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ABSTRACT

ISOLATION, INTERPRETATION, AND IMPLICATIONS OF PHYSICAL SOIL ORGANIC

MATTER FRACTIONS IN SOIL SYSTEMS

Soil organic matter (SOM) is crucial to sustained ecosystem function, due to its role in regulating
nutrient cycling, carbon (C) storage, and soil structure relevant to both food production and
climate regulation. Since the early 1990s, physical fractionation methods have been used to
separate bulk SOM into discrete components. The central aim of these methodologies is to
simplify the complex heterogeneity of the bulk SOM pool by isolating fractions with more
homogenous chemistries, formation pathways, and mechanisms of persistence. By understanding
the relative distribution of C and nitrogen (N) among these various fractions, we gain appreciable
insight into the mechanisms underlying fundamental soil biogeochemical processes. Despite
their historic use, however, significant questions remain regarding the means of proper isolation
and interpretation. This dissertation looks to these questions directly, reviewing and then
interrogating the methods by which fractions separated before applying those fractionation
schemes to answer key questions relating SOM to ecosystem function. The first section reviews
the history and current state of physical fractionation methodologies, before using a triangulation
of experimental evidence, including chemical, isotopic, and spectral indicators, to identify the
best practices for laboratory use. These chapters advance our current understanding of SOM
biogeochemistry by drawing an explicit link between the conceptual definitions of SOM

fractions and the various procedural definitions that have been used historically. Across a range
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of soils representative of agricultural land in the United States, we show that fractionation
methods that separate particulate organic matter (POM) fraction by density isolate fractions more
in line with the conceptual definition of POM than the more frequently used size separation. This
work aims to unify understanding across the field of soil biogeochemistry and allows for more
robust analyses and modeling efforts. The subsequent chapters use this approach to investigate
fundamental questions around SOM stability and persistence. The mineral associated organic
matter (MAOM) fraction has long been understood to be relatively stable, with slower turnover
times and a more homogenous composition as compared to POM. Its accumulation has thus been
discussed as a target for climate change mitigation. We leveraged a unique long-term
experimental site with archived samples stretching back over 60 years to test this assumption,
aiming to identify a dynamic fraction of MAOM by comparing the SOM composition of plots
that had not received organic inputs over the course of the experiment against plots that had
received regular inputs for six decades. Our spectral and isotopic analyses showed that a
dynamic fraction of the MAOM existed and was primarily composed of plant derived
compounds. As the exchangeable MAOM pool was exhausted due to a lack of fresh C inputs, we
found that the composition of the MAOM pool became more strongly dominated by microbial
byproducts. This work represents useful evidence towards a holistic understanding of the

dynamic nature of SOM, and forces reimagining of long-held paradigmatic views.

One challenge in the current SOM biogeochemistry landscape is that often questions exist
downstream of methodologies, such that the fractions that can be isolated drive the research that
is conducted. By first identifying robust methodologies, in the second half of this dissertation we
were able to ask specific questions about the link between SOM dynamics and ecosystem

function. To this end, we pursued three different lines of inquiry: a field study in which the
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objective was to link the fractional distribution of C and N to yield stability in agricultural
systems, a field study that seeks to understand the persistence dynamics of SOM over a decadal
scale in grassland systems, and a laboratory incubation that aims to discern the relative
contributions of POM and MAOM in regard to plant available N. The first field study used
samples from 9 working farms across the Central United States to better understand how SOM
might moderate the spatiotemporal stability of crop yields at the field scale. Yield instability is a
major cause of economic and environmental distress in row crop systems, and regional studies
have suggested that increasing SOM may be able to mitigate variation in yield across time and
space. The chapter presented here is the first study that attempts to identify a mechanistic link
between SOM fractions and yield stability. In disagreement with regional and county scale
studies, we found that SOM abundance was not linked to increased yield stability in cropping
systems. Rather, unstable yield zones had significantly higher SOM content than stable zones,
particularly in regard to the POM fraction. This work indicates that at the subfield scale,
interactions between climate, topography, and management may be driving spatial patterns of
both yield stability and SOM accumulation. This is a key insight, implying that some of the
relationships between SOM and agronomic outcomes are scale dependent, and highlighting the
need for field scale work to maintain relevance to growers. The second field study produced
novel insights, tracing isotopically enriched litter and pyrogenic organic matter (PyOM) through
various SOM fractions over the course of a decade, one of the longest tracer experiments that has
occurred in grassland ecosystems. We found that after 10 years, the majority of the remaining
litter derived C and N inputs were stored in the MAOM fraction, a result well aligned with our
hypotheses. Interestingly though, the litter derived MAOM fraction formed rapidly (~ 1 year)

and persisted at a relatively similar concentration for the duration of the study. This suggests the
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potential for divergent persistence mechanisms of POM and MAOM, implying less inter-fraction
transfer than previous frameworks have proposed and prompting re-evaluation of the
mechanisms of MAOM formation and persistence. In contrast, the applied PyOM remained
almost completely in the POM fraction over the 10-year period, reinforcing both the
heterogeneity of the bulk SOM pool, and the myriad of persistence mechanisms that stabilize
various SOM fractions. Given that PyOM is ubiquitous in soil regardless of burn history and can
persist for hundreds of years, this result has critical importance for our understanding of turnover
time of the POM fraction, and suggests that we may be underestimating the dynamic nature of
POM when PyOM is not accounted for. Finally, in a lab incubation experiment, we took
advantage of recent advances in isotopic measurement to prove recent theories around MAOM N
accessibility. Whereas POM is often thought of as the fraction that provides nutrients in the short
term, our two-week incubation showed that under certain conditions, the majority of plant
available N may be derived from the MAOM fraction. This work validates proposed frameworks
and 1s an important step towards understanding coupled C and N management in agroecosystems
that could improve N use efficiency and increase producer sustainability. Overall, the work in
this dissertation aims to provide a comprehensive overview of how fractions can and should be

isolated, and the information gained via this fractionation.

By clarifying and advancing methodology to quantify SOM components and the understanding
of their contribution to critical soil functions for the sustainability of food production and the
mitigation of climate change this dissertation represents a major step forward for the study,

modeling and managing of SOM in agricultural systems.
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CHAPTER 1: INTRODUCTION

Soil organic matter (SOM) plays a crucial role in maintaining agroecosystem productivity,
though the mechanisms of this effect are often loosely defined (Bauer and Black, 1994; King et
al., 2020; Minasny and McBratney, 2018; Oldfield et al., 2022; Schjenning et al., 2018).
Resolving these mechanisms is challenging, as SOM is composed of a heterogenous mixture of
organic compounds of varying provenance (Chang et al., 2024; Lavallee et al., 2019; Whalen et
al., 2022) and decomposition status (Cotrufo et al., 2015; Grandy and Neff, 2008; Lehmann and
Kleber, 2015). Physical fractionation methods can separate this heterogenous mixture into
fractions with more similar characteristics, which allows for increased insight into
(agro)ecosystem function (Cotrufo et al., 2019; Cotrufo and Lavallee, 2022; Lavallee et al.,
2020; Prairie et al., 2023) and SOM formation processes. In this dissertation, I attempt to gain a
better understanding of the dynamics of physical SOM fractions through targeted inquiries
around the methods for their separation, their biogeochemical dynamics within the soil system,
and their formation, function, and stabilization in both managed and natural systems. Here, I

present a brief overview of the chapters within the dissertation and their overarching linkages.

While physical fractionation methods have been employed widely by researchers since the early
1990s (Elliott and Cambardella, 1991), the number of publications that employ fractionation
techniques has grown significantly in the past 10 years. This growth has been bolstered even
further following publications that highlight the utility of fractions as a means for better
understanding SOM dynamics outside of SOM formation and persistence specific contexts
(Billings et al., 2021; Lavallee et al., 2020). The first two chapters of my dissertation examine the
methods used to isolate these physical fractions directly and attempt to identify the best practices

1



for their application in ecosystem biogeochemical research. Chapter 2 provides a review of the
rationale and history of physical fractionation methods and provides an overview of the major
methodologies that are currently widely employed. Chapter 3 expands on this review and
attempts to reconcile the conceptual definitions of various physical SOM fractions such as
particulate and mineral associated organic matter (POM and MAOM, respectively) with
procedural definitions that are assigned to them depending on a given methodology (e.g., size vs.
density fractionation). Our primary goal here is to provide a common resource for researchers
that lack an established fractionation procedure or tradition within their lab or institution, and to

identify best practices for work that plans to investigate SOM fraction dynamics.

The methodological work in Chapters 2 and 3 provided useful insight into the methods most
well-suited to isolate functional soil compartments (Curtin et al., 2019; Moni et al., 2012), that is
to say those fractions of the SOM with more similar biogeochemical characteristics (e.g., C:N
ratio, stable isotope composition, spectral absorbance patterns, etc.). However, they are not well
suited to thoroughly investigate the composition and dynamics of SOM fractions across space
and time. Chapters 4 and 7, in contrast, investigate directly the chemical and biological dynamics
and behavior of these fractions in soil systems. The common conceptual definition of MAOM is
that it is a relatively stable fraction, with slow turnover times and a longer mean residence time
than POM (Kleber et al., 2015; Lavallee et al., 2020). However, recent work has highlighted that
there is a portion of this fraction that can actively exchange with the soil solution (Daly et al.,
2021; Jilling et al., 2018, 2021; Woolf and Lehmann, 2019), with implications for ecosystem
biogeochemical cycling, and assumptions around SOM stability. In Chapter 4, we use diffuse
reflectance infrared Fourier transformed (DRIFT) Mid-IR spectroscopy to characterize this

dynamic portion of the MAOM fraction, leveraging a unique dataset of archived soils. We seek



to extend this line of inquiry in Chapter 7, where we intend to use a laboratory incubation to test
how the distribution of carbon (C) and nitrogen (N) among physical fractions influences both the
source of mineralized N, and the N mineralization rate. These chapters, building on the previous
two, seek to improve our basic understanding of SOM fractions, with the goal of improving soil

biogeochemical models and management recommendations around building SOM.

By establishing an understanding of SOM fraction characteristics and composition, we can apply
our findings to better understand ecosystem function, as well as temporal patterns in SOM
formation and stabilization. As I alluded to above, previous work has highlighted the role of
SOM in determining agronomic outcomes such as yield stability (Kane et al., 2021; Williams et
al., 2016). However, these studies have lacked mechanistic explanations, which we hypothesized
was due to their consideration of SOM as a bulk entity. To address this, Chapter 5 examines the
relationship between SOM fractions and subfield yield stability zones in production fields across
the Midwestern US. We found surprising patterns which indicated divergent patterns of
formation and stabilization between POM and MAOM fractions among the different stability
zones. In Chapter 6, we look at these questions around formation and stabilization in a more
targeted way, using isotopic tools in a long-term field incubation experiment. Specifically, we
explored temporal patterns in SOM formation, transformation, and persistence among physical
fractions under two inputs: plant litter, and pyrogenic organic matter. The results have important
implications for our understanding of how SOM forms and persists on an understudied yet

management relevant timescale (10 years).

Across chapters, the dissertation presented here is an attempt to use SOM fractionation in the
most responsible way possible for advancing our understanding. Fractionation provides powerful

insight into soil biogeochemistry; however, the results of fractionations must be examined within



the appropriate context. By first understanding what we’re isolating (i.e., Chapters 2 — 4) when
we do a fractionation, we can move forward confidently into understanding the implications of

fractional distribution of C and N within the soil system (i.e., Chapters 5 — 7).



CHAPTER 2: PHYSICAL SOIL ORGANIC MATTER FRACTIONATIONS— A REVIEW!

Introduction

Soil organic matter (SOM) is a key renewable resource, providing several ecosystem services
such as the regulation of nutrient cycling, soil water storage, and carbon sequestration. Soil
organic matter is largely composed of diverse, relatively simple molecular compounds that are
present in the soil solution, attached to mineral particles, or contained within fragmented organic
residues (von Liitzow et al., 2007). Over the last 40 years, continued advancements in SOM
research have led to an increasing acceptance that to understand best the function, formation, and
persistence of SOM, different components must be isolated and examined as critical parts of a
greater whole (Cambardella and Elliott, 1992; Christensen, 2001; Lavallee et al., 2020; Lehmann
and Kleber, 2015; Sollins et al., 1984). Several methods of separating SOM fractions have been
developed, such as the now dismissed use of strong alkaline extractions to isolate organic
molecules (Stevenson, 1994), or laboratory incubations that aim to determine turnover times of
different SOM constituents (Paul et al., 1999). In this chapter, we focus our discussion on

methods of isolating organic matter fractions by physical means.

Physical fractionation methods enable the isolation of SOM fractions that are less heterogenous

in their turnover time, formation processes, and or chemical make-up than the bulk SOM. In

"' The published version of this chapter can be cited as:

Leuthold, S.J., Haddix, M.L., Lavallee, J., Cotrufo, M.F., 2022. Physical fractionation techniques, in: Reference
Module in Earth Systems and Environmental Sciences. Elsevier, p. B9780128229743000677.
https://doi.org/10.1016/B978-0-12-822974-3.00067-7



contrast to other methods of SOM separation, physical fractionation methods reduce the potential
for procedural artifacts or modification of the chemical composition of the final samples, and
produce samples fit for further analysis (e.g., elemental and isotopic composition, hydrogen
pyrolysis, etc.). Most importantly, these physical methods have been developed to separate SOM
into fractions based on inherent physiochemical properties, which allows increased insight into

the mechanisms of SOM formation, stabilization, and persistence of the different components.

A distinguishing feature of the current paradigm of SOM research has been an inquiry model that
exists downstream from the methodology at the researcher’s disposal. That is to say, the
questions asked are often directly informed by the techniques for separating constituent fractions,
rather than fractionation approaches dictated by the differences that exist in the function,
formation, and persistence of the substances that comprise the organic component of the soil.
The fractions we discuss in this chapter are by nature operationally defined, and the operational
definitions will vary given the dogma of a given laboratory, institution, or researcher. While the
wealth of high-quality research under this paradigm has brought about a deep understanding of
SOM dynamics, the foundation is now strong enough such that we have the opportunity to craft
questions using an inductive reasoning framework and to use methods that are informed by the
scope of our inquiry, rather than inform it. Here we provide an overview of the different
functional components of SOM, the relevance to research studies, and the ways in which
researchers can go about separating these components. Our intention is to provide a resource for
researchers to develop an understanding of the most typical products of physical fractionation
schemes, the information they can provide, and the methods by which they can be isolated such

that researchers can make informed decisions concerning the techniques they employ.



Conceptual Framework

The molecules within a given organic residue or exudate entering the soil have a variety of
potential fates once they begin to decompose and become part of the SOM pool. The secretion of
specialized extracellular enzymes by soil microbial communities transforms insoluble molecules
such as cellulose, hemicellulose, lignin, suberin and pectin contained within the structural
components of plant tissue into low molecular weight compounds by a repeated process of
colonization and depolymerization. In contrast, exudates and soluble compounds within residue
such as organic acids, amino acids, and sugars, are readily leached from the residue and enter the
soil solution directly. Low molecular weight compounds can be assimilated into the microbial
biomass or respired by soil microbes, but may also bypass microbial interactions altogether and
associate with mineral surfaces, often creating strong and long lasting bonds (Liang et al., 2017).
As microbial energy sources become exhausted and communities begin to turn over, the
nitrogen-rich molecules contained in microbial byproducts and necromass have a similar range
of fates as plant compounds, depending on their polymeric structure, solubility, and affinity for

bonding to mineral surfaces.

The different structures, fates, and processing pathways of organic molecules after entering the
soil leads to SOM that is diverse in its composition, functional properties, and accessibility to
decomposers. Organic matter consisting of structural plant and microbial residues free from
mineral association is defined as particulate organic matter (POM), the low molecular weight
compounds in the soil solution are defined as dissolved organic matter (DOM), while the organic
matter found in fine mineral associations is defined as mineral-associated organic matter
(MAOM). While arguably there are no ‘uniform’ SOM fractions, it is useful to describe them as

‘primary’ when they are distinct from one another and ‘secondary’ when they are composite, i.e.,



formed from the aggregation of primary fractions (Christensen, 2001; Denef et al., 2010).
Therefore, POM, MAOM, and DOM can be considered primary SOM fractions, as they occur as
discrete conceptual units in the soil, and represent a fundamental level of structural complexity
(Christensen, 2001). The secretion of extracellular enzymes or extracellular polymeric
substances by microbes onto these primary fractions can facilitate further accumulation of soil
particles and OM around them, leading to the formation of soil aggregate structures. As soil
aggregates are composed of primary structures, they are considered secondary SOM fractions
(Christensen, 2001; Denef et al., 2010). Aggregate formation typically occurs through persistent
bonding facilitated by organic molecules, polyvalent cation complexes, and aluminosilicate
minerals, often around an organic nucleus (Oades and Waters, 1991). Aggregated structures can
protect POM by spatial isolation, and have also been shown to facilitate the formation of MAOM
as intra-aggregate breakdown and microbial turnover occur (Witzgall et al., 2021). While all
SOM will eventually be utilized by the soil microbial community, stoichiometric complexity and
diversity, nutrient deficiencies, and oxygen or temperature limitations can moderate the rate and
efficiency with which microbial degradation occurs (Lehmann et al., 2020). Thus, POM fractions
are often separated between free and occluded in aggregates of different size fractions as a way

to get more insight into their turnover time (Six and Paustian, 2014).

Just as the form and function of different SOM fractions vary, the physical characteristics
associated with these different SOM fractions, including their size and density, and the size and
density of the mineral particles or aggregates they may be associated with, varies among the
different fractions (Figure 2.1). Taking advantage of these differences enables the separation of
MAOM, POM, DOM, and additional fractions, free or as aggregates, by physical procedures.

Despite physical SOM fractions being inherently operationally defined, the covariation in



Figure 2.1 - Conceptual diagram of the fractions that can be isolated by various physical
fractionation techniques. Macro- and micro-aggregates can be isolated using aggregate
separation techniques, while mineral associated organic matter (MAOM), free and occluded
particulate organic matter (fPOM and oPOM, respectively), coarse heavy associated organic
matter (CHAOM) and dissolved organic matter (DOM) require size, density, or combined
fractionation techniques.



physical characteristics of the fractions with the formation mechanisms, response to
environmental changes, and chemical composition of the SOM fractions makes them a useful

approach to study SOM dynamics.

Isolatable Soil Organic Matter Fractions

Particulate Organic Matter (POM)

Particulate organic matter is the term for the fraction of SOM primarily composed of structural
materials of both plants and microbes (e.g., cell walls) that have undergone fragmentation and
leaching losses but little to no depolymerization. The structural nature of POM makes it
relatively light and coarse, leading to an operational definition of organic material with densities
< 1.6-1.85 g cm-3, and or sizes > 53 um. When separated by density fractionation, POM is often
referred to as the light fraction, as its lower density allows separation with floatation. Depending
on the type of fractionation scheme and the objectives of a given study, POM can be further
fractionated into free and occluded POM. Free POM is uncomplexed POM that is suspended
within the soil matrix and is recoverable prior to soil dispersal methods (Figure 2.1). In contrast,
occluded POM refers to the fraction of POM that is protected within soil aggregates and is only
recoverable following the dispersion of soil structures. Despite these differences in protection,

both free and occluded POM fractions have similar sizes and densities (i.e., < 1.85 gm cm™).
Mineral Associated Organic Matter

Mineral-associated organic matter refers to the organic molecules that have sorbed to mineral
surfaces or are occluded within highly stable fine microaggregate structures. The dominant
molecular components of the MAOM fraction are low molecular weight compounds of plant and

microbial origin such as amino sugars and microbial polysaccharides, as well as some more
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diverse and complex molecules such as extra polymeric substrates, and microbial necromass.
The bulk of organo—mineral associations occur with minerals of the silt and clay size, and as
such the operational definition of MAOM is the organic material smaller than 50-60 um and with
a density > 1.6-1.85 g cm™. This fraction is often referred to in the literature as the heavy
fraction when separated by density methods, or the silt and clay fraction when separated based
on size. The organo—mineral bonds generally protect MAOM from microbial degradation, but
recent work has shown that a fraction of MAOM can actively exchange with the soil solution.
Previously, chemical methods such as acid hydrolysis have been used to quantify the amount of
MAOM that is stable in its bonds and not actively exchanging with the soil solution (Ramnarine
et al., 2018), but new methods for separating the exchangeable pool are actively being
developed. Recent advances indicate that methods such as the application of oxalic acid or
controlled incubations could provide another method of quantifying the ratio of exchangeable vs.

stable MAOM (Jilling et al., 2018).

Other Primary Soil Organic Matter Fractions

Dissolved Organic Matter (DOM)

Dissolved organic matter (DOM) accounts only for about 1-2% of the total organic matter within
a soil at a given time and is procedurally defined as the organic molecules that are water soluble
and smaller than 0.45 pm. Some methodologies enable the direct measurement of DOM by
extractions or centrifugation, though dissolved organic carbon (DOC) is often calculated as the
difference between bulk soil carbon and the cumulative carbon recovered after fractionation
(Zimmermann et al., 2007). It plays an important role as both a microbial energy and nutrient

source, and as a precursor to MAOM formation.
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Coarse Heavy Associated Organic Matter (CHAOM)

There is a fraction of the SOM that is associated with coarse (> 60—-50 pm), heavy (> 1.6-1.85 g
cm?) particles (CHAOM), which can be isolated as another primary SOM component together
with the POM and MAOM fractions when the fractionation scheme used includes both a size and
a density separation (Mosier et al., 2021). This fraction has previously been termed both ‘heavy
POM’ and ‘coarse MAOM’ and may consist of low molecular weight compounds sorbed to iron
(Fe) or manganese (Mn) coatings on the outside of sand grains, microbial biofilms secreted on
large primary particles, or POM encrusted with a mineral coating. The composition of this
fraction varies depending on site characteristics, dispersion methods, and soil mineralogy.
Although this fraction tends to account for a small percentage of the total soil organic carbon, it
represents an important consideration when choosing a fractionation method. When size
separations are used, it will become part of the POM fraction, but when density separations are
used, it becomes part of the MAOM fraction. Ongoing research is attempting to better
characterize this fraction and assign its functional role in the greater SOM pool, but currently it

requires site-specific understanding to assess (Samson et al., 2020)

Soil Aggregates

Cohesion and fragmentation processes in the bulk soil lead to the formation of soil aggregates,
groups of primary particles (i.e., POM, CHAOM, and MAOM) that are more strongly attached to
each other than to other particles in the soil matrix. Aggregates vary in size and are often
classified either as microaggregates (53—250 um) or macroaggregates (250-8000 um), depending
on their diameter, or on the basis of their stability under applied stressors, such as repeated
sieving or wetting and redrying. More stable aggregates retain their structure, and less stable

ones disintegrate into the constituent primary fractions. Separating soils into different aggregate
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size and stability fractions helps our understanding of SOM structure and can give important
insight into SOM formation and cycling processes. However, because of the composite nature of
aggregates, they cannot be quantified together with and compared to the fractions they are
composed of. Therefore, aggregates must be dispersed during the fractionation procedure to
account for and compare the SOM content of primary fractions. Combined methods have been
developed that introduce dispersion at different stages to isolate primary fractions that occur
within different aggregate size fractions, which can give insight into primary fraction protection

and controls on heterogeneity in primary fraction turnover time.

Other SOM Fractions not Isolated by Physical Fractionation Methods

In contrast to the physically defined fractions described above, some SOM components have
distinct chemical and functional properties, but lack distinct physical characteristics, and can be
found distributed across physical fractions. Microbial biomass and pyrogenic organic matter are
two such components. A small and ubiquitous SOM component, microbial biomass turns over
quickly, and its methodological quantification is beyond the scope of this chapter (see Horwath
and Paul, 1994 for further discussion). Pyrogenic organic matter (PyOM) is present in most soils
and results from the transformation of plant material into highly condensed aromatic rings by
combustion at high temperatures. These aromatic structures are resistant to decomposition,
requiring large amounts of energy to sever the chemical bonds. Even in systems that do not burn
regularly, PyOM can be relatively abundant across the primary soil fractions, with potential to
influence the calculation of mean residence time. This ubiquity indicates that PyOM should often
be considered more fully in SOM studies (Lavallee et al., 2019). Given the strong persistence of
PyOM and its distinct properties from POM and MAOM it would be advisable to separate it

from these fractions; the combined use of hydrogen pyrolysis or Mid-IR spectroscopy with
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physical fractionation (Lavallee et al., 2019; Sanderman et al., 2021) hold promise for the

feasibility of this approach at scale.

Aggregate Fractionation Methods

Various methods of aggregate fractionation have been proposed, primarily based on separation
by size. Figure 2.2 provides an in-depth overview of the aggregate separation scheme developed
by Six et al. (1999), which has been identified as reproducible and consistent during multi-
laboratory comparison studies (Poeplau et al., 2018). A key consideration during aggregate
fractionation is the method by which aggregates are separated during fractionation. One method
of aggregate separation and isolation is ‘slaking’, the process of rapidly immersing air-dried soil
in water before rapidly removing it. Air pressure within the aggregate is increased upon rapid
submersion, and low stability aggregates are disrupted. In contrast, rewetting of aggregates prior
to fractionation by gradual capillary saturation to a water content of 105% of the bulk soil does
not readily disrupt low stability aggregates, as the disruptive force applied to the soil is much less
than when slaked. In laboratory comparisons of slaking vs. rewetting methods, more
microaggregates were recovered in slaked soils than in rewetted ones, and macroaggregate

recovery was increased in the rewetted soils (Six et al., 2000).

The process of separating aggregates is performed by sieving for a set amount of time. Both dry
sieving of undispersed soils and wet sieving of air-dried (slaking) or sieving of rewetted soils
have been used to separate aggregate size fractions. However, dry sieving has been shown to
overestimate enzyme activity, while wet-sieving has been shown to indicate more significant
differences between isolated fractions (Nahidan and Nourbakhsh, 2018). Following separation of

aggregate size classes, dispersions and further fractionation can be performed to isolate primary
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Methodology Materials Required

1) Weigh out approximately 50 g of air dried, bulk - 40-50 g soil sieved <2 mm

soil that has been sieved to pass through a 2-mm - 1 250-um sieve

sieve and record weight to the 0.01 g. - 1 53-um sieve
2) Place weighed soil on top of a 250-um sieve, and - DI water

place the sieve into a large, clean container. - 2 clean large pans (e.g., plastic oil pans)
3) Fill the container with DI water until there is ~2 - 1-L centrifuge bottles

cm of liquid covering the sieve. - 3 large, pre-weighed sample tins

4) Allow sample to sit for 5 minutes in the water.

5) After 5 minutes, gently move the sieve up and
down 50 times over the course of 2 minutes.
Aggregates should just come out of the water on
the upward stroke, and the sieve should not hit Bulk soil
the bottom on the downward stroke.

6) Remove sieve from water and backwash
aggregates that remain on top of the 250-um
mesh into a pre-weighed container.

7) Place a 53-um sieve in a second, large, clean
container, and then gently pour the effluent from
the first container over the sieve.

8) Repeat step 5, and then backwash the aggregates l

that remain on the 53-um sieve into a pre- <250 uV\ZSO "
weighed container. .
9) Transfer effluent to 1-L centrifuge bottles, and

centrifuge for 15 minutes at 3220 RCF.
10)  Carefully pour off supernatant, and transfer silt

Slaking via submersion

v

250 um wet sieving

53 um wet sieving Macroaggregate

fraction (>250 um)

and clay in bottles to pre-weighed container. <53 um >53 um
11)  Place tins in oven to dry at 50 °C until all water
has evaporated, and then weigh. The first sample Microaggregate
collected is the macroaggregate fraction, the fraction (53-250 um)
second the microaggregate fraction, and the
. . . Free MAOM
third the silt and clay fraction. .
fraction

Figure 2.2 - Methods for physical fractionation of aggregates based on aggregate size.

fractions and separate the SOM fractions that are occluded within aggregates vs. suspended in

the soil matrix (Six et al., 1998).

Primary Particle Fractionations

Dispersal Methods

A key step during all physical primary particle fractionations is aggregate dispersal, for which

several methods have been developed. The objective of all soil dispersal techniques is to disrupt
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the bonds between soil minerals such that the secondary aggregate structures are broken down
into the constituent fractions. In practice, full dispersion is rarely if ever achieved; bonds in the
microaggregate structures composed of silt and clay particles require tremendous energy to
break, and as such some microaggregates will remain following the application of all dispersion
methodologies. However, these fine aggregates (< 53 um) function similarly to organic matter
bonded to silt and clay-size particles, and the application of enough energy to disrupt these fine
aggregates would probably damage the primary minerals, leading to transfer of carbon between
fractions. Thus, after conventional aggregate dispersion they are considered procedurally as part
of the MAOM fraction. A common side-effect of dispersal and liquid-mediated fractionation
methods is the possibility of carbon transfer between fractions, which should be minimized at all
steps of dispersal. Here we review the methodology for and the benefits and disadvantages of
two of the most common types of soil dispersal methods: mechanical shaking and ultrasonic

dispersion.

Mechanical shaking

Mechanical shaking methods of soil dispersal apply kinetic energy generated by sustained
agitation to soils suspended in a liquid to fragment and disperse aggregates into smaller, primary
particle fractions. Mechanical shaking can be performed in either a horizontal reciprocal shaker,
which transfers energy to the soil solution by consistent movement back and forth along a single
axis, or in an end-over-end shaker, which uses the falling of the soil solution to produce the
energy necessary for dispersion. For reproducibility, shaking should be reported in terms of
oscillations or rotations per minute, however, the shaking intensity is often reported qualitatively
in the literature. Though to the authors’ knowledge no studies have looked explicitly at shaking

intensity, the consensus across studies indicates that shaking should be performed at a low-to-
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moderate speed (e.g., 110 oscillations per minute). The addition of glass beads increases the
energy transfer from the shaker to the soil suspension and better disperses soils. There is a risk of
fragmenting POM when using glass beads, however, and of puncturing vacuoles in vegetative
tissue causing it to become smaller and denser, possibly leading to a small transfer of POM to the

MAOM during fractionation (Diochon et al., 2016).

Several liquids have been used as a medium for mechanical dispersal, including water (H20),
sodium hexametaphosphate ((NaPO3)s; SHMP), and sodium polytungstate (Nas[HoW12040];
SPT). Sodium hexametaphosphate is the most commonly used soil dispersant. Its molecular
structure allows for the formation of unassociated complexes with cations and reduces the
flocculation of clay minerals. However, the use of SHMP as a dispersant for SOM fractionation
techniques can add a level of complexity and error to the results. Therefore, additions of SHMP
to the soil must be either rinsed out of the soil by repeated washing with DI water or maintained
in the sample throughout the analysis. Rinsing of the soils can lead to SOC leaching from
fractions, compromising both total carbon recovery and the accuracy of results. Maintaining
SHMP in the organic matter fractions can also lead to artificially inflated recoveries when
examined on a mass basis, possibly obscuring loss during the fractionation process that could

indicate poor recovery.

Shaking in water avoids the potential to change the chemical character of SOM fractions or add
mass that may skew recoveries. A recent study indicated poor reproducibility with water
extractions alone, however, as without a complementary dispersal additive water may not have
the power to disrupt aggregates fully (Just et al., 2021). Mechanical shaking can also be
performed in SPT, which can be convenient when SPT is used in further fractionation steps.

However, similar to SHMP, SPT must be rinsed from samples prior to further analysis. Reviews
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of rinsing procedures have demonstrated leaching of carbon from all fractions may occur,
leading to underestimation of organic carbon across fractions (Plaza et al., 2019). In addition, a
review of SPT has shown that it can contaminate samples with non-native nitrogen (N) and
tungsten (W), especially in the mineral-associated fraction (Kramer et al., 2009). Mechanical
shaking is a good method to use across a variety of soils since its dispersal power is less
dependent on soil type than the alternative ultrasonic vibration presented below. For any method,
the operator should use it with care and adjust shaking time and intensity, number of beads and

rinsing of dispersal agent to minimize drawbacks.
Ultrasonic vibration

The second common method of soil dispersion is sonication, in which ultrasonic vibrations are
applied to soil suspensions, disrupting bonds, and separating soil components. The general
application of this method introduces ultrasonic waves into a solution containing non-dispersed
soils. As the waves travel through the solution, alternating pressure conditions are created. Small
bubbles are formed in low pressure areas, which then implode as the bubbles encounter high
pressure areas. This implosion, and the force associated with it, disperses the secondary
structures as the water jet that is created can have velocities that exceed 100 m sec . One of the
central benefits of this method is that it provides quantitative values of the amount of force used
and is therefore theoretically reproducible. Soils with a high clay content create tightly bound
microaggregates, which require a higher dispersion energy than more coarse soils. Therefore, the
amount of force needed for proper dispersal varies between soil textures, minerologies, and
structures, and must be calibrated prior to experimentation. The amount of sonication energy
used to break aggregates from secondary into primary structures spans a broad range. In a

review, Kaiser and Berhe (2014) report sonication energies used for dispersal ranging from 60—
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10,000 J cm™. Researchers who work consistently with the same soils may benefit from using
the calibrated values provided by sonication methods, large scale projects that encompass a
variety of global soils with variable physiochemical characteristics will require approaches that

are more consistent across samples.

Carbon transfer between fractions can occur when using sonication dispersal techniques as well.
With POM, sonication can significantly fragment structural litter particles, leading to
redistribution amongst all size fractions. Using energy levels between 280 and 420 J cm™ Oorts
et al. (2005) found that there was a transfer of 35—-37% of the nitrogen and of 20-31% of the
carbon from coarse POM into smaller size fractions following dispersal. However, this damage
and subsequent carbon transfer has been found at energy levels as low as 90 J cm™ (Amelung
and Zech, 1999). This transfer can have important implications depending on ecosystem type and
experimental goals. Even in systems where the coarse POM fraction is relatively small, the
fragmentation and redistribution of this fraction has large implications for isotopic studies.
Primary SOM fractions, because of differences in their formation, degree of microbial
processing, and persistence, often have distinct isotopic values. As such, isotopic techniques
such as '*C that quantify age and turnover time, or '*C and N that quantify origin and degree of
transformation can be considerably compromised by the transfer of even small amounts of

organic matter among fractions (discussed further in Chapter 3).

For soil particles, excessive sonication energy can potentially damage the crystalline structure of
minerals, resulting in bias in the recovery of different SOM fractions based on size. Several
studies have documented fragmentation of sand separates into smaller fractions, especially as
sonication energy exceeds 700 kJ cm™. Additional evidence of damage to silt particles has also

been observed with scanning electron microscope techniques (Kaiser et al., 2012). Currently,

19



there is no evidence that sonication can fragment particles smaller than 20 um (i.e., the clay
fraction). However, the energy required to disperse small clay aggregates may exceed the energy
that could fragment larger particles, such that these two extremes must be balanced. Calibration
of the sonication energy is an important step in the dispersal process for optimizing aggregate
dispersal while minimizing the amount of carbon transfer between particle-size classes and SOM

fractions.

Size Fractionations

Several fractionation methods that use particle size as a differentiating factor between primary
fractions have been established. These methods aim to separate primary SOM fractions after
dispersal by sieving with different mesh sizes (Figure 2.3). Typically, sizes ranging between 53—
60 um are used to separate POM (>53 pm) from MAOM, but a cutoff at 20 um to separate the
fine MAOM is also used. In the review of fractionation methods by Poeplau et al. (2018),
particle-size fractionation was found to be an effective way of isolating fractions that differed in
their turnover times. The methodology of the size fractionation technique deployed by (Cotrufo

et al., 2019) is shown in Figure 2.4.

Size fractionations are relatively simple and tend to have limited mass loss during the procedure.
Furthermore, they require a low level of skill and laboratory infrastructure, are cost effective, and
throughput can be relatively high (25-30 samples day™'). Size fractionations have been used in
several studies as an effective method of separating two functionally distinct SOM pools, i.e.,
POM and MAOM. They provide important insight into the formation and persistence of SOM in
response to treatment. Those studies that have a large number of samples, or that expect a

moderate to large effect size in response to treatment in either the MAOM or POM fraction are
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Figure 2.3 - Demonstrations of fractionation techniques and examples of equipment used. A.)
Aspiration of the light fraction floated in SPT using vacuum filtration. B.) Transfer of light
fraction from nylon filter to pre-weighed pan. C.) Wet sieving to separate MAOM from
CHAOM (combined fractionation) or POM (size fractionation). D.) Back washing of
CHAOM fraction into pre-weighed pans from after completion of sieving.
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Methodology Materials Required

1) Weigh out 5.25-5.75 g of air dried, bulk soil - 50 mL conical centrifuge tubes
that has been sieved to pass through a 2-mm - 0.5% sodium hexametaphosphate
sieve into a pre-weighed centrifuge tube, and - Pre-weighed weighing pans
place in 60 °C oven overnight. - 2000 and 53-um sieves.

2) Take samples out of oven, cool in desiccator, - DI water
and weigh samples + tubes to 0.01 g. - Large, shallow pan

3) Add 12 small glass beads to the tube, then add
0.5% sodium hexametaphosphate to the 30 mL
line and cap samples.

4)  Shake the samples for 18 hours + 15 minutes at
~112 oscillations per minute.

5) Place the 2000-um sieve on top of the 53-um
sieve in a clean, large shallow pan. Shake Bulk soil
sample to ensure all soil is in solution, then
pour sample over the nested sieve. Dispersion in 0.5 % SHMP

6) Retrieve glass beads from 2000-um sieve and
wash any soil material onto the 53-um sieve.

7) Rinse the 53-um sieve with DI water until
rinsing water runs clear, making sure also to
rinse the sides of the sieve.

8) Back rinse the material remaining on top of the
53-um sieve into a pre-weighed weighing pan
and place in the oven at 60 °C.

9) Transfer the effluent from the large shallow <33 um >53 um
pan into a pre-weighed weighing pan and place / \
in oven at °C.

10) Once samples are completely dry, weigh and
ensure that recoveries fall between 95 and
105% of sample mass. If recoveries are large,
re-dry and reweigh samples.

11)  If recoveries are acceptable, samples can be
ground using a mortar and pestle and prepared
for further analysis.

\ 4

53 pm wet sieving

MAOM POM Fraction
Fraction

Figure 2.4 - Methods for physical fractionation of POM and MAOM based on primary
particle size.
well suited for size fractionation methods. However, size fractionations can be limited in scope
depending on the research objectives of a given study. Size fractionation methodologies are

unable to separate occluded POM from free POM and cannot be used to isolate the CHAOM
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fraction. Further, the DOM fraction will be grouped with the MAOM fraction if not isolated prior

to the size fractionation.

Density Separations

An alternative method to size fractionations is to take advantage of the differences in density of
mineral particles and partially decomposed litter fragments. Organic matter has a lower density
than minerals, and when submerged and centrifuged in a liquid of a known density, it floats
while the mineral-associated portion of the sample sinks. The lighter fraction can then be
aspirated and analyzed separately from the heavier fraction (Figure 2.3). Sequential density
fractionations combined with dispersion can also be used to separate the free POM from the
aggregate-protected POM. In this case, the soil sample is initially subjected to little to no
dispersion prior to density flotation and collection of the free POM. The sample is then more
thoroughly dispersed, releasing low-density material that was occluded in aggregate structures,

and the occluded POM can be separated by a second density flotation.

The most common solution used in density fractionations is SPT and, as mentioned above, some
procedures also call for its use as a dispersing agent. Previous studies have also employed
sodium iodide (Nal) as the heavy liquid for density fractionations, but found that the use of Nal
may increase the pH of the soil solution, which has the potential to disrupt organo-mineral bonds
and facilitate intra-fraction C transfer (Plaza et al., 2019). By changing the amount of water
added to heavy liquid, the density can be manipulated to achieve different fractionation
outcomes. Previous research by (Cerli et al., 2012) highlighted the differences in recovery of the
light fraction across different densities. Their results suggest that a density of 1.6 g cm™ is the
optimal density for achieving maximum floatation of organic material and to minimize the

presence of minerals in the light fraction. Most studies use densities of 1.8-1.85 g cm™ to
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maximize recovery of organic material not associated with minerals and to improve floatation.
Even higher densities have been suggested but the risk of contamination by mineral particles
increases as density increases. The ultimate density chosen for a given study should be as close
to the maximum density of the organic materials present as possible, while minimizing potential

mineral contamination of the light fraction. Calibration for individual sites may be necessary.

Sequential density fractionations, with progressively increasing densities, on dispersed soils have
also been used to separate mineral-associated fractions with distinct mineralogical components
after the removal of the light fraction, as demonstrated by Sollins et al., (2009). By increasing the
density of the suspension liquid with each successive fractionation, it is possible to isolate a
range of different MAOM fractions, including short-range order minerals such as allophanes
(density: >2.0 g cm™), high activity phyllosilicates such as smectite (density: > 2.3 g cm™),
framework silicates such as quartz and feldspars (density: > 2.7 g cm™), and oxides such as
hematite and goethite (density: < 3.0 g cm™). This increased separation of the MAOM fraction
can give further insight into the controlling factors on SOM persistence and formation across
different soil environments. However, with each additional density flotation, the risk of
decreasing recovery or carbon transfer between fractions becomes greater. Further, density
fractionations are time intensive, as SPT must be rinsed from the samples several times during
each step, expensive, and require greater laboratory skill to execute compared to size

fractionations.

Overall, density fractionations are a useful tool for separating organic and mineral particles that
may not differ in size but have other contrasting properties. Studies that are focused on the

differences between formation pathways and cycling of POM will benefit from density
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separations, as it enables explicit isolation of the most structural material derived fraction, in

contrast with size separations.

Combined Separations

Aggregate, size, and density fractionations may be combined to separate the key functional
organic matter pools and elucidate mechanisms of SOM formation and stabilization. These
fractionation procedures allow for increased isolation of pools that may be grouped together in
size or density fractions, such as CHAOM. In addition, when size and density are combined with
aggregate fractionation, they enable a greater degree of differentiation of the organic carbon that
is either occluded within aggregates in mineral and particulate forms, or free in the soil matrix
(Six et al., 1999). These characteristics of the combined size—density fractionations provide a
scheme that can approach the fractions identified more closely in the conceptual framework than
size or density fractionations alone. In the comparison study by Poeplau et al. (2018),
fractionation methods that combine a size with a density separation following complete
dispersion were very effective in differentiating fractions with different turnover times, had
average mass recoveries greater than 95%, and were reproducible across multiple fractionations.
A typical scheme combining size and density fractionation schemes isolated four fractions:
DOM, POM, CHAOM, and MAOM (Mosier et al., 2021; Figure 2.5). As with the density
fractionation methods, further sequential density separations could be done to isolate particular
mineralogical constituents. Similarly, further size fractionations could also be performed to
isolate particular subclasses of particles (e.g., fine clay vs. silt, etc.). However, adding successive
density or size cutoffs can decrease the overall efficacy of the fractionations; the risk of leaching
carbon from the samples or transferring between fractions increases with the addition of further

washing, shaking, or centrifugation steps (Poeplau et al., 2018).
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1)

2)

3)

4)

5)

6)

7)

8)

10)

11)

12)

Methodology

Weight out 5.5-6 g air dried, 2-mm sieved soils
into a pre-weighed, acid washed centrifuge
tube, and place tubes in 60 °C oven overnight.
The following day, weigh samples on a 4-place
scale, and then add DI water to the 35 mL line
and shake for 15 minutes on low (~112
oscillations per minute).

Rinse tubes and caps with DI water, and then
balance tubes and centrifuge at 2325 RCF for
15 minutes.

Pour supernatant over a 20-um nylon filter on a
filtration unit, and transfer filtered liquid to a
clean, new centrifuge tube.

With a squirt bottle, rinse any light fraction that
accumulated on the filter into a small, pre-
weighed pan.

Fill centrifuge tubes to 25 mL with 1.85 SPT and
add 12 glass beads. Resuspend soil pellet and
shake on low for 18 hours.

After shaking, rinse tube cap and side with SPT,
and then balance tubes and centrifuge at 2325
RCF for 30 minutes.

Using a vacuum filter, aspirate the light fraction
and SP T over a 20-um nylon filter.

Transfer light fraction from filter to pre-
weighed pans using a squirt bottle, and place
pans in the 60 °C oven to dry.

Add DI water to the centrifuge tube up to the
30-mL line and resuspend the pellet. Rinse cap
and sides, then balance and centrifuge for 20
minutes at 2325 RCF.

Pour supernatant off, and repeat the
processes, adding water, suspending the pellet,
and then centrifuging for 20 minutes at 2325
RCF. Repeat rinsing process one more time.
After rinsing, add water to 20 mL line, suspend
pellet, and separate fractions by size, as
described in steps 5-11 in Box 2.

Materials Required

> 20 um and non-soluble

Pre-weighed 50-mL conical centrifuge
tubes

0.5% sodium hexametaphosphate
Pre-weighed weighing pans
2000-and 53-um sieves

DI water

Large, shallow pan

Centrifuge

Oscillating shaker

4-mm beads

Sodium polytungstate

Filtration unit

20-um nylon filter

Bulk soil

Light shaking in water and
20 um filtration

Y) um and water soluble
DOM Fraction

v

SPT density floatation

v

\<1‘-85gcm3

J IPOM Fraction
y

53 um wet sieving

>1.85gcm3

v

\Saum

\ 4

<53 um

hcOM
Fraction

MAOM
Fraction

Figure 2.5- Methods for combined density and size fractionation of primary SOM fractions.
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Chemical Free Physical Fractionations

There has been some recent research towards the development of chemical free physical
fractionation methods because of the complications that can arise with chemical dispersants and
density floatation media (Kaiser et al., 2010). As mentioned above, fractionation methods that
immerse soils in any liquid can lead to redistribution of carbon between fractions, therefore,
these methods present an alternative to the use of SHMP or SPT, possibly reducing the risk of
carbon redistribution. This method uses a series of nested sieves, separating particles into six
particle classes, ranging from 2 to < 0.315 mm. Soils are sieved prior to analysis, but not
otherwise dispersed. A glass petri dish is then charged by rubbing it with cotton, and each
particle class is placed separately on a clean stone plate. The charged petri dish is then place 2—5
cm above the stone plate and moved slowly over the sample. The distance between the charged
surface and the size fractions must be calibrated manually for each sample to avoid the attraction
of mineral particles. Following the attraction step, organic fractions must be examined visually
for mineral contamination, and mineral particles removed. This procedure is then repeated five

times for each fraction.

When tested across several arable and forest soils, this method resulted in considerable variation
in the amount of organic matter separated from each of the sieved mineral fractions (Coefficient
of Variation: 0.3—174%; Kaiser et al., 2009). However, when examined across mineral fractions,
the variability accorded with the reproducibility reported for size and density fractions. Taken in
tandem, these measures indicate a useful methodology for the separation of POM and MAOM
but may be limited in their ability to separate different POM fractions (i.e., occluded vs. free
POM). These methods are not as widely tested as those presented in previous sections but

represent an interesting and important line of inquiry that should be further explored by research
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groups. Given the potential drawbacks associated with sonication, shaking, and the use of SPT,
non-aqueous non-dispersive methods may provide increased insight into SOM pools moving
forward, as well as the role of SOM in facilitating N exchange. However, the time needed per
sample, together with the requirement of manual calibration during each successive pass with the

charged petri dish makes these methods cumbersome when dealing with large sample sizes.

Conclusions

Physical fractionation methods provide a means for researchers to isolate functionally distinct
fractions of SOM. Unlike chemical and biological fractionation methods, physical fractionation
methods take advantage of the inherent properties of both soil particles and organic material to
separate SOM with different formation pathways, mechanisms of stabilization, and thus
responsiveness to changes and overall persistence. Here we have reviewed several different
possible methods for physical fractionations, including those based on particle size, particle
density, and aggregate size. All have their pros and cons, and recovery of fraction mass and
carbon (or nitrogen) need to be quantified at the end and reported. The methods examined
provide a good foundation for functionally meaningful SOM fractionation, and we hope will
continue to be improved and expanded upon by researchers moving forward. There are still
important research questions that remain unanswered, such as the relationship between efficacy
of the fractionation method and soil physiochemical properties, and if what we separate today as
‘primary’ fractions are indeed unique functional units (e.g., POM and MAOM), or are made of
contrasting functional structures requiring further separation (e.g., exchangeable and stable
MAOM). Continuation of this research will improve the tools at our collective disposal and

advance this field further.

28



CHAPTER 3: CONTRASTING PROPERTIES OF SOIL ORGANIC MATTER FRACTIONS

ISOLATED BY DIFFERENT PHYSICAL SEPERATION METHODOLOGIES?

Introduction

Physical soil organic matter (SOM) fractions present a useful means of simplifying the complex
molecular composition of SOM into functionally distinct components (Cotrufo and Lavallee,
2022). While different studies often isolate fractions specific to their targeted inquiry, there is a
growing interest in recognizing two physical SOM fractions as a basic framework under which
questions related to SOM dynamics can be examined: particulate organic matter (POM), and
mineral-associated organic matter (MAOM) (Billings et al., 2021; Lavallee et al., 2020). These
fractions have conceptual definitions derived from their hypothesized formation pathways and
stabilization mechanisms, as well as procedural definitions that arise from the methods used to
isolate them (Leuthold et al., 2022a). The conceptual definition of POM can be understood as the
portion of SOM composed of structural organic materials, such as the acid unhydrolyzable
fraction of vegetative litter (Christensen, 2001b; Haddix et al., 2016) and, to a lesser extent, some
types of microbial residue (Buckeridge et al., 2022; Witzgall et al., 2021). As a result of these
primary constituents, POM is thought to have a higher carbon (C) to nitrogen (N) ratio than other
physical SOM fractions (Cotrufo et al., 2019), and to possess a greater abundance of

carboxylated aromatic and carbohydrate molecular groups (Calderdn et al., 2011; Yu et al.,

2 This published citation for this chapter is:

Leuthold, S., Lavallee, J.M., Haddix, M.L., Cotrufo, M.F., 2024. Contrasting properties of soil organic matter
fractions isolated by different physical separation methodologies. Geoderma 445, 116870.
https://doi.org/10.1016/j.geoderma.2024.116870
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2022). Beyond occlusion in aggregate structures, the POM fraction lacks protection or
stabilization mechanisms, and thus is considered to turn over relatively quickly. In contrast,
MAOM is conceptually defined as low molecular weight organic compounds that have become
associated with mineral surfaces or sequestered within highly stable microaggregate structures
(Cotrufo and Lavallee, 2022; Kleber et al., 2015; von Liitzow et al., 2008). These formation
mechanisms stabilize organic matter in this fraction against microbial decomposition, such that
MAOM is considered as a more stable and persistent fraction than POM (von Liitzow et al.,
2006). The molecular composition of MAOM is highly variable, consisting of a mixture of
microbial necromass, extra polymeric substances, and polysaccharides, as well as soluble plant
products such as root exudates and materials leached from litter. However, MAOM typically
possesses a lower, more constrained C:N ratio than POM (Angst et al., 2021; Kleber et al., 2015;
Sokol et al., 2019; Whalen et al., 2022). Divergence in the constituent chemistry, formation
pathways, and microbial accessibility of these two SOM components supports their use as the

foundation of a conceptual framework surrounding SOM dynamics (Lavallee et al., 2020).

Typically, fractionation methodologies take advantage of the covariation in physical properties of
SOM (e.g., particle size, particle density) with the chemical composition and formation
mechanisms of various conceptual fractions to isolate relatively distinct SOM pools (Leuthold et
al., 2022a). Fractionations based on particle size divide soils based on a predetermined size
cutoff, with the intention of isolating the fraction of SOM that is sorbed to reactive silt- and clay-
sized particles (i.e., MAOM) from that which is not associated with those particles (i.e., POM).
Size cutoffs vary (typically between 63-20 um) across regions and institutional traditions, with
some researchers isolating both silt and clay particles to represent the MAOM (e.g., Elliott and

Cambardella, 1991; Leuthold et al., 2022), and some isolating only clay particles (e.g., Just et al.,
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2021). Particle density fractionations take advantage of the relatively high density of mineral
particles and anything sorbed to them (i.e., MAOM), in contrast to the low density of the free
organic material (i.e., POM), separating them via floatation in a heavy liquid (liquid densities
typically ranging from 1.6 — 1.9 g cm™; Cerli et al., 2012). These two methods can be combined,
as well as repeated with sequential cutoffs to isolate additional fractions of interest (e.g., Moni et
al., 2012; Sollins et al., 2009). Thus, in addition to the conceptual definitions of SOM fractions
that rely on formation and function, POM and MAOM also have procedural definitions, such that
POM is often > 53 um or < 1.85 g cm™ and MAOM is < 53 um or > 1.85 g cm™ (Lavallee et al.,
2020a). To effectively use SOM fractions to advance understanding, fractionation procedures
and the procedural definitions therein must be designed to isolate fractions that correspond well

with the conceptual definitions.

For a procedural fraction to map well onto its associated conceptual definition, a level of
uniqueness in chemical composition and biogeochemical function is required. Previous work has
investigated the ability of a range of fractionation techniques to isolate discrete SOM fractions,
using a variety of different metrics to determine how unique one fraction is from another (Elliott
et al., 1996; Moni et al., 2012; Poeplau et al., 2018; Smith et al., 2002). For example, Curtin et al.
(2019) assessed a procedural POM fraction as isolated by size (particle size > 50 um), and found
it to be neither unique or homogenous in formation mechanisms or molecular composition,
concluding that it could not serve as a useful model pool. In contrast, Just et al. (2021) examined
procedural POM and MAOM fractions isolated by size (POM > 20 um), and found the two
procedural fractions to be sufficiently unique based on estimates of turnover time. Assessments
of fractionations that employ density separations have found different results still-- Sohi et al.

(2001) examined SOM fractions isolated by both size and by density and found that while

31



particle size fractions often represented composites of both POM and MAOM, a fractionation
that employed two density flotations isolated three fractions with distinct O-alkyl/alkyl-C ratios.
Similarly, Demyan et al. (2012) found differences in the relative peak area of 4 density fractions
analyzed by diffuse reflectance infrared Fourier transformed (DRIFT) spectroscopy, which the
authors interpreted to indicate sufficiently unique levels of SOM stability. As evidenced by this
range of contrasting results, the challenge of linking these conceptual definitions with a coherent

procedural definition persists, despite the previous research on the matter.

As more researchers continue to adopt physical SOM fractionations as a means for
understanding soil health, soil biogeochemical function, and soil C dynamics, there are some
growing pains that operationalizing this relatively simple, dichotomous conceptualization must
reckon with. The minimum necessary complexity for fractionation schemes to be effective is a
key remaining question, especially as investigations of larger SOM fraction datasets become
more commonplace (Begill et al., 2023; Cotrufo et al., 2019a). Given the number of samples
required for accurate estimation of C stocks, especially in heterogeneous landscapes (Stanley et
al., 2023), identifying SOM fractionation protocols which assign priority equally to both
accuracy and throughput is a priority. If such fractionation protocols can be established, they
further require assessment regarding their effectiveness across soils with different
physicochemical properties. While several recent studies have assumed that SOM fractionation
techniques are equally effective across variable soil types and characteristics without explicitly
examining this assumption (Cotrufo et al., 2019; Georgiou et al., 2022; Heckman et al., 2022),
soil properties may skew the results of analyses if not accounted for. A simple fractionation
method that is robust to differences in soil characteristics therefore presents a powerful tool for

researchers, however it has yet to be identified through testing.
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Here we combine spectral, isotopic, and chemical characteristics of SOM fractions isolated by
various SOM physical fractionation techniques in an attempt to identify the best procedure to
isolate procedural POM and MAOM fractions consistent with their conceptual definition.
Specifically, we have three objectives: 1) identify a single-step fractionation method isolates
SOM fractions with the most distinct characteristics, 2) understand how soil properties such as
texture, pH values, and Fe and Al oxide content influences the outcomes of various physical
fractionation procedures, and 3) determine the similarities and differences in fractions that vary
in their separation procedures but share the same conceptual definition in an attempt to improve
understanding across methodologies. Using a variety of agricultural soils with variable textures,
pH values, and parent materials, we compare four commonly used fractionation procedures: a
separation of POM from MAOM by size or by density, and a separation by density and size, with
full dispersal prior to fractionation, and a separation by size and density with dispersion delayed
until after the removal of the free POM fraction. By combining disparate lines of evidence with a
range of soils and methodologies, we provide an improved understanding of the common

procedural fractions best representing current SOM biogeochemistry frameworks.

Materials and Methods

Soil Processing and Characterization

We obtained soils from agricultural experiment sites across the continental United States (Table
3.1). We chose to focus on agricultural soils for a number of reasons—while physical
fractionation methods have been used for several decades to better understand SOM dynamics,
their application in agronomic research is actively growing (Bowles et al., 2022; Jilling et al.,
2020; Schipanski and Drinkwater, 2011), and agricultural soils are the target of most current

large scale, high throughput fractionation projects. Further, regardless of fractionation technique,
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Table 3.1: Site characteristics and measured soil properties for the samples used in this study.

Sample . . . MAP I\éIAT Bulk soil pH Sand | Clay | OE Al1 Ox.ides OE F_e1 Oxhides
USDA Soil Classification | (mm) | (°C) | organic C (%) (%) | (%) | (gkg Soil)* | (gkg" Soil)*

1 Udic Argiustoll 798 15.1 | 1.15 5.52 | 18.8 |20.1 |6.75 4.06

2 Aeric Epiqualf 1015 11.0 |2.10 6.56 | 18.6 | 47.0 | 10.77 9.45

3 Typic Argiaquoll 1258 12.1 | 1.52 6.17 | 145 | 193 | 8.64 17.04

4 Fragic Glossaqualf 1005 10.2 | 2.11 6.07 |25.7 | 382 |9091 20.95

5 Aquic Hapludelf 1048 10.5 | 1.35 551 [20.6 |43.0 |7.48 27.43

6 Typic Paleudult 1336 14.4 |2.24 6.81 [259 |49.6 | 11.31 7.95

7 Typic Ustipsamments 557 9.3 1.66 5.64 |52 23.1 | 5.30 17.59

8 Typic Dystrudepts 1259 10.2 | 0.96 6.11 [273 |59 |6.53 13.88

9 Typic Argiustoll 425 6.7 1.48 8.52 | 10.6 |38.9 |9.24 7.27

10 Humic Dystrudept 1406 15.6 | 1.84 5.53 |304 |359 |8.385 7.60

11 Spodic Psammaquent 1428 | 22.4 |0.41 556 959 |2.0 1.88 2.38

*QE: Oxalate extractable
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the POM fraction represents a relatively minor component of the agricultural SOM pool (Lugato
et al., 2021; Vos et al., 2018), such that identifying methods of isolating a homogenous and
scientifically useful POM fraction in systems where POM abundance is low is critical for
understanding the linkages between this fraction and cropping system performance. While the
soils we show here are not inclusive of all potential cropland soils, they do capture the central
tendency of textures, pHs, and organic C for agricultural soils in the US (Table 3.1, Supplemental

Figure 3.1).

Climate data for the sites were retrieved from local climate stations located at or near the soil
sample location (Table 3.1). For samples retrieved from research farms, on-site meteorological
data was retrieved. For samples retrieved from production fields, Mesonet data were used to
calculate mean temperatures and precipitation. The mean annual temperature of the sites ranged
from 6.7 to 15.6 °C, and the mean annual precipitation ranged between 425 — 1428 mm. We
characterized soil texture, which ranged between 5.2 - 95.9% sand, on air-dried, 2-mm sieved
soils using the pipette method (Soil Survey Staft, 2022). Soil pH, measured using a Mettler
Toledeo SevenDirect SD20 (Mettler Toledo, Columbus, OH) on a 1:1 soil water mixture, ranged
between 5.5 - 8.5. We extracted the amorphous and poorly crystalline pools of Fe and Al oxides
via acid ammonium oxalate extraction following Loeppert and Inskeep (1996). Oxalate-
extractable Fe and Al oxide concentrations were quantified via inductively coupled plasma
optical emission spectrometry (ICP-OES; PerkinElmer, Waltham, MA, USA), and ranged

between 1.9-11.3 g Fe kg soil ! and 2.4-27.4 g Al kg soil™! (Table 3.1).
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SOM Fractionation and Processing

While we acknowledge that none of the procedural fractions we discuss here map perfectly onto
their conceptual definitions, we use the conceptual pool names to refer to the fractions we isolate
throughout the rest of the manuscript for ease of communication, with subscripts to denote the

fractionation technique that yielded the specific procedural fraction.
Size Fractionation

The size fractionation method employed in this study is similar to the methodology described in
Leuthold et al. (2022a), adapted from Cotrufo et al. (2019). Soils were air dried and then sieved
to 2 mm. Immediately prior to analysis, an 8 g subsample was oven-dried overnight at 60 °C to
evacuate any residual ambient soil water. Thirty-five milliliters of dilute (0.5%) sodium
hexametaphosphate (SHMP) was then added to the subsample, along with twelve ~4 mm glass
beads. The samples were shaken at 112 rpm on a reciprocal shaker for 18 hours. The dispersed
soil was then rinsed onto a 53 pum sieve, with all material that passed through the sieve
considered MAOM (< 53 um), and all material that remained on top of the sieve considered

POM (> 53 um), subsequently referred to as MAOMsize and POMs;ze, respectively.
Density Fractionation

The density fractionation used in this study is adapted from the density fractionation procedure
originally developed by Golchin et al. (1994). Air dried, 2 mm sieved soils were oven dried at 60
°C overnight to remove ambient moisture. Thirty-five mL of sodium polytungstate (SPT) was
brought to a density of 1.85 g cm ~ and added to 8 g of the oven-dried soil, along with twelve ~4
mm glass beads. The samples were shaken for 18 hours on a reciprocal shaker at 112 rpm to

disperse soil aggregate structures. Following dispersion, the soil solution was centrifuged at 2325

36



relative centrifugal force (RCF) for 20 minutes. After centrifugation, the supernatant containing
the light fraction which had a density < 1.85 g cm™ was aspirated via a vacuum filtration
apparatus. The light fraction was then thoroughly rinsed with DI water and placed in the oven at
60 °C to dry to a constant weight. This fraction was designated as POMpensity. To remove any
SPT that may have remained in the heavy fraction, the remaining soil was resuspended in DI
water and then centrifuged again at 2325 RCF for 25 minutes. The supernatant was poured off,
and this process was repeated two more times. The sample was then transferred to the oven and

dried at 60 °C to a constant weight. Moving forward we refer to this fraction as MAOMpensity.
Combined Size Density 1 (Initial Dispersal)

The CSD1 fractionation method was adapted from Mosier et al. (2019) and is discussed in detail
in Leuthold et al. (2022a). Eight grams of air dried, 2 mm sieved soils were oven dried overnight
at 60 °C. Twenty-five mL of SPT (density = 1.85 g cm™) was then added to the oven-dried soils
along with twelve ~4 mm glass beads, and the soils were shaken on a reciprocal shaker for 18
hours at 112 rpm to fully disperse secondary soil structures. The dispersed soil-SPT solution was
then centrifuged at 2325 RCF for 20 minutes, after which the light fraction (< 1.85 g cm ) was
aspirated off via vacuum filtration, rinsed with DI water and dried to a constant weight at 60 °C.
This fraction is subsequently referred to as POMcspi. The remaining soil was resuspended and
rinsed three times, as described above. After rinsing, the soil was resuspended in DI water once
more, and separated via wet sieving on a 53 pum sieve into organic matter associated with a
coarse, heavy soil fraction (CHAOMcspi; > 53 um, > 1.85 g cm™), and a MAOMcsp1 (< 53 pm,

> 1.85 g cm™). The samples were then placed in the oven and dried to a constant weight at 60 °C.
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Combined Size Density 2 (Delayed Dispersal)

The CSD2 fractionation method used to separate the non-occluded POM fraction (POMcsp2,
often referred to as the “free” POM), from the OM associated with the coarse heavy soil fraction
and the occluded POM (we refer here as CHAOMcsp2) and MAOMcsp2 was adapted from the
methods described by Haddix et al. (2020). Similar to the density fractionation methods
described above, 25 mL of 1.85 g cm™ SPT was added to 10 g of oven-dried, 2 mm sieved soil.
The soil solution was then placed in a vacuum chamber (vacuum pressure = 20 psi) for 10
minutes to evacuate any air trapped with aggregate structures. Following air evacuation, samples
were centrifuged at 2325 RCF for 30 minutes. The “free” POM fraction (POMcsp2; < 1.85 g cm’
3, outside of aggregate structures) was then aspirated using a vacuum filtration system, rinsed
with DI water, and placed in the oven at 60 °C till dried to a constant weight. The remaining soil
was then resuspended in DI water and rinsed three times as described above. After rinsing,
twelve ~4 mm glass beads were added to the soil samples, along with 30 mL of 0.5% SHMP. The
samples were then shaken on a reciprocal shaker for 18 hours at 112 rpm. After dispersal, the
samples were wet sieved to separate the occluded POM + coarse heavy fraction (CHAOMcsp; >
1.85 g cm™ or originally trapped with aggregate structures, and > 53 pm) and the MAOM

fraction (MAOMcspz; > 1.85 g cm™, < 53 pm), and placed in the oven at 60 °C.
Fraction Processing, C & N Concentrations, and Isotopic Analysis

After fractions were dried to a constant weight, the samples were weighed, and their mass
recovery assessed. Mass recoveries between 95 and 105% were deemed acceptable, and samples
falling outside of these bounds were fractionated again using the same methods until mass
recovery was found to be acceptable. Fractions were then finely ground using a mortar and

pestle. The sample C and N concentrations and their stable isotope compositions (5!°C and § '°N)
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were determined via an elemental analyzer coupled to an isotope ratio mass spectrometer (EA-
IRMS, Variolsotope Cube - Isoprime precision, Elementar, Langenselbold, Hesse, Germany).
Samples were tested for inorganic carbonate presence by addition of 1 M HCI following the
procedure for inorganic C quantification employed by the US Natural Resources Cooperative
Services (Protocol 4Elalalal-2; Soil Survey Staff, 2022). Samples that exhibited effervescence
were acid fumigated for 6 hours prior to EA-IRMS analysis (Harris et al., 2001). Only one
sample, sample 9, exhibited effervescence and was fumigated. Given that acid fumigation has
been shown to alter the & '°N signature (Harris et al., 2001), we analyzed both acid fumigated and
non-fumigated samples, and present the § '°N values derived from the non-fumigated, and

organic C concentrations and §'°C values from the fumigated samples.
Fourier Transformed Infrared Spectroscopy
Spectral characterization of SOM fractions

The spectral characteristics of bulk soils and physical SOM fractions were obtained via scanning
in the mid-infrared spectral region. Roughly 40 mm? of finely ground sample was added to a 6
mm diameter well in a 96 well plate. Using a 6 mm dimeter rod, samples were then pressed to
create an even surface, and excess sample removed using a micro-vacuum system. Each sample
was then scanned 32 times at a spectral resolution of 4 cm™ from 7500 to 600 cm™ using a
VERTEX 70/HTS-XT Fourier transform infrared spectrometer (Bruker Optics Inc., Billerica,
MA, USA). Prior to scanning each sample, a reference spectrum was obtained by a gold-filled
reference well. The spectrometer used to obtain absorbance data used a mercury cadmium

telluride detector which was cooled using liquid N.
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Samples were scanned in quadruplicate, except when sample mass fell below the amount
necessary for replication which were scanned as duplicates. To assess the accuracy of each
sample’s scans, a reference spectrum for each sample was selected (typically the first of the 4
replicates scanned). The correlation between the absorbance of the reference spectrum and the
remaining spectra was assessed, and if any correlation between the spectra of a given fell below
0.996, those samples were rejected and rescanned. If the correlations passed the 0.996 threshold,
the four (or two) replicates were averaged together to determine final spectral values for the
sample. Following sample assessment, spectra were trimmed to encompass only the region

between 4000 and 600 cm™'.
Spectral subtraction

To isolate the organic spectral signatures in samples composed of both mineral and organic
substrates (i.e., CHAOM, MAOM, and POMsi..), we employed a spectral subtraction technique
as reviewed by Margenot et al. (2016) to subtract the spectra of the mineral components from
those of the corresponding full fractions. Briefly, an approximately 500 mg subsample of finely
ground fraction was ashed at 550 °C for 20 minutes, and then allowed to cool to room
temperature. These samples were then analyzed for spectral characteristics as described above
and subjected to the same quality control procedure. Once the spectra of the ashed samples were
aggregated, they were baseline corrected using the basline() function in the prospectr package
(version 0.2.6) in R version 4.2.2 (Stevens and Ramirez-Lopez, 2022). The corresponding non-
ashed spectra was similarly baseline corrected prior to subtraction. To minimize artifacts during
the subtraction process, a subtraction factor was derived for each sample by minimizing the
average absorbance in spectral bands representing mineral bonds after subtraction. Specifically,

we aimed to minimize the absorbance in the bands between 1800 and 2000 cm!, which can
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represent the quartz overtones present in mineral soils (Margenot et al., 2019). The derived
subtraction factors ranged from 0.85 — 0.99. After derivation of the subtraction factor, the ashed

spectra was subtracted from the original spectra as described in Eq. 3.1:
Organic Spectra = Spectra speq — (SpectraReference X SF) (Eq.3.1)

where Spectraasned 1 the baseline corrected spectral signature after organic removal,

Spectrareference 1S the spectra from the unaltered sample, and SF is the derived subtraction factor.
Data analysis
Fraction C, N, and C:N ratio

We used linear mixed models to test for differences in C and N concentrations and C:N ratios
within a given fraction due to fractionation method. The mixed models were built using the Ime4
package in R (v.1.1-31; Bates et al., 2015), and evaluated using the anova() function in the stats
package (v. 4.2.2; R Core Team, 2022). The linear models met the assumptions of the ANOVA;
homogeneity of variance for the models was assessed using the leveneTest function in the car
package (Fox and Weisberg, 2019), and that residuals were normally distributed was confirmed
using the shapiro.test function in the stats package. Pairwise comparisons between the different
fractionation methods were made via examinations of contrasts using the emmeans package
(Lenth, 2022). Model structure was such that fractionation method was a fixed effect, and the
sample ID was included as a random effect. We chose to include sample as a random effect as we
wanted to account for the differences in soil properties such as texture and mineralogy among
our various soils but were not interested in testing those variables as main effects in this set of

analyses.
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Within Fractionation Isotopic Differences

As the isotopic value of a given soil fraction is mediated by the isotopic composition of incoming
litter (e.g., via differences in C3 vs. C4 photosynthetic pathways), rather than examining isotopic
signatures of fractions across soils, we examined the difference between the isotopic signatures
of the MAOM and POM fractions of a given sample isolated by a given methodology. We
employ the term isotopic difference (ID) to describe this relationship. Importantly, we did not
calculate an isotope discrimination factor between MAOM and POM since we do not want to
imply a C direct transfer between these two fractions. We examined the IDmaom-pom, defined as
the difference between the §'*C values of the MAOM and the POM fractions for a given sample,
across all 4 fractionation methodologies. In this context, positive ID values indicate that the
MAOM fraction is '°C enriched, whereas negative values indicate that it is '°C depleted, relative

to the POM fraction. ID values of 0 indicate no difference in the 8'3C of the two fractions.
Principal Component Analysis of Spectral Data

Principal component analysis (PCA) was used to assess the differences between spectral
characteristics of the SOM fractions. The scanned wavenumbers were reduced into two
dimensional PCA space, and the separation of the fractions assessed. Samples were scaled and
mean centered prior to analysis. To understand the distribution of sample scores across the
principal components, we investigated the component loadings for PCA axis 1 and PCA axis 2
across all wavenumbers in the trimmed spectral dataset, with deviation from 0 indicating the
relative importance of those bands in determining a samples position in PCA space. We also used
PCA to examine the separation of the fractions after the removal of mineral spectral bands via

spectral subtraction of the ashed fractions, using a similar methodology to that described above.
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The PC analyses for both the ashed and unashed soils was conducted in R v 4.2.2 using the PCA

function in the FactoMineR 2.3 package (L€ et al., 2008).
Dissimilarity analysis of SOM fraction spectral data

To understand the influence of soil physicochemical properties on the characteristics of
procedural fractions isolated by various physical fractionation methods, we used a permutational
analysis of variance, with dissimilarity matrices built using the full range of spectral data
obtained for each fraction (i.e., 4000 — 600 cm™). The dissimilarity matrix was constructed using
the vegdist function in the vegan package in R v 4.2.2 (Oksanen et al., 2022; R Core Team,
2022), and the PERMANOVA analysis was performed using the adonis2 function, also contained
within the vegan package. While the main effects of fractionation and soil physiochemical
property (e.g., sand, clay, oxalate-extractable Al oxides, etc.) may have a significant impact on
the spectral characteristics of the SOM found within a procedural fraction, we focused on the
interaction between these main effect terms, such that a significant interaction would indicate
that the dissimilarity between samples was a result of a given fractionation method under a set of
soil conditions. Sets of fractions that represent a given fractionation representation of a
conceptual fraction (e.g., POMsize, POMpensity, POMcsp1 and POMcsp2) were analyzed together.

Significant interactions were interpreted as those with a p-value < 0.05.

Results

Carbon and Nitrogen in SOM Fractions
Carbon and Nitrogen Concentrations

Relative C concentrations varied amongst the fractions isolated by the different procedures

(Figure 3.1A). Fraction %C values ranged from 0.1 — 38.5%, 0.0 — 2.1%, and 0.6 — 8.2%, for the
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Figure 3.1 — Carbon and nitrogen concentrations on a relative basis (Panels A and B), and an
absolute (Panels C and D) for all fractions isolated by various techniques. Within a panel, an
individual graph shows the distribution of C and N values with a fraction for a given
fractionation. The different isolated procedural fractions are indicated by different colors
(POM: Green; CHAOM: Purple; MAOM: Khaki).

POM, CHAOM, and MAOM fractions, respectively. Of the fractionations we evaluated here,
only the CSD1 and CSD2 isolated a CHAOM fraction. We observed some evidence that the
presence of the occluded POM fraction within CHAOMcsp: fraction increased the %C value
relative to the CHAOMCcspi; the average CHAOMcsp2 C concentration was 1.0 + 0.2%, while
the average CHAOMcspi C concentration was only 0.8 + 0.2%, a marginally significant
difference (p = 0.07; Figure 3.1A). Despite a substantial range in values when examining relative
%C values, normalization of the fraction C by fraction mass led to more constrained values
within fractions across fractionation schemes (Figure 3.1C). When normalized by fraction mass
(i.e., accounting for mass contribution of each fraction to the bulk soil), fraction C concentrations

ranged from 0.5 — 11.7 mg POM C g soil !, 0.02 — 2.5 mg CHAOM C g soil !, and 0.1 — 17.7 mg
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MAOM C g soil”!. POM-C varied somewhat by fractionation method, ranging from an average
of 1.3 £ 0.2 mg C g soil"! for POMcsp2 to 3.9 £ 0.7 mg C g soil! for POMcsp1. Pairwise
comparisons indicated a significant difference between the absolute C concentrations of POM
isolated by the CSD1 method compared to the other methods, but the effect size was relatively
subdued (p < 0.001; Figure 3.1C). Average absolute MAOM C concentrations were generally
consistent across fractionation methods, though tended to be higher in the one-step methods
(MAOMDpensity: 10.2 = 1.3, MAOMsize: 10.0 = 1.8, MAOMcspi: 8.6 £ 1.1, MAOMcsp2: 9.5 £ 1.3

mg MAOM C g soil™!).

Relative fraction %N was more constrained than %C, but still showed marked variation among
fractions. In the POM fraction, %N ranged from 0.01% to 2.0%. The CHAOM and MAOM
fractions exhibited less variability, with %N ranging from 0.01% to 0.2%, and 0.0% to 0.5%,
respectively (Figure 3.1B). In the POMs;,e and MAOMsiy, fractions, the average fraction %N
values were similar (0.1 £ 0.04 and 0.2 + 0.04%, respectively). In contrast, methods that
employed a density separation step isolated POM fractions with relative N concentrations an
order of magnitude higher than those in the MAOM fraction (POMpensity: 1.1 &+ 0.2%, POMcspi:
1.2 £0.1%, and POMcsp2: 0.9 £ 0.2%). The MAOMDpensity had an average relative N
concentration of 0.2 + 0.02%, similar to the average relative N concentrations of the MAOMcsp1
(0.2 4+ 0.02%), MAOMcsp2 (0.2 + 0.02%), and MAOMsize (0.2 £ 0.04%). The CHAOMCcsp1
fraction had an average %N value of 0.1 &+ 0.01%, which was not significantly different than the
CHAOMcsp2 fraction with a %N value of 0.1 + 0.02% (p = 0.22). Similar to the patterns
observed for C, normalizing the fraction N by fraction mass constrained the range of values
across fractions, minimizing the differences due to the dilution effect of soil particles inclusion in

some fractions (Figure 3.1D). The range of absolute N concentrations was between 0.02 and 1.0
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mg N g soil”! in the POM fractions, 0.02 to 0.2 mg N g soil ! in the CHAOM fractions, and 0.04
to 1.9 mg N g soil! in the MAOM fractions. Similar to the observations across fractionation
techniques for absolute C concentrations, the MAOM fraction was relatively homogenous across
methods; the average absolute N concentrations for the MAOMsize was 1.1 £0.2 mg N g soil ™,
whereas the average absolute N concentration for the MAOMcspi, MAOMcsp2, and
MAOMpensity fractions were 1.1 £ 0.1, 1.1 £ 0.2, and 1.2 £ 0.2 mg N g soil ™!, respectively. The
difference between the size fractionation and those that employed a density separation was

significant only when comparing the MAOMs;i,. and MAOMcspi, however (p = 0.01).
Fraction C:N Ratios

The C:N ratios of the fractions isolated were more consistent across fractionation schemes than
the C or N concentrations (Figure 3.2). The MAOM fractions had the lowest average C:N ratios
across fractionation schemes (8.8 £+ 0.38), followed by the CHAOM (13.4 £ 0.37), and then the
POM (17.3 £ 0.68). Within the MAOM fractions, the C:N ratio ranged from 7.0 — 10.2, with the
one-step fractionations having more similar average C:N ratio (MAOMDpensity: 8.9 £ 0.4,
MAOMsize: 8.8 + 0.2) than the combined fractionations (MAOMcspi: 8.6 = 0.7, MAOMcsp2.: 9.1
+ 0.8). The CHAOM fraction C:N ratios ranged from 10.1 — 16.0 and exhibited a significant
distinction between the CHAOMcspi and the CHAOMCcsp2 methodologies (12.7 £ 0.5 and 14.3 +
0.5, respectively; p-value = 0.014), further reinforcing the role of the occluded POM fraction in
differentiating the CHAOM fractions. The POM fractions had the most variability in its C:N
ratios both within and across fractionation schemes, partially reflecting the differences in
characteristics of the plant inputs among the sites surveyed, as well the composite nature of the
POMs;y. fraction (Figure 3.2). Across fractionations, the observed POM C:N ratios ranged

between 6.3 and 27.9. Similar to the MAOM, differences were observed between the single step

46



POM mA . ﬁ" ¢
B
CHAOM 0
£

MAOM Fractionation

O Size
1 CSD1

X CSD2
Density

10 15 20 25
C:N Ratio

Figure 3.2 — Carbon to nitrogen ratios of the procedural fractions isolated by the various
physical fractionation techniques. Different color-shape combination indicates different
fractionation procedures. Note that the points have been jittered along the y-axis to increase
readability.

and the combined methodologies—average C:N ratios for the POMsi,e and POMpensity samples

were 16.6 £ 0.9 and 16.2 £ 1.3, respectively. In contrast, the combined fractionations yielded a
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higher POM C:N ratio on average (POMcspi: 17.4 + 1.6, POMcsp2: 18.9 £ 1.5), though these

differences among fractionation method were not significant (p -value = 0.495).

Carbon and Nitrogen Recovery

On average, the size fractionation had the highest C and N recovery, with 98.2 + 6.0 % and 90.8
+ 6.1% of the initial sample C and N recovered, respectively (Supplemental Figure 3.2). This
likely reflects the lack of a rinsing step in the size fractionation procedure; all potentially
solubilized organic matter should be contained within the sample during this method. In contrast,
the CSD2 fractionation, which has both an additional shaking step during dispersal and several
rinsing steps to eliminate SPT contamination, had the lowest average C and N recovery, with
only 88.0 £ 2.6% of initial C and 86.6 + 2.8% of initial N recovered. Similar N recoveries were
observed in the density and the CSD1 fractionation (82.0 + 6.4 and 81.3 + 5.4%, respectively),
though carbon recovery following these fractionations was higher (90.0 = 5.4 and 91.3 + 5.3%,

respectively) than for CSD2.

Despite average recoveries that are consistent with values often reported in the literature, there
was some evidence that soil physiochemical properties had an effect on recovery level within a
given fractionation, as we observed wide ranges in C and N recovery for individual samples
across fractionation schemes. For instance, the C recovery for the single-step fractionation
methods ranged from 70.3% - 126.2% for the density fractionation, and 73.0% - 134.0% for the
size fractionation. Similar results were observed for N (72.4 — 126.0% for density, and 76.0 —
132.0% for size; Supplemental Figure 2). Combined fractionations generally had lower C and N
recoveries, with the CSD1 fractionation ranging from 70.4 — 133.0% of C and 61.4 — 122.0% of
N, and the CSD2 fractionation ranging from 71.9 — 97.4% of C, and 70.4 — 101.0% of N. Given

that the bulk soil that is used as a reference for recoverable C and N, variation introduced during
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the subsampling process could have resulted in aliquots for bulk soil that were more or less C
and N rich than the aliquot used for fractionation, which may explain some of the range in

recovery across methodologies.
SOM Fraction C & N Stable Isotopes Composition
Patterns in the isotopic composition of fractions

Across fractionation methodologies, the most negative §'°C and 8'°N values were found in the
POM fraction, and the least negative §'°C and §'°N values were found in the MAOM fraction
(Figure 3.3). On average across fractionation schemes, POM §'°C was -23.7 £ 0.4%,, CHAOM
513C was -23.6 + 0.4%o, and MAOM &'3C was -22.1 £ 0.3%o. Fractionation methodologies
seemed to play a role in determining the resulting isotopic composition of some of the fractions,
but not all three. Within the POM fractions, the POMsi,. was more positive on average than
fractionations that employed a density floatation, though this difference was not significant (p-
value = 0.142). Average POMsize §'°C was -23.2 + 1.0 %o, whereas the POMpensity, POMcsp1, and
POMcsp2 8"°C values were -23.7 £ 0.7%o, -23.9 = 0.9 %o, and -24.2 + 0.6%o respectively. Within
the MAOM, fractionation method did not lead to significant differences in the §'3C values
among the isolated fractions (MAOMDpensity' -22.4 £ 0.6%0,, MAOMcsp1: -22.3 + 0.6%o,
MAOMcspz: -22.1 + 0.5%o0, and MAOMsigze: -21.6 + 0.8%o; p-value = 0.766). The CHAOM §'°C
was also similar between fractionation methods; CHAOMcsp: had an average 8'*C value of -

23.8 + 0.8%0 and the CHAOMcsp2 8'°C value was -23.4 + 1.0%o (p-value = 0.674; Figure 3.3).

Nitrogen isotopic composition followed trends in C isotopes, with the MAOM fraction having

the highest °N enrichment, with an average 8'°N of 5.0 + 0.3 %o. The average POM fraction
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51N was 3.0 £ 0.29 %o and was similar to the average CHAOM §'°N of 2.6 + 0.3 %o. The one-
step fractionation methods have divergent effects on POM and MAOM §'°N composition —
POMsiz had average §'°N of 2.7 + 0.5%o, and an average MAOMsize $'°N of 4.8 + 0.5%o. In
contrast, POMpensity had an average 8'°N of 3.0 % 0.5%o, but MAOMpensity had a 3'°N of 5.4 +
0.5%o. The combined methodologies had similar average POM §'°N values (POMcspi: 3.0 =
0.6%o0, POMcspa: 3.4 £ 0.8 %o), and had MAOM &'°N average more similar to size separated
MAOM than density separated (MAOMcspi: 4.7 = 0.5 %0, MAOMcspa2: 5.1 + 0.5%0) (Figure
3.3). The average CHAOM §'°N was similar between fractions; CHAOMcsp1 had an average

515N value of 2.8 + 0.4 %o, and the CHAOMcsp: fraction had an average 8'°N of 2.3 £ 0.6%o.
Isotopic Differences

The isotopic difference between POM and MAOM §'3C was relatively similar between all
fractionations that employed a density separation step, with an average IDmaom-pom of 1.98%e,
and had a coefficient of variation (CV) of 0.86. In contrast the average isotopic difference
between the POMsi,e and MAOMsiz. was only 1.38%o, and had a CV value of 2.29, indicating
both increased similarity in the isotopic values of the two fractions relative to the other
methodologies and increased variability in the fractions isolated by size fractionation (Figure
3.4). We performed similar analyses to understand the isotopic difference between the CHAOM
and POM fractions, as well as the CHAOM and MAOM fractions. The effect of the delayed
dispersion in the CSD2 fractionation was evident in the both the IDmaom- cuaom and the IDcuaom
_powm; the average IDs for the CSDI1 fractionation were 1.46 + 0.28 %o and 0.12 £ 0.25%o,
respectively, whereas the CSD2 fractionation yielded average isotopic differences of 1.36 +

0.38%o0 and 0.79 + 0.31%o.
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To better understand the drivers of differences in ID among fractionation methodologies, we
regressed the IDmaom-pom against two soil physiochemical properties: clay percentage and bulk
SOC. We found that the IDmaom-pom tended to decrease as the clay content increased (Figure
3.4). The significance of this relationship was moderated by fractionation procedure—the
fractionations that included a density floatation had a significant negative relationship with clay
content (p-values - CSD1: 0.05; CSD2: 0.04; Density: <0.01) but was not significant for the size
fractionation (p-value = 0.22). Similar patterns were also found for oxalate-extractable Al oxides
(data not shown). Interestingly, none of the regressions against bulk SOC were significant (p-

values > 0.05), indicating an independence of fractionation efficacy across SOC levels.
SOM Fraction Spectral Analysis
Patterns in the spectral signatures of SOM fractions

We used principal component analysis to understand the differences in spectral signatures among
fractions isolated by different fractionation methodologies (Figure 3.5A). The starkest separation
among fractions was along PCA axis 1, with the POM derived from density fractionations
clustering in the positive PCA space, and the POMs;ze, the CHAOM fractions, and the MAOM
fractions clustering together in negative PCA space. To assess the specific wavelengths that
drove the differentiation along PCA axis 1, we examined the axis loadings for each wavenumber
along PCA axis 1 (Supplemental Figure 3.2A). Negative loadings along PCA axis 1 were
associated with aromatic C groups, as well as carboxylic C groups. Additionally, the quartz
overtone stretch (~2000 — 1800 cm™) had a significant negative loading throughout the width of
the band, explaining why the mineral composite fractions were separated from the POM
fractions isolated via density, which contains little if any mineral material (Supplemental Figure

3.3A). Positive loadings along axis 1 corresponded to polysaccharide content, as well as the
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Figure 3.5 — Results of principal component analysis for spectral wavenumbers of the

different procedural fractions for A.) unaltered samples, and B.) samples that underwent ash

spectral subtractions prior to analysis. Different color/shape combinations indicate different

procedural fractions, and separation along either axes indicates dissimilarity in the spectral

signature of the fraction. Note that, due to sample size limitations, POMcsp2 was excluded

from both analyses, and MAOMcsp2 was not included in the spectral subtraction analysis.
cellulose C-O stretch (1000 — 1080 cm™). Separation along PCA axis 2 occurred primarily within
sample group and did not explicitly differentiate any isolated fraction from another. However, we
did observe that the CHAOM fractions, as well as the POMs;,e, distinguished themselves from
“the tightly clustered MAOM fractions along this axis (Figure 3.5A). In our analysis of the axis
loadings, we found that the bending of aliphatic C bonds, as well as the presences of amide
groups, and to a lesser extent, variation in carboxyl C groups, drove separation along PCA axis 2.
The MAOM fraction was more tightly clustered than either the POM or the CHAOM fractions
along both axes, while the CHAOM and POM fractions both showed variability in both axes,

with dissimilarity in both axis 1 and axis 2 leading to the spread of values relative to MAOM

(Figure 3.5A). Of note is the consistency in the clustering of the CHAOM between the
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CHAOMcsp1 and CHAOMCcsp2 fractionations, despite the presence of the occluded POM within

the CHAOMcspe fraction.

To capture the chemical features of the OM component of the different fractions, independent of
the absorbance of the associated minerals, we employed the same PCA analyses on spectra that
had mineral peaks subtracted out (see methods for details). Despite the removal of mineral
bands, a similar pattern in the organization of the fractions occurred in PCA space, however we
observed a much tighter clustering of the fractions that contained a mineral component along
PCA axis 2 (Figure 3.5B). There is a similar pattern in the range of variability among the mineral
fractions however, with CHAOM and POMs;ze showing a larger spread across PCA axis 2 than
MAOM in both the subtracted and unaltered spectral analyses. Examining the PCA loadings for
either axis, we observed that the quartz overtones stretch had a positive loading effect generally,
which leads to a lack of explanatory power for the arrangement of the POMpensity and POMcsp1
relative to the other fractions. Instead, the bands that represent organic molecular groups such as
carbonyl and carboxyl C, phenols, and aromatic groups had high positive loadings, possibly
indicating that the abundance of these molecules in the density isolated POM fractions
overwhelms differences in the molecular composition of the fractions when examined in PCA
space (Supplemental Figure 3.3B). Additionally mineral bands that describe differences in the
silt and clay particles vs. sand particles could add further explanation to the collapse of the
spectral distributions of the mineral fractions following subtraction, but do not fully explain the

spread across PCA axis 2 (Figure 3.5B).

PERMANOVA Results

We constructed dissimilarity matrices using the spectral data for the several procedural fractions

that correspond with the same conceptual fraction (i.e., POMsize, POMpensity, POMcsp1, and
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POMcsp2 for POM; CHAOMcspi and CHAOMcsp2 for CHAOM; MAOMsize, MAOMbpensity,
MAOMcspi, and MAOMcsp2 for MAOM), and then used a PERMANOVA analysis to
understand drivers of differences between procedural fractions. We tested for an interactive effect
of soil physicochemical properties and fractionation method on dissimilarity. We did not find any
significant interactions between the fractionation methodologies and any of the physicochemical
properties we investigated (Table 3.2), leading us to conclude that fractionation procedures
perform similarly across most agricultural soils. Generally, soil properties had little ability to
explain the arrangement of the dissimilarity matrices, though oxalate-extractable Al oxides had a
significant explanatory role in the dissimilarity in MAOM and CHAOM fractions. Fractionation
did not have a significant main effect in either the MAOM or CHAOM analyses but did
consistently have a significant main effect in the POM fraction (Table 3.2). Fraction C content
was only significant for the POM fractions, whereas in the MAOM and CHAOM fractions, the

abundance of C did not have significant explanatory power.

Discussion

Our results indicate that, in the agricultural soils we examined, the MAOM fraction generally
maintains consistent spectral, isotopic, and chemical characteristics independent of the physical
fractionation method employed. In contrast, the POM fraction is sensitive to fractionation
technique, and studies that aim to use natural abundance isotopic tools or spectral characteristics
to investigate POM and MAOM pools are recommended to employ a density floatation to isolate
the POM fraction. Interestingly, we did not find interactions between fractionation method and
the range of soil properties surveyed, indicating that the fractionation methods we applied can be

used effectively across a range of soil types.
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Table 3.2 — Results of PERMANOVA analyses of interactions between soil

physicochemical factors and fractionation methodologies. Analysis was repeated for
each fraction, using the model specifications shown. Both r? and significance values
are reported; bolded values indicate a significant results at p < 0.05.

] ] ] Variable Fractionation | Interaction
Fraction | Model Specification Effect Effect Effect
Clay x Fractionation 0.08, 0.015 0.81, 0.001 0.01, 0.536
Sand x Fractionation 0.00, 0.582 0.90, 0.001 0.02, 0.223
OFE Al Oxides x 0.02,0310 | 0.88,0.001 | 0.01,0487
Fractionation
POM | OE Fe Oxid
cxides x 0.03,0.109 | 0.86,0.001 | 0.00,0.838
Fractionation
Total SOC x Fractionation 0.03, 0.088 0.86, 0.001 0.00, 0.705
Fraction C x Fractionation 0.39, 0.001 0.49, 0.001 0.01, 0.440
Clay x Fractionation 0.12,0.222 0.02, 0.805 0.13,0.220
Sand x Fractionation 0.09, 0.365 0.02, 0.786 0.03, 0.787
OFE Al Oxides x 0.29,0.042 | 0.02,0.745 | 0.02,0.783
Fractionation
CHAOM OE Fe Oxid
cxides x 0.02,0.826 | 0.02,0.823 | 0.03,0.746
Fractionation
Total SOC x Fractionation 0.02, 0.883 0.02, 0.835 0.03, 0.739
Fraction C x Fractionation 0.22, 0.087 0.05, 0.586 0.07, 0.388
Clay x Fractionation 0.07, 0.282 0.17,0.423 0.06, 0.952
Sand x Fractionation 0.09, 0.104 0.17,0.310 0.14, 0.447
OFE Al Oxides x 0.19,0.016 | 0.18,0226 | 0.05,0.935
Fractionation
MAOM | 4k ke Oxid
cxides x 0.05,0.402 | 0.17,0.476 | 0.02,0.997
Fractionation
Total SOC x Fractionation 0.05, 0.403 0.17, 0.461 0.04, 0.998
Fraction C x Fractionation 0.15, 0.046 0.16, 0.390 0.05, 0.960

OE: Oxalate Extractable
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Comparison of procedural fractions across fractionation techniques
Particulate organic matter

Consistent with the conceptual definition of POM, the procedural POM fractions isolated in our
study tended to have higher, less constrained C:N ratios (Figure 3.2) as well as more depleted
85N and §'°C values than the CHAOM and MAOM (Figure 3.3). While the C concentration of
the POM fraction was only marginally affected by fractionation methods (mean SD =1.7 g C kg
soil’'; Figure 3.1), based on our analyses we argue that a density separation is required to isolate

a POM fraction most consistent with its conceptual definition.

To realize the potential of POM and MAOM as indicators of ecosystem function or as
biogeochemical model pools, the isolated fractions must represent distinct functional units in the
soil (Moni et al., 2012), possessing discrete characteristics indicative of their unique dynamics.
Our analysis of the spectral characteristics of the POM fractions (Figures 3.5A and 3.5B), as well
as the variability in the IDmaom-pom for POMsize (Figure 3.4), suggest that while POMpensity,
POMcspi, and POMcsp2 meet this threshold for consideration of a distinct functional unit,
POMsiz does not. It is possible that the isotopic and spectral characteristics of the POMsiye
fraction is diluted by organic matter either associated with soil particles > 53 um (i.e., CHAOM)
or occluded within highly stable microaggregates with a diameter > 53 um that were not
dispersed via mechanical shaking. Previous work has demonstrated the presence of organo-
mineral bonds in the sand sized fraction (Curtin et al., 2019; Li et al., 2013), specifically due to
metal oxide coatings on sand grains that form strong associations with organic matter (Sollins et
al., 2006; Steffens et al., 2017) or transient bonding sites linked to microbial byproducts or root
exudates (Ridgeway et al., 2024). The results of our PERMANOVA analysis support this

explanation — oxalate-extractable Al oxides played a significant role in explaining dissimilarity in
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the CHAOM fraction spectra, suggesting they may play a role in stabilizing C in this sand sized
fraction (Table 3.2). Despite having a similar C concentration to other POM fractions, the
potential alteration of the POM fraction when isolated by size suggests that POMsiy is best
characterized as composite fraction (i.e., POM and CHAOM) rather than a discrete functional
soil component and does not map on as well onto the conceptual definition of POM as POM
isolated by density fractionation (Bornemann et al., 2010; Calderon et al., 2011; Ramirez et al.,

2020).

Mineral associated organic matter

The MAOM C concentrations were only slightly affected by fractionation choice, with
MAOMs;ze having a significantly higher C concentration than MAOM isolated by protocols that
employed a density separation step (i.e., CSD1, CSD2, and Density; Figure 3.1). This may be
due to inter-fraction transfer of POM C with a particle size < 53 um into the MAOM fraction
during the size fractionation procedure. Inter-fraction transfer of C during wet sieving has been
observed in previous studies (Curtin et al., 2019). The removal of POM material via aspiration
prior to size separation (such as in the CSD1 or CSD2 fractionations) aims to avoid this potential
transfer, as shown by the observed range of IDmaom-rom values; MAOM isolated by size was less
isotopically distinct from POM than MAOM isolated by any of the other methods, suggesting a
partial incorporation of POMs;ze into the MAOMs;ze fraction (Figure 4). Though we did not
directly examine it here, we caution that this phenomenon may be further exacerbated when non-
agricultural soils, in which a greater proportion of SOM may be found in POM, are fractionated

by size alone.

Further assessment indicated little evidence of substantial stoichiometric (Figure 3.2), or spectral

(Figure 3.5) alteration of the procedural MAOM fractions across fractionation schemes. In
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contrast to POMsize, this consistency in characteristics held true even when the CHAOM fraction
was composited with the MAOM (i.e., in the single step density fractionation). This observation
highlights the dominance of MAOM C in agricultural systems (Lugato et al., 2021), which is less
readily diluted by the addition of the low C CHAOM fraction, as well as suggests the potential
for characteristics of OM typically associated with MAOM to be present in the CHAOM.
However, further work is needed to assess if this pattern holds in non-agricultural soils, where

MAOM accounts for a smaller share of the total SOM (Hansen et al., 2024; Lugato et al., 2021).
Occluded particulate organic matter and coarse heavy associated organic matter

Several previous studies have indicated that the oPOM fraction is an important indicator for
agroecosystem function (Cates and Ruark, 2017; Drinkwater and Snapp, 2022; Schipanski et al.,
2010; Six et al., 2000) and SOM formation processes (Haddix et al., 2020; Witzgall et al., 2021).
As aresult of its physical occlusion, the o)POM fraction often exhibits evidence of having
experienced a different level of microbial processing, leading to distinct §'*C and §'°N values
and C:N ratios as compared to unoccluded or “free” POM (Gunina and Kuzyakov, 2014). As
such, we included one of the most common fractionation schemes for the isolation of oPOM to
assess whether this fraction represents a functionally discrete SOM pool that should be
distinguished from free POM. The resulting CHAOMcsp: fraction is subject to the same
shortcomings of the POMsize; a dilution of the light fraction POM by sand sized particles, some
of which may be associated with organic molecules via metal oxide coatings or microbially
mediated bonding sites. While we did observe significant differences between the CHAOMcspi
and the CHAOMcsp: in terms of C content and C:N ratio (Figure 3.1, Figure 3.2), we observed

no differentiation of spectral properties in our PCA (Figure 3.5) and the inclusion/exclusion of
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the oPOM fraction within CHAOMcsp2, did not explain any of the dissimilarity in spectral

properties between the two CHAOM fractions (Table 3.2).

It is possible that our dispersion methods did not fully disrupt stable microaggregates, such that
the true signal of the oPOM fraction is masked in our results (Kolbl et al., 2005), but given that
these agricultural soils have low amounts of total POM, the occluded fraction is not large enough
to distinguish a composite fraction (i.e., CHAOMCcsp2) from the other major constituents of that
fraction (i.e., CHAOMcsp1). While studies that seek to investigate the role of the occluded
fraction directly should continue to develop and employ methods that isolate relevant and
functionally distinct soil units (such as the methods described in Kolbl et al. (2005) that uses
multiple density separations), our findings suggest that the additional labor of its separation in
general SOM studies may not be proportional to the potential information gained, at least in
agricultural soils. Overall, our findings show that the CHAOM fraction is more similar to the
MAOM than the POM and should likely be grouped with it under the POM vs. MAOM
conceptual framework following (Zhang et al., 2021). Under this dichotomous framework, the
one-step density fractionation is therefore deemed most effective at matching procedural

fractions with their conceptual definitions.

Influence of soil properties

Previous comparisons of different fractionation techniques (Moni et al., 2012; Poeplau et al.,
2018) have focused on the reproducibility of results across fractionation protocols, choosing to
work with 1 - 2 soils of similar physicochemical make-up. Other studies designed to understand
the nature of SOM fractions across different soils tend to employ the same fractionation scheme
for all samples (Calderon et al., 2011). Here we combine these two controls on SOM fraction

characteristics, allowing for tests of interactive effects between physiochemical properties and
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fractionation scheme. Generally, we found that fractionation methods tended to be robust across
the range of soil properties we examined. We observed no evidence for significant interactions
between soil physicochemical properties and the resulting spectral dissimilarity of a given
fraction set (Table 3.2), indicating that the spectral characteristics of an isolated fraction depends
more on the methodology than the soil properties. This observation holds for the other
characteristics investigated here -- we also found no relationship between soil physiochemical
properties and the recovery of SOM-C, SOM-N, or soil mass in our samples. While soil
properties did influence the distribution of C and N among the fractions (e.g., higher proportions
of CHAOM-C in sandy soils, more MAOM-C in Fe/Al oxide rich soils) there is no evidence that

these soil properties influenced the efficacy of the fractionation schemes across our sample set.

Our mean C and N recoveries for this experiment were less than 100%, which can be expected as
some loss of soluble C and N is known to occur during the fractionation procedure
(Supplemental Figure 3.1; Crow et al., 2007). We expected that this would be more evident in the
fractionations that employed a density separation because of the rinsing steps employed to
remove SPT from the soil matrix in those protocols. However, while there was a trend towards
decreased C and N recovery following the CSD2 fractionation, we did not observe a significant
effect of fractionation on C and N recoveries. Further work characterizing the potentially
solubilized C, such as was exhibited by Plaza et al. (2019) in which both the SPT and the water
rinses are analyzed for C following fractionation, may provide more information as to the
differences in the risk of C loss or transfer due to solubilization and exchange across the various
fractionation methods. As SOM fractionation continues to become a more common analysis

method across disciplines (Billings et al., 2021), our results imply that, generally, researchers can
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focus their choice of fractionation procedure on the fractions that are most relevant to their

specific question, rather than adapting to the soil conditions of their study sites.

We did observe that at the extremes of the soil physiochemical gradient, there are limits to the
ability of fractionations to perform well and isolate discrete pools. One soil we solicited had a
texture of 99% sand. Results from the fractionation of this soil were omitted from some of the
analyses of spectral and stoichiometric fraction properties, as the physicochemical properties fall
far outside the bounds of typical agricultural soils, and the resulting procedural fractions were
challenging to assess and link to the associated conceptual fraction. While we expected
fractionation mass to vary depending on fractionation scheme (e.g., POMs;ze mass >>
POMpensity), we observed that for this sandy soil, the color of the fractions was also altered
during fractionation, clearly indicating a redistribution of C between fractions during the
fractionation process. The original soil was a dark black color, yet the POMsi,e and CHAOMcspi
and csp2 fractions which composed > 95% of the soil mass rapidly became a bright white upon wet
sieving. In contrast, soil particles in the MAOMDpensity fraction retained their initial dark color.
The lack of permanent binding sites in a sand dominated soil may have driven this phenomenon,
as organic coatings that made up the bulk of the organic C in this soil were dissolved and
transferred during the wet-sieving process, similar to observations by Xu et al. (2017). Further
research at the texture extremes, be that Vertisols with high proportions of clay, or sandy soils
such as the one presented above, is still necessary to understand the resulting fractions and

accurately apply a POM vs. MAOM framework in these soils.

Recommendations and paths forward

The fractionation method chosen for a given project must be oriented to the objectives of the

study and the questions being asked. Research that seeks to elucidate specific C accumulation
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pathways may require specialized fractionation schemes that isolate very specific pools.
However, researchers interested in separating total SOM into POM and MAOM fractions that
reflect differences in mechanisms and drivers of formation and stabilization, potential for accrual
and vulnerability to change (Cotrufo and Lavallee, 2022) can employ one-step fractionation
methods that require less equipment and expertise to perform and have a higher throughput. Our
experiment found that size fractionation was often an adequate method for estimating the C
content of various physical fractions in agricultural soils, with comparable POM-C
concentrations (g kg™ soil) to density and combined methods, as well as similar mass, C, and N
recoveries. However, we did observe significant differences between relative C concentrations
of the POM fraction (i.e., %C) isolated by size, rather than density, and observed that the CSDI1
fractionation isolated fractions with a higher absolute POM-C concentration (i.e., g C kg soil)
than the other fractionations, including size. Further, we also found evidence that the composite
nature of POM isolated via size fractionation led to a fraction with muddled isotopic and spectral
qualities, indicating a mixture of formation pathways and biogeochemical function, as well as the
potential for transfer of C from POM into MAOM during sieving. We did not observe the same
issues when evaluating the single-step density fractionation, and therefore we recommend this
methodology for researchers interested in specifically quantifying and characterizing a
procedural POM fraction most in line with the current conceptual definition. Further, given the
similarity in spectral qualities between the CHAOM fraction and the MAOM fraction, as well as
the disparate contributions of C to the bulk C between these two fractions, we do not find using a
one-step density fractionation will compromise the integrity of the MAOM fraction that is
yielded. Indeed, our results suggest relatively similar formation pathways for these two fractions

that allows for their combination under our current conceptual frameworks.
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When scope of inquiry allows however, further research into the CHAOM fraction is needed.
The stoichiometry and isotopic signature of this fraction distinguish it somewhat from the
MAOM (Figure 3.2, Figure 3.4), such that its separation via a CSDI1 fractionation may yield the
most unique functional pools. Indeed, recent work has highlighted the fraction as an important
precursor to stable MAOM formation, and it could represent a dynamic and important
intermediary pool (Samson et al., 2020). Given the composite nature of the fraction, our results
clearly show that the occluded POM fraction is not effectively isolated by the CSD2
fractionation. Similar to POMsize, the CHAOMcsp: fraction contains sand-sized mineral particles
which may include organo-mineral associations or highly stable microaggregates, leading to a
composite fraction of occluded POM and CHAOM that is not unique nor homogenous in its
makeup (sensu Curtin et al., 2019). Studies that focus on the occluded POM fraction should
consider including a second density separation following dispersal of aggregate structures, such

as the methodologies described by Kolbl et al. (2005).

Caveats and considerations

Our study investigated the ability of four of the most common physical fractionation techniques
to isolate functionally distinct SOM fractions. However, a wide variety of other approaches exist
in regard to fractionation methods, dispersion techniques, and the choice of heavy liquid
(Leuthold et al., 2022a; Poeplau et al., 2018). For all the methods tested in our experiment, soils
were dispersed via shaking with glass beads in a liquid solution (SHMP or SPT, depending on
the methodology), rather than by ultrasonic vibration, a common alternative (Kaiser and Asefaw
Berhe, 2014). While both methods have the potential to fragment soil and organic matter
particles, leading to C transfer between fractions (Diochon et al., 2016; Oorts et al., 2005),

mechanical shaking has the advantage of not needing soil specific calibration (Amelung and
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Zech, 1999), allowing for consistent dispersal methodology across the range of soils we
investigated. Additionally, while SPT has been shown to modify soil chemical composition
(Morgun and Makarov, 2011), and its removal from resultant fractions via washing may mobilize
C and lead to low C recovery (Plaza et al., 2019), we chose to use it as a heavy liquid for
performing density separation in our study in an effort to replicate the most common techniques
used across labs and traditions. While no physical fractionation method is perfect, we believe
researchers need to be clear-eyed about the objectives of their experiment and choose the

fractionation method that best aligns with their stated research goals.

Similarly, while we sought to capture a representative range of soil properties for agricultural
lands (Supplemental Figure 3.1), our sample set does not capture the full range of soil
physicochemical properties and formation factors that may be encountered in a given research
project. For example, in alkaline soils, Ca and Mg ions can play a significant role in MAOM
stabilization and persistence (King et al., 2023; Rasmussen et al., 2018), such that their presence
may influence fractionation results. While we could not explore these processes in the present
study given our soil set, we recommend further research on the efficacy of these methods in

calcareous and cation-rich soils, and at other extremes of the soil physicochemical gradient.

Conclusions

Physical fractionation is a powerful tool for better understanding the form and function of SOM
but requires a clear understanding of the fractions that are isolated. Our study demonstrates that
when fractions are isolated using a one-step size fractionation, there is a risk of inter-fraction
transfer of organic matter between fractions, and further, the composite POMs;ze fraction is not
well reconciled with the conceptual definition of POM. Thus, we recommend that a density

separation is used to isolate the POM fraction, and that a combined size-density fractionation is
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used whenever possible to continue advancing our understanding of CHAOM. We found that soil
properties did not interact with fractionation performance and conclude that all the methods we
tested are viable among most agricultural soils, however further research is needed for
fractionation methodologies that are best suited to soils at the extremes of physicochemical
gradients. Moving “beyond bulk” SOM (sensu Heckman et al., 2023) represents an important
step towards improved biogeochemical understanding of the soil system but requires an
understanding of the interoperability of the various methods to achieve, and further building on
these findings and others (e.g., Poeplau et al., 2018, Just et al., 2021, Curtin et al., 2019) will

allow for continued advances in the field.
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CHAPTER 4: CHEMICAL AND SPECTRAL CHARACTERIZATION OF A DYNAMIC

MINERAL ASSOCIATED ORGANIC MATTER FRACTION

Introduction

Physical fractions of soil organic matter (SOM) have differential formation pathways,
stabilization mechanisms, and provide different ecosystems functions (Cotrufo and Lavallee,
2022). Mineral associated organic matter (MAOM) consists of low molecular weight compounds
of plant and microbial origin bound to reactive mineral surfaces, and possess long mean
residence times (Cotrufo and Lavallee, 2022). However, a fraction of the MAOM pool may
exchange with dissolved organic matter in soil solution, with implications for ecosystem nitrogen
(N) cycling (Daly et al., 2021) and soil carbon (C) persistence. Methods such as ramped
pyrolysis have been used effectively to identify this sub-fraction of the MAOM (Cécillon et al.,

2021), however, they remain difficult to scale.

Diffuse reflectance infrared Fourier transformed (DRIFT) spectroscopy is a powerful tool for
quantifying and characterizing soil properties (Ng et al., 2022). As spectroscopic methods are
highly sensitive to the detection of the functional groups of SOM, DRIFT spectroscopy has been
employed to quantify bulk soil and SOM fraction organic C (Sanderman et al., 2021), C and N in
MAOM (Ramirez et al., 2021), and to characterize the molecular composition of SOM fractions
(e.g., Calderdn et al., 2011). Previously work has employed DRIFT spectroscopy to identify
stable components of bulk SOM (Barré¢ et al., 2016), however, it remains an open question if this

methodology can characterize the dynamic portion of the MAOM fraction.
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In this experiment we examine the stoichiometric, isotopic, and spectral attributes of soils from
two time-points, 1967 and 2019. One set of soils (n = 8) had been under continuous fallow for
the duration of the experimental period, such that no new organic inputs had entered the system
in over 50 years. The other set (n = 8) received biannual additions of green manure. We
hypothesized that the lack of fresh organic inputs would lead to the disappearance of the dynamic
MAOM pool, as it was steadily lost over time to maintain equilibrium with a shrinking DOM
pool, a phenomenon which could be observed in the spectral signatures of the soils sampled at
different periods. We further hypothesized that the remaining, stable MAOM would reflect
increased microbial processing, evidenced by an increased C:N ratio, as well as a more enriched

8'3C composition compared to its original state, and the soil that had continued to receive inputs.

Materials and Methods

The soils used in this experiment were sampled in 1967 and 2019 from the Ultuna SOM
experiment. The Ultuna soil organic matter experiment (FRAME-56) is located at the Swedish
University of Agricultural Sciences, outside of Uppsala, Sweden (59.82 °N, 17.65 °E). The
experiment began in 1956, though the field has likely been cultivated for centuries. Soils at the
Ultuna site have been characterized as Typic Eutrochrepts or Eutric Cambisols according to the
United States Department of Agriculture and the World Resource Base soils classification
schemas, respectively. The soils in the top 20 cm are dominated by fine particles (36.5% clay and
41% silt), with 22.5% of the soil particle size distribution attributed to sand sized particles. The
mean air temperature at the site is 5.8 °C, and the mean annual precipitation is 542 mm,
classifying the climate at the site as warm-summer humid continental according to the Koppen-
Gieger climate index. At the onset of the experiment in 1956, the soil pH was 6.6, soil C content

was 15 g C kg soil™!, and soil N content was 1.7 g N kg soil"! (Kirchmann et al., 1996). The full
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experiment is made-up of 15 experimental treatments replicated across 4 blocks. Plots are 2 m x
2 m, and separated by 40 cm steel frames that extend about 30 cm into the soils and 10 cm above
the soil surface to prevent transfer of soil between treatments (Kirchmann et al., 1996). The
experimental treatments induced changes in surface elevation by up to 75 mm due to their effect
on soil porosity (Kitterer et al., 2011). Crop rotations have varied over the course of the
experiment. Between 1956 and 1999 it included mainly spring barley (Hordeum vulgare L.) and
oats (Avena fatua L.), wheat (Triticum aestivum L.), fodder beet (Beta vulgaris), fodder rape
(Brassica napus), mustard (Brassica nigra), oilseed rape, and Swedish turnip (Brassica
napobrassica) were occasionally grown, silage maize (Zea mays L.) has been growing

continuously since the year 2000 (Kétterer et al., 2011).

We examined two treatments within the greater experiment: continuous bare fallow, or biannual
additions of 4.23 Mg ha! grass derived green manure (46.2% C, 1.8% N; Gerzabek et al.
(1997)). In both treatments, all aboveground residue is removed at harvest. We considered the
MAOM that was lost over time in the fallow treatment representative of the dynamic MAOM
pool and hypothesized that the difference in spectral signatures between MAOM sampled in
2019 and 1967 would reveal a loss of primarily plant-derived molecular compounds. In contrast,
we expected the characteristics of the green manure treatment to be consistent between the two

time points since its C stock is close to steady state (Kétterer et al., 2011).

Archived, air-dried, 2 mm sieved soil samples (n = 4 per treatment and year) were shipped to the
USA and heat treated (110 °C for 18 hours) following USDA de-quarantining protocols. A
combined-sized density fractionation was employed to isolate the MAOM fraction defined as
>1.85 g ecm™ and < 53 um. Briefly, six grams of air-dried, 2 mm sieved soils were dried

overnight at 60 °C. Once oven-dry, 25 mL of sodium polytungstate (SPT; HoNasO40W12),
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adjusted to a density of 1.85 g cm™ was added to the soils, along with 12 4-mm glass beads. The
soil solution was shaken for 18 hours at 112 rpm to disperse aggregate structures, and then
centrifuged at 2325 RCP for 20 minutes. Following centrifugation, the particulate organic matter
(POM) fraction (defined as organic matter with a density < 1.85 g cm™) was aspirated via
vacuum filtration, rinsed three times with deionized (DI) water, and dried to a constant weight at
60 °C. The remaining soil was resuspended in DI water, centrifuged at 2325 RCF for 25 minutes,
and the supernatant poured off. This process was repeated two additional times to remove any
residual SPT from the sample that could alter the mass of the fractions recovered. After these
rinsing steps, the soil was resuspended in DI water once more, and separated via wet sieving on a
53 um sieve into organic matter associated with a coarse, heavy soil fraction (CHAOM; > 53
um, > 1.85 g cm™), and mineral associated organic matter (MAOM; < 53 pm, > 1.85 g cm™)
(Leuthold et al., 2022). The samples were then placed in the oven and dried to a constant weight
at 60 °C before being ground and analyzed. Oven dried, fine powdered MAOM samples from all
soils were analyzed for %C, %N and & '*C via elemental analysis-isotope ratio mass
spectrometry (EA-IRMS, Variolsotope Cube - Isoprime precision, Elementar, Langenselbold,
Hesse, Germany). We used a 2-way ANOVA with an interactive effect of treatment and time to
determine the differences in C, N, and §'*C among the two time-points using the /merTest

(Kuznetsova et al., 2017) and stats packages in R (R Core Team, 2022).

Results and Discussion

We observed a significant effect of treatment, year, and their interaction on the composition of
the MAOM fraction, as evidenced by changes in the C:N ratio, '*C, and C concentrations (Table
4.1). In the bare fallow treatment, MAOM-C decreased by 41.2% (Figure 4.1A). The average C

value (5.84 g C kg'! soil) in the 2019 bare fallow samples was lower than the centennially stable
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soil C pool (6.95 g C kg™!) estimated by Cécillon et al. (2021) at this site, affirming that it

represents a stable fraction of the MAOM-C pool. In the green manure treatment, MAOM-C

Table 4.1: Analysis of variance results for linear mixed models for mineral associated organic
matter carbon (MAOM C) concentrations, C:N ratios, and §'*C in response to treatment
(continuous bare fallow vs. green manure application), year (1967 vs. 2019), and their

interaction.

Response Source df | SS F-ratio P-value
MAOM C Concentration (g | Treatment 1 34.928 146.976 <0.0001
C kg soil ™) Year 1 20.476 86.161 <0.0001
Treatment : Year 1 2.706 11.387 0.00820
Treatment 1| 1.33403 8.9509 0.01124
MAOM C:N Year 1| 1.27690 8.5676 0.01267
Treatment : Year 1| 0.02102 0.1411 0.71337
Treatment 1| 2.03535 88.4177 <0.0001
MAOM §13C Year 1] 0.27069 11.7591 0.01257
Treatment : Year 1| 0.00079 0.0342 0.85814

decreased by 20%, though bulk SOM C only changed by 7%, indicating that this loss may

represent a redistribution of SOM among physical fractions (Supplemental Figure 4.1). In the

bare fallow treatments, the MAOM C:N ratio decreased significantly (-8.8%, p = 0.04; Figure

4.1B) over the 52 years between samplings and by 2019 became much more constrained relative

to that of the green manure treatment. We observed a significant increase in the §'3C abundance

(+3.0%, p = 0.03; Figure 4.1C) between the two time-points in the bare fallow treatment,

indicating a transformation of the MAOM in these plots towards more microbially derived

substrates (Barré et al., 2018). We did not observe a significant change in the MAOM C:N ratio

in the green manure treatment between the sampling points (p = 0.09) but there was also an

increase in 8'3C abundance (p = 0.0003) in this treatment.
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Figure 4.1 - a.) Mean mineral associated organic matter (MAOM) carbon content. Error bars
indicate + 1 standard error. b.) Boxplot of MAOM carbon to nitrogen ratios (C:N).
Individual points are shown as measurements of each sample. c.) Boxplot of §'*C
composition. Individual points show sample §'°C values. For all three measures, differences
between the two time points within treatments are significant, whereas differences between
treatments at each time point vary depending on comparison (n=4 per treatment and year;
Table 4.1).
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To characterize the dynamic MAOM fraction, we obtained spectral absorbance of the MAOM
samples from 1967 and 2019. Each sample was scanned 32 times at a spectral resolution of 4 cm’
! from 7500 to 600 cm™ using a VERTEX 70/HTS-XT spectrometer (Bruker Optics Inc.,
Billerica, MA, USA). Spectra were trimmed to 4000 to 600 cm™', smoothed using a Savitzky
Golay filter and baseline corrected using the prospectr package in R (Stevens and Ramirez-
Lopez, 2022). To isolate the organic band signals of the spectra, we ashed a subsample of the
MAOM at 550 °C for 1 hour (Margenot et al., 2019). We subtracted the spectra of the ashed
sample from the original sample after adjusting by a subtraction factor that was chosen to
minimize the quartz overtones present between 2000 and 2400 cm™' (Margenot et al., 2019).
Subtraction factors ranged from 0.71-0.98. We then subtracted the average absorbance of the

samples from 1967 from the samples from 2019 to arrive at a spectral difference over time.

Previous examinations at Ultuna indicated that differences in select MIR wavenumber
absorbance could not fully identify persistent organic matter (Barré et al., 2016), and that the
persistent fraction represented a mixture of plant and microbially derived compounds (Barré et
al., 2018). However, by isolating the MAOM fraction, we were able to identify spectral regions
that may be indicative of the molecular characteristics of dynamic MAOM (Figure 4.2). We
observed similar patterns in the overall spectral function shape between the two treatments.
However, as we hypothesized, the green manure treatment was much more similar between the
two time points than the fallow treatment, showing limited decreases in absorbance across the
surveyed bands. We observed a considerable increase in the amount of polysaccharidal and
carboxyl molecules and in the MAOM fraction (1160 and 1280 cm™') for both treatments,
indicating an increased signal of microbial processing (Kallenbach et al., 2016; Figure 4.2). We

also observed a decrease in the absorbance of bands corresponding to aliphatic molecules (2850,
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Figure 4.2 - Difference in the relative absorbance across wavenumbers for the ash-free MAOM samples from 2019 and 1967 (i.e.,
Absorbance of MAOM»o19 - Absorbance of MAOM9¢7). Red vertical lines are used to indicate wavenumbers associated with
specific organic functional groups. Positive values indicate an increased absorbance of corresponding organic matter functional
groups over time, whereas negative values indicate a decrease in absorbance. Note that the peak at 3700 is related to an artifact of
ashing the soils and is not to be interpreted as a difference in molecular character (Margenot et al., 2019).
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2930) and amide molecules (1490 cm™), with the loss more drastic in the fallow treatment
(Figure 4.2). The abatement of absorbance of H-rich aliphatics in the fallow treatment is in line
with the observations of Cécillon et al. (2021) which showed that the dynamic fraction is more

enriched in H containing molecules.

Conclusion

Overall, our results suggest that the dynamic MAOM in these soils was characterized by more
plant-derived, aliphatic compounds, corroborating the transformation towards a higher
proportion of microbial products in the persistent fraction as observed by Barré et al. (2018).
This assertion is further evidenced by isotopic and stoichiometric indicators. Further work
evaluating this pattern across additional soil minerologies and chemistries or combining with
thermal analyses may allow for the development of methods for differentiating fractions of

MAOM with different stabilities based on mid-IR absorbance.
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CHAPTER 5: SHIFTS IN CONTROLS AND ABUNDANCE OF PARTICULATE AND
MINERAL-ASSOCIATED ORGANIC MATTER FRACTIONS AMONG SUBFIELD YIELD

STABILITY ZONES*

Introduction

A substantial amount of cropland area exhibits marked production variability from year to year
(Basso et al., 2019; Driscoll et al., 2022). This phenomenon has been observed across scales,
from global (Ray et al., 2015), to national (Renard and Tilman, 2019), down to the farm and
subfield level (Maestrini and Basso, 2018). Previous work has demonstrated that interactions
between climate (Leuthold et al., 2022b), geomorphology (Kravchenko et al., 2005), and edaphic
characteristics (Al-Kaisi et al., 2016) are central drivers of this variability. These factors combine
to create areas that are high-yielding under certain climatic conditions but low-yielding under
others. The oscillating nature of these areas across time leads to their designation as “unstable,”
in contrast to “stable” areas, which maintain consistent yields regardless of a given growing
seasons weather. While some level of year-to-year yield variability is inevitable, sustained yield
instability represents an important source of environmental degradation, as well as increased

economic uncertainty for farmers (Basso et al., 2019).

3 The published version of this chapter can be cited as:

Leuthold, S.J., Lavallee, .M., Basso, B., Brinton, W.F., Cotrufo, M.F., 2024. Shifts in controls and abundance of
particulate and mineral-associated organic matter fractions among subfield yield stability zones. SOIL 10, 307-319.
https://doi.org/10.5194/s0il-10-307-2024
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Increasing cropland soil organic matter (SOM) stocks has been associated with decreased yield
instability (Qiao et al., 2022). A regional survey of cropping systems across China found a
significant, negative relationship between crop yield variability and topsoil SOM concentrations
(Pan et al., 2009). Other recent work has provided evidence that increasing SOM can reduce the
effect of drought on crop production (Renwick et al., 2021), decreasing total crop losses and
associated crop insurance indemnity payments by stabilizing yields over time (Kane et al., 2021).
These results indicate that increasing SOM may be a viable management strategy for reducing
crop yield variability, however the bulk of these studies take place at the regional scale (e.g., Pan
et al., 2009, Kane et al., 2021), and it remains unclear if this association holds true at the subfield

level.

One means by which the relationship between SOM and yield stability may be better understood
is to separate the bulk SOM into discrete physical fractions. Physical SOM fractions allow for
increased understanding into the function and formation of SOM. In particular, particulate
organic matter (POM), and mineral associated organic matter (MAOM) have been shown to be
well suited to act as indicators of SOM dynamics (Christensen, 2001; Cotrufo et al., 2019).
Indeed, POM and MAOM have unique formation pathways (Cotrufo et al., 2015), different
average turnover times (von Liitzow et al., 2008), and tend to provision different ecosystem
services in managed systems (Lavallee et al., 2020). In agricultural lands, the balance of these
two fractions often skews heavily towards MAOM, with reported global to continental scale
averages of 71.5 — 79% of C stored in the MAOM fraction (Lugato et al., 2021; Sokol et al.,
2022), a distribution that can be attributed to a lack of consistent C inputs and frequent
disturbances that can catalyze rapid POM decomposition (Lugato et al., 2021). Changes in POM

C stocks therefore have the potential to act as an important indicator towards changes in
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ecosystem processes—several researchers have previously identified it as a sensitive predictor of

agronomic function (Schipanski et al., 2010), especially at the field scale.

Given the increased sensitivity of SOM fractions to environmental and management factors
(Prairie et al., 2023) and the association between SOM and yield stability, SOM fractions may be
able to act as robust indicators for subfield patterns of yield variability. Further combining SOM
fractions with additional factors associated with yield stability such as topographic and soil
physicochemical properties may prove even more useful. Tajik et al. (2012) explained 96-98% of
the variability in soil enzyme activity using a combination of topographic and edaphic data,
including SOM. Similar approaches have been applied to understand variability in soil microbial
diversity and activity in row cropping systems (Kaleita et al., 2017). However, to the best of our
knowledge, covariation in SOM fractions with state factors has not been explored as a means to

understand spatiotemporal yield variability at the farm subfield scale.

Here we attempt to leverage the increased insight into ecosystem biogeochemistry that physical
SOM fractions provide to better understand the relationship between yields, spatiotemporal yield
stability and increasing SOM. Specifically, we asked: How do POM and MAOM distribute
amongst areas of different yields and yield stabilities? As increasing POM is often associated
with increased nutrient processing (Daly et al., 2021), aggregate formation (Witzgall et al.,
2021), and improved soil structure, we hypothesized that POM-C would be highest in high-
yielding, stable areas, and consequently that the ratio of POM:MAOM-C would be highest in
these zones. Additionally, we expected these areas to have a higher amount of bulk SOM-C
overall. Accordingly, we hypothesized the lowest POM:MAOM-C values would be observed in
the unstable yield zones, indicating decreased SOM biogeochemical functioning, and that these

unstable areas of the field would be relatively C poor as a result of inconsistent residue inputs. To

79



investigate these hypotheses, we performed a combined size-density fractionation on soils
sampled from nine farms across the Central United States. At each farm, we sampled from areas
of different yields (i.e., low, moderate, and high yielding), and different yield stabilities (i.e.,
stable and unstable). We used linear mixed effect models to examine the distribution of SOM
among physical fractions as it related to the various stability zones and then supported our
findings using a gradient boosting machine learning approach. Our goal was to understand if
physical SOM fractions could be used as indicators of areas of various yield stability at the farm
subfield scale, and consequently, if recommendations for improving yield stability could be

gained via an understanding of fractional SOM distribution.

Materials and Methods

Site Descriptions and Soil Sampling

Nine farms across the upper Midwestern United States were sampled to assess the relationship
between soil characteristics and crop yield stability (Figure 5.1, Table 5.1). The 30-year mean
annual precipitation (MAP) ranged from 617 mm yr! — 702 mm yr’!, and the average annual
cumulative growing degree days (GDD) ranged from 1502 — 1989 (Table 5.1). Crop
management information was obtained via communication with growers and land managers.
Crop rotation varied amongst the farms however, wheat (7riticum aestivum), soybean (Glycine
max L.), and maize (Zea mays) were the dominant crops in rotation at all sites (Table 5.1), and all
sites were sampled during either the corn or soybean phase of the rotation. Nutrient management
varied by farm as well, but as these were primarily working farms, we assumed that fertilizer
management represents a mixture of economic and agronomic optimum rates for the region (see
Fowler et al. (2024) for further discussion). Soils were sampled as described in Fowler et al.

(2024). Briefly, at each farm, three 15 cm cores from three separate replicate areas of each
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Table 5.1 — Major characteristics of farms from which soils were sampled for analysis. Growing season precipitation (GSP) and
mean cumulative growing degree day (Cum. GDD) values represent 30-year means retrieved from the Gridmet data product.

Farm GSp Mean Cum. GDD Soil organic Soil pH | Sand | Silt+ Clay | Cropping system history
(mm) (g Ckg soil") (%) (%)

210 Well 617 1522 11.0 6.49 64.2 35.8 C/S/C/S/IW
F-71 701 1561 8.62 5.86 64.3 35.7 S/C/S/W
F-79-2 698 1559 9.66 5.68 64.5 355 W/S/C/SIW
Horn 637 1988 259 6.22 52 94.8 C/S/C/S/C
Micic 702 1753 16.5 6.00 52.2 74.8 S/C/S/C/S
South 643 1989 21.1 6.25 7.4 92.6 C/C/S/S/C

SR13 624 1513 13.6 6.21 39.5 60.5 W/S/C/SIW
Watt East | 687 1741 20.1 6.51 252 74.8 C/S/C/C/S/C
F-79-2 644 1502 15.7 5.76 45.0 55.0 C/S/C/SIW

*: C- Corn (Zea mays); Soybean (Glycine max L.); Wheat (TFiticum aestivum). Reported for years available during study period which ended in 2020.
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Figure 5.1 — Location of farms sampled for this analysis. Sampling took place in Indiana,
[llinois, and Michigan, United States. Inset map shows the geographic location of the

sampling region.

stability zones (i.e.., low-stable, medium-stable, high-stable, and unstable) were taken, such that

12 samples were collected from each farm (n = 108). Samples were then sent to Woods End

Laboratory for characterization and analysis (Fowler et al., 2024).
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Delineation of yield stability zones

Yield data was obtained using a real time kinematics global positioning system (RTK-GPS)
enabled research combine with a yield monitor, which recorded crop yield at a 1-meter
resolution. Following Maestrini and Basso (2018), raster yield data were scaled to the annual
field average, and a yield level was calculated relative to the mean yield (i.e., high, medium, and
low yields). Yield stability was then derived from the standard deviation (SD) of yield levels
over time, with a SD value greater than +/- 15% designated as unstable. A full description of the
delineation of yield stability zones is provided in Fowler et al. (2024). In the work presented
here, in order to arrive at a unitless yield stability metric that accommodated differences in crop
rotation, we also normalized the annual yield from the different zones by the yield in the high
and stable zone for each year. We then used these normalized values to calculate zonal means
and SD for the entire experimental period at each stability zone within each farm, and then
calculated a coefficient of variation for yields by dividing the SD by the mean. The resulting
metric (Yield CV) was well aligned with the stability zones derived from the SD as in Fowler et
al. (2024), which we interpreted as a validation of this approach of quantifying stability

numerically.

Soil processing and characterization

At Woods End Laboratory, the air-dried samples were sieved to 2 mm to remove root fragments
and rocks, and ground prior to analyses. Soils were analyzed for a range of properties including
soil pH using a 1:1 soil:water extract and pH electrode method, Mehlich I and Mehlich II1

extracted nutrients (NCERA-13, 2015), and cation exchange capacity (NCERA-13, 2015). Total
soil organic C was measured via dry combustion at 900 °C using a Shimadzu TOC-L coupled to

a Solid Sample Dry Combustion Module SSM-5000A (Shimadzu Corporation, Kyoto, Japan),
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following manufacturer protocols (Shimdazu, 2017). Across sites, soil pH varied by almost an
order of- magnitude, ranging from 5.68 — 6.51 (Table 5.1). Total soil organic C (SOC) varied
amongst sites as well, ranging from 8.62 - 25.9 g C kg soil"! (Table 5.1). Given our interest in the
role of the fine fraction of soil particles in determining SOC dynamics, we did not measure
texture directly. Instead, we inferred the proportion of silt and clay particles and the proportion of
sand particles from results of our physical fractionation analysis (see below). In the soil we
analyzed, the distribution of particle sizes ranged from relatively sandy soils (~ 64% sand) to

soils dominated by fine particles (> 90% silt and clay particles; Table 5.1).
Physical fractionation and SOM analysis

A well homogenized subsample from all 108 samples was shipped to Colorado State University,
where they were fractionated into physical SOM fractions using a combined size density
fractionation as reviewed in (Leuthold et al., 2022a). Briefly, a 6-gram subsample of 2 mm
sieved soils was dried overnight, then shaken in DI water for 15 minutes. The sample was then
centrifuged, and the supernatant subjected to vacuum filtration of over a 20 um nylon filter to
isolate the dissolved organic matter fraction (DOM). Following the removal of the DOM, sodium
polytungstate (SPT; Nas[H2W12040]) adjusted to a density of 1.85 g cm™ was added to each
sample, and samples were shaken for 18 hours. After shaking, the samples were centrifuged, and
the supernatant was aspirated via vacuum filtration using a 20 um nylon filter. The material that
remained on the filter was characterized as the POM fraction. The remaining mineral fraction
was resuspended in DI water, centrifuged, and the resulting supernatant discarded. This rinsing
procedure was repeated two more times to remove any residual SPT from the samples. Upon the

fourth resuspension of the mineral fraction, the samples were separated via wet sieving into the
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coarse heavy associated organic matter fraction (CHAOM; > 53 um) and MAOM fractions (< 53

um). These samples were then placed into the oven at 60 °C and dried to a constant weight.

Oven-dried samples were weighed, and mass recovery assessed. If the recovered mass was not
between 95 and 105% of the initial sample mass, the fractionation was repeated until appropriate
mass was reached. Two samples did not achieve acceptable recoveries despite repeated efforts
such that we don’t include them in the analysis presented here. After weighing, samples were
ground to a fine powder using a mortar and pestle and analyzed for C and nitrogen (N)
concentrations via a VELP CN802 Carbon Nitrogen Analyzer (VELP Scientific, Deer Park, NY).
As the soils contained negligible content of inorganic C, total C values obtained through
elemental analysis reflect fraction organic C. As the DOM fraction typically represents a minor
fraction of the total SOM, especially in agricultural soils, we opted not to analyze it further after
separation. However, we did find it necessary to separate the DOM and CHAOM fractions to
isolate the POM and MAOM pools that are most homogenous in their composition and best map

on to their conceptual definitions.

Topography and climate data acquisition

To create the dataset used in subsequent multivariate analyses, several databases were called
upon using R version 4.2.2 (R Core Team, 2022). For each farm, 1-km gridded, daily climate
data retrieved for the period between 2015 and 2020 from the Daymet Daily Surface Weather
dataset (Thornton et al., 2022) using the R package daymetr (Hutkens et al., 2018). Climate data
were trimmed to represent the average period of planting through harvest for major row crops in
the Northern Corn Belt, starting on Julian Day 121 and ending on Julian Day 304. The Daymet
dataset provides daily maximum and minimum temperatures, which we averaged to construct a

daily mean temperature. We calculated growing degree days with a base temperature of 10 °C,
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such that heat units only accumulated when mean air temperatures exceeded 10 °C. Elevation
data were retrieved from the USGS 3D Elevation Program using the get tiles function contained
within the ferra package in R (Hijmans, 2022). To better capture landscape-level trends, we
resampled and aggregated the elevation data using a factor of 8, based on an iterative analysis of
the scale at which geomorphic features in agricultural land were most pronounced. The we then
used the terrain function in the ferra package to calculate slope and topographic position indices
(TPI), a measurement of the elevation of a given grid-cell relative to the grid-cells surrounding it

(higher values indicate a relatively higher grid cell, and vice-versa).

Data analysis

Mixed linear model and regression analysis

We used mixed effect linear models to test for differences in soil texture, soil pH, SOM-C, POM-
C, and MAOM-C among stability zones. Models were built using the /me4 package in R (v.1.1-
31; Bates et al., 2015), and evaluated using the anova() function in the stats package (v. 4.2.2; R
Core Team, 2022). Pairwise comparisons were made using examinations of the estimated
marginal means of each stability zone contrasts pair using the emmeans package (Lenth, 2022).
In the models we examined, stability zone was a fixed effect, and farm was a random effect. The
alpha level for significant differences was set to 0.05. We also examined relationships between
soil texture and MAOM-C and POM-C, as well as average crop yield and yield CV and soil
texture and topographic indices via linear regression, using the Im() function in the stats R
package (R Core Team, 2022). To account for differences in cropping rotation, edaphoclimatic
characteristics, and management history, we scaled the response variables to the farm level using

z-scores, with the mean and standard deviation of the population calculated at the site level,
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similar to the approach of (Aksoy et al., 2016). All results presented below have been scaled

using this method unless explicitly noted.

Assessing feature importance via gradient boosting

We used a supervised classification machine learning approach, regularized gradient boosting, to
identify and understand potential indicator variables for delineating yield stability zones. We
reclassified the stability zones into binary categories, stable and unstable, and then randomly
split the dataset into training and testing datasets such that 80% of the data were contained in the
training dataset, and 20% in the testing dataset. We included all SOM fraction data in the model
matrix, as well as soil physical property data, nutrient data, and topography data. After training
the model, we tested the optimized model on the training set, and assessed its accuracy in
classifying yield zones based on soil and topography characteristics. We repeated this process
1000 times to arrive at an average model accuracy. From this ensemble of gradient boosting
results, we extracted the edaphic, biogeochemical, and topographic variables that had the largest

and most consistent impact on zone delineation.

Results and Discussion

To better understand the relationship between increasing SOM and spatiotemporal yield
heterogeneity, we fractionated soils from areas of different yields and yield stabilities across 9
farms in the Upper Midwestern US. Our experimental goals and hypotheses were informed by a
growing body of literature that shows that increasing SOM correlates with increased yield
stability (Kane et al., 2021; Pan et al., 2009; Williams et al., 2016). Given that different physical
fractions of SOM are thought to have different functions, we predicted that examining the
fractions would give increased insight into the mechanisms behind the SOM-yield stability

relationship. Specifically, we hypothesized that total SOM would be highest in high-yielding,
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stable areas, and that these areas would have a higher POM:MAOM-C value than areas of the
field that were more unstable. Contrary to our hypotheses however, we found that, on average,
unstable zones had higher SOM-C stocks than stable yielding zones (Fowler et al., 2024).
Additionally, while we found significant differences in the amount of POM- and MAOM-C
among different stability zones, we did not observe significant differences in POM:MAOM-C.
These findings challenge the often-assumed direction of causality whereby higher SOM supports
higher yielding (Bauer and Black, 1994; Ma et al., 2023; Oldfield et al., 2022) and more stable
cropping systems (Williams et al., 2016). Instead, our results indicate that causal linkages
between SOM and yield stability may be bi-directional, depending on the scale of the inquiry
(e.g., field vs. county vs. region). Here we present the results of our study, discuss potential
drivers of POM and MAOM storage at the subfield scale, and evaluate the implications of our

findings in regard to soil health indicators and soil C storage goals.

Patterns of C storage in bulk SOM and fractions

When examined across the farms in our study, we observed significant differences in the total
SOM-C, MAOM-C, and POM-C storage between our four different yield-stability zones. Post-
hoc analyses of the differences between zones in SOM-C indicated that unstable zones had
25.7% more SOM-C on average than low-yielding stable zones (p = 0.016; Figure 5.2A). We
also observed trends towards increased SOM-C in the unstable zones relative to the other two
stable zones based on estimated marginal means, however these differences were not significant
(p =0.475 and 0.331, respectively; Figure 5.2A). These observations run in contrast to current
paradigms that indicate increasing crop yield stability in response to increasing SOM content.
For instance, Pan et al. (2009) showed that the average yield variability decreased by 5% for

every 1% increase in SOM (i.e., SOM-C x 1.72) when examined at the regional scale across

88



(a)

Farm-scaled SOM C

(b)

Farm-scaled MAOM C

(c)

Farm-scaled POM C

Low-Stable Medium-Stable High-Stable Unstable
Stability Zone

Figure 5.2 — Normalized concentrations of total soil organic carbon (SOM-C) (a.), mineral
associated organic matter carbon (MAOM-C) (b.), and particulate organic matter carbon
(POM-C) (c.) among the various stability zones. Different colored points represent different
farms. To account for edaphoclimatic differences among farms, we scaled all data using z-
scores prior to analysis, with the mean and standard deviation calculated at the farm level,
yielding a unitless metric to compare by. Different lower-case letters indicate significant
differences (p < 0.05). Points are offset horizontally to improve readability of the plot.
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Chinese provinces. Although our data do not yield robust regressions between SOM-C and yield
CV, the general trend of the data indicates increasing variability as standardized SOM increases
(Supplemental Figure 5.1; p = 0.077, r* = 0.02). The MAOM-C results mitror the patterns we
observed in SOM-C, with significant differences among stability zones (p = 0.023; Figure 5.2B),
and post-hoc tests indicating that the low-yielding stable zone had significantly less MAOM-C
than the unstable (p = 0.013), while the medium- and high-yielding zones were not significantly
different than unstable zones (p = 0.522, 0.662; Figure 5.2B). The consistency of these two
patterns is not suprising, as MAOM-C accounted for ~77% of the SOM-C in our data on
average, consistent with previous examinations of agricultural soils (Sokol et al., 2022). Subfield
variation in MAOM-C content has been observed in previous studies (Usowicz and Lipiec,
2017), but to the best of our knowledge, the covariation with yield stability such as this has not

been examined thus far.

The POM-C content showed a different pattern across yields and stability zones from the
patterns we observed for SOM-C and MAOM-C contents (Figure 5.2). While we still found a
significant difference between stable and unstable zones, stable zones showed similar POM-C
levels, regardless of average yield (p = 0.019, Figure 5.2C). This contrasts our original
hypothesis, that POM-C would be highest in high-yielding, stable zones as a result of increased
organic inputs in the form of both aboveground crop residue and crop roots (Gosling et al., 2013;
Sokol et al., 2019). Our results indicate that POM-C abundance was not driven by yield or
residue inputs, rather other characteristics of unstable yield zones may have led to increased

POM-C stocks relative to stable areas.
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Evaluation of POM:MAOM-C ratio as an indicator of biogeochemical function

The POM:MAOM-C ratio, has been suggested as a useful indicator for soil biogeochemical
function (Cotrufo et al., 2019). Previous work has shown that the balance of POM-C to MAOM-
C may help to explain the mineralization rate of organic N (Daly et al., 2021; Grandy et al.,
2022), as well as help to identify soils that are approaching mineral C saturation sensu Stewart et
al. (2007) (Castellano et al., 2015; Just et al., 2023). It has been also posited that a decreasing
POM:MAOM-C ratio may indicate when residue inputs outpace residue decomposition,
assuming fragmentation processes are not inhibited (Just et al., 2023). Despite similar POM-C
levels across the various stable yield zones and covariation in yield with MAOM-C in our data,
however, we observed no significant differences in the POM:MAOM-C ratio across the different
yield stability zones (p = 0.170, Supplemental Figure 5.2). This similarity across zones, despite
differences in POM- and MAOM-C among different stability zones, is likely the results of the
reasonable expected effect size of changes in POM:MAOM-C ratio in agricultural soils that are
inherently MAOM-C rich and POM-C poor (Prairie et al., 2023, Lugato et al., 2021). To
exemplify this issue, across all of our samples, the average POM-C was 2.0 g C per kg soil, and
the average total SOM-C was 15.9 g C per kg soil, with an average POM : MAOM-C ratio of
0.16. If POM-C was increased by 50%, to 3.0 g C per kg soil, SOM-C would increase by 5.9 %,
but the POM : MAOM-C ratio would adjust only to 0.23, an ecologically insignificant shift well
within the observed range of our data (0.02-0.42; Supplemental Figure 5.2). As such, we were
unable to use it as a metric to understand differences in SOM formation and function among
different stability zones. We suggest that for POM:MAOM-C ratio to be a useful indicator,
further research is needed on how to best contextualize and understand this measure when

applied to agricultural systems. For example, exploring the ratio of POM-C to exchangeable
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MAOM-C may present a more actionable indicator, if robust methods of exchangeable MAOM-

C can be identified (Daly et al., 2021; Jilling et al., 2018a).
Drivers of carbon accumulation in MAOM

To explore the possible mechanisms behind the variability in MAOM-C content among different
yield-stability zones, we examined a set of edaphic characteristics known to be well correlated to
MAOM storage (Hassink, 1992). As expected, MAOM-C had a significant, positive relationship
with the proportion of fine particles within a sample (p < 0.001, 2 = 0.30; Supplemental Figure
5.3). This relationship partially explained the patterns we observed in MAOM-C across stability
zones (Figure 5.2B); when we examined the difference between MAOM-C in unstable and low-
yielding, stable zones as a function of the difference in fine particles, the differences in MAOM-
C became negligible when particle distributions were similar (p = 0.002, r>= 0.297;
Supplemental Figure 5.4). On average across sites, however, we observed significant differences
in the proportion of silt and clay particles across stability zones, with unstable and high-yielding,
stable zones having significantly higher farm-scaled silt and clay values than medium- and low-
yielding stable zones (p < 0.001; Figure 5.3). We posit that these differences are a result of the
topographic settings of the unstable and high-yielding stable zones, corroborated by our
observation of a significant relationship between the silt and clay content in soil and the TPI (p <
0.001, r? = 0.10). As observed by Maestrini and Basso (2018), both high-yielding, stable zones
and unstable zones are often located in depositional areas that receive downslope contributions
of fine soil particles on the decadal timescale. Our study finds a similar distribution of stability
zones amongst low-lying areas, with both the high-yielding, stable zones and the unstable zones
having a relatively high fine particle content (Figure 5.3) and being found primarily in lower

areas of the field (Figure 5.4). Our findings thus corroborate previous observations of crop yield
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Figure 5.3 —Scaled density plot of z-scored silt and clay content of soils from various
stability zones. Dashed lines indicate the mean z-score for the corresponding stability zone.

heterogeneity in areas of topographic complexity (Kravchenko and Bullock, 2000; Maestrini and
Basso, 2018; Leuthold et al., 2021). The similarity in texture and topography between unstable
and high-yielding, stable zones highlight an important point: unstable zones have a capacity to be
especially high-yielding under the right environmental conditions (Fowler et al., 2024; Martinez-
Feria and Basso, 2020). Further research into the properties of these unstable zones, such as

impeded soil drainage or impediments to rooting ability may help to disentangle what makes
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Figure 5.4 — a.) Topographic position index values across the various stability zones. Lower
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relatively elevated locations and b.) Slope values scaled using z-scores to the individual farm
level. Different colored dots represent different farms. Different lower-case letters indicate
significant differences (p < 0.05). Points are offset horizontally to improve readability of the
plot.
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some areas with similar texture and topography consistently high yielding, while others are

especially sensitive to environmental stressors.

In addition to these edaphic controls, we also observed an association between increasing yields
and increasing MAOM-C content. Linear regression analysis indicated that as mean yield within
a stability zone increased, so did MAOM-C. This relationship was weak, likely reflecting the
influence of cropping system, soil physicochemical properties, and climate on variability in
MAOM-C and yield (p = 0.048, r* = 0.08; Supplemental Figure 5.5). However, this result does
mirror recent studies that support causal linkages between increasing productivity and increased
MAOM-C (Hansen et al., 2024; King et al., 2023; Prairie et al., 2023). Indeed, there are a
number of pathways by which increasing yield (and the associated increase in crop residue) can
increase the amount of MAOM-C, especially in areas of the field that are receiving inputs of
eroded minerals that may have a high capacity for sorption of dissolved organics (Van Oost and
Six, 2023). Understanding relationships between topography, productivity, and mineralogy is
thus key for understanding how MAOM-C accumulates in croplands, and how sampling
strategies must be designed to capture accurate estimates of cropland SOC stocks and their

spatial variability.
Mechanisms for increased POM-C storage

In contrast to MAOM-C, POM-C did not closely follow the patterns of total SOM-C content
variation observed across our yield stability zones, and POM-C content in unstable zones was
significantly higher than in all stable zones (p = 0.019), which had the same POM-C content
independent of yields (Figure 5.2C). Further diverging from patterns in MAOM-C, we could not
identify any edaphic or cropping system properties that helped to explain patterns in POM-C—it

was not correlated with average yield (p = 0.337, data not shown), even when accounting for
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differences in cropping system (reported in Table 5.1). We did observe significant, positive
relationships between POM-C and soil texture (p < 0.001; data not shown), and soil pH (p <
0.001 and p = 0.009, respectively; data not shown), both of which have been suggested as
potential controls on POM-C accumulation (Hansen et al., 2024; Kdgel-Knabner and Amelung,
2021). In our study however, our observation of parallel increasing of POM-C and texture may
be indicative of covariation in these measurements across our stability zones rather than a signal
of a causality, and pH did not vary systematically across the stability zones in a way that would

help to explain the patterns of POM-C variation (p = 0.224).

Given that we did not observe evidence that POM-C conferred additional stability to cropping
systems, as our original hypothesis, we propose an alternative hypothesis consistent with our
findings (Figure 5.5) is that the accumulation of POM-C within areas of increased spatiotemporal
yield heterogeneity is controlled by constrains on decomposition outpacing those on productivity
during the unfavorable climate years. Unstable zones tend to have a higher incidence of water-
logging (Leuthold et al., 2021; Maestrini and Basso, 2018), which can impact both soil microbial
activity and crop productivity. While these hydrologic stressors most often are discussed in
regard to their detrimental effect on crop yield — early season saturation can reduce crop root
viability and emergence (Wenkert et al., 1981), limited oxygen availability under saturated
conditions also reduces the capacity of the microbial community to depolymerize and break
down POM and alters microbial community structure (Bowles et al., 2018; Cates et al., 2022).
This reduced decomposition could contribute to multi-season feedback in these unstable zones;
under optimal conditions, decomposition and nutrient mineralization may be increased relative to
stable yield areas due to the increased amount of available POM-C. The ecosystem services

provided by POM (e.g., increased aggregation and nutrient availability), combined with optimal
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Figure 5.5 — Conceptual model of proposed biogeochemical differences between stable and
unstable yield zones. Stable zones, often in upslope positions, are characterized by consistent
yields across weather conditions, partially due to a decreased incidence of saturated
conditions. The same conditions allow for a consistent rate of particulate organic matter
(POM) decomposition and nutrient provisioning across growing seasons. In contrast, low-
lying, unstable yield zones experience much more drastic shifts in their soil water status from
year to year, altering the rate of POM decomposition. In wetter years, in which saturated soil
conditions are more likely, decomposition rates are slowed, leading to an accumulation of
POM. Under dry or optimal conditions, low-lying, deeper, more finely textured soils that are
characteristic of the unstable yield areas may maintain increased water retention, leading to
an advanced rate of nutrient cycling, increased productivity relative to the rest of the field,
and subsequently, increased inputs to the POM pool.

soil-water conditions, could then encourage increased productivity and yields, potentially leading
to replenishing POM stocks that may have been decreased over the course of the optimal season
(Figure 5.5). This hypothesis is partially corroborated by the topographic characteristics of our
various stability zones (Figure 5.4). We examined both the farm-scaled TPI and the average slope

for each stability zone, and found that high-yielding, stable zones and unstable zones both had
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significantly lower average slopes, and significantly lower TPI values than low- and medium-
yielding stable areas (p = 0.001 and p < 0.001, respectively; Figure 5.4). Additionally, we
observed a significant, negative relationship between the position index and POM-C; as TPI
increased, the amount of POM-C decreased (p = 0.004; Supplemental Figure 5.6). We did not
observe the same relationship with slope (p = 0.903), which could be due to different
topographic positions having similar slopes (e.g., summit and footslope positions). Some
evidence for this is offered by the results of including an interaction term between slope and
stability zone, which yields a significant result (p = 0.029). Fowler et al. (2024) found similar
relationships; they indicated that topographic variables such as slope and the log of flow
accumulation (i.e., topographic wetness index) were adequate predictors of SOM-C and other
soil health indicators in these fields, potentially highlighting how POM-C can act as an indicator
of soil biogeochemical dynamics. These important trends lend some credence to our framework
(Figure 5.5), though a considerable amount of variance in POM-C remains unexplained by these

factors (r> = 0.07 for TPI and 0.09 for slope x stability zone respectively).

Our gradient boosting analysis also supports our alternative hypothesis for increased POM
storage in unstable yield zones. We used a gradient-boosted random forest analysis to determine
important predictors of stable vs. unstable yield zones. Our model was able to predict stable vs.
unstable zones with ~72% accuracy, and over the course of 1000 iterations, identified POM-C
and TPI as the most important variables in characterizing the zones (Figure 5.6). Thus, while our
original hypothesis of POM acting to increase yield stability may not be supported by these data,
our results do show that the POM-C content may serve as a useful and important indicator for
areas prone to increased heterogeneity or variability in decomposition status when robust

subfield sampling is employed. Future work that links soil microclimate data to decomposition
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Figure 5.6 — Relative importance of variables in predicting yield stability zones as
determined by the gradient boosted random forest model employed here. Relative importance
represents the average of the feature importance over the course of 1000 model iterations.
(POM: Particulate organic matter, CHAOM: Coarse, heavy organic matter, MAOM: Mineral
associated organic matter, C: Carbon, TPI: Topographic Position Index, P: Phosphorus, N:
Nitrogen, CEC: Cation exchange capacity, K: Potassium, Na: Sodium, Mg: Magnesium,
GDD: Growing degree days).

rate across areas of complex topography will help to further elucidate the drivers of fractional
SOM distribution among yield stability zones. Microbial community composition may also help
provide insight into the means by which different fractions of organic matter accumulate and

persist in heterogenous areas.
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Conclusions

We examined the difference in C storage in bulk SOM and among SOM physical fractions in
soils sampled from different yield stability zones from nine farms across the upper Central
United States. Whereas previous analyses have found increased crop yield stability with
increasing SOM, our results indicate that this relationship may not always hold true depending
on the scale of inquiry. At the subfield scale, we found increased POM-C in unstable yield zones,
which may be an indicator of reduced decomposition. We also found increased MAOM-C in
unstable zones, which was well correlated with increased incidence of fine-particles and
increased yield potential in these zones. Given the continued rise of precision agriculture
technologies (Basso and Antle, 2020), increased understanding of the mechanisms that confer
stability unto a given area within a crop field are of paramount importance. Our work does not
stand in contrast to previous publications that show that cropping system heterogeneity may be
reduced with increasing SOM concentrations, but instead offers an important insight that the
controls on the relationship between SOM and stability depends on the scale of inquiry, and that
at the subfield scale, unstable zones may be characterized by increased SOM-C, especially in the
POM fraction. Our results provide step towards understanding how geomorphology, inter-annual
weather variability, and cropping system productivity interact to determine the distribution of
SOM among physical fractions across heterogenous crop fields, and can serve to improve
nutrient management strategies, carbon sequestration objectives, and guide robust sampling for

the quantification of farm-scale SOM stocks.
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CHAPTER 6: DECADAL PERSISTENCE OF SOIL ORGANIC MATTER FORMED FROM

LITTER AND PYROGENIC INPUTS

Introduction

Soil organic matter (SOM) is a critical component of ecosystem nutrient cycling and
productivity, as well as the global carbon (C) sink. In most terrestrial systems, plant litter
constitutes a primary source of SOM. Additionally, pyrogenic organic matter (PyOM) accounts
for a significant proportion of inputs into SOM in fire prone systems (Lavallee et al., 2019), the
implications of which are increasingly important to understand as fire frequency is expected to
increase (Huang et al., 2015; Pellegrini et al., 2018). Understanding the mechanisms by which
plant-derived C and nitrogen (N) that enter the soil system as either litter or PyOM persist as
SOM is thus key to understanding land-atmosphere C exchange in current and future climate and
management scenarios. Long-term persistence of SOM has been attributed to associations
between organic molecules and soil minerals (Kleber et al., 2015), chemical recalcitrance of
highly condensed aromatic compounds (Aber et al., 1990; Lavallee et al., 2019), and energetic or
spatial constraints (Cotrufo and Lavallee, 2022) on microbial decomposers (Six et al., 2000). As
a consequence of this variety in stabilization mechanisms, SOM represents a mosaic of plant and
microbially derived compounds in various stages of decomposition (Whalen et al., 2022). The
distribution of these compounds among physically or chemically defined SOM fractions
characterized by different mechanisms of stabilization such as particulate organic matter (POM),
organic matter associated with the coarse, heavy soil fraction (CHAOM), mineral associated

organic matter (MAOM), and PyOM can help forecast the persistence of the SOM pool (von
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Liitzow et al., 2008), and better inform models of land-atmosphere-energy and greenhouse gas

exchange (Zhang et al., 2021).

Despite its importance, the fate of C and N that enter the SOM pool through decomposition of
organic inputs, such as plant litter or PyOM, often remains opaque on management relevant
timescales. Coupling fractionation with isotope tracing is a powerful way to quantify the fate of
SOM inputs (Cotrufo et al., 2015; Haddix et al., 2016; Hicks Pries et al., 2017); short-term
incubations provide important insight around SOM formation dynamics (Cotrufo et al., 2015a),
and radiocarbon tracing studies can provide valuable information on centennial and millennial
timescales (Shi et al., 2020). However, studies that couple isotope labeling with SOM
fractionation at the decadal time scale are limited, and have been primarily performed in forest
ecosystems (Hatton et al., 2012; Hicks Pries et al., 2017). This has led to uncertainty surrounding
how different fractions of SOM transform and persist on scales relevant to soil C sequestration
goals (Dynarski et al., 2020) or in C rich ecosystems such as grasslands, presenting an important
gap in our understanding of the current paradigms of SOM formation and storage. A full
understanding of decadal scale C storage and cycling is further limited by a focus on litter
derived SOM; despite evidence that PyOM is ubiquitous in soils and has an impact on C stocks
and SOM mean residence time (Lavallee et al., 2019; Sanderman et al., 2021), it remains

understudied (Bird et al., 2015).

To address this gap in understanding, we returned to 10-year in-field incubations of 1*C and >N
enriched aboveground plant litter (Cotrufo et al., 2015) and PyOM (Soong and Cotrufo, 2015) to
evaluate transformations and persistence of plant derived C and N in physical SOM fractions in
the top soil of a temperate tallgrass prairie ecosystem (Kansas, USA; mean annual temperature =

12.8 °C, mean annual precipitation = 835 mm), constituting, to our knowledge, the first isotope
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tracing study of its duration in a grassland system. We combined the isotopic labeling with
physical fractionation and stoichiometric analyses to quantify the proportion and degree of
microbial transformation of leaf litter and PyOM-derived C and N which remained as POM,
CHAOM, and MAOM, roughly a decade after litter or PyOM addition to the soil surface. We
hypothesized that despite the initial litter C loss during pyrolytic conversion of litter to PyOM,
the distinct chemical recalcitrance and low-density nature of this fraction would lead to sustained
preservation in the POM fraction over the course of the experiment. We also hypothesized that
after ten years, little litter derived SOM would remain, and that which did remain would be in the
MAOM fraction. We expected this decadally persistent litter derived MAOM to have a C:N ratio
that reflected increased microbial processing compared to that of litter derived MAOM observed

at earlier sampling dates.

Materials and Methods

Experimental Site

Both the litter and PyOM incubations were conducted at the Konza Prairie long-term ecological
research station in Kansas, USA. The ecosystem is a temperate continental, tall-grass prairie with
a mean annual precipitation of 835 mm, and a mean annual temperature of 12.8 °C. The
dominant vegetation at the site is Big bluestem (Andropogon gerardii), which accounts for
approximately 80% of the total ground cover. Soils are derived from limestone and shale parent
material and are generally silty clay loam Mollisols. Prescribed burning is a common
management practice at this experimental station, and the site of the experiment (Konza
designation RB20) had been burned annually between 1972 and 2000. Other than a wildfire in
2008, it has not been burned since 2000. Across our studies, the mean soil organic C (SOC) stock

to 5 cm was 3923 g C m™ (£ 52 g C), and the mean soil total N stock was 302 g N m? (= 5 g N).
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There was no temporal trend to bulk C and N stocks in our observations, indicating that the
system had reached steady state (Supplemental Figure 6.1), nor were there significant differences
between the SOM stocks at the litter site and at the PyOM site. The C:N ratio of the bulk SOM

was 12.7 (= 0.1), with no significant difference among harvest dates (Supplemental Figure 6.2).
Creation of isotopically derived litter and pyrogenic material

To create the litter applied in this initial incubation, 4. gerardii was grown from seed for 22
weeks in a continuous '*C and !°N labeling chamber as described previously(Soong et al., 2014).
The use of the chamber allowed for the production of litter enriched to 3.3804 atom % '3C and
3.9917 atom % '°N. After reaching maturity, litter was air-dried, trimmed to 20 cm lengths, and
homogenized. Water content was measured on three oven-dried sub samples (65 °C), and masses
were corrected to dry-weights. Oven dried samples were finely ground and analyzed via
elemental analysis-isotope ratio mass spectrometry (EA-IRMS; Carlo Erba NA 1500 coupled to a
VG Isochrom continuous flow IRMS, Isoprime inc.) for C and N concentration and '*C and N
isotopic composition. For the production of PyOM, the '3C and N isotopically labeled A.
gerardii above ground plant biomass was pyrolyzed for 4 hours at 450 °C, using a muffle
furnace with ultra-high purity nitrogen flow. These pyrolysis conditions were chosen to produce
an isotopically labelled PyOM that was structurally and chemically similar to natural PyOM that
was recovered from the field site after a wildfire. Proximate and ultimate analysis indicated that
the produced PyOM was similar in ash content and pH to natural PyOM collected at the field
site(Soong and Cotrufo, 2015). Subsamples of the created PyOM were analyzed for C and N
concentrations as well as '*C and '°N isotopic composition via EA-IRMS analysis as described

above.
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Incubation Experiments

Both the litter and the PyOM incubation experiments were designed as repeated measures
randomized complete block designs with four replicates per sampling point. Two treatments were
established in both experiments: the organic input (i.e., the labeled litter or PyOM) and a bare
soil control (i.e., no input addition). Polyvinyl chloride (PVC) collars (20 cm diameter and 10 cm
tall) were inserted 5 cm into the soil surface to designate experimental units. Plants were
removed from the area within the collars via herbicide addition and manual removal. On
September 29™, 2010, 18.4 g dry-weight equivalent of the homogenized labeled litter was added
to each of the litter-treatment collars, in direct contact with the soil surface. The PyOM
experiment was established in a similar manner on May 8%, 2012, however the PyOM was gently
mixed into the top 2 cm of soils to prevent erosive loss. To account for the litter loss that would
occur during burning, 5.9 grams of PyOM was added to the PyOM treatment collars,
commensurate with our 30% recovery during pyrolysis. A coarse PVC mesh screen (mesh size:
6.35 mm) was used to cover each collar to prevent fresh litter inputs. For the litter treatments,
harvests occurred on October 8, 2011 (12 months from incubation), September 29, 2012 (24
months), September 25, 2023 (36 months), and October 13, 2020 (120 months). For the PyOM
treatments, harvests were less frequent, and occurred on September 8, 2012 (4 months), April 4,

2013 (11 months), and October 13, 2020 (101 months).

For each harvest, soils from the bare soil control and the treatment collars were excavated using
a hand-shovel, carefully removing the entire collar area in incremental depths (0-2 cm, 2-5 cm).
We chose to focus on the top soil depths as previous samplings found little recovery of the
isotopic label below 5 cm(Soong et al., 2016). Soils were stored at 4 °C during transport and

prior to processing. Upon arrival at Colorado State University, soil samples were carefully
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picked clean of leaves and roots, and sieved to 2 mm. For the litter treatment, undecomposed
litter was carefully removed, and a subsample was oven-dried at 105 °C. The soil samples were
fractionated using a combined size and density fractionation to separate SOM into physical
fractions (i.e., POM, CHAOM, and MAOM) (Leuthold et al., 2022a). Briefly, soils were first
dispersed by shaking with glass beads in sodium polytungstate (SPT; HoNasO40W12) adjusted to
1.85 g cm™. After centrifugation, the POM was vacuum aspirated and well rinsed with DI water.
The remaining heavy mineral fraction was separated into CHAOM (> 53 um) and MAOM (< 53
um) via wet sieving. For all harvests except the final harvest, the MAOM fraction was further
separated into silt and clay associated organic matter via centrifugation, but here we present all
data for MAOM as a combination of the silt and clay associated OM. The fractions were oven-
dried (60 °C). All oven dry bulk soil and SOM fraction samples were finely ground and analyzed
for C and N concentrations as well as 1*C and N isotopic composition via EA-IRMS, as

described above.
Data Analysis

Data analysis was conducted in R, version 4.3.2(R Core Team, 2022). To calculate the
contributions of the litter and PyOM additions to the SOM fractions, we used a two-pool isotopic

mixing model (Equation 6.1).

_ Samended —6Bare (Eq 6 1)

Litter —
f 5Litter —bBare

where fiiwer is the fraction of litter or PyOM derived SOM in the whole sample, damended 1S the
313C or 8'°N of the SOM fractions that received the enriched amendment, dgare is the 8'3C or
8'°N of the bare soils SOM fraction, and SLiter is the 8'°C or §'°N of the PyOM or litter addition,

following refs 19 and 21. We determined the pool size of the SOM C and N by multiplying the C
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or N stock (calculated using the gravimetric bulk density at Harvest 1) by the fiiwer. We tested for
difference between sampling date using a linear mixed effects model in R, using the /me4 and
ImerTest packages (Bates et al., 2015; Kuznetsova et al., 2017; R Core Team, 2022). We
specified our model with harvest date as a fixed categorical effect and replicate as a random
effect. A similar approach was used to test for differences in input derived C:N ratio. Post-hoc
comparisons of contrast coefficients were used to test pair-wise comparisons between specific
harvest dates, using the Tukey adjustment in the emmeans package in R(Lenth, 2022; R Core
Team, 2022). We calculated the temporal coefficient of variation as the standard deviation of the
input derived C or N stocks divided by the mean of the input derived C and N stocks across
sampling dates for each replicate, and tested for differences among fractions using a linear mixed
model (via /me4) with replicate as a random effect and fraction as a fixed categorical effect

(Bates et al., 2015; Kuznetsova et al., 2017).

Results and Discussion

Retention of above-ground litter and PyOM derived C and N in the soil after 10 years

After ten years, 7.03% of the initial above-ground litter C input (Figure 6.1) and 24.17% of litter
N input was retained in the bulk SOM. These retention estimates are lower than previous
measurements of litter derived SOC persistence over ten years from a conifer forest ecosystem
(22-28% for C) (Hicks Pries et al., 2017), likely due to slower decomposition of needle versus
grass litter due to differences in original litter chemistry and the higher relative proportions of

unhydrolyzable material (Prescott et al., 2000).

Due to its inherent chemical recalcitrance (Schmidt et al., 2011), far more of the applied PyOM
remained in the soil than litter material; 60.82% of PyOM derived C, and 53.43% of PyOM

derived N was present in the bulk SOM after 8 and a half years of incubation. When the C loss
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Figure 6.1 - Litter and pyrogenic organic matter (PyOM) derived C remaining in the top 5 cm
of soil over the course of the decomposition experiment as percent of the initial. In September
2010 and October 2012, Andropogon gerardii litter and pyrolyzed material were applied to
the soil surface of a tallgrass prairie, respectively. Subsequent harvests occurred at 7, 12, 18,
24, 36, and 120 months after installation for the litter (Triangles, solid line), and at 4, 11, and
101 months after installation for the PyOM (circles, dashed line). After accounting for the
loss of C during the pyrolysis process (labeled), the PyOM retained significantly more carbon
across the incubation period than the litter. Points represent mean values, and error bars
represent standard errors (n = 4).

that occurs during the pyrolytic conversion of litter to PyOM is accounted for, the amount of
PyOM derived C remaining at the end of the experiment decreases to 34.00%, a 38.8% loss
during conversion (Figure 6.1). Regardless, the inherent metabolic challenge of mineralizing
condensed aromatic and polyaromatic ring structures that compose PyOM (Aber et al., 1990;
Bird et al., 2015) leads to a significant increase in decadal C storage compared to the litter
treatment (Lavallee et al., 2019), consistent with previous hypotheses (Lehmann et al., 2021).

While this suggests that introduction of PyOM material may be a robust method of increasing
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ecosystem C storage, previous work in these sites also highlighted a tightening of the N cycle in
response to PyOM additions, with decreased organic N availability in first 11 months following
PyOM application (Soong and Cotrufo, 2015). The persistence of the PyOM on the decadal scale
suggests that this decrease in SOM-N bioavailability may extend past the initial period and limit
internal ecosystem N recycling in the years following above ground biomass burning and PyOM
introduction into the system, subsequently limiting plant N uptake and ecosystem net primary
productivity (Pellegrini et al., 2018; Soong and Cotrufo, 2015). Balancing C sequestration and N
availability is thus an especially important management consideration in systems where PyOM is

applied (i.e., via biochar application) or created via fire.

Decadal persistence of litter derived C and N in physical SOM fractions

As we hypothesized, in contrast to the 36 month harvest when the majority of litter derived SOM
was found in the POM and CHAOM fractions (Figure 6.2) (Soong et al., 2016), after 10 years
most of the remaining litter derived C and N was found in the MAOM fraction (65.83 + 0.95 and
73.03 £ 0.98% of the remaining C and N, respectively; Figure 6.2). Some litter derived C and N
persisted as POM (23.69 £ 1.09% remaining C and 23.69% =+ 1.09% remaining N), and a portion
was also present in the CHAOM fraction, though to a lesser degree (10.48 + 0.95% remaining C,
7.48 £ 0.95% remaining N; Figure 6.2). This finding confirms the more rapid turnover of litter
derived POM and CHAOM compared to MAOM at the decadal scale (Cotrufo and Lavallee,
2022), as these fractions lack protection mechanisms against mineralization beyond spatial

occlusion.

Stoichiometry allows for some insight into the extent of microbial transformations of SOM, with
SOM becoming more N rich as microbial processing occurs (Li et al., 2013). Similar to our

original observations during early stages of litter decomposition (Soong et al., 2016), at the final
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Figure 6.2- Distribution of (a) litter and (b) pyrogenic organic matter (PyOM) input-derived
C (left) and N (right) among physical soil organic matter fractions at key harvest dates
throughout the experiment. Bar length indicates mean C or N stocks to 5 cm, error bars
represent standard error, and numbers next to the bars represent the percent of the initially
added litter (261.2 g C m?; and 8.6 g N m?) and PyOM (104.2 g C m?; and 3.2 g N m?) C
or N remaining in that fraction at harvest.



harvest date the litter derived C:N ratios varied significantly among fractions: the C:N ratio of
the fractions were 11.57 £ 0.82, 14.10 = 1.36, and 8.85 = 1.00 for the POM, CHAOM, and
MAOM fractions, respectively (p < 0.001; Figure 6.3). Pairwise comparisons of C:N ratio among
our various harvest dates indicated no significant transformation of the C:N ratio of any of the
three physical fractions over ten years of decomposition in the field. Initial harvests established
that MAOM was formed within the first seven months of decomposition (Cotrufo et al., 2015),
primarily through the mineral sorption of soluble plant components either directly (Sokol et al.,
2019), or following microbial processing (Liang et al., 2017). However, given the duration of the
initial experiment (Soong et al., 2016), it was unclear whether this MAOM would persist as a
stable fraction of SOM, or would rapidly exchange with the soil solution as the POM and
CHAOM fractions continued to be processed. After ten years, we observed little to no evidence
that MAOM is actively exchanging with the litter pool or undergoing microbial transformations
following the initial stabilization. Though we observed a slight decrease in the C:N ratio of the
MAOM pool, pairwise comparisons indicate that it was not significantly altered between the 12-
month and the 120-month sampling (C:N = 10.12 and 8.85, respectively; p = 0.78, Figure 6.3).
Further, as the litter derived POM pool was decomposed over time, we did not observe a change
in the size of the litter derived MAOM pool (Figure 6.2). Models of SOM formation that
consider MAOM formation as the terminal stage of POM decomposition(Grandy and Neff,
2008) expect that as POM decomposes a fraction of that C should be transferred into the
MAOM. While our isotopic methods cannot rule out exchange between decomposed POM and a
dynamic MAOM pool (Woolf and Lehmann, 2019), the stability of the MAOM C:N ratio (Figure

6.3) and the apparent lack of new MAOM formation following POM decomposition (Figure 6.2)
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Figure 6.3 - Litter and PyOM derived carbon to nitrogen (C:N) ratios of physical soil organic
matter fractions over the course of the incubation period Litter derived MAOM C:N was
relatively stable over the course of the experiment, with no significant difference between the
12 month and the 120 month harvests (p = 0.78), indicating minimal microbial
transformation. Similarly, the PyOM POM C:N ratio was relatively stable.
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suggests that MAOM formation and persistence is in part independent of POM decomposition

(Fulton-Smith and Cotrufo, 2019; Haddix et al., 2020).

In contrast to the MAOM dynamics, the CHAOM fraction showed a responsiveness to the
decomposition of the POM fraction across the experimental period in terms of stoichiometry
(Figure 6.3) and C and N retention (Figure 6.2, Figure 6.4). This fraction tends to be C and N
poor, given the lack of reactive sorption sites and prevalence of sand sized particles, and is often
combined with either the POM or MAOM during single-step physical fractionations (Leuthold
et al., 2022a). However, CHAOM has been identified as a key intermediary in SOM formation
pathways (Fulton-Smith and Cotrufo, 2019; Samson et al., 2020) and our results indicate that is
an actively cycling fraction with rapid formation/loss dynamics across sampling periods (Samson
et al., 2020). While sand particles do not have a surface charge that can sorb SOM, microbial
communities and their turnover may be driving the development of transient binding sites via the
excretion of extra-polymeric substances or other byproducts (See et al., 2022; Witzgall et al.,
2021). Recent findings have partially substantiated this hypothesis, highlighting the role of root

exudation in the formation of CHAOM (Ridgeway et al., 2023).

The temporal variability in the litter derived SOM fractions over the course of the experiment
adds further credence to the decadal persistence of a rapidly stabilized MAOM fraction, and the
transient nature of the POM and CHAOM fractions. The litter derived POM and CHAOM
fractions exhibited high variability in their C stocks across sampling periods (82.48 = 5.63% and
91.07 + 9.73%, respectively), reflective of their formation and persistence behavior. Despite
following a predictable pattern of peak formation (via fragmentation of litter material) occurring
by full litter mass loss (Cotrufo et al., 2015a) and followed by sustained decay, the absolute

amount of litter derived POM and CHAOM fluctuates significantly over the course of a decade.
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Figure 6.4 - Temporal coefficient of variation for the litter derived (a., left) and PyOM (b.,
right) derived C and N stocks throughout the experimental period. Litter-derived C and N in
POM and CHAOM were significantly more variable over time than in MAOM, potentially
indicating increased turnover and mineralization. For the PyOM, the low variability in the
input-derived C and N fraction indicates the slow turnover of this material, attributed to the
chemical recalcitrance of the condensed polyaromatic ring structure. Different letters above
the bars indicate a significant difference in temporal CV for either analyte (a = 0.05).

In contrast, the litter derived MAOM C remained relatively stable over the 10 years of the
incubation (temporal CV = 32.35 + 2.23%; Figure 6.4). Partially, this reflects the difference in
turnover time and protection mechanisms between these fractions—POM and CHAOM are more
accessible to microbial decomposers than MAOM (Cotrufo and Lavallee, 2022). However, the
decreased variability in MAOM C and N stocks also corroborates the lack of new additions to
the MAOM pool as POM and CHAOM are mineralized as observed with the litter-derived
fraction stoichiometry (Figure 6.3). Indeed, the temporal CV of MAOM is similar to the
temporal CV of other stable fractions, (e.g., PyOM-derived POM; Figure 6.4), further suggesting
that it can be used as a proxy for stability of input-derived SOM fractions independent of

mechanism of stabilization.
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Pyrogenic organic matter as a distinctly persistent SOM fraction

In contrast to the litter treatment, the vast majority of the added PyOM was found in the POM
fraction (i.e., particle density < 1.85 g cm™) at the final harvest (94.86 + 0.52% and 92.32 +
0.66% of the remaining C and N, respectively; Figure 6.2), with only minor amounts in the
MAOM fraction (4.85 £ 0.54% C and 7.32 + 0.72% N), and an insignificant amount in the
CHAOM fraction (0.29 + 0.05% C, 0.36 £ 0.07% N). The lack of transformation of the PyOM
fraction from POM into CHAOM or MAOM fractions reinforces the inefficiencies in microbial
processing of the complex molecular structures associated with PyOM (Bird et al., 2015) and is
similar to observations from shorter incubations (Hilscher and Knicker, 2011). While we do
observe a significant, 29.04% decrease in the total amount of PyOM material recovered between
the 11 month and 101-month samplings (Figure 6.1), it is challenging to attribute this loss wholly
to mineralization. Previous work at these sites showed that over the course of a year, only 3% of
PyOM loss could be attributed to respiration losses, mainly occurring in the first two months
following PyOM application (Soong and Cotrufo, 2015). One possibility is that some of the
PyOM that was initially added moved vertically through the profile and accumulated below our
sampling depth (i.e., 5 cm); rapid vertical translocation of PyOM associated with light fraction

POM has been observed previously in column experiments (Schiedung et al., 2020).

Whereas the litter decomposition process we observed was well reconciled by the transfer of
soluble material into the CHAOM (Samson et al., 2020) and MAOM fractions (Cotrufo et al.,
2015a) and fragmentation and transfer of structural material into the POM fraction (Cotrufo et
al., 2015a), we did not observe a similar temporal pattern with the applied PyOM (Figure 6.2).
Instead, PyOM remained largely in the POM fraction for the duration of the 9-year experiment.

The lack of significant differences in the temporal CV values further reinforce the non-reactivity,
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or stability, of this fraction (Figure 6.4), with little transfer between SOM fractions or into the
atmosphere during the time frame we examined. The persistence of the PyOM in the POM has
important implications for our understanding of C storage (Pellegrini et al., 2018) and
distribution of C among physical fractions in areas that undergo periodic burning (Lavallee et al.,
2019) or receive biochar applications. If not directly characterized, PyOM has the potential to
skew POM C stock calculations, and potentially misrepresent the residence time and dynamics of
the POM fraction as it is conventionally conceptualized (Leuthold et al., 2022a). Techniques

such as infrared spectroscopy (Sanderman et al., 2021) or ramped pyrolysis (Sanderman and
Grandy, 2020) may help to differentiate PyOM from unburned plant and microbially-derived
contributions to the POM fraction. in the future, better constraining the turnover time of these

different components of physically separated POM.

Implications for understanding SOM persistence over decadal time scales

The persistence of SOM is a critical ecosystem service (Schmidt et al., 2011), however the forms
and means by which SOM is maintained in ecosystems remain poorly constrained on the
timescales relevant to management or the emergent soil C markets. Our results, novel in both
duration and location, reinforce the notion that, in ecosystems which do not receive PyOM
inputs, the fraction of SOM that is most stable on a decadal timeframe is the MAOM. The
stoichiometric data suggest that the stabilization of this persistent fraction is largely independent
of decomposition of other fractions (i.e., POM and CHAOM), and can occur quite rapidly. In
ecosystems that do receive PyOM inputs, the persistence and apparent nonreactivity of the
PyOM suggest that it is an exceedingly stable C sink. The original two-pathway model
previously proposed based on work at this site provided information about SOM formation, but

was limited in its ability to address stabilization (Cotrufo et al., 2015a). By returning to this site 7
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years later, we show that MAOM formed via the association of soluble compounds represents a
persistent fraction of SOM, adding further credence to the role of plant chemistry in determining
SOM formation and persistence (Rocci et al., 2023). While we encourage additional studies
investigating the decadal patterns in formation and persistence of litter derived SOM in other
climates and ecotypes, these results provide an important advance in our ability to forecast the
fate of organic C and N in the soil system and allow for management relevant estimates of the

permanence of soil C.
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CHAPTER 7: QUANTIFYING THE CONTRIBUTION OF MINERAL ASSOCIATED
ORGANIC MATTER TO PLANT AVAILABLE NITROGEN POOLS UNDER VARIOUS SOIL

ORGANIC MATTER CONDITIONS

Introduction

Despite the wide-spread adoption of mineral fertilizers, sustained agricultural production
depends on continued mineralization of nutrients from cropland soil organic matter (SOM) (Lin
et al., 2023; Tiessen et al., 1994). This reliance on SOM is evidenced by low nitrogen (N) use
efficiency across cropping systems (Cassman et al., 2002), despite well-established crop N
uptake requirements (Ciampitti and Vyn, 2012). Meta-analytical work has demonstrated that in
some more severe cases, the majority of crop N is derived from sources other than applied
fertilizers, highlighting SOM as a significant source of plant available N (Yan et al., 2020). The
low efficiency of fertilizer N uptake by crops has significant deleterious effects on downstream
ecosystems, leading to sustained environmental degradation (Howarth et al., 2011; Nolan et al.,
1997), and impacting human health outcomes (Powlson et al., 2008). However, increasing
synchrony between N application and uptake continues to remain challenging, partially due to
the challenge and complexity of accurately predicting N mineralization rates at the time of N

application (Archontoulis et al., 2020; Yin et al., 2020).

Physical SOM fractions such as particulate organic matter (POM) and mineral associated organic
matter (MAOM) can increase our insight into the function of SOM in agricultural systems
(Cotrufo and Lavallee, 2022), and may help to better parameterize N mineralization behavior at

the farm scale. Historically, the POM fraction has been linked to short-term nutrient cycling
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(Cotrufo and Lavallee, 2022; Wander, 2004), with previous lab incubation experiments having
highlighted significant agreement between the size of the POM-N pool and N mineralization
potential (Curtin et al., 2017; Thomas et al., 2016). The POM fraction is often conceptualized as
a more microbially available fraction of the total SOM pool (Lehmann et al., 2020), lending a
clear mechanism for the connection between availability of mineralized nutrients and the size of
the POM pool. However, the MAOM fraction is considerably more abundant in cropland soils
(Lugato et al., 2021; Hansen et al, 2023), as well as much more N rich than POM (average C:N
ratios of 8 -13 vs. 10 — 40 for MAOM and POM, respectively; Lavallee et al., 2020), thus, it
may play an important role in crop N availability and nutrition. Indeed, previous work has shown
that in isolation and with all else held equal, the MAOM fraction mineralizes more N than the
POM fraction (Villarino et al., 2023; Whalen et al., 2000), and that a reconsideration of MAOM
stability is necessary (Kleber et al., 2021). This may be indicative of shifts in the microbial N use
efficiency due to the divergent C:N ratios of POM and MAOM (Mooshammer et al., 2014).
However, other work has detailed the means by which MAOM-N may be liberated from its
bonds regardless of POM stoichiometry, including interactions with organic acids via plant root
exudation or changes in redox state (Jilling et al., 2021; Keiluweit et al., 2015). However, recent
work has also suggested that N rich molecules such as amino acids are likely to form more stable
bonds in the MAOM fraction, due to a higher molecular charge density associated with these
compounds. (Spohn, 2024). Thus, questions around mineral associated N remain open, with

important implications for ecosystem nutrient cycling.

A recent framework put forth by Daly et al. (2022) incorporates the shifting microbial NUE
associated with the relative amount of C and N present in both POM and MAOM, along with the

concept of a dynamic exchange of N between the soil solution and soil minerals moderated by
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sorption capacity and N supply. While it is established that MAOM-N can become available,
previous studies that the Daly et al. (2022) framework builds upon are often conducted in the
lack of other pools of N (such as POM), such that questions remain about the relative
contribution of POM vs. MAOM to plant available N in soil. In particular, there has yet to be a
robust assessment of how the balance between POM and MAOM (i.e., the POM:MAOM ratio)
interacts with POM C:N stoichiometry to determine the source of plant available N among SOM
fractions. A more thorough assessment of these dynamics will improve our understanding of N

acquisition strategies across agricultural soils.

Here, we leverage new techniques in N isotope tracing to understand controls on SOM-N
sourcing in agricultural soils in a controlled laboratory incubation. By fractionating and then
reconstructing soils with an isotopically enriched MAOM fraction and natural abundance POM
fraction, we were able to take advantage of simple two-pool mixing model to understand the
contribution of each SOM fraction to the potentially plant available pool. We varied the total
level of SOM-C, the ratio of POM to MAOM C, and the POM C:N ratio to understand the
potential controls of microbial mineralization of POM and MAOM. We predicted that soils with
a higher proportion of high C:N rich POM would source an increased proportion of mineralized
N from the MAOM fraction, due to increased N limitation of the microbial decomposers.
Further, we predicted that soils that possessed a higher amount of POM-N (i.e., a lower POM
C:N) would mineralize less MAOM-N in the early stages of the incubation, but that MAOM-N
mineralization would increase later as POM-N stocks became depleted. Our results provide an
important step towards a more complete mechanistic understanding of soil N cycling, building
on previous work such as that by Schimel and Bennet (2004), Jilling et al. (2018, 2020), and

Daly et al. (2022).
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Materials and Methods

Soil Sampling and Analysis
Particulate Organic Matter

We sampled two soils to isolate POM fractions with contrasting C:N ratios, one from a managed
grassland ecosystem in Central KS, USA (high POM C:N: 33.3), and one from a long-term
alfalfa field in Eastern NE, USA (low POM C:N: 17.8). Sampling for the high C:N POM soil
was conducted on June 22, 2022 using shovels, excavating the top 10 cm from a number of
microplots within a 100 m? area to minimize disturbance. The sampling of the low C:N POM soil
was conducted using a front-end loader which removed the top 15 cm of soil froma 1 m x 3 m

area from the center of the alfalfa field on November 10, 2022.

After sampling, soils were transported to Colorado State University and spread evenly across
tables in the climate-controlled greenhouse space to air dry for several days. After the sample had
reached an air-dried state, it was sieved at § mm, removing coarse aboveground and below
ground biomass. Following the initial 8§ mm sieving step, a subsample of the soil was sieved to 2
mm, again taking special care to remove any coarse plant debris that may be present in the soil,
such as fine roots or fragments of biomass that was living at the time of sampling. The 2 mm
sieved soils were fractionated using a one-step density fractionation adapted from the methods
described in Leuthold et al. (2024). Briefly, 7 — 8 gram aliquots of 2 mm sieved soil were added
to a 50 mL centrifuge tube, along with twelve 1-mm glass beads. To this centrifuge tube, 35 mL
of deionized (DI) water was added, and the samples were shaken at a low intensity (121 rpm) for
18 hours to disperse aggregate structures. Following shaking the samples were centrifuged at
1165 RCF for 20 minutes to separate the light POM fraction from the mineral soil. The floating

POM was then vacuum aspirated, transferred to clean storage containers, and dried to a constant
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weight at 60 °C. Dried samples were left intact before being composited and homogenized prior
to the microcosm preparation. We elected to use DI water rather than a heavy liquid for our
density separations to avoid any potential alteration of the POM fraction that may have made it
less microbially accessible. Subsamples of the composited, homogenized POM fractions were
analyzed for C and N concentrations, as well as '’N composition via EA-IRMS to confirm
consistency within the POM end-member material for both treatments. The average §'°N of the

high and low C:N ratio POM was 2.6%o and -0.5%., respectively.
Mineral Associated Organic Matter

To isolate an isotopically enriched MAOM fraction that accurately represented SOM dynamics,
we sought soils that had been exposed to '°N enrichment over a period of time long enough to
assure that the N label was homogeneously distributed in the MAOM fraction, i.e., across the
exchangeable and stable MAOM. We thus chose a soil that had been fertilized in April of 2015
with 3.6 atom% '"NH4'*NOs at a rate of 202 kg N ha™! as part of the experiment described by
Poffenbarger et al. (2018), located near Ames, IA, USA. Soils were sampled to 10 cm depth from
plots that had received the enriched fertilizer using a soil probe in November 2023, with samples
focused on the general area of the banded N application. Samples were composited at the plot
level and shipped fresh to Colorado State University after sampling. Once at CSU, soils were
sieved to 8 mm fresh, allowed to air-dry, and then sieved to 2 mm. Soils were fractionated into
MAOM using a one-step size fractionation, following Leuthold et al. (2024). Briefly, aliquots of
7-8 grams of the 2 mm sieved soil was added to a 50 mL centrifuge tube, along with twelve 1-
mm glass beads. Similar to above, 35 mL of DI water was added to each tube before shaking the
tubes for 18 hours at 121 rpm to disperse aggregate structures. Once shaking had been

completed, soils were poured over a 53 um sieve, and washed gently with DI water until the
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water for the sample ran clear. Any material that passed through the sieve was designated as
MAOM, placed in a clean container, and then dried to a constant weight at 60 °C. Once dry,
samples were finely ground into a fine powder using a mortar and pestle and then composited
and homogenized. Subsamples of the composited sample were analyzed for C and N
composition and '°N isotope composition via EA-IRMS. The average §'°N of the composited

MAOM was 22.4%o.

To maintain a constant texture within our experimental units while varying the amount of
MAOM C, we performed the same procedure as above on soils from neighboring plots that had
not retained a '>N enrichment signal. Following the isolation of the MAOM sample, we ashed
the MAOM in a muffle furnace set to 550 °C for 6 hours to remove all organic C and N from the

sample. Full removal of organic C and N was confirmed via elemental analysis.
Incubation Experiment
Experimental Design

Our experiment was designed as a full factorial, randomized complete block design, with three
treatments: SOC concentration (%), POM C:N, and POM:MAOM C ratio. Each treatment factor
had two levels (typically high and low). For the SOC concentration treatment, our target SOC
concentration for the low treatment was 0.50% C, and the target SOC concentration for the high
treatment was 2.50%. As discussed above, we used two separate POM fractions from different
ecosystems to achieve our POM C:N ratio treatment—the grassland soil POM had a C:N ratio of
33.2, and the POM isolated from the alfalfa field soil had a C:N ratio of 17.8. For our
POM:MAOM ratio, our low treatment mimics the typical distribution of C in agricultural

systems (20% POM — 80% MAOM), whereas the high treatment represents much more POM
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than is typically present, even in regenerative management treatments (60% POM — 40%
MAOM; Hansen et al., 2024; Sokol et al., 2022). Each treatment was replicated four times,
unless noted otherwise. While mineralization is known to not significantly fractionate (Hogberg,
1997), to account for any apparent isotopic fractionation due to possible selective mineralization
of ON with different '°N abundance, we also created experimental units for our endmembers,
i.e., the two POM treatments and the MAOM. These were adjusted to an average SOC
concentration of 1.50%, and contained either only the POM, or only the MAOM as a source of

organic C and N, respectively. These endmember treatments were replicated two times.
Incubation Setup

Using the isolated fractions, we reconstructed soils with a specific texture, SOC concentration,
and POM:MAOM C ratio in filtration units with 0.45 um nylon filters (Thermo Scientific 09-
740-24B, Thermo Fisher Scientific, Waltham, MA, USA). The amount of each constituent
fraction added to the experimental units in order to achieve consistent textures and reach target
SOC concentrations is presented in Table 7.1. For each experimental unit in a block, the
constituent fractions were weighed separately, combined in an acid-washed glass beaker, and
thoroughly mixed using a glass stir rod prior to transferring into the filtration units. All weighing
equipment was thoroughly cleaned with 95% ethanol between samples to minimize the potential
for N contamination. The average dry soil weight of the experimental units was 28.8 g. The
average texture of the reconstructed soil was 28.1% clay, 30.3% sand, and 41.6% silt, such that

soil texture classification fell between loam and clay loam.
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Table 7.1: Average amount of carbon (C), nitrogen (N), and total soil mass added to incubation units for the various soil organic carbon
(SOC), particulate organic matter to mineral associated organic matter ratio (POM:MAOM), and POM C:N ratio treatments.

Ashed .. .
SOM | POM:MAOM | POM | POM | POMC | POM N | MAOM | MAOM | MAOM | Siltand | Ashed | -19uid weight
Treatment C Ratio C:N (2) (mg) (mg) (g) C(mg) | N(mg) | Clay | Sand(g) at F@d
(o) Capacity (g)

2.5 20:80 High | 0.30 | 113.96 3.43 19.69 | 500.00 | 44.64 0.00 8.72 8.07
2.5 20:80 Low 0.33 | 137.16 7.71 19.69 | 500.00 | 44.64 0.00 8.72 8.07
2.5 60:40 High | 0.90 | 341.98 10.29 9.84 250.00 | 22.32 9.84 8.72 6.35
2.5 60:40 Low 0.99 | 413.58 23.14 9.84 250.00 | 22.32 9.84 8.72 6.35
0.5 20:80 High | 0.06 | 22.98 0.69 3.39 100.00 8.93 15.75 8.72 8.07
0.5 20:80 Low 0.07 | 27.48 1.55 3.39 100.00 8.93 15.75 8.72 8.07
0.5 60:40 High | 0.16 61.67 1.85 1.97 50.00 4.46 17.72 8.72 6.35
0.5 60:40 Low 0.20 82.28 4.63 1.97 50.00 4.46 17.72 8.72 6.35
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Nitrogen Mineralization Assay

To monitor the mineralization of N from the reconstructed soils, we adapted the method
proposed by Curtin and Campbell (1992). Following construction of our experimental units, we
leached native inorganic N out of the soils using 100 mL of 0.05 M KCI under vacuum at ~ -50
kPa. The extract was collected, transferred into acid-washed 50 mL centrifuge tubes, and frozen
while awaiting analysis. We chose to use a lower molarity of KCI than the typical 2M KCI used
for inorganic N extractions to avoid the accumulation of salts in the incubation units throughout
the incubation periods, though our data suggests that this did not inhibit our ability to recover the
full amount of inorganic N from the soils. Anoxic conditions and ponding that could lead to
denitrification or rearrangement of the soil matrix within the incubation units were avoided by
adding the KCl in stages, 5-10 mL at a time. The extraction was deemed to be finished after 100
mL of KCI had been added, and no further flow from the incubation unit into the reservoir was
observed for at least 30 seconds. This process was repeated at 2 weeks (T1), 4 weeks (T2), and 6

weeks (T3) to understand the evolution of N mineralization over that period.

The differences in SOC concentration and POM:MAOM C ratios led to variable water holding
capacities across our experimental units. In order to maintain a consistent level of moisture in the
soils that accounted for these differences, we calculated a field capacity measurement following
the pedo-transfer function developed by Bagnall et al. (2022), which accounts for differences in
soil C, and maintained incubation units at this moisture throughout the experimental duration.
For the high and low SOC treatments, the average volumetric water content at field capacity
(Bvwc) was 35.05% and 27.57%, respectively. To replace the nutrients that could be lost during
the leaching process, we applied a N free nutrient mixture consisting of 0.002 M CaSO4, 0.002 M

MgS04, 0.005 M Ca(H2PO4)2, and 0.0025 M K2SO4 following each leaching event, following
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Curtin and Campbell (1992). To avoid spurious treatment differences due to unequal nutrient
addition, the amount of nutrient solution added during moisture additions was equal to the
smallest difference between the mass of soil water at field capacity (Table 7.1), and residual
moisture remaining in the experimental units for each block. For the experimental units that

required further additions of liquid to reach field capacity, DI water was used.

We conducted four vacuum filtration KCl extractions over the course of the experiment. During
each extraction, 100 mL of 0.05 M KCI was added to each incubation unit and filtered through
until 45 seconds passed between each drop. Across all extractions, our KCI recovery was 96.9%,
such that very little KCl remained in the incubation unit following extraction. Samples were
brought back up to calculated field capacity following extractions. Averaged across extractions
and treatment combinations, we applied 4.6 mL of nutrient solution and 0.8 mL of DI H>O to the
incubation units per time step, ranging from 0.5 — 7.6 mL of nutrient solution and 0 — 3.7 mL of
DI H>O. Extraction efficiency improved as the incubation continued, such that the average

nutrient solution addition increased as time went on.

We monitored moisture loss of the incubation units throughout the course of the experiment. As
the incubation units were stored in a humid environment, moisture loss was generally minimal.
On average, incubation units lost 12.2% of the initial moisture content between sampling
periods, roughly equivalent to 0.9 ml. Given the total average amount of liquid that was present
at field capacity (Table 7.1), this amount of moisture loss likely did not inhibit microbial activity

or N mineralization activity.
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Nitrogen analysis
Concentration analysis

The KCl extracts from the TO, T1, T2, and T3 samplings were analyzed for NOs”and NH4"
concentrations colorimetrically using an OI Analytical flow through analyzer (Xylem Inc.,
College Station, TX, USA) using the EPA 353.3 and EPA 350.1 methods, respectively. Samples
were kept frozen until analysis, before being thawed overnight at 4 °C. The NH4* concentrations
were largely negligible throughout the course of the incubation and continued to decrease over
time, presumably as the nitrifier population became more dominant. The mean NH4"
concentration across sampling periods was 0.28 * 0.08 ppm. Given that we focused our isotopic
analysis on the NO3™ pool and considered NO3™ the dominant N form in the incubations, we did

not analyze the NH4" results further.
BN Isotope Analysis

We applied the methodology first described by Altabet et al. (2019) to determine the '°N isotopic
composition of the NOs™ in the extracts from the T1 extraction. We chose to only apply the
isotopic methods to the first timestep to avoid isotopic changes due to transfer of ON among
fractions or recycling by the microbial community that may occur at later stages of the
incubation. We believe this is a novel application of this methodology, which previously had
been developed for the characterization of NO3™ in seawater. In this procedure, frozen KCI
extracts were thawed and allowed to come to room temperature. Meanwhile, 10 mL of Ti (III)
chloride solution suspended in 15% HCI was added to a beaker containing 1.00 g of 99.9% pure
Zn powder to remove any Ti(IV) impurities that may have been present. This reaction is allowed

to occur until complete, determined by the subsidence of foaming. Once the Ti (III) reagent was
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prepared, KCl extracts were diluted to ~0.2 mg L' NOs™ using degassed, DI water at a target
volume of 2 mL in reaction vials with butyl-grey septum caps. The Ti(III) reagent was added to
the soil extracts at a 1:10 volume:volume ratio, and the reaction vials were immediately capped
and swirled to begin the reaction. The reaction was allowed to take place over the course of 24
hours, during which the Ti(IIl) reacted with aqueous NO3™ present in the samples to form N,O
gas. Following the results of Altabet et al. (2019), we assume that this process does not lead to
significant isotopic fractionation, especially as sulfate concentrations in our soils were below the
threshold (i.e., ~300 ppm) they observed matrix effects. As such, °N values derived from this
methodology reflect the >N composition of NOs™ in the soil solution at the time of extraction.
However, we still attempted to account for any potential isotope effect by applying a mixing
model where all end members had undergone this process, such that any potential fractionation

would be accounted for in our mixing model.

Reacted samples were analyzed for '’N-N,O concentration using an IsoFLOW GHG gas
analyzer (Elementar Langenselbold, Germany) coupled to an Isoprime PrecisION Isotope Ratio
Mass Spectrometer (Elementar UK, Manchester, United Kingdom). We used the certified
USGS34 KNO;s standard as our calibration standard, which was blank corrected using KCI that
had been passed through our experimental blanks. The intention of this blank correction was both
to account for any N present in the DI water or KCl solution, as well as the N>O present in the
atmosphere of the reaction vials. Within each run, an in-house standard prepared from stock

KNOs3 was analyzed every 10 samples.
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Data Analysis

Isotopic Source Partitioning

To determine the relative proportions of POM and MAOM derived NOj3™ in the T1 samples, we
used a two-pool isotopic mixing model, as shown in Equation 1, where fpom-x is the fraction of

the NOs™-N that was mineralized from the POM fraction,

6Soil Extract— SMAOM
SPOM— MAOM

fPOM — N = Egn. 1

8Soil Extract is the >N composition of the NOs™ present in the soil extracts, SMAOM is the
average >N composition of the of the NOs™ present in the extracts from the MAOM endmember
treatments, and SPOM is the average '°N composition of the NO3” present in the extracts from
the POM endmember treatments. The fraction of NO3™-N that was derived from the MAOM
fraction (fmaom-N) was calculated as 1 — fpom-n. We then applied the derived fraction to the mass

of NO3™ present in the samples at T1 to calculate a mass of POM-derived and MAOM-derived N.
Statistical Analysis

To test for the effect of treatment on the source of N, we constructed linear mixed models using
the /me4 and ImerTest packages in R v. 4.3.2 (Bates et al., 2015; Kuznetsova et al., 2017; R Core
Team, 2022). We considered similar models with four different response variables: fmaom at T1,
NOs stock at T1, and POM and MAOM derived N stocks at T1. In these models, the main
effects in the model were SOC concentration, POM:MAOM C ratio, and POM C:N ratio, as well
as the interactions between these terms. Given the experimental design and sampling strategy,
we also included a random effect of block. A second model comparing changes in cumulative

NOs™ mineralized over time had a similar structure, but also included a random effect of
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sampling period nested within block to account for the repeated measures nature of our
experimental design. Significant differences between treatments were assigned based on the
results of a post-hoc comparison of contrasts based on estimated marginal means via the

emmeans package (Lenth, 2022), using the Tukey adjustment and an alpha level of 0.05.

Results

Initial N Mineralization

We observed significant differences among all of our treatments in terms of NO3™ mineralized
over the course of the initial mineralization assay (Table 7.2). The total amount of NO3"
mineralized over the initial two-week incubation ranged from 0.8 — 45.9 kg NOs ha! and
averaged 14.1 kg NO; ha™! across all treatments. Each of our main effects (i.e., SOM content,

POM C:N ratio, and POM:MAOM C ratio) had significant effects on NO3™ stocks (p-values <

Table 7.2: Results of analysis of variance of the linear mixed model assessing significant effects
of soil NO;™ mineralization during the initial two-week incubation. All effects were significant at

a=0.05.
Num Den F
Effect SS P-Value
DF DF Value
SOM Content 38829 | 1 19.5 544.5 | <0.0001
POM C:N Ratio 1011 1 19.5 141.8 | <0.0001
POM:MAOM C Ratio 8559 |1 19.1 120.0 | <0.0001
SOM Content x POM C:N Ratio 607.2 |1 19.5 85.1 <0.0001
SOM Content x POM:MAOM C Ratio 5256 |1 19.1 73.7 <0.0001
POM C:N x POM:MAOM C Ratio 2529 |1 19.1 35.5 <0.0001
SOM Content x POM C:N Ratio x 179 1 19.1 25.1 <0.0001
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Figure 7.1 — Soil nitrate (NO3") stocks after 2 weeks of incubation. Different colors represent
treatments with different particulate organic matter (POM) carbon to nitrogen ratios (C:N).

Different letters above the box plot indicate significant differences based on pairwise
comparisons. Points have been jittered horizontally to improve readability.

0.001 for all; Figure 7.1). We also observed significant interactions between all of our main
effects, including the three way interaction between SOM content, POM C:N, and POM:MAOM

C (p-values < 0.001; Table 7.2).

Given the presence of significant interaction effects, to understand the difference between
individual treatment combinations, we examined the contrasts of each treatment combination
within our full linear mixed model (Supplemental Table 7.1). We observed significantly more N
mineralized under the high SOM conditions than the low SOM conditions for three of the four
treatments (Figure 7.1). Within these three high SOM treatment groups, the low POM:MAOM
ratio, low POM C:N ratio mineralized significantly more NO;3™ than the low POM:MAOM ratio,
high C:N ratio treatment (p-value = 0.002) and the high POM:MAOM, low POM C:N ratio

treatment (p-value = 0.018), which were not significantly different from each other. The fourth
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treatment combination under the high SOM content, the high POM:MAOM ratio, high POM
C:N ratio, mineralized significantly less NO3™ than any of the other treatments with high SOM.
The amount of NO3 mineralized was not significantly different than any of the treatments under

the low SOM treatment (p-value > 0.2 in all cases; Supplemental Table 7.1).

In contrast to the high SOM content treatment, under the low SOM content the differences in
total NO; mineralization amongst treatments were much more constrained. We observed no
significant differences in full-model pairwise comparison among treatment combinations under
the low SOM content treatment (Figure 7.1). The average NO;3™ stock among the low SOM
treatments was 3.98 kg NOs” ha'! and ranged from 0.76 — 6.43 kg NOs™ ha''. Though significant
interactions exist, the pairwise comparisons suggest little effect of POM C:N or POM:MAOM

ratio at low SOM levels.
Isotopic tracing of NO3™ sources

We measured the §'°N isotopic composition of the NOs™ present in the extracts taken after 2
weeks of incubation to understand the sources of potentially mineralizable N under various SOM
conditions, before possible remixing occurred among fractions. We used a two-pool mixing
model to determine the fraction of NO3™ that was derived from organic N sorbed to the MAOM
(fmaom-N) vs. the organic N mineralized from the POM fraction (fpom-n). In the cases when the
mixing model produced fuaom-n values higher than 100% (i.e., the mixture §'°N value was
higher than the MAOM endmember §'°N value), we used a 100% value. Across all treatments,
we observed that 76.2% of the NO3™ mineralized during the initial incubation period was derived
from the MAOM fraction, with a range from 27.9% to 100.0% of total NO3;~ being MAOM

derived (Figure 7.2). In contrast to the patterns we observed in the concentration data, we did not
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Figure 7.2- Proportion of nitrate sourced from the mineral associated organic matter
(MAOM) fraction based on the two-pool mixing model. Results are averaged over the main
effect of soil organic matter concentration. Different colors represent different particulate
organic matter carbon to nitrogen ratios, and different capital letters represent significant
differences among treatments based on pairwise comparisons. Points have been jittered
horizontally to improve readability.

observe a significant effect of SOM content on the source of soil NO3™ (p-value = 0.14). Our
results indicate that the significant drivers of soil N source were the POM C:N ratio (p-value <
0.001), and the interaction between POM C:N and POM:MAOM (p-value = 0.05). Averaged
across the SOM content treatments, we did not observe a significant difference between the
different POM C:N ratios in the fmaom-n in the 20:80 POM:MAOM C ratio treatment (Figure
7.2). Soils with high C:N ratio POM had an average fmaom-n of 84.0 = 6.3% and low C:N soils in
the MAOM dominant treatment had an average fmaom-~ of 64.4 + 7.7% (p-value = 0.17; Figure
7.2). In the more POM rich treatment (60:40 POM MAOM C ratio), there was a significant effect
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of POM C:N. The low C:N POM treatment fmaomn (51.9 £10.04%) was significantly lower

than the high POM C:N treatment (100 + 0%; p-value < 0.001).

We applied the fmaom-n and from-n values to the calculated NOs™ stocks mineralized by T1 to
arrive at a relative contribution to soil mineral N stocks for all the treatments (Figure 7.3).
Similar to the initial NO;3™ stocks, SOM content was a significant driver of POM-N and MAOM-
N (p <0.001 in both cases). In the high SOM treatment, MAOM derived NO3™ accounted for
16.2 = 3.2 kg ha!, while POM derived NOs™ accounted for 9.4 + 2.1 kg ha™!, while in the low
SOM treatment, MAOM derived NOs™ accounted only for 3.0 + 0.5 kg ha!, and POM derived
NO;™ was equal to 1.0 = 0.3 kg ha!, on average. The amount of POM derived NO3™ was affected
by SOM content (p < 0.001), POM C:N (p < 0.001), but not POM:MAOM ratio (p = 0.82; Figure
7.3). In contrast, POM:MAOM ratio significantly altered the amount of MAOM derived NOs™ (p
<0.001), especially in the high SOM soils (interaction effect p < 0.001). The POM C:N ratio and
SOM content also impacted the MAOM derived N stock values (p = 0.02 and < 0.001,
respectively). The amount of MAOM derived N was less sensitive to interactions between
treatments than the amount of POM derived N; interactions between SOM content and POM C:N
ratio (p < 0.001), POM C:N ratio and POM:MAOM ratio (p < 0.001), and the three-way
interaction (p < 0.001) were all significant for POM derived N stocks, though these were not

significant for MAOM derived N.
Evolution of NOs™ over time

We measured NO3™ concentrations at three timepoints to understand how the relative distribution
of POM and MAOM would affect the cumulative N mineralization over time (Figure 7.4). We

observed that generally, the patterns found in the initial extraction held over the course of the
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Figure 7.3 — Particulate and mineral associated organic matter (POM and MAOM,
respectively) contributions to nitrate (NO3") stocks after two weeks of incubation. Different
colors in the bars correspond with sources, yellow for POM, teal for MAOM. Error bars
indicate * 1 SE. Different capital letters above the bars indicate significant differences
between treatments based on pairwise comparisons, with the color of the letter corresponding
to the fraction in question (i.e., yellow letters indicate significant differences in POM, teal
letters for MAOM).

experiment, with the high SOM treatment mineralizing significantly more NO3™ (p-value <
0.001). Similarly, POM C:N ratio and POM:MAOM C ratio both significantly affected
cumulative N mineralization (p = 0.01 and 0.005, respectively). We did not observe the same
significant interaction effects that we did in our examination of the initial concentration data,
only the interactions between SOM content and POM C:N (p < 0.001) and between POM C:N
and POM:MAOM C ratios (p = 0.002) were significant (Figure 7.4). Similar to the initial
concentration data, the high POM C:N, high POM:MAOM C ratio treatment under the higher
SOM content treatment was significantly lower than all other treatments that had high SOM

conditions, and was more similar to the low SOM content treatments (Figure 7.4).
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Figure 7.4- Cumulative mineralization of soil nitrate (NO3") across the six-week sampling

period. Samples were taken every 14 days. Different colored points and lines indicate

different particulate organic matter (POM) carbon to nitrogen ratios (C:N), and different line
types indicate different ratios of POM to mineral associated organic matter (MAOM) C.

Error bars indicate £ 1 SE.

The shape of the accumulation curves differed between the high SOM content and low SOM
content treatments (Figure 7.4). Whereas the majority of the high SOM content treatments
experienced rapid mineralization in the first 2 weeks of incubation, the low SOM content soils
did not. However, comparisons of the slopes between time points for each treatment combination
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indicates more sustained mineralization in the low SOM soils, whereas some attenuation occurs

in the high SOM treatment.

Discussion

In this experiment, we used isotopically distinct POM and MAOM combined in known ratios in
an attempt to understand how the character of SOM, including POM C:N stoichiometry and the
relative amounts of POM and MAOM C, would drive the SOM source of mineral N. We
predicted that the presence of a C rich POM fraction (i.e., high POM C:N) would lead to
increased MAOM-N mobilization across the course of the experiment. Further, we predicted that
increasing the POM:MAOM ratio would lead to a higher amount of POM derived N, regardless
of POM stoichiometry. Our results indicate that these predictions partially hold— high POM C:N
treatments had a significantly higher proportion of N sourced from MAOM (p < 0.001).
However, we observed that this effect interacted with the POM:MAOM ratio treatment, such that
under higher POM:MAOM ratios, the effect of the high POM C:N was magnified. This work
provides some insight into the biogeochemical drivers of MAOM-N mobilization, and offers
evidence that MAOM-N is accessible to microbial decomposers even in the absence of external

destabilizing forces such as root exudates (Jilling et al., 2021; Keiluweit et al., 2015).

C availability as a driver of N dynamics

We assumed that SOM content would drive the total amount of N mineralized proportional to the
amount of total organic N that was available at the start of the incubation. This largely held
true—we observed, on average, significantly lower total nitrate-N mineralized in the low SOM
treatment after the initial incubation (Figure 7.1; p <0.001). However, we also observed that the
presence of high amounts of high C:N ratio POM (i.e., the high SOM, high POM C:N, high

POM:MAOM ratio treatment combination) led to equally low inorganic N stocks, despite a 5
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fold increase in the amount of organic matter present in that treatment (Figure 7.1). Previous
work has argued that microbes are fundamentally C limited and that N limitation occurs only
intermittently, primarily during the outset of decomposition of C rich substrate (Soong et al.,
2020). Our results suggest that C limitation was alleviated during at least the initial two weeks of
the incubation, and some of the treatments, especially those with increased POM-C, experienced
significant N limitation. It has been well documented that residue composition can drive soil N
transformation rates, especially immobilization (Zhao et al., 2018). Our findings suggest that
abundant POM with low C:N drives patterns on N mineralization, possibly due to an increased
NUE of the microbial community leading to N immobilization in response to N limitation

(Mooshammer et al., 2014).

In addition to fate of net mineralized N, our results suggest that C availability was also a major
driver of the source of N acquired by the microbial community. The conceptual model of SOM
fractions argues that MAOM is a relatively stable pool protected from decomposition due to
strong organo-mineral bonds, whereas POM lacks this protection and is readily available to
decomposition (Lavallee et al., 2020). However, there is a growing body of evidence that
demonstrates that portions of the MAOM pool are actively cycling in the soil system (Sokol et
al., 2022; Woolf and Lehmann, 2019), leading to largely overlapping distribution of the turnover
times of these two fractions (Cotrufo and Lavallee, 2022). Microbially mediated processes have
been shown to be capable of liberating MAOM-N from mineral surfaces (Jilling et al., 2018; Li
et al., 2021), often in response to the addition of exogenous C (Keiluweit et al., 2015). The
mechanisms are in line with N mining hypotheses in which microbes shift extracellular enzyme
production towards the breakdown of polymeric N containing substrates when N availability is

limiting to their growth (Craine et al., 2007; Schimel and Bennett, 2004; Zhu et al., 2014). For
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example, Wang et al. (2020) investigated the role of microbial decomposers in liberating N from
the mineral associated fraction in N limited forest soils and found that the fungal community was
capable of destabilizing MAOM-N via the exudation of hydrolytic enzymes. While our
experiment was not designed to test specific mechanisms, our results further confirm the
accessibility of MAOM-N to microbial decomposers (Figures 7.2 and 7.3) and suggest that
MAOM-N may account for the dominant portion of plant available N under certain conditions,
challenging the conception that POM is the primary source of nutrients in the soil system (Figure

7.3).

When examined as a whole, the isotope data (Figures 7.2 and 7.3), in combination with the
temporal patterns in total NOs3™ stocks (Figure 7.4), suggest that POM stoichiometry and
abundance are central drivers of MAOM-N mineralization. This is partially in line with the
framework from Daly et al. (2022)—as POM C:N decreased (i.e., the amount of POM-N
available to decomposers increased) and total POM N availability shifted, the fmaom-n decreased
(Figure 7.2). Additionally, as the ratio of POM:MAOM increased, this effect was magnified.
While not significantly different in terms of fmaom-n, in treatments with a higher POM:MAOM
ratio, we saw a trend both towards increased POM derived N when POM C:N was low and
increased evidence of immobilization and MAOM-N mining in the high C:N soils relative to the
20:80 POM:MAOM treatments. Thus, N sourcing among physical SOM fractions may reflect
pressure to mine N under certain soil conditions, exacerbated by high C:N inputs. This may
represent a decoupling of C and N biogeochemistry in soils, leading to N limited systems having
an increased C:N ratio in MAOM as microbial communities shift enzyme production to target N
acquisition rather than C breakdown, potentially leaving C containing compounds on mineral

surfaces largely intact (Chang et al., 2024; Rousk et al., 2016).
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Implications for agroecosystem N management

Crop NUE continues to be low globally (Omara et al., 2019), largely due to overfertilization
associated with poor SOM N supply predictions. In our study, we observed that strongest
controls on N supply was SOM concentration, as well as the interaction between SOM and POM
C:N. The higher SOM treatments mineralized significantly more N than the lower SOM
treatments, except where immobilization outpaced mineralization (Figure 7.1). We observed that
this exceeded a proportional increase—the proportion of total organic N that underwent
mineralization was significantly higher in the high SOM treatment (0.8% vs. 0.6%, p < 0.001).
At the broadest scope, this provides further evidence as to the effect of increasing SOM on soil
fertility status (Bauer and Black, 1994; Ma et al., 2023). Indeed, our work affirms that a large
pool of N in crops can be sourced from SOM mineralization (Yan et al., 2020), and that a
substantial amount of that N is likely coming from the MAOM fraction (Daly et al., 2021; Jilling
et al., 2021; Villarino et al., 2023). Globally, the average ratio of POM:MAOM in agricultural
soils is ~24:76, similar to our 20:80 treatment (Hansen et al., 2024; Sokol et al., 2022). In those
treatments, regardless of POM quality, more than half of the mineralized NO3 was sourced from
the MAOM fraction during our initial incubation period (Figure 7.2). Although the POM fraction
is often used as an indicator of soil health (Angst et al., 2023), these results suggest that to
maximize crop use of mineralized soil N and reduce excess mineral fertilizer additions,
increasing MAOM C and N stocks may be a more viable pathway. Previous work has shown that
MAOM is more responsive to increased productivity than POM, (Hansen et al., 2024; Leuthold
et al., 2024), such that conservation practices such as cover cropping can significantly increase

MAOM-N in relatively short time periods (Jilling et al., 2020).
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Given that organic N stocks in the MAOM fraction are order of magnitude higher than soil
inorganic N stocks, regardless of mineral N application status, targeting management to increase
mineralization and utilization of this pool is a robust means to improve agroecosystem
sustainability. Increasing C inputs to the soil, via cover cropping or increased rotational
complexity, may allow for increased MAOM utilization if properly constrained. Whereas
previous work has suggested that high quality (i.e., low C:N) residue inputs may lead to
increased efficiency of MAOM formation (Cotrufo et al., 2013), our findings suggest that the
inverse of this phenomenon may also be true: increased C may lead to more MAOM utilization,
especially in regards to N acquisition. However, this also leads to decreased plant available N via
immobilization under an alleviation of C limitation for decomposers (Figures 7.1 and 7.4). As
such, balancing C and N inputs into the soil such that microbial N acquisition can take advantage
of the large N pool in MAOM without restricting crop N access is a priority when assessing
management options. Cover crop mixtures, such as a grass and a legume species, may allow for
this balance and better couple C and MAOM-N cycling, however further research on plant-soil

interactions effect on N source is necessary.

Prior studies have shown that increasing mineral N stocks via fertilization can alter microbial N
acquisition strategies and shift microbial communities towards higher bacteria:fungal ratios (Jia
et al., 2020) which may decrease the MAOM destabilization ability of the community. Given that
our incubation units did not receive any exogenous N inputs, it is unclear if the patterns in N
sourcing and mineralization rate we observed would hold under conventional agricultural
management. Given the evidence of immobilization under C rich environments (Figures 7.1 and
7.4), we hypothesize that an abundance of available mineral N may decrease bacterial NUE and

lead to a greater proportion of POM decomposition (Daly et al., 2021), as microbes alter enzyme
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production to seek out more easily accessible C sources (Grandy et al., 2008; Mooshammer et
al., 2014). However, incorporating the observed dynamics into models of potential N
mineralization that inform N application rate recommendations may allow for improved
synchrony of MAOM-N acquisition by the crop during critical growth periods. Further research
investigating sourcing over longer time periods such as the course of the growing season, or
under field conditions with variable wetting and drying cycles will help to further elucidate the

potential of MAOM-N to act as a substantial source of crop available N.
Considerations and Caveats

While our study provides useful and important insight into the source of organic matter derived
N in the soil, there are some caveats that need to be considered. The first is the role of soil
structure and aggregation in dictating soil function (King et al., 2020; Six and Paustian, 2014b).
Microbial decomposers largely have access to the substrate in their immediate vicinity, or what
can be transported via pore water (Dungait et al., 2012). This spatial accessibility to organic
substrate is a key component of what C and N is mineralized in the soil system. Our soils in this
experiment lacked structure, as a consequence of their recombined nature. The lack of
aggregation led to a much smaller average pore space diameter than natural soils, altering water
retention dynamics and possibly increasing access to POM and MAOM fractions that may have
otherwise been protected from microbial attack. While we took pains to ensure that water content
remained below the threshold of saturation, the presence of anoxic microsites and brief periods
of denitrification cannot be ruled out. This becomes important, as for the high C:N POM
treatments, we did observe §'°N values in excess of our enriched MAOM endmember, indicating
that there was likely some fractionation effect during N transformations in the soil, possibly due

to >N-depleted N gaseous losses. Whereas fractionation effects due to mineralization or

143



nitrification process were accounted for by using extracted 3'°N as endmembers, it is possible
that the high POM C:N treatments experienced an additional fractionation during the incubation
process which led to these inflated §'°N values. This may be indicative of some brief periods of
denitrification, as immobilization tends to enrich the microbial biomass while depleting the
isotopic ratio of the substrate (Dijkstra et al., 2009). However, given the trends in NO3”
concentrations and the treatment specific effect, we believe that the risk of denitrification altering

the §'°N value is likely low in our study, and our bounding of the fuaom-~ value justified.

Of further consideration is the lack of N uptake or the presence of plant roots in our study. The
majority of studies around MAOM-N mobilization have focused on the rhizosphere, given the
role that root exudates can play in destabilizing the MAOM pool directly, or by priming the
microbial community. Therefore, without roots, we may be underestimating the rate of MAOM-
N production that is occurring in agricultural systems. Further examination of this effect, either
by recombining SOM fractions and raising a plant in the known soil, or other methods, is
paramount to understanding what the biogeochemical interactions that drive MAOM-N

liberation and cycling are in the soil system.

Conclusions

We conducted an experiment to understand the source of mineralized N under various SOM
conditions. Our findings suggest that MAOM-N is available to microbial communities as a N
source, and the relative proportion of N sourced from this fraction is partially driven by the
availability of C and N in other, more easily depolymerized fractions. These results add to a
growing body of literature around MAOM-N access (Daly et al., 2021; Jilling et al., 2021,
2018a; Villarino et al., 2023), as well as lend further credence to hypotheses around dynamic sub

pools of the MAOM fraction (Woolf and Lehmann, 2019; Zhang et al., 2021, Leuthold et al., in-
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revision). A more robust understanding of MAOM-N dynamics, including improving

management strategies to take advantage of MAOM-N availability, has the potential to improve
crop NUE in agricultural systems. While this is a first step towards a more robust understanding
of field-scale dynamics, our results demonstrate the MAOM-N is a considerable source of the N

available to crops and should be considered as such.
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CHAPTER 8: CONCLUSION

Soil organic matter (SOM) has been examined, conceptualized, and separated through a varied
set of lenses and approaches. A non-exhaustive list includes the humic/fulvic acid model of
secondary synthesis (see Lehmann and Kleber, 2015 as a review), thermal fractionation of
specific organic compounds (Stoner et al., 2023), subdivision into the conceptual pools the
underlie the bulk of our process-based ecosystem models (Parton, 1996), and of course, through
physical fractionation methodologies (Rocci et al., 2023). These final sets of methods, which rely
on the covariation of organic matter constituents with the physical properties of soil particles,
continue to gain popularity due to the wealth of information they provide. The want for a means
to subdivide SOM to better understand it stems from the fact that SOM exists at the heart of
ecosystem function. The division of this heterogenous mixture of organic substrates into like
pools allows for critical insight into the nuance around SOM formation, function, and
persistence. Physical fractionation is a robust way of doing so, a point I have attempted to
emphasize throughout the course of this dissertation. By separating SOM into physical fractions
such as the particulate organic matter (POM), mineral associated organic matter (MAOM), and
further into the coarse heavy associated organic matter (CHAOM), we gain valuable insight and
mechanistic understanding that both improves our basic understanding of soil processes, as well
as provides a roadmap for improved ecosystem management. While management goals are
varied, here I have attempted to show that by using robust fractionation methods (Chapters 2 +
3), we gain a better understanding of management for soil organic carbon (SOC) persistence
(Chapters 4 + 5), for agronomic outcomes such as yield and yield stability (Chapter 6), and for

improved recommendations around soil fertility (Chapter 7). Above all else, the work presented

146



within this dissertation aims to validate the use of fractions as a tool for understanding both the

basic and the applied in regard to SOM form and function.

Regardless of the advances in understanding detailed here, however, important questions around
SOM and how we differentiate between its myriad of constituent parts remain. Much of the work
I presented operates under a dichotomous POM-MAOM paradigm (Chapters 2, 4, 6, 7) though
an emergent objective of this dissertation has been to highlight the tensions of the current
conceptual model. Given how variable the composition of SOM can be, there is clearly a need
for the simplification that the two-fraction model we describe and pursue in Chapters 2 and 3
allows for, especially as research moves out from the lab and into field days or shifts from
conversations between researchers to discussions among practitioners with experiments such as
the one discussed in Chapters 6 and 7. However, the next set of questions should aim to
challenge and expand upon the definitions I rely on throughout this dissertation. To provide a set
of examples to demonstrate why-- the POM fraction does, on average, have a shorter mean
residence time than that of the MAOM. However, as we demonstrate in Chapter 5, POM of a
certain provenance can persist for decades in the soil, largely unaltered. How this impacts our
understanding of this fraction, how it shifts our reliance on POM as a rapid response indicator, is
something that is worthy of continued investigation. In the same vein, the MAOM fraction is
protected from decomposition by its formation mechanisms—we show this to some extent in
Chapter 5 as well. Chapters 4 and 7 though demonstrate thoroughly how accessible the MAOM
fraction is, and how both the C and N within it will be readily mineralized under certain
conditions. Indeed, in some systems, especially agricultural ones, the MAOM appears be more
similar to the mythical ship of Thesus, maintained via the dynamic replacement of constituents

that retain the same properties than to a passive reservoir of organic C and N. Finally, what of the

147



CHAOM? Too often disregarded as a byproduct of the fractionation method, here we show the
chameleonic dynamism of this fraction. The wide range of spectral characteristics this fraction
possesses (Chapter 2), as well as the various potential mechanisms of formation that range from
metal hydroxide coatings to microbially mediated exudates, hint at a critical piece of the puzzle
towards a better understanding of SOM formation and turnover. Our observations of CHAOM
dynamics in Chapter 5 highlight that this fraction could act as the temporary repository of the
products of POM decomposition, a pathway not often explored in previous studies. How we
reckon with these deviations in our models of understanding introduces the critical nuance

necessary for continued advancement of the field and an improved understanding of soil systems.

The basic questions of understanding around formation, persistence and composition are
exciting, but the work presented here also begs further investigation via an applied lens. Chapter
6 highlights the scale dependency of the SOM-yield stability relationship, the mechanism of
which, at larger scales, is still unresolved. Future work that applies the fractionation-based
approach we used in Chapter 6 to broader scales will reveal key soil-plant-environment
interactions, which is work that I look eagerly forward to. The nutrient management implications
of the work in Chapter 7 are clear—complex soil systems have capacity to provide significant
amounts of N, and we can likely modify the source of this N through management. Moving
forward with thoughtful field experiments that take advantage of this understanding is something
that really could have an impact on improving nitrogen use efficiency, a boon for both improving
farm economics and the quality of life downstream from major agricultural areas. Further, the
burgeoning SOC markets that can provide a secondary stream of income for farmers demand an
understanding of permanence, a requirement for a robust C credit. The work we detail

throughout this dissertation helps to start answering this question, but also highlights how
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challenging it may be to fully discern. The tensions between the MAOM dynamics in Chapters 4
and 7 and the dynamics we observed in Chapter 5 exemplify this— there is a clear and present
need to identify the management that leads to stabilization and destabilization of the MAOM
fraction and incorporate that into our recommendations for producers who have an interest in
participating in these marketplaces. To that end, additional use of spectroscopic tools for
characterization and quantification of SOM dynamics is an exciting use case, one that we show
the promise of in Chapters 3 and 4. Given the nature of this rapidly growing field, a host of
questions can still be examined—can we scale this technology such that we can take the number
of samples necessary to really understand SOM distribution across areas of heterogeneous
landscapes? Can we move beyond soil properties, and start leveraging the data obtained via
spectral analysis to understand the properties of ecosystems like productivity or saturation

potential? These are some of the questions I am excited that this dissertation begins to set up.

The work I have presented here has been aimed at understanding SOM fractions more wholly,
and further connecting them with the ecosystems in which they exist. As detailed above, we
came at these objectives through a variety of approaches and revealed important mechanistic and
conceptual findings. In closing this dissertation though, I want to highlight how the ideas
presented both here and throughout this dissertation did not spontaneously generate. Rather, the
work here is the direct result of the outstanding science that my predecessors and contemporaries
have and continue to produce, as is the incremental nature of scientific understanding. Across the
chapters presented here, and especially in Chapters 2 and 3, I drew significant inspiration from
the historic work on fractionation and the means by which we can conceptualize physical
fractions. Indeed, a similar number of authors helped to provide the insight necessary to

approach questions around spectral characterization of fractions and fraction sub pools. The
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robust history to the understanding of SOM formation and persistence provided the grounding
and jumping off points that were so necessary for the questions asked in Chapter 4 and 5.
Without this history, we would fully lack the necessary context to further advance understanding
(Bird et al., 2015; Cotrufo et al., 2015b; Hicks Pries et al., 2017; Kleber et al., 2015, 2007;
Lavallee et al., 2019; Lehmann et al., 2020; Lehmann and Kleber, 2015; Sokol et al., 2019; von
Liitzow et al., 2008; Witzgall et al., 2021). Yield stability and the interactions between
topography, soil organic matter, and cropping systems is a line of inquiry that has been
fundamental to my work as a scientist, and has an equally rich history of advancement across
scientists and institutions (Basso et al., 2019; Bowles et al., 2020; Fowler et al., 2024; Jiang and
Thelen, 2004; Kane et al., 2021; Kravchenko and Bullock, 2000; Kravchenko et al., 2005;
Loveland, 2003; Maestrini and Basso, 2018; Martinez-Feria and Basso, 2020; Oldfield et al.,
2022, 2018, 2018; Pan et al., 2009; Schjenning et al., 2018; Williams et al., 2016). Finally, there
have been a number of researchers on the cutting edge of understanding around MAOM
destabilization and the implications for N, whom I have long admired and drawn inspiration
from, especially in regards to Chapter 7. These scientists, along with a myriad of others, who
have advanced the field of soil biogeochemistry for decades set the stage for the dissertation I

present here. With luck, this work will continue to do the same for those to come.
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APPENDIX

Chapter 3 Supplemental Material
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Supplemental Figure 3.1 — Distribution of sampling points across the continental United
States (Left). Bounds of samples included in our study (dashed red lines) compared to the
range of values present in US agricultural soils as derived from the Kellog Soil Survey
Laboratory soil database.
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Supplemental Figure 3.2: Carbon (left) and nitrogen (right) recoveries for the various
fractionation methods employed in the present study. Top boxplots indicate the range of
values per fractionation method, with the solid line across the box in"dicating the median

value. Bottom panels are density plots, showing the relative range of values among
fractionation methods.
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Supplemental Figure 3.3: Plots of wavelengths vs. PCA loadings corresponding to Figure SA
and 5B in the main text. Panel A shows the loading vs. wavelength relationship for unaltered
samples, whereas panel B shows the relationship for the samples following spectral
subtraction analysis. Red highlighted areas correspond to spectral bands associated with
either mineral peaks, or molecular constituents of soil organic matter.
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Supplemental Figure 4.1 — Distribution of organic carbon across particulate organic matter
(POM), coarse heavy associated organic matter (CHAOM), and mineral associated organic
matter (MAOM) in the bare fallow (left) and green manure (right) treatments, for either
sample year. Error bars indicate * 1 SE. Light blue bars represent the portion of carbon lost
during fractionation as compared to bulk soil C analysis (mean C recovery = 78.3%). There
were no significant differences in C loss among treatments or years.
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Supplemental Figure 5.1 — Linear regression of the coefficient of variation for crop yield at
the stability zone level against total soil organic carbon (SOC) concentrations. Different
colored points represent samples from different farms. Regression is marginally significant (p
=0.096, r* = 0.02).
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Different colored points represent different farms. Mixed linear models indicate no
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Supplemental Figure 5.3 — Regression between the farm-scaled (z-scored) mineral associated

organic carbon (MAOM-C) content and the proportion silt and clay particles. Regression is
significant (p < 0.001, > = 0.3086).
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Supplemental Figure 5.4 — Regression between the difference between the unaltered (i.e., not
scaled) proportion of silt and clay particles and the difference in unaltered mineral associated
organic carbon (MAOM C) between unstable and low-yielding, stable zones. Regression is
signficant (p = 0.001, r* = 0.37).
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Supplemental Figure 5.5 — Results of linear regression between average, standardized crop

yield in each stability zone at each farm over the study period and z-scored mineral
associated organic matter carbon (MAOM-C). Regression is significant (p = 0.048, 1> =
0.110). Different colored points represent different sampled farms.
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Supplemental Figure 5.6 — Results of linear regression the z-score of particulate organic
matter carbon (POM-C) and the z-scored topographic position index (TPI). Regression is

significant (p = 0.020, r> = 0.053). Different colored points represent samples from different
farms.
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Supplemental Figure 6.1 - Bulk soil organic carbon (SOC) stocks to 5 cm depth in the
experimental plots. The SOC stocks of the bulk soil did not significantly change over the
course of the experiment, indicating that the system was at steady state throughout the
incubation period. Column height represents mean SOC stock at time of sampling, error bars

indicate * 1 SE (n =4).
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Supplemental Figure 6.2 - Bulk soil organic matter carbon to nitrogen ratio (SOM C:N) of
the top 5 cm in the experimental plots. We observed no significant differences in bulk soil
C:N ratio of the experimental plots throughout the course of the experiment. Bulk SOM C:N
was higher than litter-derived SOM C:N, and lower than PyOM-derived SOM C:N. Column
height represents mean SOM C:N at time of sampling, error bars indicate * 1 SE (n =4).
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Supplemental Table 7.1- Pairwise comparisons of treatments for soil nitrate (NOj3°) stocks after 2 weeks of incubation.

Comparison Estimate | Sg df tratio | p-value

High SOM | Low POM:MAOM | High POM C:N - Low SOM | Low POM:MAOM | High POM 27.32 1.89 | 19.0 14.47 <.0001
High SOM | Low POM:MAOM | High POM C:N - High SOM |[High POM:MAOM | High POM 29.98 1.89 | 19.0 15.88 <.0001
High SOM | Low POM:MAOM | High POM C:N - Low SOM |High POM:MAOM | High POM C:N 30.58 1.89 | 19.0 16.20 <.0001
High SOM | Low POM:MAOM | High POM C:N - High SOM [Low POM:MAOM | Low POM C:N -10.14 2.07| 194 -4.91 0.00
High SOM | Low POM:MAOM | High POM C:N - Low SOM |[Low POM:MAOM | Low POM C:N 25.60 1.89 1 19.0 13.56 <.0001
High SOM | Low POM:MAOM | High POM C:N - High SOM [High POM:MAOM | Low POM C:N -1.72 2.07| 194 -0.83 0.99
High SOM | Low POM:MAOM | High POM C:N - Low SOM [High POM:MAOM | Low POM C:N 27.00 1.89 1 19.0 14.30 <.0001
Low SOM |Low POM:MAOM | High POM C:N - High SOM |High POM:MAOM | High POM C:N 2.66 1.89 | 19.0 1.41 0.84
Low SOM |Low POM:MAOM | High POM C:N - Low SOM |High POM:MAOM | High POM C:N 3.26 1.89 | 19.0 1.73 0.67
Low SOM |Low POM:MAOM | High POM C:N - High SOM |Low POM:MAOM | Low POM C:N -37.47 207 | 194 | -18.13 <.0001
Low SOM |Low POM:MAOM | High POM C:N - Low SOM |Low POM:MAOM | Low POM C:N -1.72 1.89 | 19.0 -0.91 0.98
Low SOM |Low POM:MAOM | High POM C:N - High SOM |High POM:MAOM | Low POM C:N -29.04 2.07 | 194 | -14.05 <.0001
Low SOM |Low POM:MAOM | High POM C:N - Low SOM [High POM:MAOM | Low POM C:N -0.32 1.89 | 19.0 -0.17 1
High SOM |High POM:MAOM | High POM C:N - Low SOM |High POM:MAOM | High POM C:N 0.60 1.89 | 19.0 0.32 1
High SOM |High POM:MAOM | High POM C:N - High SOM |[Low POM:MAOM | Low POM C:N -40.12 2.07 | 194 | -1941 <.0001
High SOM |High POM:MAOM | High POM C:N - Low SOM |[Low POM:MAOM | Low POM C:N -4.38 1.89 | 19.0 -2.32 0.33
High SOM |High POM:MAOM | High POM C:N - High SOM |High POM:MAOM | Low POM C:N -31.69 2.07 | 194 | -15.33 <.0001
High SOM |High POM:MAOM | High POM C:N - Low SOM |High POM:MAOM | Low POM C:N -2.98 1.89 | 19.0 -1.58 0.76
Low SOM |High POM:MAOM | High POM C:N - High SOM |Low POM:MAOM | Low POM C:N -40.72 2.07 | 194 | -19.70 <.0001
Low SOM |High POM:MAOM | High POM C:N - Low SOM |Low POM:MAOM | Low POM C:N -4.98 1.89 | 19.0 -2.64 0.20
Low SOM |High POM:MAOM | High POM C:N - High SOM |High POM:MAOM | Low POM C:N -32.30 2.07 | 194 | -15.63 <.0001
Low SOM |High POM:MAOM | High POM C:N - Low SOM |High POM:MAOM | Low POM C:N -3.58 1.89 | 19.0 -1.90 0.57
High SOM |Low POM:MAOM | Low POM C:N - Low SOM |Low POM:MAOM | Low POM C:N 35.74 207 | 19.4 17.29 <.0001
High SOM |Low POM:MAOM | Low POM C:N - High SOM |High POM:MAOM | Low POM C:N 8.43 2.18 | 19.0 3.87 0.02
High SOM |Low POM:MAOM | Low POM C:N - Low SOM [High POM:MAOM | Low POM C:N 37.14 207 | 19.4 17.97 <.0001
Low SOM |Low POM:MAOM | Low POM C:N - High SOM |High POM:MAOM | Low POM C:N -27.32 2.07 | 194 | -13.22 <.0001
Low SOM |Low POM:MAOM | Low POM C:N - Low SOM |[High POM:MAOM | Low POM C:N 1.40 1.89 19.0 0.74 0.99
High SOM |High POM:MAOM | Low POM C:N - Low SOM |High POM:MAOM | Low POM C:N 28.72 2.07| 194 13.89 <.0001
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