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Abstract

This study investigated the effects of different application rates of spent mushroom substrate (SMS)
from Morchella sextelata on soil properties and microbial communities in a moso bamboo (Phyllostachys
edulis) plantation. Three SMS rates (2.4, 4.7, and 9.4 kg-m~2) were applied, and soil samples were
collected at 6 and 12 months from two depths (020 cm and 20—40 cm). One year after application,
topsoil total phosphorus (TP) increased 12-20 fold, while available phosphorus (AP) and potassium
(AK) were significantly elevated. Soil pH initially decreased but partially recovered, whereas electrical
conductivity (EC) continued to rise, indicating salt accumulation. Urease (UA) and sucrase (SA) activi-
ties increased 10-17 fold and 3-5 fold, respectively, while catalase (CAT) and acid phosphatase (ACP)
were temporarily suppressed. SMS application significantly altered microbial community composition,
with Acidobacteriota and Basidiomycota becoming more abundant. Correlation analysis identified
pH, organic matter, AP, and UA as key factors linked to microbial changes. The medium application
rate (4.7 kg'-m~2) provided the best balance between soil improvement and environmental risk. These
findings demonstrate that M. sextelata SMS can effectively enhance soil fertility while modulating
microbial communities, but salt accumulation and short-term acidification warrant attention.

Keywords: Morchella sextelata spent substrate; spent mushroom substrate (SMS); moso bamboo
plantation soil; soil amendment; microbial community structure; enzyme-mediated nutrient cycling;
high-throughput sequencing; soil depth effects

1. Introduction

Global production of edible mushrooms has exceeded 40 million tons annually, generating approx-
imately 30 million tons of spent mushroom substrate (SMS) (estimated based on FAO 2025 data [1]; see
also [2]). China accounts for over 70% of this production, making SMS disposal a critical environmental
issue [1]. SMS typically contains high levels of organic matter, nitrogen, phosphorus, potassium, and
bioactive compounds such as phenolics, terpenoids, and alkaloids [2,3]; thus, inappropriate disposal
may impose environmental burdens, whereas its application as an organic soil amendment has been
shown to improve soil structure, increase nutrient availability, and stimulate microbial and enzymatic
activities [2,3]. Previous studies report that incorporating fungal residues into soils can reduce bulk
density and increase water-holding capacity while significantly elevating soil organic matter, available
phosphorus, and alkali-hydrolysable nitrogen; concomitantly, it enhances the activities of key enzymes
such as urease, sucrase, and alkaline phosphatase, thereby facilitating soil ecological function recovery
[4,5]. Moreover, SMS used as surface mulch can help stabilize soil pH and increase available potassium
and phosphorus, demonstrating its potential for improving soils in agroforestry systems [6].

Morels (Morchella spp.) are highly valued edible fungi with rapidly expanding cultivation; con-
sequently, the large amounts of nutrient-bag residues produced after harvest require sustainable
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utilization [7]. Morel fruiting bodies are rich in bioactive components, including polysaccharides, pro-
teins, and polyphenols, and exhibit antioxidant, anti-inflammatory, and immunomodulatory properties
[8,9]. The corresponding residues may retain fungus-derived bioactive substances, potentially con-
ferring distinctive capacities for soil improvement and micro-ecological regulation [10,11]. Although
some studies suggest that high-value compounds in SMS could be extracted for food or pharmaceutical
applications [12,13], such extraction processes are currently not economically viable at the industrial
scale required for the vast quantities of SMS generated annually. Therefore, direct soil application
remains the most practical and environmentally beneficial route for bulk SMS utilization. Meanwhile,
small-scale extraction for specialized high-value products and direct soil application can be pursued in
parallel as complementary strategies, with the latter addressing the immediate need for large-scale
waste management.

Moso bamboo (Phyllostachys edulis) is a key species in subtropical China, covering over 4.5 mil-
lion hectares and providing both economic benefits (shoots, timber) and ecological services (carbon
sequestration, water conservation) [14,15]. However, intensive management often leads to soil degra-
dation, acidification, and nutrient imbalance, necessitating sustainable soil improvement practices
[16]. Furthermore, Morchella sextelata SMS exhibits distinct compositional characteristics compared
to other mushroom substrates. Our analysis (Table S4) shows that M. sextelata SMS contains 1443
+ 145 mg-kg ! of total phosphorus, which is substantially higher than values reported for common
wood-rotting mushroom species such as Lentinula edodes (800-1200 mg-kg~!) and Pleurotus ostreatus
(700-1100 mg-kg~!) [4, Zhang et al. 2018]. This elevated phosphorus content may be attributed to
the specific formulation of exogenous nutrient bags used in morel cultivation [2]. Additionally, as M.
sextelata belongs to Ascomycota while most cultivated mushrooms are Basidiomycota, the composi-
tion of residual mycelia and associated secondary metabolites in the SMS may differ [8]. Although
bioactive compounds have been identified in morel fruiting bodies and mycelia [10,11], their presence
and potential ecological functions in the spent substrate have not been systematically investigated.

However, most existing studies focus on SMS applications in cropland systems or short-term
effects [3,5]. Comprehensive evaluations of its performance and ecological consequences in forest
ecosystems over a full annual cycle—particularly in economically and ecologically important moso
bamboo plantations—remain limited [17]. Forest soil microbial communities are central to biogeo-
chemical cycling and energy flow, and their composition, diversity, and functional activity are critical
for maintaining soil health and supporting tree growth [18,19]. Inputs of exogenous organic materials
can directly alter carbon and nitrogen substrate availability and indirectly impose selective pressures
on soil microbial communities by modifying micro-environmental conditions such as pH and salinity
[20]. It is important to note that SMS application may also entail potential risks; for example, some
mushroom residues promote the accumulation of heavy metals such as chromium and cadmium
in soils [21]. Moreover, introducing exogenous microorganisms may exert unintended impacts on
indigenous microbial assemblages [22], a consideration particularly relevant in structurally complex
forest ecosystems.

Research on fungus—forest interactions provides important insights into the potential ecological
consequences of returning fungal residues to forest soils. Symbioses between ectomycorrhizal fungi
and trees enhance nutrient acquisition, improve water relations, and increase host stress tolerance
[23,24]. Studies on understory morel cultivation indicate that morels can modulate soil microbial
communities and nutrient dynamics—for instance, reducing nitrate nitrogen while increasing the
availability of certain mineral elements [7]. Some studies show that morel inoculation can promote
maize growth and partially replace chemical fertilizers [25], suggesting that bioactive components
or residual microorganisms in morel residues may influence woody plant performance through
analogous mechanisms. Taken together, these findings imply that returning morel residues to forests is
not only a waste-management approach but could also serve as a proactive strategy for soil ecological
management.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To address these knowledge gaps, we conducted a field experiment with graded SMS application
rates, collecting soil samples from both topsoil (0-20 cm) and subsoil (2040 cm) at 6 and 12 months post-
application. By employing soil chemical assays, enzyme activity measurements, and high-throughput
sequencing, we aimed to: (1) characterize the temporal dynamics and depth-specific differences in
integrated fertility indicators and key soil enzyme activities following morel residue application;
(2) quantify the effects of residue inputs on the structure, composition, and diversity of bacterial
and fungal communities across soil layers and compare their response patterns; and (3) identify
key environmental drivers of microbial successional trajectories, thereby providing a comprehensive
evaluation of both soil-improvement benefits and potential ecological risks of forest application. The
findings of this study provide a scientific basis for the safe, efficient, and resource-oriented utilization
of morel residues in forestry production and contribute to forest soil health management.

2. Materials and Methods
2.1. Experimental Site and Materials

The experiment was conducted at the Hushan Forest Station of the Research Institute of Subtropi-
cal Forestry, Chinese Academy of Forestry, in Fuyang District, Hangzhou, Zhejiang Province (30°06'N,
119°56’E). A detailed map of the experimental site is provided in Figure S1 (Supplementary Materials).
The region experiences a subtropical monsoon climate, with an average annual temperature of 16.1°C
and average annual precipitation of 1442 mm. The experimental plantation consists of intensively
managed pure moso bamboo (Phyllostachys edulis) stands, with understory vegetation coverage below
5%. The soil type is red soil developed from sandstone and shale parent material.

The spent substrate used in this study comprised residual nutrient bags from Morchella sextelata
harvesting. The basic composition of the nutrient bag (dry weight ratio) included 60% barley grains,
40% bamboo shavings, 0.5% lime, 0.5% gypsum, and 0.5% monopotassium phosphate. Three random
SMS samples were selected for basic nutrient analysis. Total nitrogen (TN) was determined by the
Kjeldahl method, organic matter (SOM) by loss-on-ignition at 550°C, and total phosphorus (TP) by
molybdenum-blue colorimetry after H,SO4-H,O, digestion [26]. Results were: TN 0.87 + 0.21%, SOM
34.90 + 13.32%, and TP 1442.92 + 144.95 mg-kg~!. Detailed analytical results are provided in Table S4.

2.2. Experimental Design

The experiment followed a randomized complete block design with three blocks based on slope
and initial soil nutrient heterogeneity. We established three SMS application rates: T1 (low, 2.4
kg:m~2), T2 (medium, 4.7 kg'm~2), and T3 (high, 9.4 kg:-m~2). The doses were selected based on local
farmer practice for semi-wild morel cultivation in bamboo forests, where a typical application rate is
approximately 4-5 kg-m~?2 (referred to as medium, T2). To explore the dose-response relationship, we
set a low dose (T1, approximately half of T2) and a high dose (T3, approximately double T2), resulting
in a doubling pattern (T2 ~ 2xT1, T3 ~ 2xT2). This design is commonly used in agronomic trials
to detect nonlinear responses and to identify optimal application rates [8,25]. Each treatment was
replicated three times, resulting in nine experimental plots, each measuring 16 m? (4 m x 4 m). The
SMS was evenly spread on the soil surface in October 2023, followed by manual shallow tilling to a
depth of 5-10 cm (controlled by using a fixed-depth cultivator set to 7.5 cm, operated by the same
technician to minimize variation). Although SMS was incorporated only into the top 5-10 cm, soluble
nutrients and microbial metabolites released during decomposition can leach downward, affecting
subsoil (20-40 cm) properties over time. This mechanism has been documented in organic amendment
studies [27].

2.3. Sample Collection and Processing

Soil samples were collected before SMS application (October 2023, Initial I), and at 6 months
(April 2024, M) and 12 months (October 2024, F) after application. Within each plot, we used a
five-point sampling method to collect soil from the 0-20 cm (topsoil, S) and 20-40 cm (subsoil, D)
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layers using a stainless steel soil auger (5 cm diameter). Five subsamples from each layer within the
same plot were combined into a composite sample in sterile polyethylene bags. This compositing was
performed to obtain a representative sample for each plot and to reduce random spatial variability, a
common practice in soil ecological studies [28]. Samples were immediately placed in a cooling box
and transported to the laboratory within 4 hours.

Each composite sample was processed as follows: (1) A portion of fresh soil was passed through
a 2-mm sterile nylon sieve, divided into aliquots, and stored at —-80°C for subsequent total soil DNA
extraction. (2) Another portion was sieved through a 2-mm mesh and stored at 4°C for enzyme activity
measurements completed within one week. (3) The remaining samples were air-dried in a shaded,
well-ventilated area. After removing stones and plant debris, we ground and passed them through
2-mm and 0.149-mm nylon sieves, then sealed them for soil physicochemical property analysis.

2.4. Measurement Indicators and Methods
2.4.1. Soil Physicochemical Property Measurements

Soil pH was measured using a potentiometric method (soil:water ratio 1:2.5). Electrical con-
ductivity (EC) was measured using a conductivity meter (soil:water ratio 1:5). Soil organic matter
(SOM) was determined by the potassium dichromate oxidation method, and total nitrogen (TN) was
measured using the Kjeldahl method. Total phosphorus (TP) was quantified by sodium hydroxide
fusion-molybdenum-antimony colorimetry, and total potassium (TK) was measured using sodium
hydroxide fusion-flame photometry. Alkali-hydrolysable nitrogen (AN) was determined by the alkali
diffusion method. Available phosphorus (AP) was measured using sodium bicarbonate extraction-
molybdenum-antimony colorimetry, and available potassium (AK) was determined by ammonium
acetate extraction-flame photometry. All analyses were performed in triplicate with quality control
using certified reference materials.

2.4.2. Soil Enzyme Activity Measurements

Urease (UA) activity was determined by phenol-sodium hypochlorite colorimetry: 5 g soil was
incubated with 10 mL 10% urea solution at 37°C for 24 h, and released NH3-N was measured at 578
nm [29]. Sucrase (SA) activity was assayed by 3,5-dinitrosalicylic acid method: 5 g soil incubated
with 15 mL 8% sucrose at 37°C for 24 h, and glucose released was quantified at 508 nm [29]. Acid
phosphatase (ACP) was measured using disodium phenyl phosphate: 5 g soil incubated with 20 mL
0.5% substrate at 37°C for 2 h, and phenol released was determined at 510 nm [30]. Catalase (CAT)
activity was measured by KMnQOy titration after incubating soil with HyO, [31]. Acid protease (APR)
was assayed using casein as substrate, with tyrosine release measured at 680 nm [32]. For all assays,
controls without substrate were included to correct for non-enzymatic reactions.

2.4.3. Microbial Community Analysis

Total soil DNA was extracted from 0.5 g fresh soil using the FastDNA® Spin Kit for Soil (MP
Biomedicals, USA). The bacterial 165 rRNA gene V3-V4 region was amplified by PCR using universal
primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5'-GGACTACHVGGGTWTCTAAT-3’).
The fungal ITS1 region was amplified using primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3)
and ITS2R (5-GCTGCGTTCTTCATCGATGC-3"). The amplified products were purified, quantified,
and normalized before sequencing on the Illumina NovaSeq 6000 platform with 2x250 bp paired-
end sequencing (contracted through Guangzhou Gidiou Biotechnology Co., Ltd.). Raw sequencing
data were processed on the Omicssmart platform for quality control, including primer removal and
filtering of low-quality sequences. The DADA? algorithm was employed for denoising and generating
Amplicon Sequence Variants (ASVs). Bacterial and fungal ASVs were classified taxonomically based
on the SILVA database (release 138.1) and the UNITE database (version 8.3), respectively. To minimize
sequencing depth discrepancies, all samples were rarefied to the lowest sequence count.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2049.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2049.v1

50f 14

2.5. Data Analysis

Soil physicochemical properties and enzyme activity data were expressed as the mean + standard
deviation from three biological replicates. To account for repeated measures and the lack of a true
control, data were analyzed using linear mixed-effects models (LMM) with the 'nlme” package in R
(version 4.3.1). Treatment, time (as categorical), and soil layer were included as fixed factors, while plot
was included as a random intercept to account for temporal autocorrelation. Initial values (I period)
were used as a covariate to adjust for baseline differences. Significant main effects and interactions
were further examined using Tukey’s HSD post-hoc tests (« = 0.05). Different letters indicate significant
differences between treatment-time-layer combinations (p < 0.05). Full results of the linear mixed
models, including all two-way and three-way interactions, are provided in Table S2 (Supplementary
Materials). Interaction plots for key variables are presented in Figures 52-54.

To identify key environmental factors driving microbial community changes, Spearman corre-
lation coefficients were calculated between the relative abundances of major bacterial and fungal
phyla (relative abundance >1%) and selected core environmental factors (pH, organic matter [OM],
alkali-hydrolysable nitrogen [AN], available phosphorus [AP], and urease activity [URE]). Spearman’s
rank correlation was chosen because preliminary analysis indicated that several environmental vari-
ables and microbial phyla abundances were not normally distributed (Shapiro-Wilk test, p < 0.05).
Spearman’s correlation is a non-parametric measure that does not assume normality and is robust to
outliers, making it more appropriate for this dataset. Additionally, it captures monotonic relationships,
which are common in ecological data where responses may be nonlinear but consistently directional
[33]. Correlation significance was assessed using the ‘rcorr’ function in R (Hmisc package) with
Bonferroni correction for multiple comparisons.

Principal coordinate analysis (PCoA) based on the Bray-Curtis dissimilarity matrix was conducted
using the 'vegan’ package in R, and differences in microbial community structure across groups were
tested by permutational multivariate analysis of variance (PERMANOVA, Adonis function, 999
permutations). Linear discriminant analysis effect size (LEfSe) with a threshold of LDA score > 3.0
was used to identify statistically significant biomarker taxa between groups. All statistical analyses
were performed in R (version 4.3.1), with plots generated primarily using the ‘ggplot2’ package.

3. Results
3.1. Spatiotemporal Effects of Spent Substrate Application on Soil Physicochemical Properties

Spent substrate application significantly altered the chemical properties of both soil layers, with
effects showing distinct spatiotemporal heterogeneity. One year after application (F), TP content in
the topsoil peaked, with T1, T2, and T3 treatments reaching 531.2 + 11.4, 520.6 + 8.0, and 749.6 + 54.3
mg-kg~!, respectively, representing 13.9, 12.1, and 20.4 times initial values (I). TP content in the subsoil
also increased significantly, with F-period values for T1, T2, and T3 treatments of 383.2 + 3.5, 400.6 +
15.9, and 401.9 + 9.9 mg-kg !, respectively—an increase of approximately 12-13 times, though still
significantly lower than corresponding topsoil values.

The trends in available phosphorus (AP) and available potassium (AK) resembled those of TP,
with both increasing significantly after application, and the increase generally greater in topsoil than
subsoil. Six months after application (M), AP in the topsoil decreased, then rebounded significantly by
the F-period. AK in the topsoil increased sharply at M-period, reaching 2.8-3.6 times initial values for
T1, T2, and T3 treatments. Although it decreased slightly in the F-period, it remained significantly
higher than initial levels. The increases in AP and AK in the subsoil were more gradual.

Soil pH declined significantly six months after application, with topsoil pH dropping from
7.45-8.22 to 5.46-5.50—a reduction of approximately 2 units, indicating marked acidification. Subsoil
pH also decreased from 5.56-6.05 to 5.33—6.00. By the F-period (one year after application), topsoil
pH partially recovered to 6.56-6.58, and subsoil pH to 6.59-6.64, though both remained below initial
levels. Electrical conductivity (EC) showed a continuous increasing trend, with topsoil EC values
rising sharply in the F-period, reaching 324.67 + 19.06, 331.33 = 26.08, and 350.67 + 12.50 uS-cm ™!

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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for T1, T2, and T3 treatments, approximately 15-20 times initial values. Although EC in the subsoil
increased, it remained significantly lower than in the topsoil, indicating that soluble salts from SMS
decomposition primarily accumulated in the surface layer.

Linear mixed model analysis revealed that time exerted a highly significant effect (p < 0.001) on
all physicochemical indicators. The soil layer effect was highly significant (p < 0.001) for all indicators
except total potassium (TK). The treatment effect was primarily evident in indicators such as TP, AP,
AK, and EC. Significant interactions (e.g., Time x Layer) indicated that the impact patterns of different
application rates on soil properties varied over time, and temporal effects differed between topsoil and
subsoil.

Table 1. Temporal Changes in Key Physicochemical Properties of Topsoil and Subsoil Under Spent Substrate
Application.

TN TP AN AP AK

Trt Layer Period OM (%) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

pH EC (uS/cm)

T1 S I 1.74+0.08°  478.9+854%  38.248.7° 51.3+1.47 51.844.6° 117241179 822+0.11° 16.55+2.337
T1 S M 0.654+0.03¢  666.8+11.1/  53.646.8% 50.3-4.6° 15.8+0.57  328.3+7.8/  55040.178  43.43+8.40°
T1 S F 0.39+£0.06"  317.8416.6° 531.2+11.4F  29.3+0.68 4624198 189.1+4.6"  656+0.027  324.67+19.06/
TI D I 0.5240.08"  276.6+22.8"  31.443.1° 15.144.2° 10.4%1.1° 61.54+4.8"  6.05+0.19" 19.7542.29%
T1 D M 0.58+0.02"  544.9+16.9%  36.8+1.6° 21.5+1.3/ 11.840.7% 88.9+£34%5  6.0040.08"  52.10+13.79
T1 D F 0.264+0.05"  239.0+£16.7'  383.2+3.5 24.342.2 50.143.1" 106.3+7.8  6.64+0.04k  438.334126.87%
T S I 2.004+0.10°  571.1+86.7¢  43.14+4.3¢ 63.143.9¢ 50.7+7.0°  108.7+£11.5°  7.6740.09 19.7042.50"
T S M 0.86+0.03'  1165.2450.1" 49.9+1.8" 51.241.8° 14.2+0.8°  192549.6"  5.46+0.14% 41.70+8.72°
T S F 0.4940.07°  404.84229™ 520.6+8.0"  42.6+2.1 484413 2195+49F  6.58+0.03  331.33+26.08/
T2 D I 0.994+0.22¢  437.8459.4¢ 35.1+1.2¢ 26.846.07 9.9+0.9" 67.14£2.3¢  5.8640.067 16.87+2.53¢
T2 D M 0.684+0.04/  869.4424.0' 404417 29.6+0.98 10.840.4° 98.8+3.5' 5.6540.15" 33.03+4.278
T2 D F 0.3540.027  336.7+£10.5" 400.6+15.9"  31.842.2k 48.542.1° 11424370 6.59+£0.04  332.0026.54
T3 S I 2.184+1.10°  495.8+54.9° 36.8+1.6°  50.94+12.8° 524438  91.0427.2°  7.45+0.18° 18.71+5.17"
T3 S M 0.7940.03F  891.4427.2  62.0+2.9/ 37.3+0.5" 15.7+0.77  195545.4"  54940.098  36.73+2.48"
T3 S F 0.4040.037  390.9+14.3° 749.6+£54.3°  41.9+1.9/ 4694228  180.448.6™  6.58+0.01  350.67+12.50'
T3 D I 0.66+0.13/  281.9498.8"  29.840.6 19.9+1.0° 11.242.0° 67.2+1.5¢  5.56+0.11f 23.96+5.407
T3 D M 0.614+0.02  665.5+20.8/  49.5+0.7" 23.840.4 12.8404f  1085+23/  5.3340.07 28.73+0.64
T3 D F 0.24+0.01"  2789+12.0' 401.949.9"  28.0+1.6' 45.241.2/ 1147471 6.6240.02F  270.33426.21"

Data are presented as means + standard deviation (n = 3). Different superscript letters within the same column indicate
significant differences between treatments (p < 0.05). OM = organic matter; TN = total nitrogen; TP = total phosphorus; AN =
alkali-hydrolysable nitrogen; AP = available phosphorus; AK = available potassium; EC = electrical conductivity. Linear mixed
models showed significant or highly significant main effects and interactions of treatment, time, and soil layer on indicators
such as total phosphorus, available phosphorus, available potassium, pH, and electrical conductivity (p < 0.05 or p < 0.001; see
Table S2 for full results).

3.2. Spatiotemporal Effects of Spent Substrate Application on Soil Enzyme Activities

SMS application significantly affected the activities of key enzymes involved in carbon, nitrogen,
and phosphorus cycling as well as redox reactions in both soil layers, with notable spatiotemporal and
depth-dependent response patterns.

Urease (UA) and sucrase (SA) activities increased significantly in both soil layers, with much
greater enhancement in topsoil than subsoil. Peak activities occurred one year after application (F),
indicating a lagged stimulation effect. Catalase (CAT) activity showed a different trend: six months
after application (M), CAT activity in the topsoil of all treatments decreased significantly compared
to initial values; by the F-period, though partially recovered, it remained significantly lower than
initial levels (see Table 2). Subsoil CAT activity changes were relatively gradual. Acid phosphatase
(ACP) activity in topsoil was generally lower than initial values at M-period but partially recovered by
F-period. This response pattern resembles that of CAT, suggesting both enzymes may have responded
jointly to intense microbial metabolic disturbances during early SMS decomposition. Acid protease
(APR) activity showed variable responses at M-period, but by F-period, APR activity in topsoil across
all treatments was significantly lower than initial levels.

Linear mixed model analysis showed that time and soil layer both exerted highly significant
effects (p < 0.001) on all measured enzyme activities. Treatment significantly affected urease (UA),
sucrase (SA), and acid protease (APR) activities (p < 0.05). A significant Time x Layer interaction
indicated temporal changes in enzyme activity differed between soil layers, with topsoil enzyme
activities responding more sensitively and intensely to SMS application.

r(s). Distributed under a Creative Commons CC BY license.
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Table 2. Temporal Changes in Key Soil Enzyme Activities in Topsoil and Subsoil Under Spent Substrate Application.

Trt Layer Period UA (Ulg) SA (Ulg) ACP (nmol/d/g) CAT (ymol/d/g) APR (U/g)
T1 S I 13.9+1.6° 127.8421.4° 503.84:33.0 45.346.8° 188.5-36.7°
T1 D I 6.942.9" 48.2+18.0 421.9420.0 50.4+15.2% 211.5+35.1
T2 S I 23.949.8° 155.2-£26.9° 482.4440.5° 49.248.4¢ 158.7+28.7¢
T2 D 1 15.2+7.4% 48.4+8.1° 406.6£25.47 72.74+11.9% 178.4425.44
T3 S I 19.4+9.2° 140.0+31.84 559.0+104.1° 39.343.7¢ 171.3+87.3¢
T3 D I 8.244.7f 46.44-23.8 502.74101.3/ 59.3423.8/ 162.8439.0
T1 S M 39.341.08 21.5+1.6° 260.6412.48 26.0+£1.38 198.0-£10.2°
T1 D M 35.5+1.3" 14.54+1.2f 241.5+3.5" 51.2+1.8" 175.045.6¢
T2 S M 42.140.6/ 23.940.3% 253.6+5.1° 43.34+4.6 157.9410.6°
T2 D M 39.3+0.78 16.8-£0.4" 236.2+5.8/ 58.2+1.3/ 139.543.58
T3 S M 43.640.8 17.640.5! 264.649.9¢ 4224247 159.3+4.8°
T3 D M 41.840.8 12.740.4/ 250.5+2.1% 60.5+1.9" 130.7+1.9"
T1 S F 212.9+6.4! 546.743.1% 354.246.2! 26.9948.668 89.8+6.0°
T1 D F 63.24£4.2™ 317.6+£6.2! 354.246.2! 37.0849.00¢ 90.945.9'
T2 S F 245.2418.9" 780.14:21.6™ 361.7+£19.0™ 22.2744.55/ 86.88.3/
T2 D F 77.346.4° 478.7429.3" 361.7+£19.0" 42.12+5.13F 86.8+8.3/
T3 S F 221.1411.47 641.8+38.8° 348.0+20.2" 23.2446.04! 79.9+6.9
T3 D F 80.447.19 488.5+38.17 348.0+20.2" 45.5845.48" 79.9+6.9

Data are presented as means + standard deviation (n = 3). Different superscript letters within the same column indicate
significant differences between treatments (p < 0.05). UA = urease activity; SA = sucrase activity; ACP = acid phosphatase; CAT
= catalase activity; APR = acid protease activity. Linear mixed models showed significant effects of time and soil layer on urease,
sucrase, and acid phosphatase activities (p < 0.001), and treatment significantly affected urease and sucrase activities (p < 0.05).

3.3. Effects of Spent Substrate Application on Soil Microbial Community Composition

SMS input significantly altered microbial community composition in both topsoil and subsoil. The
bacterial community was predominantly composed of Acidobacteriota, Chloroflexota, Pseudomon-
adota, and Actinomycetota (Figure 1A). After application, the relative abundance of Acidobacteriota
generally increased in later samples (M, F), particularly in topsoil. For instance, in T2-treated topsoil,
Acidobacteriota abundance increased from 24% initially to 30% at F-period. Pseudomonadota rela-
tive abundance also increased in topsoil, especially in F-period samples from T1 and T2 treatments.
Actinomycetota and Planctomycetota relative abundances decreased after substrate application.
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Figure 1. Effects of Morchella sextelata spent substrate application on soil microbial community composition at
the phylum level. (A) Bacterial community composition (stacked bar plot); (B) Fungal community composition
(stacked bar plot). Samples are arranged by treatment (T1, T2, T3), period (I: Initial, M: 6 months post-application,
F: 12 months post-application), and soil layer (S: Topsoil, D: Subsoil). Axis labels have been enlarged and rotated
45° for improved readability.
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The fungal community was dominated by Ascomycota and Basidiomycota (Figure 1B). One year
after application (F), Basidiomycota relative abundance increased significantly in both soil layers
compared to initial period (I), while Ascomycota abundance decreased correspondingly. For example,
in T2-treated topsoil, Basidiomycota increased dramatically from 33% initially to 43% at F-period,
while Ascomycota decreased from 52% to 43%. Mortierellomycota and Mucoromycota relative
abundances generally decreased after substrate application. Subsoil microbial community composition
trends resembled topsoil but with generally smaller magnitude changes, reflecting persistent influence
of soil vertical gradients on microbial distribution.

3.4. Effects of Spent Substrate Application on Soil Microbial Community Structure

Principal coordinate analysis (PCoA) based on Bray-Curtis distances further revealed overall
changes in microbial community structure induced by SMS application (Figure 2). For bacterial
communities (Figure 2A), the first (PCol) and second (PCo2) principal coordinates explained 22.10%
and 17.79% of total variation, respectively. PERMANOVA confirmed time (sampling period) was
the primary factor driving bacterial community structure variation (R? = 0.35, p = 0.001), with soil
layer also significant (R? = 0.15, p = 0.001). In the PCoA plot, initial (I), 6-month post-application (M),
and 12-month post-application (F) samples formed distinct separation trajectories in ordination space.
Within the same sampling period, topsoil (S) and subsoil (D) samples also showed partial separation,
indicating persistent influence of vertical soil heterogeneity on community assembly.

For fungal communities (Figure 2B), PCol and PCo2 explained 13.09% and 9.23% of total variation,
respectively. Similarly, PERMANOVA showed time was the strongest driver of fungal community
structure (R? = 0.28, p = 0.001), with soil layer also significant (R? = 0.12, p = 0.001). Samples from
different periods separated clearly, and topsoil and subsoil samples exhibited separation within re-
spective period groups. Differences among treatments (I1, T2, T3) were less pronounced in ordination
space compared to time and soil layer effects, indicating that the event of SMS addition itself and
associated temporal environmental changes had stronger influence on overall community structure
than application rate differences in this study.
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Figure 2. Principal coordinate analysis (PCoA) of soil microbial communities based on Bray-Curtis distances. (A)
Bacterial community PCoA plot (PCol: 22.10%, PCo2: 17.79%). PERMANOVA indicated time (R? = 0.35, p = 0.001)
was the primary significant factor driving bacterial community structure variation. (B) Fungal community PCoA
plot (PCol: 13.09%, PCo2: 9.23%). PERMANOVA indicated time (R? = 0.28, p = 0.001) and soil layer (R?=0.12, p
= 0.001) significantly influenced fungal community structure. Points represent samples, with color indicating
sampling period (I: gray, M: blue, F: red) and shape indicating soil layer (circle: topsoil S; triangle: subsoil D).

3.5. Correlation Analysis Between Soil Microbial Communities and Environmental Factors

To identify key environmental factors driving microbial community changes, we calculated Spear-
man correlation coefficients between major bacterial and fungal phyla and selected core environmental
factors (pH, organic matter [OM], alkali-hydrolysable nitrogen [AN], available phosphorus [AP], and
urease activity [URE]) (Figure 3).

Bacterial community correlation analysis (Figure 3A) revealed significant differentiation in how
different bacterial phyla responded to environmental factors. Planctomycetota showed strong positive
correlations with soil pH (r = 0.697), organic matter (r = 0.698), alkali-hydrolysable nitrogen (r =
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0.676), available phosphorus (r = 0.741), and urease activity (r = 0.036). Actinomycetota showed
strong positive correlations with organic matter (r = 0.687) and available phosphorus (r = 0.561).
Acidobacteriota showed a moderate negative correlation with pH (r = -0.451). Chloroflexota showed
negative correlations with most nutrient indicators (AN, AP, AK) and urease activity.

Fungal community correlation analysis (Figure 3B) also revealed functional differentiation. Ba-
sidiomycota showed positive correlations with total phosphorus (r = 0.384), available potassium (r
= 0.323), and urease activity (r = 0.458). Ascomycota showed negative correlation trends with most
nutrient indicators. Mortierellomycota showed a positive correlation with pH (r = 0.338) but a negative
correlation with total phosphorus (r = -0.538).
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Figure 3. Spearman correlation heatmap of major soil microbial phyla (phylum level) and key environmental
factors. (A) Correlations between major bacterial phyla and key environmental factors; (B) Correlations between
major fungal phyla and key environmental factors. Color represents correlation coefficient strength (red: positive,
blue: negative). Color intensity reflects correlation strength, with * indicating p < 0.05 and ** indicating p < 0.01.
Only major phyla with relative abundance >1% are shown.

4. Discussion

Through this one-year field experiment, we systematically elucidated the multidimensional effects
of amending soil with Morchella sextelata SMS on physicochemical properties, multifunctional enzyme
activities, and microbial communities in bamboo forest topsoil and subsoil.

The addition of SMS directly and substantially altered soil chemistry, most notably inducing a
sharp and significant increase in the total phosphorus (TP) pool in both soil layers. This pronounced
effect closely related to the high phosphorus content (1442.92 mg-kg 1) of the SMS itself. This finding
aligns with numerous studies concluding that mushroom residues effectively enhance soil available
phosphorus [4,5]. The significant increase in phosphorus likely resulted from rapid mineralization of
organic phosphorus combined with activation of soil’s inherent insoluble phosphorus by decomposi-
tion products [23]. Notably, phosphorus accumulated more in topsoil than subsoil, indicating some
downward migration. Nevertheless, a clear surface accumulation effect was observed, likely because
the substrate was mainly surface-applied, and migration of its decomposition products and released
phosphate ions was restricted by soil colloidal adsorption, plant absorption, and microbial fixation [24].

Following SMS application, soil pH initially decreased significantly, then partially recovered
after one year; the initial acidification likely linked to organic acid production during substrate
decomposition and enhanced nitrification. Concurrently, EC showed a continuous upward trend,
reflecting soluble salt accumulation in the surface layer, attributable to inherent salt content (e.g., KT)
in the SMS and its mineralization and release processes. This observation highlights that potential
soil salinity accumulation risk should be considered during long-term or high-dose SMS applications,
especially in low-rainfall or poor-drainage areas. Similarly, previous studies note potential heavy metal
accumulation risks from mushroom residue application [21]. Although this study did not monitor
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heavy metals, it remains crucial to screen SMS sources for heavy metals before large-scale application
to ensure environmentally safe resource utilization [3].

4.1. Synergistic and Differential Responses of Soil Multifunctional Enzyme Activities

SMS application induced clear functional specificity, spatiotemporal heterogeneity, and a "surface
effect” in soil enzyme activities. Urease (UA) and sucrase (SA) activities peaked in topsoil one year after
application, attributable to continuous decomposition of carbon and nitrogen substrates from SMS
and subsequent formation of a stable microenvironment conducive to synthesis of related hydrolytic
enzymes [25,26]. In contrast, catalase (CAT) and acid phosphatase (ACP) activities were significantly
reduced in topsoil six months after application. The reduction in CAT activity may be related to
increased consumption of HyO; by rapidly proliferating microorganisms during the early stages
of decomposition, reflecting dynamic adjustments in soil oxidative metabolism [27]. The initial
suppression of ACP activity may be associated with the elevated available phosphorus levels resulting
from SMS decomposition, potentially reflecting a net decrease in phosphatase production or increased
enzyme degradation under conditions of high phosphorus availability [28]. However, soil enzyme
activity represents the cumulative outcome of synthesis, stabilization, and degradation processes;
further studies at the gene expression level are needed to elucidate the underlying mechanisms. Acid
protease (APR) activity generally decreased after one year, suggesting SMS input altered soil nitrogen
cycling pathways. On one hand, SMS is rich in organic nitrogen, and its mineralization directly
increased inorganic nitrogen supply, possibly reducing reliance on protein hydrolysis. On the other
hand, microbial community succession (e.g., Basidiomycota enrichment) may have favored utilization
of other nitrogen forms. This differential response suggests SMS input did not simply activate all soil
biological activity but induced functional redistribution within the soil ecosystem: strongly promoting
carbon and nitrogen hydrolysis while causing short-term inhibition or long-term downregulation of
phosphorus hydrolysis and oxidative stress-related enzyme activities. This represents sophisticated
functional reconfiguration in response to exogenous organic matter input.

4.2. Functional Directional Succession of Microbial Communities

Microbial community evolution provides the biological basis for aforementioned environmental
and enzyme activity changes. PCoA analysis indicates time (successional process) as the primary
driving factor [29]. Acidobacteriota enrichment in bacterial communities aligns with its characteristics
as an oligotrophic K-strategist efficient at degrading complex lignocellulose in SMS [20]. The marked
increase in Basidiomycota within fungal communities holds key ecological significance. This phylum
contains many lignin-degrading fungi [30], and its growth directly responds to bamboo chip substrate
in SMS, likely playing a leading role in decomposing recalcitrant carbon components in later stages.
This change potentially links to acid phosphatase and catalase activity changes. Basidiomycota fungi
often produce H>O, during lignin breakdown and rely on peroxidase systems, possibly causing
competition for CAT substrates or metabolic bypasses. Simultaneously, their ability to mineralize
organic phosphorus may partially replace soil inherent ACP function. Subsoil microbial community
changes were less pronounced, confirming the "surface effect" of enzyme activity changes and reflecting
persistent influence of vertical soil heterogeneity [31,32].

4.3. Environmental Factor-Driven "Functional-Community” Association Network

Correlation analysis and key factor identification further elucidated underlying relationships.
Soil pH, organic matter, available phosphorus, and urease activity were core environmental factors
co-varying with key groups such as Planctomycetota, Actinomycetota, and Basidiomycota. Initial
acidification favored acidophilic microorganisms (e.g., Acidobacteriota), while subsequent nutrient
availability increases shaped functional communities in later stages. Notably, catalase activity neg-
atively correlated with some fungal groups, possibly revealing inherent trade-offs between active
lignin degradation processes and H,O, metabolism. The proposed framework of "SMS input —
environmental factor changes (pH, nutrients) — differential enzyme activity responses — shifts in

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2049.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2049.v1

11 0f 14

microbial community composition" summarizes the correlational patterns observed in this study and
provides a conceptual model for how SMS application may influence soil ecological functions. Further
experimental studies are needed to validate the causal relationships implied in this framework.

4.4. Practical Implications and Prospects

From a practical perspective, although high-dose application (T3) demonstrated highest potential
for increasing total phosphorus, medium-dose application (T2) achieved similar or even better effects
in improving available nutrients, stimulating enzyme activity, and regulating microbial communities,
while likely posing lower environmental risks (e.g., surface salt accumulation). Therefore, considering
benefit-risk balance, we recommend medium-dose application (4.7 kg:m~?2) as the optimized practice
for Morchella sextelata SMS in moso bamboo forest soil improvement. Our findings also indicate that
short-term soil acidification induced by SMS application warrants attention. Although pH partially
recovered within one year, it remained below initial levels. In regions with inherently acidic soils
or where rapid pH adjustment is desired, supplementary practices such as lime application may be
considered to mitigate acidification effects. Significant improvement in subsoil nutrients indicates SMS
effects can penetrate to certain depth, beneficial for enhancing deep soil fertility and promoting deep
root growth in bamboo forests [7,33].

A limitation of this study is the one-year experimental period, which did not reveal long-term
fate of SMS effects. Additionally, functional inferences based on correlation analysis are somewhat
indicative. Future studies should extend monitoring periods to reveal long-term dynamics of SMS
effects. Moreover, metagenomics, transcriptomics, and stable isotope probing should be employed to
further validate specific functions of key microbial groups [34]. Comprehensive screening of heavy
metals and persistent organic pollutants in SMS is also necessary to assess long-term environmental
safety. Ultimately, integrating SMS into sustainable forest resource recycling systems requires compre-
hensive consideration of local environmental conditions, tree species characteristics, and management
objectives. As emphasized by [35], balancing technical feasibility with economic-ecological benefits is
key to achieving sustainable utilization.

5. Conclusions

This one-year field experiment systematically clarified the effects of Morchella sextelata spent
substrate on bamboo forest soil ecosystems and elucidated underlying microbiological mechanisms.
The main conclusions are:

(1) Morchella sextelata SMS amendment rapidly and significantly enhanced soil phosphorus and
potassium nutrients, exhibiting pronounced surface accumulation while also impacting deeper soil
layers. Soil pH initially decreased significantly then partially recovered, whereas continuous electrical
conductivity increases indicate potential salt accumulation risk.

(2) SMS application demonstrated clear functional specificity in soil enzyme activity. Urease and
sucrase activities were strongly stimulated, thereby enhancing carbon and nitrogen cycling. However,
catalase and acid phosphatase activities showed short-term suppression, reflecting initial perturbations
in soil oxidative metabolism and phosphorus transformation pathways. Long-term acid protease
decline suggests alteration in organic nitrogen mineralization pathways.

(3) SMS application drove functional succession of microbial communities, with Acidobacteriota
(bacteria) and Basidiomycota (fungi) at the core. The former utilizes complex carbon sources efficiently,
while the latter dominates lignin degradation. Together, they facilitated spent substrate decomposition
and transformation.

(4) Soil pH, organic matter, available phosphorus, and urease activity are key factors linking
environmental changes with microbial community succession. Medium-dose application (4.7 kg-m~2)
demonstrated optimal balance between benefits and risk control and is thus recommended.

This study provides a practical framework for utilizing fungal cultivation wastes in plantation
forests, contributing to circular bioeconomy and sustainable forest management goals. Future studies
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should extend monitoring periods to reveal long-term effects of SMS application and integrate plant
growth responses to validate agronomic efficacy of recommended application rates.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org. Figure S1. Detailed map of the experimental site at Hushan Forest Station, Fuyang
District, Hangzhou, Zhejiang Province. The red circle indicates the location of the nine experimental plots. Table
$2. Full results of linear mixed models for all soil physicochemical properties and enzyme activities, including
main effects and interactions (treatment, time, layer, and all two-way and three-way interactions). Figures
$2-54. Interaction plots for topsoil total phosphorus (TP), available phosphorus (AP), and urease activity (UA)
across treatments and time points. Table S3. Differential abundance analysis (DESeq2) of bacterial and fungal
phyla between treatments and time points. Table S4. Detailed nutrient composition of Morchella sextelata spent
mushroom substrate used in this study, including comparative data with other common mushroom substrates.
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Abbreviations

The following abbreviations are used in this manuscript:

SMS Spent mushroom substrate

TP Total phosphorus

AP Available phosphorus

AK Available potassium

TN Total nitrogen

SOM Soil organic matter

EC Electrical conductivity

UA Urease activity

SA Sucrase activity

ACP Acid phosphatase

CAT Catalase

APR Acid protease

PCoA Principal coordinate analysis
PERMANOVA  Permutational multivariate analysis of variance
LEfSe Linear discriminant analysis effect size
ANOVA Analysis of variance
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