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ARTICLE INFO ABSTRACT
Handling Editor: Alberto Agnelli The depth distribution of soil organic carbon (SOC) is governed by the interaction of many ecosystem features,
including differential C inputs in shallow and deep soils and the redistribution of C via water flow through the
Keywords: profile. In C-rich Mollisols in particular, we need to better understand the degree to which the conversion of
:02 ai_;]gmgates native prairie to cultivated lands is changing C loss and retention. We probed multiple mechanisms driving these
uDSO1.

processes using two approaches: one leverages a regional-scale dataset derived from the Natural Resources
Conservation Service (USDA-NRCS) National Cooperative Soil Survey (NCSS) Characterization Database; and a
second focusses on a local-scale, more detailed dataset representative of the climatic and land-use gradients
invoked in the larger database. The first approach focused on parameterizing SOC depth distributions of Mollisols
across a climatic gradient in the US Midwest to investigate how land use and effective precipitation affects
vertical gradients of SOC. The second approach furthered the investigation of SOC depth distribution drivers by
quantifying biological, physical, and chemical properties of multiple soil profiles across Kansas, US. SOC declined
more gradually with depth as water availability increased in native prairie soils, prompting the hypothesis that
increased water flow through the profile carries C to deep layers, particularly where high root abundances
promote soil porosity. Analyses of multiple soil profiles indicate that surficial changes driven by land conversion
propagate their influence to deep soil horizons in ways significant for the coupling of C cycling across depths. Our
findings support the hypothesis, and specifically suggest linkages between decreased root abundances and
increased flows of soluble C downward under agriculture, and associated changes in soil structure that affect the
propensity of SOC to form aggregates. The interplay between rooting depth abundances and water availability in
different land uses thus appears to influence the arrangement of soils particles and voids in ways important for
vertical water flow and C transport. Our work illuminates the convergence of multiple important mechanisms
driving changes in the shape of SOC depth distributions across timescales shorter than typically assumed, with
consequences for projecting soil C cycling and storage in the Anthropocene.
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1. Introduction

The majority of organic carbon (C) in terrestrial ecosystems resides
in soils (Jobbagy and Jackson, 2000; Lal, 2003; Jackson et al., 2017).
Chemical, physical, and biological drivers are combined to influence soil
organic carbon (SOC) stocks (Jackson et al., 2017). Decades of research
emphasize the role of climate (Davidson et al., 2000; Lal, 2004; David-
son and Janssens, 2006; Bradford et al., 2016; Crowther et al., 2016) and
land-use change (e.g., conversion of native systems to agriculture;
Conant et al., 2017; Deng et al., 2016; Guo and Gifford, 2002; Tang et al.,
2019) as drivers of SOC transformations. A key motivating factor in
many of these and related studies is the potential feedback of SOC
mineralization to atmospheric CO,. However, the stabilization or
destabilization of SOC also governs another, less-appreciated but
important driver of land-atmosphere feedbacks. Specifically, changes in
SOC form and content can modify soil structure (Tisdall and Oades,
1982; Six et al., 2000; Loveland and Webb, 2003; Schwendenmann and
Pendall, 2006; Meurer et al., 2020; Sullivan et al., 2022), which can
further influence water storage, flow and land surface fluxes (Rawls
et al., 2003; Minasny and McBratney, 2018) thus impacting ecosystem
productivity (Banwart et al., 2019; Fatichi et al., 2020).

The idea that SOC and its biotic generation and transformation can
influence soil structure and thus subsurface hydrologic flow paths is
well-founded, and such transformations may occur across timescales far
shorter than historically thought (Sullivan et al., 2022). For example,
root activities and other C inputs to a soil profile can promote aggregate
structure (Gould et al., 2016; Le Bissonnais et al., 2018). Such processes
govern the structure of soil pore networks, which in turn modify water
flow and nutrient transport, potentially affecting ecosystem productivity
(Yudina and Kuzyakov, 2019). It is well-documented that soils with high
organic matter (OM) content reduce bulk density (Haynes and Naidu,
1998; Ruehlmann and Korschens, 2009; Meurer et al., 2020), and in-
fluence the pore network architecture via the formation of aggregates as
organic compounds act as binding agents linking soil mineral particles to
each other (Six et al., 2004; Bronick and Lal, 2005). In spite of the link
between SOC content and soil structure, relatively few studies have
investigated the importance of interactions between biotically-mediated
SOC stores and soil structure, especially deep in the subsurface (Banwart
etal., 2011; Banwart et al., 2019; Brantley et al., 2017). To do so, and to
make associated inferences about ecosystem functioning, requires un-
derstanding of these interacting phenomena in both surface and deep
horizons (Rumpel and Kogel-Knabner, 2011; Sulman et al., 2020).

The depth distribution of SOC is governed by multiple, interacting
features. Roots serve as a key C input, connecting the soil to the atmo-
sphere and exerting control on the distribution of resources for biota
—via water, nutrients, and gasses transport— throughout soils (Hin-
singer et al., 2009). While rooting depth of the vegetation is perhaps the
most intuitive driver of SOC inputs, its depth distribution is also gov-
erned by water availability, through multiple pathways. Water avail-
ability affects soil moisture that in turn dictates ecosystem productivity,
and thus C inputs. Water availability, dictated in part by the balance
between precipitation (P) and evapotranspiration (ET) demands, affects
soil moisture and thus C inputs to the soil. Precipitation inputs often
translate into hydrological flows through soil profiles that also can
promote the movement of mobile SOC pools such as dissolved and
particulate organic matter (DOM, POM) through soils (Kaiser and Kal-
bitz, 2012; Marin-Spiotta et al., 2014; Bowering et al., 2023). Rooting
systems and water availability interactions control the spatial distribu-
tion of soil moisture whether by promoting hydraulic lift (Caldwell
et al.,, 1998; Schenk and Jackson, 2002; Hinsinger et al., 2009) or
forming preferential flow paths through which water can infiltrate
(Hinsinger et al., 2009; Lu et al., 2020). These processes affect wetting
and drying cycles that can move soil (Lu et al., 2020; Sullivan et al.,
2022), influencing soil porosity and thus SOC transport throughout soil
profiles (Jobbagy and Jackson, 2000). Soil texture modulates the ca-
pacity of a soil to move water, with relatively high clay concentrations
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offering greater resistance to water flow in many soils (Tisdall and
Oades, 1982; Saxton et al., 1986; Saxton and Rawls, 2006). The presence
or absence of roots and their capacity to redistribute water thus interacts
with multiple soil attributes to direct temporally-variable soil structure
and its capacity to protect C (Sullivan et al., 2022).

Because roots serve as an input of soil C and influence soil structure
in ways that affect soil water dynamics, the interplay between root
abundance, available moisture, and soil structure likely plays an
important role in SOC depth distributions. For example, as C allocation
belowground varies and deep root densities decrease upon the conver-
sion of perennial systems to annual crops (Canadell et al., 1996; Jackson
et al., 2000; Fan et al., 2016; Billings et al., 2018, Hauser et al., 2022),
the associated formation of granular soil structure can be inhibited
(Mohammed et al., 2020), likely affecting water flow (Sullivan et al.,
2022) and the transport of DOC from surface to the subsurface (Kalbitz
and Kaiser, 2008; Kaiser and Kalbitz, 2012; Podrebarac et al., 2021). The
degree to which changes in rooting systems affect soil structure will
depend on the rate that roots preferentially occupy extant pores (Dexter,
1987; White and Kirkegaard, 2010) versus perforating soils de novo,
compacting soil in their immediate surroundings in the process (Helli-
well et al., 2017; Martinez et al., 2021). Both outcomes have important
implications for porosity, bulk density, and water flow (Lucas et al.,
2019a; Lu et al., 2020; Sullivan et al., 2022). Thus, deep roots can
control SOC at depth not only by the changes in direct C inputs, but also
by influencing structural characteristics that define pore space and thus
the ability of water to transport organic compounds down-profile.

Given that the distribution of roots through a soil profile can control
SOC inputs to relatively deep soil layers (i.e., greater than the horizon in
which root abundance is greatest) via diverse direct and indirect
mechanisms, surface activities such as land-use change that alter a
system’s root abundances may exert influences more deeply in the
profile than is typically appreciated (i.e., the plow layer). While direct
effects of land-use conversion on soil C stocks have been extensively
studied (Houghton, 1995; Post and Kwon, 2000; Guo and Gifford, 2002;
Deng et al., 2016; Sulman et al., 2020; Beillouin et al., 2022), more
recent investigations have begun to explore these influences in relatively
deep horizons (Rumpel and Kogel-Knabner, 2011; Sulman et al., 2020).
For instance, losses of deep roots via land-use change are known to alter
deep soil biogeochemical environments even below the zone of highest
root densities (Billings et al., 2018); this has important implications for
the overall SOC stocks (Jobbagy and Jackson, 2000). However, the
interacting effects of root abundances, soil moisture availability, and soil
structure on SOC depth distributions are only rarely explored, especially
considering changes to the landscape and climate promoted by anthro-
pogenic activity.

We investigated the role of these ecosystem features on the depth
distribution of SOC in the C-rich Mollisols of the upper U.S. Midwest. We
used a dataset derived from the National Cooperative Soil Survey Soil
Characterization database to parameterize and compare the rate of SOC
decrease with depth under plowed and unplowed lands across a climatic
gradient at a regional scale. To uncover the mechanisms driving these
vertical SOC patterns in different land uses, we analyzed samples from
soil profiles sampled over a smaller area representative of the same land
use and climate gradient present in the larger dataset for biological,
physical, and chemical characterization to 2 m depth. We hypothesized
that greater availability of water in these systems promotes the growth
and transport of living (i.e., roots) and dead surficial, in-situ C down-
profile and that this downward flux both influences and is mediated
by soil structural attributes which are, in part, governed by biotic ac-
tivity. We test this hypothesis working across gradients of effective
precipitation and land use, examining the relationships between SOC
depth distributions, root abundances, soil radiocarbon signatures,
aggregate size distribution, and soil microbial activity. Our work helps
to clarify the pace at which human activities can modify soil structural
and biotic characteristics in ways relevant for a soil’s capacity to store C
and promote ecosystem functions in a changing climate.
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2. Materials and methods
2.1. Regional-scale patterns of SOC depth distributions: The PEDS dataset

We used a recently compiled dataset (the Pedogenic and Environ-
mental DataSet; PEDS) from Koop et al. (2020) and Mohammed et al.
(2020) to explore patterns of SOC depth distributions as influenced by
water availability and land use across Mollisols of the U.S. Midwest. We
focus on Mollisols given its wide distribution across the region of interest
and the agricultural value of these soils. This dataset contains field-
based, pedon-scale information and laboratory data collected through
the United States Department of Agriculture Natural Resources Con-
servation Service (USDA-NRCS) National Cooperative Soil Survey
(NCSS) and climate data from both the Parameter-elevation Regressions
on Independent Slopes Model (PRISM; PRISM, 2021) and WorldClim 2
(Fick and Hijmans, 2017). We selected the profiles classified as Mollisols
within the U.S. Midwest (i.e., the states of Illinois, Indiana, Iowa, Kansas,
Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South
Dakota, and Wisconsin; U.S. Census Bureau, 2020).

Within this region, we extracted a total of 4,305 profiles for which
SOC concentration data, in %, where available. From these, we excluded
those that did not have mean annual precipitation (MAP) or potential
evapotranspiration (PET) data (n = 58 excluded) with which we could
calculate effective precipitation (E¢P; see Section 2.2 for calculation of
EfP) or did not have a measurement of SOC for the surficial horizon (n =
175 additionally excluded). We also excluded profiles where O horizons
were present because of their relatively low numbers (n = 18) and their
disproportionate influence on surface horizon SOC model estimates (see
below). Finally, we excluded profiles with fewer than four observations
of SOC, which was the minimum number of observations needed with
which to fit the exponential decay model used in this work. Agricultural
soil profiles were defined as those with the presence of an Ap horizon; all
other soil profiles were considered to have never been plowed (termed
‘native prairie’ systems). We used SOC concentration data for each soil
layer and its known depth (here corresponding to the depth of the ho-
rizon thickness midpoint) from the remaining 2,941 soil profiles (2,158
and 783 profiles, and 14,573 and 4,806 horizons from agricultural and
native prairie systems, respectively) to fit an exponential decay model of
SOC concentration with depth (see Section 2.4.) separately for each
pedon.

We calculated SOC stocks using SOC concentrations and bulk density
data based on the horizon thickness for the 605 profiles in PEDS for
which both of these data types were available. As for analyses leveraging
SOC concentrations, we excluded profiles that did not have at least four
observations of SOC stock (gC cm;%il) at different depths (n = 92) and did
not have a SOC stock calculated for surficial horizons (n = 32) to fit the
exponential decay model. Similar to what was done using SOC con-
centrations, we used the available SOC stock for each horizon and its
known depth (i.e., the depth corresponding to the horizon thickness
midpoint) from the 481 profiles across the US Midwest (375 and 106
profiles and 2,417 and 628 horizons from agricultural and native prairie
systems) to fit an exponential decay model of SOC stocks with depth for
each pedon. We compared model parameter estimates based on these
depth distributions of SOC concentration and stocks to investigate the
importance of bulk density to SOC depth distributions (see Section 2.6).

2.2. Discerning mechanisms driving regional-scale patterns of SOC depth
distributions

2.2.1. Study sites and sampling methods

We ran a comprehensive set of soil analyses on soil samples from four
precipitation regions in the state of Kansas collected from genetic ho-
rizons obtained from excavated soil pits of approximately two meters
deep, under agricultural and native prairie systems, in collaboration
with the Natural Resources Conservation Service (NRCS) on the dates
shown in Table 1. From east to west, the Eastern Kansas (EKS), Konza
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(KNZ), Hays (HAY), and Tribune (TRB) sites fall along a decreasing
gradient of mean annual precipitation (MAP). Further information about
the sites where excavated profiles were sampled, including soil series
and historical climatic data, are displayed in Table 1. None of the
agricultural sites sampled are irrigated (i.e., all are rain-fed).

Tribune is the westernmost site where soil profiles were excavated in
the Kansas State University Southwest Research Center. The native
prairie is composed of C3 and C4 grasses, where buffalo grass (Bouteloua
dactyloides) is the dominant species. The agricultural site is character-
ized by a wheat-grain sorghum-fallow rotation with tillage and was
sampled after wheat harvest.

Native prairie sites sampled in Hays consists of mixed-grass prairie,
with a dominance of the C4 plants, such as little bluestem (Schizachyrium
scoparium), Sideoats grama (Bouteloua curtipendula), and forbs, though
C3 plants cuman ragweed (Ambrosia psilostachya) and purple prairie
clover (Dalea purpurea) are also present (Heisler-White et al., 2009). The
agricultural site was sampled at the Kansas State University Agricultural
Research Center facility, which has been historically farmed as a wheat-
sorghum-fallow rotation with minimum tillage during the fallow period.

The Konza sites were sampled at the Konza Prairie Biological Station.
The native prairie site is dominated by perennial C4 grasses, such as big
bluestem (Andropogon gerardi) and Indian grass (Sorghastrum nutans),
and C3 herbaceous forb species (Heisler-White et al., 2009). Agricultural
soils at this site have been cultivated with soybean, wheat, and grain
sorghum since the 1960s with tillage and local fertilizer and pesticide
application practices (Jangid et al., 2010).

The native prairie site in Eastern Kansas was sampled at the Welda
Prairie (a part of the Anderson County Prairie Preserve near Welda, KS)
is dominated by C4 grasses and C3 forbs (Kettle, 2016). The agricultural
site was sampled 39.9 km away from the native prairie site in Ottawa,
KS, at the Kansas State University East Central Experiment Field, where
for the past 12 years there has been a crop rotation between corn and
soybean.

We also sampled soils in twelve locations under agricultural and
native prairie systems across the effective precipitation in Kansas, U.S.
(Table 1) using a Giddings probe (Giddings Machine Company, USA)
down to 150 cm whenever possible for the fixed depth intervals of 0-5,
5-15, 15-30, 30-75, and 75-120 or 150 cm, which we used to run a
specific, less extensive set of analyses (see section 2.3). All collected
samples were kept at —20 °C after homogenization at the Kansas Bio-
logical Survey and Center for Ecological Research (KBS-CER) at the
University of Kansas. Sampling dates, MAT, and MAP for these twelve
locations are shown in Table 1. Though crops and thus fertilization
practices differed across the agricultural plots at the time of sampling,
we focus on two relatively durable characteristics broadly typical of
annually-harvested, row-crop agriculture: declines in deep roots relative
to native perennial systems, and altered soil structure.

The state of Kansas is characterized by a strong variability in climatic
conditions across space and time that shape the distribution of the
vegetation along the west-to-east transect (Rahmani and Harrington,
2019). We leverage effective precipitation (E¢P) to gauge the effects of
climate variability on the depth distribution of SOC. EP is a unitless
value based on the ratio of potential evapotranspiration (PET) and MAP,
where values equal or greater than O indicate that the evapotranspira-
tion needs are met by MAP:

EP = 1-—— (€D)]

By reflecting the ecosystem’s capacity to meet the evapotranspira-
tion demands, EP is a proxy for water potentially available for soil
processes after atmospheric demands are met. Although the E¢P concept
is more commonly used to reflect the precipitation amount necessary to
meet the potential transpiration needs of a cropped area (Bos et al.,
2009), we use it in this study as an estimate of the net amount of water
that can infiltrate soils (Marek et al., 2016).
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Table 1
Study sites across the state of Kansas, USA. Site names in bold font represent sites where soils were subjected to a greater number of analyses (see text for detail).
Site Land use Latitude Longitude MAP!  MAT? Date Sampling Soil Parent material® Slope®
(mm) (°C) Sampled Method series®
(YYYY-
MM-DD)
Tribune, KS (TRB) Agriculture 38°28'09"N  101°46'55"W 456 11.3 2019-08- Giddings Richfield Loess 0-1%
19
2019-11- Genetic
05 horizons
Native 38°28'10"N 101°46'56"W 456 11.3 2019-08- Giddings Richfield Loess 0-1%
prairie 19
2019-11- Genetic
05 horizons
Logan County (LGN) Native 38°47'19"N  101°10'01"W 471 11.6 2021-07- Giddings Ulysses Loess 0-1%
prairie 07
Smoky Valley Ranch Agriculture 38°52'18"N  100°58'58"W 478 11.6 2019-07- Giddings Ulysses Loess 0-1%
(SVR) 18
Native 38°51'57"N  100°59'42"W 476 11.7 2019-07- Giddings Ulysses Loess 6-15%
prairie 18
Trego County (TRG) Agriculture 39°00'48"N  99°45'37"W 580 12.0 2021-07- Giddings Penden Loess over alluvium 1-3%
08
Native 39°00'54'N  99°44'40"W 580 12.0 2021-07- Giddings Holdrege Loess 1-3%
prairie 08
K-State Agricultural Agriculture 38°50'34'N  99°18'52"W 604 12.3 2018-05- Giddings Harney Calcareous loess 0-1%
Research Extension 08
Facility (HAY) 2018-08- Genetic
23 horizons
Hays, KS (HAY) Native 38°50'07"N  99°18'11"W 604 12.3 2018-05- Giddings Harney Calcareous loess 0-1%
prairie 08
2018-08- Genetic
23 horizons
Rooks County (RKS) Agriculture 39°14'30'N  99°12'52"W 627 11.8 2019-08- Giddings Harney Loess 0-1%
26
Native 39°10'29"N  99°09'00"W 638 11.9 2019-08- Giddings Harney Calcareous loess 0-1%
prairie 26
Hanks Nature Agriculture 38°53'17'N  97°59'29"W 740 12.7 2021-08- Giddings Wells Residuum weathered 3-7%
Conservation (HNC) 06 from sandstone and
shale
Native 38°53/31"N  97°59'15"W 740 12.7 2021-08- Giddings Wells Residuum weathered 3-7%
prairie 06 from sandstone and
shale
The Land Agriculture 38°41’39'N  97°35'28"W 780 13.2 2019-08- Giddings Hord Alluvium 0-1%
26
Institute (TLI) Native 38°58'11"N 97°28'08"W 760 13.3 2019-08- Giddings Hord Alluvium 0-1%
prairie 26
Konza Prairie Agriculture 39°06'11"N  96°36'15"W 858 12.7 2018-05- Giddings Reading Alluvium 0-2%
11
Biological Station 2018-11- Genetic
(KNZ) 08 horizons
Native 39°06'19"N  96°36/35"W 856 12.7 2018-05- Giddings Reading Alluvium 1-3%
prairie 11
2018-11- Genetic
08 horizons
Jefferson Agriculture 39°20'04'N  95°30'27"W 964 12.8 2021-06- Giddings Sibleyville Sandy and silty 3-7%
23 residuum weathered
County (JEF) from sandstone and
shale
Native 39°02'43"N  95°12'17"W 991 12.7 2021-06- Giddings Pawnee Till 4-8%
prairie 23
Leavenworth Native 39°15'31"N  94°58'42"W 1000 12.5 2019-09- Giddings Sharpsburg  Loess 1-4%
prairie 18
County (LVN)
Ottawa, KS (EKS) Agriculture 38°32'19'N  95°14'51"W 1009 13.0 2018-05- Giddings Woodson Silty loess and/or silty 0-1%
17 and clayey alluvium
2019-07- Genetic
23 horizons
Welda Prairie (EKS) Native 38°10'52"N  95°16'20"W 1041 13.2 2018-05- Giddings Olpe Silty loess and/or 3-7%
prairie 23 ancient clayey alluvium
2019-04- Genetic
24 horizons

IMAP: Mean annual precipitation; 2MAT: Mean annual temperature; >Natural Resources Conservation Service (NRCS) Soil Survey data (https://websoilsurvey.sc.egov.
usda.gov/).
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2.3. Soil analyses

2.3.1. SOC concentrations

We measured total SOC concentration of all soil samples collected
across the state of Kansas, regardless of sampling method (i.e., sampled
from a pit face or via Giddings probe), by subsampling the soils stored at
—20 °C. These subsamples were oven-dried at 60 °C for at least 48 h, had
visible roots and rocks removed prior to being ground to a fine powder,
and then were exposed to acid fumigation in a desiccator following
Ramnarine et al. (2011) to remove carbonates. After fumigation, the
samples were dried again at 60 °C for 24 h and sent to the Kansas State
Stable Isotope Mass Spectrometry Laboratory for analysis of total SOC
using the Elementar Vario PYRO cube (Elementar, Germany).

2.3.2. Additional analyses of samples from excavated soil profiles

Samples collected by diagnostic horizon from the excavated soil
profiles at most locations in Kansas (HAY, KNZ, and EKS; Table 1) went
through an additional set of analyses (see Sections 2.3.2.1 to 2.3.2.3)
aimed at investigating the drivers of SOC depth distribution across the
climatic gradient in Kansas. Samples from the profiles excavated in
Tribune, KS, were collected at a later date and did not go through this set
of analyses.

2.3.2.1. Radiocarbon signatures of SOC. We leveraged radiocarbon sig-
natures of SOC to explore the degree to which rooting abundance,
location on the precipitation gradient, and soil structure influence
inferred SOC persistence. To that end, another subsample of the soils
stored at —20 °C was oven-dried at 60 °C for over 48 h and had all visible
roots and rocks removed prior to being manually ground to a fine
powder. The samples were dried at 60 °C again for 24 h and sent to the
University of Georgia Center for Applied Isotope Studies for analysis.
There, samples were subjected to hot acid washing to remove acid-
soluble OC pools. Graphite targets were extracted from organic sam-
ples via combustion, cryogenically separated, and analyzed for isotopic
signatures using the AMS system (Pelletron 0.5 mV 1.5DH-1, Cherkinsky
et al., 2010; Cherkinsky et al., 2018). The fraction of modern C (FM) of
the sample is reported based on the known '*C content of an accepted
standard (Trumbore, 2009).

2.3.2.2. Water-stable aggregate size distribution. To understand how
changes in SOC inputs may affect soil aggregation, we characterized the
water-stable aggregate size distribution following a modified procedure
based on Nimmo and Perkins (2002) at the University of Cal-
ifornia—Riverside. We focus on intermediate aggregate sizes, capturing
the majority of our soil sample mass. Our approach isolated aggregates
smaller than 4.75 mm in diameter (defined by sieve mesh) and greater
than 0.21 mm; aggregates smaller than the minimum diameter are lost
during the separation process. Briefly, we used a modified Dickson
apparatus (Dickson et al., 1991) to wet a known amount of air-dried soil
sample by slow wicking. We note that the soil homogenization tech-
nique used upon soil collection removed larger clods, which were
broken along planes of weakness prior to air-drying. When the sample
was saturated, we transferred the soil onto a stack of sieves in a Yoder
device, where sieves were raised and lowered in tap water at approxi-
mately 2.8 cm per stroke for 10 min, at a frequency of 36 S min~. The
samples were then oven-dried at 105 °C overnight and, after weighing,
the soil in each sieve size was dispersed in a mixer with 2 g/L of sodium
hexametaphosphate for 10 min. The dispersed sieved subsamples were
passed through the same sieves and the remaining debris was dried prior
to weighing. This step allowed us to distinguish true soil aggregates on
each sieve from individual soil particles, rock and plant fragments that
were larger than the sieve opening. We analyzed each sample in tripli-
cate to obtain a more robust estimate of the average aggregate-size
proportion for each horizon. The aggregate sizes were determined by
the diameter of the sieves and divided into five intervals: <0.21 mm,
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0.21-1 mm, 1-2 mm, 2-4.76 mm, and >4.76 mm. The results are re-
ported as a proportion of the total soil sample. We calculated the geo-
metric mean aggregate size for each interval, d;, following Koop et al.
(2020):

4 = exp {ln(li) +ln(ui)} @
2
where [ represents the lower boundary and u the upper boundary of each
aggregate size interval i. For the smallest aggregate size fraction, we
used a lower boundary equal to the threshold of clay domains (i.e.,
0.002 mm; Dexter, 1988; Six et al., 2004) to avoid the log of zero.
Because the upper boundary was unknown for the largest aggregate size,
we set the value of u; to 4.76. Each value of d was used to calculate the
geometric mean aggregate diameter (MAD) for each jth horizon (Koop
et al., 2020) as follows:
I filn(d:)
MAD; = exp {W] 3
where f is the volume fraction of the aggregate interval i, and m repre-
sents the number of aggregate intervals. Values of MAD are reported in
mm.

To simplify some of our analyses, we also divided the five aggregate
sizes into three aggregate classes, reported as a proportion to the total
amount of soil. We refer to aggregates smaller than 0.21 mm in diameter
as microaggregates. Aggregates between 0.21 and 4.76 mm in diameter
were called intermediated-sized macroaggregates, as this class includes
the lower threshold for characterization of macroaggregate sizes (0.25
mm; Ghezzehei, 2011) and has a defined upper size threshold set at 4.
76 mm. We refer to aggregates greater than 4.76 mm as large macro-
aggregates, a category that does not have an upper size threshold with
our sieve selection.

2.3.2.3. Salt-extractable organic carbon (EOC) concentrations. To
explore the relative contribution of rooting systems to the concentra-
tions of organic acids in solution, we first quantified the EOC by
extracting the soils stored at —20 °C using a salt solution. Specifically,
we subsampled 10 g of field-moist sample into a 50 mL Falcon tube and
added 40 mL of 0.5 mol K»SOy4, placed it on a platform shaker at 200 rpm
for one hour, and centrifuged and filtered the resulting suspension using
a 0.45 pm syringe filter. The concentration of EOC in the extracts was
determined by colorimetry as described by Bartlett and Ross (1988) and
analyzed in a Synergy HT microplate reader (Agilent, USA). We
normalized the EOC concentrations by the averaged total root abun-
dances of the same soil layer (i.e., including fine and coarse roots; see
Section 2.4 for characterization of rooting abundances). Not all EOC is
root-derived, but this metric allows us to probe soil horizons where
concentrations of root and microbial exudates such as organic acids
(Herbert and Bertsch, 2006) may reflect greater or lesser connection to
roots. For simplicity, we refer to this metric as EOC per unit of total root
abundance.

2.4. Photo-derived root densities

For the eight sites where soil profiles were excavated (Table 1), we
cleaned the pit face along natural planes of weakness and generated high
resolution photos along the length of the pit face. We used these photos
to obtain photo-derived fine and coarse root abundances down to two
meters under native prairie and agricultural systems as described in
Billings et al. (2018) and Hauser et al. (2020). Briefly, a 1x1 cm grid was
overlaid on the photos and the presence or absence of roots was recor-
ded. Fine roots had diameter <1 mm, and all diameter sizes equal to or
greater than 1 were considered coarse roots. We counted each photo grid
cell where roots were present in 1-cm depth increments, and divided by
the width of the analyzed soil profile. Absolute root abundances for each
depth increment z are given as:
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>~ cells with presence of roots,

4
> total cells analyzed, “)

Root abundance ,(bsoluie) =

We used this dataset to explore the changes in rooting depth distri-
butions with land-use conversion across the climatic gradient in Kansas.
We also report normalized root abundances for each depth increment z,
calculated as:

> cells with presence of roots, ,

()

Root abundance z(normalized) = .
>~ cells with presence of roots,

where the numerator is the sum of all roots present at each depth
increment, 2, and the denominator is the sum of all roots present in the
profile, p. We calculated both absolute and normalized root abundances
for fine and coarse roots separately.

2.5. Fitting exponential decay models

The SOC decline with depth has been the subject of many studies
(Jobbagy and Jackson, 2000; Lorenz and Lal, 2005; Minasny et al., 2006;
Mishra et al., 2009; Sulman et al., 2020; Sun et al., 2020; Franzluebbers,
2021) and can be expressed as an exponential decay function:

50C, = SOC; + (SOC; — SOCy)e! 7 + ¢ Eq. (6)
where SOC, corresponds to the SOC either as concentration (%) or stock
(gC cm’3) at depth z (cm), SOC; is the predicted SOC at the surface
(depth = 0 cm), SOCs s the lowest predicted SOC value of the profile, f is
the rate of SOC decrease with depth, and ¢ is the error term. We fit this
function using SOC concentrations at their corresponding depths (SOC,
and 2) of soil profiles in PEDS wherever we had data available, and for all
sampled profiles across Kansas, to obtain SOCg, SOC;, and p values. We
estimated the parameters using the Nelder-Mead simplex algorithm to
minimize the residual error, which is a direct search method often
applied to nonlinear regressions for optimization (Nelder and Mead,
1965). We also applied this methodology to a subset of the PEDS profiles
for which bulk density observations (in gC cmzl;) were available to fit
this function to SOC stocks and evaluate if SOC depth distributions are
better described by stocks compared to concentrations. We employed
the coefficient of determination, R2, as a goodness-of-fit metric for the
modeled SOC depth distributions and only selected profiles with R?
greater than or equal to 0.8. We chose this value as the threshold to
avoid an overconservative approach that would unnecessarily reduce
the number of profiles for the statistical analysis, as approximately 10%
of the fitted distributions, for both SOC concentrations and stocks, had
R? between 0.8 and 0.9.

We used model estimates of f§ to evaluate how well-distributed SOC is
with depth. Greater values of p indicate that SOC is concentrated closer
to the surface and exhibits a relatively sharp decrease with depth;
smaller values indicate more well-distributed SOC throughout the soil
profile and a smoother, less abrupt decrease in C with depth (Minasny
et al., 2006).

We used the fitted parameter estimates of SOCg, SOC;, and f to pre-
dict SOC depth-distributions for each profile at 1-cm increments down to
500 cm. This approach allowed us to estimate the depth at which pre-
dicted SOC becomes indistinguishable from the predicted SOC;. We
considered values of modeled SOC estimates at 1-cm increments and
SOCs to be equivalent when their values matched to the fourth decimal
place, and termed the depth at which this occurred as zgoc.

2.6. Statistical analyses

We used log-transformed estimates of f to evaluate the effects of E{P
and land use on SOC depth distribution using linear models. We used the
non-parametric linear model approach of quantile regressions (quantreg;
Koenker, 2021) for the § values estimated from PEDS because model
residuals could not be transformed to meet the assumptions of normality
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and homoscedasticity. We do not report a conventional R? statistic for
these models as it is a product of least squares regression and are not
applicable to nonparametric regressions. We instead report the non-
parametric Spearman correlation, p (stats; R Core Team, 2022). More-
over, we assessed the correlation between the §§ values estimated from
SOC concentrations and stocks also using the Spearman correlation. The
depth-dependency of data points in many soil-related regressions is
important to consider when selecting appropriate statistical models, but
here we use these correlations only to assess the similarity of these
model predictions. We used parametric linear regressions (stats; R Core
Team, 2022) to evaluate the effects of E¢P and land use on estimates of
across Kansas.

Distributions of zgoc based on either SOC concentrations or SOC
stocks calculated from PEDS were tested for different means under
agricultural versus native prairie sites via a resampling-based test.
Standard t-tests could not be used because the distributions of zgoc were
not normally distributed. Although the t-test is fairly robust to de-
partures from normality as long as distributions are still symmetric, the
zsoc distributions were also non-symmetric. Given n points xj, ..., Xp,
and m points y;, ..., ¥m, from the two distributions, the resampling-based
test resamples, with replacement, n points from the set xj, ..., x,, and m
points from the set yy, ..., ym, and recomputes the difference between the
means of the two resampled datasets. This procedure was repeated
10,000 times, and the difference between the means of the actual data
was deemed significant if at least 95% (i.e., 9,500) of the resampling-
based values had the same sign as the difference-of-means computed
on the real data. Nonnormal distributions and unequal variances pre-
vented appropriate usage of traditional statistical approaches in which
we could explore the effects of E¢P at a larger scale.

For the SOC depth distributions across Kansas, we employed linear
regression to evaluate the effects of both land use and E¢P on the zsoc
estimates. Inadequate spatial replication of multiple land uses at each of
the three main soil sampling locations in Kansas prevented us from
implementing traditional statistical analyses to evaluate the effects of
the E¢P gradient and land use conversion on rooting depth-distributions,
radiocarbon signatures, and water-stable aggregate sizes. Instead, we
employed a regression approach on the SOC data collected in the field,
leveraging the twelve sites across the Kansas precipitation gradient
where we sampled native prairie systems and the ten sites across the
gradients where we sampled cultivated lands (Table 1). All statistical
analyses were performed using R v. 4.2.1 (R Core Team, 2022) and the
results were considered significant when p < 0.05.

3. Results
3.1. Modeling SOC depth distributions at the regional scale

We fit an exponential decay model to empirical depth distributions of
SOC concentration based on the data available in PEDS (example pro-
files in Fig. S1) and used the resulting parameter estimates to assess the
effects of water availability and native prairie conversion to agriculture
on the SOC depth trends. Smaller estimates of f} reflect more homoge-
neous distribution of SOC across depth, as demonstrated by model
predictions down to 500 cm (Fig. 1a). Of the 2,941 profiles fitted by the
exponential decay model, we selected only those where the minimum R?
threshold was met, which eliminated 324 profiles (Fig. 2a). Another 11
profiles estimated p to be greater than 1000, which we also excluded
from the statistical analyses. These relatively few pedons have the
minimum number of observations necessary to fit the model but most
SOC observations in each profile are zero, explaining overestimated f
values. We thus used model estimates for 2,606 profiles fitted with SOC
concentrations for statistical analyses. Log-transformed values of p
estimated from SOC concentrations were significantly influenced by the
interaction between E¢P and land use (Fig. 2b, 2c; p < 0.001) as evalu-
ated by quantile regression, such that the slope of these values across EP
for agricultural soils was 0.084 + 0.021 cm ! (p < 0.001) and for native
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Fig. 1. Scaled predictions of SOC depth distributions down to 500 cm using the modeled exponential decay fits of SOC data in the PEDS database using SOC
concentrations (a) and SOC stocks (b). Data displayed reflect the region described in text; we scaled the data by calculating the fraction of the total SOC in the profile
present in each 1-cm depth increment to permit comparison of widely variable SOC values across 2,606 profiles.

prairie soils was —0.245 + 0.030 cm™! (p < 0.001).

We also fit an exponential model using SOC stocks calculated based
on SOC concentrations and bulk density data for the 481 pedons in PEDS
for which these data were available, of which 455 profiles met the R?
threshold criteria (Fig. 3a). The depth distribution of SOC stocks
(Fig. 1b) yielded similar patterns than as those observed for SOC con-
centrations (Fig. 1a). Results for the log-transformed values of p using
SOC stocks were significantly influenced by the interaction between EP
and land uses (Fig. 3b, 3c; p < 0.001) as evaluated by quantile regres-
sion. The relationship between E¢P and p exhibited a significant slope in
native prairie soils, estimated as —0.257 + 0.074 cm ™! (p < 0.001). The
analogous slope for agricultural soils was non-significant (0.080 +
0.043 cm™%; p = 0.066).

We evaluated the correlation between the predicted p from SOC
concentrations and stocks for the 445 pedons where both parameters
were available and the fit of the model was satisfactory, i.e., when the
minimum R? threshold was met. Using Spearman correlation, we
observed a strong relationship between the two estimates (p; = 0.926, p
< 0.001; Fig. 4a). We further demonstrated the similarity of the depth
distributions of SOC concentrations and stocks using two exemplar
profiles from PEDS in agricultural (Fig. 4b) and native soils (Fig. 4c)
from which we estimated the p values.

Using the results from the exponential fits, we predicted the SOC
depth-distributions by 1 cm increment down to 500 cm for all profiles
across the US Midwest (Fig. 1; Fig. S1). That approach allowed us to
calculate zgoc for all profiles (see Section 2.5.; Fig. 5). We observed
deeper depths for zsoc estimates under agriculture (meanconcentration =
399.2 cm; meangi,ck = 403.7 cm) regardless of whether we used SOC
concentration or stocks compared to native sites (meanconcentration =
344.3 cm; meanggck = 340.7 cm). Results from the resampling-based test
confirmed that zsoc is significantly different under these two land uses
using either SOC concentrations or stocks (p < 0.001 for both analyses).

3.2. SOC depth-distributions at a local scale across Kansas

To discern the mechanisms driving the regional-scale relationships of
SOC depth distributions, we obtained detailed soil biological, chemical,
and structural data at a smaller scale using the data from 12 native
prairie and 10 agricultural Mollisol profiles sampled across Kansas
(Fig. 6a). In two instances, we removed one SOC concentration obser-
vation from two profiles at depths between 50 and 150 cm that were
obvious excursions from the otherwise smooth exponential decline in
SOC with depth. For the agricultural profile at the Konza Prairie Bio-
logical Station (KNZ), we elected to use SOC concentration data only
from the genetic horizons to promote a more robust model estimation.

These corrections were necessary to better distinguish patterns of SOC
depth distribution and do not affect the outcome of interest (the p esti-
mates) as predictions of absolute SOC values are outside the scope of this
paper. We assessed whether these well-characterized Kansan Mollisols
exhibited similar patterns of § with E¢P as in the selected PEDS profiles,
calculated using their SOC concentrations (Fig. S1). As observed in the
native prairie PEDS Mollisol pedons, the Kansas sites exhibited signifi-
cant, negative relationships between log-transformed f and EP (p <
0.001), which were evaluated using linear regressions (Fig. 6b). Unlike
in the PEDS profiles, slopes of agricultural and native prairie soils were
both negative (-0.937 + 0.252 cm ™}, and —1.017 + 0.184 cm ™},
respectively), but native prairie soil values of log-transformed f§ were
well-predicted by Ef (R? = 0.93) while agricultural soils exhibited a
much looser fit (R? = 0.49). The significant relationship between the log-
transformed f and E¢P under agriculture falters when the value at the
driest site sampled in Kansas is removed (Fig. 6b), which also improves
the fit of the model (R = 0.74).

Similar to PEDS, we predicted SOC depth-distributions by 1-cm
increment down to 500 cm using the results from the exponential fit
for the profiles across Kansas (Fig. S1) and calculated the depth at which
SOC concentrations become constant, zsoc. We leveraged the normality
of the data collected across Kansas to evaluate the effects of EfP and land
use on zgoc and found a significant relationship between zgoc and E¢P in
Kansans soils for native prairie sites (p = 0.013) and for cultivated lands
(p = 0.014), though the fit of the model for the agricultural data was
again looser than that from native prairie sites (R2 = 0.331 and R? =
0.818, respectively; Fig. 6¢). The interaction between land uses across
the E¢P gradient is not significant for zgoc (p = 0.573).

3.2.1. Root densities

The photo-derived root densities show an increase in the overall root
abundance as E¢P increases under native sites, mostly driven by the in-
crease in fine root abundances with greater water availability (Fig. 7b).
Although the same increase is not realized under agricultural lands,
greater absolute fine root abundances are observed outside the precip-
itation extremes (Fig. 7a). When considering the proportion invested in
roots per cm of soil by the total rooting system, agricultural sites show
greater variation in fine root investment (Fig. 7c) in comparison to the
trends observed under most native prairie systems (Fig. 7d). Moreover, it
appears that most sites invest similarly in fine roots abundance with
depth across the E¢P gradient, except the site at the lowest E¢P extreme
(Fig. 7d). Such a trend is not observed to the same degree for coarse roots
because under agriculture these are almost non-existent except at
shallow depths (Fig. 8a, 8¢), and native prairie systems seem to invest
more in this type of root where water availability is greater (Fig. 8b, 8d).
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Fig. 2. Pedon locations and relationships between effective precipitation (E¢P) and the parameter estimate describing the exponential decay of SOC concentrations
with depth, In(p), derived from the PEDS dataset. (a) Map of selected Mollisol pedons available in PEDS fitted to an exponential decay model describing how SOC
concentrations decline with depth. We used the R? of each modeled pedon as a goodness-of-fit metric and established 0.8 as the minimum threshold for selection in
statistical analyses (see text for detail). Closed points represent the profiles with R? greater than or equal to 0.8, and open triangles represent profiles with R? smaller
than 0.8. Spatial representation of E¢P is based on precipitation data from PRISM (PRISM, 2021) and evapotranspiration data from Trabucco and Zomer (2018). (b
and c) Parameter p from the model fit for the US Midwest profiles as it varies with effective precipitation for agricultural and native prairie sites, respectively.
Statistics in (b) and (c) correspond to the Spearman correlation, p, the p-value and the slope, Aln(p), estimated from the quantile regression, and the n number of

estimates analyzed.

3.2.2. Rooting activity

Normalizing the EOC concentrations by total root abundances in the
soil profiles across Kansas displayed greater values with increased EP in
both land uses (Fig. 9). There is a steady decrease in the normalized EOC
under native prairie with depth (Fig. 9b), while agricultural lands
showed an increase down to depths closer to 60 cm, then followed by a
decrease (Fig. 9a). Particularly at the bottom of the measured soil pro-
files, we observed greater EOC in solution per unit total root abundance
across depths in the agricultural soils at the wettest site.

3.2.3. Radiocarbon

Radiocarbon signatures for six soil profiles across Kansas reveal
generally greater abundance of FM (i.e., shorter transit times, Sierra
et al., 2017) with greater E¢P (Fig. 10). Although native prairie soils
generally have greater FM values at surface in comparison to

agricultural soils, deep soils in cultivated lands present greater FM than
under native prairie.

3.2.4. Soil aggregate-size distribution characterization

From the water-stable aggregate-size distribution analysis, we ob-
tained the proportion of five aggregate sizes for each sampled horizon of
six profiles in Kansas (Fig. S2). Because of inadequate field site repli-
cation, it was not possible to obtain standard deviations for the calcu-
lated metrics based on the aggregate-size distribution results. Using the
calculated mean aggregate diameter per horizon (Fig. 11a, 11b), we
observed the apparent breakdown of relatively large aggregates at the
soil surface that typically occurs with plowing when compared to the
native prairie (Six et al., 2000; Six and Paustian, 2014).

We normalized the proportion of the isolated soil aggregates by OC
concentration (Fig. 11c, 11d) to investigate the propensity of bulk SOC
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Fig. 3. Pedon locations and relationships between effective precipitation and parameter estimate describing the exponential decay of SOC stocks with depth, In(f),
derived from the PEDS dataset. (a) Map of selected Mollisol profiles available in PEDS fitted to an exponential decay model describing how SOC stocks decline with
depth. We used the R? of each modeled pedon as a goodness-of-fit metric and established 0.8 as the minimum threshold for selection in statistical analyses (see text
for detail). Closed points represent the profiles with R? greater than or equal to 0.8, and open triangles represent profiles with R? smaller than 0.8. Spatial repre-
sentation of E(P is based on precipitation data from PRISM (PRISM, 2021) and evapotranspiration data from Trabucco and Zomer (2018). (b and c) Parameter f§ from
the model fit for the US Midwest profiles as it varies with effective precipitation for agricultural and native prairie sites, respectively. Statistics in (b) and (c)
correspond to the Spearman correlation, p, the p-value and the slope, Aln(p), estimated from the quantile regression, and the n number of p estimates analyzed.

to form these aggregate sizes. We observed that the propensity of SOC to
form and maintain these intermediate-sized macroaggregates is modi-
fied with land conversion. Specifically, greater E¢P appears to promote
the ability of SOC to form or protect intermediate-sized aggregates at
depths greater than 100 cm in native prairie soils (Fig. 11c) while the
opposite is observed in cultivated profiles around and below the same
depth threshold (Fig. 11a).

4. Discussion

Our work highlights the importance of investigating the depth to
which climate and land conversion interact to affect SOC concentrations

and stocks throughout soil profiles, and the soil chemical, physical, and
biological mechanisms that can drive these effects. We investigate the
combined effects of water availability and conversion of native prairie to
cultivated lands on SOC concentrations for Mollisols in the US Midwest,
demonstrate the correspondence of these patterns with those for a
smaller dataset of SOC stocks, and explore the roles of moisture avail-
ability, roots, and soil structure as mechanisms governing these pro-
cesses across a relevant climatic gradient within Kansas, USA. Our
findings have implications for understanding the capacity of soils to
store persistent SOC and management strategies to promote SOC pres-
ervation for different land use systems considering the expected changes
in precipitation patters under climate change.
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profile from PEDS. In (b) and (c), solid lines represent the predicted depth distribution of SOC concentrations and dashed lines represent the predicted depth dis-
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4.1. SOC depth distributions across an effective precipitation gradient

The finding of a decrease in the rate of SOC decline with depth in
native prairie soils with increased water availability (i.e., less negative
values of E(P) across the upper US Midwest (Fig. 2c) suggests that greater
E(P promotes greater coupling among surficial and deeper horizons in
native prairie soils, which is consistent with our hypothesis. We
observed similar trends at the pedon scale across the precipitation
gradient in Kansas, USA (Fig. 6b). These results allow us to draw par-
allels about the interplay of multiple mechanisms likely governing the
SOC depth distribution across scales for these C-rich Mollisols, and can
inform about these soils’ varying capacity to transport and protect C
under different management practices.

First, greater water availability promotes greater net primary pro-
ductivity (NPP) in both natural and agricultural systems in the US
Midwest (Twine et al., 2004; Motew and Kucharik, 2013), and we might
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expect greater root inputs at any given depth in a system with greater
NPP (Kleidon and Heimann, 1998; Kleidon and Heimann, 1998; Jackson
et al., 2000). In addition to being a direct source of C to the soil, rooting
systems can promote greater inputs of DOC via exudates into the
rhizosphere (Pausch and Kuzyakov, 2018; Sokol et al., 2019), as sug-
gested by the concentrations of EOC (see Section 4.2; Fig. S3). Such
exudates likely can promote mineral-associated SOC given that rhizo-
deposits appear to be a more effective mechanism for C stabilization
than OM derived aboveground (Sokol and Bradford, 2019). Therefore,
as roots deepen into the soil, these processes can play an important role
in enhancing the soils’ ability to protect C with depth. In our study, a
decrease in B (i.e., a less steep decline in SOC; Fig. 6b) is indeed
accompanied by an increase in rooting abundances under native prairie
systems (Fig. 7b, 8b).

As roots perforate into soils, they also can create new, and reinforce
existing, biopores through which surficial C can flow downward
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on precipitation data from PRISM (PRISM, 2021) and evapotranspiration data from Trabucco and Zomer (2018). (b) Log-transformed metric defining SOC decrease
with depth, p as it varies with effective precipitation. (c) Estimated depth at which SOC becomes constant, zsoc, as it varies with effective precipitation. See text for
details of effective precipitation estimates. ag corresponds to statistics for the agricultural data. np corresponds to statistics for native prairie data.
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Fig. 7. Fine rooting depth-distributions across Kansas, USA. Results in (a, b) refer to the absolute root abundance, shown as a fraction of the 1-cm thick layer
containing fine roots. Greater values of absolute root abundances indicate greater presence of fine roots per 1-cm soil layer. Results in (c, d) refer to the normalized
root abundance, shown as a percentage of each 1-cm thick soil layer containing fine roots relative to the total roots observed across the profile. Greater values of
normalized root abundances indicate greater contribution of roots in 1-cm soil layer relative to the total rooting system. Agricultural systems are displayed in (a, c),

and native prairie systems are displayed in (b, d).

(Hinsinger et al., 2009; Lu et al., 2020; Sullivan et al., 2022). Although
new pores are formed when roots exert enough pressure to push soil
particles aside and create new voids (Hinsinger et al., 2009), as roots
grow deeper they are more likely to use existing pores because they offer
lower mechanical resistivity and can be hotspots for nutrient availability
(Kautz, 2015; Lucas et al., 2019a). There is evidence, however, that roots
can also compact the surrounding soil, which appears to be linked to the
connectivity of existing macropores in the system (Lucas et al., 2019a).
Regardless of the net effect of roots in the soil, their influence on soil
structure shapes the pore space in ways significant for the transport of
OM, coupling shallower to deep soil layers via water infiltration. The
increase in coarse rooting depth abundances with greater effective

12

precipitation in native prairie systems in Kansas (Fig. 8b) appears to be
associated with greater mean aggregate diameters, especially at the
surface (Fig. 11b). Preliminary statistical analyses indicate that these
features are linked to enhanced total porosity across depth (data not
shown), in line with evidence of increased aggregate stability with
higher SOM inputs that modify pore distribution in ways that reduce
slaking and thus aggregate breakdown (Papadopoulos et al., 2009; Dal
Ferro et al., 2012). The drivers of the directionality of linkages between
rooting depth distributions, soil aggregate sizes, and soil porosity remain
uncertain, but the current work emphasizes the strength of these
interactions.

Finally, greater water availability with an increase in E¢P from west
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to east in the US Midwest may allow greater movement of SOC pools
across depths and promote the coupling of surface and subsurface pro-
cesses (Kaiser and Kalbitz, 2012). Although porosity is an important
feature allowing downward flow of C, sufficient moisture is necessary
for this transport to happen. When hydrological flows are sufficient,
often as a product of subsurface permeability, the water transported
down-profile mobilizes resources in a way that promotes the coupling of
horizons, as its interactions with roots, microbes, and the soil matrix
creates a vertical connectivity between shallow and deeper layers
(Kaiser and Kalbitz, 2012; Li et al., 2017; Li et al., 2021; Xiao et al.,
2021). Root-driven hydraulic redistribution (Caldwell et al., 1998) may
also serve as a source of water that can promote SOC transport
throughout a pedon as well (Rumpel and Kogel-Knabner, 2011; Prieto
etal., 2012). Such vertical connectivity can be an important influence on
a diversity of biogeochemical processes (Kaiser and Kalbitz, 2012; Bill-
ings et al., 2018; Podrebarac et al., 2021; Xiao et al., 2021).

4.2. Land-use conversion and SOC depth distributions

The distinct responses of f§ to E¢P in agricultural vs. native prairie
soils (Fig. 2b, 2¢) suggest that agricultural practices in the U.S. Midwest
modify the way that SOC inputs respond to variability in the soil
moisture that is potentially available to move material within soil
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Fig. 11. Water-stable aggregate abundance normalized by SOC for six soil profiles sampled across an effective precipitation gradient with the state of Kansas. (a) and
(b) display the mean aggregate diameter for each horizon. (c) and (d) show the proportion of intermediate macroaggregate sizes (between 0.21 and 4.75 mm
diameter) per gram of OC for each horizon. Error bars represent the standard deviation of the laboratory replicates.
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profiles. This response to E¢P is a more nuanced way of examining p
values than comparing their means across land use; indeed, p for profiles
sampled under agriculture in Kansas are not statistically different from
those in native prairie (p = 0.573), a result likely reflecting the high
variability in estimating the rate of SOC decrease with depth and the
relatively low number of pedons sampled (Fig. 6b). However, p re-
sponses to E¢P suggest that shifts in SOC with depth in native prairie soils
where moisture availability is greater are less abrupt than in agricultural
soils. The shallowing of the rooting system as native prairie is converted
to cultivated lands (Jackson et al., 1996; DuPont et al., 2014) and the
concurrent loss of surficial SOC (Tang et al., 2019) may limit the degree
to which C is distributed throughout agricultural profiles. It is well
documented that agricultural practices have led to significant losses of C
(Guo and Gifford, 2002; Deng et al., 2016; Tang et al., 2019), an
observation that has instigated many other studies looking into the ef-
fects of different land managements on the addition, distribution, and
decomposition of C (Six et al., 1999; Post and Kwon, 2000; Luo et al.,
2010; Deng et al., 2016). Conventional agriculture is responsible for
larger rates of erosion than those of soil production (Montgomery,
2007), and the disruption of surficial soils not only redistributes C across
the landscape but also leads to soil structural changes that can promote
SOC mineralization to CO» (Lal, 2003; Quinton et al., 2010; Doetterl
etal., 2016). Changes in SOC at surface will thus affect the availability of
C to be transported to deep soils, with consequences for C stabilization
and its overall depth distribution. The correspondence of p values esti-
mated by SOC concentrations with those derived from SOC stocks
(Fig. 4a) suggests that our inferences about the vertical distribution of
SOC are robust regardless of which measure is used, and generates
similar estimates of the variation in f across the EfP gradient under both
land uses calculated from either measurement.

Exponential fits of SOC depth distributions derived from PEDS and
the Kansas profiles permitted calculation of zgoc, the depth at which SOC
concentration becomes invariant. This value is considered a threshold
for the transition from the dominance of biotic processes in a soil profile
to mineralogical processes as the main drivers of C retention (Lawrence
et al., 2015; Sulman et al., 2020; White et al., 2012). In a study inves-
tigating the parameters of SOC depth distribution across the continental
US using C concentrations and C stocks, Sulman et al. (2020) explored
variation in zgoc and found that its deepest values were present in the
Central Plains, and deeper for profiles with an Ap horizon. We observed
the same trend of deeper zsoc estimates under agricultural compared to
native prairie sites using PEDS profiles across the US Midwest (Fig. 5),
though our results are generally deeper than those observed for Mollisols
in Sulman et al. (2020). Moreover, profiles indicating zgoc values of 500
cm likely indicate that zgoc is probably deeper than the depth interval
we used in our predictions (see Section 2.5). Greater zgoc depth esti-
mates in the current study relative to those reported in Sulman et al.
(2020) may arise from differences in approaches for estimating zg,, as
we did not use a piecewise function but instead predicted SOC vertical
distributions in 1-cm increments down to a predetermined depth.
However, deeper thresholds between biotic and “quasi-biotic” processes
in cultivated lands implied by data in both studies suggest greater
coupling of shallow and deep biogeochemical cycles promoted by
agriculture, instead of a perhaps more intuitive decoupling above and
below the plow line. Specifically, zsoc estimates from PEDS profiles
suggest that C-related biogeochemical cycling declines more abruptly
with depth in cultivated lands, rather than in agricultural plots where
the plow line might be predicted to serve as a physical threshold within
C distribution patterns. Estimates of zgoc across Kansas further support a
greater vertical coupling of biogeochemical cycles under agricultural
systems and highlight the significant effect of EP on zggc, especially
under native prairie soils where the fit of the model was better (Fig. 6¢).
Moreover, the increase in zgoc with greater water availability across
Kansas is congruent with an observed decrease in carbonate content
which, in turn, suggests that abiotic processes at zgoc may decline in
relative dominance where moisture availability increases (Gunal and
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Ransom, 2006; Fernandez-Ugalde et al., 2011). Our findings are in line
with the interpretation that zsoc reflects the depth at which SOC has
been relatively insulated from surficial processes and that land conver-
sion may promote the decomposition of deep C with the transport of OC
and root exudates throughout soils (Hicks Pries et al., 2017; Sulman
et al., 2020).

4.3. Exploring the mechanisms governing SOC depth distribution patterns
at the pedon scale

To further investigate the mechanisms driving variation in SOC
depth distributions across the US Midwest, we analyzed data obtained
from soil pits across Kansas for a more complete physical, chemical, and
biological characterization of profiles from across the E¢P gradient and
from native prairie and agricultural lands. Perhaps most notably, we
observed clear differences in rooting abundances between the two land
uses along the climatic gradient (Fig. 7a, 7b), with the most evident
differences in coarse root abundances (Fig. 8a, 8b). Reductions in
rooting inputs deep in soil profiles are expected between perennial and
annual systems (Canadell et al., 1996; Jackson et al., 1996; DuPont
et al., 2014; Billings et al., 2018). Where roots are more abundant, SOC
stocks tend to be greater because of greater inputs of solid C material,
the greater mean residence time of root C than aboveground C (Rasse
et al., 2005; Sokol et al., 2019), and the release of C-rich root exudates in
the rhizosphere. Such observations are consistent with our finding of
greater EOC concentrations in native prairie soils compared to agricul-
tural soils (Fig. S3), even though normalized root investments, especially
those of fine roots, appear similar across the E¢P gradient (Fig. 7d). The
EOC data thus hint at greater availability of SOC easily transformed into
solute form with increased root abundance (Fig. S3).

Two lines of evidence suggest that differences in rooting abundances
imposed by native prairie conversion to agriculture has prompted soil
structural changes that have consequences for transport of SOC,
including EOC, and its protection. First, differences in root abundances
may dictate the rate at which C such as the EOC pool can flow downward
by changing soil porosity (Kaiser and Kalbitz, 2012; Lucas et al., 2019b;
Lu et al., 2020). This may have occurred in the current study particularly
given differences in coarse roots across land uses (Fig. 8a, 8b), via
increased perforation when roots elongate or by leaving open pores after
the decay of roots left behind upon land conversion (Fig. 8a; Lu et al.,
2020). This idea is supported by generally greater values of EOC per unit
total root abundances in agricultural plots across Kansas in horizons
between ~40 to ~75 cm at two drier sites, and at the deepest depth
sampled at the wettest site (Fig. 9). This feature indicates that some
combination of enhanced root production of EOC is occurring at depth in
agricultural soils, or that more EOC is infiltrating to depth from shal-
lower horizons in agricultural soils. We cannot know which of these
features dominates in these soils, but radiocarbon data also provide a
line of evidence suggesting that altered soil structure has modified the
extent of soluble OC transport down-profile in these agricultural plots.

Radiocarbon data suggest greater transport of fresh photosynthate
from surface horizons deeper into the subsoil in agricultural soils, and
greater preservation of SOC in native prairie soils in relatively deeper
horizons (Fig. 10). Spatially replicated soil radiocarbon data are difficult
to obtain (Schrumpf et al., 2013), but our data are consistent with the
idea that land conversion of unplowed systems to croplands may favor
the formation of preferential paths through which water can flow,
perhaps as decaying coarse roots in converted systems leave behind
empty voids (Lu et al., 2020). Flow path formation may be further
strengthened in soils with meaningful shrink-swell capacity (Tuller and
Or, 2003), which is the case where there are high concentrations of
montmorillonite (Schulze, 2005) and relatively high coefficient of linear
extensibility (COLE) values (Fig. S4). We note that radiocarbon signa-
tures in relatively deep horizons indicate the greatest FM in agricultural
soils where water availability is highest (Fig. 10), corresponding to
depths at or below which COLE is greatest (Fig. S4). This observation in
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tandem with EOC data per unit total root abundances (Fig. 9) hints that
agricultural soils may experience structural changes at multiple depths
upon conversion, promoting greater down profile transport of relatively
fresh photosynthate.

Radiocarbon data are also consistent with the idea that in deeper
horizons, native prairie soils exhibit better ability to retain relatively old
SOC (Fig. 10). This may be the case, given that differences in radio-
carbon signatures between agricultural and native prairie soils were
greater with greater E¢P, and that intermediate-sized macroaggregates
per unit of SOC were greater in native prairie soils at depth with rela-
tively high E¢P (Fig. 11d). There, SOC seems to promote the formation or
preservation of relatively large water-stable aggregates, which appear
effective at preserving SOC (Six et al., 2000; Six and Paustian, 2014). In
contrast to intermediate-sized macroaggregates per unit SOC, the MAD
of water-stable aggregates in agricultural soils increased with depth
where E¢P was high (Fig. 11a). This indicates that agricultural practices
at the surface can affect aggregate formation far more deeply than the
plow line, particularly where EP is sufficient to promote the propaga-
tion of surficial processes to the subsurface. Although we could not
conduct statistical analyses at the pedon scale for the soil aggregate data,
our work suggests that agriculture may promote formation of larger
aggregates as deep as 200 cm as E¢P increases (Fig. 11a). In agricultural
plots, deep SOC promotion of aggregation appears to occur to a greater
extent in drier systems (Fig. 11c). This is consistent with the idea of more
variable soil moisture promoting greater flashiness of surficial SOC flows
down-profile, resulting in greater FM signatures in agricultural systems
compared to their native prairie counterparts (Fig. 10). Further work
exploring this topic should focus on sampling soil profiles specifically for
physical characterization under different land uses at depths equal or
greater than what was done in our study with sufficient spatial replicates
to allow for more robust statistical analyses.

We note that the degree of clay complexation of SOC is likely an
additional, important determinant of water-stable aggregation. The
concept of complexed organic C (COC) is a useful tool for understanding
drivers of soil structure (Dexter et al., 2008; Klopfenstein et al., 2015;
Johannes et al., 2017). Estimates of complexed clay (CC) can inform us
about soil stability in water, because non-complexed clay (NCC) is often
well correlated to the readily-dispersible clay of a system and may also
play a role in defining soil structural conditions (Dexter et al., 2008;
Schjgnning et al., 2012). Estimates of the total fraction of the system that
is complexed, including both COC and CC (TCS; Appendix B), suggests
that where SOC is more readily accessible to soil microbes (i.e., where
SOC is less complexed; Fig. S5), SOC appears to have a greater pro-
pensity to form intermediate-sized macroaggregates (Fig. 11c, 11d),
apparently driven by older C (Fig. 10). This is in line with the argument
that deep C exhibits a longer transit time (Rumpel and Kogel-Knabner,
2011; Sierra et al., 2017) and that the controls of SOM stabilization are
physical protection (Six et al., 2004; Fontaine et al., 2007) and perhaps
O, availability (Keiluweit et al., 2017). Moreover, these older C signa-
tures may also reflect the fewer inputs of fresh photosynthate to the
subsurface, which has been found to increase the longevity of the C
storage (Fontaine et al., 2007; Fig. 10). In these Kansans soils, the
greater carbonate contents where water availability is limiting (Gunal
and Ransom, 2006) is probably another important driver of C protec-
tion. Higher Ca2*t concentrations can promote greater microaggregate
stability via the formation of pedogenic carbonates that act as a pro-
tective coating (Fernandez-Ugalde et al., 2011), consistent with the
smaller aggregate size observed under drier systems, especially at depths
below the plow line (Fig. 11a, 11b).

Our work thus demonstrates that land management indirectly in-
fluences the degree to which SOC can promote or maintain soil aggre-
gate structure across depth (Fig. 1lc, 11d). We emphasize the
importance of understanding the combined effects of land use and
climate on the ecosystem features driving SOC depth distribution. These
changes may affect soil structure at depths greater than the plow line,
echoing the need to dig deeper to understand changes in rates of

16

Geoderma 437 (2023) 116569

pedological processes in the Anthropocene (Richter, 2020). As a result,
soil structure may now be altered on timescales relevant for human
lifetimes, far shorter than the geological time periods across which these
processes are typically assumed to occur, as has been recently suggested
(Hirmas et al., 2018; Sullivan et al., 2022). Rapid soil structural changes
have important consequences for understanding and predicting the
drivers of C cycling and storage under climate change. We present this
study as a starting point from which to generate new hypothesis about
how changes to interacting ecosystem features in the Anthropocene,
such as rooting depth distributions and soil structure, may control hy-
drological flow paths and biogeochemical fluxes and transformations in
significant ways for the functioning of the Earth’s critical zone.

5. Conclusions

Our work investigates the degree to which ecosystem features like
effective precipitation and land use conversion interact to govern SOC
depth distributions across a climatic gradient in the US Midwest. We
found that the vertical distribution of SOC under native prairie soils is
more coupled across surficial and deeper horizons where water avail-
ability increases. Upon grassland conversion to agriculture, that trend
falters. In line with our hypothesis, our work suggests that this shift is
the result of changes in rooting abundances and, further, that reduced
rooting abundance influences soil structure in ways that can promote
vertical flows of water and the transport of C down-profile, which
contributes to aggregate stability and SOC protection. Our study high-
lights the importance of investigating ecosystem features that drive C
inputs and depth distributions in tandem with the depth to which land
conversion propagates and the timescales over which soil structural
changes can occur.
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