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Abstract

Paleosols formed by the burial of topsoil during landscape evolution can sequester
substantial amounts of soil organic carbon (SOC) over millennia due to protection
from surface disturbances. We investigated the moisture sensitivity of buried
SOC storage in the Brady paleosol, a loess-derived soil in Nebraska, USA, where
historical aeolian deposition during the Pleistocene-Holocene transition buried
soils up to 6 m deep. Topsoils from erosional (up to 1.8 m depth) and burial (up to
5.8 m depth) transects were incubated under two moisture regimes - continuous
wetting (60% water-holding capacity) and repeated drying-rewetting - to assess
soil organic matter (SOM) vulnerability to changing hydrologic conditions.

SOC decomposition rates modeled from CO5 fluxes were consistently higher in
erosional than burial settings, with surface re-exposure of Brady soils enhancing
microbial accessibility and destabilization. A two-pool model showed that >96%
of SOC was stored in a slow-cycling pool, particularly in deeply buried soils where
stabilization was linked to mineral association, fine particles, and Ca-mediated
flocculation. However, this pool decomposed more rapidly in shallower Brady
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soils (higher turnover rate relative to buried soil), reflecting increased microbial
responsiveness to surface-driven processes.

Drying-rewetting cycles caused greater C losses from Brady soils than continuous
wetting, despite the dominance of the slow pool and depletion of labile C. These
cycles also accelerated fast pool decay in modern soils and erosional transects,
whereas burial dampened variability in Brady soils. Although continuous wetting
increased overall decay in burial transects during the incubation period, wet—dry
cycles destabilized the slow pool, which may result in greater long-term C loss.
Together, these results underscore the importance of burial depth, geomorphic
context, and moisture regime in shaping the long-term vulnerability of ancient
SOC under climate change.

Keywords: paleosol, erosion, soil carbon stabilization, organic matter decomposition

1 Introduction

Global temperatures have risen by 1°C since the industrial era due to anthropogenic
CO2 emissions, confirming human-driven climate change (IPCC, 2018). Alongside
warming, precipitation regimes are shifting - marked by increased frequency and
intensity of wetting and drying events, especially in more arid ecosystems. These
hydrologic fluctuations can destabilize long-stored soil organic carbon (SOC) by
disrupting aggregates, increasing dissolution and solute mobility, and stimulating
microbial decomposition (Berhe et al., 2012; Min et al., 2020; Hicks Pries et al.,
2023). While limiting warming to below 2°C remains critical, mitigation via emissions
reductions alone may be insufficient. Preserving or enhancing terrestrial carbon sinks,
especially soils, offers a complementary pathway for climate stabilization.

Soil organic matter (SOM) encompasses the full suite of organic compounds in soil,
including living biomass, particulate debris, and mineral-associated organic molecules.
SOC refers specifically to the carbon fraction of SOM and is the metric used through-
out this study to quantify carbon stocks and fluxes. While many studies examine
topsoil carbon dynamics, whole-soil responses to changes in climate have rarely been
tested (Hicks Pries et al., 2017). Subsoils hold nearly half of global SOC stocks (Job-
bagy and Jackson, 2000) and this deep-soil carbon may be more sensitive to varying
environmental conditions than surface soil (Min et al., 2020). Organic inputs reach
subsoils via leaching of dissolved organic carbon and vertical transport of litter by
bioturbation. SOC in deeper horizons typically features low carbon to nitrogen (C:N)
ratios and long mean residence times, suggesting advanced microbial processing and
relative stability (Rumpel and Kogel-Knabner, 2011). In contrast, topsoils buried by
aeolian or alluvial deposition often retain legacy carbon signatures reflecting past veg-
etation and climate (Marin-Spiotta et al., 2014), diverging from modern surface soils.
These buried soils have historically been isolated from near-surface conditions, includ-
ing temperature and moisture fluctuations. Previous research supports this isolation
effect: for instance, Chaopricha (2013) found negligible CO2 fluxes from Brady Soil
collected from 4 m below the modern surface when no water was added, indicating
extremely limited microbial activity under such dry, oxygen-poor conditions.



The stability of buried SOC, however, depends entirely on continued isolation 093
from surface conditions { an assumption increasingly at odds with landscape dynam- 094
ics across the Great Plains. Accelerated gully erosion, agricultural tillage, and more 095
intense precipitation events are progressively exhuming paleosols that remained pro- 096
tected for millennia (Mason et al., 2008; Jacobs and Mason, 2007; Thaler et al., 2021). 097
Yet the decomposition response of this ancient carbon to re-exposure remains poorly 098
constrained. Will millennia-old SOC decompose rapidly once oxygen and moisture 099
access is restored, or do the same properties that enabled its long-term preservation 100
{ ne texture, mineral associations, chemical recalcitrance { confer lasting resistance? 101
This uncertainty carries substantial implications for carbon-climate feedbacks: if re- 102
exposed paleosol carbon proves vulnerable to decomposition, ongoing erosion acrossl03
loess landscapes could convert a long-term carbon sink into an unaccounted source. 104

Subsurface environments typically have limited oxygen, C inputs, and water 105
availability, all of which constrain microbial activity and promote long-term SOC per- 106
sistence (Soong et al., 2021). However, this protection may be compromised under 107
climate change scenarios involving increased rainfall, warming, and surface disturbance 108
(Fontaine et al., 2007; Gao et al., 2020; Hicks Pries et al., 2023). While burial isolates 109
SOM from decomposers, enhancing its stability (Berhe et al., 2007; Stacy et al., 2015; 110
Berhe et al., 2008), soil erosion, root intrusion, and hydrologic shifts can re-expose 111
previously protected SOM. While erosion may remove C, the exposure of fresh rela- 112
tively unweathered parent material can increase photosynthate additions due to the 113
rejuvenation of rock-derived nutrients (Berhe et al., 2018). Given the global extent 114
of geomorphic disturbance and the potential for reactivated decomposition, buried 115
soils may represent an extensive but under-characterized carbon pool whose long-term 116
persistence is uncertain (Chaopricha and Marn-Spiotta, 2014; Szymanski, 2021; Pal 117
et al., 2023). 118

SOM decomposition is mediated by geomorphic and geochemical controls. Soil 119
texture, mineralogy, and ionic composition regulate organo{mineral associations and 120
microbial accessibility. Mineral surfaces { particularly clays and metal oxides { can 121
stabilize SOM through sorption and aggregation, while spatial inaccessibility and 122
microsite heterogeneity further constrain decomposition (Marin-Spiotta et al., 2011; 123
Schmidt et al., 2011; Lawrence et al., 2015). Thermal transformation of buried SOM 124
into condensed aromatic compounds can also enhance resistance to decay. Recentl25
ndings from Dolui et al. (2026b) link persistent SOM turnover in buried soils to 126
ne textures, higher conductivity, and strengthened organo{mineral bonding, consis- 127
tent with evidence that mineral-associated and physically protected pools dominate 128
long-term persistence (Slessarev et al., 2022). However, these stabilizing mechanisms129
weaken with erosional exposure, as disruption of aggregates, increased oxygen avail-130
ability, and shifts in moisture regimes enhance microbial activity. In addition, exposure 131
promotes priming e ects through fresh organic matter inputs, accelerating the decom- 132
position of previously protected SOM (McMurtry et al., 2024; Lawrence et al., 2021) 133
and increasing its vulnerability to loss. 134

Soil moisture dynamics are central to SOM persistence. Wetting and dry- 135
ing{rewetting cycles can destabilize aggregates, increase dissolved organic carbon 136
leaching, and stimulate mineral-associated OM loss (Berhe et al., 2012; Ne and Asner, 137
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2001; Li et al., 2023). Moisture in uences microbial processes by modulating water
potential, oxygen di usion, and solute transport (Chowdhury et al., 2011; Davidson
et al., 2012). Texture controls water retention during drying, while aggregate struc-
ture governs accessibility under saturated conditions (Or and Tuller, 1999; Ghezzehei
et al., 2019).

In surface soils, especially in semi-arid and Mediterranean systems, dry-
ing{rewetting cycles produce strong mineralization pulses (Miller et al., 2005; Zhu and
Cheng, 2013). Such cycles break down aggregates and release labile SOM, stimulating
priming e ects (Najera et al., 2020). Soils with broader pore-size distributions may
retain water longer, sustaining microbial activity and potentially increasing cumula-
tive SOM loss (Goebel et al., 2005). The e ects of increased rainfall also depend on
seasonal timing; for instance, winter precipitation can enhance subsoil C storage more
than spring rain due to deeper translocation of carbon (Wahab et al., 2025).

As soils dry, physical and chemical processes can strengthen OM{mineral inter-
actions. Solute precipitation, matric tension, and shifts toward stronger bonding
(e.g., inner-sphere complexes) promote greater SOM{mineral a nity (Kaiser et al.,
2015; Kemper et al., 1987; Kang and Xing, 2008). Reorientation of amphiphilic com-
pounds on mineral surfaces can increase hydrophobicity (Horne and Mclintosh, 2000),
potentially misleading assessments of SOM stability under drier conditions.

CO; e ux in subsoils is shaped by physical constraints - lower porosity, higher bulk
density, and greater water- lled pore space - which suppress microbial respiration after
rewetting (Min et al., 2020; Hill et al., 1985; Beare et al., 2009; Schrumpf et al., 2013).
Subsurface microbial communities are often dominated by drought-tolerant fungi (Bird
and Torn, 2006), and experience fewer moisture and temperature uctuations than
surface soils (Rumpel and Kegel-Knabner, 2011). Microbial \resistance" to drying
manifests as reduced respiration during dry-down, while \resilience" describes rapid
respiration rebound after rewetting (Leizeaga et al., 2021; Griths and Philippot,
2013). Soils with frequent drying{rewetting history tend to support more resilient
microbial communities (Fierer and Schimel, 2003; Steenwerth et al., 2005).

In semi-arid systems, soil inorganic carbon (SIC) also contributes to carbon dynam-
ics. SIC accumulates at depth through carbonate dissolution{precipitation cycles
(Shari far et al., 2023; Batool et al., 2024; Cotrufo and Lavallee, 2025). This is seen in
the Brady Sail, a late Pleistocene paleosol buried by loess ca. 13,000{10,000 years ago
in the Great Plains of the US (Jacobs and Mason, 2007; McDowell, 2020). SIC inter-
acts with SOC via aggregation and mineral associations but can be mobilized through
leaching under increased moisture conditions (Naorem et al., 2022; Liu et al., 2018;
Tsypin and Macpherson, 2012).

Despite growing interest in buried SOM, moisture-driven decompaosition patterns
across landforms remain unclear. This study investigates the sensitivity of modern
and buried SOM to moisture inputs under erosional and burial geomorphic conditions
in the Brady Soil. According to the U.S. National Climate Assessment (2018), the
Central Great Plains region of Nebraska is projected to warm by 3.5{9.5°C, with
annual precipitation increasing by 2.5 cm. Erosion driven by agriculture, grazing,
wind, and rainfall threatens to re-expose buried SOM to surface conditions.



We conducted a laboratory incubation using soils collected near Wauneta, 185
Nebraska, to compare CQ e ux under continuous wetting versus drying{rewetting 186
regimes. The area's semi-arid climate with seasonal moisture variability provides a 187
relevant setting to test SOM responses to hydrologic uctuations. Our hypotheses 188
were: (i) Brady SOM is more stable and decomposes more slowly than modern SOM 189
as reduced moisture and oxygen availability limit decomposition of SOM due to iso- 190
lation from the soil surface; (ii) buried SOM in erosional settings is more vulnerable 191
to loss due to exposure of previously protected SOM to surface conditions and mix- 192
ing with modern carbon; and (iii) wetting will stimulate CO , release from previously 193
buried soils as a result of increased substrate availability due to enhanced dissolution, 194
solute transport, microbial decomposition, and/or aggregate disruption. By evaluat- 195
ing the interactions between moisture, geomorphology, and SOM dynamics, we aim 196
to improve predictions of carbon stability under future climate and land-use change. 197

198
2 Methods and materials ;gg
2.1 Site and sampling 201

202

The eld site is situated near Wauneta, within the loess tablelands of southeastern 53
Nebraska, USA (40°29'52.8" N, 101°24'36" W, see Fig. 1). The region experienced on4
reduced loess input during the terminal Pleistocene and early Holocene (13{10 ka) that 5gg5
permitted soil formation, leading to the development of the Brady Soil. Subsequent 5gg
aridi cation renewed dust ux, resulting in its burial by younger loess (Johnson et al., 207
2007; Mason et al., 2008). Additional loess accumulation throughout the Holocene 5qg
preserved weaker paleosols formed during intermittent burial pauses (Mason et al., 2gg
2003; Miao et al., 2007). Recognized as a key paleoenvironmental and stratigraphic 210
unit, the Brady Soil is regionally traceable across Nebraska, northeastern Colorado, 211
and northern Kansas (Johnson and Willey, 2000). 212

The area is characterized by broad, at uplands and sharply incised edges, pro- 213
viding natural windows into strati ed soil pro les. Loess cover above the Brady Soil 214
tapers in a downwind direction across the summits where it is thickest, producing 215
burial transects of variable thickness. The local climate is semi-arid, with an average 21g
annual temperature of 9.7°C and ca. 495 mm of precipitation, concentrated during the 517
summer months, with occasional snow in winter. Natural vegetation includes a mix of 54g
C3 and C4 grasses, replaced by cropland on many level surfaces today, but remaining 219
at the study site and on steeper terrain in general. 220

Brady Soil exposures are visible in actively eroding margins, gullies, and roadside 251
cuts. Prior investigations, including coring and eld surveys, con rm its continuity 292
beneath the summit landform (Jacobs and Mason, 2004; Marin-Spiotta et al., 2014; 993
Mason et al., 2008). Surface soils developed in Holocene loess are weakly developedoyg
and light-colored, typically classi ed as Mollisols, Inceptisols, or Entisols. Although 295
di erent in age, modern and buried soils share similar parent material and mineralogy  22g
due to the region's limited weathering intensity. Brady A horizons (Ab) are identi ed 297
by their dark grayish brown coloration (Munsell 10YR3/2 to 10YR4/2) and silt loam 228
texture, generally overlying Bk or Bw horizons (Szymanski, 2021; Jacobs and Mason, 229
2007; McDowell, 2020). 230
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Sampling was conducted in 2016 and 2017 across two geomorphic settings: burial
transects (where the Brady Soil is deeply buried beneath Holocene loess) and erosional
transects (where the Brady Soil is exposed or shallowly buried due to hillslope erosion).
Within each setting, three replicate transects were established. We collected samples
at three depths relative to the soil surface from each of the transects per setting
(details in Fig. 1). Sampling stratigraphy relative to the present land surface was
categorized using Roman numerals (Supplementary Information, Table Al). At each
transect position, samples were collected from (1) the modern soil surface (0{30 cm),
(2) the subsurface modern soil (30{60 cm, where present), and (3) the upper Brady
paleosol horizon (0{30 cm into the Ab horizon, at variable depth below the modern
surface depending on burial thickness). All samples were analyzed for physicochemical
properties, but only samples from the 0-30 cm depth intervals were used for incubation
experiments. Table Al provides the speci c sampling depths from the soil surface for
each transect position. A Giddings probe (10.2 or 8.9 cm diameter) with plastic liners
was used for intact sampling in burial settings, while soil pits were dug for erosional
pro les. Complete methods are described in (Szymanski, 2021).

2.2 Soil chemical and physical analyses

General soil physical and chemical properties were determined by standard soil ana-
Iytical methods, as described in detail in Dolui et al. (2026b) and Szymanski (2021).
Brie y, soil pH and electrical conductivity (EC) of soil samples were determined in
1. 2 water extracts using a SevenExcellence multiparameter benchtop meter (Met-
tler Toledo, United States). Total carbon was determined by dry combustion using
an ECS 4010 elemental combustion analyzer (Costech Analytical Technologies, Inc.,
USA); inorganic carbon was removed by acidi cation with 1M HCI prior to TOC
determination. Exchangeable base cations (C& , Mg?*, Na* and K*) were were
quanti ed by ICP-OES (Optima 5300 DV Spectrometer, Perkin-Elmer, Germany) fol-
lowing ammonium acetate extraction (bu ered to pH 7). Sodium adsorption ratio
(SAR) was determined by dividing concentration of Na in soil extract by the square
root of half of sum of Ca and Mg concentrations (Dolui et al., 2026a). Particle size
distribution was determined using the pipette method for clay (< 2m) and laser

di raction (Mastersizer 2000 particle size analyzer, Malvern Panalytical, UK) for silt
and sand fractions. Radiocarbon t*C) analyses of bulk soil samples were conducted
to determine the age and turnover time of carbon in both modern and buried soils.
Samples were pre-treated, combusted, and then measured by accelerator mass spec-
trometry using an FN accelerator mass spectrometer (Van de Graa, US) at the
center for accelerator mass spectrometry at Lawrence Livermore National Laboratory.
The C results were used in a homogeneous, open-system, steady-state soil carbon
decomposition model to estimate carbon turnover times (Dolui et al., 2026b) which
were averaged for the three replicate transects.

2.3 Incubation experiments

The incubation experiment was set up to determine the e ect of continuous wetting
and drying{rewetting on SOC uxes using soils that were collected from the upper



layer of modern and Brady Soil samples at burial and erosional transect types. To iso- 277
late the e ects of moisture, roots >2 mm were removed by sieving and manual sorting. 278
Samples from 0-30 cm horizon depth from di erent transect numbers were homoge- 279
nized (so that they had only unique paleostatus, transect type and burial/ erosional 280
degree). Two types of water addition experiments were conducted: continuous wet and 281
drying{rewetting. Two sub-samples were taken from each composite to perform bio- 282
logical replicates of each incubation experiment, such that there was a total number 283

of 24 individual incubation vessels. 284
285
2.3.1 Experimental setup 286
287

The incubation experiments were conducted in 8 0z mason jars. Soil water holding 288
capacity (WHC) was pre-determined by tensiometry (using pressure plates with an 289
applied pressure of {33 kPa) and soil moisture content was monitored on a mass- 290
basis by weighing soils weekly during the incubation. The treatments included (i) 291
continuous wet { soils maintained at 60% WHC throughout the experiment and (ii) 292
drying{rewetting cycles { soils were dried, then rewetted to 60% WHC. Treatment 293
durations di ered by experimental objective. The continuous wet incubation (225 294
days) was designed to capture the full trajectory of decomposition, enabling robust 295
tting of two-pool decay models that partition SOC into fast- and slow-cycling frac- 206
tions (turnover times on the scale of days and centuries, respectively). The wet-dry 297
treatment (56 days, 8 cycles of 7-day drying followed by rewetting) was designed to 208
assess cumulative e ects of repeated moisture pulses over a timeframe comparable to 299
a growing season. For direct comparison between treatments, we modeled GQoss
over equivalent 49-day windows and compared decay parameters derived from each o1
treatment's full duration. Each treatment had two biological replicates (sub-samples
derived from a single composite of replicate transects per soil type), and control soils 303
were maintained at 5% WHC. 304
Previously homogenized soils were sub-sampled and added to jars at an equivalent 305
of 30 £+ 0.5 g dry mass. After adding a predetermined amount of ultra-pure water 306
(18.2M cm), the jars were kept at room temperature (ca. 25°C), matching the aver- 307
age summer soil temperature (when most precipitation occurs) at the site (UNL Saoll 308
Temperature Data). Jars were sealed with lids tted with rubber septa for headspace 309
gas collection, and silicone gel was applied around the septa to prevent gas leakage. 310
In the continuous wet experiment, soils were maintained at 60% WHC and sealed 311
until sampling. On average, water loss was 0.01 mL/day, ranging from 0.005 to 0.02 312
mL/day. Water was added after gas sampling to avoid inducing the Birch e ect. After 313
each sampling, lids were left open for one hour to allow C@equilibration with ambient 314
air. 315
In the drying{rewetting experiment, soils were rewetted every 7 days by slowly 316
adding Milli-Q water to reach 60% WHC. After water addition, jars were sealed, and
headspace gas was sampled 6 hours later to capture Birch e ect emissions. Soils were
then dried to 5% WHC over the course of 2-3 days by removing the lids and incubating 319
at ca. 25°C; respiration was not measured during this period. 320

321
322



323 2.3.2 Sampling schedule and CO , analysis
324
325
326
327
328
329
330
331
332
333
334

335 -
336 2.4 Statistical analyses

337 All statistical analyses were performed using CRAN-R 4.5.0 (R Core Team, 2025). Soil-

338 respired CO, measurements from incubation experiments were averaged across two
339 bpiological replicates per treatment. Control samples were represented by single mea-
340 surements due to sample constraints. Accordingly, statistical comparisons involving

341 controls were interpreted with caution.

342 The concentration of soil-respired CQ was expressed as the mass of C respired
343 per unit mass of SOC, calculated as:

In the continuous wet experiment, headspace gas samples for GQGanalysis were col-
lected on days 1, 3, 5, 7, 11, 16, 27, 55, 82, 114, 151, and 225. After each sampling,
jar lids were opened for one hour to equilibrate with ambient air.

In the drying{rewetting experiment, jars were sealed for 6 hours after water addi-
tion, and headspace gas was sampled on days 1, 7, 21, 28, 35, 42, and 49 to evaluate the
Birch e ect. Control samples were collected on the same days for both experiments.

Evolved CO, concentrations were analyzed using a Shimadzu 2014 gas chromato-
graph (Kyoto, Japan) with a thermal conductivity detector at UC Merced and an
LI-830 infrared gas analyzer (IRGA) at Lawrence Livermore National Laboratory
(LLNL).

344
345
346 . . mmolCO , 10% molair 12 gC 1

C CO soil C! = mmolair . .
347 9 29 s0l I mol air mmol air molC gTOC
348 1)
349 For the continuously wet incubation, cumulative respiration was calculated by

350 summing CO, uxes over the 225-day experiment. Two-pool rst-order decay models
351 were tted to cumulative respiration data according to:

352

222 Cco, )=Co 1 (f refrt+fgek ) )
355 where Cco, (t) is the cumulative mass of C ( g) respired by day t, C o denotes TOC,
356 f; and fs represent the fast- and slow-cycling fractions of SOC (with § +f ¢ = 1),
357 and ki and ks are the corresponding decay rate constants. Models were tted using
358 non-linear least-squares optimization with the minpack.Im package (Elzhov et al.,
359 2023).

360 For the wet-dry cycling incubation, cumulative respiration was calculated by sum-
361 ming CO, uxes over wetting periods only, assuming negligible respiration during
362 drying phases (Chaopricha, 2013). The e ective incubation time (t) was approximated
363 as the cumulative duration of wetting events (2 days over a 49-day experiment).
364 Two-pool decay models were initially tted following the same approach as for the
365 continuously wet incubation.

366 Preliminary model ts indicated that the fast-cycling pool contributed negligibly to
367 respiration during wet-dry cycling (slow:fast pool ratio 0.999:0.001), consistent with
368



a functionally homogeneous system. Consequently, one-pool rst-order decay models 369

were also tted for both incubation treatments: 370
371

Cco,H)=Co 1 e X (3) 372

where k represents the single-pool decomposition rate constant. 373

The e ects of transect type, paleostatus, degree of burial or exposure, and their 374
interactions on SOM decomposition parameters (decay rates and pool sizes) were 375
evaluated using linear mixed-e ects models, treating biological replicates as a random 376
e ect (controls excluded). These analyses were conducted using the nlme (Pinheiro 377
et al., 2024) and emmeans (Lenth, 2024) packages. Signi cant di erences among factor 378
levels were assessed using pairwise Sidak-adjusted comparisons. For the wet-dry cycling?’79
experiment, similar models were applied to analyze day-1 C@pulse responses. 380

Total CO, losses during wet-dry cycling (49 days) were compared to modeled GO 381
losses over an equivalent duration under continuous wetting using linear mixed-e ects 382
models with paleostatus, transect type, and degree of burial or exposure as xed e ects
and replicate as a random e ect. Marginal means and pairwise comparisons were used 384
to contrast incubation treatments. For control samples, paleostatus and transect type 385
were treated as xed e ects and degree of burial or exposure as a random e ect. Despite 386
limited replication, the large magnitude of di erence between control and treatment 387
uxes (>45-fold) indicates that moisture addition, rather than incubation artifacts, 388
drove observed respiration patterns. 389

Mean cumulative CO, losses between control and treatment groups were further 390
compared using a Welch test following con rmation of unequal variances via a Bartlett 391
test, implemented in the stats package (RStudio Team, 2019). Linear mixed-e ects
models were also used to evaluate the e ects of transect type and paleostatus on 393
cumulative CO;, losses in control samples, with degree of burial or exposure treated 394
as a random e ect. 395

Multiple linear regression (MLR) was used to quantify the in uence of soil physic- 396
ochemical properties (soil pH, EC, TOC and TIC contents, SAR, texture, and
exchangeable base cations) on modeled SOM decomposition parameters. For the con-398
tinuously wet incubation, MLR models were applied to fast- and slow-pool decay rates
and slow-pool fraction sizes derived from two-pool models. For the wet{dry cycling 400
incubation, MLR analyses were conducted on decomposition rates derived from one-
pool models. Model selection followed stepwise forward and backward procedures, 402
prioritizing parsimony based on Akaike Information Criterion (AIC) values using the
MASS package (Venables and Ripley, 2002). Model coe cients, intercepts? Rand root 404
mean squared error (RMSE) were calculated using the stats package. Pairwise Pear- 405
son correlation matrices were generated to visualize relationships among soil properties 406
and SOM decomposition parameters using the stats and ggplot2 packages (RStudio

Team, 2019).
409
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3 Results

3.1 General soil properties

The physicochemical properties of soils used in the incubation experiment are shown
in Table 5. The soils were relatively alkaline (pH ranging from 6.89 to 7.77), especially
the Brady Soil (pH > 7.6). The clay, silt and sand content placed the soils in the
texture class category of silt loam. Total organic carbon was higher in modern soils
due to active biomass inputs, while inorganic carbon content was higher in the Brady
Soil due to carbonate formation (Dolui et al., 2026b). The Brady soil of the burial
transect was classi ed as saline (mean EC of 5.41 dS ) and the CEC of soils was
moderately high, ranging from 15.17 - 23.31 cmo} kg! and indicating the presence
of higher activity clays. The turnover time of bulk soils as derived from radiocarbon-
based models, was much greater in the Brady Soil (8327 - 15 654 years) compared to
modern soils (576.4 - 1451 years), con rming the long-term stability of SOM in the
paleosol (Dolui et al., 2026b). The mean CN ratio in both Brady and modern soils
was relatively low (ca. 10), indicating a su cient supply of N for plant growth and
microbial activity.

3.2 E ects of continuous wetting on soil CO 2 € UX

Cumulative C lost from soils via respiration of CO, during the continuously wet incu-
bation are shown in Fig. 2. Raw incubation data and gures of merit of statistical
comparative tests are available online at DOI: doi: 10.17632/fjiw646gpyf.1.

In the continuous wet soil treatment group, modern soils evolved signi cantly
higher CO, (mean of 30.6 mg CQ-C g C' ) compared to Brady Soil (mean of 15.9

2.39 mg CO ,-C g C! ) after 225 days of incubation (p <0.01). Soils of the ero-
sional transect type had greater cumulative C loss (mean of 29.3 mg COC g C?! )
compared to the burial transect (mean of 17.3 2.39 mg CO,-C g C! , p < 0.01).
However, the di erence between cumulative C losses of erosional vs burial transect
types was not signi cant at the greatest degree of burial and lowest degree of erosion.

Modern soil in the erosional transect had signi cantly higher cumulative C losses
(mean of 35.9 mg CQ-C g C! ) than modern soil of the burial transect (mean of
25.3 mg CQ-C g C! , p < 0.05). Similarly, Brady Soil of the erosional transect had
signi cantly higher cumulative C losses (mean of 22.6 mg CG-C g C' ) compared to
the burial transect (mean of 9.28 mg CQ-C g C! , p < 0.05).

The Brady soil with an intermediate degree of erosion had higher cumulative CQ
loss (mean of 33.2 mg C@-C g C! ) compared to Brady Soil of the lowest and highest
degrees of erosion, while the Brady soil with the greatest degree of burial had the
lowest cumulative CO, loss (mean of 4.14 mg C@-C g C! , di erences not signi cant).
For Brady soil of the burial transect, the magnitude of cumulative CO, e ux among
di erent degrees of burial was in the order of | > Il > Ill, whereas in the erosional
transect, cumulative CO, e ux among di erent degrees of erosion was Il > Il > |.

The cumulative CO,, evolution of 60% WHC continuous wet experiments (mean of
23.3 mg CO:-C g C! ) was signi cantly greater than control soils maintained at 5%
WHC (mean of 0.478 mg CQ-C g C! , p < 0.001). Among the control soils, Brady
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Soil of the burial transect had signi cantly greater C losses (mean of 0.561 mg C&C 461
g C! ) compared to modern soils (mean of 0.253 0.0683 mg C@-CgC! ,p<0.05), 462
but C losses in modern and Brady Soil were more similar in the erosional transect 463
(mean of 0.254 and 0.444 mg C®C g C! for modern and Brady Soil respectively, 464
n.s.). 465

Signi cance of di erences in cumulative CO, losses among degree of burial/ expo- 466
sure for control samples could not be tested due to lack of replication, but we report 467
observed di erences. Among the burial transect control soils, Brady soil with the low- 468
est degree of burial produced the greatest cumulative C@ loss, while modern soil 469
collected from the intermediate degree of burial soil produced the least cumulative 470
CO,, loss. Among the erosional transect control soils, the most C@was evolved inthe 471
Brady soils with intermediate erosion, and the lowest CQ was evolved in the modern 472

soil collected from the lowest degree of burial. 473
474
3.3 E ect of drying and rewetting on soil CO 2 e ux 475

476
Daily C lost from soils via respiration of CO, during the dry-rewetting incubation are 477

shown in Fig. A1 and cumulative C losses are shown in Fig. 3. Soil respiration data from  4-g
the dry-rewetting incubation are available online at DOI: doi: 10.17632/fjw646gpyf.1. 479
The largest respiration uxes were produced on the rst day, with signi cantly 480
greater cumulative CO, loss from modern soils (mean of 0.920 mg CHC g C?) 481
compared to Brady Soil (mean of 0.729 0.034 mg CQ-C g C' , p < 0.01), but
the reverse was observed at the greatest degree of burial. Respiration pulses declined g3
over time for all soils. Control soils had a lower day* pulse CO, (mean of 0.295 mg 484
CO,-C g C! ) compared to the dry-rewetting treatment (mean of 0.824 mg CGQ-C g 485
C' , p <0.001), but there was no signi cant di erence between the cumulative CO, 486
loss from control (21.9 mg CQ-C g C! ) and treatments (17.5 mg CO,-C g C! ) by 487
the nal day of incubation. 488
After 49 days of incubation under wet-dry cycles, the Brady Soil from both the  4g9
burial and the erosional transects emitted signi cantly more cumulative CO; (0.0183 499
g CO,-C g C! ) than Brady Soil incubated under continuously wet conditions (0.009 491
0.0005 g CO,-C g C! , p < 0.001). However, there was no signi cant di erence 492
between cumulative CQ; loss in modern soils incubated under wet-dry cycles versus 493
continuous wet conditions. 494
The order of magnitude of total CO, emission after 49 days followed the order ,4g5
erosional modern > erosional Brady > burial modern > burial Brady. Soils of the 496
erosional transect (mean of 18.3 mg C@C g C! ) had signi cantly greater cumulative 497
CO; loss compared to the burial transect (mean of 16.7 0.643 mg CQ-CgC?' ,p 498
< 0.01). Modern soil had signi cantly greater cumulative CO , loss (mean of 16.7 mg 499
CO,-C g C! ) than Brady Soil (mean of 18.3 0.390 mg CO,-C g C! , p<0.001), 5qq
but the di erence was not signi cant at the intermediate degree of erosion. Modern  gnq
soil with the highest degree of erosion emitted signi cantly more cumulative CG (19.2  ggp
mg CO,-C g C! ) than modern soil with the greatest degree of burial (13.9 mg CQ- 503
C g C!, p < 0.05). However, the opposite was observed in Brady Soil, where that 504
with the greatest degree of burial emitted more cumulative CG (15.6 mg CO,-C g ggg
C?! ) compared to the soil with the greatest degree of erosion (20.4 mg COC g C! , 506
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p < 0.05). Among the control soils, although Brady Soil emitted more cumulative
CO, than modern sail, there was no signi cant di erence. This was likely due to large
variation of the depth-pooled samples (in absence of control replicates), as a result of
the much larger CO, loss from Brady Soil of the erosional transect with the lowest
degree of erosion compared to other samples.

3.4 Decay rates and fraction sizes of soil organic matter pools

The decomposition rate of the slow pool and size of the fast pool under continuous
wetting is shown in Fig. 4 and the decomposition rate of SOM (single pool) under
wet-dry cycles is shown in Fig. 5. Statistical gures of merit of linear mixed-e ects
models are available online at DOI : doi: 10.17632/fjiw646gpyf.1.

The slow-cycling SOM pool under continuous wetting decayed ca. 2000 times more
slowly than the fast-cycling pool, with a signi cantly lower mean decay rate in the
burial transect (8.68 10° day! i.e., 315 years turnover time, henceforth referred to
as TOT) compared to the erosional transect (1.36 160 6.82 10 7 day! i.e., 201
years TOT, p < 0.01). Thus, higher decay rates correspond to faster (shorter) turnover
times throughout this section. The mean decay rate of the slow-cycling SOM pool of
Brady Soil (6.86 10° day! i.e., 399 years TOT) was signi cantly lower than that
of modern soil (1.54 10 day®! 6.82 10 7 ,i.e., 178 years TOT, p < 0.001). The
mean decay rate of the slow-cycling SOM pool of modern soil in the burial transect
was signi cantly greater at the greatest degree of burial (1.53 1¢ day! i.e., 178
years TOT), compared to the lowest degree of burial (9.97 16 day?! i.e., 275 years
TOT, p < 0.05).

The mean decay rate of the fast-cycling SOM pool of the erosional transect (0.130
day! i.e., 7.68 days TOT) under continuous wetting was signi cantly higher (i.e.,
faster turnover) than that of the burial transect (0.126 0.001 day ! i.e., 7.96 days
TOT, p < 0.05). The mean decay rate of the fast-cycling SOM pool of Brady Soil in
the erosional transect was signi cantly greater at the greatest degree of erosion (0.144
day! i.e., 6.96 days TOT) compared to the lowest degree of erosion (0.121 day i.e.,
8.25 days TOT, p < 0.01).

The decay rate of SOM (one-pool model) under wet-dry cycles did not di er sig-
ni cantly among soils of di erent paleostatus or transect type. In the two-pool model,
the decay rate of the slow-cycling SOM pool under wet-dry cycles was signi cantly
higher in the erosional transect (0.007 day i.e., 129 days TOT) compared to the
burial transect (0.009 .0002 day ! i.e., 117 days TOT, p < 0.05), indicating faster
SOM turnover where decay rates were higher. The decay rate of the fast-cycling SOM
pool in the burial transect was signi cantly higher in modern soil (8.11 1.94 day *
i.e., 0.123 days TOT) compared to Brady soil (0.558 day i.e., 1.79 days TOT).

The slow-cycling pools of both modern and Brady Soil under continuous wetting
contained a much greater proportion of total SOC (> 96%) than the fast-cycling
pool. The fraction size of the fast-cycling pool relative to the slow-cycling pool under
continuous wetting was signi cantly greater in the erosional transect (0.014) compared
to the burial transect (0.012 0.0003, p < 0.01) and signi cantly greater in modern
soils (0.0173) compared to Brady Soil (0.009 0.0003, p < 0.001). The fraction size
of the fast and slow pools tended to 0 and 1.0 respectively in all soils under wet-dry
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cycling, nullifying the statistical comparison results among soils of di erent paleostatus
and transect types.

3.5 Decay rates and fraction sizes of soil organic matter pools
in continuous wet versus wet-dry experiment

A summary of SOM decomposition model parameters (one-pool and two-pool) of
the continuously wet and wet-dry cycling experiments is shown in Table 2. Statisti-
cal gures of merit of linear mixed-e ects models are available online at DOI : doi:
10.17632/fjw646gpyf.1.

With the one-pool models, the continuously wet soils had a signi cantly higher
decay rate (0.00865 day i.e., 116 days TOT) compared to the wet-dry cycles (0.00714
day! i.e., 140 days TOT, p < 0.01), indicating faster turnover under continuous
wetting. In the burial transect, the one-pool decay constant of the continuous wet
experiment was signi cantly higher (0.0103 day® i.e., 97.4 days TOT) than that of the
wet-dry cycling experiment (0.00690 day* i.e., 145 days TOT, p < 0.001). However,
there was no signi cant di erence between the decay constant of the continuous wet
and wet-dry experiments in erosional transects. These trends were observed in both
Brady and modern soils.

Among the control soils with one-pool models, the continuous wet experiment had
a signi cantly higher decay rate (0.0376 day* i.e., 26.6 days TOT) compared to the
wet-dry cycling experiment (0.00146 day' i.e., 179 days TOT, p < 0.001), again
meaning faster decomposition under continuous wetting. This was true in both burial
(continuous wet k = 0.0374 day! i.e., 26.7 days TOT and wet-dry k = 0.00372 i.e.,
268 days TOT) and erosional (k = 0.0377 day* i.e., 26.5 days TOT and wet-dry k
= 0.00746 day' i.e., 134 days TOT) transects, as well as Brady (continuous wet k =
0.0376 day* i.e., 26.6 days TOT and wet-dry k = 0.00871 day' i.e., 115 days TOT)
and modern (continuous wet k = 0.0375 day* i.e., 26.7 days TOT and wet-dry k =
0.00248 day* i.e., 404 days TOT) soils.

With the two-pool models, the decay rate of the slow-cycling SOM pool in the
continuously wet experiment was signi cantly lower (1.11 10° day! i.e., 246 years
TOT) than that of the wet-dry cycling experiment (0.00812 day ! i.e., 123 days TOT,
p < 0.001), re ecting faster turnover in the wet-dry treatments. This was true in both
Brady (continuously wet k = 6.86 106 day! i.e., 399 years TOT, wet-dry k =
0.0083 day' i.e., 120 days TOT) and modern (continuously wet k = 1.54 10° day?
i.e., 178 years TOT, wet-dry k = 0.00793 day* i.e., 126 days TOT) soils, as well as
both burial (continuously wet k = 8.68 10°% day! i.e., 316 years TOT, wet-dry k
=0.00773 day' i.e., 129 days TOT) and erosional (continuously wet k = 1.36 10
day! i.e., 202 years TOT, wet-dry k = 0.0085 day® i.e., 118 days TOT) transects,
and at all degrees of burial and erosional exposure.

The decay rate of the fast-cycling SOM pool in modern soil was signi cantly higher
in the wet-dry cycling experiment (8.11 day® i.e., 0.123 days TOT) compared to the
continuously wet experiment (0.127 day' i.e., 7.89 days TOT, p < 0.001), indicat-
ing a much faster turnover response to rewetting. The decay rate of the fast-cycling
pool in the erosional transect was also signi cantly higher in the wet-dry cycling
experiment (5.148 day' i.e., 0.194 days TOT) compared to the continuously wet
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experiment (0.130 day* i.e., 7.68 days TOT). Separating these e ects by degree of
erosional exposure revealed that the signi cance of the di erence between the fast pool
decay rate in modern soils was more evident at the intermediate and lowest degree
of erosion. The decay rate of the fast-cycling SOM pool did not dier signi cantly
between continuously wet and wet-dry cycling experiments in Brady soils or in the
burial transect.

Among the control soils with two-pool models, the continuous wet experiment had
signi cantly lower slow pool decay rate (1 108 day! i.e., 274 000 years TOT)
compared to the wet-dry cycling experiment (k = 0.005 day® i.e., 200 days TOT, p
< 0.01), again corresponding to much faster turnover in the wet-dry treatments. This
was true in both the burial and erosional transects, modern and Brady Soil and at all
degrees of erosion and burial.

In contrast to the main soil dataset described above, the decay rate of the fast-
cycling SOM pool of control Brady Soil was signi cantly higher in the wet-dry cycling
experiment (0.0556 day' i.e., 18.0 days TOT) compared to the continuously wet
experiment (10.3 day* i.e., 0.0971 days TOT). This was true in both burial and
erosional transects. In modern control soils, however, there was no signi cant di erence
between decay rates of fast-cycling SOM in continuously wet versus wet-dry cycling
experiments.

The fraction size of the slow-cycling SOM pool in the wet-dry cycling experiment
was signi cantly larger (0.999) than that of the continuously wet experiment (0.987, p
< 0.001) - this was true for both Brady and modern soils, across erosional and burial
transects and at all degrees of erosion and burial. It follows that the fraction size of
the fast-cycling SOM pool in wet-dry cycling experiments was signi cantly smaller
(0.001) than that of the continuously wet experiment (0.0131, p < 0.001) for soils of
all transect types, paleostatus groups and degrees of erosion and burial. There was
no signi cantly di erence between fraction sizes of the slow-cycling SOM pool among
the controls of the wet-dry cycling and continuously wet experiment; the fast-cycling
pool was also similar among control soils of the two experiments.

3.6 Relationships between soil properties and carbon dynamics

The true versus predicted values MLR models for prediction of decomposition rates of
the fast- and slow-cycling pools as well as the fraction size of the slow pool are shown
in the Appendix, Fig. A2. A matrix showing the correlation between these variables is
given in Fig. 6. The intercept, coe cients of explanatory variables, RMSE and R? of
the best-performing MLR models, are summarized in Table 3 and the full equations
are in the Appendix (Multiple linear regression equations).

The MLR models for prediction of decay rates of SOM under continuous wetting
had better model t (R ? > 0.80) compared to those for predictions of SOM pool
fraction size (R? = 0.44). From the MLR equations, we deduce that soil properties with
the greatest coe cients had the most important e ects on the SOM decay rate and
fraction size model parameters. While SAR increased the rate of decay and decreased
the size of the of the slow pool, an opposite trend is observed in the fast pool.

TOC and pH also increased the decay rate of the fast-cycling SOM pool under
continuous wetting, while the slow pool decay rate decreased with increasing TIC.
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TOC and TIC increased the fraction size of the slow pool at the expense of fraction
size of the fast pool. When considering e ects of these factors individually, SAR, TOC,
TIC and pH did not have signi cant correlation with SOM decomposition parameters
(Fig. 6). However, exchangeable Mg and K content were signi cantly correlated with
the decay rate of the fast (negative correlation) and slow (positive correlation) pools
(Fig. 6).

The true versus predicted values MLR models for prediction of the decomposition
rate of SOM (one-pool system) under wet-dry cycles are shown in the Appendix, Fig
A3. A matrix showing the correlation between these variables is given in Appendix,
Fig. A4.

The intercept, coe cients of explanatory variables, RMSE and R? of the best-
performing MLR model for prediction of the decay rate, are given summarized in Table
3 and the full equation is in the Appendix (Multiple linear regression equations).

SAR decreased the decay rate of SOM under wet-dry cycles. Clay and TOC content
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increased the decay rate of SOM. Exchangeable Ca, Mg content decreased the decay659

rates of both pools. Considering these parameters individually (correlation coe cients)
revealed a weak correlation with k. Therefore MLR, where k is modeled as a function of
all predictors together, demonstrates that the combination of these variables explained
most variance, while no single predictor explained much variance on its own.

4 Discussion

4.1 Stabilization of soil organic matter by burial

While our study characterizes decomposition dynamics using respirometry and
radiocarbon-based modeling, we did not directly measure the molecular mechanisms
responsible for di erential SOC stability. Speci cally, we did not quantify the chemical
composition of mineral-associated organic matter, the nature of organo{mineral bonds,
or microbial community composition. As a result, the mechanistic interpretations
presented here are necessarily indirect.

The interpretations proposed in this study build on prior molecular and
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fractionation-based analyses conducted on the same soils and geomorphic transects g7g

(Marin-Spiotta et al., 2014; Dolui et al., 2026b). That work documented enhanced
mineral association and cation-mediated stabilization in buried pro les. Rather than
repeating those analyses, the present study extends this framework by quantifying
how these stabilization contexts translate into di erences in SOC turnover rates and
pool structure under contrasting moisture regimes.

Brady Soil subjected to continuous wetting exhibited lower cumulative CO, evo-
lution than modern soils across both erosional and burial transects (Fig. 2; Appendix
Fig. 3). This pattern indicates reduced microbial mineralization in buried paleosols
relative to surface soils under sustained moisture availability.

Multiple mechanisms may contribute to this enhanced stability, although their
relative importance cannot be resolved with the current dataset. Previous work at
this site reported elevated exchangeable G4 concentrations in Brady soils and linked
Ca-mediated occulation to increased aggregate stability (Dolui et al., 2026a). Our
results are consistent with this interpretation. Speci cally, Ca concentration was a
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positive predictor of slow-pool size in the MLR model. However, we did not directly
measure aggregation or occulation processes. As a result, the pathway linking Ca
availability to reduced decomposition remains uncertain. Reduced decay could arise
from physical protection within aggregates, reduced microbial access to substrates, or
changes in solute di usivity (Six et al., 2002). Within the scope of this study, Ca?*
therefore emerges as a statistically robust predictor of SOC pool structure, rather than
a resolved mechanistic driver.

The potential contribution of pyrogenic carbon to SOC persistence in Brady soils
is supported by prior molecular analyses from this site. These analyses identi ed con-
densed aromatic compounds consistent with re-derived inputs (Marin-Spiotta et al.,
2014). Pyrogenic carbon was not quanti ed in the present study, and its direct in u-
ence on decomposition rates cannot be evaluated here. Nonetheless, its documented
persistence provides important context for interpreting the slow-cycling SOC pool
observed in Brady soils. Our results are therefore compatible with a stabilization legacy
established during Brady Soil formation, rather than evidence of an active pyrogenic
control on contemporary decomposition.

Modern soils exhibited a slightly larger relative size of the fast-cycling SOM pool
than Brady soils, which likely re ects recent organic inputs. Direct comparison of
decay parameters further highlights di erences in SOM persistence between soil types
(Fig. 4). The slow-cycling pool in Brady soils from the most erosional transect had
signi cantly lower decay rates under continuous wetting than the corresponding pool in
modern soils. This provides clear evidence of greater SOM persistence in the paleosol.

Across all treatments, the slow pool decayed approximately 2000 times more slowly
than the fast pool (Appendix, Fig. A2). The slow-cycling pool of the Brady Soil exhib-
ited a turnover time (TOTSs) of approximately 399 years, whereas the slow-cycling
pool of modern soil exhibited a TOT of approximately 178 years. The MLR mod-
els further showed a negative relationship between slow-pool decay rate {k,) and
both total inorganic carbon (TIC) and exchangeable Mg?* (Equation Al). Although
CaCO3 cementation was not pronounced, positive correlations between TOC, TIC,
and Ca in Brady soils from erosional transects (Dolui et al.,, 2026a) suggest that
carbonate-associated phases may contribute to stabilization where shallow wetting
promotes near-surface carbonate precipitation.

The association between ner texture and reduced SOC decomposition observed in
this study aligns with established theory linking clay-rich soils to enhanced mineral-
associated organic matter formation (Six et al., 2002). Clay content was a signi cant
predictor of slow-pool dynamics in the MLR models, indicating that particle size exerts
a rst-order control on SOC accessibility. However, because mineral surface chemistry
and sorption energetics were not resolved, texture is interpreted here as a proxy for
stabilization potential rather than as a direct mechanistic control, given the complexity
of detangling texture and mineralogical controls (Rasmussen et al., 2018).

The slow-cycling SOM pool dominated total soil C, accounting for more than
96% of SOC (Fig. 4b). The size of this pool increased with increasing TOC and TIC
(Equation Al) and was accompanied by a corresponding decline in the fast-cycling
pool. The fast pool consistently represented a larger fraction of total SOC in modern
soils than in Brady soils, and in erosional transects than in burial transects. Together,
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these patterns indicate stronger stabilization in buried paleosols and underscore the
central role of the slow-cycling pool in long-term SOC persistence.

Apparent relationships between sodium adsorption ratio (SAR), exchangeable
cations, decay rates, and pool sizes in the MLR models (Equations Al, A2, A3, and
A4; Fig. 6) should be interpreted cautiously. These correlations may re ect shared
depth-dependent trends rather than direct mechanistic links. Both TOC and micro-
bial biomass typically decline with depth (Fierer and Schimel, 2003; Xiang et al.,
2008), which contributes to reduced respiration in deeper Brady soils. At the same
time, Na tends to accumulate at depth through leaching (Dolui et al., 2026a), with
accumulation depth depending on precipitation and soil water status.

4.2 Destabilization of SOM by erosion and moisture variability

Greater cumulative C loss from shallower soils, combined with a smaller fast-cycling
SOM pool and a signi cantly higher slow-pool decay rate in erosional Brady soils
compared to burial Brady soils (Fig. 4a), highlights the destabilizing e ect of surface
exposure. This pattern indicates that erosion weakens burial-associated protection.

CO; pulses during the initial phase of wet{dry cycling were larger in erosional tran-
sects than in burial transects (Fig. A1). These pulses suggest enhanced mineralization
in Brady soils closer to the surface. One likely explanation is priming by root exudates
and fresh organic inputs, ampli ed by bioturbation (Pausch et al., 2016; McMurtry
et al., 2024). This interpretation is supported by higher fraction modern values in ero-
sional Brady soils relative to burial Brady soils, as well as by convergence of slow-pool
fraction modern values toward those of modern soils (Dolui et al., 2026b).

Enhanced decomposition in shallower Brady soils likely re ects both legacy expo-
sure and contemporary environmental conditions. Shallower positions experience more
frequent wetting and greater oxygen di usion, which can prime microbial communi-
ties for rapid response following rewetting. Separating long-term exposure e ects from
ongoing environmental controls would require experimental manipulation of burial
depth, which represents an important avenue for future research.

In the wet{dry experiment, erosion e ects were further expressed in decay dynam-
ics. Slow pools decayed faster in erosional transects than in burial transects, whereas
fast pools decomposed more rapidly in modern soils than in Brady soils. The fraction
of the slow pool was smaller under continuous wetting than under wet{dry cycling,
indicating greater allocation to slow-cycling carbon under variable moisture. However,
the slow pool also exhibited substantially higher decay rates under wet{dry cycling.
This suggests that apparent stabilization under variable moisture is transient and may
be o set over time by depletion of passive C reserves.

The accelerated decay of slow-pool SOC under drying{rewetting cycles demon-
strates that burial-associated protection is not absolute, even for millennially persistent
carbon. Potential mechanisms include aggregate disruption, increased solute trans-
port, or shifts in microbial accessibility. While the present study cannot resolve these
pathways, it clearly documents the outcome: enhanced decomposition of previously
slow-cycling SOC under moisture variability.
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Moisture variability also ampli ed turnover of the fast-cycling pool. Decay rates
of the fast pool increased under wet{dry cycling, particularly in modern soils and ero-
sional transects. This pattern supports the interpretation that fresh organic inputs and
surface exposure accelerate labile C turnover under uctuating moisture. The MLR
model reinforces this interpretation by revealing a positive relationship between TOC
and fast-pool decay rate (Equation A4). In contrast, the absence of strong moisture
e ects in Brady soils suggests that burial dampens moisture-driven variability in labile
C decomposition.

McDowell et al. (2022) simulated soil hydrology for the Brady Soil, overlying loess,
and modern soil using measured hydraulic properties and regional weather data from
2009{2019. Modeled water contents remained low and relatively constant below 1.5 m
depth from the surface, including within the Brady Soil, with only rare deep wetting
events following major rainfall. Paleoclimate reconstructions indicate that the depth
of frequent wetting would have been even shallower during drier-than-modern periods
over the past 10,000 years (Miao et al., 2007). Together, these results suggest that
prolonged dry conditions played a major role in OC sequestration where the Brady
Soil is deeply buried, whereas erosion and increased moisture variability could promote
renewed C loss.

Geomorphic position integrates multiple stabilization controls by regulating burial
depth, moisture exposure, oxygen availability, and the persistence of mineral{organic
associations. In this sense, geomorphic context operates as a higher-order constraint
that modulates how chemical and physical stabilization mechanisms are expressed
through time. This aligns with conceptual frameworks suggesting that spatial patterns
of soil organic carbon (SOC) are fundamentally shaped by the interplay between bio-
logical cycling and geomorphic processes like erosion and deposition (Yoo et al., 2006).
Furthermore, topography acts as a primary control on SOC distribution by mediating
local microclimate and the lateral transport of soil material across mantled landscapes
(Patton et al., 2019). These ndings challenge the common assumption in soil carbon
modeling that geomorphic context can be neglected when parameterizing decompo-
sition rates. Recent evidence underscores that geomorphic settings not only dictate
the abundance of SOC but also the persistence of specic carbon pools, particularly
in erosional landscapes where geomorphic history de nes the vulnerability of buried
carbon (Hunter et al., 2024). Our results show that erosional exposure accelerates slow-
pool decay under continuous wetting, and that wet{dry cycling destabilizes slow-pool
carbon regardless of landscape position. For Earth system models that treat subsoil
carbon as a passive reservoir, these dynamics represent a substantial and underappre-
ciated vulnerability. Accurately predicting SOC responses to changing precipitation
regimes therefore requires explicit consideration of burial depth and exposure history,
which are rarely incorporated into current modeling frameworks.

5 Conclusion

When interpreted alongside prior molecular- and fractionation-based analyses from
this site (Marin-Spiotta et al., 2014; Dolui et al., 2026a,b), our results suggest that
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long-term SOC persistence in Brady soils arises from the convergence of mineral associ- 829
ation, cation-mediated stabilization, and limited environmental exposure. The present 830
study extends this framework by demonstrating that these stabilization contexts 831
remain vulnerable to hydrologic perturbation and geomorphic re-exposure. Although 832
this study does not resolve molecular-scale mechanisms directly, it demonstrates that 833
decomposition parameters derived from incubation and radiocarbon modeling are 834
highly sensitive to landscape history { an e ect that must be accounted for even when 835
detailed chemical data are unavailable. 836

Our study demonstrates that SOC decomposition is strongly shaped by soil 837
moisture regime and landscape position, with modern and Brady soils responding 838
di erently to continuous wetting versus drying{rewetting cycles. Water availability 839
exerted disproportionate e ects in erosional settings where surface exposure enhanced 840
substrate di usivity, highlighting the destabilizing role of re-exposure and moisture 841
uctuations. 842

Drying{rewetting cycles led to greater C losses from Brady soils than continuous 843
wetting, despite modeling results indicating dominance of the slow pool and deple- 844
tion of labile C. This treatment also accelerated fast pool decay in modern soils and 845
erosional transects, while burial dampened such variability in Brady soils. Fraction 846
sizes shifted accordingly: wet{dry cycles increased the proportion of the slow pool and 847
reduced the fast pool fraction, suggesting redistribution of SOC toward more stabilized 848
forms under uctuating moisture. 849

Depth further constrained SOM persistence, with slow pool decay constants declin- 850
ing with increasing degree of burial in Brady soils from burial transects. Faster turnover 851
in shallow layers re ects greater microbial accessibility and responsiveness to surface- 852
driven processes, underscoring the importance of geomorphic context - transect type, 853

degree of burial, and soil structure - over intrinsic SOM chemistry. 854
Comparisons across models showed that continuous wetting accelerated overall 855
decay, particularly in burial transects, while wet{dry cycles disproportionately destabi- 856

lized the slow pool that dominates SOC. This dual e ect - rapid labile C turnover under 857
moisture uctuations coupled with erosion of long-lived SOM persistence - points to 858
heightened vulnerability of buried carbon under future precipitation variability. 859

Overall, the fate of ancient soil carbon under climate change will depend on bothits 860
burial history and prevailing moisture regime. Integrating these contrasting controls 861
on fast- and slow-cycling pools into Earth system models is essential for improving 862

predictions of soil carbon vulnerability and climate feedback. 863

864
Funding. This work was supported by the National Science Foundation (EAR ggg
awards 1623814, 1623810, and 1623812), the University of California, Merced, and the 867
Ted and Jan Falasco Endowment. 368
Competing interests. The authors have no relevant nancial or non- nancial 869
interests to disclose. 870
Data availability. Full dataset for soil incubation and statistical analyses are g;;
available at DOI: doi: 10.17632/fjiw646gpyf.1. 873

874

19



875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920

Author contributions. All authors contributed to the study conception and
design. Material preparation, data collection, and analysis were performed by Man-
isha Dolui, Teneille Nel, Abbygail R. McMurtry, Stephanie Chacon, Laura M. Phillips,
Teamrat Ghezzehei, Joseph A. Mason, Erika Marin-Spiotta, Marie-Anne de Graa
and Asmeret Asefaw Berhe. The rst draft of the manuscript was written by Manisha
Dolui and Teneille Nel. All authors commented on previous versions of the manuscript
and approved the nal manuscript.

Acknowledgments. We acknowledge nancial support for this work from the
National Science Foundation (EAR awards 1623814, 1623810, and 1623812) and the
Ted and Jan Falasco Endowment, fellowships and grants awarded by the Graduate
Division at the University of California, Merced (UCM), and the UCM Environmen-

tal Systems Graduate Group. We are grateful to Dr. Sora Kim and Dr. Robin Trayler
for their support at the UCM Stable Isotope Lab. We also thank R. and D. Whiting

for providing access to the Wauneta, Nebraska, eld sites. ChatGPT was used for lan-
guage editing and sentence re nement and the authors take full responsibility for the
output.

20



Tables and gures.

21

921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966



967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001 Fig. 1 Study site location, stratigraphy, and sampling scheme. a. Location of the study site within

1002 the Great Plains ecoregion (grayshade) and shaded relief map illustrating topographic setting of

1003 study site. b. Vertical cross-sections illustrating the sampling scheme relative to modern land surface

1004 topography, the Brady Sail, and_ Io_ess above and below it gt study site. Weakly developed horizons
of modern soil and paleosols within the Holocene loess (Miao et al., 2007) not shown. Details based

1005 on one pair of burial and erosional transects but representative of all three. c. Photo illustrating

1006 topography and native grassland vegetation at one pair of transects. Truck is near deepest prole

1007 (I11) on burial transect; other burial transect points are not visible. Brady Soil is exposed in an old

1008 roadcut in foreground; erosional transect is located on intact slope beyond roadcut. Figure adapted
from Dolui et al. (2026b)
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Fig. 2 Cumulative respiratory CO , from modern and Brady Soil sampled from three depths rep-

resenting varying degrees of burial/erosional exposure (two technical replicates each). In burial
transects, Shallow Intermediate Deep corresponds to burial degrees | 1l 1ll. In erosional
transects, this relationship is reversed, with Shallow Intermediate Deep corresponding to expo-
sure degrees Il 1l 1. Soils were maintained at a constant moisture content of 60% water holding
capacity (WHC). Lines depict a two-pool rst-order decay model, tted using a non-linear least-
squares function. The dotted line represents the control (5% WHC).
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