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Paleosols are formed when the topsoil gets buried by the lateral distribution of soil and
can store large quantities of soil organic matter (SOM) that may persist over millennial
timescales due to its detachment from the disturbances at the surface. We studied buried
SOM dynamics in the Brady paleosol, a deep loess (aeolian) deposit in Nebraska, USA,
where climate has historically driven varying rates of loess deposition during the late
Pleistocene and Holocene, burying soils up to 50m below the surface. Soils were sampled
along the depositional and erosional transects at depths from 0.2 to 5.5m to understand
the variability in the physical and chemical composition of the soils. We used elemental
and isotopic compositions of C, N, *C, and **N, along with radiocarbon, base cation
concentrations, and Fourier Transformed Infrared Spectroscopy (FTIR) to determine the
distribution, stabilization, and composition of SOM and organic carbon in the soil
profiles. Our results show a general decreasing trend of 3*C and §*°N values with depth,
suggesting root input to soil carbon pools and the presence of less decomposed SOM in
the deeply buried soil layers. Radiocarbon analysis of bulk soil indicated a loss of ancient
carbon and incorporation of new photosynthate carbon in the eroding transect. Our
stabilization study indicated, modern and buried Brady soil both are flocculated in
physical structure and Brady soils has more monovalent cations compared to the modern
soils. To determine the vulnerability of the SOM to the addition of moisture, we added
water to soil from the different transects and depths at 60% pore space capacity in two
different experimental setups — repeated wet and dry cycles and continuously wet. We
found that repeated wetting and drying led to higher CO, efflux for buried Brady soils
from erosional transects compared to the modern soils collected from the depositional
transects. Our findings indicate that change in soil moisture status can play a critical role
in destabilizing previously protected ancient carbon. Finally, our study highlights the
need for furthering our understanding of how a predicted increase in precipitation
quantity and intensity coupled with accelerated erosion can release large quantities of
greenhouse gases by mineralization of previously protected old carbon stocks.
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Chapter 1.
Introduction

Globally, the soil system has stored more carbon (C) than the atmosphere and vegetation
combined, making it possibly an important part of the solution to climate change (Le
Quéré et al., 2018). However, the projected warming of the Earth’s atmosphere is
expected to increase the decomposition of soil C with the potential to release high levels
of greenhouse gases (GHGS) into the atmosphere (Berhe et al., 2007). But large
uncertainty remains on the response of subsoil C, especially below 30 cm depth (stores
30-70% C) to climate change. Soil down to 1 m has been predicted to release an
equivalent to a third of current fossil fuel emissions with a 4 C increase (Berhe et al.,
2007). Paleosols, formerly topsoils buried by deposition of newer material, have been
highlighted for their potential to play important roles in soil C storage (Marin-Spiotta et
al., 2011; Hoffmann et al., 2013). For example, an aeolian buried soil in northeast
Siberia, Russia, is estimated to store about 8465 Mg C/ha at a depth of 1-16 m
(Chaipricha and Marin-Spiotta, 2014; Zimov et al., 2006). Subsoil soil organic matter
(SOM) has a long residence time (i.e., persistence) compared to topsoil SOM owing to its
mineral association, aggregate protection, burial, chemical composition (less plant litter
and more microbial byproducts), reduced contact with microbes, low moisture status
(Chabbi et al., 2009; Marin-Spiotta et al., 2014). However, deep-buried C may become an
active source for microbial growth if the factors responsible for stabilization are altered.
Paleosol can play a growing role in the global C cycle under predicted future climate.
Predicted higher rates of erosion and exposure of formerly buried layers to oxidizing and
wetter near-surface environments can accelerate the rate of decomposition of SOM in
buried layers (Fontaine et al., 2007). To understand and predict buried C vulnerability to
changes in climate and landscape disturbance, we need to identify the mechanisms that
are contributing to storage and turnover in these pools and evaluate their response to
changing environmental conditions in situ.

Paleosols are soils that developed in different environmental conditions (Johnson 1998)
when the topsoil was transported downhill and was buried by alluvial, colluvial, aeolian
deposition, volcanic eruption, or human activities (Chaipricha and Marin-Spiotta, 2014).
These processes can take place over centuries to millennia, promoting efficient chemical
interactions with soil particles (Rumpel and Kogel-Knabner, 2011; Rasse et al., 2006)
storing large quantities of soil organic C due to reduced moisture, reduced microbial
diversity, and a high rate of evapotranspiration that limits the downward movement of
SOM (Chaipricha and Marin-Spiotta, 2014; Schmidt et al., 2018). In situ primary
production such as root and bioturbation (Chaipricha and Marin-Spiotta, 2014) at the
sites of burial can lead to additional C storage (Berhe et al., 2012) as accumulating
sediments also transport varying amounts of C that are buried at the downhill (Nadeu et
al., 2012) due to soil erosion (Berhe et al., 2007). If we understand the geochemistry of
this buried soil, then it will help us to predict the release of the C sink present in this area
and will give us an estimation of the increasing release of ancient C in the environment
(Marin-Spiotta et al., 2014). In general, the radiocarbon age of SOC increases with the
soil depth due to precipitation and clay content (Billings and de Suza 2020), and analysis
of this helps us to understand C stabilization processes. Radiocarbon analysis can also be



used as a tool to understand C turnover and CO; production and how precipitation can
affect C protection (Billings and de Suza 2020).

Erosion caused by precipitation affects the structure of the ecosystem (Pimentel et al.,
1995), and the IPCC 2013 report has indicated that there will be an increase in
interannual rainfall variability, possibly inducing further soil erosion. Topsoil C is
annually redistributed across the landscape by erosion and deposition (Berhe et al., 2007),
which can have a significant influence on the global C budget if they cause a release of
COg; into the atmosphere (Guo and Gifford 2002). Due to the topsoil removal by erosion,
more stable C from the deep layers is incorporated into the top layer and gets mixed with
the new labile material, which affects the turnover of these previously stable C
compounds (Doetterl et al., 2012). The total amount of C in soil buried during ancient
and modern times is not known, but the occurrence of landscape change and disturbance
by various climatic, geologic, and anthropogenic events suggests that it is likely
significant. The vulnerability of buried SOC to the changing climate depends on the types
of soil minerals present and the soil’s response to the change in annual to decadal
timescale (Harrison et al., 2011). The presence of polyvalent cations, metals, or reactive
minerals has an influence on increased SOC stock, and it can resist microbial degradation
by forming aggregates in the presence of polyvalent cations that can get cemented in the
presence of carbonates, Fe oxides, and poorly crystalline minerals (Zhao et al., 2017;
Whittinghill and Hobbie, 2012). Along with the erosion-surface exposure of the buried
soil due to human-induced changes or changes in soil hydrology and plant rooting depths
can also reconnect the ancient SOC to conditions favorable for decomposition. This
research will help us to understand the heterogeneity of buried C at the landscape scale
and estimate the amount and rate of the release of this ancient C from this massive C sink
with changes in climate.

Paleosols give powerful insight into understanding modern and future projections of soil
processes, landscape disturbance, C persistence, vegetation, and previous climate when
the soil was formed. We can use the information of the buried soil C persistence as a
model system -to understand the C accumulation, long time stabilization, and its
vulnerabilities to climate change in deep soil horizons. Finally, we can identify how the
buried soil can be a part of the climate change solution. One important aspect of this
research is to understand the vulnerability of soil C that depends on the landform
position, as the SOM protection mechanism can differ in a tableland compared to an
erosional landform and thus providing a unique opportunity to predict the response of soil
C to two different landscapes impacted by climate change.

In the past, most of the soil research on soil C persistence has focused on topsoil C
dynamics, and hence our understanding of the mechanisms of deep soil C storage and its
vulnerability to future climate change is currently incomplete. So, in this dissertation
research, | investigated C persistence due to the difference in the chemical composition of
SOM in buried vs modern soils owed to a shift in vegetation and burial, the presence of
different polyvalent cations and its association with SOM; and finally, the effect of
anticipated changes in precipitation on buried SOM in different landform (burial and
erosional) scenarios in the central Great Plains.

To address these major knowledge gaps, | performed a detailed comparison of SOM
composition at two different landforms, burial (depositional or table landform) and
erosional, to understand the spatial variability in buried vs modern soils (Chapter 2). The



objective of this chapter is to elucidate the difference in SOM chemical composition and
C amount in eroded and depositional landforms in buried compared to modern soil layers.

In Chapter 3, | address the extent to which SOM stabilization can be explained by the
presence of polyvalent cations. Specifically, the goal of this chapter was (a) to identify
differences in concentration and types of polyvalent cations in buried and modern soils,
(b) to identify the relationships between SOC concentration and various polyvalent cation
concentrations in depositional and erosional landform buried vs modern soils, and (c) the
importance of soil particle size and exchangeable base cation content in the SOC
stabilization in buried and modern soils.

Finally, given the differences in SOM composition and differences in the stabilization
mechanism of the buried vs modern soils in depositional and erosional landforms, |
assessed the vulnerability of SOC to the addition of moisture (Chapter 4). The specific
objectives of this chapter were to quantify the response of Brady soil SOM to the input of
water under ambient environmental conditions (near-surface aeration and room
temperature). | also tested the patterns of soil CO- efflux in response to dissimilar water
addition (continuous wet vs wet-dry-rewet) events.
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Chapter 2.

Differences in soil organic matter composition and
partitioning along eroding and depositional transects in
buried vs. modern soil layers: A case of the Brady
paleosol at Wauneta, Nebraska

Abstract

Paleosols are formed when the topsoil gets buried by a lateral distribution of soil and can
store large quantities of soil organic matter (SOM) that may be persistent over millennial
timescales due to its detachment from the disturbances at the surface. We studied buried
SOM dynamics in the Brady paleosol, a deep loess (aeolian) deposit in Nebraska, USA
where climate has historically driven varying rates of loess deposition during the late
Pleistocene and Holocene, burying soils up to 50m below the surface. Soils were sampled
along the burial and erosional transects at depths from 0.2 to 4.2m to understand the
variability in the physical and chemical composition of the soils in buried vs modern
surfaces. We determined SOM composition using Fourier Transformed Infrared
Spectroscopy (FTIR) analysis to provide a better understanding of the relationships
between carbon and nitrogen amounts, sources, and other soil physio-chemical properties
with SOM composition and turnover time along depth gradients from modern to buried
soil layers in the Brady paleosol. Our results show a general decreasing trend of 3*C and
8'°N values with depth, suggesting root input to soil carbon pools and the presence of less
decomposed SOM in the deeply buried soil layers. FTIR data shows that the buried soil
organic matter tends to be enriched in aliphatic compounds similar to the modern soils
and that the turnover rate of SOM decreases significantly due to exposure of buried soil
layers by erosion. Our study showed that soil physical and chemical properties play
important roles in controlling SOC composition across the site, suggesting that buried
SOM may be vulnerable to any environmental changes that may directly or indirectly
affect a range of soil physio-chemical properties.

2.1 Introduction

Soils are one of the largest carbon (C) reservoirs in the terrestrial ecosystem, storing
about 3000Gt C (Le Quéré et al., 2018). Subsoil carbon (below 30 cm depth) can
comprise 30-70% of total soil carbon (Moreland et al., 2021). Typically, carbon can
accumulate into the subsoil through- dissolved organic matter, root biomass, particulate
organic matter that is physically or biologically transported from topsoil layers to subsoil
due to movement of water and/or bioturbation, and deposition or burial of soil C that is
laterally redistributed by aeolian erosion—all of which depend on climate, soil type, and
land use (Rumpel and Kogel-Knabner, 2011; Marin-Spiotta et al., 2014). Subsoil can
stabilize a large amount of C compared to topsoil due to the availability of mineral
surfaces for sorptive interactions with organic compounds, unfavorable environmental
conditions (low oxygen concentration) for microbes leading to a slower rate of organic
matter (OM) decomposition, and less physical disturbance (disconnected from water,
microbes, and the enzymes that facilitate OM breakdown) (Alcantara et al., 2017;
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Schmidt et al., 2011). Moreover, subsoils are likely to receive a large proportion of the C
input from roots which is more persistent in soil than the above-ground carbon (ex.,
leaves, and needles) and promotes efficient chemical interactions with soil particles
(Rumpel and Kogel-Knabner, 2011; Rasse et al., 2006).

In addition, subsoil organic carbon (OC) can be derived when ancient topsoil gets buried
due to human activities, floods, landslides, volcanic eruptions, or loess deposition.
Paleosols are ancient, buried soils, developed under different environmental conditions
than present-day and retain properties of past soil-forming processes (Johnson, 1998).
Paleosol can store a large amount of carbon in subsoils as they are former topsoil layers,
generally rich in SOC that is buried beneath the surface (D’Elia et al., 2017). The carbon
preserved in paleosols can be derived from residues of previous plant materials and may
over time incorporate carbon derived from new root inputs and dissolved C leached from
the upper soil horizons (Hoffman et al., 2013; Marin-Spiotta et al., 2011, Berhe et al.,
2012). The disconnection of the buried soil from the atmospheric conditions (Chaopricha
and Marin-Spiotta, 2014; Johnson, 1998) and reduced moistures in buried soils can
restrict the diffusion of extracellular enzymes and inhibit microbial activity, especially in
arid and semi-arid regions where a high rate of evapotranspiration limits the downward
movement of water from precipitation (Schmidt et al., 2011) leading to the long-term
preservation of C in deep soil layers for centuries to millennia (Chaopricha and Marin-
Spiotta, 2014). Over time, additional new organic matter can be incorporated into the
deep soil layers due to human activities and sudden environmental events such as a fire,
landslides, etc (Leopold et al., 2011). In dryland or seasonality dry ecosystems,
significant soil C burial can occur due to loess deposition (Chaipricha and Marin-Spiotta,
2014) as the wind can result in detachment and transportation of the sediment (Sankey et
al., 2009); in particular, events when the vegetation that covers the soil surface is
removed due to fires (Vermeire et al., 2005; Sankey et al., 2009).

Soil stores most of the terrestrial carbon pool in the earth (Jobbagy and Jackson, 2000;
Lal, 2008), however, this SOC is projected to be mineralized with the warming of the
earth’s climate (Xu et al., 2019; Gao et al., 2020; Jiang et al., 2022). Projected warming
of the earth’s atmosphere is expected to increase the decomposition rate of soil carbon
with the potential to release large amounts of greenhouse gases (GHGS) into the
atmosphere. Large uncertainty remains on the response of subsoil C to climate change,
with studies predicting the potential release of subsoil carbon due to warming that is
equivalent to 1/3rd of current fossil fuel emissions (Berhe et al., 2007). The amount of
soil carbon that is stabilized by climate change depends on the mechanisms of its
stabilization, as the persistence of organic carbon in the soil is an ecosystem property
(Schmidt et al., 2011) and depends on environmental conditions that affect the rate of
chemical and biological reactions in the immediate environment where soil organic
carbon (SOC) is located. Hence, the direction and magnitude of all soil carbon, including
buried soil, deep soil, or subsoil C, released due to changes in climate will depend on the
sensitivity of soil C to environmental change (Bellamy et al., 2005) as dictated by the
SOC’s location and nature.

Our understanding of SOC stability, turnover time, long-time storage, and the age of
organic carbon present at different depths and landforms/ transect of a paleosol is little
known (Chaopricha and Marin Spiotta, 2014). There is a shortage of research focusing on
soil carbon pools at different landforms, depths, and the resident time of these soils
compared to the modern topsoil. This kind of local and regional information can help us



to understand biogeochemical changes and paleoclimate reconstruction (Tabor and
Myers, 2015).

Therefore, the objective of this study is to determine 1) differences in SOC composition
between buried and modern soil and 2) how exposure of the formerly buried soil layers
due to erosional transport affects the biochemical composition and persistence of soil
organic carbon (SOC) in buried vs. modern (top) soil layers. The study was conducted on
a well-studied paleosol, the Brady soil, in the southern great plain of Nebraska, where we
characterized the soil’s physical and chemical composition, SOM concentration,
composition, and mean residence times along depth profiles of a burial transect
(representing landscape positions where the buried soil is located at different depths
below the soil surface) and an erosional transect (that represents portions of the landscape
where the buried soil is located at different depths because it is being exposed by modern
erosion). We hypothesized that: 1) the biochemical composition of SOM in the paleosol
layer is enriched in more processed, microbially derived compounds, and that the SOM
associated with the Brady soil will have less labile compounds compared to the modern
soil layers, and 2) SOM will remain more persistent in depositional sites compared to the
erosional site due to less disturbance leading to the Brady soils located at shallow depths
to reflect shorter mean residence time due to input of newer carbon to the soil from recent
photosynthate, compared to the deeper Brady soil. Our study will advance our
understanding of how exposure to previously buried SOM by modern erosion may
destabilize C buried across the landscape.

2.2 Materials and Method

2.2.1 Site description and soil sampling

The study site is located in Wauneta, Nebraska, Great Plains, where climate-driven
varying rates of loess deposition during the Late Pleistocene and Holocene resulted in
sequences of buried soils in thick loess deposits (Johnson et al., 2007). The mean annual
temperature of this area is 9.7°C, mean annual precipitation is 495 mm (seasonal). The
vegetation is mixed C3, C4, and short grass prairie and the land is cultivated where the
topography permit and grazed where the topography doesn’t. The Brady soil was formed
between cs. 13 to 10 kya and was buried by loess (Mason et al., 2008). In our study site,
the modern soils are loess derived and classified as Mollisols.

Brady soil is a morphologically distinct stratigraphic and paleoenvironmental marker in
the central great plains (Johnson and Willy, 2000) which is prominent in central
Nebraska, northern Kansas, and northeastern parts of Colorado. Its soil was formed due
to aeolian deposition, which has an important beneficial effect such as nutrient
transportation to the terrestrial and aquatic system (Sankey et al., 2009; Neff et al., 2008;
Lal et al., 2003; Jickells et al., 2005; Reynolds et al., 2001). Jacobs and Mason (2004)
study found that the Brady soil has A, B, and C horizon morphology. The A horizon is
very dark greyish brown, and the texture is invariably silt loam. The dark color of the
Brady soil A horizon is suggested to come from the recalcitrant clay-organic matter
complexes (Jacobs and Mason, 2004) depending on a Mollisols study in that region, but
the organic carbon chemistry in the Brady soil is not studied well. Secondary calcium
carbonates are present in the A and other horizons of the Brady soil. Previous works have
suggested that Brady soil was formed in a stable landscape (Mason and Kuzila, 2000),
and it had time to form because of the reduction in the deposition rate (Jacobs and
Mason, 2007).



Soil samples from the buried Brady soil and overlying modern soils were collected from
two different topographical sequences- erosional and burial (depositional) transects in the
summer of 2016 and 2017 to account for the differences in depth of burial and increasing
exposure of buried soils due to erosional processes and modern soil formation processes
(Figure 1). The burial transect Brady soil samples were collected from depths of
~5.5m(A), ~3m(B), and ~1m(C), whereas the erosional transect Brady soil samples were
collected from the depth of 1-1.5m(B), ~0.5m(C) and ~0.2m(D), where the letters-A, B,
C, and D represent different depths within the transects (Detail sampling technique in
Figure 1: B and C) where Brady soil has been located. Soils were sampled using
Giddings’s probe (Giddings Machine Company; Windsor, CO) in 10.2 or 8.9m sampling
tubes for the burial transect and by digging pits for the erosional transect (see details in
Szymanski et al., 2022, in preparation). For all the locations, the sampled depths include
Modern upper (0-30cm), Modern Lower (30-60cm), and as soon as we hit the buried
Brady layer, Brady upper (0-30cm) and Brady lower(30-60cm) soils were collected. All
the reported values presented in figures 2 (A, B), 3, 4, 5, and 8 are the mean of the three
replicates of the 6 sequential depth categories of the continuum of buried to ~5.5 m, ~3m,
~1m and eroded to ~1.5m, ~0.5m, and ~0.2m for a total of 18 sample locations identified
as either burial or erosional. Soil transects, sampling locations, and different depth
categories of Brady soil were selected using information from prior research (Jacobs and
Mason, 2004; Marin-Spiotta et al., 2014; Mason et al., 2008). We measured bulk soil pH
and electrical conductivity (EC) to understand the solubility of nutrients and measure the
dissolved salts in the aqueous solution of the soil. To determine the changes in total
elemental and stable isotope concentration of the bulk soil, we analyzed total organic
carbon (TOC%), total nitrogen (TN%), 8*3C, 8°N, and C: N, which influence the
decomposition procedure. 3*3C can tell us the source of the carbon, and 8*°N will help us
to understand the decomposition state of the organic matter. We used the diffuse
reflectance infrared fourier transform (DRIFT-FTIR) spectroscopic technique to
understand organic matter functional group-level components that might be involved in
the molecular interaction with minerals or help in mineralization by the microbes in the
soil. This helped us to understand the aliphatic and aromatic ratio of SOM present in
these buried and modern soils. Finally, we also analyzed *C of the bulk soil to
understand how old the carbon that is present in these soils, and through a time-
dependent steady-state model, we analyzed the turnover time of this buried carbon.

2.2.2 Basic Physical and Chemical Soil properties

Soils were air-dried and passed through a 2 mm sieve. All the roots and other organic
debris were handpicked and removed from the soil sample before analysis before airdried
soils were ground using a SpexMill-8000D (SPEX SamplePrep; Metuchen, NJ) ball
grinder. Bulk soil pH was measured in a 1:2 (suspension: solution) slurry in deionized
water and 0.01M CaCl, (Mason and Kuzila 2000), and soil electrical conductivity (EC)
was measured in a 1:1 (soil: water) (soil survey laboratory manual (1996). The modern
surface moist soil color was 10YR 5/3 whereas Brady soil’s moist color was reported as
10YR 3/2; the soil structure was weak subangular blocky for both modern surface and
Brady soil (Szymanski, et al. 2022 in preparation); we also find a similar description in
Jacobs and Mason (2004) and Mason et al. (2008). Borrows created due to bioturbation
was common in Brady soils (Mason and Kuzila 2000; Mason et al., 2003), along with the
presence of calcium carbonate filaments and small masses, which were confirmed by
placing a small amount of diluted HCI when effervescence was detected. The average soil
bulk density was 1.44 g cm-3 with a notable soil geochemistry difference among
transects, and there was no evidence of weathering of the Brady soil (Szymanski,2021;
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Jacobs and Mason 2007), which might relate to drier climatic condition. Rainfall mostly
doesn’t infiltrate Brady soil more than 2m (McDowell, 2020), which indicates a
possibility that Brady soil has not changed physically or chemically and might have
homogeneity in the carbon content. Smectite, vermiculite, and illite proportions were
similar between Brady and modern soils, along with kaolinite.

2.2.3 Concentration and stable isotope composition of C and N

We determined total elemental and stable isotope composition to determine
stoichiometric differences and the source (C3 or C4 plant) of organic matter in the buried
vs. modern soil layers (Bender, 1971). Before measuring organic & *3C and percent
organic C of the bulk soil, we removed carbonates using acid fumigation with 12.1(M)
hydrochloric acid (HCI) (Harrison et al., 2001). Stable isotope analyses were conducted
at the Stable Isotope Ecosystems lab of University of California, Merced (SIELO) using a
4010-elemental analyzer (Costech) that is interfaced with a ThermoFisher Delta V Plus
isotope ratio mass spectrometer (IRMS) with a Conflo IV. Reference materials used
include USGS 40 L-Glutamic Acid, USGS41a L-Glutamic Acid, EA sediment, and
Costech Acetanilide to normalize and correct for drift and mass linearity. Stable isotope
values are expressed in delta (8) notation

R
5X = (M - 1) «1000 2.1)
Rs tandard

where, X = **C or N, R = ratio of **C/*2C or **N/*N and the standards used were Vienna
Pee dee belemnite-limestone (V-PDB) for carbon and air for nitrogen. All samples were
analyzed in duplicate. Afterward, percentage of C4 and C3 plant derived SOC was
determined using a simple linear mixing (Nordt et al., 2002), as:

883 Cso = (613Cca) (%) + (613Cc3)(1 — x) (2.2)

where, §*Csqil is the 5 *C of the soil’s organic carbon, § *Cc4 is the average §'*C value
of C4 plants (-13 %o), 8 *Ccs is the average value of C3 plant’s § 3C (-27 %o), X is the
proportion of carbon from C4 plant source, (1-x) is the proportion of carbon from C3
plant source.

2.2.4 Diffuse Reflectance Infrared Fourier Transform (DRIFT)
spectroscopy

We determined the bulk composition of SOM using DRIFT. Before IR spectroscopy,
soil samples were oven-dried overnight at 60°C to reduce moisture that might have
accumulated during sample storage. The spectra were recorded using a BrukerlFS 66v/S
IR system (Ettlingen, Germany) equipped with a Praying Mantis DRIFT apparatus
(Harrick Scientific Corporation, Ossining, NY) and background correction was carried
out using OPUS-6.5 software. We recorded IR absorbances in the mid-IR range (400 to
4000 cmY) at a resolution of 4 cm™. In all cases, 500 scans of the sample were recorded
with KBr background. We reported baseline corrected peak areas for specific regions
(Table 1). The areas under each peak (between the specific endpoints) were calculated
using the “approxfun” and “integrate” functions in R s in Hall et al. (2018). Primary peak
assignment for this study included C-H asymmetric stretch (2898-2976), C-H symmetric
stretch (2839-2870), C=0 and C=C stretch of amide (1570-1710), aromatic C=C (1500-
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1550) and C-O(COO) stretch (1360-1450) according to Hall et al. (2018) and Tatzber et
al. (2007). Five DRIFT peak height ratios were calculated to understand the relative
decomposition, transformation and reduced biological activity according to Hall et al.
(2018). C-H/COO- [(2898-2976 + 2839-2870)/ 1360-1450]; C-H/C=0 [(2898-2976 +
2839-2870)/ 1570-1710]; and C-H/ C=C [(2898-2976 + 2839-2870)/ 1500-1550].

2.2.5 Radiocarbon (**C) analysis

Radiocarbon values of the bulk soils were measured using a Van de Graaff FN
accelerator mass spectrometer (AMS) or NEC 1.0 MV Tandem Accelerator Mass
Spectrometer (AMS) at the center for accelerator mass spectrometry (CAMS) at
Lawrence Livermore National Laboratory (LLNL). Prior to measurement, bulk soils were
acid treated with 1(M) HCI to remove the carbonates. Samples were prepared for 1*C
measurement into a sealed-tube and combusted to CO; in the presence of Ag and CuO
and then reduced into iron powder in the presence of H, (Vogel et al., 1984).
Radiocarbon data are reported as per mil (%o) from a standard to fixed isotopic
composition.
Rsample
AX = (22— 1) 51000 (2.3)

Rstandard

where, X = ¥*C, R = ratio of *C/*2C and the standards and the standard are selected so
that D¥C is zero (F= 1.000) for atmospheric CO2 (Trumbore, 2000). Previously measured
d*3C values has been used to mass-dependent fractionation and *“C values has been
reported into D*C notation. The radiocarbon values were finally corrected to the year of
measurement for *4C decay since 1950 (Stuiver and Polach, 1977). We report *“C values
as fraction modern values (F*C), where:

613COX1
As 0.975 1+—=500"
Fl4C = ( ) x ( ) x 1000 (2.4)
0.9540x1/) " \0.981 | 4 85
1000

where A= 1*C/*2C, S=sample, OX1= oxalic acid 1 which is the *C international standard.

We used a time dependent steady state model to determine mean residence time (Torn et
al. 2002; Gaudinski et al. 2000; McFarlane et al., 2013). For our bulk soil samples, a
four-pool model was used to determine the turnover times of all the four different
sequential depth categories (modern upper, modern lower, Brady upper and Brady lower)
using the mass balance of carbon following Torn et al. (2009).

Fomw = |1 * Fatme-1) + Cee—1)Fsome—1y(1 —k — D/[Cw] Equation 1

where F'= (D*C * 1000%)-1; I = inputs of carbon to a pool of SOM (g C m? y1); C=
stock of carbon for the given SOM pool; k = decomposition rate constant for the given
SOM pool per year, equal to reciprocal of turnover time; F;;,,= atmospheric **Ccoz; Fsoum
= 14C value of the given SOM pool; A = radioactive decay rate of 14C per year; t = year of
calculation. The model assumes steady-state conditions; lag time of 1 year between
atmospheric *C and new input of SOM (Gaudinski et al. 2010; McFarlane et al., 2013);
and that the pool of SOM is homogenous, where every carbon has equal probability of
exiting the pool, and thus the SOM in the pool is equal in “C signature (McFarlane et al.,
2013).
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2.2.6 Statistical Analysis

Data are presented as mean + standard error. All statistical tests were conducted using
CRAN-R (version 3.5.1; R Development Core Team, 2017). To test for significant
differences in the soil physical and chemical properties, we used the Kruskal-Wallis’s test
with an alpha = 0.05, followed by Dunn’s post-hoc test to determine pair-wise
differences. To determine the variability of soil physical and chemical data due to soil-
landform-transect ( burial- modern, burial- Brady, erosional-modern, erosional-Brady)
we combined the data of transect (burial vs erosional) with landform (modern vs Brady)
where modern upper, modern lower soils were combined as modern burial or modern
erosional depending on from which transect they were collected and Brady upper, Brady
lower were combined into burial Brady and erosional Brady depending on the transect
they were collected irrespective of depth category [ A (~5.5m), B (~3m), and C (~1m) for
burial sites and B (~1-1.5m), C (~0.5m) and D (~0.2m) for erosional sites]. To
understand the soil layer (upper vs lower) variability - all upper modern, all lower
modern, all upper Brady, and all lower Brady were combined irrespective of transect and
depth categories of Brady soils and made groups of upper modern, lower modern, upper
Brady, and lower Brady. Finally, to understand how different depths might be affecting
the Brady soil’s physical and chemical composition compared to modern soil, we
combined their transect, landform, and soil layer identification along with the depth
category groups.

2.3 Results

2.3.1 Soil pHand EC

The details of these data have been given in Szymanski, 2021. Soil pH increased along
with depth from modern soil to Brady soil at all depths. The pH for modern upper soil in
the burial transect averaged ~6.9+0.41 compared to an average of ~7.41+0.11 in the
modern upper soil layer at the erosional transect (Fig. 2 A). In the burial transect, soil pH
was significantly higher in the Brady soil, but in the erosional transect, modern and Brady
soil pH has no significant difference (Fig. 2 C). We found significant differences in soil
pH among the groups modern upper with Brady upper and lower (p <0.001) and modern
lower with upper Brady (p=0.003) lower Brady (p= 0.002) (Table.2). Across both
eroding and depositional transects, we found statistically significant differences in pH
with depth and for corresponding modern and buried soil layers (p < 0.05) which is
reported in Table 2. Similarly, the EC value increased along with the depth for the burial
transect (Fig. 2 B) and ranged from 176 to 590 mS/cm in both burial and erosional
transect; we found statistically significant differences when comparing eroding with
depositional transects where burial Brady soil has significantly higher EC values
compared to the other soils (Fig2. D), and there was also a significant difference in EC at
different soils layers (Table 2).

2.3.2 Carbon and Nitrogen

Modern soil layers in both the eroding and depositional transects had a higher
concentration of organic carbon and nitrogen compared to the Brady soil layers. Organic
carbon concentration ranged from 1.2% to 0.4% for the modern soils and 0.71% to 0.34%
in the Brady soils. With depth, we observed a sharp decline in carbon concentrations in
the burial transect but not in the eroding transect (Figure 3 C). Brady soil in the erosional
transect, which was located at shallower depths of up to 1.5 m, had a higher concentration
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of C compared to the Brady soil located along the burial transect, which was found below
1.5 m depth. There was no significant difference in TOC% in Brady and modern soils
present in the erosional transect (Fig. 6 C). Total N (TN%) concentration followed a very
similar pattern to organic carbon, where there was large variability in soil TN%
concentration in topsoil layers. Still, the variability was reduced, and soil total N
concentration dropped significantly with depth (Figure 3 D). Modern soils have
significantly higher TN% compared to the Brady soils in both burial and erosional
transects (Fig. 6 D). The C: N ratios were uniformly low, ranging from 7.5 to 12 (Figure
5 A). In erosional transects, Brady soil had a higher C: N ratio (Fig. 7 C) than the modern
soils suggesting that the historic sources of SOM in the buried layers had a higher C: N
ratio or more likely because burial of C in the Brady soil limits the extent of
decomposition induced transformation of SOM composition in deep soil layers. The
observed differences were also statistically significant between the groups modern lower
to Brady upper (p= <0.001) and between Brady upper-modern upper (p= 0.01) at the soil
layers (Table 2).

2.3.3 Stable isotope compositions

Landform (also mentioned as transect) had a significant effect on the §'°C values of soils
collected from Brady and modern soil layers. The 3*3C values for Brady soil at eroding
and depositional transect were more depleted than those measured from modern soil
layers (Figure 3. A). But there was no statistically significant difference in §**C among
erosional modern, erosional Brady, and burial Brady soils (Figure 6. A). At different soil
layers, 5'°C values were significantly different between the groups Brady lower- modern
lower and Brady lower- modern upper (p<0.001) (Table 2). The stable isotope
composition of nitrogen values showed different patterns at the burial vs. eroding
transects, where the deeper Brady soils in the burial transect consistently had lower §*°N
values compared to the modern layer, but the opposite was true at the erosional transect
(Figure 3. B). Modern soil’s 8'°N values were significantly different from the Brady
soils in both erosional and burial transect (Fig. 6 B). The §'3C of all the soils we
analyzed ranged from -21 %o to -17 %o, suggesting mixed C3 and C4 plant sources for
soil organic matter (Figure 4). Burial transect modern soil is mostly characterized by C4
plant-derived SOC. In contrast, Brady soil is characterized by a mixture of C3 and C4
plant-derived SOC reflecting the vegetation shift from C3 to C4 plants that occurred
during the formation of the Brady soil (Marin-spiotta et al., 2014). We found that burial
modern soil has an average of 73% C4-plant derived SOC and 27% of C3-plant derived
SOC, whereas Brady soil has an average of 52% C4 and 48% of C3 plant-derived SOC.
C3 plant-derived SOC (~48%) was highest in the burial transect Brady soil layer (Figure
4). We observed a statistically significant low C3 plant source of SOC in the burial
transect modern soil (fig. 7 A) and significantly high C4 derived SOC in the modern soil
(Fig. 7 B) of the same transect suggesting either topsoil removal or incorporation of
newer SOC into the Brady soil in the erosional transect due to the shallower depth as the
C4 plant roots reach the shallow depth and bring newer SOC into these soils. Among the
soil layers, Brady lower-modern lower and Brady lower-modern upper, C3, and C4
derived SOC was also significantly different (Table 2).

2.3.4 Composition of soil organic matter

Baseline corrected DRIFT peak areas under the C-H and C=C regions differed
significantly by landform for both the Brady and modern soils (Figure 7. D). We
observed no significant differences in the abundance of simple plant-derived SOM
functional group (C-H) across all transects, except between the groups’ burial Brady-
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burial modern (p=0.03) due to landform (transect) variability and among the groups’
Brady lower- modern upper (p=0.01) and modern lower- modern upper (p=0.01) due to
soil layer variability, suggesting common modern composition of plant-derived SOM in
the modern soil layers (Table.2). We found that the abundance of the more complex
plant-derived organic matter (C=C) was only significantly different between the groups’
burial Brady- burial modern (p=0.03), burial modern- erosional Brady (p=0.003) due to
the difference in transect and between groups Brady upper- modern upper (p=0.008) due
to the variability in soil layers (Table. 2). The abundance of the microbially derived
organic matter (C = O) increased with depth compared to the aliphatic (C-H) compound.
We used a ratio of peak areas under simple plant-derived SOM and complex plant-
derived SOM (C-H: C=C) to infer the extent of SOM transformation that occurs with
exposure of buried SOM with erosion. As the depth of the exposure decreases with
erosion, the C-H: C=C ratio decreases to the point where there is no statistically
significant difference when comparing the Brady layer in the erosional transect with the
modern soil layers in erosional and transect (Figure 7.D; Table. 2). The amount of
potentially labile, simple plant-derived aliphatic (C-H) SOM was highest in the modern
layers across the erosional transect and plant-derived complex aromatic compound (C=C)
increased with the depth ((Figure 5. B; Figure 7.D).

2.3.5 Radiocarbon concentrations

We used radiocarbon concentrations in the soil to infer the mean residence times of SOC
in the buried vs. modern layers and the impact that erosional exposure of SOM in buried
soils has on its stability. The SOC in the Brady soil at both the burial and erosional
transects is consistently older (i.e., has lower Fraction Modern (FM) values) than SOC in
modern layers indicating retention of old carbon and/or dilution of modern SOC’s
radiocarbon signature by the input of new photosynthate (Figure 5 C). The FM of SOC in
the Brady soil was older with depth. We found a significant difference in the FM values
among the groups’ burial Brady- burial modern (p<0.001) and burial Brady- erosional
modern (p=0.009), but no significant difference between the group’s erosional modern-
erosional Brady (Table 2) provides evidence for the vulnerability of buried SOC with
erosional exposure to near-surface environments in the erosional transect, where we
found higher FM values compared to the Brady soil in the erosional transect compared to
the burial transect.

The bulk SOC turnover time calculated using equation 5 showed significant differences
between the modern and Brady soil layers. The turnover time of SOC in the modern soil
layers ranged from 415 years to a maximum of 2000yrs, while the turnover time of SOC
in the buried Brady soil layers was up to an order of magnitude higher (Fig. 8 A). Across
both the erosional and burial transects, we noticed a consistent trend where exposure of
the buried SOC by erosion causes a significant reduction in its stability (i.e., turnover
time). Where the turnover time of SOC in the deepest Brady soil layer at 5.5 m was more
than 23,000years compared to 5000 years in the shallowest Brady soil located at 0.2 m,
below the soil surface, indicating less stabilization of the SOC in the erosional transect.

2.4 Discussion

Determining the composition and stability of SOM stored in buried soil layers and its
susceptibility to loss under changing environmental conditions is critical for our ability to
infer the contribution of C buried in paleosols to the contemporary and future cycling of
carbon in the terrestrial ecosystem. Results from this study demonstrate that there is no
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significant difference in the amount of C stored in the erosional transect Brady soils to
the amount of C stored in erosional transect modern soils that they underlie. And
important differences in not just composition but also the persistence of SOM are
observed when the buried soil layers get exposed to near-surface environmental
conditions by soil erosion. More alkaline pH value of the Brady soil indicates the
presence of base cations which can help in organo-mineral association and strong
aggregate formation that can ultimately help in SOC stabilization and can store easily
decomposable labile SOM.

2.4.1 Differences in SOM composition between buried and modern soil
layers

The nature and composition of SOM are a function of the type of biomass the SOM is
derived from and decomposition-related transformations that occur after the OM enters
the soil system. In our study site, we observed a decrease in bulk soil TOC (%) with
depth in burial and erosional transects (Fig. 3 C). But, when comparing Brady soil layers
buried at different depths, we observed no significant increase in TOC with erosional
exposure of the buried layer (i.e., for more shallow depths) (Figure 3. C). The soil TN
(%) showed a similar trend of TOC for the decrease with depth, but erosional transects
Brady soil had higher N concentration compared to the burial transect Brady soil
suggesting either higher input or retention of soil N in the shallower Brady and modern
soils, compared to deeply buried Brady soil layers (Figure 3. D) confirming that
geomorphology of the landscape and erosional redistribution of organic matter rich
topsoils can have important implications for biogeochemical cycling of the essential
elements (Berhe et al., 2018). Enrichment of soil 3*°N can result from several factors
such as NH4 adsorption on a clay surface, plant root NOs efflux, N loss through gas, soil
trophic interaction, and 8'°N fractionation during mineralization in addition to
decomposition. Low 8N content of illuvial N and NOz immobilization below the plant
rooting zone can also produce lower 3*°N values of bulk soils in the sub-soil horizon
(Nadelhoffer and Fry, 1994). Lower C: N ratio of modern SOM in the Brady soil layers at
both eroding and burial transects, compared to modern SOM, suggests that OM near the
soil surface experiences more decomposition-induced transformation of SOM
composition compared to SOM in buried soil layers (Figure 5 A) but low 3*°N values of
the Brady SOM, compared to modern in the burial but not the eroding transects, suggest
that exposure to near-surface conditions either a shift in the 3*°N values of the source OM
in the eroding transect and/or incorporation of newer and relatively less transformed
SOM (depleted d**N values) (Berhe and Torn, 2017; Perakis et al. 2015, Kramer et al.,
2003).

Our findings demonstrate that the plant source of SOM (Fig. 4) gets more mixed with the
proximity of the analyzed soil depths to the near-surface environment. Generally, in well-
aerated environments where C3 is the dominant vegetation, §!*C values of the SOC
generally range from -20%o to -37%o, compared to environments dominated by C4 plants
where §13C values of the SOC range from -16%o to -19%o (Nordet, et al., 2002). Increase
in 8'3C values of SOC along with depth is associated with- preferential preservation,
microbial decomposition, plant species variation, relocation of old organic carbon, and
change in plant water use (Nadelhoffer and Fry, 1988; Balesdent et al., 1993; Connin et
al., 2001). Taken together, the findings of less enriched 6*°N values in the Brady soil
likely suggest the presence of less decomposed, either old or newly stored SOM in the
buried soils. At the same time, the depletion in the §**C and &*Nvalues in the Brady soil
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(upper to lower layer) can be also explained due to the new leachate OM accumulation
either from the plant root or bioturbation (Hobbie & Ouimette, 2009).

We found that deep Brady soil OM is dominantly derived from C3 vegetation, but SOM
from more shallow depths of both modern soils and Brady soils indicates a mixing of C3
and C4 sources in SOM (Figure 4). This is consistent with the results from previous
studies from the same area that documented a vegetation shift (from C3 to C4) during the
time of the Brady soil’s formation (Marin-Spiotta et al., 2014; Woodburn et al., 2017).
Currently, vegetation at the study site is a mixture of C3 and C4 along with the warming
and drying conditions that the area experienced during the late Pleistocene to the early
Holocene (Jacobs and Mason, 2004; Johnson and Willey, 2000; Mason et al., 2008).
Brady soil was formed during the late Pleistocene when summer precipitation was low
due to -low subtropical airflow, warmer environment, increased seasonality, and high
summer temperature that favored C3 plants to dominate the area (Cordova et al., 2011).
Another study (Marin-Spiotta et al., 2014) also found a high concentration of charred or
pyrogenic matter in SOM of the Brady soil, which they linked to the C4 grasses that
dominated during the warmer and drier climates during the time the Brady soil formed
and the accompanying high degree of wind erosion and loess deposition in the study area.
Our stable isotope results showed that where C3 vegetation was replaced by C4
vegetation showed 4-15% of C4 carbon enrichment at 50-100cm deep of the soil layer
after 30 years, indicating a low turnover of subsoil carbon (Collins et al., 1999). On
average, 47% and 59% of C4 plant-derived SOC were found in burial and erosional
Brady lower soil layers, respectively, while we found up to 60% of C4 plant-derived SOC
in the shallowest Brady soil at the erosional transect (~0.2m) suggesting that most of the
SOC we measured is derived from the current perennial grasses. During soil sampling,
we also noticed visible burrows in the soil profiles suggesting physical mixing of modern
and Brady soil layers (Woodburn et al., 2017), which likely explains the presence of a
higher proportion of C4 plant-derived SOC in the Brady soil. Incorporating new,
presumably labile SOC into the Brady layers can have important implications for the fate
of the previously buried SOC, as the new SOC can prime old SOC and render it more
vulnerable to loss (Guenet et al., 2012).

We used DRIFT-FTIR to detect the presence of distinct SOM functional groups due to
inherent differences based on the source of the SOM and/or differential processing of
SOM during decomposition and other abiotic transformations (ex. photooxidation)
(Kaiser et al., 2005; Leue et al., 2010; Kbgel-Knabner, 1997; Tatzber et al., 2007). As
discussed in Hall et al. (2018), the relative abundance of aliphatic to aromatic functional
groups (C-H: C=C ratio) generally decreases with increasing decomposition along with
the soil depth. Ratios of C=C/C=0 (1500-1550/ 1570-1710) and C=C/COO (1500-1550/
1360-1450) are used as indexes for the increased transformation of SOM (i.e, relative
accumulation of oxygen-containing functional groups) during decomposition (Chefetz et
al., 1998; Ding et al., 2002). Our soil’s C=C/COO and C=C/C=0 ratio indicated that
oxygen-containing groups increased as we went from modern upper to Brady lower soils
for all transects and depth except erosional D (~0.2m). This indicates the presence of less
microbially decomposed compounds in the erosional transect shallowest Brady soils.
Further, the relative decrease in C-H groups compared to other peak areas (C=0, C=C,
COO) suggests more decomposed SOM (Ryals et al., 2014; Fissore et al., 2017), thus
suggesting that accumulated SOM is considerably altered by microbial decomposition.
Previously, in the same study system, Marin-Spiotta et al. (2014) found less
polysaccharide and lignin compared to aliphatic carbon, which suggests an alteration in
plant OM and protection of C by soil minerals in the subsoil.
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2.4.2 Effect of erosional exposure of the formerly buried soil layers on its
composition and persistence

The fraction modern (F**C) values of SOC in the shallow, modern soil layers were all
near 1, indicating the presence of newer, actively cycling SOC in the topsoil layers,
compared to SOC in the Brady soil layers that were considerably older and slower
cycling (up to 23,000 yrs turnover rate (Figure 8 B). The turnover time for SOC in
modern soils ranged from 415 (£128) to 2034 (x1048) years. In both erosional and burial
transects, the turnover time increased with depth reaching maximum of 15723 (+893.68)
yrs in the eroding transect and 23217 (£758.08) yrs in the burial transect. The turnover
time of SOM in the modern upper soil layer in the burial transect (0-30cm) was 384.34
years shorter than that of the modern upper layer (0-30cm) in the erosional transect,
suggesting that the topsoil layer in the erosional transect has eroded out exposing the old
SOM that was in deeper soil layers. Berhe et al. (2012) study at Tennessee valley, in an
annual grassland watershed also found that SOM protection is more effective in the
lowest lying poorly drained landform compared to the well-drained upper shoulder
landform.

SOC turnover time for all the Brady soil present in both the burial and erosional transects
is long due to moisture limitation in that depth of the soil and a higher proportion of fine
soil particles (Szymanski et al., 2022 in preparation). Previous studies in the same area
showed that the Brady soil has more silt and clay content compared to the overlying
modern soils. In contrast, clay content was highest at burial Brady A (~5.5m) depth
(Szymanski, 2021). Our turnover time data shows that this same layer with the highest
silt and clay content also had the highest turnover time of SOM (~23,000 years)
compared to even the other Brady soils located in shallower soil depths (Szymanski,
2021). As the clay and silt content decreases along with increasing exposure of the Brady
soils (Szymanski, 2021) at different depths and transects, the turnover time of the SOM
also decreases.

Overall, our findings demonstrate that the Brady soils at the erosional transect had the
youngest SOC compared to the burial transect. Brady soil contains a relatively high %
SOC. still, we saw clear evidence that SOM in the erosional transect Brady soils was
younger compared to the burial transect suggesting loss of older SOC and/or
incorporation of newer SOC. Further, we infer that the SOM in the Brady soils buried in
shallow depths may be potentially vulnerable to lose via erosion, disruption of aggregates
during wetting in near-surface environments, priming, and associated phenomenon.

2.5 Conclusion

Our results show that the buried Brady soils store more than half C compared to the
modern soil layers. The composition of SOM in the Brady soil suggests that it is made up
of less transformed (marked by an abundance of aliphatic functional groups) and older
(i.e., stabilized) SOM compared to modern soil layers suggesting that burial is an
important mechanism for SOM storage and stabilization. However, we also found
evidence demonstrating that exposure of the buried soil layers to near-surface
environmental conditions by soil erosion is rendering the previously stabilized SOM
vulnerable to lose. More alkaline pH value of the Brady soil indicates the presence of
base cations which can help in organo-mineral association and strong aggregate
formation, which can help in SOC stabilization and can store easily decomposable labile
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SOM. 8**C data indicated the dominance of C4 vegetation-derived SOM in both burial
and erosional transect. Isotopic mass balance data indicated Burial Brady soil has the
highest percentage of C3 plant-derived SOM and is significantly different from all other
soil groups. Burial transect Brady soil showed a depleted trend in 83C values as we went
from upper Brady to lower Brady at all the depth categories. This may be explained either
by the accumulation of *C depleted charred material or by the presence of Ca and
kaolinite that can increase the stability of the aggregate by providing physical and
chemical protection where labile organic matter can persist longer. More alkaline pH
value of the Brady soil indicates the presence of base cations which can help in organo-
mineral association and strong aggregate formation, which can help in SOC stabilization
and can store easily decomposable labile SOM. Bulk soil’s 6**C data indicate the
dominance of C4 vegetation-derived SOM in burial and erosional transects. Isotopic mass
balance data indicated that Burial Brady soil has the highest percentage of C3 plant-
derived SOM and is significantly different from all other soil groups. Burial transect
Brady soil showed a depleted trend in 8*3C values as we went from upper Brady to lower
Brady at all the depth categories. This may be explained either by the accumulation of
13C depleted charred material or by the presence of Ca and kaolinite that can increase the
stability of the aggregate by providing physical and chemical protection where labile
organic matter can persist longer. Another reason can be the vegetation shift from C3 to
C4 plants during Brady soil formation. The majority of the Brady soils were enriched in
low C: N values depleted 5**C and 8'°N values which indicate less decomposed SOM
which might be present at that depth due to mineral-organic matter association. Burial
transect modern soil has the shortest turnover time as projected by the F**C values near 1.
Although it is uncommon to see ~415 years turnover time for modern soils, but we have
to remember that the modern upper soils were sampled from 0-30cm depth which can
include some previously stabilized SOC due to the unavailability of oxygen, and
microbial biomass within this depth. Brady soil turnover time decreased as we moved
from deeper to shallower depth in both burial and erosional transect. This might indicate
that there is a difference in SOM stabilization mechanism in burial vs erosional modern
soils.
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Figure 2-1 Schematic representation of sampling locations in the study system located in
Nebraska. The depth of the Brady soil varies along topographic gradients, depending on
whether one considers different layers of aeolian deposits the Brady soil was buried
under originally (i.e., burial transect or depositional transect) vs. areas that are currently
eroding (i.e., erosional). Pictures B and C is showing a detail of how the soil samples
were collected from different depth categories.
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Figure 2-2 First 2 figures indicate the mean + standard deviation of site triplicates of bulk
soil pH(A) and EC (B) from burial/ depositional and erosional transect different depth
categories. In our study, Brady soil was collected at Bur- A (~5.5m), Bur-B (~3m), Bur-
and C (~1m) from burial/ depositional transect, and Ero-B (~1-1.5m), Ero-C (~0.5m) and
Ero-D (~0.2m) from erosional transects. In the below 2 figures, Y-axis shows the values
of pH (C) and EC (D), and the X-axis shows the transect from where the soil has been
collected. To understand the variability of pH and EC at different soil transects, modern
soils were combined depending on from which transect they have been collected, and
Brady soils were combined depending on which transect they have been collected
irrespective of depth category
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Figure 2-3 Reported figures indicate the mean + standard deviation of site triplicates of
bulk soil !C (A), 8*°N (B), TOC% (C), and TN% (D) from burial/ depositional and
erosional transect different depth categories. In our study, Brady soil was collected at
Bur- A (~5.5m), Bur-B (~3m), Bur-and C (~1m) from burial/ depositional transect, and
Ero-B (~1-1.5m), Ero-C (~0.5m) and Ero-D (~0.2m) from erosional transects.
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Figure 2-5 Reported figures indicate the mean + standard deviation of site triplicates of
bulk soil C:N (A), CH: CC (B), Fraction Modern (C) , and CH: CO (D) from burial/
depositional and erosional transect different depth categories. In our study, Brady soil
was collected at Bur- A (~5.5m), Bur-B (~3m), Bur-and C (~1m) from burial/

depositional transect, and Ero-B (~1-1.5m), Ero-C (~0.5m) and Ero-D (~0.2m) from
erosional transects.
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Figure 2-6 Reported these Tigures, Y-axIs Shows 5*°C values (A), d*°N values (B), 10C%

values (C), and TN% values (D) of bulk soils from burial/ depositional and erosional
transect. Here, X axis are showing soil transect categories from where the soil has been

collected. To understand soil-transect ( burial- modern, burial- Brady, erosional-modern,

erosional-Brady) variability, we combined the data of transect (burial vs erosional) with

landform (modern vs Brady) where modern upper, modern lower soils were combined as
modern burial or modern erosional depending on from which transect they were collected

and Brady upper, Brady lower were combined into burial Brady and erosional Brady

depending on the transect they were collected irrespective of depth category.
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Figure 2-7 Reported these X axis showing SOM derived from C3% values (A), SOM
derived from C4% values (B), C: N values (C) and aliphatic: aromatic (CH:CC) values
(D) of bulk soils from burial and erosional transect. All Y axes are showing soil depth
categories .To understand soil-landform-transect ( burial- modern, burial- brady,
erosional-modern, erosional-Brady) variability we combined the data of transect (burial
vs erosional) with landform (modern vs Brady) where modern upper, modern lower soils
were combined as modern burial or modern erosional depending on from which transect
they were collected and Brady upper, Brady lower were combined into burial Brady and
erosional Brady depending on the transect they were collected irrespective of depth
category [ A (~5.5m), B (~3m), and C (~1m) for burial sites and B (~1-1.5m), C (~0.5m)
and D (~0.2m) for erosional sites]
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Figure 2-8 Turnover time of bulk soils found in modern and Brady soils (A). Figure (B)
showing how does the turnover time change in upper soil layer to lower soils layer in
modern vs Brady soils.
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Table 2-1. DRIFT-FTIR peak assignment for soil SOM (Hall et al., 2018; Tatzber et al.,

2007)
Compound Wavenumber (cm?) | Vibration
Aliphatic 2898-2976 asymmetric stretch of C-H

2839-2870 symmetric stretch of C-H

Amides, quinones, and 1570-1710 C=0, C=C stretch of amides
ketones
Aromatic 1500-1550 C=C
Carboxylate 1360-1450 C-O(COO) stretch
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Table 2-2. Adjusted p values of the analyzed parameters derived from the Kruskal-Wallis
post-hock Dunn test. To determine the variability of soil physical and chemical data due

to soil-landform-transect (burial- modern, burial- Brady, erosional-modern, erosional-

Brady), we combined the data of transect (burial vs erosional) with landform (modern vs
Brady) depending on the transect they were collected irrespective of different depth
category of the Brady soils present in this site. For soil layer (upper vs lower) variability -
all upper modern, all lower modern, all upper Brady, and all lower Brady were combined

irrespective of transect and depth categories of Brady soils and made groups of upper

modern, lower modern, upper Brady, and lower Brady

Landform pH EC d¥® d® %T % C: CH CH M F C4 C3
Variability C N N TO N /C IC O M

(n=18) C Cc ) M

Burial <00 <0. <0. 00 <0. <0. >0. <0. >0. 0. <0. <0. <o.
Brady- 01 00 001 02 o001 00 1 00 1 00 00 00 00
Burial 1 1 1 7 1 1 1
Modern

Burial >01 <0. 00 ns ns >0. 00 ns >0. >0 ns >0 >0
Brady- 00 87 1 04 1 A 1 1
Erosional 1

Brady

Burial <00 >0. 00 00 <0. 00 <0. 00 ns >0 =>0. <0. <0.
Modern- 01 1 05 15 001 18 00 01 d 1 00 00
Erosional 1 1 1
Brady

Burial <00 <0. >0. 00 <0. 00 ns 00 00 0. 00 =>0. >0
Brady- 01 00 1 2 001 01 39 43 00 09 1 1
Erosional 1 1

Modern

Burial n.s >0. 00 <0. >0. ns >0. >0. ns ns ns <0 <0
Modern- 1 05 00 1 1 1 00 00
Erosional 1 1 1
Modern

Erosional 002 ns ns 00 00 =>0. <0. >0. ns >0 >0. ns ns
Brady- 47 04 5 1 00 1 d 1

Erosional 1

Modern

Soil-layer

(n=18)

Brady lower-  n.s ns >01 ns ns ns ns >0 ns ns 00 >0 >0
Brady upper 1 26 1 1
Brady lower-  0.002 00 000 >0. 002 >0. 00 ns ns 00 ns <0. <0
Modern lower 049 02 1 6 1 05 06 001 001
Brady upper- 0.003 00 >01 ns >0. >0. <0. ns >0. 00 >0. 00 00
Modern lower 15 1 1 001 1 29 1 47 47
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Landform pH EC d¥® d® %T % C: CH CH M F C4 C3
Variability C N N TO N /C IC O M

(n=18) C C 0] M

Bradylower- <000 00 <00 ns <0. <0. 00 00 >0. 00 <0. <0. <0
Modern 1 3 01 001 001 73 03 1 87 001 001 001
upper

Brady upper- <0.00 00 >01 >0. <0. <0. 00 =>0. 00 >0. ns >0. >0
Modern 1 89 1 001 001 14 1 08 1 1 1
upper

Modern >0.1 ns ns >0. 004 00 ns >. ns ns 00 ns ns
lower- 1 3 09 1 29

Modern

upper
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Table 2-3. Soil EC, pH, TOC%, TC%, TN%, 8**C, 8**N and TOC: N data from modern
and Brady soil samples collected from three replicate transects of burial and erosional

landform with decreasing depth to the Brady.

£ 2 s 2F B ° g g

S = 3 && &) et = = = =

| o n m L

Burial Brady L 55 7.8 46 053 066 005 -201 31 114
Burial Brady L 55 7.7 72 05 066 005 -193 37 111
Burial Brady L 55 7.8 59 045 059 005 -203 31 9.1
Burial Brady L 35 7.7 67 044 070 004 -207 26 108
Burial Brady L 35 7.7 42 030 037 004 -209 41 7.9
Burial Brady L 35 7.8 63 028 043 003 -218 29 8.7
Burial Brady L 15 7.8 75 044 074 004 -200 46 100
Burial Brady L 15 7.8 40 042 059 005 -197 39 9.0
Burial Brady L 15 7.8 55 032 061 004 -209 24 1.7
Eros. Brady L 15 8.0 35 043 063 004 -183 49 106
Eros. Brady L 15 7.6 36 068 077 005 -173 45 133
Eros. Brady L 15 7.2 47 053 069 005 -180 45 113
Eros. Brady L 05 1.7 24 048 074 004 -199 33 107
Eros. Brady L 05 7.6 26 052 059 004 -204 34 124
Eros. Brady L 05 7.8 26 049 068 0.05 -180 37 104
Eros. Brady L 02 7.7 36 056 082 005 -196 34 114
Eros. Brady L 02 7.7 24 073 111 0.07 -183 33 107
Burial Brady U 55 7.8 43 047 058 005 -183 36 10.2
Burial Brady U 55 7.6 71 061 092 006 -183 37 102
Burial Brady U 55 8.0 56 050 063 005 -179 4.0 105
Burial Brady U 35 7.8 6.0 048 063 005 -185 33 9.9
Burial Brady U 35 7.7 41 044 055 004 -199 54 109
Burial Brady U 35 7.8 63 039 064 004 -191 38 9.9
Burial Brady U 15 7.8 65 038 083 004 -196 53 9.7
Burial Brady Uu 15 7.8 40 040 079 004 -190 52 9.5
Burial Brady U 15 7.6 47 043 068 005 -192 41 9.3
Eros. Brady Uu 15 7.9 31 034 087 003 -196 41 109
Eros. Brady U 15 7.7 30 058 075 005 -177 5.0 115
Eros. Brady U 15 7.9 42 046 0.66 004 -176 47 107
Eros. Brady U 05 7.6 24 062 088 0.05 -187 42 120
Eros. Brady U 05 7.6 29 060 083 006 -185 39 107
Eros. Brady U 05 7.7 23 045 069 004 -175 42 107
Eros. Brady U 0.2 7.6 32 069 107 0.07 -183 31 104
Eros. Brady U 0.2 7.7 32 062 087 006 -177 39 111
Eros. Brady L 02 7.6 26 080 106 008 -169 36 100
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Burial Modern L 55 7.4 14 062 073 0.07 -168 538 94
Burial Modern L 55 75 24 060 081 006 -203 65 9.7
Burial Modern L 55 7.5 28 050 068 0.06 -174 54 8.7
Burial Modern L 35 1.7 6.7 070 076 0.07 -166 6.3 9.4
Burial Modern L 35 7.6 29 080 092 0.09 -155 56 9.0
Burial Modern L 35 7.3 26 061 067 0.07 -170 55 8.4
Burial Modern L 15 7.4 53 073 074 008 -162 7.2 8.6
Burial Modern L 15 6.8 14 057 058 007 -16.1 56 8.0
Burial Modern L 15 6.9 24 077 080 0.08 -163 7.0 9.5
Eros. Modern L 15 1.7 21 035 074 004 -196 25 8.2
Eros. Modern L 15 7.6 21 029 061 0.04 -185 23 7.9
Eros. Modern L 15 7.5 28 051 093 005 -192 30 9.8
Eros. Modern L 05 7.6 30 067 090 o0.07 -180 3.0 101
Eros. Modern L 05 7.4 29 059 084 006 -183 25 10.0
Eros. Modern L 05 75 21 055 091 0.06 -165 4.2 9.6
Burial Modern U 55 7.0 22 091 09 010 -161 35 9.4
Burial Modern U 55 7.4 25 075 091 0.09 -162 18 8.7
Burial Modern U 55 7.3 28 074 090 0.08 -16.0 5.0 9.1
Burial Modern U 35 7.0 1.7 105 1.09 011 -176 5.3 94
Burial Modern U 35 7.1 2.2 111 121 012 -164 56 9.1
Burial Modern U 35 6.5 14 119 128 0.13 -169 59 9.0
Burial Modern U 15 6.8 25 121 133 014 -17.7 8.9 8.9
Burial Modern U 15 6.2 25 087 088 0.09 -174 6.7 9.3
Burial Modern U 15 6.8 2.6 146 153 015 -16.7 8.3 10.3
Eros. Modern U 15 75 33 071 105 0.08 -193 20 9.1
Eros. Modern U 15 7.6 24 046 082 005 -173 35 9.4
Eros. Modern U 15 7.3 38 105 119 010 -186 13 100
Eros. Modern U 05 7.2 3.5 126 141 013 -199 10 9.8
Eros. Modern U 05 7.4 31 075 119 0.08 -197 05 8.8
Eros. Modern U 05 7.3 49 119 130 011 -176 0.8 107
Eros. Modern U 0.2 75 42 119 132 011 -175 11 105
Eros. Modern U 0.2 7.5 3.4 072 104 0.08 -178 22 9.5
Eros. Modern U 0.2 75 36 107 129 0411 -185 13 100



Table 2-4. Soil organic matter functional group data of C-H, C=C, C=0, COQ, ratio of
C-H/C=C, C-H/C=0 and fraction modern (Fm) and turnover time (ToT)of modern and
Brady soil samples collected from three replicate transects of burial and erosional
landform with decreasing depth to the Bradly.

E 2 & g% Q Q °
s & 3£:3 8 8 8 ¢ ¢ g ¢
5 = 3 & ° © © oo T Z e
1 s 1% 0 O O

Burial Brady L 55 1591 8057 3237 61.02 049 0.20 0.25 24732
Burial Brady L 55 1239 60.26 2189 47.10 057 0.21 0.26 22410.8
Burial Brady L 55 14.46 6050 23.82 46,59 0.61 0.24 0.26 22507.9
Burial Brady L 35 1190 61.62 2442 50.88 049 0.19 0.27 21407.7
Burial Brady L 35 1425 57.66 16.11 4055 0.88 0.25 0.29 20120.2
Burial Brady L 35 11.04 57.65 2654 4832 042 0.19 0.26 23000.1
Burial  Brady L 15 1338 7239 3165 5847 042 018 0.31 175459
Burial Brady L 15 1331 6328 2874 5234 046 0.21 0.30 18948.3
Burial Brady L 15 14.03 57.46 2494 4692 056 0.24 0.26 23005.5
Eros. Brady L 15 1559 7395 3247 5829 048 0.21 0.34 154185
Eros. Brady L 15 1729 63.28 25.13 46.18 0.69 0.27 0.36 14350.4
Eros. Brady L 15 1518 6721 2740 5184 055 0.23 0.32 17400.9
Eros. Brady L 05 16.33 6812 30.70 53.96 053 0.24 0.36 14314.2
Eros. Brady L 05 1399 69.25 27.69 5530 051 0.20 0.38 13388.8
Eros. Brady L 05 16.23 6415 2461 4938 066 0.25 041 11763.6
Eros. Brady L 02 1472 5948 29.62 4880 050 0.25 0.37 13491
Eros. Brady L 02 16.71 66.71 3142 5245 053 0.25 042 11132
Burial Brady U 55 1411 7559 29.60 56.44 048 0.19 0.32 17666
Burial Brady U 55 13,65 6514 2525 50.32 054 0.21 0.32 17461.7
Burial Brady U 55 1512 65.07 26.39 48.04 057 0.23 0.33 16584.2
Burial Brady U 35 16.74 61.02 2730 47.34 061 0.27 0.38 13051.3
Burial Brady U 35 15.06 5556 20.14 43.03 0.75 0.27 0.33 16502.2
Burial Brady U 35 1422 56.81 27.70 4655 051 025 0.31 18268
Burial Brady U 15 1410 63.19 35.09 5243 040 0.22 040 119181
Burial Brady U 15 1522 5931 3113 48.76 049 0.26 0.36 144304
Burial Brady U 15 13.69 5846 29.02 4754 047 0.23 0.43 10533.7
Eros. Brady U 15 16.08 74.66 34.02 58.63 047 0.22 043 10863.5
Eros. Brady U 15 1652 63.99 2798 50.69 059 0.26 042 11154.2
Eros. Brady U 15 1739 7138 3195 5473 054 0.24 042 10929.7
Eros. Brady U 05 16.04 77.77 36.32 59.66 0.44 0.21 0.55 6704.05
Eros. Brady U 05 1744 6522 2654 46.84 066 0.27 0.56 6361.38
Eros. Brady U 05 1587 63.43 2810 4880 056 0.25 0.54 6884.01
Eros. Brady U 0.2 1593 7047 3316 56.81 048 0.23 059 5584
Eros. Brady U 0.2 16.85 67.02 2842 50.66 059 025 054 6871
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Eros. Brady L 0.2 1853 6359 26.73 4651 0.69 0.29 0.74 2869
Burial Modern L 55 19.89 86.02 3353 61.15 059 0.23 0.90 1093
Burial Modern L 55 17.77 93.08 35.03 60.70 051 0.19 0.94 718.69
Burial Modern L 55 1976 91.15 34.76 55.21 057 0.22 0.80 2121.11
Burial Modern L 35 1698 80.25 26.02 56.46 0.65 0.21 0.90 1009.07
Burial Modern L 35 2121 7494 26.65 51.33 0.80 0.28 0.87 128299
Burial Modern L 35 2296 94.57 29.72 6054 0.77 0.24 0.84 1598091
Burial Modern L 15 18.68 69.02 1941 46.75 096 0.27 0.84 1657.21
Burial Modern L 15 17.21 8594 26.25 59.13 0.66 0.20 0.80 2125.09
Burial Modern L 15 19.60 64.58 16.67 41.49 118 030 0.85 151248
Eros. Modern L 15 17.70 86.20 34.62 58.76 051 0.21 1.02 241.45
Eros. Modern L 15 1833 7142 3146 5231 058 0.26 0.72 3259.61
Eros. Modern L 15 16.14 6432 3196 46.16 051 0.25 0.94 679.28
Eros. Modern L 05 1840 8538 36.03 5585 051 0.22 0.81 1984.2
Eros. Modern L 05 2026 8392 3051 57.18 0.66 0.24 0.96 585.78
Eros. Modern L 05 19.68 72.64 33.75 52.03 058 0.27 0.80 2076.36
Burial Modern U 55 2254 89.18 28.04 6180 0.80 0.25 1.03 255
Burial Modern U 55 1855 8744 2812 5842 0.66 0.21 0.92 834.04
Burial Modern U 55 17.48 78.89 2829 5229 0.62 022 0.97 474.39
Burial Modern U 35 1814 7162 20.13 47.29 090 0.25 0.99 395.94
Burial Modern U 35 2180 8573 2535 56.30 0.86 0.25 0.87 1270.18
Burial Modern U 35 26.23 74.89 19.26 4134 136 035 1.01 2931
Burial Modern U 15 1856 64.62 17.23 4234 108 0.29 1.00 317.83
Burial Modern U 15 1819 7252 1953 46.71 093 0.25 0.94 669.03
Burial Modern U 15 2448 90.16 2562 56.59 096 0.27 1.02 259
Eros. Modern U 15 18.09 83.45 34.60 5498 052 0.22 0.84 1625.26
Eros. Modern U 15 16.65 7243 29.85 49.83 056 0.23 0.67 4018.74
Eros. Modern U 15 2569 76.17 27.10 4858 095 0.34 0.97 458.08
Eros. Modern U 05 2320 78.15 2376 5140 098 0.30 1.05 163.02
Eros. Modern U 05 2358 90.00 32.85 5758 0.72 0.26 0.82 1849.89
Eros. Modern U 05 2428 84.01 2817 53.83 0.86 0.29 1.00 330.31
Eros. Modern U 0.2 23.03 84.64 29.68 53.19 0.78 0.27 0.95 655
Eros. Modern U 0.2 20.09 87.14 3246 55.18 0.62 0.23 0.79 2183
Eros. Modern U 0.2 1942 64.83 2234 4430 0.87 030 0091 973



Chapter 3.
Soil organic matter stabilization by polyvalent cations in
a buried alkaline soil

Abstract

Large stocks of soil organic matter (SOM) can be found in deep paleosols or buried soil
layers. The residence time of subsoil SOM is typically longer compared to the topsoil
partly due to the disconnection from near-surface environmental conditions that may
favor decomposition. As the largest carbon reservoir in terrestrial ecosystems, it is crucial
to understand soil C dynamics better to predict its sensitivity to climate change. SOM
continuously cycled and transformed belowground; however, their vulnerability can be
altered by the presence of minerals capable of stabilizing even simple organic compounds
from loss due to microbial degradation or dissolution. The rationale for this study was-
that the controls on carbon (C) dynamics in subsoil might be different from topsoil
because subsoil has more mineral and polyvalent cations compared to topsoil. Therefore,
the stability of the SOM in deeper soil will be more prone to forming organomineral
complexes by cation bridging. In this study, our objective was to understand -to what
extent the mechanism of SOM stabilization in buried soil vs modern soils can be
explained by the soil’s physical and chemical properties as a function of paleostatus
(buried vs modern) and landform. The study site is in Nebraska, Great Plains, where
climate-driven varying rates of loess deposition during the late Pleistocene and Holocene
resulted in sequences of paleosols in thick loess deposits. The Brady paleosol here is
buried up to 6m below the surface soil. The landform of the study site is dissected by
gullies here which presents an interesting case study to understand the dynamics of sub-
SOM and topo sequence position. We sampled along the catena to understand the spatial
variability in the different depths of Brady soil total organic carbon and the mechanism of
soil organic carbon (SOC) protection that contributes to the long-term persistence of
organic matter in soils. Our finding indicated higher pH, EC, total inorganic carbon
(TIC), and lower TOC in the buried Brady soils compared to the modern soils in the
depositional landform might have provided the SOC stabilization through the formation
of aggregates or organo-mineral complexes through cation bridging or cementation or by
the action of all playing together. Modern soils present in the depositional transect don’t
have the extra layer of protection by cementation. Erosional landform modern and Brady
soils were not significantly different in pH, EC, TOC%, and TIC%, and the mechanism
of stabilization can be organo-mineral complexation and aggregate formation. Due to
that, Brady soils present in erosional landforms can be as vulnerable as modern soils.
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3.1 Introduction

3.1.1 Stability of Soil Organic Matter (SOM) at different depths of the soil
layer

Retention of SOM belowground increases its persistence through chemical and physical
mechanisms. Sorption of OM is facilitated by electrostatic attraction directly between
organo-mineral surfaces or bridged by cations, while occlusion of OM within micro
aggregates creates physical means for persistence. Many mechanisms responsible for the
mineral association of SOM increase their persistence by decreasing OM bioavailability
to decomposers (Sollins et al.,1996; Rowley et al.,2018). The stability of the SOC
depends on the chemical properties of the soil, such as mineral fractions, cations in the
soil, structure of the soil matrix, and mineral surface that are capable of adsorbing organic
materials which lead to stabilization of soil carbon compounds due to organomineral
interaction. SOM stabilization can occur by physical occlusion through forming
microaggregate with silt and clay. Eventually, macroaggregates will form in the presence
of silt, clay, and microaggregates. Biological mechanism influences macroaggregate
stabilization by roots, fungi, microorganisms, and extracellular substances. This
difference in structural stability, porosity, and hydrophilicity determines the stability of
the aggregate occluded SOC in the soil (Six et al., 2004). Microaggregate provides longer
stabilization to the occluded SOM compared to the macroaggregate occluded SOC. In
general, the degree of protection against decomposition decreases from chemical to
physical mechanisms of protection (Six et al., 2004).

Deep-buried soils, which is a previous topsoil, can store significantly more carbon (C)
than what would exist at such depths only from root inputs and leach from upper horizons
alone (Marin-Spiotta et al., 2014; Marin-Spiotta et al., 2011). Although SOC plays an
important role in soil carbon dynamics, most studies focus on the distribution along the
top 10-20 cm of the soil profile, as sampling is restricted to the top layer of the soil
(Grand et al., 2011). Homann et al. (2005) reported that more than half of the C stock is
below 20 cm of the ground. This indicates that subsoil C should be distinguished from
topsoil C dynamics as they differ from each other (Salome et al. 2010). Carbon-to-
nitrogen ratios play an important role in determining SOM decomposition. High C: N
ratio hampers the mineralization of SOM due to the deficiency in nitrogen (N) for
microbial decomposition, while lower values of the C: N ratio with depth show a higher
degree of transformation of SOM (Norris et al., 2011). Mineral-associated organic
matter’s C: N ratio is generally lower, and less variable compared to the mineral-free
organic matter, as soil N is retained by the microbial mineralization-immobilization
process in contrast with the catabolic loss of C (Paul and Clarks, 1996).

3.1.2 Role of pH, cations, and minerals in SOC stabilization

Soil pH can change the solubility of dissolved organic matter (DOM) and stabilization of
the DOM due to the presence of exchangeable base cations and metal oxides that have a
pH-dependent surface charge. It has been noted that organic matter solubility increases
along with the increase in pH due to the increase of negatively charged components in
both organic matters and in the soil (Andersson et al., 2000; Kalbitz et al., 2000; Oste et
al., 2002). So, higher DOM loss is positively correlated with pH (Oste et al., 2002). In an
acidic environment- Al*3, Fe*3, their mineral forms and cementation by Fe oxides play
key roles in SOC stabilization. But, where the soil pH is above 6, Ca*? plays an important
role in SOC stabilization (Rowley et al., 2018; Zhao et al., 2017). When the soil pH is
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higher than 8.3, Ca*? starts to precipitate as CaCOs (Rowley et al., 2018), and beyond pH
9.5, the soil may become highly concentrated with Na*, which reduces the sorption and
weakens the stabilization of SOC (Lindsey, 1979).

Calcium makes up 2.94% of the upper continental crust providing alkalinity to the soil
(Rowley et al., 2018). Alkaline cations (divalent) can play an important role in SOC
stabilization by bridging between negatively charged particles of the organic molecule or
organic molecule to a mineral, and thus the microbial activity to decompose the soil
becomes slower (Whittinghill and Hobbie, 2012; Grunewald et al., 2006; Wedephol,
1995; Rowley et al., 2018). Ca*? bridging has a positive effect on soil as it provides long-
term soil structural stability (Six et al., 2004), which in turn can help in the accumulation
of total organic carbon (TOC) due to intramacroaggregate physical protection (Briedis et
al., 2012). Due to a high point of zero charge, CaCOs acts as an effective adsorbent
(Suzuki, 2002). There have been several research on potential CaCO3-SOC adsorption
interaction on dissolved organic carbon (DOC) (Jin and Zimmerman, 2010; Lee et al.,
2005), but how the occurrence of CaCOs positively affects the stabilization of SOC on
buried aeolian soils is lesser known. Ca*2 has larger residence time compared to the
monovalent cations and is a good flocculating agent for a natural system for outer sphere
bridging (Rowley et al. 2018) and can also form an inner-sphere complex with
oxygen(O)- bearing ligands (Sposito, 2008). In the presence of Ca*? and COs or HCO3
ions, pedogenic calcite precipitate from the soil solution and the source of carbonate and
bicarbonate anions as the CO; dissolute in the water, thus the calcite precipitation
depends on the concentration of calcium, pH of the soil, CO; pressure in the soil air and
microbial activity (Falsone et al., 2010). Pedogenic carbonate remains in the soil until the
soil solution becomes completely saturated with calcite and is generally found in arid,
semiarid, and Mediterranean regions and thus can stabilize a large amount of SOC.

Along with the percentage of clay, clay mineralogy plays an important role in aggregate
stability and dispersion. For example, 1:1 clay mineral, such as kaolinite-dominated
stability is attributed due to the binding capacity of the minerals, but the aggregate
stability in 2:1 dominated clay mineral soil depends on polyvalent metal-organic
complexes which form bridges between the negatively charged clay particle (Oades &
Waters, 1991, Six et al., 2000). Wuddivira and Camps-roach (2007) indicated that the
stability of the soil aggregate increase with increasing the clay content that is non-
expanding, crystalline clays and less dispersive such as kaolinite, and their result found
calcium in addition to organic matter, improved aggregation and increased soil’s
saturated hydraulic conductivity that is dominated by 1:1 clay mineral in the soils of
Trinidad and Tobago.

The presence of polyvalent cations, metals, and reactive minerals have an influence on
increased SOC stock (Oades and Waters, 1991; Zhao et al., 2017; Falsone et al., 2010;
Fernandez-Ugalde et al., 2014; Grand and Lavkulich, 2011; Baldoc and Skjemstad, 2000;
Minic et al., 2017; Whittinghill and Hobbie, 2012). Most of the research has focused on
acidic soil environment where the interaction between SOC and aluminum (Al) or iron
(Fe) play a major role in SOC stabilization, but fewer studies have been conducted on
alkaline soils where calcium (Ca) plays a major role, as exchangeable Ca positively
correlate with SOC concentration and its resistance to oxidation and by forming inner or
outer sphere bridging with SOC. The presence of CaCOs in alkaline soil is very common,
and it plays an important role in SOC stabilization by occlusion and aggregate formation
in alkaline soils, but little is known about its role in stabilizing SOC in buried soils.
Finally, the research objective was to understand to what extent SOM stabilization can be
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explained in the presence of polyvalent cations and the effect of soil physical and
chemical properties on SOC stabilization at two different landforms (erosional and
depositional) dynamics in the Brady paleosol, deep loess (aeolian) deposit in Nebraska,
USA, where climate has historically driven varying rates of loess deposition during the
late Pleistocene and Holocene, burying soils up to 50m below the surface. Our objective
was to understand 1) how the concentration and types of polyvalent cations differ in
Brady paleosol and modern soils in depositional and erosional landforms, 2) does the
relationship between SOC concentration and various polyvalent concentrations differ in
depositional and erosional landform modern and Brady soils.

3.2 Materials and method

3.2.1 Site description

The study site is in the Great Plains in Wauneta, Nebraska, where the variation of
climate-driven rates of loess deposition during the Late Pleistocene and Holocene
resulted in sequences of buried soils (Johnson et al., 2007). The mean annual temperature
(MAT) of this area is 9.7°C, mean annual precipitation (MAP) is 495 mm (seasonal). The
aridity index class at the study site is considered semi-arid. The vegetation is mixed C3,
C4, and short grass prairie. The land is cultivated where the topography permits and
grazed in uncultivated land. The Brady soil was formed between cs. 13 to 10 kya and was
buried by loess (Mason et al., 2008). In our study site, the modern soils are loess derived
as well and classified as Mollisols (USDA).

Brady soil is a morphologically distinct stratigraphic and paleoenvironmental marker in
the central Great Plains (Johnson and Willy, 2000). The paleosol was formed due to
aeolian deposition, which has an important beneficial effect such as nutrient
transportation to the terrestrial and aquatic systems (Sankey et al., 2009; Neff et al., 2008;
Lal et al., 2003; Jickells et al., 2005; Reynolds et al., 2001). Jacobs and Mason (2004)
found that the Brady soil has A, B, and C horizon morphology. The A horizon is very
dark greyish brown, and the texture is invariably silt loam. A Mollisol study of the region
characterized the dark color of the Brady soil A horizon to be from the clay-organic
matter complexes (Jacobs and Mason, 2004). Yet the organic carbon chemistry in the
Brady soil is not well studied. Most secondary calcium carbonates are present in the A
horizon and some throughout the profile. Previous works have suggested that Brady soil
was formed in a stable landscape (Mason and Kuzila, 2000) because of the reduction in
the deposition rate (Jacobs and Mason, 2007). This paleosol is below younger Mollisol
soil that formed from aeolian deposition as well but is connected to the current
environmental factors. This provides a unique opportunity to test our objectives.

3.2.2 Field sampling

Soil samples were collected in the summer of 2016 and 2017. The samples were collected
from the depositional and the erosional of the topo sequence. Three sampling plots were
chosen in the depositional landform and another three in the erosional landform for a total
of six sampling locations in the catena sequence. We collected 3 replicates from each
landform and ensured the depth of the buried Brady paleosol was similar. Soil transects,
sampling locations, and different depth categories of Brady soil were selected using
information from prior research (Jacobs and Mason, 2004; Marin-Spiotta et al., 2014;
Mason et al., 2008).
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3.2.3 Soil sampling

To account for the differences in depth and increasing exposure of the Brady paleosol, we
collected soils from 6 different plots (n=3) in the depositional and in the erosional (n=3)
(Figure 1) regions. Soil samples from the Brady soil and overlying modern soils were
collected from two different topographical region. Soils were collected from 6 different
plots, where each plot had three replications. At the depositional site, Brady soil samples
were collected from depths of ~5.5m(deepest), ~3m(intermediate), and ~1m(shallowest),
whereas samples at the erosional site were collected from the depth of 1-1.5m(deepest),
~0.5m(intermediate) and ~0.2m(shallowest). Soils were sampled using Giddings’s probe
(Giddings Machine Company; Windsor, CO) in 10.2 or 8.9m sampling tubes for the
depositional sampling while soil pits were dug at the erosional (see details in Szymanski
et al., 2022, in preparation). For all the topographic positions, we sampled the top of 0-30
cm and 30-60 cm of the modern and paleosol profiles. For the intermediate and
shallower depth at the erosional, samples were collected within 15-30 cm for the modern
soils and Brady soils were collected below that. All the reported values presented in
figures 2 (A, B), 3, 4, 5, and 8 are the mean of the three replicates of the 6 sequential
depth categories of the continuum of buried to ~5.5 m, ~3m, ~1m and eroded to ~1.5m,
~0.5m, and ~0.2m for a total of 18 samples (core for the depositional and hand dug a pit
for erosional landform) identified as either burial or erosional. Three soil samples were
randomly taken from every six plots by carefully making sure the depth of the underlying
Brady paleosol and soil cores according to the depth category were extruded into a zip-
lock bag, sealed, and taken to the laboratory, where we air-dried the sample at the
University of Wisconsin, Madison.

3.2.4 Laboratory analysis

3.2.4.1 Quantifying Soil Chemical and Physical processes

Soils were air-dried, then samples were sieved (< 2mm) to remove any plant
materials and stones for the soil’s physical and chemical analysis. Soils were analyzed for
pH in a 1:2 slurry in deionized water, and 0.01M CaCl; (Thomas, 1996; Mason and
Kuzila 2000), and soil electrical conductivity (EC) was measured in a 1:1 (soil: water)
(Rhoades,1996). Total organic carbon (TOC%), total inorganic carbon (TIC%), and total
nitrogen (TN%) were analyzed by using a 4010-elemental analyzer (Costech) that is
interfaced with a ThermoFisher Delta V Plus isotope ratio mass spectrometer (IRMS)
with Conflo IV interfaces at the stable isotope ecosystem laboratory of UC Merced
(SIELO). The details of these analyses have been provided in Chapter 2, Sections 2.2 and
2.3, and in Szymanski, 2021. Percent TOC, TN, and TIC are reported as percent by
weight.

3.2.4.2 Extraction of base cations

We used CEC by summation method. For this procedure, the soluble and rapidly
exchangeable pools of base cations are extracted by leaching soil with NH40Ac
(ammonium acetate), and their concentrations in the leachate are measured by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) at the environmental analytical
lab (EAL) of UC Merced to get the cation concentration in ppm. Extraction of base
cations Ca*2, Mg*?, Na*, and K* was done by weighing 2.0 g, air-dried, sieved soil in a
50ml centrifuge tube with 1 (M) NH4OAc. A sample blank was also prepared with 1(M)
NH4OAc. The pH of the ammonium acetate was adjusted to match the soil pH (~7-8.2)
by using ammonium hydroxide. The centrifuge tube with soil and ammonium acetate was
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placed on a shaker at room temperature and shacked for around 1.5 hours. After shaking,
the samples were centrifuged at 6000rpm for 10 minutes, and the process was repeated
until the supernatant was clear. The supernatant was analyzed by ICP-OES for Ca*?,
Mg*2, Na*, and K* nutrients at UC Merced.

The exchangeable Ca, Mg, Na, and K were calculated by

(a—b)x20xmcf

Exchangeable cation X (molc/kg soil dry wt) = Toxy x5

(3.1)

where X = Ca*?, Mg*?, Na*, or K*, a= concentration (ppm) of Ca*?, Mg*?, Na*, or K in the
extraction solution, b = concentration (ppm) of Ca*2, Mg*?, Na*, or K in the blank, 20=
amount of NH4OAc used, y = atomic weight of Ca, Mg, Na or K, s= mass of air-dried
soil in g, mcf= moisture correlation factor, the difference in moisture content between air-
dried and oven-dried soils calculated as

100 + % moist

mcf = 100 (3.2)
where % moist = M water / M oven dry soit. (M = mass of soil)
Finally, total exchangeable base cations (cmolc/kg dry soil) were calculated as
Y(Ca+ Mg+ Na+K) (3.3)
We calculated the sodium adsorption ratio (SAR) by
GAR Exchangable Na*! 3.4)

- Exchangable(Ca*? + Mg*2)2/1
2

3.2.4.3 Soil particle size analysis

Soil particle size was determined by high-resolution particle size analysis by laser
diffraction by using a Mastersizer 2000 particle size analyzer (Malvern Panalytical,
Malvern, UK) (Jacobs and Mason 2007) at the University of Wisconsin, Madison. First,
the soil samples were dispersed with 10ml of 50mg/L sodium- hexametaphosphate (Na-
HMP) and sonicated by a 6m ultrasound. Clay contents were determined by wet sieving
and pipette separation with H.O and sodium acetate buffer to remove the aggregation
caused by organic matter and the presence of carbonate (Kilmer and Alexander 1949;
Gee and Bauder 1986; Jacobs and Mason 2007). The details of this analysis have been
given in Szymanski, 2021.

3.2.5 Statistical analysis

Samples were plotted to visually understand the variability of soil pH, EC, TOC%, TC%,
TN%, and organic C to nitrogen (TOC: TN). We also plotted Ca*?, Mg*?, Na*, and K*
ammonium acetate extractable concentrations and an exchangeable fraction of the same
nutrient in a similar way. Linear regression analyses were plotted using the R package
corrplot to visualize the correlation matrix to understand the pattern among variables.
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To understand the variability in Modern vs Brady soil at depositional vs erosional
positions, we combined upper and lower soil layers together. All upper modern and all
lower modern soils were combined in the depositional position as well as in the erosional
position of the study site. Similarly, all upper Brady and lower Brady soils were
combined in these two landforms irrespective of the depth categories of Brady soils
found in either topographical position. Finally, samples were grouped as Depositional
Modern, Depositional Brady, Erosional Modern, and Erosional Brady to ease the
complexity and to understand the variability across samples. All statistical tests were
conducted using CRAN-R (version 3.5.1; R Development Core Team, 2017). To test for
significant differences in the soil’s physical and chemical properties, we used Kruskal-
Wallis’s test with an alpha = 0.05, followed by Dunn’s post hoc test to determine pair-
wise differences.

3.3 Results

3.3.1 Soil pH and Electrical Conductivity

Soil pH and Electrical Conductivity (EC) both increased along with the depth from
modern to Brady soils in both depositional and erosional positions. The average pH of the
depositional and erosional Brady soil was alkaline, around 7.73 (+0.14) and 7.68 (+0.13)
for depositional and erosional landforms. But modern soils were nearer to neutral values,
7.1 (x0.41) and 7.4 (£0.12) for depositional and erosional, respectively. In the
depositional landform, soil pH was significantly higher in the Brady soil than in the
Modern. At the erosional landform, modern and Brady soil pH has no significant
difference. Depositional landform Brady soil pH was significantly higher than the
modern soils in both landforms (Figure 2. A). EC values ranged from 1.7 to 7.2 dS/m in
these soils. The average EC was highest in depositional Brady soil, 5.58 dS/m (x1.2), and
was lowest in the depositional modern soil, 2.67 dS/m (£1.32). Depositional landform
Brady soil EC was significantly higher compared to the modern soils and erosional Brady
soil (Figure 2. B). There was no significant difference in pH and EC between erosional
modern and erosional Brady soils (Figure 2 A and B). The details of the pH and EC data
are provided in Szymanski, 2021 and as well as in Chapter 1, section 3.1.

3.3.2 Soil texture

All modern and Brady soils present in the depositional and erosional landform are
characterized as mostly silt loam soils (Figure 5), where depositional Brady soil has an
average of 8.86% (+2.18) clay, followed by erosional Brady soils of 7.7% (£0.75),
erosional modern soils 6.45% (0.75), and depositional modern soils 6.43% (£0.99). The
percentage of silt was highest in depositional Brady soils, an average of 58.89% (+4.19),
whereas the sand content was highest in erosional modern soils, an average of 40.69%
(x2.58). Silt percentages varied widely in depositional modern soils, 55% to 81%, while
in the erosional modern soils, they were between 58% to 68% (Figure 5). Clay content
was significantly higher in the Brady soils compared to the modern soils (Figure 4. A).
The percentage of silt was significantly lower in erosional modern soils compared to the
other soils (Figure 4. B), and the sand percentage was significantly low in depositional
Brady soils compared to the other soils (Figure 4. C). The details of the soil texture have
been provided in Szymanski, 2021.
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3.3.3 Total organic Carbon (TOC%), total inorganic carbon (T1C%), total
nitrogen (TN%) and TOC%: TN% ratio

The details of the soil elemental analysis have been provided in Szymanski, 2021. TOC%
decreased along with the depth from modern to Brady soils in depositional and erosional
landforms. On average depositional modern soil has the highest TOC% (0.85+0.26) and
depositional Brady soil has the lowest TOC% (0.44+0.47). Organic carbon was
significantly low in the depositional Brady soil compared to the modern soils (Figure 2.
C). There was no significant difference in organic carbon percentage between erosional
modern and erosional Brady soils. The average TIC% was lowest in depositional modern
soils (0.08 £0.06), and the highest TIC% was in erosional modern soils (0.28+0.11).
TIC% was significantly lower in depositional modern soils, and there was no significant
difference in TIC% among erosional modern, erosional Brady, and depositional modern
soils (Figure 2. D). C: N ratio was significantly high in erosional Brady compared to
other soils, and there was no significant difference in C: N ratio among depositional
modern, depositional Brady, and erosional modern soils (Figure 2. F). More details of
these data have been provided in Chapter 1, Section 3.2.

3.3.4 Base Cations

Among the base cations (Ca*?, Mg*?, K* and Na*), Ca*? has the highest concentration in
all soils ranging from 180 to 499.7 ppm. Total and exchangeable Ca*? was significantly
higher in erosional modern soils compared to the depositional modern soils, and there
was no significant difference between the Brady soils (Figure 3. A). Ca*2 concentration
was slightly lower in depositional modern soils compared to the other soils. Total
Magnesium (Mg*?) concentration ranged from 11 to 33 ppm in modern soils, and in
Brady soils, the range was between 19 to 63.2 ppm. Exchangeable Mg*? ranged from 0.9
to 5.1 (cmolc/kg soil dry wt). On average, depositional Brady has the highest, and
erosional modern has the lowest total Mg*2 and exchangeable Mg*? (Figure 3. B). Total
and exchangeable Mg*? was significantly higher in depositional Brady compared to the
modern soils. Erosional modern soils have significantly lower Mg*? compared to the
erosional Brady soils. K* concentration ranged from 13 to 120 ppm and was significantly
higher in the Brady soils compared to the modern soils, and there was no significant
difference between the Brady and modern soils at burial and erosional landforms (Figure
3. C). The concentration of Na* was not detectable in the majority of the modern soils,
and it was significantly higher in depositional Brady soils compared to the erosional
Brady soils. SAR values ranged from 0.02 to 0.28 in the Brady soils. The highest average
SAR was noticed in depositional Brady soils, 0.12 (+0.09), followed by erosional Brady,
0.03 (£0.06). Exchangeable Na* and Sar were significantly high in depositional Brady
soils, and there was no significant difference in depositional modern, erosional modern,
and erosional Brady soils (Figure 3. D and E).

3.4 Discussion

Brady soil present in the depositional landform has significantly lower TOC% and
significantly higher pH and EC (Figure 2. A, B, C, and D). During the formation of the
Brady soil, the loess deposition was slow, and in the presence of oxidizing environment,
there might be an accumulation of more stable SOC (Jacobs and Mason 2004). Brady soil
and modern soils differ in physical and chemical properties (Figures 2, 3, 4, and 6), and
Brady soil characteristics follow Jacobs and Mason’s (2004, 2007) research on the Great
Plains area. We found significantly higher clay content in the Brady soil compared to the
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modern soils (Figure 4. A), which indicated the pedogenesis and transportation of the
loess material (Jacobs and Mason 2007). The mineral present in the soils plays a
dominant role in aggregate formation. A study of clay mineralogy of this area by
Szymanski (2021) indicated that the shallowest depth Brady soil in erosional landform
has significantly less kaolinite compared to the modern soils. The study also reported the
illite to kaolinite ratio, which indicates that weathering of the soil didn’t differ among the
Brady soils present at different depths and modern soils at the two different landforms.

A study by Jacobs and Mason (2007) on a similar site of the Nebraska Great Plains also
indicated that the clay mineralogy of the Brady subsoil was similar to the Peoria loess,
whereas the upper Brady was alike to the Bigness loess. Overall, the clay percentage was
significantly higher in the Brady soils compared to the modern soils, whereas silt content
was relatively high in both erosional and depositional landforms (Figure 4. B). Silicate
plays an essential role in micro aggregate formation by bonding with a free primary
particle and plays a key role in SOC storage (Six et al., 2004). We also know that OM has
a high affinity to bind with clay and silt-size mineral particles (Kleber et al., 2015) and
hence makes them more stable against microbial decomposition. A study by Szymanski
(2021) on the same landforms and the soils indicated that the modern soil has larger SOC
associated with macro and micro aggregate occluded POM (Ag&Mss3), but in the Brady
soil, >90% of the SOC is associated with <53 mineral-associated fractions and aggregate
(M&Ag-<s3). This contrast with the observation by Bischoff et al. (2018) in the semiarid
areas of Siberian steep soils, which depicted <10% SOC in the particulate organic matter
(POM) and the presence of >90% SOC in mineral bound fraction. This finding indicated
that mineral-associated SOC is the dominant stabilization mechanism for Brady soils.

SOC stabilization capability of the polyvalent cations shifts from Al to Fe to Ca as soil
pH moves from acidic to alkaline (Rowley et al., 2018). Low or higher pH has a different
capability of SOC stabilization as the polyvalent cation activity depends on them
(Clarholm and Skyllberg, 2013; Rowley et al., 2018). At the lower pH, the SOC
stabilization mechanism is dominant by Al and Fe, but as the pH increases, the dominant
SOC stabilization becomes occlusion by aggregate either for a short or long time,
depending on the mineral properties of the soil (Rowley et al., 2018). Since our soil pH
ranged from neutral to alkaline, we assumed our SOC stabilization will depend on
polyvalent cation Ca*? (Kayler et al., 2011; Rowley et al., 2018).

Salt-affected soils can be classified depending on the EC (dS/m) and sodium adsorption
ratio (SAR). When the EC< 4 dS/m and the SAR<13, the soil is classified as none, and
when the EC> 4 dS/m and SAR < 13, the soil is saline, and in both these conditions, the
soil’s physical conditions will be flocculated (US salinity laboratory staff, 1954). For all
the modern soils and erosional landform Brady soils, the EC <4 dS/m and SAR <13.
Brady soil present in the depositional landform has an EC of >4 dS/m and SAR < 13,
which makes them saline soil. All of our soils fall into the category of flocculated and
clay flocculation is one of the main reasons for soil aggregate formation (Dexter, 1988).
This indicates that our study area soils might be stabilized due to the clay flocculation.

In saline soils, common cations are Ca*?, Mg*?, Na* and K* which play an essential role
in SOC adsorption by dispersion and flocculation. Depositional Brady soil has
significantly high exchangeable Na*, and it is significantly positively correlated with
TOC% (Figure 7). OM coated with Na* has higher solubility compared to OM coated
with Ca*?, and high exchangeable Na* can cause the dispersion of soil particles (Nelson
and Oades 1998). The potential for the dispersion of K* ions is also low compared to Na*.
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Clay dispersion causes soil physical property dispersion which can occur in depositional
Brady soils, and SOC will become more susceptible to microbial decomposition in
appropriate environments. With an increase in SAR, the desorption of OM from clay
increases, but a rise in EC along with a high proportion of divalent cations can
counterbalance the Na* dispersion effect by flocculation (Mavie et al., 2012; Setia et al.,
2014). However, the depositional Brady soils have a higher Sar value compared to the
modern soil’s high EC (Figure 2. B), and the presence of divalent cations (Ca*? and Mg*?)
(Figure 3. A and B) probably can overrule the Na* dispersion effect but in erosional
landform Brady soil, this might not be the case.

The presence of Ca*? has a positive effect on soil structure stability through aggregate
formation (Peterson 1947). TOC% and TIC% are significantly positively correlated with
Ca*2in erosional Brady soils (Figure 7). We think this positive correlation is due to the
cementation by CaCOs (Wuddivira and Camps-Roah 2007) on the aggregates present in
these soils and also because of the flocculation due to Ca*? which might be coming from
the weathering of CaCOs This observation tells us that Ca*? might be the major cation
playing an important role in SOC stabilization through flocculation, inclusion
(envelopment of SOC with a mineral), cementation of the aggregate, or co-occurring all
these processes together. TOC% is significantly negatively correlated with Ca*?, and
TIC% correlation with Ca*? is marginally significant in depositional modern soil (Figure
7). This indicates that most of the TOC% present in these soils is organic carbon (Figure.
2. C), and other carbons present in these soils are inorganic carbon, containing CaCO:s.
We saw significantly higher TIC% in depositional Brady, erosional modern, and
erosional Brady soils compared to depositional modern soil (Figure 2.D). The high
amount of inorganic carbon indicates a possibility of cementation, which decrease the
porosity (Falsone et al., 2010) and hence greater potential for higher stability. But we
have to remember that the presence of plant roots can increase the dissolution rate of
CaCOs by producing large quantities of CO, and H*, which can increase the level of
exchangeable Ca*? (Qadir et al., 2005) and make the previously stable SOC susceptible to
decomposition. Our data showed a higher exchangeable Mg*?, Na* and K* in the Brady
soils in both depositional and erosional landforms (Figure 3. B, C, and D), which is in a
deeper sub-surface horizon compared to the modern soils. The polyvalent cations can
reach deeper soils by leaching, and that might be the case for these cations. Since the
exchangeable Ca*? was similar in erosional modern, erosional Brady, and depositional
Brady soil, this indicates flocculation and complexation in the presence of clay and
organic acid prevented their transportation to the subsoil horizon (Rowley et al., 2018).

Exchangeable Mg*? decreased along with the depth of Brady soil in depositional
landforms but remain similar in erosional landforms. But exchangeable Ca*? decreased
along with the depth in erosional landform and didn’t change in depositional landform.
This decline can be attributed to Na*, which replaces Ca*? and Mg*2 and causes the loss
of exchangeable Ca*2 and Mg*? (Sing, 2016). There was no exchangeable Na* available
for the erosional modern soils. Bertrand et al. (2007) and Yang et al. (2016) have shown
that there is a positive correlation between exchangeable Ca and SOC which can be
explained as increasing the SOC concentration replaces also increases the cation
exchange capacity (CEC) of the soil (Rowley et al. 2018) as it increases the net primary
productivity (NPP) in above and belowground biomass (Briedis et al. 2012).

SOC can get stabilized by physical separation or by sorption on minerals through cation
bridging. Microaggregate formation is the most known process for physical stabilization,
which has been demonstrated by several researchers (Virto et al., 2008, 2010) due to
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reduced porosity (Denef et al., 2004) which ultimately helps the SOC to stay occluded
within. The aggregate formation can involve electrostatic flocculation of 2-20 pum size
particles (Ghezzehei et al., 2011) which then can get bound by cementing agents (Falsone
et al., 2010). SOC stabilization by chemical sorption includes OM adsorbing on minerals
such as phyllosilicates through polyvalent cation bridging. The presence of specific
reactive miners has a positive correlation with SOC stock (Baldock and Skjemstad,
2000). An increase in polyvalent cations increases soil aggregation by flocculation
(Bronick and Lal 2005) and cementation (Zhao et al., 2017; Falsone et al., 2010), which
might be the case for depositional Brady, erosional modern, and erosional Brady soils as
they all have higher base CEC (Figure 3. F) compared to the depositional modern soils.
SOC complexation with a mineral generally has an older **C age compared to other pools
(Kleber et al., 2011). We have observed that Brady soils present in the deeper soil layers
have higher turnover times compared to the modern soils (Chapter 2), indicating that
adsorption of SOC by polyvalent cations plays a major role in SOC stabilization in these
soils.

Our results suggested that the physiochemical properties play a critical role in predicting
SOC stabilization. A study by Lehman and Kleber (2015) has also revealed that spatial
inaccessibility (organo-mineral complexation) of the substrate to the microbes is a major
control for SOC storage. When the SOC gets occluded inside an aggregate or gets
attached to the mineral through-mineral sorption, microbial enzyme gets restricted to
impede the SOC decomposition (Six et al., 2006), which restrict the diffusion of oxygen.
The presence of Ca* and Mg*2 can restrict SOC availability by flocculating and binding
SOC to clay surfaces by cation bridging in neutral to alkaline soils (Rowley et al., 2018).
SOC can be stabilized by an outer-sphere or inner-sphere complex (Sposito 2008), and
they both interact together to stabilize the SOC over a medium to an extended period
(Rowley et al., 2018). Due to the high pH and less aridity in the deeper soil and modern
soil compaction from the top, cation bridging with the Ca* tended to be the major
contributor to SOC stabilization in these soils. Our results suggest SOC stabilization
mechanism is linked to the soil particle distribution (clay%, silt%, sand%) and organo-
mineral complexation is controlling the SOC stabilization at modern and Brady soils.
Since the soil physio-chemical properties are different in depositional vs erosional
landforms Brady and modern soils, we see that the stabilization mechanism is also
different. Loss of exchangeable Ca*? and Mg*? weakens the aggregate protection and
mineral-SOC association, which can make the SOC vulnerable to microbial
decomposition (Yao et al., 2022). A further study on the plant and microbial community
will better forecast the soil C stability in these soils.

3.5 Conclusion

The relative importance of chemical and physical storage is not consistent in modern and
Brady soils present in different landforms. Our study suggests high content of polyvalent
cations present in these soils is large enough to promote the flocculation of the organic
matter with minerals. It can provide organo-mineral complexes for SOC stabilization.
With our study in this area soil, we found that the potential mechanism of stabilization of
the SOC is different in Depositional Brady soils and overlying modern soils as they have
different concentrations of polyvalent cations. Depositional Brady soils have high
inorganic carbon present along with the polyvalent cations. This combination can provide
SOC stabilization by aggregation, along with cation bridging and cementation. But in
depositional modern soils, due to less inorganic carbon and a high amount of organic
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carbon, this protection mechanism can primarily come from organo-mineral complexes
due to cation bridging and aggregation. In the erosional landform, we didn’t find much
variability in TIC% between modern and Brady soils, which indicates that the stability
for both of these soils can be attributed to the formation of aggregate formation, organo-
mineral complexes, and cementation. Brady soils present in the deeper horizon of the
depositional landform have a greater potential for stabilization due to the added effect of
cementation on top of the aggregate formation and organo-mineral complexation due to
the compaction from the top. But soils in the shallower sub-surface can be more prone to
dissolution if they come in contact with the modern environment due to erosion and
chemical dissolution by precipitation and wind. Our soils have a pH range of 7.1 to 7.8,
which indicates that high pH can help in OM ionization which can increase its dissolution
and increase its potential organic carbon loss (Pathak and Rao 1998). The stability of the
SOC in the calcareous soils can be altered with moisture gradient as the presence of
moisture can increase microbial activity. The consequences can result in a decrease in pH
and the dissolution of calcium carbonate that previously cemented and occluded SOC
from microbes. TOC% was negatively correlated with pH for all of our soils because
high pH has limited nutrient availability. We noticed that pH can be a master variable in
SOC stabilization as it regulates which cation will play the major role in the stabilization
mechanism, and we also noticed pH is negatively correlated with TOC%, as it affects the
biological activity too and prevents more TOC% accumulation. We believe the
accumulation of Na* in the Brady soils is due to the mobilization of the salt, either
naturally or by previous irrigation practices on the study site. High Ca*? content might
have played an important role in SOC stabilization in these soils through cation bridging
by exchangeable Ca*?, as it is more stable compared to monovalent cations, and thus Ca*?
is a good flocculating agent of the natural systems. SOC can get stabilized by Ca*? by
binding with high molecular weight organic compounds. The amount of silt present in
these soils plays a role in TOC% stabilization. Formation of the aggregate promotes long-
term carbon sequestration by physically protecting the SOM inside the aggregate from
microbial decomposition and action of cementation on top of the aggregates can protect
SOM longer than an aggregate without cementation.
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Figure 3-1 Schematic representation of sampling locations in the study system located in
Nebraska. The depth of the Brady soil varies along topographic gradients, depending on
whether one considers different layers of aeolian deposits the Brady soil was buried
under originally (i.e., burial transect or depositional transect) vs. areas that are currently
eroding (i.e., erosional). Pictures B and C is showing a detail of how the soil samples
were collected from different depth categories.
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Figure 3-2 In these figures, Y-axis shows the values of pH (A) EC (B), total organic
carbon (TOC%) (C), total inorganic carbon (TIC%) (D), total nitrogen (%) (E), and total
organic carbon: total nitrogen (C: N) (F). The X-axis shows the paleostatus from where
the soil has been collected. To understand the variability of pH, EC, TOC%, TIC%,
TN%, and C: N at different soil transects/ landforms (burial vs. erosional) and
paleostatus (modern vs. Brady), modern soils and Brady soils were combined depending
on from which paleostatus and transect they have been collected. Brady soils were
combined depending on which transect/landform they have been collected irrespective of
depth category.
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Figure 3-3 In these figures, Y-axis shows the values of exchangeable Ca (A),

exchangeable Mg (B), exchangeable K (C), exchangeable Na (D), SAR (E), and base

59

cation exchange capacity (CEC) (F). The values of the y-axis are in cmolc/kg soil dry wt
for exchangeable Ca, Mg, Na, and K. The X-axis shows the paleostatus from where the
soil has been collected. To understand the variability of exchangeable Ca, Mg, Na, and K

at different soil transects/landforms (burial vs. erosional) and paleostatus (modern vs.
Brady), modern soils and Brady soils were combined depending on which paleostatus
they have been collected. Brady soils were combined depending on which paleostatus

and transect/landform they have been collected, irrespective of depth category.
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Figure 3-4 In these figures, Y-axis shows the values of exchangeable clay percentage (A),
silt percentage (B), and sand percentage(C). To understand the variability of clay, silt,
and sand at different soil transects/landform (burial vs erosional) and paleostatus (modern
vs Brady), modern soils and Brady soils were combined depending on from which
paleostatus and transect they have been collected. Brady soils were combined depending
on which transect/landform they have been collected irrespective of depth category.
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Figure 3-5 Soils showing the texture class. The red color shows the soils present in the
landform (Depositional or erosional) and paleostatus (Brady or modern), while the grey
color shows all the other soils. To understand the variability of texture at different soil
transects/landforms (burial vs. erosional) and paleostatus (modern vs Brady), modern
soils and Brady soils were combined depending on which paleostatus and
transect/landform they were collected. Brady soils were combined depending on which
transect/landform they have been collected, irrespective of depth category
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Figure 3-6 In these figures, Y-axis shows the values of exchangeable smectite (A), illite
(B), kaolinite (C), and vermiculite (D). The values of the y-axis are in percentage. The
X-axis shows the paleostatus from where the soil has been collected. To understand the
variability of smectite, illite, kaolinite, and vermiculite of these soils, modern soils and
Brady soils were combined depending on which paleostatus (modern vs Brady) and
transect/landform (burial vs erosional) they were collected. Brady soils were combined

depending on which transect/landform (burial vs erosional) they have been collected
irrespective of depth category.
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Figure 3-7 Spearman’s correlation coefficient matrix divided into four different groups.
To understand correlations of these soils, modern soils and Brady soils were combined
depending on from which paleostatus (modern vs Brady) and transect/landform (burial vs
erosional) they were collected. Brady soils were combined depending on which
transect/landform (burial vs erosional) they have been collected irrespective of depth
category. The value of positive (blue) and negative (red) and the correlation coefficient as
variation in rectangle size. Asterix signs were added if the correlation coefficients are

significant (o =0.05).



Table 3-1. Bulk soil texture, total organic carbon (TOC%), total inorganic carbon
(TIC%), pH and electrical conductivity data of modern and Brady soils collected from
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burial and erosional landform at 6 different depth categories. In this table, L= lower layer

of soil and U= upper layer of the soil.

£ 2 & 2E s £ 8 E
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= 8 z gg O s 2 F o
- a n m L
Burial Brady L 55 72 599 328 053 013 7.8 4.6
Burial Brady L 5.5 79 612 309 056 010 7.7 7.2
Burial Brady L 5.5 12 523 357 045 013 738 5.9
Burial Brady L 3.5 9 622 288 044 026 7.7 6.7
Burial Brady L 35 9.7 628 275 030 0.07 77 4.2
Burial Brady L 35 149 492 359 028 015 7.8 6.3
Burial Brady L 15 93 637 27 044 029 78 7.5
Burial Brady L 15 94 599 307 042 018 7.8 4.0
Burial Brady L 15 59 603 338 032 029 78 5.5
Eros. Brady L 15 88 627 285 043 020 8.0 35
Eros. Brady L 15 79 616 305 068 009 7.6 3.6
Eros. Brady L 15 72 555 373 053 016 7.2 4.7
Eros. Brady L 0.5 91 587 321 048 026 7.7 2.4
Eros.  Brady L 0.5 81 597 322 052 007 76 2.6
Eros. Brady L 0.5 53 569 377 049 020 78 2.6
Eros. Brady L 0.2 73 515 412 056 026 7.7 3.6
Eros. Brady L 0.2 6.1 593 346 073 038 77 2.4
Burial Brady U 55 73 596 331 047 011 7.8 4.3
Burial Brady U 5.5 77 624 30 061 031 7.6 7.1
Burial Brady U 55 112 549 339 050 013 8.0 5.6
Burial Brady U 3.5 82 604 314 048 016 7.8 6.0
Burial Brady U 35 9 651 26 044 011 7.7 4.1
Burial Brady U 35 135 52 346 039 026 7.8 6.3
Burial Brady U 15 99 636 265 038 045 78 6.5
Burial Brady U 15 96 601 303 040 039 78 4.0
Burial Brady U 1.5 89 557 354 043 026 7.6 4.7
Eros. Brady U 15 8 557 363 034 054 79 3.1
Eros. Brady U 15 9 66 25 058 016 7.7 3.0
Eros. Brady U 15 73 566 361 046 019 79 4.2
Eros. Brady U 0.5 83 595 323 062 026 7.6 24
Eros. Brady U 0.5 78 57 352 060 023 7.6 2.9
Eros. Brady U 0.5 64 562 374 045 024 77 2.3
Eros. Brady U 0.2 74 504 421 069 038 7.6 3.2
Eros. Brady U 0.2 7.1 50 429 062 024 77 3.2
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Eros. Brady L 0.2 8 54 379 080 025 7.6 2.6
Burial Modern L 5.5 55 511 434 062 011 74 14
Burial Modern L 55 53 473 475 060 021 75 2.4
Burial Modern L 55 59 455 486 050 018 75 2.8
Burial Modern L 35 73 599 329 070 0.06 7.7 6.7
Burial Modern L 35 6.2 57 368 080 011 7.6 2.9
Burial Modern L 35 6.7 51 423 061 0.06 73 2.6
Burial Modern L 15 88 609 303 073 001 74 53
Burial Modern L 15 76 551 373 057 001 6.8 14
Burial Modern L 15 7.2 56 36.8 0.77 003 6.9 2.4
Eros. Modern L 15 6.2 496 442 035 039 77 2.1
Eros. Modern L 15 5.7 52 423 029 032 76 2.1
Eros. Modern L 15 73 491 437 051 043 75 2.8
Eros. Modern L 0.5 6.8 528 404 067 023 76 3.0
Eros. Modern L 0.5 6 521 42 059 026 7.4 2.9
Eros. Modern L 0.5 81 547 371 055 036 75 21
Burial Modern U 55 44 466 49 091 005 7.0 2.2
Burial Modern U 55 57 542 401 075 0.15 7.4 25
Burial Modern U 55 6.2 483 455 074 016 73 2.8
Burial Modern U 35 6.9 61 321 105 004 7.0 1.7
Burial Modern U 35 59 582 359 111 010 7.1 2.2
Burial Modern U 35 6 56.3 37.7 119 010 6.5 1.4
Burial Modern U 15 6.8 635 297 121 013 6.8 25
Burial Modern U 15 7.1 58 349 087 001 6.2 25
Burial Modern U 15 6.2 60.1 337 146 0.07 6.8 2.6
Eros. Modern U 15 57 517 427 071 034 75 3.3
Eros. Modern U 15 6.2 535 404 046 036 7.6 2.4
Eros. Modern U 15 59 506 435 105 014 7.3 3.8
Eros. Modern U 0.5 57 569 375 126 015 7.2 35
Eros. Modern U 0.5 56 516 428 075 044 74 3.1
Eros. Modern U 0.5 7 546 384 119 010 7.3 4.9
Eros. Modern U 0.2 6.6 544 39 119 014 75 4.2
Eros. Modern U 0.2 6.9 53 401 072 032 75 34
Eros. Modern U 0.2 7 56.7 36.3 107 022 75 3.6
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Table 3-2. Bulk soil base cation exchange concentration data for modern and Brady soils
collected from burial and erosional landform at 6 different depth categories. In this table,

L= lower layer of soil and U= upper layer of the soil.

£ Z2 & 2E & o Q

g s & &8s “© H ¢ g

Burial Brady L 55 16.30 178 046 128 1981 0.15
Burial Brady L 55 19.23 208 049 144 2324 0.15
Burial Brady L 55 1700 231 053 171 2155 0.17
Burial Brady L 35 16.68 272 079 165 2185 0.25
Burial Brady L 3.5 1795 251 021 149 2216 0.07
Burial Brady L 3.5 1492 282 038 167 1979 0.13
Burial Brady L 15 1498 406 008 159 20.70 0.03
Burial Brady L 15 16.85 459 008 202 2353 0.02
Burial Brady L 15 1766 351 019 184 2320 0.06
Eros. Brady L 15 1791 293 038 288 2410 0.12
Eros. Brady L 15 1537 200 NA 191 1925 0.00
Eros. Brady L 15 16.01 244 074 247 2166 0.24
Eros. Brady L 0.5 16.23 213 NA 118 1938 0.00
Eros. Brady L 0.5 1599 2.20 NA 133 1940 0.00
Eros. Brady L 0.5 1775 360 NA 180 23.00 0.00
Eros. Brady L 0.2 18.48 2.52 NA 183 2276 0.00
Eros. Brady L 0.2 2110 252 NA 183 2533 0.00
Burial Brady ] 55 1772 221 060 174 2226 0.19
Burial Brady U 55 16.38 165 039 091 1933 0.13
Burial Brady ] 55 2012 324 095 204 2634 0.28
Burial Brady U 35 16.74 3.04 082 170 2231 0.26
Burial Brady U 35 2050 297 036 218 2601 0.11
Burial Brady U 35 16.13 328 051 219 2211 0.16
Burial Brady U 15 1419 357 000 1.88 19.33 0.00
Burial Brady U 15 1822 511 000 200 2529 0.00
Burial Brady U 15 1710 353 0.08 204 2275 0.03
Eros. Brady U 15 1576 263 003 216 2059 0.01
Eros. Brady U 15 15.06 222 000 1.83 19.00 0.00
Eros. Brady U 15 16.17 254 021 275 2166 0.07
Eros. Brady U 0.5 1938 225 000 125 2288 0.00
Eros. Brady U 0.5 2042 216 000 164 2423 0.00
Eros. Brady U 0.5 16.29 223 000 134 19.71 0.00
Eros. Brady U 0.2 2416 235 000 147 2798 0.00
Eros. Brady U 0.2 2190 244 000 214 2647 0.00
Eros. Brady L 0.2 2162 160 000 113 2421 0.00
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Burial Modern L 55 16,81 175 0.00 049 1905 0.00
Burial Modern L 55 1759 152 0.00 0.63 19.73 0.00
Burial Modern L 55 1712 216 0.00 1.07 2034 0.00
Burial Modern L 35 1773 188 0.00 0.79 2040 0.00
Burial Modern L 35 18.04 248 0.00 149 2201 0.00
Burial Modern L 35 18.89 2.03 0.00 0.78 2170 0.00
Burial Modern L 15 1043 271 0.05 258 1577 0.02
Burial Modern L 15 1403 243 0.00 112 1758 0.00
Burial Modern L 15 9.43 166 000 136 1245 0.00
Eros. Modern L 15 18.09 163 0.00 0.83 2055 0.00
Eros. Modern L 15 18.00 167 0.00 0.98 2066 0.00
Eros. Modern L 15 1977 131 0.00 0.73 2182 0.00
Eros. Modern L 0.5 1989 181 0.00 0.78 2249 0.00
Eros. Modern L 0.5 1883 136 0.00 086 2105 0.00
Eros. Modern L 0.5 1841 155 0.00 0.73 20.70 0.00
Burial Modern U 55 1503 189 0.00 0.21 1713 0.00
Burial Modern U 55 1794 152 0.00 046 1992 0.00
Burial Modern U 55 18.10 193 0.00 0.70 20.72 0.00
Burial Modern U 35 11.39 184 0.00 089 1411 0.00
Burial Modern U 3.5 11.25 219 0.00 0.77 1421 0.00
Burial Modern U 35 8.75 166 000 1.02 1143 0.00
Burial Modern U 15 9.06 259 000 181 1346 0.00
Burial Modern U 15 8.78 200 000 170 1247 0.00
Burial Modern U 15 9.05 251 000 166 13.09 0.00
Eros. Modern U 15 21.17 153 0.00 0.89 2359 0.00
Eros. Modern U 15 1884 117 0.00 0.67 20.69 0.00
Eros. Modern U 15 2161 135 0.00 0.87 2383 0.00
Eros. Modern U 0.5 1532 150 0.00 050 1732 0.00
Eros. Modern U 0.5 1999 120 0.00 0.71 2190 0.00
Eros. Modern ] 0.5 1727 155 0.00 0.60 1941 0.00
Eros. Modern U 0.2 19.36 114 0.00 0.74 2124 0.00
Eros. Modern ] 0.2 1561 091 0.00 050 17.03 0.00
Eros. Modern U 0.2 1847 1.09 0.00 0.88 20.28 0.00
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Chapter 4.

Vulnerability of buried vs. modern soil organic matter to
changes in water content: an attempt to infer the effect of
changing precipitation patterns on SOM loss from
paleosols

Abstract

Paleosols that are formed when the topsoil gets buried by lateral distribution of soil can
store large quantities of soil organic matter (SOM) that may persistent over millennial
timescales due to its detachment from the disturbances at the surface. We studied buried
SOM dynamics in the Brady paleosol, a deep loess (aeolian) deposit in Nebraska, USA
where climate has historically driven varying rates of loess deposition during the late
Pleistocene and Holocene, burying soils up to 50 m below the surface. Soils were
sampled along the burial and erosional transects at the depths from 0.2 to 4.2 m to
understand the variability in physical and chemical composition of the soils in buried vs
modern surface. We determined SOM composition using Fourier Transformed Infrared
Spectroscopy (FTIR), total organic carbon, total nitrogen and other soil physio-chemical
properties with SOM composition along with gradients from modern to buried soil layers
in the Brady paleosol. Our data suggested, presence of less decomposed SOM in the
buried layers and erosional landform shallower depth buried soil SOM are similar to the
modern soils. We also determined the vulnerability of SOM by the addition of moisture.
We added water to soil from the different transects and depths, at 60% pore space
capacity in two different experimental set ups — repeated wet and drying cycles, and
continuously wet. We found that erosional transect modern and Brady soils are more
vulnerable to SOM decomposition in both continuous wet and wet-dry cycle. Our two-
pool model fit indicated, slow cycling pool is dominant in these soils and burial transect
Brady soil has the highest amount of slow cycling soil organic carbon (SOC) pool. Fast
cycling pool of the Brady layers are faster than the modern counterpart indicating that the
fast-cycling available SOC that was previously protected will decompose faster when
brought to the modern environment.

4.1 Introduction

The subsoil environment is estimated to account for approximately half of the total global
soil organic C (SOC) (Jobbagy & Jackson, 2000). Generally, the SOC that enters the
deep soil horizons via (a) the transport of dissolved organic C (DOC), (b) movement of
aboveground/root litter along root channels, or (¢) through bioturbation is characterized
by high mean residence times and low carbon-to-nitrogen (C/N) ratio, indicating that
organic matter (OM) in deep soil horizons is highly processed (Rumpel & Kogel-
Knabner, 2010). In comparison, ancient topsoils buried under aeolian, or alluvial deposits
retain soil organic C that reflects the near-surface pedogenic conditions of the past
environment, which may deviate significantly from the present conditions (Marin-Spiotta
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et al., 2014). Although the total amount of C in soil buried during ancient and modern
times is unknown, the frequency of landscape change and disturbance by various
climatic, geologic, and anthropogenic events suggests that it is likely a significant pool
(Marin-Spiotta et al., 2014; Chaopricha et al., 2014).

4.1.1 Stabilization of SOC in Subsurface Horizons

The subsurface horizons lack microbially favorable conditions of aeration, moisture, and
fresh substrate inputs, so they can be suitable for preserving SOC for decades to centuries
(Rumpel et al., 2012; Soong et al., 2021). Therefore, geomorphic processes that lead to
the depositional of topsoil SOC may constitute a terrestrial sink for atmospheric CO,
(Berhe et al., 2007; Stacy et al., 2015).

However, SOC buried in deep layers may become an active component in the global C
cycle as the predicted warmer, wetter, and more extreme climate will lead to higher
erosion rates and exposure of formerly buried layers to oxidizing near-surface
environments (Fontaine et al., 2007). For example, after topsoil erosion, stable SOC from
the buried paleosol can mix with the fresh labile plant residue and be subjected to a faster
turnover rate (Doetterl et al., 2012). Similarly, sustained whole-soil warming can lead to
a substantial loss of subsoil SOC and N stocks (Soong et al., 2021). In addition, road
construction or changes in soil hydrology and plant rooting depths can reconnect buried
SOC to conditions favorable for decomposition. In a rainfall manipulation study, Berhe et
al. (2012) found that an increase in winter rainfall decreases the mineral-organic matter
stabilization by Al and Fe oxides, indicating that changes in the timing of seasonal
precipitation can destabilize old SOC.

The sensitivity of buried SOC to the changing environmental condition depends on the
types of soil minerals present and the soil’s response to the change in annual to decadal
timescale (Harrison et al., 2011). Therefore, predicting the fate and vulnerability of
buried SOC to climate change and landscape disturbance calls for an in-depth
understanding of the mechanisms contributing to storage and turnover in these pools and
their response to changing environmental conditions.

4.1.2 Study Goals

This study aimed to compare stoichiometric composition and sensitivity to precipitation
of buried and modern soil organic matter (SOM) collected from erosional and
depositional transects of a prominent paleosol (Brady soil) buried by loess between ca. 13
to 10 kya at different depths and landforms in the Central Great Plains, Nebraska. The
guiding hypotheses of this study were (a) elevated moisture and near-surface aeration will
initiate the decomposition of previously preserved in buried Brady soil, (b) buried SOM
in the erosional transect is more vulnerable than the depositional transect as the shallower
depth along with erosion allows mixing of new C with the SOC, and (c) high
concentrations of pyrogenic SOC (Marin-Spiotta et al., 2014) in the buried SOM of the
depositional transect renders it slower turnover rate.

In this study, we conducted a controlled in-situ experiment on soils from Wauneta,
Nebraska, to understand the effect of different amounts of moisture and C mineralization
from buried soil present at different depths vs modern soils collected from the top of
these different depths buried soils. We choose two different landscapes as the amount of
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SOC can vary spatially depending on the landscape and climate history, thus making it
difficult to understand the effect of different moisture addition on soils from different
landscapes. Our objective of this study was to understand CO, efflux to water addition in
buried paleosol vs modern soils. By using a laboratory incubation, we tried to answer the
following questions: What is the vulnerability of Brady soil SOM to the input of water?
Are the Patterns of soil CO; efflux in response to dissimilar water addition (continuous
wet vs wet-dry-rewet) events the same between the modern and Brady soil at erosional
and depositional landforms? How does short-term pulse impact C release from Brady and
modern soils?

4.2 Materials and Method

4.2.1 Site descriptions

Incubation soils used in this study were collected from the Wauneta, Nebraska, Great
Plains, where climate-driven varying rates of loess deposition during the Late Pleistocene
and Holocene resulted in sequences of buried soils in thick loess deposits (Johnson et al.,
2007). The mean annual temperature of this area is 9.7°C, mean annual precipitation is
495 mm (seasonal). This area sees snowfall from October to April, and most of the
rainfall occurs during the summer months with a mean temperature of 25.7°C (Woodburn
et al., 2016; US Climate data). The vegetation is mixed C3, C4, and short grass prairie,
and the land is cultivated where the topography permit and grazed where the topography
doesn’t. One especially prominent paleosol here, known as Brady soil, formed between
cs. 13 to 10 kya and was buried by loess (Mason et al., 2008). Brady soil is a
morphologically distinct stratigraphic and paleoenvironmental marker in the central great
plains (c). Brady soil was formed due to aeolian deposition which has an important
beneficial effect such as nutrient transportation to the terrestrial and aquatic system
(Sankey et al., 2009; Neff et al., 2008; Lal et al., 2003; Jickells et al., 2005; Reynolds et
al., 2001). Jacobs and Mason, (2004) study found that the Brady soil has A, B, and C
horizon morphology. The A horizon is very dark greyish brown, and the texture is
invariably silt loam. The dark color of the Brady soil A horizon is suggested coming from
the biogeochemically stable clay-organic matter complexes (Jacobs and Mason, 2004)
depending on a Mollisols study in that region, but the organic carbon chemistry in the
Brady soil is not studied well. Secondary calcium carbonates are present in the A and
other horizons of the Brady soil. Previous works have suggested that Brady soil was
formed in a stable landscape (Mason and Kuzila, 2000), and it had time to form because
of the reduction in the deposition rate (Jacobs and Mason, 2007). Here the modern soils
are loess derived Mollisols.

Soil samples from the buried Brady soil and overlying modern soils were collected from
two different topographical sequences- erosional and depositional landform in the
summer of 2016 and 2017 to account for the differences in depth of depositional and
increasing exposure of buried soils due to erosional processes and modern soil formation
processes (Figure 1). The depositional (depositional) landform Brady soil samples were
collected from depths of ~5.5m(A), ~3m(B), and ~1m(C), whereas the erosional Brady
soil samples were collected from the depth of 1-1.5m(B), ~0.5m(C) and ~0.2m(D), where
the letters-A, B, C, and D represent locations within the landform (see Figure 1. Soils
were sampled using Giddings’s probe (Giddings Machine Company; Windsor, CO) in
10.2 or 8.9m sampling tubes for the depositional landform and by digging pits for the
erosional landform (see details in Szymanski et al., 2022, in preparation). For all the
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locations, the sampled depths include Modern upper (0-30cm), and as soon as we hit the
buried Brady layer Brady upper (0-30cm), soils were collected for this incubation study.
All the reported soil physio-chemical property values are the mean of the three replicates
of the 6 sequential depth categories of the continuum of buried to ~5.5 m, ~3m, ~1m, and
eroded to ~1.5m, ~0.5m, and ~0.2m for a total of 18 sample locations identified as either
depositional (depositional) or erosional. Soil landforms, sampling locations, and different
depth categories of Brady soil were selected using information from prior research
(Jacobs and Mason, 2004; Marin-Spiotta et al., 2014; Mason et al., 2008).

4.3 Soil chemical and physical properties

4.3.1 Soil pHand EC

Bulk soil pH was measured in a 1:2 (suspension: solution) slurry in deionized water and
0.01M CaCl; (Mason and Kuzila 2000), and soil electrical conductivity (EC) was
measured in a 1:1 (soil: water) mixture by using a soil survey laboratory manual (1996) at
University of Wisconsin, Madison. Detail of this experiment has been provided in
Chapter 1, section 2.2.

4.3.2 Soil particle size analysis

Soil particle size was determined by high-resolution particle size analysis by laser
diffraction by using a Mastersizer 2000 particle size analyzer (Malvern Panalytical,
Malvern, UK) (Jacobs and Mason 2007) at the University of Wisconsin, Madison. First,
the soil samples were dispersed with 10ml of 50mg/L sodium- hexametaphosphate (Na-
HMP) and sonicated by a 6m ultrasound. Clay contents were determined by wet sieving
and pipette separation with H.O and sodium acetate buffer to remove the aggregation
caused by organic matter and the presence of carbonate (Kilmer and Alexander 1949;
Gee and Bauder 1986; Jacobs and Mason 2007). The details of this analysis have been
given in Szymanski (2021)

4.3.3 Bulk soil stable isotope, C and N concentrations

Before incubation, the bulk soils were analyzed for concentration of C, N, and 33C, 6*°N
isotopes. Approximately 70 (20.5) mg of soil were weighed out into a tin capsule for N
concentration and 3N analysis, whereas 10(+0.5) mg of soil were weighed out into a
silver capsule, incubated with 12.1(M) hydrochloric acid (HCI) (Harrison et al., 2001) to
remove the carbonate and hence got the organic C concentration and §'C values of the
organic C. All the analyses were done at the Stable Isotope Ecosystems lab (SIELO), the
University of California, Merced using a 4010-elemental analyzer (Costech) that is
attached to a ThermoFisher Delta V Plus isotope ratio mass spectrometer (IRMS) with
Conflo 1V interfaces. The calibration curve was produced using- USGS 40 L-Glutamic
Acid, USGS41a L-Glutamic Acid, EA sediment, and Costech Acetanilide to provide a
corrected 8*Cvepg Value. The details have been provided in Chapter 2.

4.3.4 Chemical composition of the bulk soil

Prior to the incubation, samples were analyzed for chemical composition by diffuse
reflectance infrared fourier transform (DRIFT) spectroscopy under a vacuumed chamber
by using a BrukerlIFS 66v/S IR system (Ettlingen, Germany) equipped with a Praying
Mantis DRIFT apparatus (Harrick Scientific Corporation, Ossining, NY) and background
correction was carried out using OPUS-6.5 software. We recorded IR absorbances in the



73

mid-IR range (400 to 4000 cm™?) at a resolution of 4 cm™. In all cases, 500 scans of the
sample were recorded with a KBr background. Soil samples didn’t need to be diluted to
understand the variability of the soil organic compound. Baseline corrected DRIFT peak
areas of three main functional groups: aliphatic (C-H), aromatic (C=C), and carboxylic
(C= 0O) were selected based on previous research (Ellerbrock et al., 2004; Parikh et al.,
2014; Ryals et al., 2014; Viscarra Rossel et al., 2016; Hall et al., 2018; Mainka et al.,
2022). These groups indicate differences in chemical properties as described in Mainka et
al., 2022 Table.1. Peak area 2898-2976 cm™ and 2839-2870 cm! was attributed to
aliphatic C-H (Parikh et al., 2014; Hall et al., 2018) and presented as simple plant-derived
organic compounds (S-POM) (Mainka et al., 2022). Peak area 1500-1550 cm™
represented as C=C aromatic compound (Parikh et al., 2014; Hall et al., 2018) and related
to lignin-derived complex compound (C-POM) (Ryals et al., 2014; Mainka et al., 2022).
Peak area 1660- 1580 cm™ represented carboxylic C=0 (Parikh et al., 2014) and was
interpreted as microbially derived organic compounds (MOM) (K&gel-Knabner and
Amelung, 2014; Mainka et al., 2022).

4.3.5 Incubation Experiments

4.3.5.1 Soil preparation

Soils used in continuous wet and drying-rewetting experiments were collected from
modern soil upper surface (0-30cm) and Brady soil upper layer (0-30cm) as soon as we
reached the different depths of Brady soil at depositional and erosional landforms. The
study site has a midwestern climate indicating utmost differences between the seasons
with less humid drier weather. The surface modern soil of the study site was silt loam in
both depositional and erosional landforms. Brady soils were collected from ~5.5m,
~4.5m, and ~ 1.5m from the depositional landform, and ~1.5m, ~0.5m, and ~0.2m from
the erosional landform were also silt loam. Soils were passed through a 2mm sieve,
homogenized, and subsampled for incubation experiments. Finally, the soils were
grounded on a SpexMill-8000D (SPEX SamplePrep; Metuchen, NJ) ball grinder at the
University of Wisconsin, Madison. Here we did two different types of water addition
experiment-continuous wet and drying-rewetting. To see only the effect of moisture on
these soils, roots >2mm were removed by sieving and manually.

4.3.5.2 Experimental setup

The incubation experiment was conducted in 80z mason jars. Previously homogenized
three replicates of soils were subsampled and added to the mason jars to the equivalent of
30 (£0.5) g dry mass. After adding the soils into the jar with a predetermined amount of
ultra-pure Milli-Q water, they were kept at room temperature. The average temperature
was consistent at ~25° C to match the average temperature of the soil in this area
(https://cropwatch.unl.edu/soiltemperature). This area gets snow during the winter
months and experiences seasonal fluctuation in moisture during the summer months. The
mineralized fluxes associated with different soil moisture have the potential to impact the
total annual C release. Soils were exposed to continuous wet and drying-rewetting
treatment during a long-time experimental setting at room temperature (~25 C). We
choose room temperature for this experiment as the area generally has an average of 25.7
C during the summer rainy season when the soil experience most of the precipitation. The
treatments were 1) continuous wet (moist at 60% WHC), where the moisture was kept
constant throughout the experiment and 2) a wet-drying cycle in which soils were
rewetted after the 7-day drying period (total 8 cycles). Each treatment group soil had 2
replicates. We also included soils with 5% WHC as control. The jars were equipped with
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a lid that had a fitted rubber septum for headspace gas sample collection. Silicon gels
were applied surrounding the septum surface to prevent any headspace gas loss during
the experiment. For the continuous wet experiment, soils were kept at constant moisture
of 60% WHC and jars were sealed until the sampling time. On average, soils lost 0.01ml/
day? of water per day, but the water loss ranged from 0.005ml/ day™ to 0.02ml/ gay* for
the continuous wet experiment. Water was added to the soils after headspace gas
collection to avoid the birch effect for the continuous wet experiment, and after every
sampling, lids were kept open for an hour to equilibrate the jar CO2 concentration with
the ambient air CO- concentration. For the wet-dry experiment, soils were rewetted every
7-day by slowly adding deionized Milli-Q ultrapure water into the mason jar with a
predetermined aliquot of water to bring the soils to 60% WHC. After adding the water,
jars with soils were tied with a lid, and after 6 hours, evolved headspace gas samples
were collected for the measurement of CO, concentration. After sample collection, soils
were dried down to 5% WHC by removing the mason jar lids and keeping them in the
incubator at ~25° C. The wet-drying data is presented here in days to compare with the
continuous wet experiment.

4.3.5.3 Sampling schedule and evolved CO; analysis

For the continuous wet experiment, headspace gas for CO; analysis was collected on days
1,3,5,7,11, 16, 27, 55, 82,114, 151, and 225. For the continuous wet experiment, jar
lids were kept open for one hour after each sampling to equilibrate the jar’s air with the
ambient air. To collect gas for the drying-rewetting experiment, jars were sealed for 6
hours after adding water, and headspace gas samples were collected to see the birch
effect on days 1, 7, 21, 28, 35, 42, and 49. Control samples were also collected on these
days for both experiments. The total incubation time for the continuous wet soils was 225
days, and for the drying-rewetting experiment soils, it was 56 days. Evolved CO,
concentration of the soil samples for two different treatments and control was analyzed in
a Shimadzu 2014 gas chromatograph (Kyoto, Japan) fitted with a thermal conductivity
detector for CO concentration at UC Merced and in an LI-830 CO- gas analyzer (IRGA,
infrared gas analyzer) at LLNL.

4.4 Data analysis

Data are presented as mean * standard error for soil pH, EC, 6°C, °N, C%, N%, C: N,
silt%, clay%, sand%, C-POM, S-POM and MOM. Brady soils from 5.5m, 3.5m, and
1.5m at depositional landform and at 1.5m, 0.5m, and 1.2m at erosional landform were
combined together to understand the effects of paleostatus (Brady vs modern) and
landform (depositional vs erosional) on soil respiration, fraction modern values, pH, EC,
813C, 8°N, %TOC, %TN, C: N, silt%, clay%, sand%, C-POM, S-POM, and MOM. To
understand the differences in each soil type (i.e., paleostatus modern vs Brady) present at
different landforms (depositional vs erosional), we combined the paleostatus with
landform. We did Kruskal-Wallis’s test to see any difference. All tests were followed by
a Dunn’s posthoc test to determine pair-wise significance differences using CRAN-R
(version 3.5.1; R Development Core Team, 2017). Significance was determined at <0.05
unless otherwise noted.

Soil incubation data were presented as the replicate of two samples for the continuous
wet and drying-wetting experiment and one sample for the control experiment. The
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concentration of the CO, from the soils was corrected for g C and for the respiration per g
soil with the below equation

pumol CO, 1073 molair 12 ugC

C-CO, = l air X X X 1
hg 2 = mmotatr mol air mmol air umol C @
Here, we present cumulative respiration flux by summing the continuous wet fluxes
throughout the time of incubation for the continuous wetting experiment. Finally, we
fitted two-pool first-order decay models to the data
Cco, () = Co(fre ™t + fyeks ) (2)

where Cco, (t) is cumulative pg C of the incubated soil at day t, C, denotes TOC, f; +
fs = 1 denote the fast and slow cycling fractions of the TOC, respectively, and f¢ and f;
are the corresponding decay rate constants. The model was fitted to the data using
nonlinear least-squares fitting function “nlsLM (minpack.lm)” in R.

4.5 Results

4.5.1 Soil physiochemical properties

We saw an increase in the soil pH along with depth from modern soil to the buried Brady
soil in both erosional and depositional landforms. Depositional modern soil has (an
average of ~6.9+0.4) lower pH compared to the erosional modern (an average of
~7.4+0.1) soil. Depositional modern soil pH was significantly lower than depositional
modern(p=0.00001) and Erosional Brady (p=0.0004). Depositional Brady soil pH was
significantly different from erosional modern soil (p=0.006). Erosional modern soil pH
was also significantly lower (p=0.008) from depositional Brady and marginally
significant (p <0.1) from erosional Brady soil. EC was significantly low in depositional
modern soils than in depositional Brady (p= <0.001) and erosional modern (p= 0.018),
and depositional Brady has significantly higher EC than erosional Brady soil (p=0.005).
A detail has also been provided in Chapter 1.

4.5.2 Soil particle size

Clay content was high in Brady soils compared to modern soils. Brady soil clay content
in the depositional landform was an average of 9.6 % (£ 1.9), and in the erosional
landform, it was an average of 7.7% (%0.8), whereas, for the modern soils, it was an
average of 6.1% (+0.8) and 6.29% (+0.6) for depositional and erosional landform
respectively. Clay content was highest in the intermediate depth (~4.5m) of depositional
landform Brady soil which was around 10.5%. Clay content was significantly higher in
depositional Brady soils compared to depositional modern and erosional modern
(p<0.001). There was no significant difference in clay content between depositional
Brady and erosional Brady, but erosional Brady has significantly higher clay compared to
depositional modern and erosional modern (p=0.03)

Silt and sand content for the Brady and modern soils were almost similar. Brady soil had
an average of 59.3% (£4.3) and 56.2% (+ 4.8) of silt and 31.2 % (+3.4) and 35.6 % (+
5.0) of sand, considering that modern soils had an average of 56.24% (+ 5.67) and 53.7%
(x2.2) of silt and 37.6% (£6.3) and 39.0 % (£2.9) sand in depositional and erosional
landform subsequently. Silt and sand content (%) was significantly higher in depositional
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Brady soils compared to erosional modern, where the p-value was 0.04 and 0.002 for silt
and sand consecutively. Finally, buried Brady soils and modern soils were characterized
as silty loam in both depositional and erosional landforms, except one modern soil that
was collected from the top of the ~5.5m Brady soil was characterized as sandy loam. A
detail has also been provided by Szymanski (2021).

45.3 Elemental C, N, and isotopic Data

Total organic carbon (%) was higher in the modern soil and lower in the Brady soils, and
we notice an exponential decrease while going from modern to Brady soils (Fig.2 a).
Organic C (%) in the modern soil ranged between 0.74% to 1.2%, and for the Brady soil,
the range was between 0.4% to 0.71%. We found a significantly higher organic C (%)
depositional modern (p=0.0001) than depositional Brady, and there was no significant
difference between erosional modern and erosional Brady soils.

Total nitrogen (N) (%) in the Brady soil ranged between 0.04% to 0.07%, and for the
modern soils, these values were between 0.08% to 0.13%. Total N (%) was higher in the
modern soil compared to the Brady soils in both depositional and erosional landforms.
We found a significant difference in total N (%) among the groups’ depositional Brady-
depositional modern (p=0.00008), depositional modern- erosional Brady (p=0.004), and
depositional Brady- erosional modern (p=0.003). The C: N ratio was higher as we went
down from modern to Brady soil in the erosional landform, but the ratio remains similar
in the depositional landform. For the Brady soil, the C: N ratio varied between 9 to 11,
and for the modern soils, it was between the range of 9 to 10. We found a significantly
higher C: N ratio in erosional Brady soil compared to depositional modern and erosional
modern soil with a p <0.001 and p= 0.03, respectively.

The §C values were lower or depleted than those measured from modern soil layers, but
erosional landform Brady soil stable §'*C values were higher or enriched. Modern soil
813C values ranged between -16.1 %o to -19.1 %o, and for the Brady soils, these values
ranged between -17.6 %o to -19.3%o. We found a significant enrichment in 5*3C values for
the depositional modern soils compared to depositional Brady (p<0.001) and erosional
modern (p=0.01). In the erosional landform, the §°N values enriched as we went down
from modern to Brady soils and these values decreased as we went from deeper to
shallower Brady soils (Fig.2 ¢). The 8'°N values in the Brady soil ranged from 3.5%o to
4.9%o, and for the modern soils, they ranged between 0.8%o to 7.9%o.. Depositional
landform modern soil had higher §'°N values compared to the erosional modern soils, and
depositional Brady soils 3!°N values were depleted compared to the modern soil. We
found significantly lower 6*°N values among the erosional modern soils compared to
depositional Brady (p=0.01), depositional modern (p<0.001), and erosional Brady
(p=0.02). A detail has also been provided in Chapter-1 and by Szymanski (2021).

454 DRIFT-FTIR data

DRIFT measurement showed distinguishing peaks of SOM interest in these soils. DRIFT
peak area related to S-POM was significantly low in depositional Brady soils compared
to depositional modern and erosional modern (p <0.001), whereas C-POM was
significantly higher in erosional modern compared to depositional Brady (p=0.038), and
MOM was significantly low in depositional Brady compared to depositional modern
(p=0.007) and erosional modern(p=0.002). This raised concern as C-POM might be
sitting at Brady soil as undecomposed due to the absence of a proper environment. There
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was no significant difference in S-POM, C-POM, and MOM between depositional Brady
and erosional Brady soil.

4.5.5 Effects of continuous wetting on soil CO2 efflux

In the continuous wet soil treatment group, erosional landform modern soil has the
highest respiration averaging 35,945.37 ug C-CO, gC* compared to the depositional
modern soil averaging 25,273 pug C-CO, gC* at the end of the 225 days. Among the
Brady soils, erosional landform soil respiration was higher, averaging 22,580.22 ug C-
CO, gC* compared to the depositional landform that respired 9,281.61 pg C-CO, gC* at
the end of the 225 days incubation period. This trend was observed from the very first
day of incubation. At the beginning of the experiment on days 1, 3, and 5, erosional
landform modern soil collected from the top of the shallowest depth Brady soil (~0.2m)
produced the highest cumulative pg CO, gC* compared to the other soils. Among the
erosional and depositional Brady soils, the intermediate depth (~0.5m) Brady soil
collected from the erosional landform emitted the highest cumulative CO, (33160.77 g
C-CO, gC*), and the deepest Brady soil collected from ~5.5m at depositional landform
emitted the lowest cumulative CO, 4138.39 ug C-CO; gC™?). By the end of the 225 days
incubation period, the cumulative CO; flux of the erosional modern soil increased by ~16
fold, whereas depositional modern soil flux increased by ~13 fold compared to day 1.
When the evolved CO; concentration was compared among different depths of the
depositional landform Brady soil, CO- efflux followed the trend of shallowest depth >
intermediate depth > deepest depth, but in the erosional landform, it was intermediate
depth > shallowest depth > deepest depth. Among the depositional landform control soils
(with 5% WHC), the shallowest depth Brady soil produced the highest CO,, and modern
soil collected from the top of intermediate depth Brady soil produced the least CO..
Among the control soils in the erosional landform highest CO, was evolved in the
intermediate depth (~0.5m) Brady soils, and the lowest CO was evolved in the modern
soil collected from the top of the shallowest depth Brady soil. Depositional modern soil
emitted significantly higher CO until 151 days and after that, there was no significant
difference. Erosional modern has significantly higher evolved CO, compared to the
depositional Bray soils (p=0.005) throughout the experiment. In the first 30 days of the
incubation, erosional modern soils emitted significantly higher CO, compared to
erosional Brady (p=0.017) and depositional Brady (p=0.001); depositional modern soils
emitted significantly higher CO2 compared to depositional Brady (p=0.02). Within the
first two weeks of incubation, depositional modern soil accounted for ~38.5% of total
cumulative respiration, and erosional modern soil accounted for ~31% of total cumulative
respiration over the 225 days of incubation, while the erosional Brady accounted for
~17.5% and depositional Brady accounted for ~27% of the total cumulative respiration.
A detail can be found in Table 2.

We fitted a first-order decay curve with the cumulative CO; data, and all data were the
best fit by the two-pool decay function. This model was a significant predictor (p <0.05)
for most of the data except some erosional shallowest Brady, deepest Brady, and one
depositional deepest Brady soil. In this 2-pool model, there was a large slow-cycling pool
(>97%) (Figure4.a) and a much smaller fast-cycling pool where the decay constant of the
slow-cycling pool is ~1000 fold slower compared to the fast-cycling pool. The
cumulative respiration from the soils with 60% WHC continuous wet experiments was
highest compared to the soil with control at 5%WHC. Depositional Brady soil emitted
highest CO- concentration compared to other soils in the control with 5% WHC.
Increasing soil moisture increase soil respiration and hence increase soil CO; production
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up to a certain optimal level and then get reduced; that’s what we see in our continuous
wet experiment. The decline in the respiration rate over time indicates a decline in the
decomposition rate. The decay constant (k) is significantly slower in the depositional
Brady soils compared to the erosional modern soils, and the decay constant for the fast-
cycling C-pool is much higher in erosional modern soils.

45.6 Effect of drying rewetting on soil COz2 efflux

To calculate the soil respiration after rewetting, headspace gas was collected after 6 hours
from each sample. In this experimental design, erosional modern soil respired more CO-
compared to other soils. Among the Brady soils present in the depositional and erosional
landform, the shallowest depth Brady soil at the erosional landform emitted the highest
ug C-CO, gC* followed by the deepest Brady soil from the depositional landform at the
end of 49day. At the end of the 49day with 8 wet-dry cycles, the overall respired CO>
trend was erosional modern > erosional Brady > depositional modern > depositional
Brady. Depositional Brady soil accounted for a decrease of ~58% in total respiration,
followed by erosional Brady with ~56% of the total decrease in respiration over the 49
days of incubation, while the depositional modern accounted for ~31%, and erosional
modern accounted for ~39.5% of the total respiration decrease. Experiment with
60%WHC, CO; efflux was higher compared to the control with 5%WHC (Figure 7). In
control soils, depositional Brady evolved the highest CO; throughout the experiment.

Over the period of the laboratory incubation with drying-rewetting experiments, the
overall rate of CO; efflux was highest in the erosional modern soils, followed by
erosional Brady, depositional modern, and depositional Brady soil. Rewetting the dry soil
constantly produces large fluxes where the largest pulses are produced on the first day
and declined over time; at the end of the 49 days, the largest, 1170.13 and 1064.83 g C-
CO; gC* pulse was produced in the erosional modern and erosional Brady soils
respectively, but depositional Brady soils produced 742.80 ug C-CO, gC* pulse. This
support our hypothesis that buried soil, which does not experience a regular wet-dry
cycle, present in the erosional landform, will have more microbial stress, and the SOC
present there will be more susceptible to C-mineralization. This can be related to the
presence of the higher labile compound in the erosional Brady soil due to the shallower
depth and effect of priming by plat roots or bioturbation. But at the end of 49 days, there
was no significant difference in evolved CO; between depositional or erosional soils. We
see a significantly high evolved CO2 from erosional modern soil compared to
depositional Brady soil till cycle day28, and after that, the significance disappears. On
wet-dry cycle day 42, we noticed significantly high CO, from erosional Brady soil
compared to the depositional Brady soils. A detail can be found in Table 3.

4.6 Discussion

Our data suggest that the slow decomposition of the buried Brady soil in the depositional
landform is attributed to two main factors. First, the long-time persistence of the buried
Brady soil (Figure. 1.b) is due to the environmental conditions that have prevented
microbial decomposition of this soil SOM, and second is the thermal transformation of
the SOM into a highly condensed aromatic compound (Marin-Spiotta et al., 2014), which
is not easily decomposable by all microbial communities (Schmidt et al., 2011). Our two-
pool model decay constant of the slow pool (Figure 4.B) shows that Brady soils present
in the depositional landform have the slowest decay constant rate while the erosional
landform Brady soil decay constant is comparable with the modern soils.
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The decline in the respiration rate over time that we see in both continuous wet and wet-
dry experiments indicates a decline in the decomposition rate. This can be connected to
the labile S-POM present in the soils (Figure. 3). Although there was no significant
difference in the S-POM area between depositional modern vs erosional modern and
depositional Brady vs erosional Brady soils, the highest CO, evolution occurred in
erosional modern soils, which might indicate that there might be a priming effect in the
erosional soils compared to the depositional soils (Kuzyakov et al., 2002). We know that
higher EC decreases the soil microbial activity, hence the decomposition, and we see
significantly higher EC in depositional Brady soil compared to the erosional Brady soils,
which might have contributed to the high evolved CO, although there is no significant
difference between these soils in clay, sand, silt, S-POM, and TOC% content. As total
organic carbon (TOC%) (Figure 2. a) declines exponentially from modern to deep-buried
Brady soil, it is likely that the microbial biomass also declined and shifted to either a less
diverse or starvation-tolerated community (Fierer et al., 2003), but the exact mechanism
that drives this pattern is unknown. As the amount of organic carbon declines from
topsoil to the deeper soil profile, environmental variability also changes. Topsoil goes
through a wide range of temperatures and moisture fluctuations, while deeper soil has a
more constant environment (Rumpel et al., 2012). Xiang et al. (2008) indicated that the
evolved CO, from soil not only depends on the amount of labile C availability but rather
an inability of the microbes to access it physically, which is a likely condition for the
deeply buried Brady soils in the depositional landform. Fierer et al. (2003) argued that the
presence of low labile compounds in the deeper soil prevents decomposition, and the
availability of the labile C can prime deep soil OM decomposition. This might be true for
our deeply buried Brady soils, where the amount of labile compound is smaller, and the
condensed aromatic structure (Marin-Spiotta et al., 2014) is preventing the microbial
community from decomposition. But the shallowest-depth Brady soil in the erosional
landform emitted more CO, compared to the deeper Brady soils might be due to the
presence of newer carbon input that primed the previously stabilized ancient carbon.

We noted a significant difference in evolved CO, from the erosional modern soil
compared to depositional Brady soil at the end of 225 days of the continuous wet
experiment (Figure 7, Table 2). This higher rate of OM decomposition in erosional
modern soil can be attributed to the differences in soil OM availability and soil
physiochemical properties due to the different landforms and soil positions (Berhe et al.,
2012). The difference in respiration can be supported by further research on the microbial
community present in the depositional vs erosional landform. So, we see that soil burial
can act as a significant C-sink where SOC can stay longer due to the unfavorable
environment for microbial decomposition. On the first day of incubation, erosional Brady
soil’s initial respiration was around double that of the depositional Brady soil, which
suggests that erosional Brady soil has an easily decomposable C compound and may have
a smaller long-time mineralizable C pool. This can be supported by the study of Marin-
Spiotta et al. (2014) on a similar site depositional landform, Brady soil. The study
indicated that 40% of the Brady soil SOM is derived from fire, which has helped the
SOM to transform thermally, thus not easily decomposable. Although, there was no
significant difference among the Brady soils for simple, complex and microbially derived
organic matter (Figure 3, Table 1.B) erosional Brady soil evolved more CO, than
depositional. This finding ca be supported by a soil physical fractionation study by
Szymanski (2021) on this similar soil where she reported that more than 50% of the SOC
of these Brady soils are associated with mineral-associated fraction, hence less
accessibility for microbial decomposition. Ventura et al. 2014 study found a higher
decomposition rate for biochar when the plant roots are present in a field experiment. A
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study by Sing et al. 2012 based on a modeling approach to understand biochar
decomposition revealed that for one-pool average turnover time can be 88yearss. For a
two-pool approach, it can be 3 years for a fast-cycling pool and 870 years for a slow-
cycling pool. Since we did the experiment in a laboratory setting, we might have missed
several environmental factors which can be present in a field. As freezing/thawing can
disperse biochar, bioturbation and aggregate destruction by root can have a priming effect
due to increased microbial activity (Pausch et al., 2012) in the field environment. This
indicates that our deeper Brady soils can become vulnerable to available fire-derived
SOC mineralization if they come to the modern environment and accommodate newer
carbon. Thus, a detailed analysis of the combustion temperature of these PyC present in
the depositional landform Brady soil and longer incubation experiment (years to decades)
with higher temperatures and microbial biomass might show the effect of the
decomposition rate will be on these fire-derived SOC (Abney et al., 2019; Sing et al.,
2012; Kuzyakov et al., 2014).

Overall, there might be several factors that might have interacted to cause the higher
decomposition of SOC in erosional vs depositional landform soils. A two-pool decay
model was used to fit our data to see the slow cycling and fast cycling C-pool. Our slow
pool decay rates were ~1000-fold higher than the fast pool decay rates, which may
suggest that the calculated pools are representative of the non-labile carbon. A priming
effect is noticed in the erosional modern, and erosional Brady soils as the Fy, value is
significantly higher (Table 1. B) in them compared to depositional Brady and
depositional modern soil consecutively (Chapter 1), indicating the incorporation of newer
carbon.

Fierer and Schimel (2003) study on surface soil showed that just after wetting, most of
the C respired is dominated by microbial C and also noted a large release of non-
microbial extractable organic carbon (EOC), which might be taken up by the remaining
alive microbes for osmolyte production during the drought cycle. Mikha et al. (2005) did
a multiple wet-dry cycle study on agricultural soil and noticed that it reduced respiration
even below the continuous moist cycle and concluded that high microbial stress is
affecting CO, emission. We see a similar result for our Brady soils collected from the
~5.5m, ~3.5m, and ~1.5m of the depositional and erosional landform, which can be tied
to the limited labile organic carbon resource in these buried soils where the microbial
stress mechanism is dominating. Miller et al. (2005) study on California soil indicated
that rewetting could expose the substrate to enzymatic attack during a dry period. Xiang
et al. (2008) indicated that dry soil processes liberated EOC, and this increased over the
incubation period, and it was similar in the continuously wet experimental system. There
are mainly 2 mechanisms by which CO- pulse occurs in the wet-dry experiment. Water
addition disrupts the soil structure and makes the previously protected organic matter
available, and as this product is getting used by microbes, the pulse starts to decrease
every cycle. But for buried soil that has not experienced this type of disruption, the first
addition of moisture will disrupt the aggregate, and bioavailable organic matter will be
decomposed by microbes by producing a large pulse. But the first pulses were not
significantly larger than the next pulses. Another mechanism can be the carbon
movement to microbes limiting their use of the bioavailable carbon. When the water is
always there, diffusion can be the mechanism for microbes to get the carbon, and in soil,
that process is generally slow, especially for the deeper soil where the substrate is low
and can prevent the microbial population from growing (Xiang et al., 2008). This
indicates bioavailable C in the deeper soil is diffusion limited; when the soil is rewetted,
the C will move through the soil and will become microbially available. As every
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rewetting event will equilibrate the available C and a small portion of it will be used, we
will see a slower decrease in the soil pulses through multiple cycles, which we saw in our
Brady soil samples. So, with all this evidence, it can be concluded that transport is
playing an important role compared to the physical disruption, especially in the buried
Brady soils, but this remains to be further testing of the soils.

In our control experiment, the deeper Brady soils at depositional landform with 5% WHC
evolved the highest CO., followed by the shallower Brady soils in both continuous wet
and wet-dry experimental setups, although Szymanski (2021) study reported no
particulate organic matter (POM) in the deeper Brady soils, and there was not enough
increase in POM with the increasing exposure to the erosional landform Brady soil either.
More interestingly, wet-dry experiment, Brady soils are only 10 times more active than
the 5% control. This indicates that water stress is probably higher in deeper Brady soils
compared to the shallower Brady soils. This higher CO; flux can be also attributed to
high microbial stress in the presence of very little moisture after a long drying period.
This also tells us that changes in precipitation patterns with prolonged drought will make
these Brady soils more vulnerable to SOC decomposition.

The soils of this area are calcareous soils with visible carbonate filaments and small
nodules, as explained by Szymanski (2021), and there is a possibility of chemical
dissolution of carbonates which might show higher CO; fluxes (Tamir et al., 2011). We
must remember that 30% of the earth’s surface is covered by Ca-rich soils (Rowley et al.,
2018), and if there is any small change in the moisture, new CO- fluxes will be added to
the atmosphere through calcite dissolution (Schlesinger, 1985) too. This study on
calcareous soil gives us an overview of how much total (organic + inorganic) carbon-CO;
can be added to our environment from this area alone in case of any change in moisture.

Marin-Spiotta et al (2014) study suggested that the Brady soil in this area can store up to
675.2 Mg organic carbon (OC), and we do not know how much of this OC is under the
erosional landform. For both the continuous wet and wet-dry experiment, erosional Brady
soil CO; efflux was similar to the erosional modern CO, efflux and higher than the
depositional landform modern soil efflux. Although these modern and Brady soil’s >97%
SOC is present in a slow-cycling pool, the rate constant of the slow-cycling pool is
similar for erosional Brady and modern soils present in depositional and erosional
landforms. The fast-cycling pool decay constant for the erosional Brady soil is also
similar to the modern soils of the study area (Figure 5. ¢). Our study suggests that Brady
soil in erosional landforms is more vulnerable to future disturbances. Erosion suggests an
increase in wetness along with an increased temperature compared with depositional
landforms, which can eventually increase the carbon mineralization processes. Our
finding also supported that the erosional landform Brady soil is more vulnerable and can
act as a source of climate change as the decomposition rate of the fast and slow-cycling
pool is similar to modern soils.

4.7 Conclusion

We found that the decomposition of the SOC is controlled by the moisture and landform
where the soil is situated, as indicated by the wide range of decomposition rates observed
in our incubation study. Water has disproportionate effects on these modern and Brady
soils at erosional and depositional landforms. Moreover, erosional landform soils are
more vulnerable to water addition as the slope accelerates the transport of the dissolved
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material. The Great Plains area is projected to experience a temperature increase of 3.5 to
9.5 degrees, along with a 1-inch of precipitation increase in a year (National Climate
Assessment, 2018). Anthropogenic activities such as agriculture and overgrazing, along
with wind and high precipitation, can accelerate the erosion of this area. This increase in
precipitation can remove the topsoil from the erosional landform and eventually bring the
buried Brady soil to modern environments. Drying rewetting has higher stress on the
shallowest Brady soil in the erosional landform compared to the other different depth
Brady soil, and with 60% WHC and 5%WHC, it was seen that frequency of drying will
have a larger effect on the Brady soils. Prolonged drought, change in precipitation
pattern, and increased temperature in this area will mostly affect the ancient Brady soil
present in the erosional landform to decomposition. We also found that depth is playing
an important role in slow cycling C-pool as the depth decay constant significantly
decreased where the depositional landform deepest Brady soil has a much slower slow-C-
pool decay constant compared to the Brady soils collected from depositional Brady
at~0.5m, ~1.2m, ~1.5m, ~3.5m and ~5.5m. With the study, we understand that the soil
microbial activity in the deep soil can change with soil conditions, and the persistence of
the SOC is an ecosystem property rather than a molecular property, as soil depositional
depth is playing a major role in SOC stabilization in these soils. IPCC 2018 report
indicated that due to large CO, emissions, global temperature has increased by 1T after
the industrial era indicating anthropogenic climate change. IPCC has also concluded that
keeping the global temperature rise below 2C will help humans and the ecosystem. It will
be difficult to achieve this target by only reducing greenhouse gas emissions. While we
are struggling to reduce greenhouse gas emissions, it is important to make an effort to
increase the soil C sink as the soil has the potential to help in climate mitigation.
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Figure 4-1 Schematic representation of sampling locations in the study system located in
Nebraska. The depth of the Brady soil varies along topographic gradients, depending on
whether one considers different layers of aeolian deposits the Brady soil was buried
under originally (i.e., burial transect or depositional transect) vs. areas that are currently
eroding (i.e., erosional). Pictures B and C is showing a detail of how the soil
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POM1), 2839-2870 cm™ (S-POM2), 1500-1550 cm™ as C-POM and 1660- 1580 cm™ as
microbially derived organic compound (MOM)
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Figure 4-4 Cumulative respiration with a fitted model of the continuous wet experiment.
Different colors indicate different depths from where Brady soils have been collected.
Blue color represents the deepest, green represents the intermediate, and red color
represents the shallowest depth of the Brady soils. A similar color was also provided for
the modern soils that were collected from the topsoil at the particular depth of the Brady
soils.
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Figure 4-5 Figure a describes the fraction of the slow-cycling pool, figure b describes the
decomposition rate of the slow-cycling pool, and figure c is describing the decomposition
rate of the fast-cycling pool in depositional landform modern soil (Bur_Mod),
depositional landform Brady soil (Bur_Bra), erosional landform modern soil (Ero_Mod)
and erosional landform Brady soil (Ero-Bra). 1, 2, and 3 indicate different depth
categories, where 3 is the deepest depth, 2 is the intermediate depth, and 1 is the
shallowest depth of the Brady soil collected from depositional and erosional landform
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Figure 4-6 Figure a indicates the effect of the depth of decay constant of the slow cycling
pool on modern and Brady soils at depositional and erosional landforms where the blue

dotted line indicates exponential decay. Figure b indicates the slow-cycling pools present
at different depths of the modern and Brady soils in depositional and erosional landforms.
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Figure 4-7Measured concentration of respired CO2 values plotted vs. days. CW 60%
indicates continuous wet experiment with 60% water holding capacity, CW-5% indicates
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experiment with 60% water holding capacity, and WD-5% indicates wet-dry experiment
control with 5% water holding capacity
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Table 4-1. Selected properties of the study sites. Values with n.s indicate no significance

has been noticed
A.

Landform (n=9)

Burial Brady- Burial Modern
Burial Brady- Erosional Brady
Burial Modern- Erosional Brady
Burial Brady- Erosional Modern
Burial Modern- Erosional Modern
Erosional Brady- Erosional Modern

B.

Landform (n=9)

Burial Brady- Burial Modern
Burial Brady- Erosional Brady
Burial Modern- Erosional Brady
Burial Brady- Erosional Modern
Burial Modern- Erosional Modern
Erosional Brady- Erosional Modern

C.

Landform (n=9)

Burial Brady- Burial Modern
Burial Brady- Erosional Brady
Burial Modern- Erosional Brady
Burial Brady- Erosional Modern
Burial Modern- Erosional Modern
Erosional Brady- Erosional Modern

pH
<0.001
>0.1
<0.001
<0.001
n.s
0.0247

TOC%
<0.001
>0.1
0.018
0.001
n.s
>0.1

Smectite
0.003
n.s
0.03
n.s
<0.001
n.s

EC
<0.001
<0.001

>0.1
<0.001
>0.1

n.s

TC
<0.001
0.05

Clay
<0.001
>0.1
0.03
<0.001
n.s
0.04

TIC
0.001
n.s

>0.1 <0.004

<0.001

0.64

n.s <0.001

0.04

n.s

Vermiculite

0.11
n.s

0.05
n.s

>0.1
n.s

Silt
0.08
>0.1
n.s
<0.001
>0.1
0.08

TN
<0.001
n.s
<0.001
<0.001
>0.1
0.05

Ilite
<0.001
n.s
0.03
n.s
0.001
n.s

Sand
<0.001
>0.1

<0.001
>0.1
0.02

C:N
>0.1
0.004
<0.001
n.s
>0.1
<0.001

Kaolinite

n.s
>0.1
>0.1
>0.1
n.s
n.s



Table 4-2. Continuous wet experiment (60% WHC) and control (5% WHC) respired
cumulative CO- from modern and Brady soils collected from burial and erosional
landform at 6 different depth category.
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Burial Modern Upper 55 60% 1 1 3 2265.99
Burial Modern Upper 55 60% 2 1 3 2312.12
Burial Brady Upper 55 60% 1 1 3 340.95
Burial Brady Upper 55 60% 2 1 3 362.82
Burial Modern Upper 3.5 60% 1 1 2 2146.64
Burial Modern Upper 35 60% 2 1 2 1775.77
Burial Brady Upper 3.5 60% 1 1 2 543.13
Burial Brady Upper 3.5 60% 2 1 2 753.36
Burial Modern Upper 15 60% 1 1 1 1760.12
Burial Modern Upper 15 60% 2 1 1 1593.81
Burial Brady Upper 15 60% 1 1 1 772.17
Burial Brady Upper 15 60% 2 1 1 768.10
Erosional Modern Upper 15 60% 1 1 3 2013.08
Erosional  Modern Upper 15 60% 2 1 3 2289.21
Erosional Brady Upper 15 60% 1 1 3 522.54
Erosional Brady Upper 15 60% 2 1 3 496.66
Erosional Modern Upper 0.5 60% 1 1 2 2391.73
Erosional  Modern Upper 0.5 60% 2 1 2 2390.21
Erosional Brady Upper 0.5 60% 1 1 2 1155.12
Erosional Brady Upper 0.5 60% 2 1 2 1305.41
Erosional Modern Upper 0.2 60% 1 1 1 2353.62
Erosional ~ Modern Upper 0.2 60% 2 1 1 2351.63
Erosional Brady Upper 0.2 60% 1 1 1 1690.82
Erosional Brady Upper 0.2 60% 2 1 1 1515.39
Burial Modern Upper 5.5 60% 1 3 3 4185.88
Burial Modern Upper 55 60% 2 3 3 4350.09
Burial Brady Upper 55 60% 1 3 3 742.09
Burial Brady Upper 55 60% 2 3 3 771.15
Burial Modern Upper 35 60% 1 3 2 4211.57
Burial Modern Upper 3.5 60% 2 3 2 3309.93
Burial Brady Upper 35 60% 1 3 2 977.11
Burial Brady Upper 35 60% 2 3 2 1358.89
Burial Modern Upper 15 60% 1 3 1 3607.99
Burial Modern Upper 15 60% 2 3 1 3166.86
Burial Brady Upper 15 60% 1 3 1 1782.39
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Burial Brady Upper 15 60% 2 3 1 1577.96
Erosional  Modern Upper 15 60% 1 3 3 3663.78
Erosional ~ Modern Upper 15 60% 2 3 3 4150.37
Erosional Brady Upper 15 60% 1 3 3 1142.11
Erosional Brady Upper 15 60% 2 3 3 1104.39
Erosional  Modern Upper 0.5 60% 1 3 2 4888.33
Erosional ~ Modern Upper 0.5 60% 2 3 2 3637.37
Erosional Brady Upper 0.5 60% 1 3 2 2021.08
Erosional Brady Upper 0.5 60% 2 3 2 2212.63
Erosional Modern Upper 0.2 60% 1 3 1 4536.37
Erosional ~ Modern Upper 0.2 60% 2 3 1 4509.50
Erosional Brady Upper 0.2 60% 1 3 1 2771.98
Erosional Brady Upper 0.2 60% 2 3 1 2464.43
Burial Modern Upper 5.5 60% 1 5 3 5600.27
Burial Modern Upper 55 60% 2 5 3 5831.62
Burial Brady Upper 5.5 60% 1 5 3 955.50
Burial Brady Upper 55 60% 2 5 3 988.17
Burial Modern Upper 3.5 60% 1 5 2 5584.50
Burial Modern Upper 35 60% 2 5 2 4581.09
Burial Brady Upper 3.5 60% 1 5 2 1131.39
Burial Brady Upper 35 60% 2 5 2 1681.40
Burial Modern Upper 15 60% 1 5 1 5002.19
Burial Modern Upper 15 60% 2 5 1 4235.77
Burial Brady Upper 15 60% 1 5 1 2392.88
Burial Brady Upper 15 60% 2 5 1 1978.82
Erosional Modern Upper 15 60% 1 5 3 4847.16
Erosional ~ Modern Upper 15 60% 2 5 3 4868.04
Erosional Brady Upper 15 60% 1 5 3 1402.59
Erosional Brady Upper 15 60% 2 5 3 1437.78
Erosional ~ Modern Upper 0.5 60% 1 5 2 6700.43
Erosional ~ Modern Upper 0.5 60% 2 5 2 5399.35
Erosional Brady Upper 0.5 60% 1 5 2 2041.32
Erosional Brady Upper 0.5 60% 2 5 2 2750.89
Erosional ~ Modern Upper 0.2 60% 1 5 1 5597.53
Erosional ~ Modern Upper 0.2 60% 2 5 1 6097.18
Erosional Brady Upper 0.2 60% 1 5 1 3387.96
Erosional Brady Upper 0.2 60% 2 5 1 3001.52
Burial Modern Upper 55 60% 1 7 3 6769.41
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Burial Modern Upper 55 60% 2 7 3 6992.23
Burial Brady Upper 55 60% 1 7 3 1101.28
Burial Brady Upper 55 60% 2 7 3 1156.33
Burial Modern Upper 35 60% 1 7 2 6306.14
Burial Modern Upper 35 60% 2 7 2 5615.06
Burial Brady Upper 35 60% 1 7 2 1459.38
Burial Brady Upper 35 60% 2 7 2 1971.23
Burial Modern Upper 15 60% 1 7 1 6176.03
Burial Modern Upper 15 60% 2 7 1 5132.83
Burial Brady Upper 15 60% 1 7 1 2873.11
Burial Brady Upper 15 60% 2 7 1 2434.90
Erosional Modern Upper 15 60% 1 7 3 5406.86
Erosional ~ Modern Upper 15 60% 2 7 3 5995.66
Erosional Brady Upper 15 60% 1 7 3 1566.26
Erosional Brady Upper 15 60% 2 7 3 1717.79
Erosional Modern Upper 0.5 60% 1 7 2 8233.33
Erosional ~ Modern Upper 0.5 60% 2 7 2 6760.31
Erosional Brady Upper 0.5 60% 1 7 2 2475.38
Erosional Brady Upper 0.5 60% 2 7 2 3236.95
Erosional Modern Upper 0.2 60% 1 7 1 6345.43
Erosional ~ Modern Upper 0.2 60% 2 7 1 7468.45
Erosional Brady Upper 0.2 60% 1 7 1 3874.71
Erosional Brady Upper 0.2 60% 2 7 1 3426.13
Burial Modern Upper 5.5 60% 1 11 3 8418.26
Burial Modern Upper 55 60% 2 11 3 8694.08
Burial Brady Upper 5.5 60% 1 11 3 1266.05
Burial Brady Upper 55 60% 2 11 3 1336.76
Burial Modern Upper 3.5 60% 1 11 2 8034.51
Burial Modern Upper 35 60% 2 11 2 7241.19
Burial Brady Upper 35 60% 1 11 2 1790.08
Burial Brady Upper 3.5 60% 2 11 2 2325.58
Burial Modern Upper 15 60% 1 11 1 7548.12
Burial Modern Upper 15 60% 2 11 1 6464.07
Burial Brady Upper 15 60% 1 11 1 3337.24
Burial Brady Upper 15 60% 2 11 1 2806.38
Erosional ~ Modern Upper 15 60% 1 11 3 7047.57
Erosional ~ Modern Upper 15 60% 2 11 3 7592.40
Erosional Brady Upper 15 60% 1 11 3 1880.05
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Erosional Brady Upper 15 60% 2 11 3 1985.32
Erosional  Modern Upper 0.5 60% 1 11 2 10535.88
Erosional ~ Modern Upper 0.5 60% 2 11 2 9053.76
Erosional Brady Upper 0.5 60% 1 11 2 3054.37
Erosional Brady Upper 0.5 60% 2 11 2 3900.01
Erosional  Modern Upper 0.2 60% 1 11 1 8613.56
Erosional  Modern Upper 0.2 60% 2 11 1 10027.77
Erosional Brady Upper 0.2 60% 1 11 1 4432.48
Erosional Brady Upper 0.2 60% 2 11 1 4043.57
Burial Modern Upper 5.5 60% 1 16 3 10592.66
Burial Modern Upper 55 60% 2 16 3 10781.27
Burial Brady Upper 5.5 60% 1 16 3 147151
Burial Brady Upper 55 60% 2 16 3 1602.22
Burial Modern Upper 3.5 60% 1 16 2 10366.59
Burial Modern Upper 3.5 60% 2 16 2 9066.80
Burial Brady Upper 3.5 60% 1 16 2 2247.43
Burial Brady Upper 35 60% 2 16 2 272157
Burial Modern Upper 15 60% 1 16 1 9378.73
Burial Modern Upper 15 60% 2 16 1 7849.49
Burial Brady Upper 15 60% 1 16 1 3487.47
Burial Brady Upper 15 60% 2 16 1 3306.12
Erosional Modern Upper 15 60% 1 16 3 9173.80
Erosional ~ Modern Upper 15 60% 2 16 3 9528.23
Erosional Brady Upper 15 60% 1 16 3 2320.03
Erosional Brady Upper 15 60% 2 16 3 2338.88
Erosional Modern Upper 0.5 60% 1 16 2 13488.85
Erosional ~ Modern Upper 0.5 60% 2 16 2 11396.73
Erosional Brady Upper 0.5 60% 1 16 2 3894.61
Erosional Brady Upper 0.5 60% 2 16 2 4372.50
Erosional ~ Modern Upper 0.2 60% 1 16 1 11547.14
Erosional ~ Modern Upper 0.2 60% 2 16 1 11145.91
Erosional Brady Upper 0.2 60% 1 16 1 5684.77
Erosional Brady Upper 0.2 60% 2 16 1 5035.38
Burial Modern Upper 55 60% 1 27 3 11544.21
Burial Modern Upper 55 60% 2 27 3 12350.51
Burial Brady Upper 55 60% 1 27 3 1582.64
Burial Brady Upper 55 60% 2 27 3 1699.86
Burial Modern Upper 35 60% 1 27 2 11886.53
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Burial Modern Upper 3.5 60% 2 27 2 11543.69
Burial Brady Upper 35 60% 1 27 2 2621.85
Burial Brady Upper 3.5 60% 2 27 2 3081.44
Burial Modern Upper 15 60% 1 27 1 10609.43
Burial Modern Upper 15 60% 2 27 1 9226.69
Burial Brady Upper 15 60% 1 27 1 4141.43
Burial Brady Upper 15 60% 2 27 1 3634.31
Erosional Modern Upper 15 60% 1 27 3 11806.10
Erosional ~ Modern Upper 15 60% 2 27 3 12587.63
Erosional Brady Upper 15 60% 1 27 3 2907.78
Erosional Brady Upper 15 60% 2 27 3 4405.82
Erosional Modern Upper 0.5 60% 1 27 2 15912.09
Erosional ~ Modern Upper 0.5 60% 2 27 2 12970.62
Erosional Brady Upper 0.5 60% 1 27 2 5236.01
Erosional Brady Upper 0.5 60% 2 27 2 6070.35
Erosional Modern Upper 0.2 60% 1 27 1 14043.60
Erosional ~ Modern Upper 0.2 60% 2 27 1 14895.99
Erosional Brady Upper 0.2 60% 1 27 1 6135.66
Erosional Brady Upper 0.2 60% 2 27 1 5299.68
Burial Modern Upper 5.5 60% 1 55 3 16155.58
Burial Modern Upper 55 60% 2 55 3 15908.04
Burial Brady Upper 5.5 60% 1 55 3 2043.34
Burial Brady Upper 55 60% 2 55 3 2023.15
Burial Modern Upper 3.5 60% 1 55 2 12831.41
Burial Modern Upper 35 60% 2 55 2 13200.72
Burial Brady Upper 3.5 60% 1 55 2 3289.94
Burial Brady Upper 35 60% 2 55 2 4037.66
Burial Modern Upper 15 60% 1 55 1 14526.46
Burial Modern Upper 15 60% 2 55 1 12046.95
Burial Brady Upper 15 60% 1 55 1 6041.18
Burial Brady Upper 1.5 60% 2 55 1 4444.64
Erosional ~ Modern Upper 15 60% 1 55 3 22470.15
Erosional ~ Modern Upper 15 60% 2 55 3 18998.51
Erosional Brady Upper 15 60% 1 55 3 3927.35
Erosional Brady Upper 15 60% 2 55 3 5506.37
Erosional ~ Modern Upper 0.5 60% 1 55 2 16774.21
Erosional ~ Modern Upper 0.5 60% 2 55 2 14429.95
Erosional Brady Upper 0.5 60% 1 55 2 6816.26
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Erosional Brady Upper 0.5 60% 2 55 2 8428.89
Erosional  Modern Upper 0.2 60% 1 55 1 19896.03
Erosional  Modern Upper 0.2 60% 2 55 1 15816.17
Erosional Brady Upper 0.2 60% 1 55 1 10282.19
Erosional Brady Upper 0.2 60% 2 55 1 6843.39
Burial Modern Upper 55 60% 1 82 3 19884.07
Burial Modern Upper 55 60% 2 82 3 20209.11
Burial Brady Upper 5.5 60% 1 82 3 2172.86
Burial Brady Upper 55 60% 2 82 3 2344.74
Burial Modern Upper 3.5 60% 1 82 2 14491.91
Burial Modern Upper 3.5 60% 2 82 2 14238.29
Burial Brady Upper 3.5 60% 1 82 2 3929.41
Burial Brady Upper 3.5 60% 2 82 2 4783.83
Burial Modern Upper 15 60% 1 82 1 16084.47
Burial Modern Upper 15 60% 2 82 1 13455.17
Burial Brady Upper 15 60% 1 82 1 7038.99
Burial Brady Upper 15 60% 2 82 1 4850.27
Erosional Modern Upper 15 60% 1 82 3 24284.96
Erosional  Modern Upper 15 60% 2 82 3 20608.11
Erosional Brady Upper 15 60% 1 82 3 4765.50
Erosional Brady Upper 15 60% 2 82 3 6033.56
Erosional Modern Upper 0.5 60% 1 82 2 18741.44
Erosional ~ Modern Upper 0.5 60% 2 82 2 17496.05
Erosional Brady Upper 0.5 60% 1 82 2 8488.74
Erosional Brady Upper 0.5 60% 2 82 2 9500.16
Erosional Modern Upper 0.2 60% 1 82 1 25588.19
Erosional ~ Modern Upper 0.2 60% 2 82 1 21263.20
Erosional Brady Upper 0.2 60% 1 82 1 12436.52
Erosional Brady Upper 0.2 60% 2 82 1 7652.23
Burial Modern Upper 55 60% 1 114 3 23304.57
Burial Modern Upper 55 60% 2 114 3 24209.72
Burial Brady Upper 55 60% 1 114 3 2501.41
Burial Brady Upper 55 60% 2 114 3 3020.76
Burial Modern Upper 35 60% 1 114 2 16236.83
Burial Modern Upper 35 60% 2 114 2 16624.45
Burial Brady Upper 35 60% 1 114 2 5018.96
Burial Brady Upper 35 60% 2 114 2 5316.84
Burial Modern Upper 15 60% 1 114 1 17387.70
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Burial Modern Upper 15 60% 2 114 1 14476.05
Burial Brady Upper 15 60% 1 114 1 7774.42
Burial Brady Upper 15 60% 2 114 1 5366.11
Erosional  Modern Upper 15 60% 1 114 3 25169.34
Erosional Modern Upper 15 60% 2 114 3 20911.28
Erosional Brady Upper 15 60% 1 114 3 5676.86
Erosional Brady Upper 15 60% 2 114 3 7925.94
Erosional Modern Upper 0.5 60% 1 114 2 24082.15
Erosional ~ Modern Upper 0.5 60% 2 114 2 20805.01
Erosional Brady Upper 0.5 60% 1 114 2 10780.05
Erosional Brady Upper 0.5 60% 2 114 2 11862.23
Erosional Modern Upper 0.2 60% 1 114 1 33093.70
Erosional ~ Modern Upper 0.2 60% 2 114 1 28528.18
Erosional Brady Upper 0.2 60% 1 114 1 15752.17
Erosional Brady Upper 0.2 60% 2 114 1 9186.45
Burial Modern Upper 5.5 60% 1 151 3 26219.45
Burial Modern Upper 55 60% 2 151 3 28498.76
Burial Brady Upper 5.5 60% 1 151 3 2813.98
Burial Brady Upper 55 60% 2 151 3 3378.72
Burial Modern Upper 3.5 60% 1 151 2 19761.93
Burial Modern Upper 35 60% 2 151 2 21723.32
Burial Brady Upper 3.5 60% 1 151 2 5408.31
Burial Brady Upper 35 60% 2 151 2 5813.79
Burial Modern Upper 15 60% 1 151 1 18480.87
Burial Modern Upper 15 60% 2 151 1 15480.77
Burial Brady Upper 15 60% 1 151 1 8944.31
Burial Brady Upper 15 60% 2 151 1 8163.58
Erosional Modern Upper 15 60% 1 151 3 27919.70
Erosional  Modern Upper 15 60% 2 151 3 25747.29
Erosional Brady Upper 15 60% 1 151 3 6493.99
Erosional Brady Upper 1.5 60% 2 151 3 8863.27
Erosional ~ Modern Upper 0.5 60% 1 151 2 31043.77
Erosional  Modern Upper 0.5 60% 2 151 2 25523.27
Erosional Brady Upper 0.5 60% 1 151 2 11763.40
Erosional Brady Upper 0.5 60% 2 151 2 12697.87
Erosional ~ Modern Upper 0.2 60% 1 151 1 39491.11
Erosional ~ Modern Upper 0.2 60% 2 151 1 34120.39
Erosional Brady Upper 0.2 60% 1 151 1 19022.14



102

£ 2 § °E g c S =
: 2 F £2 B § & % 32%
§ 2 = &L 2 a e
o w O
Erosional Brady Upper 0.2 60% 2 151 1 14266.25
Burial Modern Upper 55 60% 1 225 3 27222.31
Burial Modern Upper 55 60% 2 225 3 32545.72
Burial Brady Upper 55 60% 1 225 3 3186.62
Burial Brady Upper 55 60% 2 225 3 5090.16
Burial Modern Upper 35 60% 1 225 2 20748.58
Burial Modern Upper 35 60% 2 225 2 28770.57
Burial Brady Upper 3.5 60% 1 225 2 6752.14
Burial Brady Upper 3.5 60% 2 225 2 18067.58
Burial Modern Upper 15 60% 1 225 1 18746.92
Burial Modern Upper 15 60% 2 225 1 23585.92
Burial Brady Upper 15 60% 1 225 1 8954.38
Burial Brady Upper 15 60% 2 225 1 13638.78
Erosional Modern Upper 15 60% 1 225 3 33245.77
Erosional ~ Modern Upper 15 60% 2 225 3 29711.33
Erosional Brady Upper 15 60% 1 225 3 16811.48
Erosional Brady Upper 15 60% 2 225 3 9532.30
Erosional Modern Upper 0.5 60% 1 225 2 31661.08
Erosional ~ Modern Upper 0.5 60% 2 225 2 37678.43
Erosional Brady Upper 0.5 60% 1 225 2 48475.87
Erosional Brady Upper 0.5 60% 2 225 2 17845.68
Erosional Modern Upper 0.2 60% 1 225 1 48566.31
Erosional ~ Modern Upper 0.2 60% 2 225 1 34809.29
Erosional Brady Upper 0.2 60% 1 225 1 27353.19
Erosional Brady Upper 0.2 60% 2 225 1 15462.80
Burial Modern Upper 5.5 5% 0 1 3 15.04
Burial Brady Upper 55 5% 0 1 3 32.80
Burial Modern Upper 3.5 5% 0 1 2 7.23
Burial Brady Upper 35 5% 0 1 2 45.39
Burial Modern Upper 15 5% 0 1 1 4.83
Burial Brady Upper 15 5% 0 1 1 53.54
Erosional ~ Modern Upper 15 5% 0 1 3 33.50
Erosional Brady Upper 15 5% 0 1 3 56.67
Erosional ~ Modern Upper 0.5 5% 0 1 2 16.79
Erosional Brady Upper 0.5 5% 0 1 2 27.58
Erosional ~ Modern Upper 0.2 5% 0 1 1 15.92
Erosional Brady Upper 0.2 5% 0 1 1 19.13
Burial Modern Upper 55 5% 0 3 3 24.63
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Burial Brady Upper 55 5% 0 3 3 47.35
Burial Modern Upper 35 5% 0 3 2 28.26
Burial Brady Upper 3.5 5% 0 3 2 63.13
Burial Modern Upper 15 5% 0 3 1 16.20
Burial Brady Upper 15 5% 0 3 1 99.16
Erosional  Modern Upper 15 5% 0 3 3 45.24
Erosional Brady Upper 15 5% 0 3 3 74.87
Erosional Modern Upper 0.5 5% 0 3 2 31.91
Erosional Brady Upper 0.5 5% 0 3 2 44.97
Erosional Modern Upper 0.2 5% 0 3 1 25.16
Erosional Brady Upper 0.2 5% 0 3 1 29.83
Burial Modern Upper 5.5 5% 0 5 3 55.40
Burial Brady Upper 55 5% 0 5 3 96.88
Burial Modern Upper 3.5 5% 0 5 2 40.60
Burial Brady Upper 35 5% 0 5 2 112.20
Burial Modern Upper 15 5% 0 5 1 28.31
Burial Brady Upper 15 5% 0 5 1 155.33
Erosional Modern Upper 15 5% 0 5 3 68.95
Erosional Brady Upper 15 5% 0 5 3 121.67
Erosional Modern Upper 0.5 5% 0 5 2 54.80
Erosional Brady Upper 0.5 5% 0 5 2 67.04
Erosional Modern Upper 0.2 5% 0 5 1 52.55
Erosional Brady Upper 0.2 5% 0 5 1 68.62
Burial Modern Upper 5.5 5% 0 7 3 72.85
Burial Brady Upper 55 5% 0 7 3 122.86
Burial Modern Upper 3.5 5% 0 7 2 48.20
Burial Brady Upper 35 5% 0 7 2 156.63
Burial Modern Upper 15 5% 0 7 1 35.47
Burial Brady Upper 15 5% 0 7 1 210.19
Erosional ~ Modern Upper 15 5% 0 7 3 92.13
Erosional Brady Upper 15 5% 0 7 3 165.99
Erosional ~ Modern Upper 0.5 5% 0 7 2 66.26
Erosional Brady Upper 0.5 5% 0 7 2 112.13
Erosional ~ Modern Upper 0.2 5% 0 7 1 71.17
Erosional Brady Upper 0.2 5% 0 7 1 83.51
Burial Modern Upper 55 5% 0 11 3 115.27
Burial Brady Upper 55 5% 0 11 3 144.54
Burial Modern Upper 35 5% 0 11 2 57.62
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Burial Brady Upper 3.5 5% 0 11 2 232.83
Burial Modern Upper 15 5% 0 11 1 59.05
Burial Brady Upper 15 5% 0 11 1 260.45
Erosional  Modern Upper 15 5% 0 11 3 116.40
Erosional Brady Upper 15 5% 0 11 3 203.09
Erosional  Modern Upper 0.5 5% 0 11 2 81.47
Erosional Brady Upper 0.5 5% 0 11 2 156.03
Erosional Modern Upper 0.2 5% 0 11 1 80.06
Erosional Brady Upper 0.2 5% 0 11 1 118.86
Burial Modern Upper 5.5 5% 0 16 3 135.24
Burial Brady Upper 55 5% 0 16 3 166.15
Burial Modern Upper 3.5 5% 0 16 2 83.03
Burial Brady Upper 3.5 5% 0 16 2 296.63
Burial Modern Upper 15 5% 0 16 1 74.11
Burial Brady Upper 15 5% 0 16 1 330.88
Erosional Modern Upper 15 5% 0 16 3 137.41
Erosional Brady Upper 15 5% 0 16 3 232.05
Erosional Modern Upper 0.5 5% 0 16 2 93.71
Erosional Brady Upper 0.5 5% 0 16 2 186.58
Erosional Modern Upper 0.2 5% 0 16 1 115.73
Erosional Brady Upper 0.2 5% 0 16 1 181.04
Burial Modern Upper 5.5 5% 0 27 3 158.12
Burial Brady Upper 55 5% 0 27 3 208.67
Burial Modern Upper 3.5 5% 0 27 2 95.26
Burial Brady Upper 35 5% 0 27 2 376.05
Burial Modern Upper 15 5% 0 27 1 88.52
Burial Brady Upper 15 5% 0 27 1 355.46
Erosional Modern Upper 15 5% 0 27 3 184.56
Erosional Brady Upper 15 5% 0 27 3 294.81
Erosional ~ Modern Upper 0.5 5% 0 27 2 127.99
Erosional Brady Upper 0.5 5% 0 27 2 234.52
Erosional ~ Modern Upper 0.2 5% 0 27 1 138.96
Erosional Brady Upper 0.2 5% 0 27 1 217.05
Burial Modern Upper 55 5% 0 55 3 225.59
Burial Brady Upper 55 5% 0 55 3 236.43
Burial Modern Upper 35 5% 0 55 2 171.12
Burial Brady Upper 35 5% 0 55 2 576.61
Burial Modern Upper 15 5% 0 55 1 110.91
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Burial Brady Upper 15 5% 0 55 1 489.81
Erosional  Modern Upper 15 5% 0 55 3 207.38
Erosional Brady Upper 15 5% 0 55 3 371.71
Erosional  Modern Upper 0.5 5% 0 55 2 182.28
Erosional Brady Upper 0.5 5% 0 55 2 288.50
Erosional  Modern Upper 0.2 5% 0 55 1 169.62
Erosional Brady Upper 0.2 5% 0 55 1 293.19
Burial Modern Upper 5.5 5% 0 82 3 231.55
Burial Brady Upper 55 5% 0 82 3 248.83
Burial Modern Upper 3.5 5% 0 82 2 173.08
Burial Brady Upper 3.5 5% 0 82 2 602.20
Burial Modern Upper 15 5% 0 82 1 124.91
Burial Brady Upper 15 5% 0 82 1 541.53
Erosional Modern Upper 15 5% 0 82 3 215.63
Erosional Brady Upper 15 5% 0 82 3 375.69
Erosional Modern Upper 0.5 5% 0 82 2 222.03
Erosional Brady Upper 0.5 5% 0 82 2 294.42
Erosional Modern Upper 0.2 5% 0 82 1 180.65
Erosional Brady Upper 0.2 5% 0 82 1 297.92
Burial Modern Upper 5.5 5% 0 114 3 312.17
Burial Brady Upper 55 5% 0 114 3 287.58
Burial Modern Upper 3.5 5% 0 114 2 181.71
Burial Brady Upper 35 5% 0 114 2 630.93
Burial Modern Upper 15 5% 0 114 1 213.81
Burial Brady Upper 15 5% 0 114 1 601.61
Erosional Modern Upper 15 5% 0 114 3 230.89
Erosional Brady Upper 15 5% 0 114 3 474,72
Erosional Modern Upper 0.5 5% 0 114 2 237.01
Erosional Brady Upper 0.5 5% 0 114 2 337.34
Erosional ~ Modern Upper 0.2 5% 0 114 1 208.45
Erosional Brady Upper 0.2 5% 0 114 1 354.11
Burial Modern Upper 55 5% 0 151 3 320.90
Burial Brady Upper 55 5% 0 151 3 315.36
Burial Modern Upper 35 5% 0 151 2 184.70
Burial Brady Upper 35 5% 0 151 2 656.75
Burial Modern Upper 15 5% 0 151 1 226.78
Burial Brady Upper 15 5% 0 151 1 618.90
Erosional  Modern Upper 15 5% 0 151 3 253.52
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Erosional Brady Upper 15 5% 0 151 3 505.80
Erosional  Modern Upper 0.5 5% 0 151 2 246.08
Erosional Brady Upper 0.5 5% 0 151 2 351.77
Erosional  Modern Upper 0.2 5% 0 151 1 213.56
Erosional Brady Upper 0.2 5% 0 151 1 362.31
Burial Modern Upper 55 5% 0 225 3 328.57
Burial Brady Upper 5.5 5% 0 225 3 341.96
Burial Modern Upper 3.5 5% 0 225 2 190.32
Burial Brady Upper 3.5 5% 0 225 2 699.81
Burial Modern Upper 15 5% 0 225 1 240.19
Burial Brady Upper 15 5% 0 225 1 642.70
Erosional Modern Upper 15 5% 0 225 3 277.91
Erosional Brady Upper 15 5% 0 225 3 577.35
Erosional Modern Upper 0.5 5% 0 225 2 260.55
Erosional Brady Upper 0.5 5% 0 225 2 382.07
Erosional Modern Upper 0.2 5% 0 225 1 222.57
Erosional Brady Upper 0.2 5% 0 225 1 372.81
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Table 4-3. Wet-drying experiment (60% WHC) and control (5% WHC) respired CO;
from modern and Brady soils collected from burial and erosional landform at 6 different
depth categories.

[%2] [%2) Py c
S g - 2 £ £ 8 8 Q5
5 < 3 8 5 = 8 = 28
a %) oY 5

Burial Modern Upper 55 60% 1 1 3 3574.455
Burial Modern Upper 55 60% 2 1 3 3827.949
Burial Brady Upper 5.5 60% 1 1 3 1131.659
Burial Brady Upper 55 60% 2 1 3 1073.063
Burial Modern Upper 35 60% 1 1 2 2821.981
Burial Modern Upper 3.5 60% 2 1 2 3309.154
Burial Brady Upper 35 60% 1 1 2 1353.308
Burial Brady Upper 3.5 60% 2 1 2 1555.894
Burial Modern Upper 15 60% 1 1 1 2174.895
Burial Modern Upper 1.5 60% 2 1 1 2061.929
Burial Brady Upper 15 60% 1 1 1 1140.753
Burial Brady Upper 1.5 60% 2 1 1 1442.384
Erosional Modern Upper 15 60% 1 1 3 3555.185
Erosional Modern Upper 15 60% 2 1 3 2741.646
Erosional Brady Upper 15 60% 1 1 3 1244.457
Erosional Brady Upper 1.5 60% 2 1 3 1119.221
Erosional Modern Upper 0.5 60% 1 1 2 3297.817
Erosional Modern Upper 0.5 60% 2 1 2 3529.43
Erosional Brady Upper 0.5 60% 1 1 2 1306.45
Erosional Brady Upper 0.5 60% 2 1 2 1320.591
Erosional Modern Upper 0.2 60% 1 1 1 2372.104
Erosional Modern Upper 0.2 60% 2 1 1 2271.408
Erosional Brady Upper 0.2 60% 1 1 1 3194.95
Erosional Brady Upper 0.2 60% 2 1 1 3471.173
Burial Modern Upper 5.5 60% 1 7 3 1053.529
Burial Modern Upper 5.5 60% 2 7 3 1173.822
Burial Brady Upper 5.5 60% 1 7 3 1163.938
Burial Brady Upper 55 60% 2 7 3 756.8482
Burial Modern Upper 35 60% 1 7 2 1536.59
Burial Modern Upper 35 60% 2 7 2 1737.08
Burial Brady Upper 35 60% 1 7 2 1397.679
Burial Brady Upper 35 60% 2 7 2 1319.492
Burial Modern Upper 1.5 60% 1 7 1 1464.341
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Burial Modern Upper 1.5 60% 2 7 1 1050.381
Burial Brady Upper 1.5 60% 1 7 1 848.2157
Burial Brady Upper 1.5 60% 2 7 1 544.0116
Erosional Modern Upper 1.5 60% 1 7 3 1809.61
Erosional Modern Upper 1.5 60% 2 7 3 1656.429
Erosional Brady Upper 1.5 60% 1 7 3 867.327
Erosional Brady Upper 1.5 60% 2 7 3 1139.899
Erosional Modern Upper 0.5 60% 1 7 2 1685.059
Erosional Modern Upper 0.5 60% 2 7 2 1789.988
Erosional Brady Upper 0.5 60% 1 7 2 1322.177
Erosional Brady Upper 0.5 60% 2 7 2 990.3232
Erosional Modern Upper 0.2 60% 1 7 1 1634.289
Erosional Modern Upper 0.2 60% 2 7 1 1864.999
Erosional Brady Upper 0.2 60% 1 7 1 1476.622
Erosional Brady Upper 0.2 60% 2 7 1 1770.948
Burial Modern Upper 5.5 60% 1 21 3 1106.383
Burial Modern Upper 55 60% 2 21 3 1305.787
Burial Brady Upper 5.5 60% 1 21 3 1156.34
Burial Brady Upper 5.5 60% 2 21 3 1007.607
Burial Modern Upper 35 60% 1 21 2 695.0272
Burial Modern Upper 35 60% 2 21 2 1254.486
Burial Brady Upper 35 60% 1 21 2 1425.98
Burial Brady Upper 3.5 60% 2 21 2 1228.556
Burial Modern Upper 15 60% 1 21 1 1092.343
Burial Modern Upper 1.5 60% 2 21 1 847.0728
Burial Brady Upper 15 60% 1 21 1 961.1488
Burial Brady Upper 1.5 60% 2 21 1 657.5733
Erosional Modern Upper 15 60% 1 21 3 1477.425
Erosional Modern Upper 1.5 60% 2 21 3 1266.266
Erosional Brady Upper 1.5 60% 1 21 3 1104.154
Erosional Brady Upper 1.5 60% 2 21 3 873.2996
Erosional Modern Upper 0.5 60% 1 21 2 1527.3
Erosional Modern Upper 0.5 60% 2 21 2 1060.278
Erosional Brady Upper 0.5 60% 1 21 2 1370.649
Erosional Brady Upper 0.5 60% 2 21 2 1345.661
Erosional Modern Upper 0.2 60% 1 21 1 970.3736
Erosional Modern Upper 0.2 60% 2 21 1 975.3993
Erosional Brady Upper 0.2 60% 1 21 1 1387.656
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Erosional Brady Upper 0.2 60% 2 21 1 1244.439
Burial Modern Upper 5.5 60% 1 28 3 1223.451
Burial Modern Upper 55 60% 2 28 3 1311.868
Burial Brady Upper 5.5 60% 1 28 3 579.2929
Burial Brady Upper 55 60% 2 28 3 631.9666
Burial Modern Upper 35 60% 1 28 2 1203.231
Burial Modern Upper 3.5 60% 2 28 2 1124.539
Burial Brady Upper 35 60% 1 28 2 950.3627
Burial Brady Upper 35 60% 2 28 2 815.7742
Burial Modern Upper 15 60% 1 28 1 1029.325
Burial Modern Upper 1.5 60% 2 28 1 1168.91
Burial Brady Upper 15 60% 1 28 1 233.139
Burial Brady Upper 1.5 60% 2 28 1 391.545
Erosional Modern Upper 15 60% 1 28 3 1490.72
Erosional Modern Upper 1.5 60% 2 28 3 1495.171
Erosional Brady Upper 15 60% 1 28 3 1054.085
Erosional Brady Upper 1.5 60% 2 28 3 695.4041
Erosional Modern Upper 0.5 60% 1 28 2 1300.814
Erosional Modern Upper 0.5 60% 2 28 2 1463.954
Erosional Brady Upper 0.5 60% 1 28 2 1420.668
Erosional Brady Upper 0.5 60% 2 28 2 1228.822
Erosional Modern Upper 0.2 60% 1 28 1 1227.23
Erosional Modern Upper 0.2 60% 2 28 1 786.6592
Erosional Brady Upper 0.2 60% 1 28 1 715.842
Erosional Brady Upper 0.2 60% 2 28 1 1216.397
Burial Modern Upper 55 60% 1 35 3 1279.166
Burial Modern Upper 5.5 60% 2 35 3 1196.802
Burial Brady Upper 55 60% 1 35 3 1067.889
Burial Brady Upper 5.5 60% 2 35 3 975.8202
Burial Modern Upper 35 60% 1 35 2 993.907
Burial Modern Upper 35 60% 2 35 2 1443.765
Burial Brady Upper 35 60% 1 35 2 1180.71
Burial Brady Upper 35 60% 2 35 2 664.988
Burial Modern Upper 1.5 60% 1 35 1 910.9239
Burial Modern Upper 1.5 60% 2 35 1 729.8793
Burial Brady Upper 1.5 60% 1 35 1 556.7395
Burial Brady Upper 1.5 60% 2 35 1 573.0568
Erosional Modern Upper 1.5 60% 1 35 3 1388.342
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Erosional Modern Upper 1.5 60% 2 35 3 980.3039
Erosional Brady Upper 1.5 60% 1 35 3 496.2832
Erosional Brady Upper 1.5 60% 2 35 3 524.6612
Erosional Modern Upper 0.5 60% 1 35 2 1200.093
Erosional Modern Upper 0.5 60% 2 35 2 1165.962
Erosional Brady Upper 0.5 60% 1 35 2 1315.937
Erosional Brady Upper 0.5 60% 2 35 2 700.1521
Erosional Modern Upper 0.2 60% 1 35 1 694.2941
Erosional Modern Upper 0.2 60% 2 35 1 1098.185
Erosional Brady Upper 0.2 60% 1 35 1 1427.087
Erosional Brady Upper 0.2 60% 2 35 1 1047.553
Burial Modern Upper 5.5 60% 1 42 3 865.4368
Burial Modern Upper 55 60% 2 42 3 996.0393
Burial Brady Upper 5.5 60% 1 42 3 517.4835
Burial Brady Upper 55 60% 2 42 3 558.4316
Burial Modern Upper 35 60% 1 42 2 1023.018
Burial Modern Upper 3.5 60% 2 42 2 709.6119
Burial Brady Upper 35 60% 1 42 2 577.9844
Burial Brady Upper 35 60% 2 42 2 936.328
Burial Modern Upper 15 60% 1 42 1 453.977
Burial Modern Upper 1.5 60% 2 42 1 734.8177
Burial Brady Upper 15 60% 1 42 1 44,2793
Burial Brady Upper 1.5 60% 2 42 1 256.2662
Erosional Modern Upper 15 60% 1 42 3 1146.557
Erosional Modern Upper 1.5 60% 2 42 3 598.1293
Erosional Brady Upper 15 60% 1 42 3 992.2005
Erosional Brady Upper 1.5 60% 2 42 3 1399.628
Erosional Modern Upper 0.5 60% 1 42 2 729.6351
Erosional Modern Upper 0.5 60% 2 42 2 1154.268
Erosional Brady Upper 0.5 60% 1 42 2 1050.87
Erosional Brady Upper 0.5 60% 2 42 2 935.4375
Erosional Modern Upper 0.2 60% 1 42 1 1025.35
Erosional Modern Upper 0.2 60% 2 42 1 799.713
Erosional Brady Upper 0.2 60% 1 42 1 817.0655
Erosional Brady Upper 0.2 60% 2 42 1 893.701
Burial Modern Upper 5.5 60% 1 49 3 1097.394
Burial Modern Upper 5.5 60% 2 49 3 1031.739
Burial Brady Upper 5.5 60% 1 49 3 953.8884
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Burial Brady Upper 55 60% 2 49 3 1110.208
Burial Modern Upper 35 60% 1 49 2 1077.268
Burial Modern Upper 3.5 60% 2 49 2 1303.184
Burial Brady Upper 35 60% 1 49 2 1098.654
Burial Brady Upper 3.5 60% 2 49 2 505.7281
Burial Modern Upper 1.5 60% 1 49 1 622.1719
Burial Modern Upper 1.5 60% 2 49 1 374.535
Burial Brady Upper 15 60% 1 49 1 415.4754
Burial Brady Upper 1.5 60% 2 49 1 372.8782
Erosional Modern Upper 15 60% 1 49 3 1271.08
Erosional Modern Upper 1.5 60% 2 49 3 1280.797
Erosional Brady Upper 15 60% 1 49 3 1158.855
Erosional Brady Upper 1.5 60% 2 49 3 1112.638
Erosional Modern Upper 0.5 60% 1 49 2 1280.822
Erosional Modern Upper 0.5 60% 2 49 2 1197.11
Erosional Brady Upper 0.5 60% 1 49 2 1291.633
Erosional Brady Upper 0.5 60% 2 49 2 558.8833
Erosional Modern Upper 0.2 60% 1 49 1 1033.471
Erosional Modern Upper 0.2 60% 2 49 1 957.5217
Erosional Brady Upper 0.2 60% 1 49 1 1201.713
Erosional Brady Upper 0.2 60% 2 49 1 1184.1
Burial Modern Upper 55 5% 1 1 0 81.37199
Burial Brady Upper 5.5 5% 1 1 0 129.0195
Burial Modern Upper 35 5% 1 1 0 24.11923
Burial Brady Upper 3.5 5% 1 1 0 108.4926
Burial Modern Upper 15 5% 1 1 0 44.08719
Burial Brady Upper 1.5 5% 1 1 0 279.5932
Erosional Modern Upper 15 5% 1 1 0 136.9782
Erosional Brady Upper 1.5 5% 1 1 0 279.8257
Erosional Modern Upper 0.5 5% 1 1 0 97.65442
Erosional Brady Upper 0.5 5% 1 1 0 98.93884
Erosional Modern Upper 0.2 5% 1 1 0 94.17696
Erosional Brady Upper 0.2 5% 1 1 0 28.93858
Burial Modern Upper 5.5 5% 1 7 0 69.82241
Burial Brady Upper 5.5 5% 1 7 0 103.9235
Burial Modern Upper 35 5% 1 7 0 53.44611
Burial Brady Upper 35 5% 1 7 0 177.6976
Burial Modern Upper 1.5 5% 1 7 0 42.91534
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Burial Brady Upper 1.5 5% 1 7 0 219.4396
Erosional Modern Upper 1.5 5% 1 7 0 92.73663
Erosional Brady Upper 1.5 5% 1 7 0 177.2782
Erosional Modern Upper 0.5 5% 1 7 0 45.80117
Erosional Brady Upper 0.5 5% 1 7 0 180.3752
Erosional Modern Upper 0.2 5% 1 7 0 74.50819
Erosional Brady Upper 0.2 5% 1 7 0 59.59475
Burial Modern Upper 5.5 5% 1 21 0 158.1469
Burial Brady Upper 55 5% 1 21 0 205.8561
Burial Modern Upper 35 5% 1 21 0 78.91915
Burial Brady Upper 3.5 5% 1 21 0 334.0008
Burial Modern Upper 15 5% 1 21 0 73.94648
Burial Brady Upper 1.5 5% 1 21 0 340.782
Erosional Modern Upper 15 5% 1 21 0 199.1242
Erosional Brady Upper 1.5 5% 1 21 0 322.0202
Erosional Modern Upper 0.5 5% 1 21 0 118.386
Erosional Brady Upper 0.5 5% 1 21 0 180.3906
Erosional Modern Upper 0.2 5% 1 21 0 51.31167
Erosional Brady Upper 0.2 5% 1 21 0 159.7988
Burial Modern Upper 55 5% 1 28 0 151.3277
Burial Brady Upper 5.5 5% 1 28 0 195.5792
Burial Modern Upper 35 5% 1 28 0 74.1908
Burial Brady Upper 35 5% 1 28 0 321.2941
Burial Modern Upper 15 5% 1 28 0 69.41598
Burial Brady Upper 1.5 5% 1 28 0 327.1313
Erosional Modern Upper 15 5% 1 28 0 191.7381
Erosional Brady Upper 1.5 5% 1 28 0 310.1373
Erosional Modern Upper 0.5 5% 1 28 0 113.2874
Erosional Brady Upper 0.5 5% 1 28 0 170.6715
Erosional Modern Upper 0.2 5% 1 28 0 53.21694
Erosional Brady Upper 0.2 5% 1 28 0 187.8014
Burial Modern Upper 5.5 5% 1 35 0 120.0528
Burial Brady Upper 5.5 5% 1 35 0 164.4986
Burial Modern Upper 35 5% 1 35 0 85.67712
Burial Brady Upper 35 5% 1 35 0 156.856
Burial Modern Upper 1.5 5% 1 35 0 50.89711
Burial Brady Upper 15 5% 1 35 0 318.9727
Erosional Modern Upper 1.5 5% 1 35 0 122.2267
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Erosional Brady Upper 1.5 5% 1 35 0 143.2479
Erosional Modern Upper 0.5 5% 1 35 0 108.7851
Erosional Brady Upper 0.5 5% 1 35 0 147.361
Erosional Modern Upper 0.2 5% 1 35 0 47.09499
Erosional Brady Upper 0.2 5% 1 35 0 152.1243
Burial Modern Upper 5.5 5% 1 42 0 123.0724
Burial Brady Upper 5.5 5% 1 42 0 153.0274
Burial Modern Upper 35 5% 1 42 0 54.62736
Burial Brady Upper 3.5 5% 1 42 0 268.6079
Burial Modern Upper 15 5% 1 42 0 50.67269
Burial Brady Upper 1.5 5% 1 42 0 270.5479
Erosional Modern Upper 15 5% 1 42 0 161.1081
Erosional Brady Upper 1.5 5% 1 42 0 260.858
Erosional Modern Upper 0.5 5% 1 42 0 92.16153
Erosional Brady Upper 0.5 5% 1 42 0 130.4421
Erosional Modern Upper 0.2 5% 1 42 0 21.66889
Erosional Brady Upper 0.2 5% 1 42 0 155.913
Burial Modern Upper 5.5 5% 1 49 0 153.2972
Burial Brady Upper 5.5 5% 1 49 0 151.0813
Burial Modern Upper 35 5% 1 49 0 44.818
Burial Brady Upper 3.5 5% 1 49 0 197.8194
Burial Modern Upper 15 5% 1 49 0 30.8672
Burial Brady Upper 1.5 5% 1 49 0 372.0786
Erosional Modern Upper 15 5% 1 49 0 152.0315
Erosional Brady Upper 1.5 5% 1 49 0 215.0842
Erosional Modern Upper 0.5 5% 1 49 0 60.84605
Erosional Brady Upper 0.5 5% 1 49 0 151.897
Erosional Modern Upper 0.2 5% 1 49 0 61.03821
Erosional Brady Upper 0.2 5% 1 49 0 73.03173



Chapter 5.
Conclusion

Through this research we have investigated the local topographic variability of buried
soils at different depth in burial and erosional landforms and the modern soil layers
present on these buried soils. This research will be contributing to the growing number of
studies on deeper soils and how does the soil organic matter (SOM), stabilization of the
SOM and vulnerability of the deeper soils will react due to the increased precipitation
which can lead to erosion and hence removal of the top modern soil layer and connecting
the buried soil to the modern environment. Our results also highlight that burial can be an
important mechanism for soil carbon storage and reconnecting the buried soil will make
the previously stored soil carbon vulnerable to microbial decomposition.

The buried soil studied are found to be different in pH, EC, total organic carbon (TOC),
total inorganic carbon (TIC), total nitrogen (TN) and C:N ratio at different landform
(burial vs erosional) and paleostatus (modern vs Brady). Soil organic carbon was found to
be increasing as the buried soil near to the modern surface in erosional landform. We also
found that the source of the TOCs present in modern and buried soils at different
landform are different. While the major source of TOC in the burial landform modern
soils were C4 plant, the other soils have a good mixture of C4 and C3 plant derived
carbon. Buried soils were more alkaline and has higher soluble salt (EC) content
compared to the modern soils. Analysis of functional group level chemical composition
indicated that the erosional landform buried soils has relatively high amount of easily
decomposable aliphatic compound (C-H) and can become vulnerable if come in contact
to the modern environment where the factors for microbial decompositions are present.
Radiocarbon analysis indicated, although the deeper buried soils are older with depth in
the burial landform, there is a shift in the values of fraction modern in the erosional
landform where it is shallower and prone to expose to the modern environment. From our
turnover time model, we noticed that burial landform deeper soils have higher turnover
time indicating acting as a storage of soil organic carbon (SOC) while the erosional
landform buried soils has shorter turnover time indicating they might be acting as a
carbon source and also incorporating newer carbon due to shallow depth.

As we noticed the difference in soil chemical components, we focused on the
stabilization mechanism of the SOC in these soils. Due to the previous observation of
alkalinity and higher EC in the buried soils, we thought calcium (Ca) mediated SOC
stabilization will be the dominant mechanism for SOC stabilization in these soils. Our
observations indicated that the relative importance of chemical and physical storage of
SOC are not consistent in different landform. Analysis of base cation exchange capacity
indicated the amount of monovalent and divalent cation concentrations are different in
modern and buried soils at different landforms. Buried soils has higher exchangeable
potassium (K) and sodium (Na) compared to the modern soils while erosional modern
soils were lower in exchangeable magnesium (Mg). The dominant cation present in these
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soils were Ca and it was higher in the erosional landform modern and buried soils
compared to the burial landform modern soils and there was no exchangeable Na in both
burial and erosional landform modern soils. Overall soil physical structure was identified
from the EC and sodium adsorption ratio (SAR), and we found all our soils are
flocculated in structure indicating flocculation can be the major mechanism of aggregate
formation of our studied soils. During flocculation, a chemical coagulates with water
makes bonds between particles and create larger aggregates. Flocculating cations are
divided into two categories, good flocculants which include Ca and Mg, and bad
flocculants include Na. Presence of Na can disperse the soils and break down the soil
aggregates eventually. As we know that this study area soils have agricultural practices
where the topography permits, irrigation with high Na concentration water can make the
soil aggregates destabilize easily. We noticed higher TOC content was positively
correlated to the exchangeable Ca in the erosional landform modern soil, buried soil and
burial landform modern soils which indicated that formation of aggregates or organo-
mineral complexation through Ca bridging can be the major mechanism of SOC
stabilization in these soils. For the burial landform buried soils, there can be an extra
mechanism of SOC stabilization through compaction from the top along with aggregate
formation and organo-mineral complexation. Due to compaction the pore space is
smaller than the microbial bodies which can prevent the microbial activity from SOC
decomposition.

With the understanding of how the SOC is different and the mechanism of stabilization
can be different we investigated the vulnerability of these ancient carbon present in
different landform with their modern soil counterparts in an in-situ laboratory incubation
study with the addition of two different moisture intensity. We studied continuous wet
and periodic wet dry incubation experiments at 60% water holding capacity (WHC) for
the experiments and 5% WHC for the control. We designed the experiment to see if there
is any change in seasonal precipitation, how the soil carbons will be impacted. Our
continuous wet experiment with 60% WHC evolved highest CO, compared to the wet-
dry experiment. In both experiments (continuous wet and wet-dry), erosional landform
modern soils produced the largest amount of CO, at the end of the experiments. We
didn’t find any significant differences in evolved CO. from the buried soils and modern
soils in our wet-dry experiment study. Our incubation study indicated erosional landform
modern and buried soils are more vulnerable to decomposition in addition of moisture
compared to the burial modern and buried soils. We also found that 5% WHC has highest
effects on buried soils compared to the modern soils. We did a two-pool first order decay
model with the continuous wet cumulative data to understand which pool is more
responsive to the change in moisture. Our data indicated slow cycling pool is dominant in
these soils as >97% SOC are stored in the slow-cycling pool. Burial landform buried soil
has the highest amount of slow cycling pool and erosional landform modern soil has the
least amount of slow-cycling pool. Decay constant of the slow cycling pools were
thousand-fold high compared to the slow cycling pools. Fast-cycling pool of the buried
soils are slightly faster than the modern soils, perhaps indicating that there is fast cycling
SOC available that is protected at depth will decompose faster when brought to modern
environment conditions. Our research indicated that persistence of soil organic carbon is
an ecosystem property and not a molecular property. This research highlights the fact that
buried soils can serve as a model system to understand -accumulation, long time
stabilization and potential vulnerabilities to disturbances of carbon in deeper soil
horizons.
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This research provided evidence that soil burial can act as a significant C-sink where
SOC can stay longer due to the unfavorable environment for microbial decomposition.
To further our understanding of the ability of the buried soil to act as a carbon sink, we
will need to quantify the total amount of carbon present in these soils at this depth
ranging from 0.2m to 5.5m, while reminding that the TOC present today in these soils
also include addition of newer organic matter which are staying at this deep because of
the unfavorable environment. To better understand the vulnerability of these ancient
carbon we will need to study a longer period of incubation with higher temperatures as
previous study has indicated presence of PyC in these soils. A longer incubation study
with change in microbial community and composition of SOM can tell us the fate of
these buried carbon in presence of future disturbances.

There is now an urgent need to improve our understanding and prediction capability of
buried C vulnerability to changes in climate and landscape disturbance; and identify the
mechanisms that regulate storage and turnover in these C pools and evaluate their
response to changing environmental conditions in-situ.
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