season promoted the availability of
TN in the topsoil, whereas a certain portion of the N frac-
tions leached into deeper soil, and larger amounts of nitrate
underwent gaseous conversion via denitrification. Although
plants absorb large quantities of nutrients from the soil, the
distribution of absorbed N across increasing plant biomass
results in decreasing levels in both leaves and topsoil fine
roots. Finally, during the dormant season, there were reduc-
tions in TN and DN, which could be attributed to the dry
and cold conditions during winter, whereas rhizosphere TN
and ammonium increased due to root outputs and direct
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changes in nutrient accumulation by plants. A large amount
of organic mulch could improve the immobilization of inor-
ganic N by microbes in the short term. In addition, the differ-
ences in correlations between the nitrogen levels of leaves,
fine roots, and N fractions may be attributable to differences
in the N utilization of leaves and fine roots (Ma et al. 2017).

Rhizosphere MBN are more sensitive to organic
mulching

Microbial biomass nitrogen in the rhizosphere was more sen-
sitive to mulching than bulk soil and more strongly affected
by soil environmental changes. The rhizosphere is directly
influenced by plant roots, and its associated nutrient com-
position, soluble organic matter content, enzyme activity,
and microbial diversity are richer than those of bulk soil.
Thus, it is associated with more rapid nutrient cycling and
energy conversion and also makes a substantial contribution
to the distribution of N in soil (Kuzyakov and Xu 2013). The
results of the RDA indicated a better correlation between
N content in fine roots, leaves, organic mulch, and most N
fractions in the rhizosphere compared with those of bulk
soil. Previous studies have consistently demonstrated a more
prominent effect of fertilization on the rhizosphere than on
bulk soil, thereby indicating that rhizosphere secretions play
an important role in this process (Ai et al. 2012). Biochemi-
cal parameters in the rhizosphere explain better the changes
in soil respiration and its components after nutrient addition,
and compared with the bulk soil environment, available N
in the rhizosphere is more closely correlated with soil res-
piration and its components (Liang et al. 2019). However, a
limitation of this study is that neither root secretion nor soil
respiration was examined to further understand the mecha-
nisms of N transformation between plants and soil.

Time and soil depth are important factors affecting soil
N fractions

The length of time after mulching (season) and soil depth
were found to have a significant effect on N fractions studied,
as well as soil physical and chemical properties (Table S3
in Supplementary information), and these two factors were
more important than organic mulching itself in affecting the
soil environment. Liu et al. (2018) suggested that soil N
levels and cycling are more sensitive to temporal variations,
while Wang et al. (2016) indicated that soil depth, rather
than the sampling time or system of fertilization, has a more
pronounced effect on N fixation. Our observations indicated
that time makes a greater contribution to the N fractions than
soil depth, whereas soil depth has a more prominent effect
on total nitrogen than time. This also demonstrates that the
labile N fractions are more affected by temporal variations
that control soil moisture and temperature, whereas TN is
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more affected by accumulation processes regulated by soil
nutrients, as discussed above. Furthermore, the results of
these N fraction changes could be different as the time after
mulching increases. For example, Kitou and Yoshida (1994)
showed that mulching with plant residues increased N fixa-
tion in the early growth stage of soybean (Glycine max. L.)
and improved soil fertility at later stages. Soil total organic
N at a 0-20 cm depth increased with increasing time after
gravel-sand mulching up until 11 years, and then decreased
significantly between 11 and 16 years (Qiu et al. 2015). As
this study only took samples in one year, this could be a
limitation. However, interactions among time, soil depth,
and treatment appeared to have no significant effects on
most N fractions, presumably due to the complexities of the
soil environment wherein they interact. Accordingly, more
dynamic and long-term studies on the effects of organic
mulching on the soil environment in forest ecosystems
should be done to gain a better understanding of the inter-
action mechanisms.

Conclusions

Our results suggest that microbial biomass nitrogen is more
sensitive than other nitrogen fractions to organic mulching,
and MBN in rhizosphere was more sensitive than in bulk
soil, and strongly affected by changes in the soil environ-
mental. Total nitrogen and dissolved nitrogen were more
susceptible to soil phosphorus limitations, whereas ammo-
nium, nitrate, and MBN were strongly affected by physical
factors of the soil environment such as temperature, water
content, and bulk density. Time after mulching (season) and
soil depth are important factors that need to be considered
in research relating to soil nitrogen dynamics. Small quanti-
ties of organic mulch contribute to nitrogen decomposition
and utilization, whereas a large amount of organic mulch
improves nitrogen immobilization.
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