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Fungi enhance biochar and compost effects =
on carbon accrual in nutrient-deficient urban
greenspace soils
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Abstract

Urban greenspaces provide critical ecosystem and recreational services but are increasingly threatened by organic
matter depletion, fertility decline, and nutrient cycle disruptions under rapid urbanization. Although protective
measures like biochar and compost amendments are being widely implemented, their effectiveness across heterog-
enous urban greenspaces, and the underlying mechanisms governing these responses, remain poorly understood.

In a manipulated field experiment across three urban greenspaces with contrasting intrinsic soil nutrient levels, we
found that biochar and compost amendments enhanced soil carbon and nitrogen contents, with effects up to 14.4-
fold stronger in nutrient-poor greenspace soils compared to nutrient-rich soils. Mechanistically, amendments in nutri-
ent-poor sites elevated fungal diversity and the fungal-to-bacterial richness ratio, driving significant gains in soil car-
bon and nitrogen. In contrast, nutrient-rich sites exhibited declines in fungal diversity, network connectivity (< —30%)
and stability (—2% to—8%), but increased bacterial growth (>4%) that accelerated carbon consumption, ultimately
destabilizing soil carbon pools. These findings demonstrate that baseline soil nutrient status modulates amendment
outcomes: in nutrient-poor soils, fungal dominance enhances carbon storage and soil fertility, whereas in nutrient-rich
soils, nutrient surplus favors bacterial-driven carbon mineralization. Our study highlights fungi as pivotal drivers of soil
restoration in urban greenspaces and underscores the need to prioritize nutrient-poor sites for biochar and compost
interventions to maximize ecological benefits.

Highlights

- Biochar and compost amendments enhanced soil C and N storage, with effects up to 14.4-fold greater in nutri-
ent-poor urban greenspaces than in nutrient-rich sites.

- In nutrient-poor soils, amendments increased fungal richness, and network connectivity and stability, collectively
driving C and N accumulation.

+ In nutrient-rich soils, amendments promoted bacterial growth but reduced the fungal-to-bacterial richness ratio,
accelerating C consumption and destabilizing soil C pools.
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1 Introduction

Urban greenspaces, including parks and residential
gardens, are anticipated to serve as the primary out-
door activity spaces for 68% of the urban population
by 2050 (Delgado-Baquerizo et al. 2021). These sus-
tainable landscapes play a crucial role in supporting
diverse ecosystem functions, including soil carbon
sequestration, nutrient cycling, water regulation, and
plant-soil mutualisms (Charlop-Powers et al. 2016;
Fan et al. 2023). Moreover, these greenspaces serve
as vital habitats for a wide range of wildlife, support-
ing urban biodiversity by sustaining bird species (e.g.,
pigeons), terrestrial and arboreal mammals (e.g., squir-
rels), and a wide array of microorganisms (e.g., bacte-
ria and fungi) (Delgado-Baquerizo et al. 2021; Fairbairn
et al. 2024). However, the rapid pace of urbanization
(Wu et al. 2023), coupled with increasing environmen-
tal and social pressures, threatens these ecosystems by
depleting soil organic carbon (SOC) stocks (Guo et al.
2024), disrupting nutrient cycling (Fan et al. 2023), and
promoting the proliferation of soil-borne pathogens,
which pose substantial risks to both wildlife and human
health (Luo et al. 2024). Therefore, implementing tar-
geted interventions to enhance carbon sequestration
and restore soil fertility is crucial for safeguarding the
ecological integrity of urban greenspaces in the face of
accelerating urbanization and global climate change.

Among various intervention strategies, biochar has
emerged as a promising strategy for mitigating climate
change (Lehmann et al. 2021). In agricultural systems,
biochar application has been shown to enhance crop
yields and reduce greenhouse gas emissions (Nan
et al. 2025). It also enhances soil carbon sequestration
by suppressing the mineralization of native carbon
pools and promoting the stabilization of fresh organic
inputs, often referred to as negative priming effects
(Lehmann et al. 2021). Moreover, composting munic-
ipal green waste and its subsequent addition to local
urban greenspaces is increasingly promoted in China
as a sustainable approach to improving soil fertility
and organic matter content (Reyes-Torres et al. 2018).
However, the sole application of biochar is often con-
strained by its high production cost and the potential
risk of soil nitrogen limitation due to its excessively
high carbon-to-nitrogen (C/N) ratio (Tian et al. 2025).
In contrast, compost application may increase N,O
emissions, soil pollution, and eutrophication in nearby
aquatic systems due to nitrogen leaching (Gu et al
2023). Hence, a combined application of biochar and
compost has been proposed as a more balanced and
sustainable solution for improving soil quality in agri-
cultural landscapes (Nan et al. 2025; Zhou et al. 2025).
However, a comprehensive assessment of the impacts
of biochar and compost additions on soil carbon
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dynamics and fertility enhancement across different
urban greenspaces is still lacking.

Soil microorganisms, including bacteria and fungi,
are central to carbon storage, nutrient cycling, and
the maintenance of soil fertility in urban greenspaces
(Delgado-Baquerizo et al. 2023; Fan et al. 2023). How-
ever, the role of microbial communities in mediating
the responses of different urban greenspaces to bio-
char and compost additions remains largely unclear.
In agricultural ecosystems, the addition of biochar and
compost increases bacterial and fungal diversity, alters
microbial community composition, and intensifies
microbial competition, thereby indirectly influencing
key soil properties such as SOC, TC, and TN (Chen
et al. 2019; Dai et al. 2021). The introduction of exog-
enous organic matter, such as biochar or compost, may
result in distinct microbial responses depending on
the baseline soil conditions of each urban greenspace,
thereby leading to differential effects on soil carbon
sequestration and fertility enhancement. Meta-analy-
ses in agricultural ecosystems reveal that soils with low
initial SOC and TN content exhibit greater SOC and
fertility enhancement compared to nutrient-rich soils
(e.g., paddy soils) (Ling et al. 2025; Yang et al. 2025).
This is likely because infertile soil have a greater car-
bon saturation deficit, promoting higher initial carbon
sequestration rates and extending the time to reach a
new equilibrium (Chen et al. 2024; Singh et al. 2022).
However, whether such patterns persist in urban
greenspaces remains poorly understood.

To assess the effects of biochar and compost addi-
tions on urban greenspaces and elucidate the under-
lying mechanisms, we conducted a manipulated field
experiment across three representative urban greens-
paces. We address the following key questions: (i) Can
biochar and compost additions effectively promote
both soil carbon sequestration and fertility enhance-
ment in urban greenspaces? (ii) Do urban greenspaces
with varying baseline nutrient levels exhibit consist-
ent responses to our treatments? (iii) How do micro-
bial communities play a role in mediating the observed
responses? We hypothesize that the combined addi-
tion of biochar and compost will have the most pro-
nounced effect on carbon sequestration and fertility
enhancement compared to other treatments. We also
hypothesize that this effect will be the strongest in
greenspaces with higher background nutrient avail-
ability, in accordance with the “Matthew Effect” that
resource abundance amplifies gains (Li et al. 2024;
Merton 1968), for which soil microbial communities
will regulate the magnitude of those treatment effects.
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2 Materials and methods

2.1 Field site description and soil sampling

A manipulated field experiment investigating the
effects of biochar and compost addition was carried out
in three urban greenspaces located at Peking Univer-
sity (a university campus greenspace), Haidian Park (a
park greenspace), and Changchun Garden (a residential
area greenspace) in Beijing (39°59'N, 116°18E), China
(Fig. S1A). All sites share a mean annual temperature of
12.5 °C and a mean annual precipitation of 586.3 mm
(1991-2020), according to publicly available meteoro-
logical records data. The urban greenspace soils are
classified as silt loam, with the following compositions:
Peking University (clay: 4.4%; silt: 62.1%; sand: 33.5%);
Haidian Park (clay: 3.6%; silt: 53.5%; sand: 42.9%);
and Changchun Garden (clay: 3.0%; silt: 55.7%; sand:
41.3%). Each urban greenspace comprised 4 groups:
biochar addition (B), compost addition (C), combined
biochar and compost addition (1:1 ratio, with a total
mass equivalent to other treatments, BC), and con-
trol (CK) (Fig. S1B). Each treatment was applied to a
0.5 m X 0.5 m plot, with biochar and compost added
at a rate of 1 kg m~2 in February 2023 (Fig. S1C), con-
sistent with previous studies (0.8—1.2 kg m~2) (Chen
et al. 2019; Nan et al. 2025). Biochar with a pH of 8.4
in water and a bulk density of 0.4 g cm™> was produced
from kitchen waste through slow pyrolysis at 450 °C for
48 h in a closed limited-oxygen chamber. The compost
was produced by decomposing garden waste (e.g., lit-
ter and fallen leaves) with the temperature maintained
at 55 °C for 20 days, after which the final product
achieved a germination rate of 90%. The added biochar
contained 63.8% TOC, 64.7% TC, and 0.7% TN, while
the added compost contained 18.6% TOC, 18.7% TC,
and 1.6% TN (Table S1). To minimize anthropogenic
disturbance during the experiment, informational sig-
nage was installed and regular coordination with local
greenspace managers was maintained. Initial baseline
soil samples were collected from control plots prior to
treatment application and served as reference points
for treatment effect evaluation. A total of 75 topsoil
samples (3 urban greenspaces X 25 samples per greens-
pace) at a depth of 0-20 cm were collected at each of
seven time points throughout the experiment (Fig.
S1C). The mean soil temperatures recorded at each
sampling time point were 0 °C, 3.5 °C, 8.9 °C, 14.5 °C,
17.0 °C, 20.5 °C, and 24.5 °C. To minimize spatial heter-
ogeneity, each soil sample was obtained by compositing
three soil cores collected using a 2.5 cm diameter soil
sampler. The sampling holes were refilled with root-free
soil collected from nearby soil to maintain the integrity
of the experimental setup. Moreover, the refilled sites
were marked to avoid repeated sampling at the same
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location. Upon collection, soil samples were immedi-
ately transported to the laboratory and stored at —80 °C
for subsequent analyses.

2.2 Soil physicochemical properties and CO, flux
measurements

Volumetric soil water content (%V) was measured for
each sample. Soil CO, flux was measured using an LI-
8100A soil flux system equipped with a soil CO, flux
chamber. After removing visible roots (>0.2 cm) and
stones, soil samples were subjected to physicochemical
analyses. Soil total carbon (TC) and total nitrogen (TN)
were measured using a dry combustion C/N analyzer.
Soil total organic carbon (SOC) was measured using the
dichromate (K,Cr,O,) oxidation-heating method. Soil
nitrate (NO;”) and ammonium (NH,*) concentrations
were measured by extracting soil samples with 50 mL
of 2.0 mol L™! potassium chloride (KCl) for 60 min,
with subsequent analysis performed on a flow-injection
analyzer. Soil pH was measured in a 2.5:1 water-to-soil
slurry, using a calibrated pH meter equipped with a com-
bined glass electrode. The Mo-Sb antiluminosity method
(Olsen method) was employed to quantify the avail-
able phosphorus (AP) in soil. Available potassium (AK)
content was determined by extracting 5.0 g of soil with
25 mL of neutral 1.0 mol L™! NH,OAc for 30 min, fol-
lowed by filtration through filter paper.

2.3 DNA extraction and amplicon sequencing

Genomic DNA was extracted from 0.5 g of homogenized
soil sample, using a freeze-grinding approach followed
by a sodium dodecyl sulfate (SDS)-based lysis method
(Zhou et al. 1996). The extracted DNA was subsequently
purified using a PowerSoil DNA Isolation Kit (Major-
bio, Shanghai, China), following standard procedures
(Zhou et al. 1996). A two-step PCR amplification proto-
col with a phasing primer technique (Wu et al. 2015) was
employed to construct the sequencing library. Universal
primer sets were used to amplify the V4 hypervariable
region of bacterial and archaeal 16S rRNA genes (515F
(5"- GTGCCAGCMGCCGCGG-3"), and 907R (5"-CCG
TCAATTCMTTTRAGTTT-3")), and the fungal ITS
region between the 5.85 and 28S rRNA genes (ITS5F
(5"-GGAAGTAAAAGTCGTAACAAGG-3’), and ITSIR
(5"-GCTGCGTTCTTCATCGATGC-3")). To reduce
batch effects, all samples from different sites, treatments,
and time points were randomized prior to processing and
sequenced simultaneously.

2.4 Bioinformatic analyses

Raw sequence reads were generated using the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) and pro-
cessed via a customized sequence analysis pipeline based
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on the Galaxy platform (version 0.1.0) (Giardine et al.
2005). High-quality 16S rRNA gene and ITS sequences
were clustered into zero-radius operational taxonomic
units (zOTUs) at 100% similarity using the UNOISE3
algorithm (Edgar 2018). Notably, there were no signifi-
cant differences (p >0.05) in the sequencing depth across
all samples (Fig. S2), ensuring analytical consistency and
biological comparability. Taxonomic classification of 16S
rRNA gene zOTUs was performed using the Silva Clas-
sifier (version 138.1) with a confidence cut-off of 70%.
Sequences identified as archaea, chloroplasts, or mito-
chondria were excluded. Fungal ITS zOTUs were classi-
fied using the Ribosomal Database Project Classifier, with
the UNITE Fungal ITS training set with a confidence cut-
off of 70%. In addition, plant pathogenic fungi were iden-
tified through comparison with the FungalTraits database
(Polme et al. 2020), which is the most comprehensive
resource available for predicting fungal functional guilds,
containing trait and host information for over 90,000
fungal species. In the subsequent comparative analyses,
the number of sequences in each sample was rarefied to
32,553 sequence reads for the 16S rRNA gene and 47,614
sequence reads for ITS sequences.

2.5 Statistical analyses

Various statistical analyses were conducted using R soft-
ware (version 4.2.1), primarily employing the vegan pack-
age (version 2.6.4) unless otherwise specified. Microbial
richness was calculated via the Picante package in R soft-
ware (Kembel et al. 2010). To account for the repeated
measures in the dataset, linear mixed-effects models
(LMMs) were applied to evaluate the treatment effects
and differences among urban greenspaces using lme4
package in R software (Bates et al. 2015). Wald type II
X° tests were used to calculate p-values from the LMMs
based on the car package in R software. Differences in
treatment effect sizes among three urban greenspaces
were examined using a post-hoc least significant differ-
ence (LSD) test following one-way repeated-measures
ANOVA. Permutational multivariate analysis of vari-
ance (Adonis) was employed to assess treatment-induced
shifts in microbial communities based on Bray—Curtis
dissimilarity matrices. Non-metric multidimensional
scaling (NMDS) was performed to visualize the cluster-
ing of microbial communities. Correlation coefficients
(), slopes, and p-values were calculated using Pear-
son correlation. To account for multiple comparisons,
all p-values were adjusted using the false discovery rate
(FDR) correction.

The rRNA operon (rrn) copy numbers for bacte-
rial zOTUs were estimated using the rruDB database
(Dai et al. 2022; Lee et al. 2009) (version 5.9, https://
rrndb.umms.med.umich.edu/downloads/, detailed in
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Supplementary Method S1). The niche breadth was used
to quantify habitat specialization and was calculated for
bacterial and fungal zOTUs within each urban greens-
pace based on Levins’ method (Levins 1968). To classify
microbial ecological strategies, we identified microbial
generalists and specialists by calculating zOTU occur-
rences through 1,000 simulated permutations using the
quasiswap permutation algorithm implemented in the
EcolUtils R package (detailed in Supplementary Method
S2) (Salazar 2015).

Microbial co-occurrence networks were constructed
using relative abundance datasets of bacterial and fun-
gal zOTUs. Given the temporal nature of the dataset,
local similarity analysis (LSA) was used to identify time-
dependent associations among microbial taxa (Ruan
et al. 2006), which enables the construction of association
networks from a time series dataset containing a single
observation per time point (detailed in Supplementary
Method S3) (Weiss et al. 2016). Using the igraph pack-
age in R software (Csardi and Nepusz 2006), we calcu-
lated the topological properties of microbial networks
(detailed in Supplementary Method S3). The stability of
each microbial network was assessed through simulated
random species removal (Montesinos-Navarro et al.
2017). Moreover, we quantified network natural con-
nectivity after random node removal (Wu et al. 2010),
which serves as a complementary metric for assessing the
robustness of complex networks (detailed in Supplemen-
tary Method S3).

To quantify the relative importance of stochasticity, we
calculated the modified stochasticity ratio (MST) based
on a standard null-model algorithm using Bray-Curtis
taxonomic metrics (detailed in Supplementary Method
S4) (Ning et al. 2019). To investigate the relationships
between background soil physicochemical properties,
microbial community responses, and changes in envi-
ronmental factors across three urban greenspaces, Partial
least squares path modeling (PLS-PM) analysis was per-
formed using the plspm package in R software (Sanchez
2013) as PLS-PM is well-suited for estimating cause-
effect relationships with small sample sizes (detailed in
Supplementary Method S5). To correct for potential tem-
poral autocorrelation, background environmental fac-
tor values were averaged across different sampling time
points under different treatment conditions within each
urban greenspace.

3 Results

3.1 Baseline soil physiochemical properties in responses
to treatments

Baseline values of soil organic carbon (SOC) varied sub-

stantially among the three urban greenspaces (p <0.001;

Fig. S3), with the lowest content observed in greenspaces
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of Peking University (0.58+0.16%) and the intermedi-
ate content at Haidian Park (0.88 £0.13%), while Chang-
chun Garden showed the highest content (1.97 +0.33%).
Similar patterns were observed for soil total carbon
(TC, p<0.01) and total nitrogen (TN, p<0.005; Fig.
S3). Ammonium nitrogen (NH,") content did not dif-
fer significantly among three sites (Fig. S3), but nitrate
(NO;™) content at Peking University was significantly
lower (p<0.02) than those at Haidian Park and Chang-
chun Garden (Fig. S3). Soil water content at Changchun
Garden was significantly lower than those at Peking Uni-
versity and Haidian Park (Fig. S3). Available phosphorus
(AP) and available potassium (AK) levels were also signif-
icantly lower (p <0.04) at Peking University compared to
Changchun Garden (Fig. S3). No significant differences
were observed in soil pH and CO, flux among three
urban greenspaces (Fig. S3). Collectively, these results
characterize the greenspace soil at Peking University as a
nutrient-poor environment, Changchun Garden as nutri-
ent-rich, and Haidian Park as intermediate.

After the addition of biochar and compost in three
urban greenspaces, the increase in SOC content (meas-
ured as effect size) was significantly lower at Chang-
chun Garden than in the other two greenspaces (p <0.05;
Fig. 1A). Neither compost alone (effect size f=0.689,
p=0.264) nor the combined treatment (5=0.095,
p=0.798) led to a significant increase in SOC con-
tent at Changchun Garden (Fig. 1A). Unexpectedly,
the combined treatment even reduced soil TC and TN
contents at Changchun Garden (= —1.103 to—0.794,
p<0.01; Fig. 1B, C). Across all three sites, Changchun
Garden exhibited the weakest response in TC and TN
enhancement (p<0.05; Fig. 1B, C). Apart from a sig-
nificant increase in NO;~ content by compost addition
at Changchun Garden (8=0.802, p=0.004), no treat-
ment had significant effects on soil NH,*, NO;~, water
content, or pH at any site (Fig. S4A—D). Notably, bio-
char or compost addition significantly increased AP and
AK contents at Haidian Park and Changchun Garden
(5=0.993 to 1.669, p<0.03), while no such changes were
observed at Peking University (Fig. S4E, F). However, the
magnitude of AP and AK enhancement did not signifi-
cantly differ across the three sites (Fig. S4E, F). A nota-
ble exception occurred at Haidian Park, where compost
alone (8=0.765, p=0.003) and the combined treatment
(B=0.770, p=0.003) significantly increased soil CO, flux,
potentially undermining long-term carbon sequestration
(Fig. 1D). Given the observed responses in soil physico-
chemical properties and functional process across treat-
ments and sites, we identified SOC, TC, TN, and soil
CO, flux as key environmental factors for subsequent
analyses, which are also crucial for evaluating the effec-
tiveness and sustainability of soil amendment strategies.
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Fig. 1 Effects of single and combined treatments of biochar and compost on soil nutrient content and CO, flux. A Soil organic carbon (SOC).

B Soil total carbon (TC). € Soil total nitrogen (TN). D Soil CO, flux. Effect sizes are represented as regression coefficients derived from rescaled
response variables (mean=0, standard deviation=1) in linear mixed-effects models. Bars indicate the mean + s.e.m. of the effect sizes. Statistical
significance was determined using Wald type Il x* tests with false discovery rate adjustment (n= 14, soil CO, flux: n=12). Significance levels are
denoted as: ***p <0.001, **p < 0.01, *p < 0.05. Differences in effect sizes among the three urban greenspaces were assessed using a post-hoc LSD
test following one-way ANOVA (n=9), and are indicated by uppercase letters. P: Peking University; H: Haidian Park; C: Changchun Garden

3.2 Link the changes in environmental factors to microbial
community and diversity
Among the key environmental variables examined, only
soil CO, flux showed a significant correlation between its
mean values and treatment effect sizes across three urban
greenspaces (1*=0.977, p <0.001; Fig. S5). Given the criti-
cal role of soil microorganisms in supporting multiple
functions of urban greenspaces, such as organic matter
decomposition, nutrient cycling, and plant-soil interac-
tions (Delgado-Baquerizo et al. 2023; Fan et al. 2023),
microbial dynamics may underpin the varying responses
of urban greenspaces to our treatments. To test it, we
analyzed bacterial (73,811 + 29,675 reads per sample), and
fungal communities across all samples (78,623 27,404
reads per sample) (Fig. S2). Sequencing depths were
similar among three urban greenspaces or different
treatments, ensuring comparability of diversity metrics

(Fig. S2). Non-parametric multivariate statistical analy-
sis (Adonis) revealed significant differences (p<0.02) in
bacterial and fungal community compositions among dif-
ferent treatments (Table S2). Sampling site and time also
influenced microbial community composition (p<0.01;
Table S2). The sampling site exhibited the highest explan-
atory power (r*>0.25) compared to other variables
(r*<0.10; Table S2), indicating strong spatial variability of
treatment effects on microbial communities. Site-specific
analyses revealed that treatments significantly (p <0.05)
altered bacterial and fungal community compositions at
Haidian Park and Changchun Garden, whereas no sig-
nificant changes were detected at Peking University (Fig.
S6), potentially contributing to site-level differences in
soil physicochemical properties (Fig. 1).

The compost addition reduced bacterial richness com-
pared to control at both Peking University (8=-0.853,
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p=0.015) and Haidian Park (5=-0.777, p=0.078), and
the combined treatment also reduced bacterial richness at
Haidian Park (5=-0.843, p=0.041; Fig. 2A). In contrast,
neither treatments altered bacterial richness at Chang-
chun Garden (Fig. 2A). Compost alone and the combined
treatment reduced fungal richness at Changchun Gar-
den (8=-0.936 to—0.687, p<0.03), while the combined
treatment led to a marginal increase in fungal richness at
Peking University (8=0.878, p=0.073; Fig. 2B). The fun-
gal/bacterial richness ratio (Fig. 2C) increased at Peking
University (8=0.938 to 1.016, p<0.02), but decreased at
Changchun Garden (5 =-0.945 to—0.622, p <0.01) under
compost alone and the combined treatment. Among
sites, the greatest decline in fungal richness occurred
at Changchun Garden, while this site was least affected
in terms of bacterial richness (p <0.05; Fig. 2A, B). As a
result, Changchun Garden exhibited the highest reduc-
tion in fungal/bacterial richness ratio (p <0.05; Fig. 2C).

The effect size of treatment on bacterial richness was
negatively correlated with those on TN (slope=-1.529,
p=0.007), while the effect sizes of treatment on fungal
richness and fungal/bacterial richness ratio were posi-
tively correlated with those on TC and TN (slope=0.699
to 1.108, p<0.05; Fig. 2D —F, and Table S3). Addition-
ally, the effect size of treatment on soil CO, flux was
negatively correlated with those on bacterial richness
(slope=-0.939, p=0.003; Fig. 2D), but positively cor-
related with those on fungal/bacterial richness ratio
(slope=0.486, p=0.027; Fig. 2F), indicating that the
treatments may stimulate soil CO, emissions (Fig. 1D).
No significant correlation was observed between the
effect sizes on SOC and microbial richness (Fig. 2D —F,
and Table S3).

3.3 Key microbial taxa associated with environmental
responses

Different microbial lineages may vary in their responses
to biochar and/or compost addition, leading to changes
in key environmental factors. At the phylum level, Pro-
teobacteria, Actinobacteriota, and Acidobacteriota dom-
inate the bacterial communities in urban greenspaces,
collectively accounting for>60% of relative abundance
and~50% of species richness (Fig. S7A). The fungal
communities are composed of Agaricomycetes, Mor-
tierellomycetes, and Sordariomycetes at the class level,
which contribute to >25% of both relative abundance and
species richness (Fig. S7B). Microbial lineages exhibit-
ing significant (p<0.05) treatment-by-site interactions
in species richness, including Chloroflexi and Nitros-
pirota within bacterial community and nearly all fun-
gal classes except for Dothideomycetes (Fig. 3A, B, and
Table S4). Several microbial lineages were correlated with
changes in soil physicochemical properties (Fig. 3C, D,
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and Table S5). For instance, changes in Chloroflexi rich-
ness were negatively correlated with those in TN and
soil CO, flux (slope=-1.443 to—0.767, p<0.06; Fig. 3C,
and Table S5). Leotiomycetes, which exhibited the great-
est positive effect sizes in species richness at Changchun
Garden (p<0.05; Fig. 3B, and Table S4), was negatively
correlated with changes in TC and TN (slope=-1.500
to—1.178, p<0.05; Fig. 3D, and Table S5). In contrast,
Agaricomycetes, which showed the greatest decline in
species richness at Changchun Garden (Fig. 3B, and
Table S4), was positively correlated with changes in TC
and TN (slope=0.838 to 0.860, p<0.055; Fig. 3D, and
Table S5). The effect sizes of treatment on the relative
abundance of specific microbial taxa (e.g., RCP2-54 and
Leotiomycetes) also varied significantly (p<0.05) across
urban greenspaces, and were correlated with soil physic-
ochemical property changes (Fig. S8, and Table S6). Inter-
estingly, changes in the relative abundance of bacterial
taxa were primarily correlated with TC (e.g., RCP2-54),
while those in fungal taxa were correlated with multiple
soil parameters, including SOC, TC, and TN (Fig. S8, and
Table S6). Changes in the relative abundance of Leotio-
mycetes showed a significantly negative correlation with
SOC and TC changes (slope=-1.136 to—0.677, p<0.05;
Fig. S8, and Table S6).

3.4 Microbial functional traits

Microbial responses to treatments rely on microbial life
history strategies, which could be inferred by functional
traits (Dai et al. 2022). Among them, the ribosomal RNA
gene operon (rrn) copy number is a proxy for bacterial
growth rate and nutrient utilization efficiency (Dai et al.
2022; Roller et al. 2016). Accordingly, we found that all
three treatments increased community-level rrn copy
number only at Changchun Garden (5=0.799 to 1.320,
p<0.03; Fig. 4A). Moreover, the effect sizes of treatment
on rrn copy number were negatively correlated with
those on SOC and TC (slope=-1.257 to —0.653, p <0.04;
Fig. 4E, and Table S7), suggesting that accelerated micro-
bial growth could counteract nutrient accumulation,
particularly in nutrient-rich urban greenspaces. The
increase in rrn copy number at Changchun Garden was
accompanied by a decrease in the mean niche width of
bacterial species under compost alone and the com-
bined treatment (8=-0.946 to—0.569, p <0.03; Fig. 4B).
Additionally, the effect sizes of treatment on mean niche
width were positively correlated with those on TC and
TN (slope=1.446 to 1.684, p <0.01; Fig. 4F, and Table S7).
Classification of bacterial species into generalists, special-
ists, or neutral species based on permuted niche width
(Wilson and Hayek 2015) revealed a significant decline
in the proportion of bacterial generalists at Changchun
Garden under biochar alone and the combined treatment
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C Fungal/bacterial (F/B) richness ratio. Effect sizes are represented as regression coefficients derived from rescaled response variables (mean=0,
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(B=-0.646 t0—0.296, p<0.04; Fig. S9A). Moreover, the
effect sizes of treatment on the proportion of general-
ists exhibited a positive correlation with those on TN
(slope=3.029, p=0.012; Fig. S9A, and Table S7), further
supporting the linkages between microbial functional
traits and nutrient dynamics.

The species richness of plant pathogenic fungi, as
identified through the FungalTraits database (Polme
et al. 2020), varied significantly (p<0.05) in response
to different treatments across urban greenspaces
(Fig. 4C). Richness of plant pathogenic fungi increased
at Peking University under the combined treatment
(f=1.114, p=0.014), but decreased at Changchun
Garden under biochar addition (f=-0.791, p=0.03;
Fig. 4C). Moreover, the effect sizes of treatment on

plant pathogenic fungal richness were positively cor-
related with those on TC and TN (slope=0.905 to
1.151, p<0.04; Fig. 4G, and Table S7), suggesting that
higher plant pathogenic fungal richness may inhibit
plant nutrient uptake, thereby promoting soil nutri-
ent accumulation. Unlike bacterial niche responses
(Fig. 4B), the mean niche width of fungal species
increased at Changchun Garden under the combined
treatment (8=0.695, p=0.026; Fig. 4D). However, its
effect size was negatively correlated with those on TC
and TN (slope=—-2.464 to—1.968, p <0.025; Fig. 4H,
and Table S7). Similarly, the proportion of fungal spe-
cialists increased under compost alone and the com-
bined treatment at Changchun Garden (5=0.845 to
1.038, p<0.001), and showed negative correlations
with changes in TC and TN (slope=—-1.385 to —1.360,
p <0.04; Fig. S9E, and Table S7).
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3.5 Microbial co-occurrence networks

To investigate how biochar and compost treatments
influence microbial interactions over time, we employed
local similarity analysis (LSA) to construct time-resolved
microbial networks (Ruan et al. 2006; Weiss et al. 2016).
All empirical microbial networks significantly deviated
from random networks (p <0.01) and exhibited scale-free
features (Broido and Clauset 2019), as evidenced by their
power-law distribution (p<0.01; Tables S8 and S9). In
bacterial networks, the total number of nodes decreased
modestly at Changchun Garden across treatments rela-
tive to the control (—2.5% to 2.5%), whereas decreases
were more pronounced at Peking University (—13.8%
to—4.6%, p=0.072; Fig. 5A, and Table S8). In contrast,
fungal networks exhibited a more substantial decrease in
node numbers at Changchun Garden (—25.1% to —14.0%)
compared to those at Peking University and Haidian Park
(—9.3% to 33.5%, p<0.035; Fig. 5B, and Table S9), con-
sistent with the observed changes in microbial richness
(Fig. 2A, B). The total number of links in fungal networks
decreased most at Changchun Garden compared to the
control (—60.7% to—43.1%, p <0.04). alongside a notable
rise in the proportion of negative links (15.6% to 94.4%,
p=0.035; Fig. 5B, and Table S9). In contrast, Peking
University exhibited a decline in negative interactions
(—58.8% to—18.6%, Fig. 5B, and Table S9), suggesting
that the addition of biochar and compost might intensify
microbial resource competition in nutrient-rich urban
greenspaces. Compared to the control, the decline in

average connectivity (average links per node, average K)
and average clustering coefficient (average CC) in fungal
networks were more pronounced at Changchun Garden
(p<0.07; Fig. 5B, and Table S9), while bacterial networks
at Changchun Garden exhibited the highest positive rela-
tive change in average CC (1.1% to 1.8%, p<0.1; Fig. 5A,
and Table S8). The positive relative change in modularity
of fungal networks (8.0% to 19.5%) was also the highest
at Changchun Garden (p<0.05; Fig. 5B, and Table S9),
which may be attributed to the reduced network connec-
tivity leading to more modules.

To evaluate the effects of treatments on microbial
network stability across three urban greenspaces, we
simulated species extinction and quantified network
robustness (Montesinos-Navarro et al. 2017; Yuan et al.
2021) (i.e., resistance to node loss) along with the natu-
ral connectivity (Wu et al. 2010) of the remaining micro-
bial networks. The relative changes in bacterial network
robustness and natural connectivity under different treat-
ments did not differ significantly among the three urban
greenspaces (Fig. 5C, and Table S10). In contrast, fungal
network robustness exhibited a negative relative change
under all treatments at Changchun Garden compared
to the control (—7.6% to—1.8%; Fig. 5D, and Table S10),
likely driven by reductions in network size (i.e., num-
ber of nodes and links) and connectivity (Fig. 5B). This
decline was significantly different from the positive rela-
tive changes observed at Peking University and Haidian
Park (1.5% to 8.9%, p<0.05; Fig. 5D, and Table S10).
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Fig. 5 Effects of single and combined treatments of biochar and compost on soil microbial network properties. A, B Relative changes in topological
properties of bacterial and fungal networks under three treatments compared to the control across three urban greenspaces. Network topological
properties include node and link numbers, proportion of negative links (Pro. of neg. links), average connectivity (Average K), average clustering
coefficient (Average CC), and modularity (see Tables S2 and S3 for details). C, D Relative changes in stability indices of bacterial and fungal networks
under three treatments compared to the control across three urban greenspaces. Network stability indices, including robustness and natural
connectivity, were assessed after the random removal of 10% of taxa from each empirical network (see Table S11 for details). Error bars represent
the mean + standard deviation of relative changes derived from 100 simulation replicates. Differences in relative changes of network properties
among three urban greenspaces were assessed using unpaired t-tests, with only significant differences (p <0.100) displayed. E, F Relationships
between the effect size of the treatment on key environmental factors (SOC, TC, TN, and soil CO, flux), and the relative changes in bacterial

and fungal network properties. Pearson correlation coefficients (1) and p-values with false discovery rate adjustment were calculated (n=9). Darker
green indicates a significant positive correlation, while darker yellow indicates a significant negative correlation. Significance levels are denoted as:
**p<0.05, *p<0.1. P: Peking University; H: Haidian Park; C: Changchun Garden

Changes in the topological properties and stability indi-
ces of microbial networks may further influence ecosys-
tem functioning processes (Long et al. 2025; Yuan et al.

2021). Accordingly, changes in fungal networks, rather
than bacterial networks, exhibited significant correla-
tions with the effect sizes of treatments on environmental
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factors (Fig. 5E, F, and Table S11). For instance, changes
in the proportion of negative links in fungal networks
were negatively correlated with the effect sizes of treat-
ments on TC and TN across three urban greenspaces
(slope=—-1.596 to—1.300, p<0.04), while increased
fungal network robustness was positively correlated
with higher positive treatment effects on TC and TN
(slope=12.325 to 13.758, p<0.02). Changes in node and
link numbers, average connectivity, and modularity in
fungal networks also influenced soil TC and TN accumu-
lation in urban greenspaces (p <0.1). However, no fungal
network properties were significantly correlated with the
effect sizes of treatments on SOC and soil CO, fluxes
(Fig. 5F, and Table S11).

3.6 Underlying ecological mechanisms

Microbial community composition shifts are driven by
both stochastic and deterministic processes in commu-
nity assembly (Ning et al. 2019). To quantify the relative
contributions of these processes, we calculated modi-
fied stochastic ratios (MST) (Liang et al. 2020; Ning
et al. 2019), using 50% as the threshold distinguishing
the dominance of stochastic or deterministic processes.
Overall, bacterial community assembly was dominated
by stochastic processes across all urban greenspaces
(70.9% to 87.1%; Fig. 6A). In contrast, fungal community
assembly was governed by deterministic processes (30.4%
to 48.4%; Fig. 6B), except biochar alone (60.3+16.8%),
and the combined treatment (66.3 + 22.3%) at Changchun
Garden, as well as biochar alone (56.7 +30.0%) at Haid-
ian Park. Compared to the control, the proportion of
deterministic processes in bacterial community assembly
decreased at Haidian Park and Changchun Garden under
compost alone and the combined treatment (5=-0.745
to—0.483, p<0.055; Fig. 6C). Similarly, the proportion

(See figure on next page.)
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of deterministic processes in fungal community assem-
bly decreased under biochar alone and the combined
treatment at Changchun Garden (8=-0.892 to—0.765,
p<0.01), as well as under biochar alone at Haidian Park
(=-0.442, p=0.035; Fig. 6D). Notably, the effect sizes
of treatments on deterministic processes in fungal, but
not bacterial, community assembly exhibited a positive
correlation with their effect sizes on TN (slope=1.449,
p=0.014; Fig. S10), suggesting the critical role of fungal
community in regulating urban greenspace responses to
treatments.

To disentangle the direct and indirect effects of soil
microbial community on the variations in environmen-
tal factors, partial least squares path modeling (PLS-PM)
analysis was performed with the presumed relationships
(Fig. S11) among the selected subsets of soil physico-
chemical properties and CO, flux, and microbial vari-
ables (Fig. 6E, and Table S12 and S13). We found that soil
physicochemical properties were positively correlated
with the effect sizes of treatments on bacterial commu-
nity richness (standardized path coefficient, 5=0.861,
p=0.003), but negatively correlated with those on fungal
community richness (b= —0.784, p=0.012; Fig. 6E), con-
sistent with observed declines in fungal diversity in nutri-
ent-rich urban greenspaces (Fig. 2B). Furthermore, the
effect size of treatment on bacterial and fungal commu-
nity richness was positively correlated with those on fun-
gal functional traits, including plant pathogen and niche
width (b=0.773 to 0.935, p <0.02; Fig. 6E), which in turn
strongly influenced fungal network properties (b=0.855,
p=0.003). No such relationship was observed in bacterial
community (Fig. 6E). Collectively, the treatment effects
on soil fertility (SOC, TC, and TN) and soil functioning
process (CO, flux) were primarily mediated through bac-
terial diversity (b=-0.541, p=0.005), bacterial network

Fig. 6 Mechanisms of microbial community assembly, and relationships between changes in microbial community and environmental responses
in urban greenspaces under biochar and compost additions. A, B Bacterial and fungal community assembly processes delineated by the relative
contributions of stochastic and deterministic processes. The relative contributions were quantified using modified stochastic ratios based on Bray—
Curtis dissimilarity matrices. A threshold of 50% (black line) distinguishes the dominance of stochastic (>50%) or deterministic (< 50%) processes.
Error bars represent the standard deviation of each process's relative contribution (n=21). Treatments: control (CK), biochar (B), biochar x compost
(BO), and compost (C). C, D Effects of biochar and compost additions on the relative contributions of deterministic processes in bacterial and fungal
community assembly. Effect sizes are represented as regression coefficients derived from rescaled response variables (mean =0, standard
deviation=1) in linear mixed-effects models. Bars indicate the mean +s.e.m. of the effect sizes. Statistical significance was determined using Wald
type Il x? tests (n=42). Differences in effect sizes among the three urban greenspaces were assessed using a post-hoc LSD test following one-way
ANOVA (n=9), and are indicated by uppercase letters. Sites: P: Peking University; H: Haidian Park; C: Changchun Garden. E PLS-PM model
investigating relationships between background environmental values, microbial community responses, and changes in environmental factors
across three urban greenspaces. Environmental factors include key indicators of soil fertility (SOC, TC, TN) and functioning (CO, flux). A represents
the effect sizes of biochar and compost additions on selected variables. Path coefficients were estimated using 1,000 bootstraps, and are displayed
alongside each path (see Table S14 for details). Positive and negative effects are shown in red and blue with solid lines indicating significant
relationships (p <0.050) and dashed lines representing non-significant relationships. Explanatory power is provided for each latent variable,

and model goodness-of-fit was assessed (>0.70). F Standardized direct, indirect, and total effects (sum of direct and indirect effects) of each variable
on the effect sizes of treatment on environmental factors. Significance levels are indicated as: *** p<0.001, **p <0.01, ¥p<0.05, *p< 0.1
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properties (»=0.314, p=0.029), and fungal network
properties (b=0.469, p=0.03; Fig. 6E). Overall, these var-
iables accounted for 98.0% of the variation in the effect
sizes of treatments on soil fertility and functioning pro-
cess (Fig. 6E). Additionally, PLS-PM analysis revealed
that the effect sizes of treatment on fungal community
richness and functional traits exhibited the strongest
microbial community-driven influence on responses of
environmental factors to treatments (standardized total
coefficient=0.629 to 0.672; Fig. 6F).

4 Discussion
4.1 Specific fungal and bacterial taxa associated
with contrasting ecological outcomes

Soil microbial diversity plays a crucial role in supporting
the multifunctionality of urban greenspaces (Fan et al.
2023). Soil bacteria are often classified as r-strategists
characterized by the consumption of labile C compounds,
while soil fungi are often classified as k-strategists that
are more adapted to nutrient-poor niches and exhibit
higher efficiency in mineralizing recalcitrant C (Hart-
man et al. 2017; Yang et al. 2023). Moreover, mycorrhi-
zal fungi contribute to long-term nutrient retention and
soil carbon storage through mutualistic exchanges with
host plants (Averill et al. 2014; Terrer et al. 2016). Con-
sistently, we observed that treatment-induced increases
in TC and TN contents were positively correlated with
enhanced soil fungal richness and the fungal-to-bacterial
richness ratio (Fig. 2), which were also linked to increased
connectivity and stability of the fungal network, but not
the bacterial network (Fig. 5). Unlike natural ecosystems,
urban greenspaces harbor a significantly higher propor-
tion of Proteobacteria, Ascomycota (including Sordario-
mycetes, and Leotiomycetes), and plant pathogenic fungi
(Delgado-Baquerizo et al. 2021). These microbial groups
also emerge as critical mediators of soil responses to
organic amendments. For instance, Proteobacteria, typi-
cally fast-growing taxa favored by urban fertilization and
irrigation regimes (Delgado-Baquerizo et al. 2021; Yang
et al. 2023), exhibited an inverse relationship between
richness increases and TN accumulation and CO, emis-
sion (Fig. 3). Plant pathogenic fungi, primarily Sordari-
omycetes, exhibited a positive correlation with increased
TC and TN accumulation in urban greenspaces, likely
via inhibiting nutrient uptake by above-ground plants
(Fig. 3, 4). In contrast, Leotiomycetes, a group of sapro-
trophic fungi dependent on exogenous nutrient inputs
(Case et al. 2025), were associated with reduced SOC,
TC, and TN accumulation and higher CO, emission fol-
lowing treatment (Fig. 3, and Fig. S8). Compared to the
bacterial community, the fungal community harbored a
substantially greater number of taxa linked to positive
treatment outcomes for soil TC and TN contents (Fig. 3,
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and Fig. S8), reinforcing that fungal community played a
more pivotal role in maximizing the ecological benefits of
organic amendments in urban greenspaces.

4.2 Deterministic role of fungi in response to organic
amendments

Contrary to our initial hypothesis, the combined treat-
ment did not achieve the highest carbon sequestration
and fertility enhancement effects. Rather, the observed
effects were merely the average of the two single addi-
tions, or even antagonistic, particularly at the nutri-
ent-rich Changchun Garden (Fig. 1). One plausible
explanation is that biochar and compost share a similar
fungal community dominated by Eurotiomycetes, while
their bacterial communities differ substantially in that
biochar stimulates Proteobacteria but compost stimu-
lates Firmicutes (Fig. S7). Since soil nutrient retention
is primarily driven by fungal-mediated nutrient uptake
from the soil and aboveground plants (Averill et al. 2014;
Case et al. 2025), the functional similarity of fungal com-
munities across amendments may tend to exhibit an
additive rather than a synergistic effect. Contrary to the
predicted “Matthew Effect, where nutrient-rich envi-
ronments amplify positive responses, carbon sequestra-
tion and fertility enhancement were more pronounced in
nutrient-poor urban greenspaces (Fig. 1). This observa-
tion aligns with findings from the application of biochar
and compost in agricultural soils (Yang et al. 2025). The
underlying mechanism may be attributed to the more
pronounced enhancement of soil microbial activity in
less fertile soils compared to fertile ones (Mikajlo et al.
2024). Our field experiments in urban green spaces fur-
ther elucidated microbial responses, revealing that nutri-
ent-rich environments favor fast-growing species with
high rrn copy numbers, thereby intensifying microbial
competition for resources (Fig. 4). The intensified bacte-
rial resource consumption, coupled with the instability
in fungal community composition and function, offset
the treatment effect sizes on nutrient gains in nutrient-
rich urban greenspaces. In contrast, urban greenspaces
with lower background nutrient content (i.e., Peking Uni-
versity and Haidian Park) exhibited higher gains in soil
nutrients under treatments, with effect magnitudes rang-
ing from 0.1-14.4 times for SOC, 2.3-2.9 times for TC,
and 1.6-2.6 times for TN (Fig. 1). Moreover, the effects
of different treatments across various urban greenspaces
on soil physicochemical properties and microbial indi-
ces showed minimal temporal variation, as indicated by
insignificant Treatment X Sampling Time interactions
(p>0.05), which suggests that the implemented protec-
tive measures contribute to sustained enhancements in
carbon sequestration and soil fertility.
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5 Conclusion

Biochar and compost amendments are increasingly
applied to restore degraded soils and enhance ecosys-
tem services in agroecological systems, yet their effects
on soil properties and microbial mechanisms in urban
greenspaces remain insufficiently understood. Through
a field experiment across three urban greenspaces with
contrasting intrinsic soil nutrient levels, this study dem-
onstrates that the outcomes of biochar and compost
amendments are strongly nutrient-dependent. Specifi-
cally, soil C and N storage was enhanced by amendments,
with effects up to 14.4-fold greater in nutrient-poor
soils compared to nutrient-rich sites. Mechanistically, in
nutrient-poor greenspaces, amendments elevated fun-
gal richness, functional traits, and network connectivity
and stability, thereby amplifying soil carbon sequestra-
tion and fertility gains. In contrast, nutrient-rich soils
exhibited declines in fungal diversity and network sta-
bility, accompanied by enhanced bacterial growth and
reduced fungal-to-bacterial richness ratios, which collec-
tively accelerated carbon consumption and destabilized
soil C pools. Our results highlight fungi as pivotal actors
in mediating the ecological benefits of organic amend-
ments, providing a microbial-based conceptual model for
precision soil restoration in urban ecosystems. Beyond
revealing the contrasting microbial mechanisms across
nutrient gradients, this study emphasizes the need to pri-
oritize nutrient-poor urban greenspaces for biochar and
compost interventions, where the ecological payoffs are
greatest.
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