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Abstract Atmospheric nitrogen (N) deposition is alter-
ing forest soil carbon dynamics, yet the role of ectomyc-
orrhizal (ECM) symbiosis in regulating soil organic car-
bon (SOC) stabilization under elevated N remains poorly
understood. We investigated how N addition (0, 5, 10 and
20 mM urea) and ECM colonization interact to influence
SOC partitioning, microbial functioning, and stabilization
mechanisms in Eucalyptus grandis X Eucalyptus urophylla
soils. ECM colonization remained consistently high across
the N gradient, but fungal biomass declined with increas-
ing N, indicating shifts in fungal allocation strategies. N
addition alone favored accumulation of transient particu-
late organic carbon, whereas ECM inoculation promoted
mineral-associated organic carbon (MAOC) at intermedi-
ate N levels, despite reductions in SOC hydrophobicity and
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chemical recalcitrance, suggesting that ECM-driven stabili-
zation operates independently of chemical persistence. ECM
fungi constrained microbial oxidative enzyme investment,
notably suppressing polyphenol oxidase, thereby reshap-
ing microbial carbon processing. Plant-derived CAZymes
dominated SOC depolymerization, while SOC partitioning
was independently regulated by a Bradyrhizobium—Peni-
cillium-centered microbial guild and by the CAZy enzyme
families GH104 (bacterial) and GH17 (fungal). MAOC
accumulation was more closely associated with microbial
necromass formation and microbial carbon pump efficiency
than with lignin chemistry. Collectively, these findings
demonstrate that ECM symbiosis mediates soil carbon fate
under N enrichment by coordinating microbial community
composition, enzymatic activity, and necromass pathways,
redirecting carbon from rapid mineralization to biologically
mediated stabilization. This study highlights ECM fungi as
critical biotic controllers of SOC persistence in N-enriched
plantation ecosystems.
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Introduction

Nitrogen (N) deposition, a major component of global envi-
ronmental change, has profoundly altered biogeochemical
cycles worldwide. As a critical limiting nutrient, reactive N
can stimulate plant growth; however, chronic N enrichment
frequently disrupts ecosystem functioning by altering biodi-
versity, soil chemistry, and nutrient cycling processes (Ste-
vens et al. 2004; Galloway et al. 2008). China, historically
a hotspot of atmospheric N deposition, has recently experi-
enced a decrease in deposition rates, from 20.4 +2.6 kg ha™!
a~! during 2011-2015 to 14.6+3.0 kg ha~! a! in
2015-2020 (Yu et al. 2019; Liu et al. 2024; Wu et al. 2025).
Elevated N deposition exerts complex and sometimes con-
tradictory effects on the terrestrial carbon cycle, particularly
affecting the persistence and composition of soil organic
carbon (SOC), the largest carbon pool in terrestrial ecosys-
tems, and even minor changes in its stability can markedly
influence climate feedbacks (Reay et al. 2008; Zhang et al.
2026). In forest ecosystems, N deposition regulates SOC
stability through multiple, often contrasting mechanisms. On
the one hand, N enrichment can suppress microbial decom-
position and oxidative enzyme activities, thereby reducing
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litter decay rates and promoting SOC accumulation (Frey
et al. 2014). On the other hand, N addition may alter plant
carbon allocation patterns, microbial community composi-
tion, and extracellular enzyme production, which in turn
affects the formation and persistence of SOC fractions, such
as particulate organic carbon (POC) and mineral-associated
organic carbon (MAOC) (Lu et al. 2021). Emerging evi-
dence further suggests that N-induced shifts in microbial
carbon use efficiency and residue production regulate the
contribution of microbial necromass to stable SOC pools
(Liang et al. 2017). Moreover, N-driven changes in soil acid-
ity and organic—mineral interactions may regulate the stabili-
zation and destabilization of MAOC in forest soils (Willard
et al. 2026). Despite these advances, it remains unclear to
what extent N enrichment alters the relative contributions of
plant-derived versus microbially processed carbon to SOC
stabilization, particularly across spatially distinct compart-
ments associated with ectomycorrhizal (ECM) fungi, such
as the mycorrhizosphere and hyphosphere.

The persistence of SOC is increasingly understood to be
governed not only by the quantity of plant-derived inputs
but also by microbial transformation processes that regulate
carbon stabilization. Contemporary frameworks emphasize
that microbial carbon use efficiency, residue formation, and
subsequent interactions with soil minerals are central to
long-term SOC sequestration. In this context, microbial nec-
romass has been recognized as a dominant precursor of sta-
ble SOC, a process conceptualized as the microbial carbon
pump (MCP) (Liang et al. 2017). In parallel, a fraction of
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plant-derived compounds, particularly structurally complex
polymers such as lignin, may also contribute directly to SOC
persistence depending on their degree of microbial process-
ing and physicochemical protection (Cotrufo et al. 2015).
Consequently, SOC stability reflects the relative contribu-
tions and interactions between microbe-derived and plant-
derived pathways across distinct SOC pools, including POC
and MAOC (Lehmann et al. 2020).

N enrichment can decouple these SOC formation path-
ways by selectively altering microbial community composi-
tion and function. Elevated N availability often suppresses
oxidative enzyme activities involved in the depolymeriza-
tion of complex organic matter, potentially reducing SOC
mineralization rates. Simultaneously, N addition frequently
shifts microbial communities toward fast-growing, resource-
acquisitive bacteria at the expense of slower-growing fungi,
thereby reshaping microbial residue production and turno-
ver (Fang et al. 2018; Tian et al. 2019; Ullah et al. 2021).
Despite these general trends, reported effects of N enrich-
ment on microbial necromass accumulation and SOC sta-
bilization remain highly variable across ecosystems (Liang
and Balser 2012; Hu et al. 2022). This variability suggests
that key biological regulators mediating microbial responses
to N enrichment are not yet fully incorporated into current
conceptual models.

ECM fungi represent a potentially critical yet underex-
plored regulator within this framework. Forming symbiotic
associations with many dominant forest tree species, ECM
fungi occupy a strategic position at the interface of plant and
soil C—N cycles (Wang et al. 2025). They receive substantial
plant-derived carbon (primarily sugars and fatty acids) in
exchange for facilitating N acquisition, often through the
decomposition of organic matter (Smith and Read 2008;
Lindahl and Tunlid 2015). This functional niche endows
ECM fungi with a dual capacity in SOC dynamics: they
can influence the fate of plant-derived carbon inputs while
simultaneously contributing directly to persistent SOC
through the production and accumulation of fungal necro-
mass (Clemmensen et al. 2013). Importantly, N deposition is
expected to perturb this balance by reducing the reliance of
ECM fungi on organic N acquisition, suppressing extracel-
lular enzyme production, and altering fungal biomass and
turnover (Bodeker et al. 2014; Mielke et al. 2025). However,
mechanistic understanding of how N availability regulates
the relative contributions of ECM-derived necromass ver-
sus plant-derived residues to distinct SOC pools remains
limited.

An additional but largely overlooked dimension is the
spatial heterogeneity of ECM-mediated SOC processes.

Carbon transformation and stabilization may differ mark-
edly between the mycorrhizosphere, where roots, fungi, and
bacteria interact intensely, and the extraradical hyphosphere,
dominated by fungal hyphae with limited root influence. N
deposition may further amplify this spatial differentiation by
altering carbon allocation patterns, microbial competition,
and enzyme expression across these niches. Yet empirical
studies explicitly disentangling niche-specific SOC forma-
tion pathways under ECM symbiosis are scarce.

Eucalyptus spp., widely planted across subtropical China,
provide an ideal model system for addressing these knowl-
edge gaps due to their capacity to form associations with
both ectomycorrhizal and arbuscular mycorrhizal fungi
(Visscher et al. 2020). Growing concerns over soil sustain-
ability in intensively managed Eucalyptus plantations fur-
ther underscore the need to elucidate mechanisms governing
SOC persistence. Recent evidence suggests that both ECM
symbiosis and N addition alter belowground carbon alloca-
tion in Eucalyptus systems (He et al. 2024), implying down-
stream consequences for SOC composition and stability.

Here, we pose the following questions: (1) How do ECM
fungi regulate the composition and stability of distinct SOC
pools under increasing N availability? (2) To what extent
does spatial differentiation between the mycorrhizosphere
and hyphosphere underpin ECM-mediated SOC stabiliza-
tion under N enrichment? (3) How do microbial diversity,
keystone taxa, and functional potential interact with N avail-
ability and carbon sources to govern SOC persistence under
ECM symbiosis?

Based on these questions, we hypothesize that N deposi-
tion alters microbial community composition and functional
attributes, thereby influencing SOC stabilization processes
in a spatially structured manner across the mycorrhizosphere
and hyphosphere. Specifically, ECM fungi affect SOC per-
sistence by regulating plant-derived carbon input and con-
tributing fungal-derived residues to stable SOC pools, with
the relative importance of these pathways varying spatially
under N enrichment.

To test this hypothesis, we conducted a controlled experi-
ment integrating biomarker analyses (amino sugars and
lignin phenols), solid-state '3C NMR spectroscopy, and
metagenomic sequencing. We examined the effects of a
gradient of N addition (0, 5, 10, and 20 mM) and inocula-
tion with two ECM fungi (Laccaria laccata and Tricholoma
matsutake) on SOC pool composition, microbial commu-
nity structure, and functional potential in the mycorrhizos-
phere and hyphosphere of Eucalyptus grandis X Eucalyptus
urophylla.
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Materials and methods

Plant material, substrate, and ECM fungi inoculum
preparation

E. grandis X E. urophylla seedlings were provided by the
Research Institute of Tropical Forestry, Chinese Acad-
emy of Forestry. Seedlings approximately 15 cm in height
were acclimatized in a greenhouse for one week prior to
the experiment. To minimize interference from indigenous
fungi, seedlings were immersed in a 0.5 g L™! benomyl
solution at 25 °C for 24 h. Following fungicide treatment,
roots were carefully pruned to a uniform length of ~ 10 cm
to standardize initial root biomass and architecture across
all individuals.

Seedlings were grown in plastic pots (23 cmX21 cm)
containing 8 kg of autoclave-sterilized soil collected from
the SCAU arboretum, passed through a 2 mm sieve, and
sterilized by autoclaving (121 °C, 101 kPa, 2 h). Post-ster-
ilization, soils were stored in a covered, ventilated room
for 24 h prior to use to prevent recontamination. The soil,
classified as Red soil under the Chinese system (equivalent
to Ferralic Acrisols in FAO classification; Staff 2014), had
a pH of 4.31 (1:2.5 soil:water), organic carbon content of
9.89 g kg~!, available nitrogen of 0.03 mg g~!, and available
phosphorus of 80.15 mg kg~!, measured following standard
protocols (Plett et al. 2024).

Two ECM fungal strains, Laccaria laccata and Tricho-
loma matsutake, were isolated from the roots of E. grandis
in the SCAU arboretum. Fungal strains were activated on
modified Melin-Norkrans (MMN) medium (composition
provided in Supplementary Table S1) at 25 °C in dark-
ness for 14 days. Actively growing mycelial plugs (5 mm
in diameter) were aseptically excised from the edge of the
colonies and transferred onto fresh MMN plates, which were
incubated under the same conditions. After sufficient myce-
lial growth, the fungi were propagated in large-scale liquid
MMN culture to produce inoculum for experimental use.
Subcultures were regularly performed every 4—-6 weeks to
maintain vigorous growth. Fully developed mycelium from
these cultures was harvested and used as the ECM inocu-
lum for subsequent experiments. For ECM inoculation, five
holes (1 cm diameter X 5 cm depth) were made around each
seedling’s root system. Each hole was filled with 10 g of
inoculum (5 g L. laccata+5 g T. matsutake) and then back-
filled with sterilized soil. Non-inoculated seedlings served
as controls. Seedlings were allowed to establish for one week
prior to the start of measurements, during which no mortal-
ity or visible stress symptoms were observed.
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Experimental design

The experiment followed a fully factorial design with two
primary factors, resulting in a total of eight treatments: ECM
inoculation (with or without) and N addition at four levels
(0, 5, 10, and 20 mM urea, corresponding to 0, 20, 40, and
80 kg ha=! a™!, respectively). Each treatment included four
biological replicates, with three pots per replicate serving as
technical repeats. In ECM-inoculated treatments, two types
of soil cores were established to differentiate the contribu-
tions of the mycorrhizosphere (M) and hyphosphere (H).
Mycorrhizosphere cores were constructed using PVC tubes
(7 cm diameter X 15 cm height) wrapped with 2 mm nylon
mesh, allowing both root and hyphal penetration, while
hyphosphere cores used PVC tubes wrapped with 40 pm
nylon mesh, permitting hyphal entry but excluding roots. All
cores were laterally perforated and filled with sterilized soil
sieved through a 2-mm mesh. The remaining pot substrate
consisted of a 1:1 (v/v) mixture of river sand and sterilized
soil to standardize growth conditions across treatments.

N addition commenced four months after ECM inocu-
lation, allowing sufficient time for stable mycorrhizal
colonization. From September 2022 to December 2023,
500 ml of urea solution was applied biweekly to each pot
at concentrations corresponding to the designated N addi-
tion levels. This dosing scheme represented approximately
4-6 years of equivalent field-level N deposition when scaled
to soil surface area (He et al. 2021; Geng and Jin 2022;
Wau et al. 2023a, b). Environmental conditions were con-
trolled in a greenhouse: relative humidity was maintained at
55%, daytime and nighttime temperatures were set to 26 °C
and 20 °C, respectively, and a 16 h light/8 h dark photo-
period was applied. To minimize microenvironmental vari-
ation, pots were randomly repositioned on a weekly basis.
Light intensity under greenhouse lamps was approximately
150 pmol m~2 s~! light irradiance, ensuring consistent pho-
tosynthetic conditions across all treatments.

Sampling

After completion of N addition treatments, surface litter
was carefully removed. Soil cores (0—15 cm depth) were
obtained with a cylindrical sampler (5 cm in diameter). For
each treatment, soils from every three pots were pooled to
generate a single composite sample, yielding a total of four
composite samples per treatment. Following collection,
the soils were sealed in airtight bags, kept under chilled
conditions, and delivered to the laboratory within 2 h.
After passing through a sterile 2-mm sieve to eliminate
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coarse materials, each composite soil was divided into
three portions: (1) air-dried for physicochemical measure-
ments, (2) stored at 4 °C for enzyme activity and microbial
biomass measurements (analyzed within 48 h), and (3) fro-
zen at — 80 °C for metagenomic sequencing. Concurrently,
fine roots were collected from the same pots, fixed in FAA
solution, and used for assessment of ECM colonization.

ECM fungi colonization

For each root sample, 100-150 root tips were randomly
selected. These tips were cleared in 5% KOH at 90 °C for
30 min prior to microscopic examination. They were then
acidified in 2% HCI for 5 min, followed by staining with
0.12% tetrazolium blue at 90°C for 20 min. After stain-
ing, the root tips were destained in a 1:1 (v/v) glycerol
acid solution. The samples were then observed under a
stereomicroscope (Leica S9i, Leica Microsystems, Wet-
zlar, Germany) to identify ECM colonization, which was
characterized by their distinct blue-stained, swollen root
tip morphology. ECM colonization was calculated using
the following formula:

Number of colonized root tips

ECM(%) =
(%) Total number of obversed root tip quantity

X 100%
(0

Paraffin sections

Plant fine roots were collected, labeled, and trimmed to
2-3 mm segments. Samples underwent standard histologi-
cal processing: sequential dehydration through an ethanol
series, clearing in xylene, paraffin wax infiltration and
embedding. Using a rotary microtome (Leica RM2245),
5-pm serial sections were cut, slide-mounted, and air-dried.
Sections were stained using Safranin O and Fast Green for
histological differentiation. Stained sections were exam-
ined and imaged under a light microscope for subsequent
analysis. The detailed procedure is provided in Materials
and Methods Section 2.5 of the Supplementary Materials.

Measurement of ECM fungal biomass

Fungal ergosterol was quantified by UPLC (ACQUITY
UPLC M-Class, Waters). Specifically for ECM fungi,
which rely on plant-derived carbon and cannot per-
sist under carbon limitation, ECM-derived ergosterol
was calculated as the difference in total soil ergosterol
before and after a five-month cultivation period (Baath
et al. 2004; Hendricks et al. 2016). Soil samples (10 g)
underwent ergosterol extraction using methanol and

KOH saponification, followed by cyclohexane partition-
ing. Extracts were concentrated, reconstituted in metha-
nol, filtered, and analyzed by UPLC with a C18 reverse-
phase column, methanol mobile phase (95:5, v/v), flow
rate of 1 ml min~', and detection at 282 nm. Ergosterol
concentration was determined against a standard calibra-
tion curve (0.0005-0.02 mg ml~"). The detailed procedure
is provided in Materials and Methods Section 2.6 of the
Supplementary Materials. Fungal biomass was calculated
based on the measured ergosterol concentration, extraction
volume, and recovery rate (determined using autoclaved
soil spiked with ergosterol standard).

Fungal biomass(pg g™') = C X V x R x 1000 x Moisture coefficient
(@)

Quantification of soil carbon fractions

SOC was assessed using heated dichromate oxidation,
and NH,"-N and NO,™-N were extracted with 2 mol L~!
CaS0,-2H,0 and KClI, respectively. After filtration through
0.22 pm membranes, nutrient concentrations were quan-
tified using a flow analyzer (SmartChem®200, Westco,
Italy). Microbial biomass carbon (MBC) was determined
by chloroform fumigation—extraction after 24 h exposure to
ethanol-free chloroform and extraction with 0.5 M K,SO,.
Filtered extracts were analyzed on a TOC analyzer (Elemen-
tar, Hanau, Germany), and MBC was calculated from fumi-
gated—non-fumigated differences. Dissolved organic carbon
(DOC) was obtained by water extraction (10 g fresh soil,
50 ml deionized water, 30 min shaking), followed by cen-
trifugation (10,000 rpm, 10 min), filtration (0.45 pm), and
TOC analysis (TOC-VCPH, Shimadzu, Japan).

POC and MAOC were separated by particle-size frac-
tionation with wet sieving (Yu et al. 2025). Soil (10 g) was
dispersed in 50 ml sodium hexametaphosphate (5 g L™!) by
shaking for 18 h, followed by wet sieving at 53 pm. Mate-
rial retained on the sieve (>53 pm) was defined as POC,
whereas the <53 pm fraction in the filtrate was considered
MAOOC. Both fractions were rinsed to clarity, dried at 60 °C
to constant mass, and their SOC contents were determined
on a soil-mass basis. The detailed procedure is provided in
Materials and Methods Section 2.7 of the Supplementary
Materials.

Soil enzyme analysis

Four soil carbon-cycle enzyme activities were assayed
with commercial kits (Solarbio, Beijing, China). These
include two soil enzymes, cellobiohydrolase (S-CBH, EC
3.2.1.91) and p-1,4-glucosidase (S-B-GC, EC 3.2.1.21).
They catalyze the breakdown of cellulose, hemicellulose,
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and related polysaccharides into smaller sugars for micro-
bial utilization (Chen et al. 2020). Additionally, two soil
oxidative enzymes-polyphenol oxidase (S-PPO, EC
1.14.18.1) and lignin peroxidase (S-Lip, EC 1.11.1.14)
were measured. They oxidize lignin, phenols, and other
aromatic compounds, facilitating degradation of recalci-
trant molecules (Sinsabaugh 2010). The detailed proce-
dure is provided in Materials and Methods Section 2.8 of
the Supplementary Materials.

The stability of the carbon pool was assessed using the
carbon quality index (CQI), calculated as follows (Xu et al.
2025):

InPPO

[= ————
cQ InPPO + InGC )

Microbial necromass carbon

Soil samples underwent acid hydrolysis (6 M HCI, 105 °C,
8 h). Myo-inositol was added as an internal standard after
cooling. Hydrolysates were sequentially filtered, evapo-
rated, pH-adjusted (6.6—6.8), centrifuged, and freeze-
dried; residues were redissolved in methanol, centrifuged,
nitrogen-purged, and freeze-dried again to isolate amino
sugars. Amino sugars were derivatized (hydroxylamine
hydrochloride + 4-(dimethylamino)pyridine, 75-80 °C) to
form aldononitrile acetates and analyzed by GC (Agilent
6890A, HP-5 column 30 m X 0.25 mm X 0.25 pm, FID).
The detailed procedure is provided in Materials and Meth-
ods Section 2.9 of the Supplementary Materials.

Fungal necromass carbon (FNC) and bacterial necro-
mass carbon (BNC) were calculated using established for-
mulas (Liang et al. 2019; Yang et al. 2024):

GluN _ 2MurA
179.15 251.23

FNC(gke™) = ( )x179.07x9 (@)

BNC(g kg™!) = MurA x 45 )

Microbial necromass carbon (MNC) was calculated as
the sum of FNC and BNC. The MNC/SOC ratio repre-
sented MCP efficiency (Zhu et al. 2020), while the nec-
romass accumulation coefficient (NAC) was calculated as
MNC/MBC (Zhang et al. 2021).

Plant-derived necromass carbon pool
Lignin phenol extraction and quantification followed Ma
et al. (2018) with minor modifications. Lignin phenols

were measured via alkaline CuO oxidation (170 ‘C, 2.5 h,
O,-free), followed by ethyl acetate separation, BSTFA

@ Springer

derivatization, and GC analysis (Shimadzu GC-2010
PRO, HP-5 column). Phenols were classified as: Cinnamyl
(p-coumaric acid, ferulic acid), Syringyl (syringaldehyde,
syringic acid, syringone), Vanillyl (vanillin, vanillic acid,
acetovanillone), and P-hydroxyl (p-hydroxybenzaldehyde,
p-hydroxyacetophenone, p-hydroxybenzoic acid). Ratios
of S/V, C/V, and P/(V + S) were calculated to assess lignin
decomposition states. Lignin degradation was evaluated
using Ad/Al ratios of V and S phenols, which rise with
oxidative SOC decomposition. The detailed procedure
is provided in Materials and Methods Section 2.10 of
the Supplementary Materials.

SOC chemical composition

SOC chemical composition was characterized using solid-
state 1>°C CPMAS-NMR spectroscopy (Bruker AVANCE
IIT HD 400 MHz). Samples underwent hydrofluoric acid
(HF) pretreatment to remove paramagnetic minerals
prior to analysis. Spectra were acquired at 10 kHz MAS
frequency with '°C resonance at 100.625 MHz using a
4 mm H/X dual-resonance probe (Yuan et al. 2020). The
detailed procedure is provided in Materials and Methods
Section 2.11 of the Supplementary Materials.

Spectral integration of the solid-state '’*C CPMAS-
NMR spectra was performed using MestReNova software
(v.14.0). Functional groups were categorized into four
regions based on chemical shifts: alkyl-C: 0—-45 ppm,
O-alkyl C: 45-110 ppm, aromatic C: 110-160 ppm, car-
bonyl C: 160-210 ppm. To assess the chemical stability
of SOC, the hydrophobicity index (HI) was calculated as:

_ AlkylC + AromaticC
~ O-AlkyIC + CarbonlyC ©)

Ratios of Aromatic C/O-Alkyl C and (Alkyl-
C+Aromatic C)/O-Alkyl C were used to evaluate SOC
decomposition (Bera et al. 2019).

DNA extraction, sequencing, and bioinformatics
analysis

Genomic DNA (1 pg) was fragmented and used for library
construction following standard procedures, including end
repair, adapter ligation, purification, and PCR amplifica-
tion. Libraries meeting quality thresholds were pooled and
sequenced on the Illumina PE150 platform (Li et al. 2014;
Qin et al. 2010).

Raw reads were quality-filtered to remove adapters,
low-quality sequences, and ambiguous bases, and host
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contamination was excluded (Karlsson et al. 2013). Clean
reads were assembled, and open reading frames (ORFs)
were predicted to construct a non-redundant gene catalog
(Li et al. 2014; Sunagawa et al. 2015). Gene abundance was
calculated based on read mapping results (Cotillard et al.
2013; Qin et al. 2014).

Taxonomic annotation was performed against a compre-
hensive microbial protein database using DIAMOND with
LCA-based assignment (Huson et al. 2011; Buchfink et al.
2015). Functional annotation focused on carbohydrate-active
enzymes using the CAZy database (Cantarel et al. 2009;
Feng et al. 2015). Detailed parameters, software versions,
and additional references are provided in Materials and
Methods Section 2.12-2.13 of the Supplementary Materials.

Statistical analysis

All statistical analyses were conducted in R (v4.1.3) and
SPSS (IBM Corp., Armonk, NY, USA). Data visualiza-
tion, including bar plots and stacked bar plots, was gen-
erated using GraphPad Prism 8 (GraphPad Software, San
Diego, CA, USA) and ggplot2 (v3.3.5). Two-way ANOVA
was applied to assess treatment effects on soil carbon pools,
enzyme activities, and microbial indices. Microbial commu-
nity structure was analyzed by PCoA (ade4), with microbial
community—carbon relationships evaluated using Mantel

tests and RDA (vegan). Correlation heatmaps were pro-
duced using the corrplot package (v0.92). To identify key
microbial taxa and enzyme families influencing soil carbon
dynamics, a random forest model was constructed using the
randomForest and pROC packages, with feature importance
assessed for predictive interpretation.

Results

Effects of N addition on colonization rate and biomass
of ECM fungi

Four months after inoculation, the ECM fungal coloniza-
tion rate in E. grandis X E. urophylla root systems were
assessed. Results revealed that ECM fungal colonization
rates exceeded 80% across all N addition treatments, with no
significant differences observed among treatments (Fig. 1B).
In inoculated treatments, distinct mantle structures were
clearly visible in the fine roots of giant eucalyptus (Fig. 1C).
Following paraffin sectioning and Safranin-Fast Green stain-
ing, a well-defined Hartig net was observed, confirming suc-
cessful colonization (Fig. 1D).

However, ECM fungal biomass progressively decreased
with increasing N concentrations. Treatments with 5 to
20 mM N exhibited significantly reduced ECM fungal
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Fig. 2 Effects of ECM fungal inoculation and N addition on soil car-
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across the N addition gradient in inoculated and non-inoculated soils.

biomass compared to the 0 mM N control (p<0.05; Fig. 1E),
indicating that elevated N addition suppressed ECM fungal
growth in the soil.

N addition and ECM inoculation restructure soil
carbon pools

N addition and ECM inoculation significantly altered the
size and distribution of soil carbon pools (Fig. 2). Across
the N addition gradient, DOC decreased progressively in
non-inoculated soils, whereas ECM inoculation largely
stabilized DOC concentrations, resulting in a significant
N X ECM interaction (Fig. 2A). MBC responded primarily
to the interaction between N addition and ECM inocula-
tion: in non-inoculated soils, MBC increased with increas-
ing N availability, whereas under ECM inoculation MBC
declined significantly at 10-20 mM N addition, with MBC
consistently higher in the hyphosphere than in the mycor-
rhizosphere at these N levels (Fig. 2B). POC exhibited a uni-
modal response to N addition, increasing at low N levels and

@ Springer

250

B N:* Mins NxM:##*
ab e a
_ be
200 ¢ ¢ c c
d d

2 150 d
on
£
8 100 —
=

50—

0 5 10 20
N addition levels
D 15 N:* Mins NxM:#%*
ab a

ab ab ab
10 ab ab ab ab o,
3 ¢ 2
o
o
2

10 20

0 5

N addition levels

Data are means+SE (n=4). Different letters indicate significant
differences (p<0.05). N=N addition, NM=without inoculation;
M =mycorrhizosphere; H=hyphosphere

peaking at 5 mM N, followed by a decline at higher N con-
centrations. ECM inoculation significantly increased POC
at 5 mM N compared to non-inoculated soils but resulted in
lower POC at 10-20 mM N, while POC concentrations in
the hyphosphere were consistently lower than those in the
mycorrhizosphere across all treatments (Fig. 2C). MAOC
responded non-linearly to N addition, decreasing initially
and reaching a minimum at 10 mM N, where ECM inocula-
tion significantly increased MAOC relative to non-inocu-
lated soils (Fig. 2D). Together with the low-N accumula-
tion of POC, these patterns indicate contrasting responses
of POC and MAOC to N addition and a shift in soil carbon
pool partitioning (Fig. 2C-D).

N availability and ECM symbiosis regulate microbial
carbon processing capacity

Activities of carbon-degrading enzymes responded dis-
tinctly to N addition and ECM inoculation (Fig. 3). Hydro-
Iytic enzymes associated with labile carbon decomposition
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responded differently to N addition and ECM inoculation. In
non-inoculated soils, S-p-GC activity exhibited a unimodal
response, peaking at 10 mM N. Under ECM inoculation,
S-B-GC activity declined progressively with increasing N
addition, being significantly higher than in non-inoculated

S-PPO (U/g)

0 5 10 20

N addition levels

are means+SE (n=4). Different letters indicate significant differ-
ences (p <0.05). N=N addition; NM = without inoculation; M =myc-
orrhizosphere; H=hyphosphere

soils at 0-5 mM N but significantly lower at 10-20 mM N.
In the hyphosphere, S-B-GC activity was significantly higher
than in the mycorrhizosphere at 0 and 20 mM N (Fig. 3A).
S-CBH activity was not significantly affected by ECM inoc-
ulation across N treatments but was consistently higher in
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the hyphosphere than in the mycorrhizosphere at 0-10 mM  unimodal response to N addition with a peak at 5 mM N, and
N (Fig. 3B). In contrast, oxidative enzymes displayed strong ~ was generally reduced under ECM inoculation, particularly
sensitivity to N addition and ECM inoculation: S-Lip activ-  in the hyphosphere (Fig. 3E).

ity declined with increasing N addition in non-inoculated

soils but remained relatively stable under ECM inoculation, =~ ECM fungi and N addition reshape microbial

while S-PPO activity increased along the N gradientin non-  community structure and diversity

inoculated soils but was significantly suppressed by ECM

inoculation at 5-20 mM N, with lower hyphosphere activ- ~ Both N addition and ECM inoculation significantly influ-
ity than mycorrhizosphere at 5 and 20 mM N (Fig. 3C-D).  enced microbial community composition and diversity
The CQI varied significantly among treatments, exhibitinga  in E. grandis X E. urophylla soils (Fig. 4; Table S2).
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Bacterial communities were dominated by Actinomycetota
(33.51%), Pseudomonadota (29.52%), and Acidobacteriota
(6.74%), whereas Ascomycota (>4.03%) prevailed among
fungi, with Mucoromycota peaking at 0.63% under high
N with ECM inoculation (Fig. 4A-B). At the genus level,
Conexibacter (11.87%) led bacterial decomposers, while
Penicillium (1.29%) was the most abundant fungal genus
and increased with N addition (Fig. S1C-D). Alpha diver-
sity indices of bacterial and fungal communities showed
U-shaped responses to increasing N availability, with
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of CAZy classes across treatments. C Heatmap showing variation in
dominant CAZy families involved in carbon degradation. Color inten-
sity indicates normalized gene abundance

ECM inoculation generally moderated these effects, par-
ticularly in the hyphosphere (Fig. 4C-D). PCoA revealed
clear separation of bacterial and fungal communities along
the N gradient and between ECM treatments (Fig. 4E-F).
RDA identified significant environmental drivers of micro-
bial community composition: bacterial communities were
primarily structured by S-p-GC, DOC and S-PPO (cumu-
lative variance 72.69%), whereas fungal communities
responded to MAOC, NH,*-N, NO;™-N, SOC and DOC
(cumulative variance 89.77%; Fig. 4G-H).
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Functional potential for carbon transformation
revealed by metagenomic CAZy profiles

Metagenomic analysis revealed distinct shifts in the func-
tional potential for soil carbon transformation across N addi-
tion and ECM inoculation treatments, as reflected by CAZy
gene profiles (Fig. 5; Table S2-S6).

Genes associated with carbohydrate hydrolysis, includ-
ing glycoside hydrolases (GHs) and carbohydrate esterases
(CEs), were most abundant under all treatments, with GHs
showing the highest gene counts (187,857) followed by
glycosyl transferases (GT, 171,197) and carbohydrate-
binding modules (CBM, 65,139), whereas auxiliary activ-
ity enzymes (AAs) exhibited lower relative abundance
and contrasting responses across N X ECM conditions
(Fig. 5A-B). Plant-derived enzymes dominated (> 80%
of total abundance), targeting hemicellulose, cellulose,
and lignin, while bacterial and fungal contributions were
minor, including peptidoglycanases and chitinases/glu-
canases, respectively (Fig. 5C).

Microbial necromass and plant-derived residues drive
contrasting SOC stabilization pathways

Biomarker analyses revealed divergent responses of microbe-
and plant-derived SOC components to N addition and ECM
inoculation (Fig. 6; Table S6). Amino sugar-derived MNC,
particularly FNC, responded strongly to N X ECM interac-
tions. Under ECM inoculation, FNC declined progressively
with increasing N addition and was significantly lower than
in non-inoculated soils at 5-10 mM N, whereas hyphosphere
FNC was consistently higher than mycorrhizosphere FNC
at 5-20 mM N (Fig. 6A). Similar response patterns were
observed for total MNC and MCP efficiency, both of which
were significantly regulated by N addition, ECM inocula-
tion, and their interaction (Fig. S2A; Fig. 6B).

Lignin phenol composition was dominated by V-type
monomers, whereas C-type monomers were least abundant
across all treatments (Fig. S4; Table S8). Both N addition
and ECM inoculation altered lignin monomer ratios, with
pronounced effects on the C/V and S/V indices (Fig. 6C-D).

The C/V ratio exhibited clear spatial differentiation,
with consistently higher values in the hyphosphere than
in the mycorrhizosphere under 0—10 mM N (Fig. 6C). In
contrast, ECM inoculation significantly increased the S/V
ratio under high N availability, with ECM-inoculated soils
showing higher S/V values than non-inoculated controls
at 20 mM N (p <0.05; Fig. 6D).

Solid-state '3C NMR analysis revealed pronounced
shifts in SOC chemical composition along the N addition
gradient (Fig. S6; Table S9), as reflected by changes in the
alkyl-to-aromatic C/O-alkyl C ratio and the hydrophobic-
ity index (Fig. 6E-F). Both indices increased progressively
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with increasing N addition, indicating enhanced chemi-
cal recalcitrance of SOC under N enrichment. However,
ECM inoculation consistently reduced the alkyl-aromatic
C/O-alkyl C ratio and hydrophobicity index across all N
treatments compared with non-inoculated soils.

Integrative analyses identify key drivers of SOC pool
stabilization

Integrative statistical analyses identified key microbial taxa
and functional enzymes as major drivers of soil carbon pool
dynamics (Fig. 7). Random forest analysis revealed that a lim-
ited number of bacterial and fungal genera accounted for a
large proportion of the variance in SOC pools. The top six
bacterial genera involving Bradyrhizobium, Geodermatophi-
lus, Edaphobacter, Phenylobacterium, Candidatus Koribac-
ter, and Actinospica collectively explained 40.8% of the total
variance (Fig. S5A). Similarly, six fungal genera (Penicillium,
Thelephora, Aspergillus, Trichoderma, Rhizopus, and Jimger-
demannia) accounted for 39.68% of the explained variance in
soil carbon pools (Fig. S5B).

Microbial attributes and CAZy functional groups exhib-
ited distinct associations with soil carbon pools. CQI was
strongly correlated with S-PPO activity, whereas MCP effi-
ciency was positively linked to FNC and NAC. Bacterial nec-
romass decreased with NH,*-N, while SOC hydrophobicity
increased with inorganic N and decreased with DOC. Fungal
relative abundance was positively associated with hydrolytic
enzyme activities, BNC, and NO; N, showing stronger
links to hydrophobicity and NH,"-N (Fig. 7A). Plant-derived
CAZymes driving plant carbon depolymerization correlated
with O-alkyl C, hydrophobicity, and the alkyl-to-aromatic
C/O-alkyl C ratio, whereas microbial-derived CAZymes were
positively linked to MBC (Fig. S6). RDA analysis demon-
strated that CAZy enzyme families exerted significant influ-
ences on DOC, SOC, and MAOC pools (Fig. 7B). In contrast,
linear regression analyses revealed source-specific negative
relationships, with bacterial-derived CAZy enzyme families
negatively correlated with MBC, fungal-derived enzyme
families negatively correlated with DOC, and plant-derived
enzyme families negatively correlated with SOC, respectively
(Fig. 7C-E).

Random forest modeling identified enzyme-level drivers
of individual SOC pools (Fig. 7F-H; Fig. SSC-D). MBC was
driven by 6 families (31.50%), primarily plant-derived, with
fungal GH17 as the principal microbial-associated predictor
(Fig. 7F). DOC variation was mainly explained by 11 enzyme
families (54.56% cumulative contribution), dominated by
plant-derived CAZymes, with bacterial GH104 and fungal
GH17 as notable contributors (Fig. 7G). POC and MAOC
dynamics were regulated by six (29.46%) and four (23.73%)
enzyme families, respectively, largely plant-derived CAZymes
with consistent contributions from bacterial GH104 (Fig. 7H;
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Fig. S5C). SOC variation was associated exclusively with
plant-derived enzyme families (14.85% cumulative contribu-
tion; Fig. S5D).
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cant differences (p <0.05). N=N addition; NM = without inoculation;
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Overall, plant-derived CAZymes dominated enzymatic reg-
ulation across SOC pools, whereas only GH104 (bacterial) and
GH17 (fungal) consistently emerged as key microbial predic-
tors, indicating functional redundancy among plant-associated
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«Fig. 7 Linkages between microbial-derived CAZy enzyme families
and soil carbon pools. A Mantel test showing correlations between
the relative abundances of bacterial and fungal communities and soil
carbon pool parameters. B RDA illustrating relationships between
CAZy enzyme families and different soil carbon pools. C-E Linear
regression analyses depicting relationships between bacterial-derived
CAZy enzyme families and microbial biomass carbon (MBC; C),
fungal-derived CAZy enzyme families and dissolved organic carbon
(DOC; D), and plant-derived CAZy enzyme families and soil organic
carbon (SOC; E). F-H Random forest analysis identifying the rela-
tive importance of CAZy enzyme families in explaining variations in
different soil carbon pools

enzymes and niche-specific roles of select microbial functions
in SOC stabilization.

Discussion

ECM fungi shift SOC stabilization pathways under N
enrichment

N enrichment reshaped SOC stabilization primarily by redis-
tributing carbon between particulate and mineral-associated
pools rather than by uniformly increasing total SOC. Along
the N gradient, POC preferentially accumulated under
low N availability but declined with increasing N inputs,
whereas MAOC exhibited a delayed, non-linear response,
reaching a minimum at intermediate N levels. Under low N
conditions, enhanced plant-derived carbon inputs combined
with constrained microbial decomposition efficiency likely
favored the transient accumulation of relatively unprotected
particulate organic matter (Wu et al. 2023a, b). As N avail-
ability increased, stimulated microbial activity and enzy-
matic investment accelerated the decomposition of labile
particulate substrates, resulting in a net decline in POC pools
(Liu et al. 2025).

ECM inoculation fundamentally altered SOC partitioning
by selectively enhancing MAOC accumulation at 10 mM
N addition. Notably, this increase occurred despite concur-
rent declines in SOC hydrophobicity and chemical recalci-
trance, as indicated by reduced alkyl-aromatic C and O-alkyl
C ratios and lower hydrophobicity indices derived from '*C
NMR spectra. This decoupling between chemical composi-
tion and carbon persistence suggests that ECM fungi pro-
mote the transfer of carbon from rapidly cycling particulate
pools into mineral-associated forms through biologically
mediated mechanisms, likely involving enhanced microbial
necromass production and stronger mineral surface interac-
tions, rather than through selective preservation of chemi-
cally resistant compounds (Guan et al. 2025).

Together, these results indicate that SOC persistence
under N enrichment is not governed primarily by increas-
ing chemical recalcitrance. Instead, ECM fungi enhance
SOC stabilization by promoting mineral association even as

SOC becomes chemically more labile, reflecting a shift from
chemistry-driven to biologically mediated stabilization path-
ways (Chen et al. 2025a). Within this framework, changes
in POC mainly reflect shifts in carbon input-decomposition
balance along the N gradient, whereas ECM fungi regulate
longer-term SOC persistence by redirecting particulate car-
bon into mineral-associated pools rather than stabilizing
POC per se (Wang et al. 2021).

N-induced changes in microbial carbon processing
and enzyme investment

The shift in SOC pool partitioning under N enrichment—
particularly the ECM-induced increase in MAOC at inter-
mediate N levels—cannot be explained by changes in SOC
chemical recalcitrance alone (Hu et al. 2024). Instead, these
patterns point to altered microbial carbon processing path-
ways, suggesting that ECM fungi regulate SOC stabiliza-
tion primarily through controlling decomposition processes
rather than through selective preservation of chemically inert
carbon fractions (Guan et al. 2025). This highlights micro-
bial enzyme investment strategies as a key mechanistic link
between N inputs and SOC stabilization outcomes. N addi-
tion restructured microbial enzyme allocation in non-inocu-
lated soils toward enhanced oxidative decomposition (Chen
et al. 2025b). Along the N gradient, increased S-PPO activity
reflects greater microbial investment in oxidative enzymes
targeting chemically complex substrates, consistent with
enzyme allocation theory predicting enzymatic realloca-
tion following relaxation of nutrient constraints (Allison and
Vitousek 2005). This response implies that alleviation of N
limitation under elevated N availability enables microorgan-
isms to access more recalcitrant carbon pools.

In contrast, ECM inoculation constrained this N-stimu-
lated oxidative pathway. Strong suppression of S-PPO activ-
ity, particularly at moderate to high N levels, indicates that
ECM fungi exert effective control over oxidative decom-
position. This suppression extended, albeit more weakly,
to hydrolytic enzymes such as pB-glucosidase, reflecting a
coordinated downregulation of microbial carbon-degrading
capacity under ECM influence. These responses support the
concept of ECM fungi as “gatekeepers of decomposition”,
limiting microbial access to both labile and structurally com-
plex carbon substrates (Chorefio-Parra and Treseder 2024;
Shao et al. 2023).

Consistent with these enzymatic constraints, the carbon
quality index declined under ECM inoculation, especially
within the hyphosphere, indicating a shift in microbial sub-
strate use away from readily decomposable carbon. Rather
than reflecting reduced microbial activity, this lower CQI
suggests a strategic redirection of carbon processing away
from rapid mineralization and toward pathways favoring
structural retention and longer residence times (Frey et al.
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2004; Terrer et al. 2019). Collectively, these findings demon-
strate that although N enrichment alone promotes microbial
investment in oxidative decomposition, ECM fungi over-
ride this response by suppressing key enzymatic functions,
thereby redirecting carbon fluxes toward more conservative
processing routes and reshaping SOC stabilization trajec-
tories under N enrichment (Frey et al. 2004; Phillips et al.
2013).

ECM-mediated restructuring of microbial communities
and functional potential

Building on ECM-driven shifts in enzyme investment strate-
gies, concurrent changes in microbial community structure
and functional potential provide a critical biological basis
for the reorganization of soil carbon processing pathways
(Schimel and Schaeffer 2012; Malik et al. 2020). N addition
and ECM inoculation acted interactively to reshape micro-
bial composition, diversity, and functional traits, thereby
regulating how carbon inputs were transformed, parti-
tioned, and retained in soil (Phillips et al. 2013; Maynard
et al. 2017).

Consistent with ECM-dominated forest soils, bacte-
rial communities numerically dominated the microbiome,
whereas fungal communities, despite lower relative abun-
dance, were more sensitive to both N availability and ECM
presence. N addition reduced microbial a-diversity in a
U-shaped manner, with minimum diversity at intermediate
N levels, suggesting initial suppression of sensitive taxa fol-
lowed by community restructuring under higher N inputs
(Ramirez et al. 2012). ECM inoculation further modified
these trajectories by dampening compositional divergence
and promoting functional convergence under elevated N
conditions, consistent with ECM-mediated buffering of
microbial responses (Averill et al. 2014).

Community—environment linkages revealed clear func-
tional differentiation between bacteria and fungi (Li et al.
2026). Bacterial composition was primarily structured by
labile carbon-related variables and hydrolytic enzyme activi-
ties, including S-B-GC, DOC, and CQI, underscoring tight
coupling to short-term carbon turnover (Allison et al. 2014;
Kielak et al. 2016). In contrast, fungal communities were
more strongly associated with indicators of carbon stabi-
lization, including MAOC, SOC chemical properties, and
inorganic N forms, reinforcing the role of fungi, particularly
under ECM influence, in regulating longer-term SOC persis-
tence (Six et al. 2006; Clemmensen et al. 2013).

The regulatory importance of microbial communities was
further supported by integrative analyses. Correlation analy-
ses linked fungal abundance to hydrolytic enzyme activities,
microbial necromass accumulation, and N availability, high-
lighting fungi as key mediators connecting nutrient inputs
to carbon transformation pathways (Xu et al. 2024; Cheng
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et al. 2025). Random forest models similarly indicated that
SOC dynamics were driven by a limited set of bacterial and
fungal taxa rather than by overall diversity, emphasizing
functional identity over taxonomic richness. Notably, several
ECM-associated or saprotrophic fungi, including Penicil-
lium, Thelephora, and Trichoderma, emerged as dominant
regulators of soil carbon pools, underscoring the primacy of
fungal functional traits in SOC stabilization (Domeignoz-
Horta et al. 2021).

At the functional gene level, CAZy profiling showed
that plant-derived carbohydrate-active enzymes dominated
across all carbon pools, reflecting the central role of plant
inputs as substrates for soil carbon transformation. However,
their frequent negative associations with SOC, DOC, and
MAOC accumulation suggest that intensified depolymeriza-
tion may accelerate carbon loss rather than stabilization (Ren
et al. 2021; Xiong et al. 2023). In contrast, a small subset
of microbial-derived enzymes, particularly bacterial GH104
and fungal GH17, exhibited consistent, pool-specific regula-
tory roles across DOC, POC, MAOC, and MBC, pointing
to functional redundancy among plant-associated enzymes
and high-leverage, niche-specific effects of select microbial
functions (Dai et al. 2021).

The inverse relationships between enzymatic potential
and carbon accumulation align with widespread enzyme
suppression under ECM inoculation and broader evidence
linking CAZy functional potential to ecosystem carbon
dynamics (Xiong et al. 2023). Together, these findings indi-
cate that ECM fungi restructure microbial communities and
functional potential in ways that constrain excessive enzy-
matic degradation and reinforce carbon retention pathways,
establishing a microbial framework favoring moderated
decomposition and enhanced necromass contributions to
stable SOC pools (Ren et al. 2021; Xiong et al. 2023).

Microbial necromass as a dominant pathway for SOC
persistence

Growing evidence indicates that SOC persistence is gov-
erned less by intrinsic chemical recalcitrance than by bio-
logically mediated stabilization processes (Qiao et al. 2025).
Consistent with this paradigm, our integrative analyses iden-
tify microbial necromass formation, rather than substrate
chemical resistance, as the dominant pathway regulating
SOC stabilization under combined N addition and ECM
inoculation (Cotrufo et al. 2013; Liang et al. 2017). Among
all microbial-derived indices, FNC and MCP efficiency
showed the strongest sensitivity to the N X ECM interac-
tion, indicating that ECM fungi fundamentally reprogram
microbial carbon processing under N enrichment (Sokol
et al. 2019; Malik et al. 2020). This responsiveness reflects
a mechanistic shift away from decomposition-driven carbon
turnover toward necromass-mediated carbon retention.



Ectomycorrhizal fungi redirect soil carbon stabilization pathways under nitrogen enrichment...

Page 17 0of 21 146

This shift is reinforced by pronounced spatial differentia-
tion between the hyphosphere and the mycorrhizosphere.
Higher FNC accumulation and MCP efficiency in the hypho-
sphere suggest that ECM extraradical mycelia create micro-
habitats favoring rapid microbial biomass turnover coupled
with enhanced necromass preservation, likely through con-
strained enzyme investment and altered nutrient accessibility
(Clemmensen et al. 2013; Averill and Hawkes 2016). Such
spatial decoupling implies that ECM fungi regulate SOC sta-
bilization through localized control over microbial activity
and carbon fate rather than as a uniform bulk-soil process.

In contrast, lignin-derived indicators responded weakly
and inconsistently to both N addition and ECM inoculation
and did not emerge as dominant predictors of SOC pool
variation in multivariate or machine-learning analyses. This
limited explanatory power suggests that selective preserva-
tion of chemically recalcitrant plant residues plays a second-
ary role in SOC stabilization under these conditions rela-
tive to biologically mediated pathways (Schmidt et al. 2011;
Lehmann and Kleber 2015).

Consistent with this interpretation, MAOC accumulation
aligned more closely with MCP-related indices than with
NMR-derived measures of SOC hydrophobicity or chemical
inertness (Cotrufo et al. 2013; Liang et al. 2017). Although
N addition increased SOC hydrophobicity, this chemical
shift did not translate into enhanced MAOC formation,
highlighting a decoupling between chemical composition
and carbon persistence (Lehmann and Kleber 2015; Schmidt
et al. 2011). Instead, MAOC dynamics tracked microbial
necromass-related metrics, indicating that mineral-associ-
ated carbon formation was primarily governed by micro-
bial turnover and residue stabilization rather than increased
chemical resistance (Sokol et al. 2019; Kallenbach et al.
2015).

Taken together, these results demonstrate that under N
enrichment, ECM fungi redirect SOC stabilization away
from chemistry-driven persistence toward microbial necro-
mass-dominated mechanisms characterized by strong spa-
tial structuring and limited involvement of lignin chemistry
(Averill and Hawkes 2016; Clemmensen et al. 2013). This
decoupling challenges traditional paradigms of carbon per-
sistence and underscores the central role of microbial carbon
pumping in ECM-dominated forest soils (Liang et al. 2017;
Malik et al. 2020).

Implications for forest soil carbon sequestration
under changing N regimes

Our results demonstrate that ECM fungi act as critical biotic
regulators of soil carbon sequestration strength and stability
under increasing N deposition. Rather than exerting uniform
effects, N enrichment altered SOC pools and stabilization
pathways in a manner strongly contingent on ECM presence,

highlighting the central role of biological mediation in forest
soil carbon responses to global change (Averill and Hawkes
2016; Clemmensen et al. 2013).

Across the N gradient, increased N availability did not
necessarily enhance SOC stability. Although N addition
promoted shifts toward chemically more hydrophobic SOC,
these changes did not translate into consistent increases in
MAOC. Instead, SOC persistence depended primarily on
how N reshaped microbial carbon processing pathways and
necromass formation rather than increased chemical recal-
citrance alone, challenging the assumption that N deposi-
tion universally strengthens soil carbon sinks (Schmidt et al.
2011; Lehmann and Kleber 2015).

Within this context, ECM fungi played a decisive role in
determining SOC stabilization pathways under N enrich-
ment. By suppressing oxidative enzyme activity and restruc-
turing microbial community composition and enzyme
investment, ECM fungi redirected carbon fluxes away from
rapid mineralization toward microbial necromass accumula-
tion and subsequent mineral association. This ECM-medi-
ated regulation of the microbial carbon pump indicates that
SOC persistence is governed less by substrate chemistry per
se than by biologically controlled carbon processing and
turnover pathways (Cotrufo et al. 2013; Averill et al. 2014;
Liang et al. 2017).

These mechanisms have direct implications for carbon
management in plantation forests, particularly fast-grow-
ing systems such as Eucalyptus. N fertilization or elevated
atmospheric N deposition may enhance aboveground pro-
ductivity without proportionally increasing long-term soil
carbon storage if ECM-mediated necromass pathways are
weakened or disrupted. Management strategies that overlook
mycorrhizal functioning may therefore overestimate carbon
sequestration potential under high N inputs (Phillips et al.
2013; Terrer et al. 2019).

More broadly, our findings underscore the need to explic-
itly incorporate microbial and mycorrhizal controls into
SOC stabilization parameterization in Earth system and
ecosystem models. Current frameworks often emphasize
chemical recalcitrance or bulk SOC pools, whereas our
results demonstrate that microbial necromass formation,
enzyme allocation strategies, and mycorrhizal regulation
are key determinants of SOC persistence under changing
N regimes. Incorporating ECM-mediated microbial carbon
pump processes will be essential for improving predictions
of forest soil carbon dynamics in a high-N world (Wieder
et al. 2015; Malik et al. 2020).

Taken together, our results highlight ECM fungi as cen-
tral biotic regulators of soil carbon persistence under N
enrichment. By modulating microbial enzyme investment,
community composition, and necromass formation, ECM
fungi redirect carbon from fast-turnover pools into mineral-
associated fractions, decoupling SOC stabilization from
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chemical recalcitrance. These findings emphasize that bio-
logically mediated processes, rather than substrate chemistry
alone, govern long-term SOC dynamics in ECM-dominated
forests. Incorporating microbial and mycorrhizal controls
into forest carbon models is therefore critical for accurately
predicting soil carbon responses to global change.
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