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Abstract: Interactions between C accumulation, resulting from plant residue mulching, and the
accelerated decomposition of litter and soil organic matter due to higher enzyme activities remain
poorly understood, particularly in urban forests. Here, the activities of four enzymes associated with
carbon (C) and nitrogen (N) cycling after organic mulching were investigated in the rhizosphere and
bulk soil of a 15-year-old Ligustrum lucidum urban forest. The enzymatic activities in the rhizosphere
were closely correlated to those in bulk soil, however, they were more strongly affected by organic
mulching and exhibited faster C and nutrient cycling. Moreover, the activity of urease in the
rhizosphere and peroxidase in the bulk soil in autumn, as well as invertase in the rhizosphere in
spring, decreased. Microbial C and N were most responsible for the observed increase in invertase
activity in spring, during which microorganisms exhibited rapid growth and the highest activities,
whereas soil organic C regulated urease activity in winter. Additionally, the activity of dehydrogenase
increased by up to 75%; the degree of increase was typically dependent on the mulching amount.
Generally, invertase and dehydrogenase activity increased with the abundance of dissolved organic
matter and microbial biomass, whereas peroxidase exhibited the opposite trend. Taken together,
these findings indicate that organic mulching efficiently increases enzymatic activity, particularly
within the rhizosphere, thus accelerating soil C and N cycling. Hence, mulching may represent an
effective measure for urban forest management and soil conservation.

Keywords: C–N cycle; nutrient mobilization; organic mulching; rhizosphere process; urban forest

1. Introduction

Large population influxes to urban areas have caused the continuous expansion of
cities [1,2]. Consequently, the physico-chemical and biological properties, as well as nutri-
ent cycling, in urban soils have been considerably altered, causing soil degradation [3,4].
Accordingly, the development of conservation and restoration strategies is of great envi-
ronmental importance [5,6]. Organic mulching, that is, the application of natural origin
materials capable of natural decomposition, improves the soil environment and quality. For
example, application of plant residues to the soil surface can improve soil water content
and increase nutrient levels, thereby promoting plant growth [7]. As such, mulching has an
important role in urban forest management and soil conservation.

Enzyme activity reflects the intensity and direction of substrate transformation and
element cycling [8] and responds more rapidly to natural and anthropogenic factors than
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other soil variables [9,10]. Peroxidase, invertase, dehydrogenase, and urease are the main
enzymes associated with carbon (C) and nitrogen (N) cycling. However, these enzymes
are sensitive to environmental changes [11] and may, in turn, affect the coupling of C and
N [12,13]. The mechanisms underlying changes in enzymatic activity following distur-
bances are complex due to the myriad interactions among soil components.

One important factor that impacts enzyme activity in ecosystems is nutrient avail-
ability [14]. For instance, organic mulch addition alters soil microbial communities and
enzymatic activity by acting as a source of nutrients and C. Furthermore, mulch affects
nutrient uptake by plants, as well as the release of root exudates, consequently modifying
the soil environment [15]. Meanwhile, analysis of the effect elicited by organic mulching
on the enzymes within the rhizosphere is necessary to fully elucidate the mechanisms
associated with plant–soil interactions [15,16]. The response of enzyme activity to mulching
is expected to differ across ecosystems [17]. Currently, most studies on mulching have
focused on agricultural lands [18,19], whereas a dearth of data is available for forest or
urban ecosystems.

In this study, we employed a common evergreen tree species in urban green spaces, a
15-year-old Ligustrum lucidum plantation, to investigate the effects of organic mulching on
C and N cycle-related enzymatic activities in the rhizosphere and bulk soil. The primary
goal of this study was to address the following questions: (i) How are enzymatic activities
impacted by organic mulching? (ii) Are these responses the same within the rhizosphere
and bulk soil? (iii) What are the main factors that control the enzymatic activity? We
hypothesized that organic mulching increases enzymatic activity due to C and N input,
which accelerates organic matter decomposition and nutrient mineralization. Furthermore,
these effects were expected increase with the mulching amount. Enzymatic activity after
mulching was found to be higher in the rhizosphere than the bulk soil due to activation
of microorganisms by root exudates. Thus, microbial C (MBC) and microbial N (MBN)
significantly regulate enzymatic activities and mulching may prove effective as an urban
forest management and soil conservation measure.

2. Materials and Methods
2.1. Site Description and Experimental Design

This study was conducted in a 15-year-old Ligustrum lucidum W. T. Aiton (broad-leaf
privet; family, Oleaceae) plantation in Xiaolingwei, Xuanwu District, Nanjing City, China
(32◦02′37′′–32◦02′39′′ N, 118◦49′41′′–118◦49′43′′ E). According to the historical records, the
site was previously covered with 50–60 cm of soil after the demolition of buildings. The
tree spacing of this plantation was >2 m, and the canopy density was ~85%. The average
diameter at chest height was 10.9 cm, and the average tree height was 7.5 m. The soil’s
basic physico-chemical properties are shown in Table 1.

Table 1. Soil physical and chemical properties.

Soil Depth pH Total C
(g·kg−1)

Total N
(g·kg−1)

NH4
+

(mg N·kg−1)
NO3−

(mg N·kg−1)
Total P

(g·kg−1)
Available P
(mg·kg−1)

Total K
(g·kg−1)

Available K
(g·kg−1)

0–20 cm 7.29 ± 0.3 13.1 ± 0.6 1.58 ± 0.06 2.50 ± 0.1 1.71 ± 0.07 0.40 ± 0.01 29.0 ± 1.6 1.08 ± 0.04 0.14 ± 0.01
20–40 cm 7.31 ± 0.3 11.2 ± 0.5 1.42 ± 0.05 1.43 ± 0.08 1.69 ± 0.07 0.32 ± 0.01 23.1 ± 1.2 0.95 ± 0.03 0.13 ± 0.01

Note: Values are mean ± standard error (n = 5).

Thirty-two plots were established in total within the study area by the end of Novem-
ber 2017; four adjacent trees were randomly selected as one plot. In each plot, we applied
three treatments (35, 70, or 140 kg of mulch per tree) along with a control without mulch.
Mulch was carefully mounded around each tree as uniformly as possible to a height of 0, 5,
10, or 20 cm above the ground (hereafter referred to as Control, Mulch-5, Mulch-10, and
Mulch-20, respectively). Organic mulch was positioned around the trunk to a radius of
80 cm to ensure all the experimental units were handled in the same manner (i.e., 175, 350,
700 Mg ha−1), allowing for a buffer (>0.5 m) between trees. The organic mulch comprised
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urban garden litter after a semi-decomposition process (Shanghai Moqi Garden Co., Ltd.,
Shanghai, China); its basic physico-chemical properties are shown in Table 2.

Table 2. Physical and chemical properties of the organic mulch from Shanghai Moqi Garden Co., Ltd.

pH Electrical Conductivity
(mS·cm−1)

Organic Matter
(g·kg−1)

Dry Density
(Mg·m−3)

Wet Density
(Mg·m−3)

Porosity
(m3·m−3)

Total C
(g·kg−1)

Total N
(g·kg−1)

Total P
(g·kg−1)

Total K
(g·kg−1)

6.40 1.35 902 0.14 0.79 318 599 23.8 4.30 19.5

2.2. Field Sampling

Soil samples were collected after 6, 9, 12, and 15 months of mulching (i.e., May, August,
and November 2018 and February 2019, respectively, in spring, summer, autumn, and
winter). At each monitoring time point, five experimental plots (i.e., n = 5) were randomly
selected for each treatment, and each experimental plot was used only once during the
entire experiment. Soil profiles were dug 50 cm away from the tree trunk, and each profile
was divided into two depths (0–20 and 20–40 cm below the mulch layer). Soil was removed
from each depth; rhizosphere soil was collected by gently shaking off the soil adhering to
the roots, while the remaining soil was considered bulk soil. Soil samples were placed in
self-sealing bags, transported to the laboratory immediately for analysis, and stored in a
refrigerator at −4 ◦C before measurements.

2.3. Measurement Methods

After air-drying, the soil samples were sifted using 2-mm mesh sieves, and the en-
zymatic activities in rhizosphere and bulk soil were examined according to the methods
described by Tan et al. [20]. Briefly, invertase (EC3.2.1.26) activity was measured based on
the amount of glucose reduction under the catalysis of invertase for 24 h at 37 ◦C. Urease
(EC3.5.1.5) activity was assayed using the indophenol blue colorimetric method, using 10%
urea solution as the substrate; the soil mixture was incubated at 37 ◦C for 24 h. Dehydroge-
nase (EC1.1.1.1) activity was determined based on the reduction of triphenyl-tetrazolium to
triphenyl formazone. Peroxidase (EC1.11.1.7) activity was measured using the pyrogallol
colorimetric method (incubation 30 ◦C for 2 h).

Soil physical and chemical properties, including temperature, pH, water content, soil
organic C (SOC), total N (TN), dissolved C, dissolved N, ammonium, nitrate, total K, total
K, available P, available K, microbial C (MBC), and microbial N (MBN), were examined
according to the methods described in our previous study [21].

2.4. Statistical Analysis

All statistical analyses were conducted using R Studio Version 1.1.463-© 2022–2018
(R Studio, Inc., Boston, MA, USA) [22]. Linear mixed-effects models were run using the
R package “lme4”. A redundancy analysis (RDA) was performed using the R package
“vegan”, and regression analyses were performed for the indicators exhibiting strong
correlations according to the RDA results. All figures were prepared using the “ggplot2”
package in R. A p < 0.05 was considered statistically significant.

3. Results
3.1. Enzyme Activities in the Rhizosphere and Bulk Soil after Organic Mulching

Compared to organic mulching, season and soil depth had a greater effect on the
activity of all four enzymes (Table S1). The activities of dehydrogenase and invertase were
the highest in the spring, while peroxidase activity was highest in the autumn, and urease
activity was highest in the winter (Figures 1 and S1, Table S2). Moreover, invertase and
peroxidase exhibited lower activities in the rhizosphere than in the bulk soil, whereas
urease and dehydrogenase exhibited the opposite trend.
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Figure 1. Differences in enzymatic activities between mulching and control in the rhizosphere and
bulk soil. Values represent means ± standard errors (n = 5). Treatments: Mulch-5, Mulch-10, and
Mulch-20, corresponding to organic mulching to a depth of 5, 10 and 20 cm, respectively.

Generally, organic mulching had a greater effect on the enzymatic activities in the
rhizosphere than those in the bulk soil. That is, in spring, the invertase activity in the topsoil
(0–20 cm) rhizosphere under Mulch-10 was 14% lower than that in the control, whereas it
was 14% higher in the subsoil (20–40 cm) rhizosphere under Mulch-5 (Figure 1). Moreover,
peroxidase activity in the rhizosphere under Mulch-5 increased in spring and decreased in
the bulk soil in autumn. Meanwhile, in autumn, dehydrogenase activity increased by up to
75%, whereas rhizosphere urease activity decreased by up to 35%. The effects of organic
mulching on enzymatic activities generally increased with the mulching amount. However,
organic mulching decreased the differences in enzymatic activity between the rhizosphere
and bulk soil (Figure 2).

3.2. C and N Content in the Rhizosphere and Bulk Soil after Organic Mulching

Mulching increased the dissolved C, MBN, and dissolved N in the bulk soil, as well as
MBC in rhizosphere soil, while decreasing nitrate content in the bulk soil (Figures 3 and S2,
Table S3). Mulch-5 exhibited greater effects on MBN and bulk soil nitrate, whereas Mulch-10
did not affect dissolved C, dissolved N, ammonium, or MBC in the bulk soil. Dissolved C
content increased by 1–13% after organic mulching, while the rhizosphere MBN increased
under Mulch-5 by 22 and 27% in the topsoil and subsoil, respectively. In general, the
SOC, TN, dissolved N, nitrate, and MBN contents in the rhizosphere soil were higher than
those in the bulk soil, whereas that of ammonium and MBC exhibited the opposite trend
(Figures 4 and S2).

3.3. Relationship between Enzyme Activity and Soil Properties

The activities of enzymes in the rhizosphere and bulk soils were closely related and
exhibited a similar response to organic mulching (Figures 5 and 6). More specifically, the ac-
tivity of invertase, as well as the content of MBC and MBN, increased in spring. Meanwhile,
peroxidase activity in autumn increased with nitrate and ammonium content, however,
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decreased with dissolved C and water content. Additionally, the SOC was determined to
be the primary factor influencing urease activity in winter (Figure 5). Overall, the dissolved
C and MBC were the most important factors causing invertase and dehydrogenase activity
to increase and peroxidase activity to decrease (Figure 6).
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mulching. Values represent mean ± standard error (n = 5). Values above the 0 line indicate higher
enzymatic activity in the rhizosphere than in the bulk soil. Treatments: Mulch-5, Mulch-10, and
Mulch-20, corresponding to organic mulching to a depth of 5, 10 and 20 cm, respectively.
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Figure 5. Redundancy analysis (RDA) ordination plot of enzyme activities constrained by envi-
ronmental variables that significantly explain the variation. I: invertase; U: urease; P: peroxidase;
D: dehydrogenase; T: temperature; W: water content; BD: bulk density; SOC: soil organic C; TN: total
N; DC: dissolved C; DN: dissolved N; AN: ammonium; NN: nitrate; MBC: microbial C; MBN: micro-
bial N. “B” means “in bulk soil” and “R” means “in rhizosphere”. The RDA was performed based on
original data (Figures S1 and S2). The curved arrow indicates the development of enzyme activities
over the year.
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Figure 6. Regression analysis for the effects of dissolved C and microbial C on enzyme activity. All
regression lines are significant at p < 0.01. The black continuous line with shaded area shows the
regression and 95% confidence interval for all points.

4. Discussion
4.1. Response of Enzyme Activities in the Rhizosphere and Bulk Soil to Mulching

Organic mulching impacts C- and N-related enzyme activity in the rhizosphere and
bulk soils, primarily in autumn and spring. These effects increased with the amount of
mulching applied. The activity of invertase, urease, peroxidase, and dehydrogenase in the
rhizosphere was closely related to that in the bulk soil, and exhibited similar responses to
organic mulching. The activities of rhizosphere enzymes, however, were more sensitive
to mulching due to more rapid C and N transformation (Figure 4). This phenomenon
indicates enhanced plant–soil elemental exchange—the transfer of nutrients from soil to
plant, and the deposition of C from plant to soil—implying that organic mulching promotes
plant growth.
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Invertase hydrolyzes sucrose to glucose and fructose [23,24]. In the current study,
mulching was found to reduce invertase activity within the topsoil rhizosphere while in-
creasing it in the subsoil during spring. Given that organic matter decomposition increases
via microbial enzyme production [25], the slightly increased alkaline pH and decreased
water content in spring [21] may have created the optimum conditions for invertase activity
in the topsoil rhizosphere. Meanwhile, dissolved C content decreases with an increase
in microbial biomass and C use in the rhizosphere [26], subsequently reducing invertase
activity (Figure 6).

Urease mineralizes organic N to ammonium [24,27]. The urease activity continuously
increased in bulk soil after mulching, along with available N (mineral N supply), N
mineralization, and ammonium content (Figures 3 and S2). However, the lower ammonium
content within the rhizosphere with mulch decreased urease activity when compared with
that without mulch. The decreased dissolved N content implies that mulch addition directly
increased the available nutrients, which were rapidly utilized by microorganisms. Similar
to a previous study [28], we found that SOC plays an important role in regulating enzyme
activity. In particular, SOC increased urease activity in winter (Figure 5) following its
accumulation in organic mulch. Hence mulching contributes to SOC accumulation and
nutrient (N) cycling.

Peroxidase is directly related to the decomposition of refractory SOC components due
to its involvement in lignin decomposition [29]. In our study, peroxidase activity decreased
with dissolved C (Figure 6). When the abundance of lignin and other refractory substances
increases, microorganisms secrete peroxidases [30]. Among the four mulching treatments,
Mulch-5 exhibited the highest level of peroxidase activity in spring when compared to the
control treatment, whereas Mulch-10 and Mulch-20 exhibited lower activity levels. We
speculate that the small amount of mulch can more readily enter the soil with water in
spring [31], where it effectively stimulates peroxidase activity. Meanwhile, in autumn, the
MBC content began to decrease in bulk soil, thus reducing the MBC/MBN ratio. This was
attributed to an increase in bacteria and decrease in fungi for 6 months after the application
of organic mulching [32,33]. The average C/N ratio of bacteria is 4 whereas that of fungi
is 10 [34]. A reduction in fungal abundance (decreased C/N ratio and MBC/MBN ratio)
decreases peroxidase activity as peroxidase is secreted by fungi [35].

Dehydrogenase partially reflects the overall microbial enzyme activity in soil. Mulching
increased the dehydrogenase activity in both the rhizosphere and bulk soil in autumn, thus
accounting for the increased mineralization of organic substances from both plant root
and litter decomposition in autumn. An additional N source provides sufficient N for soil
microbes, thus alleviating N competition between microorganisms and plants [36,37] and
increasing microbial activity [38,39]. As shown in the current study, dehydrogenase activity
increased with dissolved C and MBC (Figure 6).

The observed enzymatic activity differed within the rhizosphere and bulk soils after
mulching. That is, the enzyme activities in the rhizosphere exhibited a greater response
to organic mulching than those in bulk soil. Indeed, the rhizosphere is directly affected
by plant roots, and the organic matter inputted into the rhizosphere by root exudates is
readily utilized by microbes [15,40,41]. Moreover, rhizosphere enzymes are directly derived
from root secretions and exhibit a decreasing concentration gradient from the roots to
soil [16]. However, the balance between root input and microbial decomposition, as well as
the impact of other mechanisms associated with enzyme inactivation, might stabilize the
activities of rhizosphere enzymes in the short-term [42].

Our results prove the second hypothesis, that is, that the effects induced by mulching
on enzymatic activity increase with the amount of mulch applied; however, this trend was
not observed for C and N content. This indicates that enzyme activity is more sensitive to
mulching than the active and labile C and N fractions, which are readily transformed.
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4.2. Factors Affecting Enzyme Activities

Enzyme activities are driven primarily by labile C [43,44]. Indeed, dissolved C and
MBC were found to increase the activity of invertase and dehydrogenase, while decreasing
that of peroxidase (Figure 6). Similar to previous studies, we found a strong correla-
tion between enzymatic activity and the amount of dissolved organic C released from
decomposing litter [44–46], as well as with the microbial PLFAs [47]. Season and soil
depth—corresponding to the release of available C by roots—were more important factors
contributing to a source of persistent C and N than mulching (Tables S1 and S4).

Season determines the soil temperature, water content, root exudation, and microbial
activity, thereby controlling soil enzyme activities [48]. More specifically, temperature
directly influences enzyme activity through substrate diffusion and by altering the ki-
netic characteristics of enzymes, whereas it exerts indirect effects by affecting microbial
proliferation [49,50]. Generally, an increase in temperature enhances invertase activity
associated with C and N; however, C enzymes are more sensitive to temperature than N
enzymes [51,52], thus accounting for the greater temperature-related changes observed in
invertase activity (Figure 5).

Considering the soil water content, enzyme activity is limited under low moisture
conditions, particularly by decreasing substrate diffusion and offsetting the positive effects
of high temperatures [40,53,54]. Affected by the distribution of organic C and microbial
biomass in the soil profiles, enzyme activity decreases with soil depth [55–57]. Thus,
in addition to mulching, the season and soil depth were determined to also represent
important factors influencing enzymatic activity.

5. Conclusions

Overall, enzymatic activity was found to increase with an increase in the amount of
applied organic mulch in an urban forest. Moreover, the rhizosphere invertase activity
in spring, and urease activity in autumn decreased with a decrease in dissolved C and
available N, respectively. Meanwhile, peroxidase activity increased with mulch addition
in spring and decreased in autumn with a decrease in the microbial biomass C/N ratio.
Additionally, dehydrogenase activity in autumn increased with dissolved C and MBC.
Although the activity of these four enzymes were relatively similar in the rhizosphere and
bulk soil, exhibiting similar responses to organic mulching, those in the rhizosphere were
more sensitive to mulching due to more rapid C and nutrient cycling, as well as higher root
activities. In the spring, increased C and N contents in microbial biomass were associated
with an increase in invertase activity, whereas the SOC content determined urease activity
in winter. Ammonium and nitrate were determined to be the most important factors con-
tributing to peroxidase activity in autumn. Hence, the factors impacting enzymatic activity
are controlled by the season and soil depth via changes in water content, temperature, and
nutrient availability. Overall, organic mulch addition is an effective measure to accelerate
the C and N cycles in soil and can be especially useful for the amendment of urban soil in
parks and other green spaces.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13091352/s1, Figure S1: Effects of organic mulching on enzymatic
activity in rhizosphere and bulk soil; Figure S2: Effects of organic mulching on C and N fractions
in rhizosphere and bulk soil; Table S1: Analysis of variance of the effects of different seasons, soil
layers and treatments on enzyme activities in rhizosphere and bulk soil; Table S2: Differences in the
enzyme activities under mulching treatments in rhizosphere and bulk soil; Table S3: Differences in
the C and N fractions under mulching treatments in rhizosphere and bulk soil; Table S4 Analysis of
variance of the effects of different seasons, treatments and soil layers on carbon and nitrogen fractions
in rhizosphere and bulk soil.
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