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Nitrogen (N) deposition alters carbon (C) dynamics in forests, but its long-term impact on soil C
biogeochemistry remains unelucidated at the molecular-level. We collected soils after 27 consecutive
years of N additions in a temperate forest and examined soil chemistry using molecular soil organic
matter (SOM) compositional analysis to unravel mechanisms and impacts on soil biogeochemistry. N-
addition increased soil C storage in the forest floor, where microbial stress increased and decomposition
was suppressed, causing accumulation of aboveground plant inputs such as leaf litter and a shift toward
less stable SOM. In the mineral soil, C storage did not change significantly, but decomposition of root
and woody materials was reduced, and microbes exhibited stress. After nearly three decades, microbial
stress persisted with a community shift toward fewer Gram-negative bacteria, which prefer labile C like
cellulose. The rise in more labile C forms further supported accumulation of microbially preferred
substrates. Overall, chronic N deposition thus impairs microbial decomposition and alters SOM

composition, reducing C turnover and leading to accumulation of less persistent C forms that may be
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Accepted 13th December 2025 vulnerable to loss upon forest disturbance or environmental change. These findings emphasize the

importance of integrating microbial and chemical composition in predicting long-term N deposition
DOI: 10.1035/d5va00352k impacts on forest soil C sequestration and demonstrate the severe impacts on biogeochemical

rsc.li/esadvances processes in forests.

Environmental significance

In a high nitrogen world, increased atmospheric deposition in forest soils disrupts the biogeochemical cycling of carbon but the precise underlying mechanisms
are poorly understood. In this study, we examined the molecular-level changes in soil carbon storage and soil organic matter chemistry with long-term nitrogen
addition in a temperate forest. Chronic nitrogen addition suppressed microbial decomposition and reduced carbon turnover, leading to accumulation of
vulnerable forms of carbon. The composition of soil organic matter reflected less decomposed plant inputs that are less durable and less persistent carbon
forms. As such, the carbon sequestered through nitrogen-induced suppression of microbial decomposition processes is unlikely to be stable in a warmer world.

1 Introduction atmosphere and vegetation combined,* play a central role in the

C cycle, yet the response of soil C to chronic N-enrichment is not
Anthropogenic activity has dramatically increased nitrogen (N) fully understood. Field experiments and meta-analyses across
deposition across the globe,*? transforming the way ecosystems forest biomes have reported mixed responses, with some
process carbon (C).* Soils, which store more C than the studies finding enhanced C storage under N addition, while

others detect no change or even C losses.>™ These disparities

may arise from N-induced shifts in microbial decomposition
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monitoring at 102 plots in French temperate forests docu-
mented significant soil C increases in surface soil layers
under N enrichment, likely due to the changes in soil microbial
community composition and the accumulation of poorly
decomposed soil organic matter (SOM)." Collectively, these
patterns indicate that N-enrichment can alter microbial activity
and SOM decomposition. However, the microbial and chemical
underpinnings of this process, particularly over decadal time-
scales, remain unelucidated from a mechanistic perspective
making it challenging to develop mitigation strategies for
forests.

SOM is chemically diverse and is derived from multiple
sources, including aboveground plant inputs (e.g., leaf litter and
woody tissues), belowground plant inputs (e.g., roots), and
microbial residues,**** all of which exhibit distinct C turnover
dynamics.**** In forest ecosystems, fresh litter and root resi-
dues dominate the organic horizons (which contain more than
17% organic C or more than 30% organic matter) and introduce
plant-derived SOM compounds such as long-chain lipids, cutin-
and suberin-derived polymers, and lignin-derived phenols.® In
parallel, microbial decomposition of plant litter produces
rapidly cycled compounds (e.g., phospholipid fatty acids,
PLFAs, from living microbial biomass) alongside microbial-
derived SOM compounds.’®*” Therefore, the balance between
SOM compounds and soil C preservation or degradation is
highly dependent on soil microbial processing of plant-derived
SOM.*® While N-induced suppression of microbial activity and
subsequent accumulation of soil C in soils are well-documented
in forest ecosystems,>* critical knowledge gaps remain
regarding (i) microbial community responses, including
biomass (e.g., bacteria and fungi) shifts, microbial stress levels,
and compositional changes and (ii) the molecular signatures of
SOM composition and sources across soil layers (i.e., the forest
floor and mineral layer). These unresolved knowledge gaps limit
our ability to accurately predict and manage long-term conse-
quences of anthropogenic N deposition on soil C quantity and
quality, with important implications for global C cycling. Recent
modeling work demonstrates that SOM chemical composition
and dynamics substantially affect predictions of forest C cycling
under chronic N enrichment.® Addressing these gaps requires
long-term experiments that combine decadal-scale N enrich-
ment with advanced molecular characterization of SOM.

Here, we focus on changes in SOM composition and micro-
bial decomposition after 27 years of continuous N-addition to
temperate forest soils in Bousson, PA. The Bousson Experi-
mental Forest N-addition experiment is one of the earliest long-
term forest N-addition experiments globally, initiated in 1994
with an annual addition rate of 100 kg N ha ' year '.5%
Previous work at the Bousson Experimental Forest found that N-
additions increased soil C, decreased litter decomposition, and
resulted in more preservation of less degraded SOM.>'
Consistent with prior findings across temperate forests,>'>*%>°
we expected soil C accumulation. We hypothesize that long-
term N enrichment continues to suppress microbial decompo-
sition and selectively accumulates plant-derived compounds
after 27 years of continuous N-addition, leading to greater C
sequestration in the forest floor than in mineral soil. To test
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these hypotheses, two complementary molecular methods were
applied to measure the molecular composition of SOM.** To
assess the inputs and decomposition of source-specific
compounds such as plant-derived lipids, cutin-derived and
suberin-derived compounds, lignin-derived phenols, and
bacteria- and fungi-derived phospholipid fatty acids (PLFAs),
gas chromatography mass spectrometry (GC-MS) was applied
for targeted organic compound analysis. Overall soil C character
was also profiled by solid-state **C nuclear magnetic resonance
(NMR) spectroscopy. Our overarching goal was to unravel the
soil C mechanisms and how much C is accumulated in forest
soils, why this accumulation occurred, and what it means for
the long-term stability of soil C under chronic N deposition.

2 Materials and methods
2.1 Site description and soil sampling

The N-addition experiment at the Allegheny College Bousson
Experimental Forest in northwestern Pennsylvania (41°36' N,
80°2’ W) exists in a N-rich site (approximately 10 000 kg N ha ).
The ~100 year-old temperate mixed deciduous forest is domi-
nated by black cherry (Prunus serotina) and sugar maple (Acer
saccharum).** Liquid forms (and occasionally pellet form) of N
were applied six times per year from May to October for a total
annual rate of 100 kg N ha™' year ', beginning in 1994 and
ending after the final addition in 2020. Forest floor (O, 1-3 cm)
and the mineral (A, 3-8 cm) soil samples were collected from
three control and three N-addition plots in 2021, following 27
years of N addition and one year of no fertilization to allow the
system to stabilize. Soil samples were homogenized, sieved to 2
mm, and freeze-dried prior to chemical and molecular analyses.

2.2 Carbon and nitrogen analyses

Total organic C and N concentrations of soils were measured
using a Thermo Flash 2000 elemental analyzer (oxygen gas
combustion at 950 °C). C and N storage (with units converted
from % to kg-C kg-soil ' and kg-N kg-soil ") for each soil layer
were calculated using the C and N concentrations, bulk density
of the soil layer (in kg-soil m?), and layer depth.

2.3 Solid-state '>*C NMR spectroscopy analysis

For NMR analyses, three field replicate subsamples were mixed
evenly to create one composite sample. Soils were repeatedly
treated with 10% hydrofluoric acid to concentrate the organic
matter and reduce paramagnetic materials such as iron found
in minerals.** Treated freeze-dried samples were ground into
fine powder and characterized by solid-state *C cross polari-
zation magic angle spinning NMR. The *C NMR spectra were
collected using a 500 MHz Bruker BioSpin Avance III spec-
trometer (Rheinstetten, Germany) equipped with a 4 mm H-X
MAS probe, using a 11 kHz spinning speed, a ramp-amplitude
cross polarization pulse program (contact time was 1 ms) and
a relaxation delay of 1s.”* The spectra were integrated into four
chemical shift regions and normalized to the total signal for
comparison using Bruker BioSpin TopSpin (v 4): (1) alkyl carbon
(0-50 ppm); (2) O-alkyl carbon (50-110 ppm); (3) aromatic +

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00352k

Open Access Article. Published on 05 January 2026. Downloaded on 2/25/2026 9:47:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

phenolic carbon (110-165 ppm); and (4) carboxyl + carbonyl
carbon (165-210 ppm).***®

2.4 Targeted organic matter compound analyses by GC-MS

Targeted SOM compounds with various microbial- and plant-
derived sources were isolated by using sequential extraction
and quantified using an Agilent 7890B gas chromatograph
coupled to an Agilent 5977A mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA, USA). Soil compounds were sequen-
tially extracted in duplicate following our previous methods
using solvent (dichloromethane/methanol), base hydrolysis,
and copper(u) oxide (CuO) oxidation extractions.>*>*3%* We
quantified concentrations for the free acyclic and cyclic lipids
and sugars in the solvent extractable fraction, cutin- and
suberin-derived compounds in the base hydrolyzed fraction,
and the extractable lignin-derived phenols in the CuO depoly-
merized fraction. Furthermore, microbial-specific PLFAs were
extracted by a modified Bligh-Dyer method and analyzed by GC-
MS.>?*%% Details can be found in the SI.

2.5 Statistical analyses

Changes in the total organic carbon concentration and total
nitrogen concentrations were assessed with paired ¢-tests.
Repeated measures analysis of variance was used to determine
the differences of targeted organic compounds between control
and N-addition soil samples. For this analysis, two analytical
replicates were considered the within-subject factor to account
for variability within each plot, and the treatment (control vs. N-
addition) was the between-subject factor. Statistical significance
was considered at p < 0.05. Statistical tests were carried out
using IBM SPSS Statistics (software version 28).

3 Results

3.1 Carbon and nitrogen analyses

To evaluate how chronic N-enrichment alters C biogeochemical
cycling, we quantified soil C and N concentrations and storage,
and C/N ratios, after 27 years of N-addition (100 kg N ha™*
year ') in a temperate forest (Fig. 1 and Table S1). Compared to
the control, the forest floor under N-addition showed signifi-
cant increases in the soil C concentration (by 84%) and C
storage (by 73%, from 1.14 to 1.97 kg m™~?) (Fig. 1). The soil N
concentration and storage also increased significantly in the
forest floor. In contrast, the mineral layer showed no significant
differences in the concentrations or storage of C or N. Across
both layers, prolonged N-addition significantly increased soil C/
N ratios by 22% in the forest floor and 17% in the mineral layer.

3.2 Solid-state '*C NMR analysis

Solid-state '*C NMR revealed differences in the proportion of
different SOM structural components in the forest floor and
mineral layers demonstrating a unique response to long-term
N-addition (Fig. 2 and Table S2). For example, aliphatic mole-
cules (alkyl C) associated with various lipids including plant
waxes and microbial components decreased in the forest floor
but increased in the mineral layer.*® Preferred microbial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substrates, such as cellulose and peptides (0-alkyl C), increased
in the forest floor but decreased in the mineral horizon.*®
Furthermore, the broadness of the alkyl C resonances of the
forest floor control sample indicates an increased diversity of
molecules that was not observed with N-addition, suggesting
increased preservation of plant-derived molecules with N-
fertilization. Aromatic and phenolic C, which include reso-
nances from components of lignin and suberin and aromatic
moieties from some amino acids, increased in both the forest
floor and mineral layers.*>*® The region associated with side-
chains from various components (carbonyl and carboxylic C)
decreased in both layers.*>*° These trends suggest an overall
accumulation of plant-derived organic matter associated with
leaf litter and wood in both soil layers.

3.3 Targeted organic matter compound analyses

Long-term N-addition did not significantly alter overall micro-
bial biomass (PLFA analysis) in either the forest floor or mineral
layers. However, significant changes in community composition
and microbial stress were observed (Fig. 3). Gram-negative
bacteria, which are r-strategist microbes, rely mainly on easily
available and labile C,** significantly decreased by 21% after N-
addition in the forest floor (Fig. 3A). Gram-positive and acti-
nobacteria, K-strategists that typically degrade complex C such
as lignin,” became more dominant in the mineral layer
(Fig. 3B). No significant changes were observed in fungal
biomass and the ratio of fungal to bacterial biomass between
treatments in both layers (Tables S3 and S4).** Microbial stress
(indicated by the ratio of total saturated to total mono-
unsaturated PLFAs and the cy17:0/16:1w7c ratio) increased with
N-addition for both soil layers (Fig. 3C). Microbial contributions
to SOM, the microbial-derived solvent-extractable lipids (<C,;
including n-alkanols and n-alkanoic acids) increased signifi-
cantly in the forest floor (Tables S5 and S6). In contrast, the
cellular and extracellular microbial-derived lipids (branched
Ci6, C17, and Cyg alkanoic acids and -hydroxy C;g, C;,, and Cy4
alkanoic acids)** showed no significant differences in both
layers (Tables S5 and S6).

Long-term N-addition selectively enhanced accumulation of
plant-derived compounds in both the forest floor and mineral
soil layers (Fig. 4A and S1). A series of plant-derived compounds
were identified, including aliphatic lipids (i.e., n-alkanes, n-
alkanols, n-alkanoic acids, and w-hydroxy alkanoic acid),
phytosterols (campesterol, stigmasterol, sitosterol and their
derivatives), triterpenoids (friedelin, oleanolic acid, and ursolic
acid), cutin-derived lipids (x-hydroxy acids Cy4.1, Ci5, and C;;
x,0 dihydroxy acids Cy5 and C;¢6; and x-hydroxy «,w-diacid Cy),
suberin-derived lipids (w-hydroxy acids Csg, Cy,, and C,, and
a,w-diacids Cyy, C,y, and Csq), and lignin-derived phenols
(including vanillyls, syringyls, and cinnamyls). In the forest
floor, N-addition significantly increased plant-derived SOM,
associated with aboveground plant inputs, such as leaf waxes
and cuticles.?” Specifically, long-chain lipids, derived from plant
waxes, increased by 123%, phytosterols increased by 95%, and
cutin-derived lipids also increased by 81% (Tables S5 and S6). In
the mineral layer, suberin-derived lipids (markers of roots) and
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Fig.1 Changes in carbon and nitrogen after long-term nitrogen-addition (shaded blue) compared to control (solid grey) of the forest floor (Oh)
and mineral layer (Ah). (A) Total carbon concentration, total nitrogen concentration, and carbon-to-nitrogen ratio. (B) Storage (in kg m~2) of
carbon and nitrogen. Individual field replicates (n = 3) are shown as dots; means and standard errors are represented by bars and error bars.
Significant differences between treatments (paired two-sample t-test) are highlighted by red asterisks (* and ** for p < 0.05 and p < 0.01,

respectively), with percentage changes labeled.

lignin-derived phenols (indicative of woody tissues and vascular
cell walls) increased by 39% and 181%, respectively.

The distribution of plant-derived SOM compounds (n-
alkanes and n-alkanoic acid) also shifted under N-addition in
the forest floor and mineral layers, demonstrating a dominant
contribution from aboveground plant inputs (Fig. 4B). Long-
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chain n-alkanes (C,o, C31, and Cs3), commonly associated with
leaf waxes,*” increased significantly and became the three most
abundant n-alkanes in N-addition forest floor soils (Fig. 4B).
Notably, C,9 and Cs;; n-alkanes were abundant in black cherry
leaf litter (the dominant tree species at the study site) but were
limited in sugar maple leaves and root litter (Fig. S2). A

Ah

100

75

+10%

-12%

Alkyl C

50

13 NMR C (%)

25

O-alkyl C

W@ e g o
N o}b\ ?\\e(\oo 0‘“0(\
(\0* *\)\x
po s
| Carboxyl +
1 Carbonyl C

Aromatic +
Phenolic C

T T
160 140 120 100 80 60 40 20
13C Chemical Shift

T T T
220 200 180 ppm

T T T T T T + T T
160 140 120 100 80 60 40 20
13C Chemical Shift

T T T
220 200 180 ppm

Fig. 2 Shifts in carbon (C) composition after long-term N-addition (blue line) compared to control (grey line) in the forest floor (Oh, left panel)
and mineral layer (Ah, right panel), profiled by solid-state **C nuclear magnetic resonance (NMR) spectroscopy. The percentages of the four C
groups are shown in bar plots, with percentage changes labeled in red numbers and arrows indicating changes after long-term nitrogen-
addition.
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Fig. 3 Changes in the microbial biomass, community composition, and stress ratios under control (grey) and N-addition (blue). (A) Phospholipid
fatty acid (PLFA) concentrations (ug PLFAs/g dry soil) of total microbial biomass, Gram-negative bacteria, Gram-positive bacteria, and actino-
bacteria in control (solid grey) and N-addition (shaded blue) plots are shown as bar charts. Individual replicates (n = 6) are shown as dots; means
and standard errors are represented by bars and error bars. (B) The fungi-to-bacteria ratio (x-axis) and the ratio of Gram-negative bacteria to the
sum of Gram-positive bacteria and actinobacteria (y-axis) are plotted for control (grey circles) and N-addition (blue squares); error bars indicate
standard errors. (C) The ratio of total saturated to total monounsaturated PLFAs and the ratio of cyclopropane PLFAs to the monounsaturated
PLFAs (cyl17:0/16:1w7c) are shown as floating box plots (min to max, individual replicates are shown as dots, and the line indicates the mean, n =
6). Significant differences between treatments were determined by repeated measures analysis of variance (ANOVA) and are indicated by red

asterisks (p < 0.05).

significant increase was observed in C,g n-alkanoic acid
(Fig. 4B), which mainly originated from aboveground plant
inputs (leaf litter).*> Declines were observed in the short-chain
n-alkanoic acids (Cie.1, C16, C1s:1, and Cyg), typically of micro-
bial origin.?® In the mineral layer (Fig. 4C), C;g.1, C1s, and Cy, n-
alkanoic acids increased significantly, which are found in both
the leaf and root litter (Fig. S2). Root-specific n-alkanoic acids
(C16:1 and C,y), which are dominant in root litter (Fig. S2B),*
declined under N-addition in the forest floor and were not
significantly different in the mineral layer.

4 Discussion

Long-term N-addition led to a substantial accumulation of soil
C in the forest floor, as observed in our 27-year experiment at
the Bousson Experimental Forest. Soil C concentrations
increased by 84% in forest floor and are consistent with our
hypothesis that chronic N-enrichment promotes soil C storage
under chronic N-enrichment. Similar patterns were observed at
this location in an earlier study at year 17, at this site,>'>** and

4315 where continuous N

in other long-term field experiments,
deposition slowed the decomposition of aboveground plant
inputs, resulting in soil C accumulation. Likewise, at another
temperate experimental forest (Harvard Forest), 14 and 20 years
of N-addition (150 kg N ha™' year ') led to 29% and 38%

increases in soil C within 0-40 cm profiles, respectively.’>*

© 2026 The Author(s). Published by the Royal Society of Chemistry

Despite differences in forest types, 11 years of N-addition also
resulted in soil C accumulation in a tropical forest.** Meta-
analyses have reinforced this trend across forest
biomes,*>'*'”*® showing a mean 4% increase in soil C, with
greater accumulation in temperate forests,”'® under higher N
inputs (>100 kg N ha™* year ') and longer durations (>10
years).® The C/N ratios increased significantly in both forest
floor and mineral soils with N-addition suggesting that the
composition of SOM was altered to more plant-derived mate-
rials that are C rich and N poor.*” Our results extend this body of
evidence by pairing one of the longest continuous N-addition
experiments in temperate forest with detailed molecular-level
SOM characterization, offering insight into how chronic N-
enrichment alters soil C chemistry over decades.

The mechanism for increased soil C storage with long-term
N-addition is likely tied to suppressed microbial activity and
increased microbial stress, thereby limiting microbial decom-
position and contributing to the specific accumulation of
aboveground plant-derived SOM in the Bousson Forest. Along-
side the increase in soil C, we observed higher C/N ratios and
elevated microbial stress in both soil layers, indicating that
microbes are facing limitations in preferred substrates or other
stressors under chronic N enrichment.>** Furthermore, the
reduction of bacterial biomass suggests that microbial break-
down of plant inputs was also suppressed.”® Specifically, Gram-
negative bacteria, r-strategists that preferentially use labile C,

Environ. Sci.: Adv.
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Fig. 4 Concentrations of soil organic matter compounds in control (solid grey) and nitrogen-addition (shaded blue) plots from the forest floor
(Oh) and mineral layer soil (Ah). (A) Concentrations (ug g~ dry soil) of long-chain lipids (=C.; n-alkanes, n-alkanols, n-alkanoic acids, and w-
hydroxy alkanoic acid; mainly of plant origin), phytosterols (campesterol, stigmasterol, sitosterol and their derivatives), cutin-derived lipids (x-
hydroxy acids Cy4.1, C15, and Cy7; x,w dihydroxy acids Cys and Cy; and x-hydroxy «,w-diacid Cyg), suberin-derived lipids (w-hydroxy acids Cyq, Cpp,
and Cp4 and a,w-diacids C,q, Cyp, and Cszp), and lignin-derived phenols (vanillyls, syringyls, and cinnamyls). Percent changes (p < 0.05) relative to
control are labeled in red, and individual replicates (n = 6) are shown as dots. (B) Distributions (in ng g~* organic carbon) of n-alkanes and n-
alkanoic acids from Oh are shown, with (C) panels presenting Ah. Differences between control and N-addition plots were evaluated using
repeated measures analysis of variance (ANOVA), with significance levels set at p < 0.05, 0.01, and 0.001 (*, **, and ***, respectively). p = 0.1is
denoted by a dot. Bars and error bars represent means and standard errors.

declined significantly in the forest floor, likely contributing to
the accumulation of aboveground plant-derived SOM
compounds such as cellulose (0-alkyl C).*® In the mineral layer,
the microbial community composition also shifted significantly
toward fewer Gram-negative bacteria, indicating a deeper
suppression of fast-cycling and labile-C decomposers in soils.*®
Although fungal biomass remained statistically unchanged
between treatments, the increased aromatic and phenolic C
percentages (revealed by NMR), along with the accumulation of
lignin-derived phenols, imply that microbial breakdown of
lignin biopolymers was also compromised.** Actinobacteria,
another key decomposer of recalcitrant substrates, also
declined in both layers but not significantly, which may have
contributed to the persistence of undecomposed aboveground
plant residues.'®*" Earlier observations at this forest site after 22
years of N-addition showed reductions in both bacteria and
fungi across soil layers.® After 27 years, bacterial suppression
remained, while fungal biomass was no longer significantly
different, potentially reflecting shifts in microbial community
dynamics under chronic N stress rather than recovery of

Environ. Sci.. Adv.

decomposition capacity. Furthermore, during active decompo-
sition of plant-derived inputs, the production of microbial-
derived hydrolysable lipids was enhanced.** In our study, the
lack of significant change in microbial-derived hydrolysable
lipid concentrations further supports that typical microbial
processes involved in converting plant litter into SOM were
suppressed in the forest floor.*” The increase in C/N ratios with
N-addition also supports that the SOM was more enriched with
aboveground plant litter. Therefore, this research has identified
that microbial communities do not recover or reorganize when
faced with stress from chronic N-addition. This novel finding
contrasts with other global change stressors or impacts where
microbes acclimated to soil warming and changes in litter
quality and quantity to maintain their biogeochemical func-
tion.*>** Overall, this work uniquely shows that chronic N-
enrichment has long-lasting impacts on microbes and their
ability to regulate C flows in soils which is further exacerbated
by the accumulation of less durable forms of C, making these
soils even more vulnerable to impacts of global environmental
change.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Microbial responses to long-term N-addition significantly
altered SOM composition, primarily by increasing the propor-
tion of aboveground plant-derived compounds in both the
forest floor and mineral layers as reflected by the higher C/N
ratios. Both NMR and targeted chemical analysis indicated
selective ~accumulation of aboveground plant-derived
compounds in N-enriched plots stemming from microbial
suppression. In the forest floor, the relative abundance of labile
compounds, such as cellulose (O-alkyl C), significantly
increased, indicating that N-addition preserved plant-derived
labile materials that are typically rapidly decomposed.?**° This
pattern aligns with reduced microbial processing, particularly
given the observed decrease in Gram-negative bacteria, fast-
growing groups typically responsible for rapid turnover of
labile C substrates.*® In the mineral layer, more stable plant-
derived SOM such as cutin, suberin, and lipids (alkyl C)
increased, suggesting greater accumulation of more persistent
plant-derived components and corresponding with the
observed higher C/N ratios.® Since microbial decomposition
was suppressed in both horizons, the transformation of plant
inputs into microbially processed SOM, a necessary step for the
formation of mineral-associated organic matter,*>® was likely
limited. As a result, the additional C sequestered under long-
term N-addition may be less biogeochemically stabilized,
potentially making it more vulnerable to future C losses.’” The
accumulation of aromatic and phenolic C components in both
horizons, along with elevated lignin-derived phenols, further
highlights the persistence of plant residues under N-enriched
conditions and corresponds to the increased C/N ratios
observed.”® The dominance of long-chain n-alkanes (C,y and
Cs1) in N-addition forest floor soil was markedly found in black
cherry leaves (~60% of aboveground biomass), also confirming
aboveground leaf litter as the primary source of plant inputs
that were selectively accumulated over roots.>»** Altogether,
these results indicate that long-term N enrichment suppressed
microbial processing of aboveground plant inputs, leading to
plant-derived SOM accumulation in the forest floor and surface
mineral soil. Reduced microbial transformation likely limits the
formation of more durable C, raising concerns about the long-
term SOM stability of the new C in N-impacted forest soils.>**”

5 Conclusion

This study identified for the first time that 27 years of sustained
impacts of chronic N deposition to forests have fundamentally
shifted the composition of SOM. Long-term N enrichment has
suppressed microbially driven transformation of soil inputs
resulting in the enrichment of plant-derived organic matter,
including less persistent forms that are susceptible to biodeg-
radation. From a molecular biogeochemistry perspective, long-
term N-addition led to the accumulation of mainly aboveground
plant-derived compounds in soils. In the forest floor, this
buildup was primarily due to the incomplete decomposition of
aboveground litter. In the mineral layer, suppressed microbial
activity likely also hindered the decomposition of plant inputs,
such as root- and woody tissues indicated by the accumulation
of suberin-derived and lignin-derived compounds.**>% At the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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same time, limited microbial turnover can slow the trans-
formation of plant residues into biochemically altered forms
that are typically more resistant to degradation.”” Our findings
are consistent with N saturation theory, which predicts
ecosystem-specific thresholds beyond which added N
suppresses decomposition and alters microbial function.*®
Consequently, while N-addition increased soil C storage in the
forest floor, the accumulated material may be biased toward
undecomposed or partially decomposed plant residues. Such
soil C may be less stable over the long-term and vulnerable to
changes in the climate, disturbance regimes®*** or reductions
in N deposition that enable microbial populations and pro-
cessing to return to undisturbed conditions.
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