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Abstract

Mulching is an agronomic practice that improves orchard soil and promotes root growth.
To investigate the regulatory effects of different mulching materials on soil properties, mi-
crobial communities, and root function in apple orchards, eight treatments were established:
clean tillage (CK), organic fertilizer mulching (OFM), chopped corn straw mulching (SM1),
chopped and bundled corn straw mulching (SM2), intact corn stover mulching (SM3),
composted apple branch mulching (BM), horticultural ground cover fabric mulching (FM),
and weed mulching (WM). The results showed that OFM, BM, SM1, and SM3 exhibited
effective cooling effects during summer. During the peak root-flush period, OFM, SM3,
and BM significantly reduced soil bulk density, increased porosity, enhanced soil organic
matter and available nutrient contents, and elevated the activities of soil sucrase, urease,
and catalase. Moreover, these treatments promoted the accumulation of carbohydrates
and the uptake of mineral nutrients in roots. OFM and SM3 significantly increased the
Simpson index of both soil bacterial and fungal communities, while BM improved the beta
diversity of bacterial and fungal communities. OFM, SM3, and BM can effectively improve
soil physicochemical properties, optimize microbial community structure, and enhance
root nutrient uptake. It is recommended as a mulching measure for soil in northern apple
orchards. Among the eight treatments evaluated, OFM, SM3, and BM exhibited superior
performance in improving soil physicochemical properties, promoting root function, and
enhancing microbial community diversity. Therefore, the findings of this study provide an
effective soil management strategy for apple orchards in the cold northern regions of China.

Keywords: apple orchard; mulching; soil quality; microbial community; root function

1. Introduction

Apple is an economically important fruit tree widely cultivated around the world.
According to FAO statistics, in 2024, China’s apple cultivation area reached approximately
2.0897 million hectares, with a production of 5128.64 million tons, ranking first in the world
in both area and yield. Among the major growing regions, the cold-region apple cultivation
zone in Northeast China has developed into a distinctive apple-producing area, owing
to its large diurnal temperature range and abundant sunlight. This region plays a crucial
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role in increasing farmers’ income and promoting regional economic development [1].
However, investigations have revealed that apple orchards in this region commonly suffer
from extensive soil management practices, low organic matter content, and soil structure
degradation. These issues lead to decreased stability of the soil environment, which in
turn restricts root function and adversely affects tree growth, development, and fruit
quality [2,3]. Therefore, soil quality is a key factor affecting crop growth [4]. As the
core organ responsible for water and nutrient uptake and for sensing changes in the
soil environment, the functional status of the root system directly determines the overall
productivity and stress tolerance of the tree [5,6]. Particularly during the peak root-flush
periods in spring, summer, and autumn (i.e., the periodic phases of active root growth in
apple trees), the root system is extremely sensitive to changes in soil temperature, moisture,
aeration, and nutrient supply. The root system is particularly sensitive to changes in soil
temperature, moisture, aeration, and nutrient supply during the peak root-flush periods in
spring, summer, and autumn. Therefore, investigating soil mulching practices is of great
significance for improving the soil environment, regulating root physiological functions,
and achieving sustainable soil management in apple orchards [7].

Mulching cultivation techniques generally refer to agricultural ground management
practices that cover the soil surface with organic, inorganic, or specialized materials [8].
Appropriate application of soil mulching can maintain soil moisture, improve soil physic-
ochemical properties, and enhance soil nutrient accumulation, thereby promoting plant
growth and development [9-11]. Previous studies have shown that, compared with clean
tillage, eight years of grass mulching significantly increased soil available nutrient con-
tents and enhanced soil enzyme activities in citrus orchards [12]. Jiang et al. [13] found
that both corn straw mulching and grass mulching effectively improved the capacity of
the soil enzyme system to efficiently decompose and utilize substrates in apple orchards.
Webber et al. [14] reported that two years of compost mulching in a ‘Gala” apple orchard
significantly increased soil carbon and nitrogen contents, with both increases exceeding
50%. In addition, straw mulching effectively suppressed approximately 90% of weeds and
increased soil moisture by about 5%.

In arid and semi-arid regions of China, inorganic mulching materials are commonly
used, including transparent plastic film, black plastic film, and biodegradable film [15].
These materials effectively reduce soil evaporation, and under common field cultivation
practices (e.g., ridge—furrow planting), rainfall can infiltrate through the non-mulched areas
(e.g., furrows) and subsequently supply water to the root zone, thereby enhancing water
use efficiency [16]. Suo et al. [10] applied plastic film mulching in an apple orchard on the
Loess Plateau and found that it effectively increased soil water content, soil temperature,
fruit yield, and water use efficiency. However, transparent plastic film mulching can lead
to excessively high soil temperatures, which may damage crop roots [17]. Moreover, the
pollution caused by residual plastic film is becoming increasingly severe [18]. In contrast,
organic mulching practices exhibit greater advantages in improving soil quality. For ex-
ample, Wang et al. [3] reported that in a semi-arid apple orchard, organic mulching (e.g.,
inter-planted ryegrass and inter-row corn stalk mulching) had a more pronounced effect
on comprehensively improving soil quality compared with inorganic mulching (e.g., black
horticultural ground cloth), although both increased soil water content. In Northwest
China, Spain, Switzerland, and other regions, gravel and sand are also used as specialized
mulching materials, serving as surface barriers that reduce evaporation, protect the soil
from erosion, thereby conserving soil and water, and provide temperature regulation and
moisture retention. Despite these advantages, this method also has significant limitations.
Long-term gravel or sand mulching may lead to soil compaction and is not conducive to
routine management practices such as fertilization and tillage. Furthermore, as modern
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agriculture advances toward mechanization and intensification, the high labor costs and
operational inconvenience associated with gravel mulching have become increasingly prob-
lematic. Consequently, this practice is gradually being replaced with the rapid development
of modern agriculture [10,19].

Soil microorganisms, as the core drivers of soil ecosystems, play an irreplaceable role
in material cycling and nutrient transformation [20]. They are not only involved in the
metabolic processes of key elements such as carbon, nitrogen, and phosphorus but also
facilitate mineral transformation, degrade toxic substances, and help maintain ecological
balance by regulating soil faunal communities [21,22]. Studies have shown that plastic
film mulching increases carbon metabolic activity by reducing the relative abundances
of Proteobacteria and Actinobacteria while increasing those of Acidobacteria and Chlo-
roflexi [23,24]. In contrast, organic mulching (e.g., straw or grass) significantly promotes
beneficial bacterial groups such as Alphaproteobacteria and Betaproteobacteria [25]. Yang
et al. [8] investigated the effects of different mulching practices on the bacterial community
composition in a citrus orchard and found that reflective film mulching led to an increase in
Chloroflexi, a functional bacterium associated with sugar and energy metabolism, thereby
improving soil and fruit quality.

In summary, the effects of mulching practices on the orchard soil environment, root
function, and microbial communities vary significantly depending on the type of mulching
material, climatic conditions, regional environment, and management practices. However,
the roles of different mulching materials in balancing warming and moisture conservation
while improving soil environment in apple orchards in the cold northern regions of China
remain unclear. Based on the above background, we proposed the following scientific
hypotheses: organic mulching materials (organic fertilizer, corn straw, and composted
apple branches) can more effectively improve soil physicochemical properties and orchard
soil biodiversity, and promote orchard soil health, compared with inorganic mulching and
clean tillage. Furthermore, the enhancement of soil quality and microbial functions will
synergistically promote root carbohydrate accumulation and mineral nutrient absorption.
To test these hypotheses, this study was conducted in a ‘Hanfu’ apple orchard in Shenyang,
Liaoning Province, with eight mulching treatments established to systematically analyze the
effects of different single-mulching patterns on soil physicochemical properties, microbial
communities, and root function. The aim was to identify mulching practices that optimize
the soil environment and enhance root function, thereby providing a theoretical basis and
technical support for sustainable soil management measures suitable for the environment
and apple industry in this region.

2. Materials and Methods
2.1. Study Site

This study was conducted at the apple experimental orchard of the Fruit Tree Cultiva-
tion and Physiological Ecology research team, Shenyang Agricultural University (41°82' N,
123°56' E). The soil at the experimental site is classified as brown loam. The initial soil
properties were as follows: organic matter content, 21.22 g-kg~!; alkali-hydrolyzable ni-
trogen, 113.33 mg-kg~!; available phosphorus, 19.34 mg-kg~!; and available potassium,
211.44 mg-kg~!. The experimental site has a temperate semi-humid continental climate
with four distinct seasons. The annual sunshine duration is 2481 h, and the frost-free period
ranges from 150 to 180 days. The mean annual temperature in 2023 and 2024 was 9.7 °C and
9.6 °C, respectively, and the annual precipitation was 651.7 mm and 977.6 mm, respectively.
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2.2. Experimental Design

The experimental plant material used in this study consisted of five-year-old “‘Hanfu’
apple trees (Malus domestica Borkh.) grafted onto M. hupehensis rootstock, planted at a
spacing of 1.5 m within rows and 4 m between rows (row direction: north—south). The trees
were planted in March 2023, and mulching treatments were applied in May 2023. Soil and
root samples were collected during the peak root-flush periods in spring (16 April), summer
(3 July), and autumn (25 October) of 2024. A total of eight treatments were established,
as described below: CK (clean tillage): During the growing season, shallow tillage and
weeding were performed multiple times to keep the tree plate (the soil surface around the
trunk) free of weeds. OFM (organic fertilizer mulching): At the time of application, the
aged (composted) sheep manure was dark brown in color, had an earthy odor, and was
fully composted, with an estimated moisture content of approximately 30-40%. The mulch
layer was 10 cm in thickness, and the mulched width along the tree row was 100 cm. SM1
(chopped corn straw mulching): Corn straw was crushed into segments of approximately
10-15 cm in length and applied as a mulch. The mulch layer was 15 cm thick, and the
mulched width was 100 cm. SM2 (chopped and bundled corn straw mulching): Corn
straw was chopped into approximately 1-m lengths and tied into bundles with a diameter
of 15 cm. One bundle was placed on each side of the trunk, and the spaces between the
bundles were covered with chopped straw segments. The mulch layer was 15 cm thick,
and the mulched width was 100 cm. SM3 (intact corn straw mulching): Whole (uncut) corn
straw was applied directly as a mulch. The mulch layer was 15 cm thick, and the mulched
width was 100 cm. BM (composted apple branch mulching): Apple pruned branches were
shredded into fragments of 1-2 cm using an agricultural branch chipper (model: GTS1300,
WildGarden Machinery Co., Ltd., Rizhao, China), and the initial C/N ratio was determined
to be 198.13:1. To promote microbial activity, accelerate the composting process, and
improve compost quality, a portion of the shredded branches was piled into a rectangular
windrow (length: 265 cm, width: 240 cm, height: 100 cm) in March 2023. Following the
method of Gonzalez-Hernandez et al. [26], urea was added at a rate of 51.2 g-kg ! (based
on dry branch weight) to adjust the initial C/N ratio to 30:1. During the composting period,
the pile was turned every 15 days and periodically watered to maintain a moisture content
above 60%, ensuring adequate aeration and uniform decomposition. When the moisture
content fell below 55%, water was added and mixed thoroughly. Fully matured compost
was obtained in May 2023. The composted branch mulch layer was 15 cm thick, and the
mulched width was 100 cm. WM (weed mulching): Naturally occurring native weeds,
primarily Digitaria sanguinalis (Linn.) Scop. and Polygonum aviculare Linn., were mown and
spread onto the tree plate to form a 15 cm thick mulch layer with a width of 100 cm. FM
(horticultural ground cover fabric mulching): Black non-woven fabric (0.3 mm thickness,
100 cm width) was laid on the soil surface and fixed with ground staples.

The experiment was arranged in a randomized complete block design with three
blocks. Each block consisted of eight treatments, including seven mulching treatments
and one clean tillage control. Each treatment comprised a single row of 30 consecutive
apple trees. Within each block, treatments were randomly assigned to different rows. Each
treatment had three biological replicates (i.e., three rows per treatment, distributed across
the three blocks), and five trees with uniform growth vigor were selected from the middle
of each row as the experimental units (investigation trees) for measurement and sampling,
while the remaining trees served as guard trees. All experimental trees received uniform
routine orchard management, including pruning, fertilization, irrigation, and pest and
disease control.
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2.3. Soil Temperature Measurement

One right-angle earth thermometer was installed in each plot on the same side of the
tree row, at a distance of 25 cm from the trunk, beneath the tree canopy projection area, to
measure the soil temperature at a depth of 20 cm. Measurements were taken every 15 days
on clear days, at 9:00, 11:00, 13:00, 15:00, 17:00, and 19:00. The daily soil temperature was
calculated as the mean of these six readings. The measurement period was from April
to September.

2.4. Determination of Soil Physicochemical Properties

Soil samples were collected from the 0-20 cm soil layer during the spring (16 April
2024), summer (3 July 2024), and autumn (25 October 2024) peak root-flush periods. In
each plot, one soil sample was collected within the tree canopy projection area at a distance
of 25 cm from the trunk from each of five investigation trees. Stones, root fragments,
and other debris were carefully removed during sampling, and the soil samples were
thoroughly mixed, with a portion obtained by the quartering method for analysis. The
five subsamples were mixed in equal proportions to form a single composite sample. Each
treatment had three biological replicates (three blocks). Soil water content, bulk density,
and porosity were determined using the cutting ring method. Soil pH was measured
using a portable pH meter. Before mulching, baseline soil samples were collected to
determine the initial physicochemical properties. The activities of soil sucrase, urease, and
catalase were determined following the method of Wang et al. [27]. Soil organic matter
content, alkali-hydrolyzable nitrogen, available phosphorus, and available potassium were
determined using the potassium dichromate heating method, alkaline diffusion method,
sodium bicarbonate extraction—-molybdenum antimony anti-colorimetric method, and
ammonium acetate extraction-flame photometry method, respectively [28].

2.5. Soil Microbial Diversity Analysis

Soil microbial diversity was determined following the method described by Delgado-
Baquerizo et al. [29]. In this study, molecular biology techniques were employed to analyze
soil microbial community composition. Total soil DNA was extracted using the E.Z.N.A.®
Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA), and its concentration and purity
were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). For bacterial community analysis, the V3-V4 hypervariable region of
the 16S rRNA gene was amplified using primers 338 F (5'-ACTCCTACGGGAGGCAGCAG-
3’) and 806 R (5'-GGACTACHVGGGTWTCTAAT-3'). For fungal community analysis, the
ITS1 region was amplified using primers ITSIF (5-CTTGGTCATTTAGAGGAAGTAA-3)
and ITS2R (5'-GCTGCGTTCTTCATCGATGC-3'). PCR amplifications were performed on
an ABI GeneAmp® 9700 thermal cycler (Applied Biosystems, Foster City, CA, USA) under
the following conditions: initial denaturation at 95 °C for 3 min, followed by 27 cycles of
95°C for 30s, 55 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for 10 min. The
PCR reaction mixture contained TransStart FastPfu DNA polymerase, dNTPs, and specific
primers. Each soil sample was amplified in triplicate. The amplified products were purified
and subjected to high-throughput sequencing on an Illumina MiSeq platform. The obtained
sequences were quality-filtered and clustered into operational taxonomic units (OTUs) at a
97% similarity threshold. Taxonomic assignment was performed using the RDP classifier
algorithm against the Silva database. The functions of bacterial and fungal communities
were predicted using the FAPROTAX and FUNGuild databases, respectively [30]. All
sequencing and bioinformatics analyses were conducted by Shanghai Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China).
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2.6. Determination of Root Activity

Apple tree root samples were collected at a distance of 25 cm from the trunk, from
the 0-20 cm soil layer. In each plot, roots were carefully excavated from three equidistant
points around the trunk and pooled into a single composite sample. During sampling,
apple tree roots were distinguished from weed roots based on morphological characteris-
tics. The collected apple tree roots were gently washed with deionized water to remove
adhering soil, blotted dry with filter paper, and immediately processed for analysis. Root
activity was determined using the triphenyl tetrazolium chloride (TTC) method on root
tips (approximately 0.5 cm in length), following the procedure described by Steponkus and
Lanphear [31].

2.7. Determination of Nutrient Elements in Roots

For nitrogen determination, root samples were digested with HySO4-H,O,, and the
nitrogen content was measured using an automatic Kjeldahl apparatus. For phosphorus
determination, root samples were digested with H,SO4-H,O;, and the phosphorus content
was measured using the molybdenum-antimony-anti-colorimetric method. For potassium,
calcium, and magnesium determination, root samples were digested with HNO3;-HClOy,
and the element contents were measured using atomic absorption flame photometry.

2.8. Determination of Total Soluble Sugar and Starch Contents in Roots

The contents of soluble sugars and starch in plant tissues were determined using the
anthrone colorimetric method. Samples were extracted with 80% ethanol in a water bath
at 80 °C for 30 min, followed by centrifugation at 6000 g for 10 min. The supernatant was
collected, and the extraction was repeated once. The combined supernatants were mixed
with anthrone reagent, incubated in a boiling water bath for 7 min, and the absorbance
was measured at 620 nm using a spectrophotometer to determine the soluble sugar content.
The remaining pellet was then extracted with perchloric acid, and the starch content was
determined using the same method as for soluble sugars.

2.9. Determination of Sugar Components in Roots

The contents of sucrose, glucose, fructose, and sorbitol were determined following
the method of Huang et al. [32]. Sugar analysis was performed using a high-performance
liquid chromatography (HPLC) system (Agilent 1260, Agilent Technologies, Santa Clara,
CA, USA) equipped with a refractive index detector (RID). Samples were subjected to a
gradient extraction procedure using 80% ethanol: the sample was immersed in 80% ethanol
(with the liquid level 1 cm above the sample surface), heated in a water bath at 80 °C for
1 h, and then cooled for storage. The extraction was repeated three times, and the combined
extracts were diluted to a final volume of 25 mL. After concentration, the residue was
redissolved in ultrapure water and filtered through a 0.45/0.22 pm membrane filter prior to
HPLC analysis. The HPLC system (Waters 600E, Waters, Milford, MA, USA) was equipped
with a carbohydrate analysis column (35 °C) and a Waters 2410 refractive index detector.
The mobile phase consisted of acetonitrile-ultrapure water (75:25, v/v) at a flow rate of
1.2 mL/min. Data acquisition and processing were performed using Waters Millennium
software (Version 3.05).

2.10. Statistical Analysis

All data were statistically analyzed using Statgraphics Centurion 16 (STN, St. Louis,
MO, USA). The results are presented as mean =+ standard deviation (SD). Different lower-
case letters indicate significant differences among treatments at p < 0.05. After confirming
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that the data conformed to a normal distribution, one-way analysis of variance (ANOVA)
was performed. Graphical visualization was carried out using Origin 2024.

3. Results
3.1. Effect of Mulching on Soil Temperature in the Apple Orchard

As shown in Figure 1, compared with CK, all mulching treatments significantly re-
duced soil temperature in April. However, in May, the FM treatment increased soil temper-
ature, and FM continued to exhibit a significant warming effect from June to September. In
contrast, SM3, OFM, and BM significantly reduced soil temperature from July to September.

CK
284 OFM
SM1
SM2
SM3
E=
S 214 M
®
i
[7]
Q
£
Qo
= 144
o
n
74
T T T T T T
Apr May Jun Jul Aug Sep

Month

Figure 1. Effect of soil mulching on soil temperature in ‘Hanfu’ apple orchard. CK: clean tillage;
OFM: organic fertilizer mulching; SM1: chopped corn straw mulching; SM2: chopped and bundled
corn straw mulching; SM3: intact corn stover mulching; BM: composted apple branch mulching;
WM: weeds mulching; FM: horticultural ground cover fabric mulching. Soil temperature measured
in the second year following mulching application.

3.2. Effect of Mulching on Soil Physicochemical Properties During Different Peak Root-Flush
Periods in an Apple Orchard

As shown in Table S1, during different peak root-flush periods, mulching treatments
significantly improved soil physical properties. OFM, SM2, SM3, and BM significantly
increased soil water content and porosity while reducing soil bulk density. No significant
differences in soil pH were observed among treatments during the spring root-flush period.
During the summer and autumn root-flush periods, OFM and SM3 increased soil pH,
whereas BM and WM showed a decreasing trend. Furthermore, mulching treatments sig-
nificantly enhanced soil nutrient levels. Specifically, OFM, SM2, SM3, and BM significantly
increased soil organic matter, alkali-hydrolyzable nitrogen, available phosphorus, and
available potassium contents during the spring, summer, and autumn root-flush periods.
SM1 primarily increased available phosphorus content.

3.3. Effect of Mulching on Soil Enzyme Activities in the Apple Orchard

As shown in Figure 2, compared with CK, the OFM, SM3, BM, and SM2 significantly
increased soil sucrase and urease activities during the spring, summer, and autumn peak
root-flush periods. The increases were more pronounced in spring and summer, whereas
the effect was relatively weaker in autumn. Regarding catalase activity, all mulching
treatments exhibited a significant promoting effect, with the greatest increase observed in
autumn; some treatments showed an increase of more than 50%.
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Figure 2. Effect of soil mulching on the activities of sucrase (a), urease (b), and catalase (c) in a ‘Hanfu’
apple orchard. Different letters indicate significant differences between treatments (p < 0.05).

3.4. Effect of Mulching on Soil Microbial Diversity During the Autumn Peak Root-Flush Period in
an Apple Orchard

As shown in Figure 3, SM3 and BM showed a trend toward increased bacterial Ace,
Chao, and Shannon indices, although the differences were not significant. OFM significantly
increased the soil bacterial Simpson index and fungal Simpson index compared with CK.
SM2 significantly increased the fungal Ace, Chao, and Shannon indices compared with CK.
SM3 mulching significantly increased the bacterial Simpson index and the fungal Shannon
index compared with CK. BM mulching significantly increased the fungal Simpson index
compared with CK. Principal coordinate analysis (PCoA) showed that the bacterial and
fungal communities in all treatment groups were clearly separated from those in CK.
Notably, the changes in fungal communities were similar among SM1, SM2, and SM3
(Figure S1).

Ace index Chao index Shannon index Simpson index
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Figure 3. Effect of soil mulching on the diversity of soil bacterial (a) and fungal (b) communities in
apple orchards. Different letters indicate significant differences between treatments (p < 0.05).

Analysis at the phylum level showed that the bacterial community was mainly com-
posed of Pseudomonadota, Acidobacteriota, Chloroflexota, Bacillota, and Actinomycetota
(Figure 4a), whereas the fungal community was dominated by Ascomycota and Basidiomy-
cota (Figure 4b). In the bacterial community, compared with CK, the relative abundances
of Pseudomonadota in SM1, SM2, SM3, and BM treatments were all increased. In the
fungal community, the relative abundance of Ascomycota was higher in the BM and WM
treatments, whereas the relative abundance of Basidiomycota was relatively higher in the
CK and OFM treatments.
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Figure 4. Compositional characteristics of soil bacterial (a) and fungal (b) communities at the
phylum level under different mulching treatments. In the bar chart, different colors represent the
relative abundances of different microbial phyla, and the vertical axis indicates the percentage of
relative abundance.

LEfSe analysis revealed that different treatments enriched specific bacterial and fungal
indicator taxa. In the bacterial community, CK mainly enriched Gemmatimonadota; OFM
mainly enriched Bacillota, Bacilli, and Bacillales; SM1 mainly enriched Patescibacteria,
Acidobacteriaceae, and Saccharimonadia; SM2 mainly enriched Gammaproteobacteria and
Micrococcales; SM3 mainly enriched Blastocatellia; BM mainly enriched Alphaproteobacte-
ria, Pseudomonadota, and Hyphomicrobiales; and FM mainly enriched Acidobacteriae,
Acidobacteriota, and Thermodesulfobacteriota (Figure 5a,b). In the fungal community,
CK mainly enriched Cystofilobasidiales, Mrakiaceae, and Tausonia; OFM mainly enriched
taxa related to Glomerellales and Plectosphaerellaceae; SM1 mainly enriched Didymel-
laceae, Epicoccum, and Trichocladium; SM2 mainly enriched Hypocreales, Fusarium, and
Hypocreaceae; SM3 mainly enriched Nectriaceae, Eurotiomycetes, and Chaetothyriales; BM
mainly enriched Pleosporales, Dothideomycetes, Sporormiaceae, and Ascomycota; WM
mainly enriched Gibellulopsis; and FM mainly enriched taxa related to Mortierellomycota
(Figure 5c¢,d).

Functional prediction based on FAPROTAX showed that the OFM treatment exhib-
ited an increased relative abundance only for the fermentation function, whereas most
other functions showed a decreasing trend. The SM1 treatment mainly increased the
dark_iron_oxidation function. The SM2 treatment had the most pronounced promot-
ing effect on nitrogen cycling-related functions, as reflected by increased abundances of
nitrogen_respiration and ureolysis. The SM3 treatment mainly increased the intracellu-
lar_parasites function. The BM treatment enhanced the nitrogen_fixation function. The
FM treatment increased multiple functions related to reductive metabolism (Figure 6a).
Functional prediction based on FUNGuild showed that the OFM treatment increased the
relative abundance of the Plant Saprotroph functional group. The SM1 treatment enriched
functional groups such as Fungal Parasite and Lichen Parasite. The SM3 treatment in-
creased the Leaf Saprotroph function. The BM treatment mainly enriched the Saprotroph
and Dung Saprotroph functional groups. The WM treatment increased functional groups
such as Pathotroph. The FM treatment mainly enriched the Soil Saprotroph and Endophyte
functional groups (Figure 6b).
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Figure 5. LEfSe analysis of differentially abundant indicator taxa in soil bacterial (a,b) and fungal
(c,d) communities under different mulching treatments. (a,c) are cladograms showing the phylo-
genetic distribution of differentially abundant taxa for bacteria and fungi, respectively. Different
colors indicate taxa that are significantly enriched under the corresponding treatment. Colored nodes
represent biomarker taxa with significant differences among treatments, while yellow nodes indicate
taxa with no significant differences. The fan-shaped filled areas were set with moderate transparency
to distinguish different treatment groups while avoiding obscuring the underlying evolutionary
branches. (b,d) show the LDA score distribution of differentially abundant biomarker taxa for bacteria
and fungi, respectively, displaying the taxa whose LDA scores exceed the set threshold.
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Figure 6. Cluster heatmap analysis of predicted functions of soil bacterial (a) and fungal (b) commu-
nities under different mulching treatments. (a) shows bacterial functional groups annotated based on
FAPROTAX, and (b) shows fungal functional groups annotated based on FUNGuild. Different colors
represent the relative abundance levels of each functional group under different treatments, with red
indicating relatively high abundance and blue indicating relatively low abundance.

3.5. Effect of Mulching on Apple Root Activity

As shown in Figure 7, during the peak root-flush periods in different seasons, all
mulching treatments significantly increased root activity. In spring, SM2, SM3, and BM had
the most pronounced effects, with increases exceeding 52%. In summer, SM1, SM3, and
BM were the main treatments, with increases ranging from 35.29% to 37.55%. In autumn,
the promoting effects of all treatments were further enhanced; SM1, SM2, SM3, OFM, and
BM significantly increased root activity, with increases ranging from 44.43% to 55.99%.
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Figure 7. Effect of soil mulching on root activity of ‘Hanfu” apple. Different letters indicate significant
differences between treatments (p < 0.05).

3.6. Effect of Mulching on Nutrient Element Contents in Apple Roots

As shown in Table S2, during the peak root-flush periods in different seasons, all
mulching treatments significantly increased the contents of mineral elements in roots. In
spring, SM2, SM3, OFM, and BM had the most pronounced effects, all significantly increas-
ing root N and P contents, with the highest increase observed for P content (63.35-70.12%).
Meanwhile, SM3, OFM, and BM markedly increased K content; SM2, SM3, and BM signifi-
cantly increased Ca content; and SM2, OFM, and BM significantly increased Mg content.
During the summer peak root-flush period, SM1, SM3, and SM2 significantly increased N
content, while BM, OFM, and SM1 significantly increased P content. SM1, SM3, and BM
markedly increased K content; SM3, OFM, and BM significantly increased Ca content; and
SM1, SM2, SM3, and BM had the most prominent promoting effect on Mg content, with the
highest increase reaching 72.11%. During the autumn peak root-flush period, SM1, SM2,
SM3, OFM, and BM all significantly increased N content. SM3 and OFM had the most
significant increase in P content. Meanwhile, SM2, SM3, OFM, and BM all significantly
increased K and Ca contents, and showed the most pronounced promoting effect on Mg
content (43.01-64.78%).

3.7. Effect of Mulching on Total Soluble Sugar and Starch Contents in Apple Roots

During the peak root-flush periods in different seasons, all mulching treatments
significantly affected root carbohydrate contents. SM2, SM3, OFM, and BM significantly
increased the total soluble sugar content in roots, with increases ranging from 25.45-37.22%
in spring, 35.38—44.99% in summer, and 27.40-54.83% in autumn. In addition, only the OFM
treatment significantly reduced root starch content in spring, with a decrease of 25.82%,
whereas in summer and autumn, SM2, SM3, OFM, and BM all significantly reduced starch
content; no significant differences were observed in the other treatments (Figure 8).
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Figure 8. Effect of soil mulching on soluble sugar (a) and starch (b) contents in roots of ‘Hanfu” apple.
Different letters indicate significant differences between treatments (p < 0.05).
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As shown in Figure 9a-d, during the peak root-flush periods in different seasons, all
mulching treatments significantly increased the contents of sugar components in roots. SM2,
SM3, OFM, and BM exhibited strong promoting effects in spring, summer, and autumn.
Specifically, the contents of sucrose, glucose, and fructose were significantly higher than
those in CK across all seasons, with the largest increases observed in spring. Among
them, BM and SM3 significantly increased root sucrose content by 57.68% and 42.43%,
respectively, compared with CK. Sorbitol content was also significantly increased under all
mulching treatments. During the spring peak root-flush period, SM3 and BM significantly
increased root sorbitol content by 42.57% and 39.41%, respectively, compared with CK,
whereas no significant differences were observed in the other mulching treatments.
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Figure 9. Effect of soil mulching on sucrose (a), glucose (b), fructose (c), and sorbitol (d) contents in
roots of ‘Hanfu” apple.. Different letters indicate significant differences between treatments (p < 0.05).

4. Discussion
4.1. Effects of Mulching Practices on Soil Physicochemical Properties and Enzyme Activities

In fruit tree production, mulching the soil surface around the tree trunk (tree plate
mulching) is commonly used to suppress excessive weed growth between trees. This
practice effectively improves canopy ventilation and light penetration, thereby enhancing
fruit yield and quality. However, different mulching practices have distinct advantages and
disadvantages. Therefore, this study systematically evaluated the effects of eight mulching
treatments on soil physicochemical properties and enzyme activities. Soil physicochemical
properties are important indicators for evaluating soil quality, and their status directly
determines whether roots can grow normally and effectively fulfill their physiological
functions [33,34]. The study found that in April, all mulching treatments reduced soil
temperature, which we attribute to the high albedo of the mulches and their physical
barrier effect on solar radiation. From May to September, the FM treatment exhibited
a significant warming effect. This is because the black ground fabric has a low albedo,
absorbs substantial shortwave radiation, and directly transfers heat to the soil. In contrast,
SM3, OFM, and BM significantly reduced soil temperature from July to September. We
hypothesize that intact corn straw has a hollow, tubular structure with extremely high
thermal resistance; composted apple branches are coarse-textured with large pores, forming
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a well-aerated insulation layer; and organic fertilizer possesses a strong water-holding
and evaporative cooling capacity. Consistent with our findings, Tang et al. reported that
straw and branch mulching effectively reduced soil temperature during the growing season
in a jujube orchard on the Loess Plateau of China [35]. Therefore, the modulation of soil
temperature by different mulching treatments has complex, season-dependent effects on
apple tree growth in this cold northern region. In spring, the cooling effect of organic
mulches (OFM, SM3, BM) delayed soil warming, which could potentially slow down the
onset of budbreak and early root activity. However, for apple production in northern China,
spring frost is a major limiting factor. Delayed soil warming and consequently delayed
budbreak can reduce the risk of frost damage to flower buds and other sensitive tissues. In
summer, high-temperature stress becomes the dominant constraint on root function. The
cooling effect of organic mulches effectively alleviated rhizosphere heat stress, maintained
higher root activity, and facilitated nutrient and water uptake. In contrast, the warming
effect of synthetic FM exacerbated rhizosphere heat stress during summer, which was
detrimental to root function. In autumn, the moderate cooling effect of organic mulches
helped delay root senescence, prolonged the duration of the autumn root-flush period, and
promoted the accumulation of storage reserves, thereby laying a foundation for growth in
the following season.

Previous studies have shown that soil mulching increases soil water content, with
straw mulching being an effective practice [14,36]. In the present study, OFM, SM3, and
BM significantly reduced soil bulk density and increased soil water content and porosity.
We attribute this to the water-absorbing and evaporation-suppressing properties of the
mulches. Moreover, compared with CK, the mulches suppressed weed growth, thereby
reducing transpiration losses and further enhancing soil water content. Yang et al. [37]
and Wang et al. [38] also reported that straw mulching increased soil moisture in apple
orchards in the arid region of Northwest China. Collectively, these findings highlight the
practical importance of mulching for fruit tree cultivation in the arid and semi-arid regions
of northern China.

Different mulching practices have been shown to significantly improve soil nutrient
levels in orchards [7]. Liu et al. [39] found that mulching a citrus orchard with Vulpia myuros
significantly increased surface soil nutrients, including alkali-hydrolyzable nitrogen, avail-
able phosphorus, available potassium, and soil organic matter. Consistent with these find-
ings, the present study showed that OFM, SM3, BM, and WM increased soil organic matter,
alkali-hydrolyzable nitrogen, available potassium, and available phosphorus contents,
corroborating previous reports [40,41]. We attribute this improvement to the fact that all
four mulches are degradable organic materials. Their decomposition directly adds organic
carbon to the soil while stimulating substantial microbial proliferation. During the decom-
position of organic matter, microorganisms mineralize organic-bound nitrogen, phosphorus,
and potassium into inorganic forms that plants can directly absorb, thereby simultaneously
increasing the contents of alkali-hydrolyzable nitrogen and available nutrients.

Soil enzyme activities are important indicators for evaluating soil fertility and health.
Among these enzymes, catalase decomposes hydrogen peroxide, thereby protecting crops
from oxidative damage while also facilitating the transformation of soil organic matter.
Urease provides a stable nitrogen supply for crops. Sucrase not only supplies nutrients to
crops but also participates in the carbon cycle, helping to maintain soil ecological balance.
In this study, OFM, SM3, BM, and SM2 treatments significantly increased soil sucrase and
urease activities in spring, summer, and autumn, with greater increases observed in spring
and summer and relatively weaker effects in autumn. We attribute this to the continuous
input of organic carbon and organic nitrogen from the organic mulches into the soil, which
provides abundant substrates for sucrase and urease, thereby inducing enhanced enzyme
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activities. In addition, the mulching treatments improved soil hydrothermal conditions,
creating a favorable environment for microbial metabolism. Jiang et al. [13] found that corn
straw mulching and long-term grass mulching significantly improved the ability of the soil
enzyme system to efficiently decompose and utilize substrates in apple orchards. Similarly,
Duanyuan et al. [42] reported that, compared with the CK, straw mulching significantly
increased the activities of four soil enzymes—acid phosphatase, urease, cellulase, and
peroxidase—in all soil layers.

4.2. Effects of Mulching Practices on Soil Microbial Community Structure and Function

Soil microorganisms are the core drivers of soil ecosystems, participating in impor-
tant processes such as carbon and nitrogen cycling, organic matter decomposition, soil
aggregation, and humus formation [43]. The composition and community structure of soil
microorganisms are influenced by a range of soil factors, including climate, plant species,
soil type, and soil management practices. Therefore, investigating the effects of different
mulching practices on soil microbial community structure and function can help elucidate
the potential for sustainable soil health development. In this study, we found that different
mulching treatments had markedly distinct effects on the enhancement of soil bacterial and
fungal diversity. OFM, being rich in humus and available nutrients, rapidly creates a stable
microenvironment and simultaneously increases the Simpson index of both bacterial and
fungal communities. SM3, with its hollow structure, provides a long-term, slow-release
carbon source, which is conducive to the synergistic enhancement of the Simpson index
of dominant bacterial populations and the evenness of fungal communities. BM, as an
organic material, contained a relatively higher proportion of recalcitrant organic residues
after composting, resulting in a relatively slow decomposition rate once applied as a mulch.
This sustained release of carbon sources may have favored the establishment and mainte-
nance of fungal communities, thereby significantly increasing the fungal Simpson index. In
summary, organic mulches differentially regulate bacterial and fungal diversity by altering
carbon source type, physical structure, and nutrient release patterns. Furthermore, the
PCoA results showed that the bacterial and fungal communities under different mulching
treatments were clearly separated from those under CK, indicating that changes in soil
bacterial community structure and composition are associated with differences in organic
matter input and soil physicochemical properties [2].

In this study, the dominant bacterial communities at the phylum level were mainly
composed of Pseudomonadota, Acidobacteriota, Chloroflexota, Bacillota, and Actinomyce-
tota, which is closely related to the changes in the soil microenvironment following organic
mulch application. Pseudomonadota can solubilize phosphorus, fix nitrogen, and secrete
growth hormones that stimulate root growth. Acidobacteriota can adapt to acidic soils
and participate in the decomposition and transformation of organic carbon. Chloroflexota
decomposes organic matter in the soil, promotes the cycling and release of nutrients such
as carbon, nitrogen, and phosphorus, and provides available nutrients for other microor-
ganisms and plants. Bacillota and Actinomycetota can regulate soil pH, accelerate the
decomposition of soil organic matter, and facilitate the cycling of carbon, nitrogen, and
other elements [8,44]. In soil ecosystems, organic mulching materials such as corn straw,
composted branches, and weeds significantly increase the abundance of Pseudomonadota
by creating a eutrophic environment, thereby promoting nutrient uptake by fruit tree roots.
Although Actinomycetota and Bacillota accelerate the decomposition of carbon sources [45],
their excessive proliferation may negatively affect long-term soil productivity. Li et al. [46]
found that mulching in pear orchards effectively altered the soil microbial community
structure, with Proteobacteria and Acidobacteria dominating the bacterial community,
while Ascomycota was the predominant fungal phylum.
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Functional prediction results further revealed that the OFM increased the relative abun-
dances of the Plant Saprotroph and Wood Saprotroph functional groups. This is associated
with the fact that organic fertilizer is rich in decomposed plant residues and lignocellulosic
components, providing a direct carbon source for saprotrophic fungi specialized in decom-
posing plant tissues and lignin. The BM treatment mainly enriched the Saprotroph and
Dung Saprotroph functional groups. This is attributed to the fermentation stage involved
in the composting of apple branches, during which animal manure participates, leaving
residual organic matter with substrate characteristics that adapt to dung-associated sapro-
trophic fungi. These results are beneficial for plant roots to obtain more nutrients from the
rhizosphere microbial community to promote their own growth and development, while
also further strengthening the network relationships within the plant-soil-microbe ecosys-
tem [47]. Yang et al. [44] found that corn straw mulching increased the abundance of core
microbial taxa in the soil, thereby enriching metabolic pathways such as hydroxypropionate
cycle metabolism, organic acid degradation, and amino acid synthesis.

4.3. Effects of Mulching Practices on Root Activity and Nutrient Content

The root system is the core organ responsible for water and nutrient uptake and for
sensing changes in the soil environment in fruit trees [5]. The results of this study showed
that BM, SM3, SM2, OFM, and WM all enhanced root activity. Among them, OFM, BM,
SM3, and WM increased root nitrogen (N), potassium (K), calcium (Ca), and magnesium
(Mg) contents; SM2 increased root N and Mg contents; and SM3 significantly increased root
N, Ca, and Mg contents. Organic mulching creates a more favorable micro-environment for
root growth by improving soil water status, regulating soil temperature, increasing organic
matter input, and stimulating microbial activity, thereby enhancing root metabolic activity
and laying the physiological foundation for efficient nutrient uptake [48-50]. In addition,
the study found that OFM, SM3, BM, WM, and CM mulching increased root soluble sugar
content. Specifically, BM increased root sucrose, glucose, fructose, and sorbitol contents;
OFM increased glucose, fructose, and sorbitol contents; SM3 increased glucose and fructose
contents; SM1 increased sucrose and sorbitol contents; and SM2 and WM increased glucose,
fructose, and sorbitol contents. Organic mulching increases the photosynthetic products
available for allocation to roots by improving soil hydrothermal conditions and promoting
photosynthesis [51,52]. Soluble carbon sources released during mulch decomposition can be
directly absorbed by roots, contributing to the accumulation of the root soluble sugar pool.
BM, being rich in lignin and cellulose, decomposes slowly and persistently, continuously
releasing organic acids and active substances into the rhizosphere, promoting sustained
enhancement of photosynthetic carbon fixation and sucrose synthesis, while also inducing
the metabolic conversion of sucrose into glucose, fructose, and sorbitol. Consequently, BM
significantly increased the contents of all four sugar components.

5. Conclusions

This study demonstrates that, in the ‘Hanfu” apple orchard in the cold northern region
of China, organic mulching treatments (OFM, SM3, and BM) exhibit superior performance
in improving soil physicochemical properties, optimizing microbial community structure,
and enhancing root function. These three organic mulching treatments significantly reduced
soil bulk density, increased organic matter and available nutrient contents, enhanced
soil enzyme activities, and promoted root activity and nutrient uptake. Notably, the
physical form of mulching material substantially influenced its effectiveness—intact corn
stover mulching (SM3) outperformed chopped straw in cooling and sustained nutrient
release, while composted apple branch mulching (BM) promoted root sugar metabolism.
Additionally, different organic mulches enriched the diversity of soil microbial communities.
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Collectively, OFM, SM3, and BM are recommended as efficient soil management practices
suitable for promotion in this region.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae12060757 /s1, Table S1: Effects of soil mulching on soil
physical and chemical properties of ‘Hanfu’ apple orchard at different rooting peaks; Table S2: Effects
of soil mulching on nutrient elements in roots of ‘Hanfu” apple during the peak root-flush period;
Figure S1: Principal coordinate analysis (PCoA) of soil bacterial (a) and fungal (b) community
structures under different mulching treatments. Each point represents a replicate sample, and
different colors indicate different treatments. The values in parentheses on the axes represent the
proportion of variance explained by the corresponding principal coordinate axis. The R and P
values above the figure denote the statistic and significance level of the between-group difference
test, respectively.
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