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Abstract

Declining atmospheric sulfur (S) deposition makes S an emerging limiting macronutrient to
plants, yet the stability and dynamics of soil organic S - the largest terrestrial S pool supplying
plant-available sulfate via mineralization - remain unclear. Across North American soils, mineral-
associated organic S (MAQS), a stabilized pool by mineral protection, dominates (61 + 26% of the
total soil S) but saturates at ~ 600 pg S g™ soil. Compared with labile particulate organic S (POS)
that does not saturate, MAOS is more decomposed, chemically diverse, and climate-sensitive.
Projected global warming accelerates S mineralization in both pools, but shifting moisture regimes
drive their divergence in supplying available S, with MAOS stabilizing in wetter soils while POS
remains labile. This comprehensive reassessment of soil S cycle at the continental scale reveals a
mineral “gatekeeper” that both shields organic S and retains sulfate, providing a mechanistic basis
for nutrient management and carbon sequestration in response to climate change in a S-scarce
future.

Keywords: organic S mineralization, mineral stabilization, S availability, soil S cycle, climate

change, organic matter fractions
1 Introduction

Sulfur (S) is a vital macronutrient essential for all life, yet global soils are becoming
increasingly deficient in S due to a worldwide decline in atmospheric S deposition (Silvia
Haneklaus, Bloem, & Schnug, 2008; Hinckley, Crawford, Fakhraei, & Driscoll, 2020). Soil parent
materials are typically low in S, so anthropogenic SO, and SO4* deposition has served as a major
external source since the industrial revolution (S. Haneklaus, Bloem, & Schnug, 2003). However,
global S emissions have declined by ~ 40% since 1990, driven by air quality improvements, with
reductions approaching 90% in North America and Europe (Feinberg et al., 2021; Ritchie & Roser,

2021). This decline has led to widespread S limitation across natural and agricultural ecosystems,
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particularly in arable soils (Hinckley et al., 2020; Messick, Fan, & De Brey, 2005), prompting
growing reliance on supplemental S fertilizers to sustain food production (Gerson & Hinckley,
2023; Hinckley et al., 2020). As atmospheric contributions diminish, microbial mineralization of
soil organic S — the largest terrestrial S pool and accounting for over 95% of the total soil S (Jergen
Eriksen, 2009; Kovar & Grant, 2011; Niknahad-Gharmakher, Piutti, Machet, Benizri, & Recous,
2012) — has become increasingly important for sustaining plant-available sulfate (Barnard et al.,
2025; Churka Blum, Lehmann, Solomon, Caires, & Alleoni, 2013; Fakhraee, Li, & Katsev, 2017;
Kovar & Grant, 2011; Tolu et al., 2022). Yet, organic S compounds are not uniformly accessible:
associations with soil minerals can stabilize organic S, limiting microbial access and constraining
mineralization (J. Eriksen, Murphy, & Schnug, 1998; Solomon, Lehmann, & Martinez, 2003;
Tanikawa, Hashimoto, et al., 2014; Tanikawa et al., 2022). The balance between microbial
mineralization and mineral stabilization has thus emerged as a central, yet poorly understood,
control on terrestrial S cycling.

Traditionally, soil organic S has been categorized by biochemical reactivity into labile ester
sulfates (C—OS0;) and more recalcitrant carbon-bonded S (C-S), with the former presumed more
readily mineralized to meet microbial demand (Churka Blum et al., 2013; Edwards, 1998; J.
Eriksen et al., 1998; Singh, Rengel, & Bowden, 2006) (Fig. 1). However, mineral associations can
strongly modulate these dynamics by physically protecting both compound types from microbial
and enzymatic attack (J. Eriksen et al., 1998; Solomon et al., 2003; Tanikawa, Hashimoto, et al.,
2014; Tanikawa et al., 2022). Recent developments in soil carbon research offer a mechanistic
framework: dividing SOM into particulate organic matter (POM) and mineral-associated organic
matter (MAOM) better predicts organic carbon turnover and stability, nitrogen cycling and their
responses to climate change (Averill & Waring, 2018; Cotrufo, Ranalli, Haddix, Six, & Lugato,
2019; Lavallee, Soong, & Cotrufo, 2020; Lugato, Lavallee, Haddix, Panagos, & Cotrufo, 2021).

Particulate organic matter consists mainly of plant structural residues that decompose on average
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on decadal timescales and are stabilized by biochemical and microbial constraints, while MAOM
comprises largely of mineral-bound soluble or insoluble compounds of either plant or microbial
origin with C turnover times ranging on average from centuries to millennia (Heckman et al.;
Lavallee et al., 2020). This conceptual framework has enhanced our understanding of soil carbon
persistence and nitrogen availability (Averill & Waring, 2018; Jilling et al., 2018), yet its relevance
to soil organic S remains largely unexplored. Although some studies have demonstrated mineral
controls on S dynamics in specific soil types (J. Eriksen et al., 1998; Solomon et al., 2003; Tanikawa,
Hashimoto, et al., 2014; Tanikawa et al., 2022), the quantities, chemical forms, and environmental
sensitivities of mineral-associated organic S (MAOS) versus particulate organic S (POS) remain
uncharacterized across disparate ecosystems at broad spatial scales.

Here we present the first continental-scale assessment of physical and chemical nature of soil
organic S, extending the MAOM—POM framework to S using samples from 40 sites across 20 U.S.
ecoclimatic domains in the National Ecological Observatory Network (NEON). Consistent with
the most recent understanding of SOM physical fractions (Leuthold, Lavallee, Haddix, & Cotrufo,
2024), we fractionated SOM by density and size and considered POM as the light (LPOM, < 1.85
g cm™) and heavy fraction (HPOM, > 1.85 g cm™ & > 53mm), and MAOM as the fine heavy
fraction (> 1.85 g cm™ & < 53mm). LPOM and MAOM were directly characterized but HPOM
was not due to its low concentration of S. We measured organic S concentrations in the LPOM
(LPOS) and MAOM fractions (MAOS) and the bulk soil (TOS). Hereafter, the total particulate
organic matter, defined as HPOM + LPOM, is termed POM. Similarly, total particulate organic S
contained in combined HPOM and LPOM is denoted as POS, which was estimated as the difference
between MAOS and TOS. Further, we characterized S speciation in the MAOM (i.e., MAOS) and
LPOM (i.e., LPOS) fractions and the bulk soil using S K-edge X-ray absorption near-edge structure
(XANES) spectroscopy. We used average S oxidation state as a proxy for the extent of OS

decomposition and applied path analyses to identify climatic, mineralogical, and other edaphic
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drivers of S stabilization and decomposition (see Methods for details). Our findings provide new
insights into the geochemical architecture of soil organic S and its sensitivity to environmental

factors, advancing our ability to manage S fertility and availability in a changing climate.
2 Materials and Methods
2.1 Soil samples and analysis

We used the subsamples of A and B horizons from 40 sites in the NEON Megapit archive.
Detailed soil profile descriptions for the NEON sites we studied are provided in Supplementary
Table S1. To obtain different fractions of OM, we utilized a physical soil organic matter
fractionation scheme as described by Soong and Cotrufo (Soong & Cotrufo, 2015). Briefly,a 5 g
subsample of oven-dried bulk soil was dispersed with glass beads in 25 mL of 1.85 g cm™ sodium
polytungstate solution (SPT) to disperse all aggregates. Then, the samples were centrifuged, and
the light particulate OM (LPOM < 1.85 g cm™) was aspirated from the sample and rinsed to remove
SPT. The remaining heavy fraction was rinsed thoroughly to remove SPT and then sieved through
a 53-um screen to separate the heavy sand-sized OM (HPOM > 1.85 g cm™ and > 53 pm) and

mineral associated organic matter (MAOM > 1.85 g cm™ and < 53 um). All fractions were oven-

dried at 60 °C prior to the analysis. The total mass recovery from the fractions was within £5% of
the initial mass.

We directly characterized the LPOM and MAOM fractions, but the HPOM fraction was not
directly characterized due to its low S concentration. Organic S concentrations in the LPOM and
MAOM fractions and the bulk soil (TOS) were measured using a Thermo Flash Elemental Analyzer.
The MAOS concentration in bulk soil was calculated by multiplying the S concentration in MAOM
by the mass percentage of MAOM material over total bulk soil. The total particulate organic matter,
defined as HPOM + LPOM, is termed POM. Similarly, total particulate organic S contained in

combined HPOM and LPOM is denoted as POS, which was estimated as the difference between
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MAOS and TOS. The close correlation between LPOS and POS in the topsoil, as indicated by the
regression line (Fig. S1), suggests that POS is predominantly derived from LPOS.

Exchangeable S in soils, considered as available S here, was extracted using a 0.016 M
KH,POy4 solution at a 1:20 ratio. After agitation on a reciprocal shaker for 2 hours, the samples
were centrifuged and then filtered through 0.45 pm syringe filters. The filtrates were then analyzed
for the SO4* concentration by ion chromatography (Dionex ICS-90, Thermo Scientific,

Massachusetts, USA).
2.2 Sulfur K-edge XANES spectroscopy

Sulfur K-edge XANES spectra were collected from bulk soil, LPOM and MAOM in the top
A and B horizons at the Soft X-ray Micro-Characterization Beamline (SXRMB) at the Canadian
Light Source, Saskatoon, Canada. XANES spectra for all samples were recorded in fluorescence
yield using a 7-element SDD detector (RaySpec Inc.) over the energy range of 2442-2542 eV.
Measurements were conducted in three segments: 2442-2466 eV with 2 eV steps, 2466-2497 eV
with 0.15 eV steps, and 2497-2542 eV with 0.75 eV steps. The X-ray energy was calibrated to the
K-edge of elemental S at 2472.7 eV. The XANES spectra data were merged and normalized using
the software ATHENA. The spectra were further fitted using a series of Gaussian functions (G1,
G2, G3, G4, and G5) and two arctangent functions (step height) following the approach by Wojdyr
(2010) using Fityk. The five Gaussian curves correspond to different S species: exocyclic S (G1),
heterocyclic S (G2), sulfoxide (G3), sulfonate (G4), and inorganic and ester SO4* (G5) (Prietzel et
al., 2011). The relative abundance of each S functional group was calculated from the area under
the respective Gaussian peak relative to the total area under all the Gaussian peaks. The areas were
corrected for energy-dependent absorption cross section using the generic calibration curve
(Manceau & Nagy, 2012):

y =0.36841x - 909.97
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where x is the white-line peak energy and y is the scaling factor normalized to y = 1 at the energy
of elemental S (E 2472.70 eV). It has been reported that the error for the OS fraction with the
Gaussian curve fit is 4-8% for reduced and < 5% for oxidized S species (Huffman et al., 1991;
Manceau & Nagy, 2012).

The electronic oxidation state (EOS) of each S species was calculated using the equation (Zeng,
Arnold, & Toner, 2013):

EOS=0.6179x - 1529

where x is the white-line peak energy. In this study, EOS values were reported as calculated
for the low-valent S species (EOS <+4) and EOS values were rounded to integer values for the
high-valent S species (EOS >+4). The average electronic oxidation state (ASOX) of S was
calculated using the following equation:

ASOX=EOSgi x Fgi+ EOSq2 x Faa+ EOSg3 x Fgst EOSqs x Faat+ EOSgs x Fas

where F represents the proportion of each fraction.
2.3 Statistical analyses

Structural equation modeling (SEM) was used to explore the direct and indirect effects of
climatic and edaphic variables on the concentrations of MAOS and POS, exchangeable S
concentration and percentage, as well as average S oxidation states (ASOX) in bulk soil, LPOM
and MAOM. Multiple goodness-of-fit tests were applied, including the Chi-square/degree of
freedom (c%df) test (p > 0.05), the comparative fit index (CFI > 0.9), and the root mean square
error of approximation (RMSEA < 0.08). The path coefficient (1) for each environmental factor
indicated its effects on the target variable. The R? values represented the proportion of the variance
explained by the variables. The total effects were obtained by multiplying the 1 values along the
related effect paths and summing them. The SEM analyses were conducted using AMOS 22.0

(Amos Development Co.).
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All the correlation analyses in this study were conducted using Origin 2018. To evaluate the
significance of these relationships, a one-way analysis of variance (ANOVA) method was applied.
The relationships between TOS and concentrations of MAOS and POS were fitted using asymptotic
and ExpDec models, respectively. All other correlations were fitted using ordinary least squares

linear regression.

3 Results and Discussion

3.1 Distributions of MAOS and POS

We find that MAOS constitutes a substantial fraction of total organic S across North American
soils, though its contribution varied considerably across sites (Figs. 2a-b). In the surface (A)
horizon, mean (= SD) concentrations of TOS, MAOS, and POS were 312 + 294, 155 + 124, and
157 + 259 pg/g soil, respectively, declining to 187 £ 231, 88 + 84, and 99 + 199 pg/g soil in the B
horizon (Fig. 2a). The fraction of MAOS relative to TOS (fuaos) averaged 57 = 21% in the A
horizon soil and 64 + 28% in the B horizon (subsurface), without significant difference between
the two horizons (Fig. 2b). On average, mineral-associated S accounted for 61 + 26% of total
organic S across all samples, underscoring the widespread role of mineral stabilization in shaping
soil organic S pools and MAOM as a major S reservoir larger than POM on average. Notably, the
concentrations of TOS, MAOS, and POS as well as fuaos did not differ significantly among
ecosystem types (Figs. S2a—d), suggesting common underlying mechanisms governing S
partitioning across ecosystems although the different numbers of data points for each ecosystem
type may obscure the finding.

Despite this broad prevalence, the capacity of soils to stabilize organic S through mineral
associations appears finite. MAOS concentrations exhibit a saturation response with increasing
TOS: at low TOS levels, sulfur was primarily stored as MAOS (Fig. 2c), but beyond ~600 ng/g

soil, MAOS reached an apparent upper limit, and further increases in TOS occurred exclusively via
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POS accumulation (Fig.2d). This saturation pattern closely parallels that of mineral-associated
organic carbon (MAOC; Fig. S3) (Cotrufo & Lavallee, 2022; Cotrufo et al., 2019), as expected
given the consistently narrow carbon-to-sulfur (C/S) ratios in MAOM (Fig. 2h). However,
confirming the saturation threshold requires future empirical work, such as isotopic tracing and
controlled S enrichment studies, to assess incorporation rates and stabilization capacity.

Our findings reveal that S availability and mineral interactions may jointly stabilize organic C
in soils, underscoring the potential biogeochemical coupling of OS to OC. A comparison of C/S
ratios between MAOM and POM suggests that S availability might constrain the formation of
MAOC. Similar to C/N, MAOM consistently exhibited lower and less variable C/S ratios than
POM (Figs. 2h—i), reflecting more advanced microbial processing, a higher S demand for MAOM
formation (Kirkby et al., 2013), and a stronger affinity for S-rich organic molecules for soil mineral
surfaces (Spohn, 2024). Soils with higher fumaoc tended to show higher C/S ratios in MAOM (Fig.
S8), suggesting more efficient S use in carbon stabilization under S-limited conditions. These
patterns imply that, like nitrogen and phosphorus (Favaro, Carrillo, Singh, Warren, & Dijkstra,
2025; Lieberman, von Sperber, & Kallenbach, 2025; Spohn, 2020), sulfur can act as a limiting
factor in long-term SOC stabilization — an effect likely to intensify as atmospheric S inputs
continues to decline. The close relationship between organic C and S is further supported by strong
correlations between MAOC and MAOS, and between POC and POS (Figs. 2e—f, 3a-b). MAOS
and POS concentrations were elevated in soils with higher C/N ratios of MAOM and POM and in
cooler climates (Figs. 3a—b), suggesting potential S enrichment in less decomposed organic matter.
This likely reflects the relative stability of C-bonded S in fresher material compared to ester-bound
S in more processed compounds. Mineralogical controls were especially important for MAOS: both
silt/clay content and oxalate-extractable Fe and Al were positively associated with MAOS
concentrations (Fig. 3a), highlighting the role of secondary minerals in organic S accumulation and

stabilization. Higher effective soil moisture may further enhance MAOS accrual, likely by
9
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stimulating mineral weathering and plant productivity, while lower pH may suppress microbial
processing and necromass stabilization. Among all variables, the fraction of MAOC (fmaoc)
emerged as the strongest predictor of the proportion of MAOS in total organic S (fwaos; Fig. 3c),
reinforcing the conclusion that C and S are potentially co-stabilized through mineral associations
under warm, moist, and mineral-rich conditions. Future studies are warranted to determine the

specific mechanisms by which S availability and mineral interactions drive organic C stabilization.
3.2 Oxidation states and decomposition of MAOS and POS

The chemical composition of organic S varied widely across the continent and differed
significantly between MAOS and LPOS, though not among ecosystems (Figs. 4A; Figs. S2j-r).
Light POS in the A horizon was dominated by C-bonded S (89% =+ 4%) with little ester sulfate (11%
+ 4%), whereas MAOS exhibited lower C-bonded S (73% + 13%) and higher ester sulfate (27% =+
13%) with greater variability (as shown by higher standard deviations) than POS, reflecting a more
oxidized and decomposed state of MAOS. This greater variability suggests that MAOS is more
chemically sensitive than LPOS to environmental conditions. Our finding is consistent with that
organic S is more oxidized in clay fractions than in bulk soils (Prietzel, Thieme, Salomé, & Knicker,
2007). Despite being closer to complete mineralization on average, MAOS is expected to be more
stable due to mineral protection, particularly for ester sulfate through strong adsorption of its SO4*
group onto mineral surfaces, slowing further mineralization (Prietzel et al., 2007; Tanikawa,
Noguchi, et al., 2014; Yang et al., 2016).

The contrasting compositions of MAOS and LPOS reflect differences in the origin and
transformation of MAOM and LPOM. The high C-bonded S content in LPOM aligns with its
predominantly plant-derived origins, as plants primarily contribute C-bonded S. Oxidation of this
C-bonded S produces ester sulfate, which can then hydrolyze rapidly to release inorganic sulfate

without subsequent mineral protection, which further enriches C-bonded S in LPOM relative to

10



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

ester sulfate. Microbial residues, especially those from fungi that are rich in ester sulfate (Heinze
et al., 2021), may also contribute to the ester sulfate content of LPOM. In contrast, MAOM accrues
more ester sulfate, likely due to multiple mechanisms such as preferential adsorption of ester sulfate
to mineral surfaces via its SO4> group, greater microbial decomposition, and higher microbial
(fungal) residue inputs. The higher ester sulfate proportion in B horizon soils (Fig. 4Ab) further
supports the role of mineral surfaces, particularly secondary minerals abundant in deeper layers, in
concentrating and stabilizing ester sulfate.

Environmental conditions, especially temperature and effective soil moisture, appear to
further shape the chemical state and stability of organic S pools. Path analyses identified MAT,
MAP - PET, and soil pH (itself influenced by MAP — PET; Fig. S7b) as potential key drivers. MAT
positively correlated with the oxidation states of both MAOS and LPOS, with stronger effects in
the B horizon than the A horizon (Figs. 4Ba—e, Figs. 3d-h), consistent with evidence that warming
accelerates organic matter decomposition more in subsoils (Jia et al., 2019; Ofiti et al., 2021). In
contrast, MAP — PET had divergent effects on the two S pools (Figs. 4Bf—j, Figs. 3d-h). LPOS
oxidation increased slightly with MAP — PET, likely due to enhanced decomposition in wetter but
oxygen-rich macropores hosting LPOM, though this effect might be tempered by lower pH at high
moisture. MAOS oxidation, however, declined markedly with increasing MAP — PET, especially
in the A horizon. This trend reflects enhanced anoxia and acidification in micropores hosting
MAOM, which limit microbial oxidation and preserve reduced S forms (Keiluweit, Wanzek,
Kleber, Nico, & Fendorf, 2017; Zhu et al., 2026). Increased leaching under wetter conditions also
transports less-decomposed, plant-derived compounds into mineral soils, further enriching MAOM
in reduced organic S (Chakrawal, Lindahl, Qafoku, & Manzoni, 2024; Christ & David, 1996).
Compared to the A horizon, the B horizon showed weaker correlations with MAP — PET, likely
due to lower SOC and water concentration that disfavor development of reducing soil conditions.

Overall, these results demonstrate how climate-driven variations in temperature and moisture
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modulate organic S oxidation and stabilization, with implications for the persistence of organic S

and release of plant-available sulfate in soils.

3.3 Sulfate availability in soils

Sulfur availability in soils, typically measured as exchangeable S, averaged 12 &+ 13 ug/g soil
in the A horizon and 41 + 80 pg/g soil in the B horizon (Fig. 5a). The proportion of exchangeable
S relative to total S (fexcs) was also higher in the B horizon (20 + 21%) than in the A horizon (5 +
6%) (Fig. 5b). Both the concentration and proportion of exchangeable S were consistently greater
in forest ecosystems compared to grasslands (Figs. S2e, f), suggesting enhanced S availability
under forest cover.

Exchangeable S in soils is influenced by climatic conditions and soil mineralogy, with positive
correlations with MAP — PET and oxalate-extracted Fe and Al (Fig. 5¢). The strong association
with Fe and Al underscores the role of sulfate adsorption to metal oxides, which explains the higher
exchangeable S levels in the B horizon and in forest soils, where these oxides are more abundant
(Figs. 5a; S2e). MAP — PET likely enhances exchangeable S by promoting Fe/Al oxide formation
and increasing wet atmospheric sulfate deposition, though dry deposition, which may also
contribute (Luo et al., 2016), was not considered in this study.

Beyond environmental drivers, the size and oxidation state of organic S pools may play key
roles in S availability. Exchangeable S was positively correlated with LPOS concentration and the
oxidation state of MAOS, but negatively with the oxidation state of LPOS (Fig. 5¢). The link to
LPOS may reflect its high lability and rapid turnover, which readily releases sulfate into the
exchangeable pool. The negative correlation with the oxidation state of LPOS likely reflects loss
of ester sulfate through hydrolysis, which both lowers its oxidation state and contributes sulfate to
the exchangeable pool. That is, oxidative decomposition of LPOS is an important source of

exchangeable sulfate. In contrast, the positive correlation with the oxidation state of MAOS
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suggests that ester sulfate-rich MAOS, although stabilized by mineral associations, can gradually
release sulfate over time through enzymatic mineralization following MAOM destabilization. The
same factors and mechanisms influencing exchangeable S concentrations also apply to its
proportion relative to total S, except that POS concentration and Fe/Al oxides showed much weaker
effects (Fig. 5d). Overall, oxidation states of organic S seem to exert a stronger influence than pool
sizes on exchangeable sulfate. This finding suggests that the degree of organic matter
decomposition is a more critical regulator of S availability than the absolute amount of organic S

although atmospheric deposition of sulfate may obscure the conclusion.

3.4 Role of minerals in sustaining sulfur fertility in soils

Our findings indicate that minerals in the silt and clay fractions exert dual control on soil S
availability. On one hand, mineral associations concentrate organic S in MAOM and protect it from
microbial decomposition, particularly organic sulfate, presumably slowing down the release of
inorganic sulfate for biological uptake. On the other hand, the same minerals adsorb sulfate with
moderate binding strength, reducing leaching while maintaining its plant availability (J. Eriksen &
Askegaard, 2000). Elevated exchangeable sulfate in clay-rich soils therefore indicates that, despite
protection, MAOS continues to mineralize slowly because of MAOM destabilization and
subsequent mineralization (Bolscher et al., 2025; Jilling et al., 2025); the released sulfate is
efficiently retained on mineral surfaces and accumulates over time. Inorganic sulfate from
mineralization of POS and atmospheric deposition also enhances the adsorbed sulfate pool in soils.
Consequently, sulfate deficiency is common in sandy soils where low adsorption capacity
facilitates organic S mineralization and subsequent sulfate leaching, but rare in fine-textured soils
(Edwards, 1998). Thus, minerals function as sustained slow-release agents of plant-available

sulfate in soils.

3.5 Implications for sulfur nutrient management
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Our results predict that projected warming accelerates S mineralization in both organic S pools
but shifting moisture regimes drive their divergence in supplying available S. Ignoring these
differences of the two pools in responses to climate change would lead to inaccurate predictions
and poor management strategies. Our findings suggest that in those warmer, drier regions (Dai,
2013), sulfate release from MAOS increases, heightening the risk of S leaching into aquatic
ecosystems, which can trigger severe environmental cascades such as mercury methylation,
eutrophication, and sulfide toxicity to native flora and fauna (Lamers et al., 2002; Regnell & Watras,
2019; Smolders & Roelofs, 1993; Wang & Chapman, 1999). In contrast, wetter terrestrial
ecosystems (O’Gorman, 2015) sequester more S in MAOS. In these areas, native plant
communities may face limited S availability, relying heavily on seasonal wet—dry cycles or climate-
driven hydrological shifts to sustain sulfate availability (Liu et al., 2021).

While derived from natural ecosystems, our findings offer a framework for targeted fertility
management in agricultural systems that leverages both POS and MAOS pools through practices
tailored to soil texture. In coarse, sandy soils, organic inputs (e.g., crop residues, cover crops, and
compost) build a labile POS pool for timely sulfate release (Barnard et al., 2025; Cardelli, Saviozzi,
Cipolli, & Riffaldi, 2008; Hansen, Eriksen, Jensen, Thorup-Kristensen, & Magid, 2021; Piutti et
al., 2015), while Fe- and Al-rich amendments or biochar expand MAOS, and retain sulfate and
limit its leaching (Ding et al., 2016; Lei et al., 2024; Penn, Bryant, Callahan, & McGrath, 2011).
Conversely, fine-textured (clay-rich) soils require moderate aeration and controlled MAOS
turnover (via brief drainage or shallow fertilizer banding) to release sulfate without depleting long-
term S reserves (Tariq et al., 2018; Zheng et al., 2024). Notably, any S management strategy must
be balanced with carbon sequestration goals. Because the mineral surfaces that stabilize MAOS
also protect SOC, aggressively mobilizing sulfate can oxidize stored carbon, whereas maximizing
SOC storage (e.g., via clay addition or no-till) can immobilize S and induce deficiencies(Janzen,

2006; Wright & Hons, 2005). Thus, an optimal strategy is to maintain a predominantly MAOC—
14
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MAOS matrix while creating localized, temporal hotspots of S mineralization (through banded
fertilizer, rhizosphere redox shifts, or strip tillage) (Battisti, Zavattaro, Capo, & Blandino, 2022;
Bolscher et al., 2025; Brainard, Peachey, Haramoto, Luna, & Rangarajan, 2013; Tauchnitz,
Bischoff, Schrodter, Ebert, & Meissner, 2018) so that roots capture released sulfate and prevent S

deficiencies from undermining carbon sequestration efforts.
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Traditional view MAOS-POS framework

Bulk soil Minerals

Figure 1. A two-pool conceptual framework for cycling of soil organic sulfur. Traditional research has
treated organic-S mineralization at the bulk-soil scale, overlooking the stabilizing role of minerals. Here we
separate organic S into particulate organic S (POS), largely derived from fragmented and translocated plant
residues, and mineral-associated organic S (MAOS), formed through sorption of soluble compounds or by
microbial transformation and subsequent deposition of microbial residues. Relative to POS, MAOS is
typically more decomposed, chemically diverse, and sensitive to environmental change, yet its association
with mineral surfaces constrains further conversion to plant-available sulfate. Ancillary pathways that
influence inorganic sulfate are omitted for clarity.
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Figure 2. Distributions of MAOS and POS. (a) Distribution of organic S in bulk soil (TOS), POS and MAOS
fractions in the A and B horizons. (b) Fractions of MAOS (fvaos) in the A and B horizons. (¢, d) Correlations
between TOS and MAOS or POS in concentrations in the A and B horizons. (e, f, g) Correlations between
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and MAOM fractions in the A and B horizons. POM is the sum of light POM and heavy POM. All
concentrations are expresses as pg S /g bulk soils.
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Fig. S2. A comparative analysis of key organic S and soil characteristics across different ecosystems.



400

400
(a) e A horizon| (b) o A horizon|
© B horizon| E ° B horizon|
™ 300 1:1 line . 300 - 1:1 line
< ?
2 =
O 200 = 200
o o °
S 8 R?=0.98, p<0.01
2 100 100
o R?=0.73, p<0.01
0 T T T T T T —* 0 T T T T T T T
0 100 200 300 400 0 100 200 300 400
TOC (g/kg) TOC (g/kg)

Fig. S3. Correlations between TOC (g/kg soil) and concentrations of MAOC and POC (g/kg soil)

in the A and B horizons.
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Fig. S4. Correlations between C/S and C/N ratios, as well as N/S and C/N ratios, in bulk soil, POM,
and MAOM fractions.



RO SSYGSTEEMATI= g Lo ipa

SR OIS ORIy

(®)

P
o
il

mwmﬁrcmhmﬁ&m_

FINOVIA
Ay
rINOVIA
FINOd'T
Fmd

O m...@.‘.m\,m,ﬁmd (eSaepst L g
S mao.uu_oﬂnawn. W@.ﬁ@ux LINOVIA
oo vefiittey— FNOdT
T —eecoye@letes — —  Lyng
s F % & s 2
(®6) 19

Top B

Top A

Top B

Top A

Top B

Top A

Top B

Top A

Top B

Top A

LOPM and MAOM in the top A and B horizons.

Fig. SS5. The chemical composition of organic S groups in bulk soil,
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Fig. S6. Correlations of the proportions of C-bonded S and ester sulfate with MAT and MAP-PET
in bulk soil, LOPM, and MAOM across the top A and B horizons.
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Table S2 The relative proportions of S species obtained from the Gaussian curve fitting results.

Sample name Gl G2 G3 G4 G5 Average oxidation state
(%) (%) (%) (%) (%)

ABBY A bulk 23.0 23.6 8.2 21.9 233 2.5
BARR Cgjj bulk 45.4 26.8 8.5 10.3 9.0 0.9
BART A bulk 15.1 40.1 15.6 16.6 12.7 1.9
BLAN Apl bulk 19.9 23.1 6.0 249 26.2 2.8
BONA Bg Oajj_bulk 37.4 20.6 7.3 19.2 15.6 1.8
CLBJ A bulk 423 19.6 6.0 14.9 17.3 1.6
CPER_A bulk 21.4 26.0 7.4 17.4 27.8 2.6
DCFS A1l bulk 21.8 22.1 7.8 242 24.0 2.7
DEJU A bulk 31.0 20.3 9.2 14.3 25.2 2.2
DELA_ A1l bulk 22.5 20.4 6.2 21.0 29.9 2.8
GRSM Al bulk 23.8 20.6 8.0 239 23.7 2.6
GUAN_A bulk 19.3 18.1 6.0 24.7 32.0 3.2
HARV_ A bulk 15.9 22.5 6.9 26.5 28.2 3.1
HEAL A Cjj_bulk 41.9 26.2 9.8 12.8 9.4 1.1
JERC A bulk 26.9 344 21.9 5.5 11.3 1.3
JORN A bulk 29.6 32.1 15.7 8.0 14.6 1.5
OAES_Klemme A bulk 15.6 12.1 3.1 20.6 48.5 3.9
KONA AP bulk 26.7 19.9 5.0 22.1 26.3 2.6
KONZ_A bulk 21.9 20.6 6.0 24.9 26.6 2.8
LAJA Ap bulk 249 15.3 4.2 20.4 35.2 3.0
LENO_A bulk 27.2 24.1 9.2 19.4 20.1 2.2
Mameyes_A_bulk 12.9 14.0 43 14.8 54.0 4.0
MLBS A bulk 23.8 25.0 6.3 22.5 22.5 2.5
MOAB_A bulk 25.4 18.6 6.5 19.9 29.7 2.7
NIWO_ A1 bulk 17.6 18.7 8.3 27.5 27.8 3.1
NOGP_A1_bulk 20.8 22.5 7.8 21.6 27.3 2.8
ONAQ A1l bulk 253 19.9 7.4 17.3 30.0 2.7
ORNL A bulk 18.8 23.8 7.2 23.8 26.4 2.8
PUUM_Bwl bulk 21.6 19.5 6.6 26.2 26.0 2.9
RMNP_ A bulk 26.2 26.8 11.8 18.3 16.8 2.0
SCBI_A bulk 22.4 23.8 7.9 23.5 22.4 2.6
SERC A bulk 249 24.1 7.9 20.3 22.7 2.4
SJER Al bulk 343 20.5 9.7 16.6 18.9 1.9
SOAP_A1 bulk 22.3 29.4 11.9 18.6 17.8 2.2
SRER A bulk 16.7 12.0 3.0 21.0 472 3.8
STEI A bulk 25.5 22.8 8.9 22.0 20.8 2.4
STER Apl bulk 25.0 18.2 6.0 19.9 30.9 2.8
TEAK A bulk 25.6 28.6 11.1 17.6 17.1 2.0
TOOL Bg bulk 40.0 25.1 9.2 12.9 12.9 1.3
TREE A E bulk 20.7 22.0 7.3 222 27.8 2.8
UKFS Al bulk 22.5 20.3 6.1 25.7 25.4 2.8
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UNDE_A bulk 229 25.7 11.0 21.2 19.2 23
WOOD_AO_bulk 25.9 23.1 8.2 21.1 21.6 2.4
WREF_Ac bulk 15.0 10.0 3.1 12.5 59.4 42
YELL A bulk 27.0 24.9 10.2 19.3 18.7 2.1
ABBY Bwl bulk 37.2 6.5 1.4 9.4 45.5 2.9
BARR CgjjF2 bulk 39.2 28.4 8.3 13.8 10.3 1.2
BART Bsl bulk 18.7 13.6 6.7 10.4 50.7 3.6
BLAN Btl bulk 322 7.4 2.1 11.1 472 3.1
BONA_Cg_bulk 432 20.8 7.1 15.0 13.9 1.4
CLBJ Btl bulk 322 15.2 22 19.1 313 2.6
CPER_Btl bulk 27.4 11.9 23 17.5 40.8 3.2
DCFS_Bw_bulk 22.5 15.3 3.6 26.6 32.1 32
DEJU Bw_bulk 23.1 2.8 42 13.2 56.7 3.9
DELA Bt bulk 19.8 11.1 24 11.4 55.3 3.8
GRSM_Bw_bulk 8.2 2.0 0.0 12.2 77.6 5.2
GUAN_Bk1 bulk 23.5 18.0 32 16.6 38.8 3.1
HARV_Bwl bulk 8.5 5.4 1.5 24.6 60.1 4.8
HEAL Cfjj bulk 46.8 25.7 8.4 10.9 8.1 0.9
JERC Btl bulk 24.6 5.5 0.0 11.1 58.8 3.9
JORN_Bw bulk 222 232 8.2 22.6 23.8 2.6
OAES Klemme Bw bulk 15.4 10.0 2.6 16.7 55.2 4.1
KONA Btl bulk 349 19.6 4.1 18.6 229 2.1
KONZ Btl bulk 25.6 16.2 4.0 25.2 29.0 2.9
LAJA Bssyzl bulk 1.3 0.8 0.0 6.1 91.8 5.8
LENO_Bw_bulk 25.6 18.6 5.8 222 279 2.7
Mameyes Bkk1 bulk 7.1 3.7 0.0 7.9 81.3 52
MLBS Bgl bulk 42.5 10.2 2.0 14.4 30.9 22
MOAB_Bw_bulk 31.8 19.2 5.0 18.0 26.0 2.3
NIWO_Bw!1_bulk 11.6 10.7 3.7 322 41.8 4.1
NOGP_Btl bulk 30.2 18.0 7.9 15.3 28.6 2.4
ONAQ_Bw_bulk 23.7 7.8 1.0 14.7 52.8 3.7
ORNL Btl bulk 23.4 7.5 0.5 23.8 449 3.7
PUUM 2Bw2 bulk 14.0 13.9 5.2 29.4 37.6 3.8
RMNP_AB bulk 24.7 214 7.5 21.5 249 2.6
SCBI_Btl bulk 214 4.5 0.2 9.5 64.5 42
SERC Btl bulk 45.0 24.5 7.5 6.1 16.9 1.1
SJER_Bw_bulk 26.6 10.0 1.4 17.0 45.0 3.4
SOAP_Btl bulk 21.6 20.8 6.1 21.9 29.5 2.9
SRER Bw_bulk 10.8 7.3 0.9 22.7 58.3 4.6
STEI Bsl bulk 17.1 16.8 6.0 224 37.7 3.4
STER Bt bulk 34.8 18.8 5.0 14.5 27.0 22
TEAK 2C3 bulk 21.6 19.2 8.7 22.6 279 2.9
TOOL_Cg_bulk 335 25.8 7.2 13.8 19.7 1.8
TREE_Bs bulk 18.5 17.3 7.0 24.7 325 3.2
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UKFS Btl bulk 25.8 12.9 2.3 28.1 30.9 3.1
UNDE BSI1 bulk 26.5 16.1 4.0 28.3 25.1 2.8
WOOD 2Bw bulk 14.5 10.9 2.4 32.0 40.3 4.0
WREF Bw bulk 13.2 3.2 0.2 4.7 78.6 4.8
YELL Btl bulk 244 20.0 6.6 23.4 25.6 2.7
ABBY A maom 27.7 26.4 9.1 18.7 18.1 2.1
BARR Cgjj_maom 43.6 28.8 8.4 11.8 7.4 0.9
BART A maom 19.5 42.0 13.9 14.7 9.9 1.6
BLAN _Apl maom 25.0 23.1 9.4 21.0 21.6 2.4
BONA_Bg Oajj_maom 37.5 20.8 6.2 19.3 16.1 1.8
CLBJ A maom 38.8 17.8 7.5 12.2 23.7 1.9
CPER_A_ maom 17.0 24.0 6.1 17.4 35.6 3.1
DCFS Al maom 23.0 18.9 8.3 25.1 24.6 2.8
DEJU A maom 21.9 17.1 9.0 17.6 344 3.0
DELA Al maom 33.0 23.5 2.7 13.9 26.9 2.2
GRSM_A1_maom 24.1 23.6 9.3 21.8 21.2 2.4
GUAN_A maom 18.5 16.6 8.0 18.1 38.9 33
HARV_ A maom 22.0 27.4 9.2 21.3 20.2 2.4
HEAL A Cjj_maom 36.4 27.8 10.5 14.7 10.6 1.4
JERC A maom 32.0 28.0 21.9 5.8 12.3 1.3
JORN_A maom 17.5 11.3 4.1 24.4 42.7 3.7
Klemme A maom 23.3 8.6 2.7 15.7 49.7 3.6
KONA AP maom 30.2 19.5 5.2 14.6 30.6 2.5
KONZ A maom 25.1 19.1 7.8 23.1 25.0 2.7
LAJA Ap maom 15.7 11.9 2.8 19.8 49.8 3.9
LENO_A_maom 35.6 27.0 14.3 11.9 11.2 1.3
Mameyes A _maom 6.0 6.6 1.6 15.9 69.9 5.0
MLBS A maom 329 22.8 8.6 18.3 17.3 1.9
MOAB_A maom 15.1 10.1 34 25.7 45.8 4.0
NIWO Al maom 21.5 17.4 9.1 26.8 25.2 2.9
NOGP_A1l _maom 21.8 17.8 6.3 21.4 32.6 3.0
ONAQ Al maom 14.7 13.5 5.1 24.5 422 3.8
ORNL A maom 29.1 25.4 9.2 17.7 18.5 2.0
PUUM Bwl maom 18.8 17.4 5.6 24.6 33.6 33
RMNP A maom 25.4 233 10.9 21.2 19.2 2.3
SCBI_A maom 24.8 22.1 9.5 22.8 20.9 2.4
SERC A maom 31.4 24.5 8.7 16.6 18.9 1.9
SJER_Al maom 16.9 16.8 10.8 26.0 29.5 3.2
SOAP Al maom 21.0 26.4 12.4 17.9 223 2.4
SRER A maom 24.8 10.0 2.3 233 39.6 34
STEI_A maom 28.6 20.0 12.2 19.1 20.2 2.2
STER _Apl _maom 15.1 11.8 5.4 20.5 47.1 3.9
TEAK A maom 38.1 19.8 8.8 15.3 17.8 1.7
TOOL Bg maom 29.4 24.5 10.1 17.5 18.4 2.0
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TREE A E maom 214 20.5 10.8 22.1 25.2 2.7
UKFS Al maom 27.9 20.6 6.3 23.2 21.9 2.4
UNDE A maom 30.7 36.9 20.0 6.9 5.6 1.0
WOOD_AO maom 23.8 19.8 6.3 243 25.8 2.7
WREF Ac maom 233 12.5 4.8 10.8 48.7 34
YELL A maom 243 20.9 7.2 22.7 24.9 2.6
ABBY Bwl maom 36.5 11.0 33 12.0 37.2 2.6
BARR_CgjjF2 _maom 30.4 25.0 7.3 20.8 16.5 2.0
BART Bsl maom 12.8 11.3 5.0 18.8 52.0 4.1
BLAN_Btl maom 20.4 11.3 24 14.4 51.4 3.7
BONA_ Cg maom 37.5 19.5 6.7 19.0 17.4 1.8
CLBJ Btl maom 21.8 12.5 5.1 8.7 51.8 3.5
CPER Btl maom 27.6 12.0 3.4 12.7 443 3.1
DCFS Bw_maom 26.8 17.3 4.5 20.8 30.7 2.8
DEJU_Bw_maom 12.1 13.8 5.0 17.9 51.2 4.0
DELA Bt maom 13.9 12.2 2.3 15.5 56.2 4.1
GRSM_Bw_maom 7.5 13.5 3.0 14.7 61.3 4.5
GUAN_Bkl maom 15.8 10.3 24 21.3 50.1 4.0
HARV_Bwl maom 13.5 6.7 2.6 24.5 52.6 43
HEAL Cfjj_maom 44.1 19.4 10.8 14.6 11.2 1.3
JERC Btl maom 14.0 0.0 0.0 223 63.7 4.8
JORN_Bw_maom 27.8 10.6 4.3 19.6 37.7 3.1
Klemme Bw_maom 16.4 10.0 1.1 16.2 56.3 4.1
KONA Btl maom 27.9 15.2 3.9 15.7 37.5 2.9
KONZ Btl_maom 333 17.4 5.7 17.4 26.2 2.3
LAJA Bssyzl maom 5.2 1.3 0.0 12.0 81.5 54
LENO Bw_maom 25.2 18.6 6.5 19.6 30.2 2.8
Mameyes Bkkl maom 2.7 2.9 0.4 8.0 85.9 5.6
MLBS Bgl maom 54.6 14.6 2.4 9.1 19.4 1.2
MOAB_Bw_maom 17.1 8.0 1.8 29.6 43.5 4.0
NIWO_Bwl maom 17.9 14.4 5.5 25.5 36.6 3.5
NOGP_Btl maom 28.3 14.4 3.6 13.1 40.5 29
ONAQ Bw maom 329 16.3 8.4 6.9 35.6 2.4
ORNL _Btl maom 31.8 15.4 22 7.6 43.1 2.8
PUUM_2Bw2 maom 13.2 133 5.4 29.2 38.9 3.8
RMNP_AB maom 19.7 15.3 6.9 25.5 32.5 32
SCBI_Btl maom 21.0 6.9 22 7.6 62.3 4.0
SERC Btl maom 21.0 43 33 133 58.1 4.0
SJER_ Bw_maom 20.7 9.6 8.3 13.5 47.9 3.6
SOAP Btl maom 38.1 14.8 4.7 12.6 29.7 2.2
SRER Bw_maom 4.8 7.4 0.9 23.1 63.7 5.0
STEI Bsl maom 27.5 18.4 7.7 20.5 25.9 2.5
STER Bt maom 36.3 14.1 4.2 10.7 34.7 2.4
TEAK 2C3_maom 16.4 14.9 6.1 234 39.2 3.6
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TOOL Cg maom 27.0 25.6 8.2 16.0 232 22
TREE Bs maom 16.0 13.4 7.7 25.0 38.0 3.6
UKFS Btl maom 23.5 133 3.3 26.2 33.7 32
UNDE BS1_maom 35.7 20.0 5.0 20.6 18.6 2.0
WOOD 2Bw_maom 13.6 8.5 1.5 34.8 41.5 4.2
WREF _Bw_maom 21.0 6.6 1.6 6.7 64.1 4.0
YELL Btl maom 17.2 14.6 3.8 30.0 34.4 3.5
ABBY_ A LPOM 32.0 31.1 12.6 14.7 9.6 1.4
BARR Cgjj/Oajj LPOM 45.1 29.3 10.3 9.9 5.5 0.7
BART A LPOM 26.4 383 14.1 13.8 7.4 1.3
BLAN_Apl LPOM 36.4 30.8 17.4 9.3 6.2 1.0
BONA Bg Oajj LPOM 38.5 23.1 9.0 17.8 11.6 1.5
CLBJ_A LPOM 41.0 28.1 12.9 11.4 6.6 1.0
CPER_A LPOM 33.4 29.2 13.2 15.3 8.9 1.4
DCFS_Al LPOM 29.0 27.3 10.6 19.0 14.0 1.8
DEJU A LPOM 29.4 33.0 15.7 12.2 9.7 1.4
DELA Al LPOM 31.5 34.7 14.8 11.3 7.7 1.2
GRSM_A1 LPOM 31.0 29.1 10.8 17.0 12.1 1.6
GUAN_A LPOM 21.2 20.8 8.3 28.0 21.6 2.8
HARV_A LPOM 24.5 30.9 9.8 19.7 15.0 2.0
HEAL A/Cjj LPOM 42.8 27.5 11.1 11.2 7.4 0.9
JERC_A LPOM 243 34.7 14.7 15.3 10.9 1.6
JORN_A LPOM 35.6 26.6 15.4 13.2 9.1 1.3
Klemme A LPOM 26.5 22.4 10.2 21.8 19.1 2.3
KONA AP LPOM 37.4 28.8 13.8 12.5 7.5 1.1
KONZ A LPOM 29.4 30.8 12.2 16.0 11.5 1.6
LAJA Ap LPOM 334 24.5 9.6 18.5 14.0 1.7
LENO A LPOM 31.8 324 12.7 14.1 9.0 1.3
Mameyes A LPOM 29.7 28.2 11.4 18.4 12.3 1.7
MLBS A LPOM 28.2 31.9 8.4 19.0 12.5 1.7
MOAB A LPOM 34.9 28.3 13.6 13.9 9.3 1.3
NIWO_A1l LPOM 25.7 25.0 12.0 21.2 16.0 2.1
NOGP_A1 LPOM 27.4 30.8 11.6 15.1 15.1 1.8
ONAQ Al LPOM 31.9 25.6 13.7 18.4 10.4 1.6
ORNL A LPOM 29.1 31.2 13.0 16.0 10.7 1.6
PUUM Bwl LPOM 23.1 20.7 6.6 26.8 22.8 2.7
RMNP A LPOM 28.9 32.9 14.5 14.9 8.9 1.4
SCBI A LPOM 31.1 314 13.3 15.3 9.0 1.4
SERC_A LPOM 27.7 30.9 11.9 17.4 12.1 1.7
SJER Al LPOM 35.8 31.1 15.8 11.6 5.7 1.0
SOAP Al LPOM 25.0 35.0 17.0 15.6 7.3 1.5
SRER
STEI A LPOM 29.5 323 16.6 12.9 8.6 1.4
STER Apl LPOM 34.0 28.4 12.2 15.3 10.1 1.4
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TEAK_A LPOM

TOOL Bg LPOM
TREE_A/E_LPOM
UKFS Al LPOM
UNDE_A_LPOM
WOOD_AO LPOM
WREF_Ac LPOM
YELL A LPOM

26.5
45.8
30.8
31.1
334
293
23.1
31.0

31.7
29.9
31.1
27.5
31.2
30.0
34.6
29.7

13.6
12.1
11.4
11.4
14.5
11.3
15.4
12.6

16.3
7.2
15.6
17.6
12.9
17.4
13.4
15.8

12.0
5.0
11.1
12.4
8.0
12.0
13.4
10.8

1.7
0.6
1.5
1.7
1.2
1.7
1.7
1.5
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