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Abstract

Soil degradation and poor fertility severely constrain vegetation growth in urban ecosys-
tems, particularly in compacted and nutrient-depleted tree pits. Mulching has emerged as
an effective strategy to improve soil quality and regulate soil-microbe—plant interactions,
yet the combined use of organic and inorganic mulching in urban landscapes remains
underexplored. In this study, a one-year field experiment was conducted to evaluate the
effects of four mulching treatments on soil bacterial community diversity and functional
potential. Four treatments were applied green waste compost + wood chips (GW), green
waste compost + wood chips + volcanic rocks (GWV), green waste compost + wood chips
+ pebbles (GWP), and a non-mulched control (CK). Organic mulching (GW) effectively
reduced bulk density, enhanced cellulase and protease activities, increased bacterial com-
munity richness and balance, and enriched microbial genes associated with carbon and
nitrogen metabolism, while organic-inorganic mulching further promoted soil nutrition
and reshaped bacterial community structure. Soil pH, nitrogen content, and protease activ-
ity served as key drivers of bacterial community structure and function. These findings
demonstrate that different mulching practices provide distinct ecological advantages, and
together highlight the role of mulching in regulating soil-microbe—plant interactions and
improving urban tree pit management.
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1. Introduction

Soil degradation and poor fertility are common challenges in both natural and urban
ecosystems, often constraining vegetation establishment and long-term stability [1,2]. In
urban landscapes, bare tree pits are widespread, characterized by soil compaction, nutrient
depletion, and unstable microenvironments, such as rapid fluctuations in moisture and
temperature irregular nutrient availability, and frequent disturbance, all of which hinder
tree growth and ecosystem functions [3,4]. However, the extent and manifestation of
these problems are not uniform: urban soils differ considerably across climatic zones, soil
parent materials, and management histories, leading to diverse constraints on tree growth.
Effective soil management practices are therefore urgently required to improve soil quality,
promote plant performance, and enhance the resilience of urban green spaces.
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Among the numerous approaches available, mulching has gained considerable atten-
tion as a practical and multifunctional strategy widely applied in agriculture, forestry, and
landscaping [5,6]. Its effectiveness lies in its ability to improve soil physical conditions,
enhance organic matter content, regulate soil temperature and water fluxes, and stimu-
late nutrient cycling [7,8]. Organic mulches, such as compost and wood chips, primarily
function as nutrient inputs that enrich soil organic matter pools and provide carbon and
nitrogen substrates for microbial metabolism [9]. By stimulating microbial colonization
and extracellular enzyme activities, mulches enhance nutrient mineralization and humus
formation, thereby improving soil fertility and aggregate stability. The efficiency of these
processes is largely determined by the biochemical traits of the mulching materials, such as
their C:N ratio and lignin content, which regulate decomposition dynamics and nutrient
release, and are strongly influenced by substrate quality, environment conditions, and ini-
tial microbial community composition, all of which can vary across different locations and
treatments [10]. Beyond these direct benefits, organic mulches derived from landscaping
residues also offer a sustainable pathway for urban green waste recycling, thereby linking
soil management practices with broader sustainability goals [11,12].

In contrast, inorganic mulches such as pebbles, gravels, and volcanic rocks primarily
function through physical regulation: they reduce soil evaporation, buffer temperature
extremes, and stabilize the soil surface microenvironment [13,14]. Such modifications to
the hydrothermal regime can indirectly influence microbial activity, enzymatic turnover,
and organic matter decomposition [15]. While the functions of organic and inorganic
mulches are often considered separately, their combined application has the potential to
generate synergistic outcomes. Organic materials supply readily decomposable substrates
and nutrients, whereas inorganic layers protect the soil against environmental fluctuations,
creating more favorable conditions for microbial-mediated processes and nutrient reten-
tion [16]. However, several studies have highlighted that inorganic mulching alone may
exert neutral or even negative impacts. For example, gravel-sand mulching was reported
to alter bacterial communities without significantly enhancing microbial diversity or soil
fertility [17]. and prolonged use of mineral mulches has been linked to increased soil bulk
density and restricted root penetration, thereby offsetting potential benefits [18,19].

Despite these recognized benefits, much of the existing research on mulching has been
conducted within agricultural soils or arid and semi-arid regions [20,21]. These studies
primarily emphasize water conservation, temperature regulation, and crop productivity,
reflecting the pressing concerns of those systems. However, soil conditions in afforesta-
tion and urban landscaping contexts are highly heterogeneous: some sites are severely
compacted and nutrient-limited, while others may retain relatively better fertility due to
differences in previous management practices [22]. These variations make research in such
settings particularly challenging. Existing research indicates that studies on the synergistic
effects of organic and inorganic mulching are relatively limited [23].

The interactions between organic-inorganic mulching regimes and soil processes
under these urban conditions remain poorly understood. Specifically, there is limited
knowledge on how mulching influences the integration of soil physicochemical properties,
enzyme activities, and microbial community composition, which together determine soil
functional capacity. Furthermore, the temporal dimension of mulching effects is under
explored: while short-term improvements in soil quality are frequently reported, whether
these benefits persist, diminish, or even shift in character over longer periods remains un-
certain. This knowledge gap restricts the broader application of mulching as a scientifically
grounded soil restoration strategy for urban ecosystems, where maintaining soil health,
microbial diversity, and vegetation stability is critical for long-term ecological sustainability.
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To address these gaps, we conducted a one-year field mulching experiment in a
nursery, using triploid Populus tomentosa as the test species. This fast-growing, highly
adaptable tree is commonly used in northern China for windbreaks, sand stabilization,
and carbon sequestration, making it ideal for urban and afforestation applications. Four
mulching treatments were applied: green waste compost + wood chips (GW), green
waste compost + wood chips + volcanic rocks (GWYV), green waste compost + wood
chips + pebbles (GWP), and a non-mulched control (CK). We aimed (i) to assess short-
term impacts of organic—inorganic mulches on soil quality and tree growth, specifically
hypothesizing that the synergistic combination of organic and inorganic materials will
more effectively promote the above-mentioned improvements compared to organic mulch;
and (ii) to elucidate bacterial community responses to different mulching strategies, with
the hypothesis that certain mulch practices will promote the growth of beneficial microbial
communities that enhance soil nutrient cycling. This study provides scientific guidance for
mulch management and highlights the potential of landscaping waste-derived mulches for
sustainable urban soil improvement.

2. Materials and Methods
2.1. Study Site

The field experiments were conducted in October 2023 at Huangfa Nursery, Daxing
District, Beijing (116°19'48" E, 39°34/28” N). The region belongs to temperate monsoon
climate, characterized by hot and rainy summers and cold and dry winters. The mean annual
temperature is 11.6 °C, and mean annual precipitation is 656 mm, mostly concentrated in
summer. The mean altitude is 32.5 m. The soil at the site is classified as alluvial sandy loam,
with a pH value of 8.40, bulk density (BD) of 1.29 g cm 3, soil organic matter (SOM) of
8.96 g kg1, total nitrogen (TN) of 0.60 g kg~!, available nitrogen (AN) of 40.26 mg kg,
available phosphorus (AP) of 13.03 mg kg ! and available potassium (AK) of 86.51 mg kg .

2.2. Materials and Treatments

The mulching materials include green waste compost (G), wood chips (W), volcanic
rocks (V), and pebbles (P). Four treatments were set up in the experiment (Figure 1): CK,
no mulching; GW, green waste compost + wood chips; GWYV, green waste compost + wood
chips + volcanic rocks; GWP, green waste compost + wood chips + pebbles. In the GW
treatment, a 2 cm layer of green waste compost was applied at the bottom and covered
with a 3 cm layer of wood chips. In GWV and GWP treatments, an additional 3 cm layer of
volcanic rocks or pebbles was applied on top of the GW layer. Treatments were randomly
assigned in a completely randomized design (CRD) to 2 m diameter pits of 2-year-old
triploid Populus tomentosa planted at 3 m x 2 m spacing, with 20 replicates per treatment.
Basic physicochemical properties of organic mulching materials were shown in Table 1.
During the experimental, irrigation and other management practices were kept consistent
across all treatments to minimize confounding effects. The total mulch thickness in our
design (5-8 cm) is within the recommended range for tree mulching (generally 5-10 cm),
which has been suggested to optimize soil moisture conservation, nutrient supply, and root
growth without causing excessive soil compaction or oxygen limitation [24,25].
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Figure 1. (a) Schematic diagram of layered mulching; (b) The field-controlled experiment in Huangfa
Nursery; (c—f) photographs of mulching treatments (CK, GW, GWP, and GWYV, respectively).

Table 1. Basic physicochemical properties of mulching materials.

Mulching ° oM TN AN AP AK
Materials p (g/kg)  (g/kg)  (ghkg)  (mg/kg) (mg/kg)
Green waste 8.22 158 23.20 0.40 161.12 3802
compost
Wood chips 7.40 429 11.80 / / /

Notes: “/” represents untested; OM, Organic matter; TN, Total nitrogen; AN, Available nitrogen; AP, Available
phosphorus; AK, Available potassium.

2.3. Methods
2.3.1. Soil and Plant Sampling

After one year of mulching, 10 trees were randomly selected from 20 replicates per
treatment. Tree height (TH) was determined using a Blume-Leiss hypsometer, and crown
width (CW) was calculated as the average of the maximum and perpendicular crown
diameters [26]. Diameter at breast height (DBH) was recorded at 1.3 m above ground level
using a digital caliper. The selected trees were destructively sampled to determine biomass-
related traits. Above-ground dry weight (ADW) and below-ground dry weight (BDW)
were obtained by oven-dried at 65 °C until constant weight [27]. Root volume (RV) was
measured by the water displacement method [28], and total biomass (TB) was calculated
as the sum of ADW and BDW. For soil sample, surface mulching materials were carefully
removed from each tree pit. Soil samples were collected using a soil drill with a diameter
of 5 cm. For each tree pit, three soil cores (0-10 cm) were randomly taken at approximately
20 cm from the trunk, avoiding visible roots and then mixed into a composite sample. The
composite sample was subsequently divided into three portions [29]: (1) soil bulk density
(BD) analysis, stored in a ring knife; (2) soil physicochemical properties, after air-drying,
sieving through a 2 mm sieve using a ball mill; (3) microbial community analysis, stored at
—80 °C and sent to Shanghai Meiji Biotechnology Co., Ltd. (Shanghai Meiji Biotechnology
Co., Ltd., Shanghai, China) [30,31]; and (4) analysis of cellulase (CEL) and protease (PR)
activity, stored at 4 °C.

2.3.2. Soil and Test Materials’ Physicochemical Property Measurement

Soil pH was measured using a pH meter (Mettler Toledo, Beijing, China) in a 1:2.5
soil to water suspension. Soil bulk density (BD) was determined using the ring knife
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method. Soil organic matter (SOM) was determined by the potassium dichromate external
heating method. Total nitrogen (TN) and available phosphorus (AP) were determined
using the Kjeldahl method and Olsen methods, respectively [32,33]. Available nitrogen
(AN) was determined using the alkali diffusion method [34] and available potassium (AK)
was measured by the NH;OAc extraction-flame photometry method [35]. Soil cellulase
activity was determined by the 3,5-dinitrosalicylic acid (DNS) colorimetric method using
sodium carboxymethyl cellulose (CMCNa) as the substrate, and soil protease activity was
determined by the Folin—Ciocalteu colorimetric method using casein as the substrate [36,37].
Green waste compost (G) and wood chip (W) samples were air-dried, ground, and sieved
(<1 mm) prior to analysis, and their physicochemical properties were measured following
the same procedures applied for soil samples. For all analyses, three replicates were
prepared for each sample. Quality assurance was ensured by including reagent blanks and
standard reference materials, and instruments were calibrated.

2.3.3. Soil Bacterial Community

Total genomic DNA was extracted from soil samples using the Mag-Bind® Soil DNA
Kit (Omega Bio-tek, Norcross, GA, USA). Concentration and purity of extracted DNA was
determined with TBS-380 and NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA),
respectively. DNA extract quality was checked on 1% agarose gel. DNA extract was frag-
mented to an average size of about 400 bp using Covaris M220 (Gene Company Limited,
HK, China) for paired-end library construction. Paired-end library was constructed using
NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters containing the
full complement of sequencing primer hybridization sites were ligated to the blunt end of
fragments. Paired-end sequencing was performed on Illumina NovaSeq (Illumina Inc., San
Diego, CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) using No-
vaSeq 6000 5S4 Reagent Kit v1.5 (300 cycles) (Illumina, San Diego, CA, USA.). The paired-end
INlumina reads were trimmed of adaptors, and low-quality reads (length < 50 bp or with a
quality value < 20 or having N bases) were removed by fastp (v 0.20.0) [38]. Metagenomics
data were assembled using MEGAHIT (v 1.1.2) [39]. Contigs with a length > 300 bp were
selected as the final assembling result. Open reading frames (ORFs) from each assembled
contig were predicted using MetaGene (https://www.metagene.de/) [40]. The predicted
ORFs with a length > 100 bp were retrieved and translated into amino acid sequences using
the NCBI translation table. A non-redundant gene catalog was constructed using CD-HIT
(v 4.6.1) with 90% sequence identity and 90% coverage [41]. High-quality reads were aligned
to the non-redundant gene catalogs to calculate gene abundance with 95% identity using
SOAPaligner (v 2.21) [42]. Taxonomic annotation was performed by aligning representative
sequences from the non-redundant gene catalog to the NR database (Non-Redundant Protein
Sequence Database) using Diamond (v 0.8.35; e-value < 1 x 10~°). Functional annotation of
KEGG pathways was conducted by aligning the same sequences to the KEGG database under
identical parameters.

2.4. Analysis

Excel and SPSS 23.0 were used for data processing and statistical analysis. Origin 2023
and R 4.4.3 were employed to create visualization charts. The least significant difference
(LSD) test was conducted to verify the significance of differences at the p < 0.05 level.
Soil metagenomic analyses and data visualization were conducted on the Majorbio Cloud
Platform (www.majorbio.com, accessed on 12 February 2025) according to the platform’s
standard protocols. Correlation analyses were performed to examine the relationships
between the relative abundances of dominant soil bacteria (at the phylum and family
levels) and environmental factors. Mantel tests were conducted to evaluate the associations
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between soil bacterial community composition and environmental variables. Additionally,
the relative abundances of KEGG functional pathways in soil bacterial communities under
different treatments were quantified and visualized.

3. Results
3.1. Response of Soil Physicochemical Properties and Test Plant Growth to Mulching Practices
Significant differences in soil characteristics were observed among the mulching
treatments (Table 2). BD was the highest under GWP, significantly (p < 0.05) higher than
that under GW. Soil pH reached its maximum in GW and was the lowest in GWV. Regarding
nutrients, GWV showed the greatest SOM and TN, while GWP had the highest AP and
AK. In terms of enzyme activities, CEL and PR were most pronounced in GW, significantly
(p < 0.05) surpassing the other treatments.

Table 2. Means (£SE, n = 3) of soil physicochemical properties characteristics under different treatments.

BD N AN AP AK CEL PR
Treatments — (/em3) pH SOM (g/ke) (g/kg) (g/kg) (mg/kg) (mg/kg) (ug/g-h) (ug/gh)
CK 1294+001b  846+0.12b  9.10+071d  062+0.03c  40.89-+172c  11.95+090c¢ 176 +8d 3.04+045d  1.214+030c
GW 1.26 £0.01¢ 8.57 £0.09a 9.75+0.79 ¢ 0.70 +£0.04b 4698 +1.81a 1204 +1.17c¢ 194+ 16c¢ 399 +042a 196 +0.43a
GWP 1314001a 84340.10bc  1057+£0.65b  0.63+0.03c  4454+2.03b 17.434+2.03a 213+22a 345+053b  1.55+0.29b
GWV 1294001b  838+0.08c 11.11+083a 0.81+0.04a 47.11+249a 13.77+1.68b 203+ 19b 373+039¢  1.86+046a
Note: BD, Bulk density; SOM, Soil organic matter; TN, Total nitrogen; AN, Available nitrogen; AP, Available
phosphorus; AK, Available potassium; CEL, Cellulase; PR, Protease. Lowercase letters indicate significant
differences under different treatments (p < 0.05).

Compared with CK, mulching significantly promoted the growth of triploid Populus
tomentosa, with growth parameters being improved to varying degrees (Table 3). All
mulching treatments (GW, GWP, GWV) showed significantly (p < 0.05) higher TH, CW,
DBH, and ADW than CK. Among them, GWP exhibited the greatest TH, CW, DBH, and
BDW, whereas GWV showed the highest ADW, RV, and TB.

Table 3. Means (+SE, n = 10) of test plant index under different treatments.

Treatments TH (m) CW (m) DBH (cm) ADW (kg) BDW (kg) RV (dm?) TB (kg)
CK 266+019b 1574+0.18d 290+0.14b 4.69 +£0.25¢ 203+0.23a 248+047b 6.72£0.30c
GW 319+031la 1.794+020b 3.06+0.12a 5924 0.36ab 206 +028a 320+053a 798+0.34a

GWP 321 +£0.22a 1914+024a 3.10+0.15a 592 £0.25ab 2.08 £0.26 a 3.21+0.37a 8.01 +0.22a
GWV 315+025a 1.69+0.19bc 3.04+021a 6.02 + 046 a 203 +034a 322+ 043 a 8.05+0.39 a

Note: TH, tree height; CW, crown width; DBH, diameter at breast height; ADW, above-ground dry weight; BDW,
below-ground dry weight; RV, root volume; TB, total biomass. Lowercase letters indicate significant differences
under different treatments (p < 0.05).

3.2. Response of Soil Bacterial Diversity and Community Structure Response to
Mulching Practices

All measured alpha diversity indices responded significantly to mulching treatments
(Table 4). GW and GWP exhibited the highest Chao index (225), significantly higher
than CK (223) and GWYV (221). GWYV had the highest Shannon and Pielou indices (2.68
and 0.4971, respectively), significantly exceeding those of other treatments. GW ranked
second (2.66 and 0.4912, respectively), whereas GWP had the lowest values (2.62 and
0.4835, respectively), significantly lower than all other treatments. GW showed the highest
Simpson index (0.1351), significantly exceeding CK (0.1303) and GWYV (0.1199) but did not
differing from GWP (0.1319).
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Table 4. Means (£+SE, n = 3) of soil bacterial alpha diversity to index under different treatments
(Class level).

Treatments Chaol Shannon Simpson Pielou
CK 223+1b 2.64+0.01c 0.1303 £ 0.0012 b 0.4879 £ 0.0009 c
GW 225+ 2a 2.66 +0.02b 0.1351 £ 0.0040 a 0.4912 £+ 0.0031 b
GWP 225+2a 2.62£0.02d 0.1319 £ 0.0041 ab 0.4835 £ 0.0040 d
GWV 21=*1c 2.68 £0.01a 0.1199 £ 0.0028 ¢ 0.4971 £ 0.0012 a

Different letters in the same column indicate statistically significant differences (p < 0.05).

Venn diagram illustrated the shared and unique bacterial genera under different
mulching treatments (Figure 2). A total of 3759 genera were common across all treatments.
Among the unique taxa, CK, GW, GWP, and GWV harbored 30, 28, 4, and 11 exclusive
genera, respectively. The number of genera shared by three treatments ranged from 4 to 63,
with the highest overlap observed between CK and GW (63 genera). Overall, mulching
treatments (GW, GWP, GWYV) increased the number of shared bacterial genera compared
with CK, indicating that mulching not only shaped distinct community structures but also
promoted greater microbial overlap.

@ck Oew OGwrP O GwWv

Figure 2. Venn diagram of soil bacterial communities under different treatments (genus level).

Principal coordinate analysis (PCoA) further revealed clear differences in bacterial
community composition among treatments (Figure 3). The first two axes explained 31.41%
(PC1) and 20.52% (PC2) of the total variation. Mulching samples (GW, GWP, GWV) were
clearly separated from the control (CK), with GWV showing divergence along PC1, whereas
CK exhibited higher intra-group variation. Permutational multivariate analysis of vari-
ance (PERMANOVA) confirmed that mulching significantly altered bacterial community
structures (R? = 0.441, p = 0.009).
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Figure 3. Principal coordinate analysis (PCoA) of soil bacterial community structures under dif-
ferent treatments. The analysis was based on Bray—Curtis distance matrices. Ellipses indicate 95%
confidence intervals.

3.3. Soil Bacterial Community Composition and Environmental Drivers

At the phylum level (Figure 4a), Pseudomonadota, Actinomycetota, and Acidobacteriota
were dominant, together accounting for 60.66-63.13% of the total bacterial community. Pseu-
domonadota exhibited the highest abundance, followed by Actinomycetota and Acidobacteriota,
whereas Chloroflexota, Rokubacteria, Bacteroidota, and Gemmatimonadota were less abundant.
The relative abundances of Pseudomonadota and Acidobacteriota were significantly (p < 0.05)
higher in GW than in other treatments, while Actinomycetota was significantly (p < 0.05)
lower. Compared with CK, mulching significantly reduced Chloroflexota. Notably, Candida-
tus Rokubacteria reached its highest proportion in GWV (6.36%), whereas Thermomicrobiota
peaked in GWP (4.18%). At the family level (Figure 4b), Vichamilbaetcracae were most
abundant (5.91-8.80%), followed by Candidatus Rokubacteria (2.64-6.35%), Nocardioidaceae
(1.85-3.91%) and Anaerolineaceae (2.22-3.29%). The relative abundances of Nocardioidaceae
and Gemmatimonadaceae were significantly (p < 0.05) higher in CK and GWP than in other
treatments, whereas Sphingomonadaceae was significantly (p < 0.05) lower in GWP.

M Pseudomonadota 404 M Vicinamibacteraceae
M Actinomycetota [l Candidatus_Rok
B Acidobacteriota 9 W Nocardioidaceae
. M Chioroflexota B M Anacrolincaceac
| Candidatus_Rokubacteria 2 5 Gemmatimonadaceae
> 30
| . 2 - I Rubrobacteraccac
Gemmaimonadot g - Gaielsceae
M Thermomicrobiota g M Sphingomonadaceae
M Nitrospirota g _ M Sphaerotilaceae
Crabwciion . Cioptugaose
g [—
El
2
g
=
g
3
< 10
<
:
2
o &
& S+ {
& G‘s e ° & 04:.4

Figure 4. The relative abundances of dominant phylum (a) and family (b) for soil bacterial community
under different treatments (top 10).
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Pearson’s correlation analysis revealed significant associations between dominant bac-
terial taxa and soil properties (Figure 5). At the phylum level (Top 7), the relative abundance
of Pseudomonadota was positively correlated with pH (R? = 0.552, p < 0.05). Actinomycetota
showed strong negative correlations with pH, AN, PR, and ALP (R? = —0.771 to —0.851,
p < 0.01), but was positively correlated with TN (R? = 0.548, p < 0.05). Acidobacteriota also
showed a positive relationship with pH (R? = 0.538, p < 0.05), while Bacteroidota correlated
with BD (R? = 0.523, p < 0.05), and Candidatus Rokubacteria with TN (R? = 0.515, p < 0.05). In
addition, Gemmatimonadota displayed significant positive correlations with AP (R? = 0.522)
and AK (R? = 0.554) (p < 0.05). At the family level (Top 5), Vicinamibacteraceae showed
strong positive correlations with SOM, TN, AN, CEL, and PR (R% = 0.673 to 0.895, p <0.01).
Candidatus Rokubacteraceae correlated positively with AP (R? = 0.786, p < 0.05). In con-
trast, Gemmatimonadaceae and Anaerolineaceae were negatively related to AP (R? = —0.624
and —0.594; p < 0.05), with Anaerolineaceae also showing a negative correlation with SOM
(R? = —0.601, p < 0.05).

pH SOM TN AN AP AK CEL PR

e 1.00
Pseudomonadota _.. . ‘
Actinomycetota ‘
8* Acidobacteriota 0.60
Nad
g Chloroflexota
—
z
N, Bacteroidota
— 0.20
Candidatus Rokubacteria
Gemmatimonadota
""""""""" — —0.20
Vicinamibacteraceae
—
Lg_e Candidatus Rokubacteraceae
=2
S’
> Nocardioidaceae —0.60
g Anaerolineaceae
e
Gemmatimonadaceae .
-1.00

Figure 5. Correlation analysis between soil dominant bacterial relative abundance (at phylum and
family level) and environmental factors. * p < 0.05, ** p < 0.01.

Mantel test analysis demonstrated that soil bacterial community composition was
significantly correlated with environmental factors (Figure 6). The results showed that
the soil bacterial community was significantly (p < 0.05) correlated with PR and highly
significant (p < 0.01) correlation with pH. These results indicated that nutrient availability
and enzyme activities are the primary drivers shaping bacterial community structure under
different mulching treatments.
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Figure 6. Correlations between soil bacterial community and environmental factors analyzed by
Mantel test. * p < 0.1, ** p < 0.05, *** p < 0.01.

3.4. Response of Soil Bacterial Community Functional Gene Abundance to Mulching Practices

KEGG functional annotation demonstrated that the functional gene repertoire of the
soil bacterial community was predominantly assigned to metabolism-related pathways,
followed by those associated with environmental information processing and cellular
processes (Figure 7). Significant variation was detected in the relative abundance of several
core metabolic pathways across the mulching treatments. In particular, the GW treatment
exhibited markedly higher gene abundances in most metabolic pathways, with especially
pronounced enrichment in carbohydrate metabolism, amino acid metabolism, and energy
metabolism (p < 0.05). These results indicate that mulching substantially influences the
functional potential of soil bacteria, although no significant differences were observed
among treatments other than GW.
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4. Discussion
4.1. Response of Soil Physicochemical and Test Tree Growth Composition to Mulching Practices

After one year of mulching, soil physicochemical properties and enzymatic activities
were improved to varying degrees, demonstrating the effectiveness of mulching in soil
amelioration. This aligns with previous studies reporting that organic mulching enhances
soil fertility by improving nutrient retention and stimulating enzymatic activities [9,43].
Among the treatments, GW was particularly effective in reducing soil BD and increasing
CEL and PR activities, which can be attributed to the combined input of green waste
compost and wood chips. This is consistent with previous findings that green waste
compost mulched increase soil porosity and stimulate microbial enzyme activity [44].
These materials provide organic substrates for soil fauna and microorganisms, promoting
microbial metabolism, soil aggregation, and organic matter transformation, similar to
organic inputs in natural ecosystems.

The addition of pebbles and volcanic rocks produced significant and divergent ef-
fects on soil physicochemical properties, mainly reflecting the synergistic enhancement
between organic mulch (as a carbon and nitrogen source) and mineral mulch, which can
regulate soil microenvironments. GWV showed the best performance in increasing SOM
and TN, while maintaining high levels of AN, making it the most favorable strategy for
enhancing nitrogen accumulation and organic matter stabilization. Previous studies have
suggested that gravel or mineral mulches can indirectly regulate the transformation and
decomposition of organic matter by altering soil microclimate conditions, thereby influ-
encing microbial activity [45]. The superior performance of GWV in this study further
supports this mechanism. In contrast, pebbles mulching (GWP) exhibited a remarkable
advantage in rapidly and substantially increasing AP and AK. This may be associated
with the dissolution of mineral components and the release of specific ions [46,47]. Indeed,
previous studies have reported that mineral mulches can enhance the dissolution and
release of AK under wet—dry cycles [48], and that nutrient release from rock weathering
may alleviate soil nutrient depletion induced by crop growth [49]. However, studies have
also reported that certain types of inorganic mulching, particularly pebble mulches, may
increase soil compaction, reduce infiltration, or suppress root activity over time, thereby
offsetting their short-term nutrient benefits [18,19]. These contradictory findings suggest
that the positive effects of mineral mulching may be context-dependent, influenced by soil
type, rainfall regime, and duration of application.

The improvement of soil conditions significantly promoted the growth of test trees.
These results suggest that organic and inorganic mulches create a favorable soil environ-
ment for root development and nutrient uptake, thereby accelerating biomass accumulation
both above and below ground. Although the differences among mulching treatments were
relatively small, all mulched plots outperformed the control, indicating that mulching can
provide notable benefits for early tree establishment. These findings align with previous
studies, for instance, Machado et al. [50] reported that organic mulching improved seedling
survival and enhanced height and diameter growth in restoration plantings. On the other
hand, some studies on urban tree pits and arid regions have found neutral or even negative
effects of inorganic mulching on tree performance, due to restricted gas exchange or soil
hardening [18,19]. Therefore, while our results highlight clear benefits within the first year,
longer-term evaluations are necessary to determine whether such positive effects persist.

4.2. Response of Soil Bacterial Diversity and Community Composition to Mulching Practices

As decomposers in ecosystems, soil microorganisms play pivotal roles in nutrient
cycling and energy flow [51]. Mulching not only enhances soil nutrient content but also
regulates soil moisture and temperature, thereby creating favorable habitats for microbial
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communities [9]. Consistent with earlier studies [52-54], our results showed that mulching
significantly reshaped the bacterial community.

Analysis of a-diversity revealed that GW had higher richness and diversity, indicating
a tendency toward a more diverse and balanced bacterial community. In particular, the
enrichment of Pseudomonadota and Actinomycetota may reflect microbial interactions such
as nutrient exchange or chemical signaling that support their proliferation [55,56]. The
widespread dominance of these phyla across ecosystems underscores their strong ecological
adaptability [57,58]. For instance, Pseudomonadota are known for their ability to degrade
a variety of organic compounds, promoting nutrient cycling in mulched soil [59]. At
the -diversity level, PCoA based on Bray-Curtis distances clearly separated mulched
soils from CK, indicating that mulching altered bacterial community assembly, which is
consistent with findings from previous studies [10,12,15]. Nevertheless, other reports have
found that inorganic mulching alone exerts neutral or limited effects on microbial diversity,
suggesting that organic inputs may be the dominant factor driving microbial community
restructuring [17].

Notably, the GWP treatment markedly enriched the thermophilic phylum Thermomi-
crobiota, characterized by optimal growth at 45-65 °C and typically associated with compost
and thermally altered soils [60]. This group was favored by the unique microenvironment
created by pebbles mulching. Enhanced thermal absorption elevated soil temperatures,
while organic inputs supplied lignocellulosic and other organic carbon sources, together
forming a warm, carbon-rich niche that facilitated the expansion of Thermomicrobiota into
otherwise less favorable environments [61].

4.3. Relationships Between Soil Properties, Bacterial Communities and Functional Potential

Correlation analyses revealed strong associations between soil factors and microbial
community composition. Correlations with Mantel r > 0.4 and p < 0.05 were considered
statistically significant. Soil pH, nutrient availability, and enzyme activities emerged as
key drivers of microbial community structure. Nutrient inputs from green waste compost
mulching have been widely reported to alter microbial community structures [62], and our
findings are consistent with this pattern. In particular, the abundance of Actinomycetota
and Acidobacteriota was significantly correlated with soil nitrogen and pH, in line with
their known ecological preferences [63]. Previous studies also demonstrated that soil
physicochemical properties, especially soil organic carbon and nitrogen contents, are critical
determinants of bacterial diversity and composition [64,65].

At finer taxonomic levels, Vicinamibacteraceae exhibited strong positive correlations
with SOM, TN, AN, and enzymatic activities, suggesting that copiotrophic taxa are more
likely to dominate under nutrient-rich and biologically active conditions, a trend also
observed in straw mulching systems where copiotrophic Proteobacteria and Actinobacteria
are enriched [66]. In contrast, Anaerolineaceae and Gemmatimonadaceae showed negative
associations with AP and SOM, indicating that oligotrophic or stress-tolerant taxa tend to
persist in less favorable environments. These patterns highlight the divergent ecological
strategies among bacterial groups in response to mulching-induced changes in soil chem-
istry, properties, and fertility. Such findings support the broader view that soil bacterial
assemblages are shaped by complex interactions between soil chemistry and microbial
metabolic traits, and that microbial functional potential encompasses not only enzymatic
activities measured in soils but also the presence and diversity of genes associated with key
biogeochemical processes [63,67].

Mantel test analysis further confirmed that pH and protease activity were the domi-
nant drivers of bacterial community variation, emphasizing the dual importance of soil
chemistry and enzymatic processes in shaping microbial assembly. This is consistent with
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previous reports that soil pH acts as a primary environmental filter in structuring bacterial
communities across ecosystems [68]. These results suggest that mulching regulates micro-
bial ecology by altering soil physicochemical properties and enzyme activities, which in
turn influence microbial community composition and functional roles in key biochemical
processes such as carbon and nitrogen cycling. Since the effects of soil factors on microbial
communities may vary seasonally due to temperature and moisture fluctuations, long-term
studies are needed to evaluate the temporal stability of mulching impacts.

4.4. The Role of Mulching Practices in Shaping Soil Bacterial Communities and Functional Genes

The PICRUSt functional prediction approach can be used to assess differences in
bacterial metabolic pathways under different mulching and provides phylogenetic in-
sights relevant to soil bioremediation [69]. KEGG functional annotation demonstrated that
mulching significantly influenced the metabolic potential of soil bacterial communities,
with the GW treatment showing the most pronounced effects. GW markedly enhanced
genes associated with carbohydrate, amino acid, and energy metabolism, indicating that
organic mulching significantly stimulated microbial metabolic processes such as carbon
substrate decomposition, nitrogen turnover, and energy production. This enhancement is
also linked to the increased enzymatic activities observed in the soils under this treatment
(see Table 2), suggesting a more active microbial community capable of breaking down
complex organic compounds. These enhancements likely reflect the combined effects
of organic inputs providing labile carbon sources and mineral mulching modifying soil
microenvironments, thereby stimulating microbial activity. Core metabolic pathways such
as carbohydrate and amino acid metabolism were particularly enriched, indicating an
improved potential for both carbon utilization and protein/nitrogen recycling. Such shifts
are consistent with previous findings that organic matter amendments promote microbial
metabolism and nutrient cycling [9,70].

By contrast, the GWP and GWYV treatment did not exhibit significant functional en-
hancement, suggesting that pebbles and volcanic rocks mulches may lack sufficient labile
substrates to support microbial metabolism, particularly in energy and nitrogen metabolism,
which are highly dependent on the availability of readily decomposable organic materials.
Furthermore, the organic-inorganic mulch treatment did not exhibit a synergistic effect.
These results highlight that mulching strategies differ not only in their effects on community
composition but also in their regulation of microbial functional diversity, consistent with
previous findings [70,71]. Overall, mulching treatments increased the abundance of most
metabolism-related genes compared with CK, indicating enhanced bacterial metabolic
activity. Meanwhile, the functional enrichment observed under GWP and GWV implies
that combined organic-inorganic mulching can reinforce soil nutrient cycling processes,
thereby contributing to improved soil fertility and plant growth. As Cheng et al. [72] em-
phasized, soil nutrient status strongly influences bacterial communities by shaping resource
acquisition and utilization; thus, mulching practices may affect microbial communities
both directly and indirectly through improvements in soil physicochemical properties,
ultimately enhancing soil quality.

In brief, mulching underscores the positive impacts of organic amendments on soil bac-
terial communities. Reasonable mulching practices can enhance bacterial biomass turnover
and nutrient cycling, thereby improving soil quality, promoting plant growth, and provid-
ing practical guidance for sustainable forest and landscape management. However, this
study has certain limitations. Firstly, the prolonged impacts and underlying mechanisms
of both organic and inorganic mulching on soil microbial communities remain unclear,
indicating the need to establish long-term monitoring systems to evaluate their ecological
consequences in urban landscaping. Additionally, it focused on bacterial communities, and
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future research will explore the role of fungal communities to provide a more complete
understanding of microbial dynamics.

5. Conclusions

Different mulching practices exert additive effects on soil fertility, promoting plant
biomass accumulation, while simultaneously reshaping bacterial diversity, community com-
position, and functional potential. Organic mulching (GW) reduced soil BD and enhanced
enzymatic activity, and notably enriched microbial genes associated with carbon and ni-
trogen metabolism. In contrast, combined organic-inorganic mulching (GWV and GWP)
further enhanced soil nutrient accumulation and reshaped bacterial community structure.
Mantel test analyses identified that soil pH, nitrogen, and PR as the primary drivers of
bacterial community variation. Overall, these findings suggest that different mulching
practices provide distinct ecological benefits, and that their selection should be guided by
specific management objectives. Nevertheless, the temporal dynamics and seasonal effects
on mulching effectiveness, along with the long-term sustainability of these effects, remain
uncertain, highlighting the need for extended field studies and continuous monitoring to
optimize mulching strategies for sustainable urban forestry and landscape management.
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