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ABSTRACT

REVEALING THE CONTROLS OF MICROBIAL NITROUS OXIDE (N20) PRODUCTION

AND CONSUMPTION USING STABLE ISOTOPE METHODS

Of the three primary anthropogenic greenhouse gases that contribute to climate change,
carbon dioxide (CO.), methane (CH4), and nitrous oxide (N2O), N>O remains the most
understudied. While N>O is the least abundant greenhouse gas of the three, it is also the most
potent. NoO has a warming potential ~300x greater than CO; and ~34x greater than CHa, and it is
the primary stratospheric ozone depleting substance. Globally, the majority of N>O is emitted
from soils through abiotic and microbial processes, but primarily through microbial metabolism.
Microbes oxidize or reduce inorganic N as an energy source through different metabolic
processes; they emit N>O as a byproduct of these processes. Microbes can also consume N>O by
biochemically reducing it to N>, a harmless non greenhouse gas. However, the factors that
regulate N>O production and consumption processes are diverse, interactive, and subject to rapid
spatial and temporal changes. Drivers of N2O production and consumption include climate
features, edaphic properties, and soil microbial community composition and activity.
Characterizing these properties in relation to N2O flux behaviors requires a suite of
measurements, and the way these factors interact to effect N2O production and consumption
remain elusive. Furthermore, isotopic strategies exist to measure different NoO production
processes and N>O consumption, but these strategies have been limited in their scope and
capacity due to analytical constraints. Together, these challenges have limited our understanding

of N>O production and consumption processes. These limitations have made it difficult to
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robustly disentangle the sources of N>O and understand the importance of N>O consumption in
different soils. However, to curtail N>O emissions, we must be able to better understand and
anticipate the drivers of N2O fluxes.

In my dissertation, I seek to better understand what drives N>O production and
consumption in diverse soils. In this work, I deploy innovative methods to measure different NoO
production processes, and I seek to more granularly understand what controls N>O consumption.
In Chapter 2 I develop a calibration algorithm for a high-throughput, novel, laser-based N>O
isotopic analyzer. This allows for direct measurement of diverse microbial N>O-generating
source processes. In Chapter 3 I use paired natural abundance and isotopic enrichment
approaches to disentangle among N>O production processes more robustly. It will be useful for
researchers to deploy paired isotopic strategies to discern more precisely which microbial
process(es) are generating N>O. In Chapter 4, I shifted focus from N>O production to better
understanding N2O consumption. Here, I sought to stimulate N2O consumption by amending
soils with a specific blend of organic acids, and using isotope pool dilution, I learned that
microbes consume more N>O when they are freed from electron donor limitation. In Chapter 5, I
amended soils with different amounts of organic acids to further explore this electron donor
limitation to N>O consumption. I learned that a variety of N>O flux responses can emerge from
OC amendment, suggesting that perhaps our understanding of the drivers of N>O reduction are

less resolved then we previously might have thought.

Human activities have only exacerbated, and are poised to continue to exacerbate, N2O
emissions through agricultural practices and industrial activities. There is burgeoning recognition
of the importance in managing CO> and CH4 emissions to mitigate the worst impacts of climate

change, but the urgency for N>O, despite its potency and increasing atmospheric emissions, still
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lags. We must continue to advance understanding of the drivers of N>O production and
consumption from soils, and my research makes strides to do this. This will be critical to
effectively managing this highly potent greenhouse gas in a global climate that needs to make
immediate, and dramatic, greenhouse gas reductions. A proposed Global Denitrification
Research Network offers the potential for concerted, coordinated, and systematic N>O research

to address the challenge of decreasing N2O emissions.
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CHAPTER 1: INTRODUCTION

Nitrous oxide (N20) is a powerful greenhouse gas that has proven uniquely difficult to
manage. Though N>O currently accounts for only 6% of the net radiative forcing that warms
earth’s atmosphere, it is a formidable force (Ciais et al. 2013). On a per molecule basis, N>O has
a warming potential ~300x greater than carbon dioxide (CO2) and ~34x greater than methane
(CHa) over a 100-year period (Ciais et al. 2013). It is also the primary stratospheric ozone
depleting substance following the 1987 Montreal Protocol (Ravishankara et al. 2009, Kanter et
al. 2012). Furthermore, N>O comes from diffuse and diverse natural and anthropogenic sources
(Butterbach-Bahl et al. 2013). Natural sources include soils, freshwater, and oceans.
Anthropogenic sources include industry, transportation, biomass burning, runoff, and agriculture
(Kanter et al. 2014). Globally, more than 60% of N>O is emitted from soils, and of those
emissions, more than half of them come from agriculture (Smith 2017). In fact, atmospheric N>O
emissions are projected to increase up to 30% by 2050 from agricultural sources alone (Kanter et
al. 2014). As such, managing N>O emissions from soils, especially agricultural soils, is likely to
have the greatest potential for N,O emissions reduction moving forward. Consequently, this
dissertation focuses on understanding the controls over N>O production and consumption in
soils. My work aims to better understand these controls so we can develop strategies to
effectively manage N>O emissions.

Not only is N2O a powerful greenhouse gas that comes from a multitude of different
places, but it is also produced by a suite of biotic and abiotic pathways (Butterbach-Bahl et al.
2013, Heil et al. 2014, Heil et al. 2015). Biotic pathways include the microbial metabolic

processes autotrophic nitrification, heterotrophic nitrification, nitrifier-denitrification,



denitrification, co-denitrification, dissimilatory nitrate reduction to ammonium (DNRA), and
anaerobic ammonium oxidation (anammox; Butterbach-Bahl et al. 2013). There are also several
abiotic N>O-generating pathways, including non-microbial chemodenitrification, spontaneous
hydroxylamine (NH2OH) oxidation, chemical decomposition of nitrite (NO2"), and chemical
decomposition of NH>OH that is fixed to soil organic matter, although this dissertation primarily
focuses on microbial sources of N2O (Heil et al. 2014, Heil et al. 2015). To further complicate
matters, microbial and abiotic processes can co-occur in soils, sometimes over fine spatial and
temporal scales (Kuypers et al. 2018, McTigue et al. 2016). It can be difficult to discern which
processes are responsible for collective N2O emissions because each process is governed by an
array of drivers. These drivers include climate, soil chemical and physical properties, and
microbial community composition (Jenny 1980, Wrage et al. 2004, Park et al. 2011, Toyoda et
al. 2015, van Groenigen et al. 2015, Congreves et al. 2019, Denk et al. 2019). Furthermore, soils
are heterogeneous mixtures riddled with anoxic microsites, nutrient concentration gradients, and
variations in underlying topography or landforms (Wang et al. 2019, Sihi et al. 2020). These
subtle differences can contribute to variations in the amount of N>O emitted from biotic and/or
abiotic processes, which can make it difficult to discern the important sources of N2O from a
given soil. Microbial metabolism can also consume N>O from soil pores by biochemically
reducing it to N> gas as the final step in denitrification (Chapuis-Lardy et al. 2007). The fact that
microbes can consume N>O in addition to producing it adds complexity to the driving forces that
regulate how much N>O a given soil or ecosystem emits. In sum, N>O emitted from a given soil
could be derived from a vast array of processes, and the variability in flux rates could be driven

by N>O production and N>O consumption.



This complexity has allowed a number of basic and applied questions to persist regarding
N20 emissions, leaving variation in the emission rates difficult to predict and to manage. I
address some of these questions in my dissertation. Notably, I hope to better elucidate which
processes are responsible for N>O emissions and how does this vary with soil moisture; what are
the drivers of N>O consumption; if NoO consumption can be stimulated to reduce net N,O
emissions; and what controls the response of N2O consumption and emission to additions of
organic carbon.

To address these questions, there need to be tools in place to measure all these different
biotic and abiotic pathways that can produce or consume N>O. Natural abundance stable isotope
approaches have been used for a long time to measure broad sources of N>O. The bulk "N
isotopic composition of N2O has been measured for decades to identify if the source of the gas is
natural or anthropogenic, or microbially derived (Hogberg et al. 1997). In the last twenty years,
researchers have begun taking advantage of the isotopic complexity of N>O to partition among
microbial and abiotic sources (Yoshida and Toyoda 2000, Ostrom and Ostrom 2017). If
researchers can determine the unique isotopic fingerprint of each NoO-generating process, they
can more effectively disentangle these processes and better understand what drives N>O
emissions from different soils. Although N>O is a simple linear molecule — a nitrogen (N) atom
attached to an N atom attached to an oxygen (O) atom — it possesses great potential for isotopic
complexity because N has two stable isotopes and O has three. The central position N atom is
referred to as the o position, whereas the terminal position N atom is referred to as the 3 position,
and either of these atoms can have the abundant '*N atom or the rarer °N. Similarly, the O atom
can be the common 'O isotope, the rarer 'O, or the very rare '’O. Together, this generates 12

possible isotopic versions, or isotopocules, of N>O (Ostrom and Ostrom 2017). The relative



abundances of these isotopic versions of N2O can be influenced by biotic and abiotic reactions
associated with N>O production and consumption (Decock and Six 2013). When the masses of
the different isotopic versions of N>O are the same, we refer to these as isotopomers (°NN!60O
vs. 1N1SN160), and when the masses of the different isotopic versions differ, we refer to those as
isotopologues (M*N!N!60 vs. ’'N!*N'60). Though very rare, there are also multiply substituted
(“clumped”) isotopes, in which more than one isotopically heavy atom is contained in the N2O
molecule (e.g., PN"N'80; Ostrom and Ostrom 2017).

Despite the potential to gain information about N>O transformations from these isotopic
patterns, the challenge lies in measuring these different isotopic versions of N2O, particularly
since many of them are present at very low abundances in nature (Yamamoto et al. 2014). There
are several different analytical approaches for determining natural abundance N>O isotopes.
Researchers measure the bulk >N or 80 abundances in emitted N>O (Y oshinari and Wahlen
1985, Yoshida et al. 1989), or they measure position-specific enrichment, the abundance of >N
enrichment in the a or B position of the emitted N2O (Yoshida and Toyoda 2000). Position
specific measurements can be used to calculate intramolecular site preference (SP), which is the
difference in '>N*and ""NP enrichment in the emitted N>O (Yoshida and Toyoda 2000). A
growing body of literature has shown that certain microbial N>O-generating processes reliably
yield consistent SP values, and that we can use these SP signatures to infer which microbial
process(es) generated N>O from a given soil (Sutka et al. 2006, Baggs 2008, Heil et al. 2014,
Maeda et al. 2015). Some efforts have been made to quantify abundances of clumped isotopes,
but this requires very high instrumental analytical precision and is still a developing area of

research (Eiler et al. 2007, Ostrom and Ostrom 2017).



Alternatively, isotopic enrichment has proved to be a robust strategy for quantifying both
N20 production and consumption processes (Groffman et al. 2006, Schmidt et al. 2011).
Enrichment can be used to partition between two of the broadest classes of N>O-generating
processes: nitrification and denitrification (Well et al. 2006). By amending soils with either >N-
labelled ammonium (NH4") or !°N-labelled nitrate (NOs"), one can trace the label into the emitted
N20 and determine if the N>O was emitted via NH4" oxidation (nitrification) or NO3™ reduction
(denitrification). While this has the advantage of being relatively unambiguous, it presents an
important tradeoff with natural abundance measurements. Low atmospheric N2O concentrations
contribute to even lower natural abundance isotopic signatures, which can make natural
abundance quantification noisy and less robust, but the capacity to measure multiple N>O
production pathways is greater (Stuchiner et al. 2020). Dissimilarly, isotopic enrichment can
only partition between nitrification and denitrification, just two N>O production processes
(Wrage et al. 2004, Wrage et al. 2018). However, this increases the precedent for doing more
paired natural abundance and isotopically enriched work, to better understand the amount of
information these methods solely and in conjunction can provide. Nonetheless, a strength of
isotopic enrichment is that it can be used to measure the lesser studied process N>O consumption.
By injecting isotopically labelled *N>O into the headspace of an incubation system, one can
measure the disappearance of the bulk >N,O to directly quantify N>O consumption (von Fischer
and Hedin 2002, Yang et al. 2011).

There are two primary instrumental approaches to quantifying isotopocules of N>O: gas
chromatography isotope ratio mass spectrometry (GC-IRMS), and laser-based spectroscopy. GC-
IRMS involves the combustion and reduction of N>O to N>, in addition to several N>O ionization

steps to determine SP. This method is usually robust, but it suffers from analytical challenges



related to ion “rearrangement” and numerous mass overlap corrections, in addition to onerous
sample preparation, which can make these measurements, particularly for isotopomers or
clumped isotopes, prohibitively expensive (Ostrom and Ostrom 2017). Laser-based analyzers use
absorption spectroscopy to quantify different isotopocules of N2O. As Beer’s law states, the
concentration of a particular isotopocule of N2O is proportional to the strength of absorption of a
specific wavelength of laser light through the gas. Laser-based analyzers have become more
broadly available in the last decade, which is ideal for streamlining the N>O isotope research
pipeline, as these instruments are high throughput and tend to have greater ease of measurement
than GC approaches (Ostrom and Ostrom 2017, Stuchiner et al. 2020). Laser-based instruments
do have analytical precision issues that have hindered their use and popularity, such as optical
peak broadening from other greenhouse gases in the sample stream and weak absorption from
samples with low N2O concentrations, but these issues are being addressed (Stuchiner et al.
2020). Fortunately, isotopically enriched samples have fewer of these analytical precision issues,
owing to higher signal to noise ratios compared to natural abundance samples, but unfortunately,
studies using isotopic enrichment to quantify different isotopocules of N>O remain rare (Bracken
etal. 2021).

For my research, I have used diverse (natural abundance, isotopic enrichment, and
isotope pool dilution) approaches to disentangle among microbial sources of N>O, and I have
used novel laser-based instrumentation to carry out this work. In addressing the specific
questions listed above, my research contributes to the investigation of three broad questions: (1)
What strategies do we have to robustly measure N>O production and consumption processes?
(2) What are the most important processes driving N>O fluxes from soils? (3) How can we

effectively manage N>O emissions, given its diffuse and diverse sources?



I address these broad questions in my four dissertation chapters. In Chapter 2, I
developed a calibration algorithm for a laser-based N>O isotopic analyzer. This analyzer was
used to quantify and disentangle different microbial N>O-producing and consuming processes in
my subsequent chapters. I determined that calibrating bulk N>O and isotopocule concentrations
in ranges helped give rise to high-precision calibration. In Chapter 3 I address the specific
question of which processes drive N>O emissions from soils. Specifically, I used a dual-isotopic
approach to determine which microbial process(es) were generating N2O emissions from
different soils. I measured emitted N>O from soils amended with N labelled NH4" or NO3™ and I
measured intramolecular SP from emitted N>O of soils held at natural abundance. I determined
that denitrification was pervasive among soils, and I join the growing body of literature in
supporting the idea that denitrification is the most prevalent microbial N>O-generating source
process (Harris et al. 2021). I addressed which processes drive N>O fluxes in Chapters 4 and 5 by
studying the microbial process N2O consumption. In Chapter 4 I focused on amending soils with
electron donors in the form of organic acids to stimulate N2O consumption. Given that
denitrification is such a ubiquitous process in soils, it would be ideal from a greenhouse gas
management perspective to be able to control its terminal step, N2O = N> reduction. I learned
that certain soils could increase N2O consumption and decrease N2O emissions if they attained
an appropriate electron donor-acceptor balance. However, certain soils might be electron-donor
limited and could require additional organic acids to show this behavior. My fifth chapter
followed up on this, and I amended soils with successively more organic acids to release all soils
tested from electron donor limitation to N2O consumption. I learned that the balance of electron

donors and acceptors must accommodate complete denitrification, in that if soils are amended



with electron donors but are not limited by electron acceptors, NoO consumption will be less
likely to occur. Throughout chapters 2-5, I strive to address the question, how can we effectively
manage N2O emissions?

This dissertation makes strides towards improving our capacity to measure, predict, and
manage N2O production and consumption processes. I address which microbial processes are
important to manage to curtail N2O emissions, and I discuss which environmental and microbial
properties govern these processes. In my efforts to make this work broadly available to the
scientific community, I have published Chapter 2 in Rapid Communications in Mass
Spectrometry. Chapter 3 is in revision at JGR: Biogeosciences. Chapter 4 was recently submitted
to Global Change Biology, and I intend to submit Chapter 5 for publication shortly. In sum,
wading through the complexity that underpins N>O production and consumption processes is

critical for moving towards a future with reduced anthropogenic greenhouse gas emissions.
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CHAPTER 2: AN APPROACH FOR CALIBRATING LASER-BASED N>O ISOTOPIC

ANALYZERS FOR SOIL BIOGEOCHEMISTRY RESEARCH!

1. Summary

Rationale: Technological advances have motivated researchers to transition from traditional gas
chromatography/isotope ratio mass spectrometry to rapid, high- throughput, laser-based
instrumentation for N>O isotopic research. However, calibrating laser-based instruments to yield
accurate and precise isotope ratios has been an ongoing challenge. To streamline the N>O isotope
research pipeline, I developed the calibration protocol for laser-based analyzers described here.
While my approach is targeted at laboratory soil incubations, I anticipate that it will be broadly
applicable for diverse types of stable isotope research.

Methods: I prepared standards diluted from USGS52 and from a commercial cylinder to develop
a calibration curve spanning from 0.3 to 300 ppm N2O. To calibrate over this broad range, I
binned each isotopocule (N2O, N'>NO, ’'NNO, and NN'#0) into low, medium, and high
concentration ranges and then used mathematically similar polynomial functions to calibrate the
isotopocules within each concentration range. I also assessed the temporal stability of the
instrument and the capacity for my calibration approach to work with isotopically enriched gas
samples.

Results: My calibration approach yielded generally accurate and precise data when isotopocules
were calibrated in concentration ranges, and the measurements appeared to be temporally stable.

For all isotopocules at natural abundance, the residual percentage error was smallest in the

! Stuchiner, E.R., et al. (2020). "An approach for calibrating laser-based N2O isotopic analyzers for soil
biogeochemistry research." Rapid Communications in Mass Spectrometry. https://doi.org/10.1002/rcm.8978
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medium N>O range. There was more noise in the corrected isotopomers and isotopologue at
natural abundance in samples with the lowest and highest N>O concentrations. Corrected
isotopomer results from isotopically enriched samples were very precise.
Conclusions: Developing my calibration strategy involved learning several key lessons: (1)
calibrate isotopocules in distinct concentration ranges, (2) use mathematically similar models to
calibrate the isotopocules in each range, (3) calibrated N>O concentrations and d values tend to
be most accurate and precise in the medium N»O range, and (4) I encourage users to take
advantage of isotopic enrichment to capitalize on laser-based instrument strengths.
2. Introduction

Nitrous oxide (N20) is a powerful greenhouse gas (GHG) with a warming potential ~300
times that of CO>, and it is the primary stratospheric ozone depleting substance (Ravishankara et
al. 2009, Cias et al. 2013). Developing strategies to reduce N2O emissions is an active area of
research, but the myriad sources of N2O have made this GHG particularly difficult to manage
(Davidson et al. 2014, Sinder et al. 2015). N2O is emitted naturally from all terrestrial, marine,
and freshwater ecosystems, but humans also contribute to emissions. Humans add excess N to
ecosystems primarily through agriculture and fossil fuel burning, which gives rise to often
disproportionately greater N2O emissions than those from natural systems (Galloway et al.
2003). Furthermore, quantification of N>O emissions has been an ongoing challenge, as they are
much harder to detect relative to other more abundant greenhouse gases, such as CO; and CH4
(Groffman et al. 2001, Bowling et al. 2003, Bouwman et al. 2013, Ostrom and Ostrom 2017).

Soils are an especially important source of N2O. Natural and agricultural soils are
estimated to contribute approximately 70% of total N>O emissions, with approximately half of

these emissions attributed to agriculture (Shcherbak et al. 2014). Given that soils are such an
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important source of N>O, substantial effort has been put towards reducing their emissions
(Galloway et al. 2008, Reay et al. 2012). However, these efforts have proven challenging given
the diversity of biotic and abiotic processes that generate N2O.

N20 is emitted from soils through multiple microbial processes, including nitrification,
dissimilatory nitrate reduction to ammonium (DNRA), denitrification (bacterial and
heterotrophic), nitrifier-denitrification, co-denitrification, and anaerobic ammonia oxidation
(ANNAMOX; Butterbach-Bahl et al. 2013). In addition, non-microbial pathways also emit N>O,
including non-microbial chemodenitrification, spontaneous NH>OH oxidation, chemical
decomposition of NO>", and chemical decomposition of NH>OH that is fixed to soil organic
matter (SOM; Heil et al. 2014, Heil et al. 2015). These diverse biotic and abiotic processes can
co-occur over space and time in soils, and multiple processes can be performed by the same
individual microbe (Kuypers et al. 2018). Thus, identifying and disentangling the sources of N2O
from ecosystems in order to mitigate emissions has been non-trivial.

Stable isotope techniques have been used to attribute N>O emissions to different
processes, and over the past two decades their use has come to the forefront as a promising tool
for N>O source partitioning (Yoshida and Toyoda 2000, Baggs 2008, Baggs 2011, Ostrom and
Ostrom 2017, Yu et al. 2020). In this paper, I describe measurements of different isotopic
versions of the N2O molecule using isotopic terminology as defined by Coplen (2011):
isotopocules, isotopomers, and isotopologues. Isotopocules are molecules that differ either in
position or mass of enriched elements. Here, I use “isotopocules” to mean the set of all the
isotopic molecules I measured: “NN!'®Q, NINQ, PNMN!6Q, “NN!80, hereafter referred
to as N2O, N'>NO, 'NNO, and NN!80, respectively. Isotopomers are molecules that differ in

position of the enriched element, but not in mass. The isotopomers described here are “N'N'®O
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and NN10. Lastly, isotopologues differ in both isotopic composition and mass (1*N'*N'®O
and "“N!*N'80), and the isotopologue described here is *N'N!80.

Studies have shown that different microbial and abiotic processes yield site-specific
enrichment in either the central (alpha, o) or terminal (beta, B) nitrogen (N) atoms in the linear
N-N-O molecule (Sutka et al. 2006, Heil et al. 2015, Maeda et al. 2015). Microbial N-
transformations can also yield site-specific enrichment in the '*O composition of the oxygen
atom, and while there have been some advances in characterizing this behavior, it remains less
well understood (Kool et al. 2009, Lewicka-Szczebak et al. 2016). A large and growing body of
literature is documenting patterns and processes in the site specific N2O isotopic composition
associated with soils. These studies rely on both natural abundance and enriched isotope
approaches (Wrage et al. 2004, Perez et al. 2006, Ostrom et al. 2007, Yang et al. 2011, Decock
and Six 2013, Denk et al. 2017).

Site specific analyses of N>O stable isotopes have historically been made using gas
chromatography isotope ratio mass spectrometer (GC-IRMS) systems, but these instruments are
expensive to purchase and maintain, and the quantifications are laborious (Rockmann et al.
2003). Recently, laser-based analyzers have become commercially available for site specific
measurements of the isotopic composition of N>O, using cavity-enhanced absorption
spectroscopy without preconcentration to provide simpler, lower cost systems for analysis of
ambient air samples (Koster et al. 2013, Wolf et al. 2015, Ibraim et al. 2019, Yu et al. 2019).
Further, this innovation also enables the possibility of in situ field measurements (Yu et al.
2020). However, despite the general power of laser-based analyzers for quantifying NoO
concentrations, their use in stable isotope determination raises unique challenges in calibration.

At ambient concentrations (0.3 to 3 ppmv), the absorption signal of natural abundance isotopes is
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weak (Ye et al. 2016, Fu et al. 2017). Thus, with noisy calibration for each of the isotopocules,
there is potential for the resulting isotopic ratios to carry both significant variability and bias. As
adoption of laser-based analyses for N2O isotopes becomes more common, there exists a need to
develop robust methods for calibration (Harris et al. 2020).

My research has used an ABB-Los Gatos Research Inc. (LGR) N>O Isotopic Analyzer
(Model 914-0027; ABB-Los Gatos Research, Mountain View, CA, USA) to measure N>O from
incubation experiments, without pre-concentration of the incoming N2O. To better understand
sources and kinetics of N>O biogeochemistry, I regularly incubate soils at isotopic natural
abundance or amended with isotopically enriched material. The calibration work described here
became necessary when I determined that the factory calibration of the analyzer yielded
inaccurate stable isotope ratios across broadly ranging incubation N>O concentrations. Further,
there is no published multi-point calibration protocol in the scientific literature that spans the
N2O concentration range often observed in soil incubations (0.3-300 ppm). In response, I
developed the calibration approach described here. I anticipate that a standardized calibration
strategy will help to streamline the N2O isotope research pipeline, particularly because laser-
based instruments, when properly calibrated, have much higher throughput than IRMS (Mohn et
al. 2012, Ostrom et al. 2018).

The work presented here accounts for both changes in the instrument response function
for each isotopocule (e.g., linearity) and instrument drift. These changes are inherent in a wide
array of optical analyzers and are due to small changes in the laser tuning curve, detector
response, and cavity response function. Thus, a strength of this calibration approach is that it can
be applied to a wide variety of laser-based systems that measure the concentration of each

isotopocule independently. For example, this algorithm can be used with instruments that
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measure N>O, CO», or CH4, and should be able to work for any commercially available laser-
based system (e.g., LGR, Picarro Inc., Aerodyne Research Inc.), because in each case the isotope
ratio is calculated from concentrations of each independently measured isotopocule.

Here I present methods for calibrating a laser-based N>O isotopic analyzer. My
calibration approach identifies a robust relationship between observed and expected isotopocule
concentrations. In particular, I evaluate analytical challenges unique to incubation studies,
including: (1) calibration of isotope ratios when the total N>O concentration spans a broad range;
(2) calibration for a broad range of N>O isotope ratios, which can happen with the addition of
isotopically enriched materials; and (3) the need for mathematically similar corrections for all of
the isotopocules.

3. Materials and Equipment

My calibration of the LGR instrument depended on use of primary and secondary
standard gases, admitted to the instrument through a customized inlet system. Here, I describe
the gases and their preparation for use as calibrants, and I also describe the instrument, its
configuration, basic operation, and performance metrics.

3.1 Calibration gases

I relied upon both a primary standard, calibrated at an external lab, and a secondary
working lab standard that I calibrated against the primary standard. My primary standard is
USGS52, supplied from the USGS Reston Stable Isotope Lab (U.S. Geological Survey, Reston,
VA, USA) in a 6mm borosilicate tube containing approximately 200 pmol of N>O. Extensive
details on the origin of this material and its isotopic properties are provided in Ostrom et al.
(2018). I prepared the standard for laboratory use by diluting it into commercially prepared zero-

grade air (synthetic 80:20 N2:02 blend, Airgas Inc., Radford, VA, USA). Dilution was achieved

17



by breaking the glass tube of standard inside an evacuated 20L cylinder. The cylinder containing
the standard gas was then pressurized to 350 kPa with zero-grade air. Details of this preparation
can be found in Appendix 1. The diluted concentration of the standard in the 20 L cylinder was
approximately 80 ppmv. In light of the limited volume of my primary standard, I developed a
secondary standard for everyday laboratory use. This commercially prepared standard (Airgas
Industries) contains 500ppm N>O in an 80:20 N> and O; blend (analytical uncertainty + 1%).
3.2 Preparation of standards for concentration and isotopic calibration

I developed calibration standards via dilution of the primary and secondary standards. To
capture the breadth of gas concentrations that may be observed in soil incubations, I prepared a
wide range of custom N,O standards from 0.3 ppm to 300 ppm. Calibration standards were
prepared from both the primary and secondary standards, as constrained by the stock
concentrations (80ppm and 500ppm, respectively).

Standards were prepared into ~1 L gastight (Tedlar or mylar) bags (hereafter “gas bags”).
Gas bags were prepared by diluting N>O primary or secondary standards into zero-grade air. A
constant volume of zero-grade air was added to all gas bags with an Alicat Scientific mass flow
controller (MFC; model: MC-10SLPM-D/5M, Alicat Scientific Inc., Tucson, AZ, USA) and then
an appropriate amount of N>O standard was injected by hand using a syringe. Details for this
procedure can be found in Appendix 1.
3.3 ’N-enriched N>O

The aim of my approach was to produce a calibration algorithm that could be applied to
both natural abundance or '’N enriched measurements across an environmentally relevant span
of N>O concentrations. Thus, my instrument required calibration verification with a >'N>O

isotopically enriched standard. T obtained a 1 L cylinder of 99 atom percent (AP) '°N>O (both N
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atoms labelled with >N) from Cambridge Isotope Labs Inc. (Andover, MA, USA) to validate my
calibration approach for enriched samples. Standards were prepared by diluting 1 mL aliquots of
99 AP N0 into a synthetic atmosphere-like blend (450ppm N2O, 20% O», 1% Argon, and
balance Nz) in 1 L Ball jars. This atmosphere-like blend was custom-made by Airgas Inc., and it
intentionally omitted CO,, CHa4, and other common atmospheric gases to minimize the optical
peak-broadening effects that are inherent with laser-based analyses. Sample air that reaches the
instrument cell is likewise freed of CO; and other gases using a scrubber (described below). Due
to cost constraints, I was not able to perform tests with '80-enriched N>O.

3.4 Inlet and contaminant gas scrubber system

Sample air was admitted to the analyzer via continuous flow from a ~1L gas bag. An
internal pump within the analyzer drew sample air at 42 mL/min through a gas scrubber system,
into the analytical cell and out to waste. All inlet tubing was 4” OD polyethylene, connected
using Swagelok fittings. Although this configuration allows up to ~23 minutes of instrument
analysis for each ~1L gas sample bag, samples were typically analyzed for ~15 minutes, as
described in Section 3.6 below.

To scrub the sample stream of gases that could spectroscopically interfere with N>O, I
used traps to remove CO», water vapor, and other impurities. The design for my scrubbing
system was adapted from Nathaniel Ostrom and Hasand Gandhi (pers. comm.).

The scrubbing system was ordered in the following sequence: gas sample, in-line
particulate filter (7 um; Swagelok, Denver, CO, USA), Nafion water-vapor trap (Perma Pure
LLC, Lakewood Township, NJ, USA), CO; sorbent trap (Carbosorb; Elemental Microanalysis,
Okehampton, England, UK), silica gel/activated charcoal trap (Sigma-Aldrich, Saint Louis, MO,

USA) , in-line particulate filter (7 um; Swagelok), and finally the analyzer inlet. Details of these
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traps are provided in Appendix 1. I positioned the first in-line particulate filter to prevent soil
particles from blocking the Nafion dryer. The Nafion was dried using a counter-flow of UHP N
gas at 400 mL/minute. The silica gel/activated charcoal trap, was regularly re-conditioned by
heating only the silica gel portion to approximately 180 °C while being flushed with UHP N; at a
flow rate of 100 mL/minute for 24-36 hours. Afterwards the silica gel is cooled for 1-2 hours by
flushing with UHP N at a flow rate of 100 mL/minute. The final in-line particulate filter
protected the LGR inlet. Flow rates were considerably lower when the scrubbing system was in
place (72 mL/min without the scrubber and 42 with), due to flow restriction. The internal
pressure of the analytical cell was also somewhat lower with scrubbers (45 Torr without
scrubbers, and 33-37 Torr with scrubbers, depending on how “packed” the silica gel became over
time). However, all calibration and measurement procedures took place with scrubbers and at
similar pressures.

To evaluate the efficacy of the scrubber system for removing contaminant gases, |
admitted room air to the inlet system and measured the outflowing concentrations of CO; and
water vapor using an LGR Greenhouse Gas Analyzer (Model 907-0010). The analyzer reported
CO: concentrations <10ppm and water vapor levels below 1000ppm, indicating a successful
removal of these contaminants. My study of the instrument spectroscopy indicated that measures
of N>O isotopes were unaffected by water vapor at concentrations below 1000ppm.

While the scrubbing system described above seemed adequate, I anticipate that other
groups might wish to implement a different setup or develop a scrubbing setup that improves
upon ours. Adequately scrubbing background gases from the sampling matrix is a dynamic area

of research for laser-based instruments (e.g., Harris et al 2020), and I would like to underscore
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that the purpose of this paper is to offer a roadmap for laser-based instrument calibration, not
guidance on how to best scrub the sample stream of contaminant gases.
3.5 Instrument description

The LGR N>O Isotopic Analyzer uses mid-infrared Off-Axis Integrated Cavity Output
Spectroscopy (ICOS) near 4.5 microns to simultaneously measure the concentrations (ppmv) of
MNINT6Q, NN, NN, and “N“N'¥0 (Provencal et al. 2005). Briefly, a
thermoelectrically cooled distributed feedback (DFB) quantum cascade laser is collimated and
directed into a high-finesse optical cavity in an off-axis fashion. The cavity is comprised of two
highly reflective mirrors (R > 99.95 % at 4.5 microns), and light transmitted through the cavity is
focused onto a thermoelectrically-cooled, highly-amplified HgCdTe detector. The laser is
continuously current-tuned over the N>O isotope absorption features, and repeated scans are
averaged to yield a cavity-enhanced absorption spectrum. This spectrum is then fit to a baseline
function and sum of Voigt profiles to yield the concentrations of the aforementioned
isotopocules. The measured concentrations for each isotopocule are corrected for non-linear
effects using empirically determined data that are measured before the instrument leaves the
factory. Finally, the reported isotope ratios are calculated from the measured isotopocule
concentrations.

The analyses described here were for an instrument at a pre-commercial stage of
development, manufactured for research use in 2013. Factory recalibration of the instrument was
cost prohibitive in 2016, and so I undertook the calibration exercise described here. Subsequent
commercial versions of the instrument may account for some errors that I encountered, but I
anticipate that the calibration approach outlined below will be appropriate for studies where

sample air contains a wide range of N>O concentrations.
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3.6 Instrument performance metrics

When a new sample was connected to the inlet and scrubber system, the reported
concentration approached a new steady state value, as the new sample air replaced the air from
the prior sample in the inlet system and in the analytical cell within the instrument. Typically,
this equilibration period was on the order of 10 minutes. I then collected data for five minutes
after the new steady state concentration was reached. This ~15-minute sampling period did not
drain gas bags, as it would take ~20 minutes to drain a 1 L bag at my analyzer’s flow rate, but
additional analysis did not improve the quality of the concentration data. With data reporting at
0.5Hz, this yielded approximately 150 data points that were averaged to yield the reported
concentrations of the measured isotopocules: N>O, N'*’NO (o), '’NNO (B) and NN'#0. Under
rare circumstances, (n = 13 of 257 data points), highly anomalous samples were removed from
analyses when their reported values fell five or more standard deviations (SD) from the expected
calibration values. In every case, the anomalous readings were from the rarer isotopocules
(N'®NO, I'NNO, or NN'¥0).
3.7 Mathematical and statistical calculations

I developed my calibration algorithm using RStudio Software (Version 1.1.453 —©
2009-2018 RStudio, Inc.). The R code is available on GitHub

(https://github.com/emilystuchiner/calmodel). In Section 4, below, I describe the calibration

approach used to develop this code.
4. Calibration approach
4. 1 General strategy
My calibration approach was informed by preliminary tests of the LGR N>O Isotopic

Analyzer where I analyzed dilutions of the primary standard (n = 20) and of the secondary
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standard (n = 72) over the wide range of N>O concentrations that I anticipated for soil
incubations (0.3-300ppm). Analysis of these standards revealed persistent, non-linear patterns in
the relationship between expected vs. observed concentrations of the four measured isotopocules
(Figure 2.1B for N>O; Figure 2.2A-C for isotopomers and isotopologue). Expected
concentrations were estimated by rearranging the 6 equation to solve for the concentration of
NI*NO, ’'NNO, or NN!80 at a given N>O concentration. For example, the expected [NI°NO] =
(8" N%¢q +1)*(Rsia)*[corrected N2O] where §'"N%q is the known §'°N® value for the standard and
Rt is the PN/'N ratio of standard air (i.e. 0.0036765). Thus, my aims were to (1) determine the
calibration algorithms needed to convert raw instrument output to calibrated values (2) determine
the isotopic composition of my secondary standard, and (3) apply the calibration algorithm to

headspace gas samples from soil incubations.
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Figure 2.1. Second-order polynomial fit(s) used to calibrate raw N>O data to expected values,
and the residual error from those fits. The top panel shows all N>O data in log-log space
calibrated with a single second-order polynomial and the corresponding residual percent error
(A-B), whereas the bottom panel shows the N>O data in log-log space calibrated with three
unique second-order polynomials in low, medium, and high data ranges (C-D). Colors in the
bottom panel correspond to distinct N2O concentration ranges (see Table 1). As the residual
percent error illustrates, error was minimized when multiple polynomial fits were used to
calibrate N>O in distinct N2O concentration ranges (D). While the one model fit is stronger in A
than the three model fits in C, residual error notably decreases when N>O is calibrated in distinct

ranges.
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Figure 2.2. A comparison of residuals of N>O isotope ratios when calibrated with a single curve
fit across the entire log-transformed N2O range (A-C) vs. calibrated with distinct curve fits for
each log-transformed N>O concentration range (D-F). Colors in the bottom panel correspond to
distinct N>O concentration ranges (see Table 1). For all three isotopomers, the residuals were
minimized when data was calibrated in distinct concentration ranges. Residuals are consistently
smallest in the medium N>O range for all isotopomers.

I determined that applying a mathematically similar correction to all the measured
isotopocules is necessary. For example, when I used a spline fit for the N>O correction and
polynomial fits for the other isotopocules, this resulted in systematic errors in the corrected
isotope ratios because the calibration curve shapes differ markedly for the spline vs. polynomial
fits. As a result, I chose to calibrate all isotopocules using second-order polynomial fits. One
benefit of the polynomial fit is it permits limited extrapolation outside of the calibration range,
which could be useful if samples occasionally have concentrations outside of the calibration
range. Another benefit is that the second-order polynomial allowed for inversion of the y = f(x)

relationship, which is not always possible with other mathematical forms of the relationship

(e.g., with cubic polynomial or with a spline basis).
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Although the isotopic composition of my primary standard was known, it had a limited
concentration range (max [N2O] ~80ppm) and so I needed to use the secondary standard in
building the calibration model up to the 300ppm desired maximum concentration. When the
calibration approach was complete, it provided estimated mean 4-values for my secondary
standard 1 standard error (SE; 83N 20.69%o + 3.18, §'°NP: -12.59%0 +3.48, and §'%0: 44.25%o
+5.48). The calibration approach I outline below omits discussion of estimating the isotopic
composition of the secondary standard and focuses on using the primary and secondary standards
post-isotopic characterization, assuming that most future users of this model will have standards
of known isotopic composition. However, I have the code for calibrating the secondary standard

available on my GitHub site (https:/github.com/emilystuchiner/secondarystd calmodel).

4.2 Calibration of N>.O

Throughout my calibration, I worked with log-transformed concentration values. This
was necessary for visualizing patterns in variation across the 1000-fold dilution range (0.3-300
ppm). Likewise, my statistical analyses relied on log-transformed concentration values to reduce
the leverage of large concentration values, and to meet the assumptions of normally distributed
error in the statistical models. Hereafter, I refer to “raw” concentration values as those derived
directly from the instrument, and “corrected” concentration values as those that have been
corrected using the calibration approaches described above.

Initial raw vs. expected N>O values exhibited evidence of a non-zero y-intercept,
indicating the presence of a small (~43 ppb) and previously unknown level of NoO
contamination in the zero-grade air that was used in dilutions. Although this concentration was
below the reliable detection limits of the instrument, direct analysis of the zero air with the

instrument reported values near this magnitude. I accounted for the contamination by adding its
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concentration to the expected N>O values, and then the subsequent regression of raw vs.
expected showed no evidence of a non-zero intercept.

Looking broadly at all N>O data from 0.3-300 ppm, there was a distinct non-linear
response that was well fit with a 2" order polynomial curve, which tracked the saturation
response of the analyzer (Figure 2.1A). However, the residuals showed patterns in lack of fit
through different N>O concentration ranges (Figure 2.1B). Based on visual inspection, I
hypothesized that breaking the data into three concentration ranges would remove the patterns in
the residuals and I found this to be true. Thus, I calibrated the N>O data in three distinct
concentration ranges to capture range-specific differences in instrument behavior and to improve
model fits. This was achieved by dividing the N>O data into low (0-1.49 ppm), medium (1.49-
33.12 ppm), and high (33.12-300 ppm) concentration ranges and fitting each “bin” with its own
unique second-order polynomial equation. These bins were established based on behaviors
unique to each N>O range: positive residuals in 0-1.49 ppm, no discernable residual trend in
1.49-33.12 ppm, and strong positive and negative residuals in 33.12-300 ppm. This substantially
improved the residual diagnostics across the entire calibration dataset (Figure 2.1C-D).

4.3 Calibration of N°NO, ’NNO, and NN'*0O

As with N>O, I calibrated the other measured isotopocules using second-order polynomial
equations, binned into ranges that correspond to the low, medium, or high concentration range
break points that I established for N>O (Table 2.1). These break points correspond to the
expected concentrations of the isotopocules at natural abundance when §!'°N = 0%o or §'*0 =
0%o.

Although I did not calibrate the model with isotopically enriched N>O, I did analyze

standards with high (and known) concentrations of "’NNO, N'’NO and NN'®0 in the form of
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natural abundance N>O at very high concentrations. For example, there is the same concentration
of N0 in both a 400ppb sample of N>O at 5 AP enrichment and a 5400ppb sample at natural
abundance. Likewise, my 300ppm N2O calibration standard at natural abundance would allow us
to measure a 22ppm N>O sample that was 5 AP enriched in 'N>O. Using this calibration
algorithm with isotopically enriched samples is elaborated upon in Section 5.5.

Table 2.1. Concentration break points for each isotopocule of N>O that designated which
calibration curve to use when correcting raw values. Colors corresponding to each break point
are the same throughout all calibration procedures. The break point concentrations for the
isotopomers and isotopologue of N>O were calculated by multiplying the break point [N>O]

(1.49 and 33.1) by the natural abundance ratios for >N/!“N or '#0/!°O concentration (0.0036765
or 0.00200052, respectively). All values are in ppm.

Break points N.0 NNO and SNNO | NNBO
Low (bluc) 0< 1.49 0 < 0.00548 0 < 0.00299
Medium <33.1 <0.122 <0.0664
High >33.1 >0.122 > 0.0664
Maximum 300. 1.10 0.602

While I could not precisely quantify the contaminant in zero air for the rarer isotopocules
because it was far below the instrument detection limit, my instrument reported approximate
contaminant values of 0.0001 ppm for N'>NO and 0.0003 ppm for both ’'’NNO and NN'#0. To
correct for this, I assumed the contamination had an isotopic composition of 0%o for 5'°N¢,
8NP, and '30. Then, I estimated the expected N'NO, ''NNO and NN'®0 concentrations using
Rsample values of 0.00374 for N'>NO and '"'NNO and 0.00209 for NN'30, and the estimated
[N20O] for the contaminant of 0.043 ppm. After this correction, regression of observed vs.
expected isotopocules did not show a significant y-intercept, indicating that the mixing model
correction was successful.

I calculated the 6 values from all corrected concentration data using standard & notation

and using the ""N/!*N ratio of atmospheric N> (0.0036765) or '30/!%0 in VSMOW (0.0020052).
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All & values are reported in %o and note again that “N>O” in the below equations refers to
NTNT6O concentrations.
The 3'°N*was calculated as

(NISNO/NZO)sample

1 §ISN© = ~1
= (NTSNO/N,0),1q
and §'°NP was calculated as
15
(2) 815NB — ( NNO/NZO)sample -1
(**NNO/N,0)5¢q
and 8'%0 was calculated as
18
(3) 8180 — (NN O/NZO)sample -1

(NN'®0/N;0)stq
I also calculated site preference (SP), the difference in the amount of N>O enriched in the o or
position:
(4) SP = §'SN— §15NP

5. Features of the final calibration

Here I discuss the accuracy and precision of corrected isotopocule concentrations and 6
values following calibration. To characterize the accuracy and precision of these measures, |
calculated the residual error between corrected and expected values. I then calculated the means
and variances of these errors to understand the analytical accuracy and precision of my

calibration.
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5.1 Accuracy and precision of N>O across concentration ranges

My initial calibration efforts did not break the N>O data into concentration ranges, which
resulted in large residual error (Figure 2.1A-B). Following calibration in low, medium, and high
N20 concentration ranges, my estimations of N>O concentration were much better (Figure 2.1C-
D). Across the whole data range (0.3-300 ppm), the residual percent error was £5.46% (Figure
2.1D). Looking at finer ranges of calibration, residual percent error for the low and medium N>O
concentrations were comparably precise (£4.39% and +4.63%, respectively; Figure 2.1D).
Precision was weakest for the high N>O concentrations (+7.85%; Figure 2.1C-D). These percent
error calculations were derived from ~150 data points for each measured N2O concentration
averaged over a five-minute sampling period (see Section 3.6 for details).

Precision was likely impacted by several factors at all N2O concentration ranges. First,
preparing standards using a MFC and by-hand dilutions with a syringe are susceptible to error.
The Alicat Scientific MFC I used reports +£0.5% error in flow rate, and by-hand dilution can also
result in discrepancies in precision. Second, there was greater uncertainty in the N>O
concentration of the primary standard compared to the secondary standard. While the secondary
standard was commercially prepared by Airgas, the method for diluting the primary standard in
the lab led to some uncertainty in its final concentration (see Section 3.1 and Appendix 1).
Cumulatively, the overall precision of my calibration may have been affected by these
uncertainties in primary and secondary standards. The relative contributions of uncertainty in
primary vs. secondary standards is illustrated in Appendix 1.

Further, based on spectroscopic principles, the instrument precision in the low and
medium N2O ranges is likely on the order of ~1%, but in the high N>O range it is likely greater

than 1%. This suggests that most uncertainty in the low and medium ranges is due to human
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error diluting the concentration standards. However, in the high range, where spectroscopic
saturation is more prominent, I see a flattening of the N>O correction curve. This would make the
calibration less sensitive to changes in the true concentration, and likely helps to explain why
precision was notably worse in the high N>O range. Yet, precision remained relatively good
across all N>O concentrations and even at the lowest N>O concentrations, which can be difficult
to quantify without preconcentration (Figure 2.1C-D; Ibraim et al. 2018). As I illustrate in Figure
2.1D, there was no evidence of residual bias in concentration determination, once the calibration
was broken into the three N>O concentration ranges. Overall, I anticipate that these levels of
precision and accuracy for N2O concentration determination would be acceptable for field
application of non-preconcentrating lasers analyzers, because field-sample levels of N2O are
typically near ambient but can spike up to 10’s or 100’s of ppm, depending on the study.
5.2 Accuracy and precision of N> NO, ’NNO, and NN'®0 across concentration ranges

Like the N>O calibration, characterizations of the natural abundance isotope ratios were
more precise when the data was broken into low, medium, and high N>O concentration ranges
(Figure 2.2). Plots of residual 8'°N%, 8NP, and 6'30 vs. N>O are considerably noisier with the
laser-based analyzer as compared to conventional IRMS analyzers (Mohn et al. 2014, Ostrom
and Ostrom 2017). However, this noise is most acute at the lower and higher N>O concentrations
and less pronounced at medium N>O concentrations (Figure 2.2D-F). I also demonstrate that
corrected isotopomer, isotopologue, and SP values for the primary standard were accurate.
Paired t-tests demonstrate that the corrected values were not significantly different from the
known primary standard values (Table 2.2; p > 0.05 in all cases). Evidence of good precision in

the medium N>O concentration range, coupled with accurate § values, suggests that isotopic
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analyses can be robust with a laser-based analyzer when constrained to certain N2O
concentrations (Figure 2.2D-F; Table 2.2).
Table 2.2. Primary standard known and estimated mean 8'°N¢, 3!°NP, and SP values. Estimated

means are averaged from the entire primary standard dataset (n = 20). + corresponds to SE from
the mean. All values are in %o.

Standard "N, %o 1NP, %o SP, %o 8'%0, %o
Known | Estimated | Known | Estimated | Known | Estimated | Known | Estimated
Primary 13.52 10.51 -12.64 -15.21 26.16° 25.72 40.64 40.38
standard | (£0.04)* (£5.02) (+0.05) (£5.18) (£2.26) (+0.03) (£5.71)
(USGS52)
duncertainty in known values relative to N2-AIR or VSMOW from Reston Stable Isotope
laboratory.

®SE for SP not specified by Reston Stable Isotope laboratory.

Generally, 3'°N* and 8' NP calibrations were more precise and had lower mean residual
error than the 3'%0 calibration (Table 2.3). Also, precision was consistently best for both
isotopomers and SP in the medium N>O concentration range compared to the low and high N>O
concentration ranges (Table 2.3). At this time, I cannot explain the poorer precision for NN'#0
compared to N'>NO and "NNO across all N>O concentrations. It may be that this isotopologue
is simply more challenging to quantify from an optical perspective. It also may be that its optical
features are more sensitive to interference from co-occurring gases in the sample, despite my
best efforts to remove them via scrubbers. Further, it is well understood that '*0 in N,O
exchanges with 130 in water vapor, and while I deemed water vapor concentrations satisfactory
post-scrubbing, perhaps they were inadequate for entirely eliminating '*O exchange (Kool et al.
2009). Indeed, recent work by Harris et al. (2020) shows that the co-occurring gases can impact

N0 isotopic determinations, underscoring the importance of developing good scrubber systems.
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Table 2.3. SD of mean error and SD of error for each N>O concentration range for all measured
isotopocules and SP. SD was lowest (e.g., highest precision) in the medium N>O concentration
range.

SD of error 315N, %o 15NB, %o 8130, %o SP, %o

Mean SD of error +16.08 +20.43 +41.30 +8.13
Low [N20] SD of error +17.49 +29.11 + 60.87 +13.61
Medium [N2O] SD of error + 8.07 +9.38 +31.63 +2.54
Large [N,O] SD of error +26.74 +29.09 +43.61 +3.90

It is also notable that greater precision in §'>N*and 8'°NP resulted in increased precision
in SP across all concentration ranges. Thus, SP precision was best in the medium N>O
concentration range and poorer in the low and high N>O concentration ranges (Table 2.3).
Interestingly, the estimated SP precision is consistently better than the estimated precision for
8'"N®and §'SNP (Table 2.3). It appears that errors in 8'>N*and §'° NP are correlated, in that when
one isotopomer is over-estimated so is the other, and vice versa. Through calculating SP, this
causes the errors to appear to cancel each other out, resulting in greater SP precision than the
precision of each isotopomer. From the perspective of using SP to characterize microbial N>O-
generating processes in soils, this could be advantageous.

Overall, I hypothesize that these patterns in isotopomer and isotopologue precision across
N20 concentrations are likely due to a weak optical signal at low N2O concentrations and optical
saturation at high N>O concentrations. Further, I propose that the isotopomers and isotopologues
from the lowest and highest N>O values are responsible for the poorer precision in the low and
high concentration ranges (Figure 2.2). Thus, the outcomes of this calibration suggest that I can
best perform isotopic analyses at N2O concentrations ranging from 1.5-75 ppm (Figure 2.2D-F).
5.3 Using SP to evaluate the accuracy of the calibration approach

I found that I was able to estimate SP values with relatively good precision and accuracy,

thus providing further support for the efficacy of my calibration approach (Table 2.2, Figure 2.3).
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This is a significant achievement because SP is a focal value of interest for partitioning among
microbial and abiotic sources of N>O. SP is also a uniquely useful metric for identifying possible
systematic biases in my calibration because its derivation is sensitive to errors in either of the

isotopomer values. That is, SP values carry a legacy effect from over or underestimating either

S1°N*or §'NP,
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Figure 2.3. The relationship between corrected N>O and the residual error in SP. Panel A shows
all data across the entire calibration range, whereas panel B is zoomed in to only show residual
error in SP from >2ppm. Note the difference in y-axis scale. While there is still some fanning in
residual error vs. N2O from 0-2ppm following calibration (A), the magnitude of this effect
diminishes greatly when N>O concentration is constrained to >2ppm (B).

The plot of error in SP vs. corrected N>O concentrations shows that over and
underestimation in §'>N*and 3'°NP are most prevalent at N>O concentrations less than 2 ppm
(Figure 2.3). Note that I am discussing error in SP in the context of individual data points, rather
than in reference to the whole population of SP values (e.g., to what degree was each SP value
over or underestimated?). To discern whether it is §'>N®or §'5NP that is being over or
underestimated, I can reference back to Figure 2.2D-E. A side-by-side comparison of error for
8'SN® and 5'NP show that the over and under estimations are larger in §'*NP than in §'SN*

(Figure 2.2D-E). This suggests that any over or underestimation I observe in SP is due to a

greater magnitude error in >NNO estimation rather than N'>NO estimation. This is not to say
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there is no error in N'>NO estimation, but that the isotopomer with the greater magnitude error
will be responsible for the direction of error in SP calculations.

However, it is worth noting that the error in SP is most dramatic only at the lowest N>O
concentrations in the calibration range (Figure 2.3). Also, while the error in SP < 2ppm is
nontrivial, it is notable that the direction of variation is both positive and negative. This suggests
that error in SP < 2ppm is due to noise in isotopic data at low N>O concentrations, which I
acknowledge is a limitation to the instrument’s precision, rather than the calibration approach
itself. However, when the N>O concentration range is truncated to not include N>O
concentrations < 2ppm, the mean residual error becomes closer to zero (£3.02 %o) and more
homoscedastic, suggesting that (1) error is minimized in 8'>N*and §'*NP corrections > 2ppm, or
(2) error in §'°N*and &' NP are comparable in magnitude but opposite in direction > 2ppm N,O
and cancel each other out. Whichever the mechanism, my measures of SP validate my calibration
approach because I demonstrate small residual error in SP over approximately a 100-fold N2O
dilution range, which is reflective of my accurate and precise calibrations of N>O, N'>NO, and
ISNNO. I acknowledge that this validation does not account for NN'#0, but I hypothesize that the
instrument behaves similarly for all isotopocules and if three of four isotopocules exhibit good
calibration, the fourth is likely well-calibrated too.

5.4 Evaluation of instrument drift over time

Full calibration is an intensive process requiring many analyses and types of diluted
standards. During regular operations, I ran check standards of the calibration gases to assure that
the instrument had not drifted in calibration over time. I presumed that it would not drift
significantly because cavity-enhanced absorption spectroscopy is a first-principles technique in

which all the critical factors (e.g., absorption, gas pressure, gas temperature, and optical
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pathlength) are measured. Moreover, the instrument temperature, gas pressure, and laser
wavelength are actively stabilized, helping to further minimize long-term drift.

I evaluated the tendency for the instrument to drift over time and determine the necessary
frequency of re-calibration. To test the rate of drift, I ran dilutions of the secondary standard
spanning from 0.3-300ppm N>O in June 2018 (n = 72), October 2018 (n = 68), and October 2019
(n =14) and performed a series of one-way ANOV As comparing mean §'°N°, §'NF, SP, and
8'%0 from each time point. Dilutions of the primary standard were not run for this test due to its
limited volume. All mean values overlapped, indicating little evidence to suggest drift in the

instrument over the 17-month period of operations (p > 0.05 for §'°N* 8NP, SP, and 5'%0;

Figure 2.4).
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Figure 2.4. Mean and standard error in 3'°N¢, §'°NP, SP, and 5'80 from different sampling
periods. Differences among & values and for SP are not significant (p > 0.05 in all cases).

Following this test, I do see that the SE for SP declined somewhat markedly from
October 2018 to October 2019 (SE £2.48 to SE +9.69, respectively; Figure 2.4). However, the

decrease in SE precision is likely due to having much smaller sample size in October 2019 vs.
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October 2018. Despite this, I see generally consistent mean isotopomer, isotopologue, and SP
values over time (Figure 2.4).

Thus, I recommend updating the calibration model parameters periodically to keep the
correction functions robust. The instrument does not appear to require re-calibration more than
once annually, which is ideal for instrument use over broad temporal scales. I also recommend
running frequent standards to ensure that the instrument is not displaying erratic behavior or
drifting at a different rate. Specifically, I recommend running a set of check standards that fall
into each concentration range, and not just using a single check standard. That is, run check
standards that fall in the low, medium, and high N>O concentration ranges. This will allow users
to evaluate drift across all N2O concentrations and the need for recalibration. While I think it is
unlikely, based on the features of cavity-enhanced absorption spectroscopy described above, it is
possible that isotopocule concentrations could drift in one concentration range but remain stable
in another. To account for that, running regular check standards will be useful. In my own work,
I balance the need for sample throughput vs. calibration checks by running two check standards
daily in each of my three concentration ranges, and then looking for evidence of drift on weekly
time scales. In sum, I encourage readers to run at least weekly standards that span the full
calibration range to assess the need for updating calibration parameters.

5.5 Results of ’N>O-enriched validation of calibration approach

An important aspect of using my laser-based analyzer is my ability to run isotopically
enriched samples. Isotopic enrichment has the advantage of measuring large changes in >N,O
(high signal) and thus results are more robust and less ambiguous than measurements performed

at natural abundance. However, I needed to validate that 1) I could calibrate isotopically enriched
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samples using the same methodology as natural abundance samples, and 2) that I could measure
isotopically enriched samples with minimal noise to ensure robustness of this method.

I performed two rounds of '°N,O-enriched repeated measurements (n = 6 and n = 5) by
adding 1 mL of 99 AP >NO to incubation jars that were prepared as described in Section 3.3.
My aims were to assess if my calibration algorithm would appropriately estimate >N,O-enriched
concentrations and examine the analytical precision of the instrument for >N>O-enriched
samples. Unfortunately, I was not able to test the calibration algorithm or analytical precision for
80-enriched N>O. Groups wishing to use N>O enriched in 'O should consider running tests on
its behavior, although I postulate that since NN'80 appears to behave like N'>NO and "'NNO at
natural abundance, this should be consistent in isotopically enriched material as well.

Both sets of repeated measures yielded excellent analytical precision (Table 2.4).
Although SD was greater for all AP values for the first round of samples compared to the second
round, SD was comparable in both cases (Table 2.4). I posit that this discrepancy in SD was
likely due to the nature of by-hand dilution, as adding 1mL of highly enriched *N,O to jars with
the same degree of precision is a non-trivial task. Further, the second round of samples indicates
improved consistency with adding the same volume of enriched gas, as by-hand dilution tends to
improve with practice.

Table 2.4. Reported means (+SD) and percent error for ’N>O-enriched samples. N>O

concentration and atom percent (AP) abundances of isotopomers are reported.
ISNPulk = (INSNO]J + [P'NNO)/2.

Test 1 Test 2
(n=6) n=53)
Mean (£SD) % Error Mean (£SD) % Error
N20 (ppm) | 0.501 ppm (+0.001) 0.17% N20 (ppm) | 0.501 ppm (+0.001) 0.22%
I5Ne (AP) 2.22% (£ 0.03) 1.07% I5N“ (AP) 2.45% (£0.02) 0.51%
5N (AP) 2.78% (£0.04) 1.13% I5SNB (AP) 2.67% (£0.02) 0.52%
ISNbulk (AP) 2.48% (£0.04) 1.10% ISNbulk (AP) 2.56% (£0.02) 0.52%




Both sets of repeated measures also responded appropriately to the calibration algorithm.
Even though N>O concentrations were small and isotopomer concentrations were large, the
calibration algorithm appropriately corrected N>O, N'>NO, and >’NNO. This shows that while
N20 and its isotopomers typically fall within the same concentration range (small, medium, or
large) at natural abundance, N>O and its isotopomers can fall into two completely different
concentration ranges (e.g., small N>O and large N'NO or '’NNO) under isotopically enriched
conditions and still get calibrated correctly. Since each isotopomer is measured independently, |
have the flexibility to calibrate isotopomers in the same sample that fall into different
concentration ranges.

Overall, this test illustrates that the calibration algorithm is appropriate for use with
isotopically enriched material, and that the LGR N>O Isotopic Analyzer generates robust
measurements (high signal:noise ratio) with isotopically enriched samples. I suggest taking
advantage of this feature of the instrument and performing isotopically enriched studies when
possible. Enriched studies typically have very large changes in "N>O concentration (high
signal), which makes the level of noise I measured trivial for application in enriched work. Since
these data tend to be far less ambiguous than natural abundance data, I propose that performing
enriched experiments will require fewer technical replicates than natural abundance experiments,
which should contribute to more efficient data collection and interpretation.

5.6 Comparison of LGR precision with IRMS devices

I have demonstrated that my LGR N2O Isotopic Analyzer can be calibrated to measure
N>0, N*NO, "'NNO, and NN'®0 at natural abundance or under isotopically enriched conditions,
but the analytical precision of this instrument is notably lower than the analytical precision of a

traditional GC-IRMS for natural abundance measurements. Traditional GC-IRMS often report
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analytical error less than 1%, but the error I observed for samples at natural abundance was
greater (Table 2.2, Table 2.3). At this time, the LGR instrument manufacturers report instrument
precision better than 1%o at ambient NoO concentrations, but to my knowledge only one lab has
currently confirmed that (Ostrom and Ostrom 2017). However, it is worth pointing out that the
instrument I used for this study was the original prototype for the now commercially available
LGR N;O Isotopic Analyzer (see Section 3.5). Perhaps versions of this instrument manufactured
later have improved hardware and software, making them capable of greater analytical precision.
There have also been reports of variability attributed to instrument-specific behavior, which
could be a factor here, too (Soto et al. 2015).

Additionally, given the inherent noisiness of natural abundance isotopomer data, I argue
that the variability I observe in my calibrated natural abundance data may be manageable, with
appropriate experimental design and replication. In the literature there is already a large range of
possible SP values that are generally agreed upon to correspond to a given microbial or abiotic
N-transformation (Baggs 2008, Decock and Six 2013, Hu et al. 2015, Denk et al. 2017, Harris et
al. 2017). For example, SP values corresponding to bacterial denitrification range from -15 to
25%o (Park et al. 2011, Hu et al. 2015). While these broadly ranging SP values should be
interpreted with caution, for now the convention is to assume that an SP value within a given
range corresponds to a particular process. So, if data are collected in the medium N»O range, SD
of error should be less than 3%o for SP after calibration (Table 2.3). I think that is a reasonable
degree of error for SP measurements, especially as a springboard for using these novel analyzers
to characterize N,O-generating processes.

It is also worth pointing out that there is consensus in the literature about the disparity in

analytical precision for §'>N®!k v, SP (Koster et al. 2013, Ostrom and Ostrom 2017). GC-IRMS
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tends to achieve greater precision for bulk measurements whereas laser-based analyzers tend to
achieve greater precision for SP measurements. Lasers circumvent the ion scrambling issue
idiosyncratic to mass spectrometry by measuring each isotopomer independently and thus report
more precise SP values (Harris et al. 2014, Mohn et al. 2014, Ostrom and Ostrom 2017). I assert
that depending on the N>O measurements a group is most interested in, one instrument might
better suit the group’s need than another. However, throughput is arguably higher for lasers,
which is a factor to weigh despite the onerous calibration challenges.
6. Conclusions and general lessons from calibration approach

As technology for isotopic measurements continues to develop, there is concern that its
adoption will move faster than my capacity to generate accurate and appropriately referenced
isotopic datasets (Ostrom and Ostrom 2017). There is great potential in high throughput laser-
based analyzers, but it is paramount that I use them effectively to improve understanding rather
than to produce datasets of ambiguous calibration. By developing this calibration approach, I
seek to couple precise and accurate isotopic measurements with technological advancements.
Further, this calibration approach can be applied to any laser-based system where the isotope
ratios are determined from direct measurement of each isotopocule concentration. Thus, I hope
this calibration algorithm can be used to advance not only laser-based N»O isotopic research, but
laser-based isotopic research more generally. Here, I explicitly outline some key suggestions for
future calibration efforts.
1. Calibrate isotopocules in N>O concentration ranges

Calibrate isotopocules of N2O in ranges to reduce the statistical leverage induced by the
very wide concentration spread. The breakpoints for the N>O concentration ranges should be

established by examining plots of residuals vs. known N>O concentrations. These range
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breakpoints can then be established for the concentration of each isotopomer or isotopologue by
multiplying the endpoints of the range by the atmospheric "N/!*N or 180/!°0 ratio (see Section
4.2 for details on this procedure). I established that calibrating all isotopocules in concentration
ranges yielded more accurate and precisely calibrated values than calibrating isotopocules across
the entire calibration range (0.3-300 ppm).

2. Use a mathematically similar calibration for all isotopocules

I determined that using the same type of correction function for all isotopocules of N2O
eliminated systematic bias when calculating 6 values. For example, using a spline fit to calibrate
N20 and then using polynomial regressions to calibrate the isotopomers and isotopologue
yielded systematic discrepancies in isotope ratios and subsequently in the 6 values I calculated. I
reduced bias substantially in calculated 6 values when all isotopocules were calibrated in the
same fashion.

I recommend using 2" order polynomial regressions for estimating all isotopocules. I
found that polynomial regressions fit my data better than any other model excluding spline fits.
However, 2" order polynomial fits were superior to spline fits because the error structure of a
spline could differ across isotopocule concentrations, even within a defined N2O concentration
range. This led to poorer isotope ratio determinations, whereas the less flexible polynomial fit
did not have this issue. I acknowledge that data from another instrument might be better fit with
a different model, but regardless, I recommend being consistent and fitting the same type of
model to all data.

3. Natural abundance analytical precision is best in the medium N>O concentration range
I have empirically determined that natural abundance isotopomer and isotopologue data

from my laser-based analyzer is most precise in the medium N>O concentration range. To that
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end, I encourage striving to collect N>O data that falls within the ~1.5-33 ppm N>O concentration
range. I acknowledge that the endpoints of this range could vary by instrument, but in general
instrumental error was greatest at the lowest and highest N>O concentrations within my
calibration range (e.g., below 1.5 ppm and above 75 ppm, Figure 2.2). Thus, although my
calibration shows that I can correct natural abundance N>O and isotopic data relatively
accurately and precisely between 2-75 ppm, consider increasing the number of technical
replicates if users choose to analyze N>O data that falls outside of the medium N,O range (Figure
2.1B; Figure 2.2D-F, Figure 2.3).
4. Isotopically enriched measurements are robust

My repeated measures test of '’N>O-enriched samples demonstrates that measuring
isotopically enriched isotopomers of N>O is robust (Table 4). I have determined that the current
laser-based technology is ready for high-precision N>O research once a concentration-specific
offline calibration is applied when using isotopically enriched material. I encourage groups
aiming to use these laser-based instruments to ask research questions that can be addressed using
isotopically enriched material. This will allow our field to continue to study N2O and its
isotopomers while the scientific community works to improve the analytical precision necessary

for natural abundance measurements with these laser-based instruments.
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CHAPTER 3: CHARACTERIZING THE IMPORTANCE OF DENITRIFICATION FOR N0
PRODUCTION IN SOILS USING NATURAL ABUNDANCE AND ISOTOPIC LABELLING

TECHNIQUES

1. Summary

Nitrous oxide (N20), a potent greenhouse gas that contributes significantly to climate change, is emitted
mostly from soils by a suite of microbial metabolic pathways that are nontrivial to identify, and
subsequently, to manage. Using either natural abundance or enriched stable isotope methods has aided in
identifying microbial sources of N>O, but each approach has limitations. Here, I conducted a novel pairing
of natural abundance and enriched assays on two dissimilar soils, hypothesizing this pairing would better
constrain microbial sources of N>O. I incubated paired natural abundance and enriched soils from a corn
agroecosystem and a subalpine forest in the laboratory at 10-95% soil saturation for 28 hr. The natural
abundance method measured intramolecular site preference (SP) from emitted N>O, whereas the enriched
method measured emitted "N,O from soils amended with "N-labelled substrate. The isotopic composition
of emitted N>O was measured using a laser-based N>O isotopic analyzer, yielding two key findings. First,
both methods revealed that denitrification was the primary source of N>O in all soils: isotopic enrichment
revealed clear NOs™ reduction to N>O, while SP indicated a likely combination of fungal and bacterial
denitrification. Second, I quantified, for the first time to my knowledge, persistent (>50%) -position-
specific enrichment in emitted '"N>O, which is far in excess of SP-level fractionation expectations. This
counter-intuitive enrichment pattern raises the possibility of previously unrecognized N-transformations in
these soils, which warrants further study. Alternatively, this pattern could be indicative of co-denitrification,

an understudied but potentially highly important contributor to N>O emissions.
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2. Introduction

Nitrous oxide (N20) is a far more potent greenhouse gas (GHG) than other biogenic
GHGs (Ravishinkara et al. 2009, Cias et al. 2013). On a per molecule basis, N2O has a warming
potential 298x greater than carbon dioxide (CO2) and 34x greater than methane (CH4) (Alvarez et
al. 2012, Rector et al. 2018). This is problematic because the atmospheric N2O concentration has
risen an unprecedented 20% since the beginning of the Industrial Revolution (Ciais et al. 2013).
Microbial metabolism of synthetic and manure-based nitrogen (N) fertilizers in agricultural soils
are largely responsible for this sharp rise in atmospheric N>O (Davidson 2009, Park et al. 2012,
Smith 2017). Approximately 70% of N2O is emitted from soils, and most of that N>O is emitted
from soils that have surpassed an N-limitation threshold (Aber et al. 1989, Aber et al. 1998, Fenn
et al. 2018). In these soils, inorganic N supply exceeds soil carbon (C) availability, which
typically manifests in heightened microbial N metabolism and excess N2O emissions (Davidson
2009).

Multiple microbial metabolic pathways can generate N>O, and so it can be difficult to
identify the process(es) responsible for emissions (Snider 2011, Zhang et al. 2016, Ibraim et al.
2018, Wong et al. 2020). Microbes can emit N2O via nitrification, dissimilatory nitrate reduction
to ammonium (DNRA), denitrification (bacterial and fungal), nitrifier-denitrification, co-
denitrification, and anaerobic ammonia oxidation (anammox) (Butterbach-Bahl et al. 2013).
However, identifying the microbial source process(es) responsible for emissions is particularly
challenging because each process is sensitive to a variety of spatially and temporally variable
factors such as soil physical and chemical properties, climate, moisture, availability of N
substrate, and microbial community composition and activity (Jenny 1980, Wrage et al. 2004,

Park et al. 2011, Toyoda et al. 2015, van Groenigen et al. 2015, Congreves et al. 2019, Denk et
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al. 2019). To further complicate matters, processes can co-occur, sometimes even being
performed by the same soil microbe (Sanford et al. 2012, Long et al. 2013, McTigue et al. 2016,
Wen et al. 2016). Taken together, this consort of variables makes it difficult to comprehensively
identify the microbial processes responsible for NoO emissions over space and time. To manage
rising N>O levels, we must be able to better identify which microbial pathways are responsible
for emissions, especially as soils become progressively N-saturated due to human activities.

Stable isotopes have proven central to understanding the biochemical source processes of
N20 (Baggs 2008, Baggs 2011, Snider 2011, Snider et al. 2015, Hu et al. 2015, Yu et al. 2020).
Both natural abundance and enriched methods have been used to quantify these sources (Perez et
al. 2006, Ostrom and Ostrom 2012, Screiber et al. 2012, Ostrom and Ostrom 2017, Yamamoto et
al. 2017). Isotopic enrichment has proved a reliable and robust method for partitioning among
the better-studied N2O-generating processes, nitrification and denitrification (Wrage et al. 2004,
Mathieu et al. 2006, Wagner-Riddle et al. 2008, Russow et al. 2009). By amending a given soil
with isotopically labelled "NH4" or ’'NOs-, researchers can reveal when nitrification or
denitrification dominates by tracing the emitted enriched N>O back to the enriched substrate.
However, °N additions are somewhat limiting in that they only partition between the two broad
classes of processes.

In contrast, a number of studies have now characterized the natural abundance
intramolecular distribution of >N in the N>O molecule to delineate among multiple N,O-
producing processes (Sutka et al. 2006, Chen et al. 2016). Like many biochemical
transformations, stable isotope fractionation occurs during N>O production (Menyailo and
Hungate 2006, Vieten et al. 2007, Lewicka-Szczebak et al. 2015, Snider et al. 2015). This causes

differential accumulation of heavy N in either the central, a-position N, or the terminal, -
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position N, in the linear N2O molecule (*N="N=0, Yoshida and Toyoda 2000). The
intramolecular distribution, or difference in §'°N between §'°N®and §'°NP isotopomers, is termed
site preference (SP, Yoshida and Toyoda 2000). Since the early 2000s, a number of pure culture,
lab, and field studies have shown that many N>O-generating processes reliably yield consistent
SP values (Toyoda et al. 2005, Sutka et al. 2006, Well et al. 2006, Perez et al. 2006, Baggs 2008,
Park et al., 2011, Snider 2011, Maeda et al., 2015). To date, researchers have used SP to
disentangle diverse processes, including: nitrification via ammonium oxidizing Archaea (AOA)
or ammonium oxidizing bacteria (AOB), fungal or bacterial denitrification, and nitrifier
denitrification (Wrage et al. 2004, Sutka et al. 2006, Wu et al. 2016, Wrage-Monnig et al. 2018,
Rohe et al. 2020). However, there are disagreements in the literature about the robustness of this
method for multiple reasons. First, interlaboratory calibration for N>O isotopic standards remains
an ongoing issue (Mohn et al. 2014, Ostrom and Ostrom 2017, Ostrom et al. 2018, Harris et al.
2020). Second, SP values have been reported to overlap among very different source processes
(e.g., nitrification and fungal denitrification), or among similar source processes that occur under
similar conditions (e.g., denitrification and nitrifier denitrification or nitrification via AOA vs.
AOB, Decock and Six 2013, Xia et al. 2013, Hu et al. 2015, Wenk et al. 2016, Yamamoto et al.
2017, Wrage-Monnig et al. 2018, Yu et al. 2020). And third, N2O = N; reduction during
denitrification enriches §!'°N® and can thus confound SP values (Koster et al. 2013, Mohn et al.
2014, Ostrom and Ostrom 2017, Lewicka-Szczebak et al. 2020, Stuchiner et al. 2020).

To overcome the individual limitations of enriched and natural abundance studies, I
paired both methods on the same soils to enable better partitioning among N>O-generating
source processes. | paired these methods on two very different soils, one from a corn

agroecosystem and one from a subalpine forest, held at 50-95% saturation to promote diverse
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N20-generating microbial metabolic pathways. Under these relatively wet conditions, soils have
the potential to host a variety of biotic processes, such as bacterial or fungal denitrification,
nitrifier denitrification, DNRA, anammox, or codenitrification, and I sought to disentangle
overlapping or ambiguous isotopic signatures by using paired enriched and natural abundance
approaches. I also measured SP for these soils held at 10-40% saturation because I anticipated
primarily nitrification-driven SPs (approximately > 30%o) but wanted to test for other processes
or atypical SPs (Sutka et al. 2006). By incubating different soils under both natural abundance
and isotopically enriched conditions, I aimed to reveal gaps in our understanding about these
isotopic approaches, and better understand the microbial N-transformations occurring in different
soils.
3. Materials and Methods
3.1 Field sampling and soil characterization
3.1.1 Site descriptions

I collected soils from two contrasting ecosystems in Colorado: a corn field and a
subalpine forest. All soils were collected from the top ~20 cm of the soil profile. Soil properties
and treatments for each site are summarized Table 3.1.

Table 3.1. Properties and treatment descriptions (as applicable) for all sites. Percent soil organic

C (SOC) and soil organic N (SON), and microbial biomass C and N were measured in June
2018. Growing season irrigation or N application was averaged across all the same agricultural
treatments plots, and the subalpine values are for the entire watershed surrounding that subalpine
environment. The n-value for soil treatment corresponds to the number of plots that samples
were collected from. The n-values for all other measurements correspond to the number of
technical replicates from each bulked soil sample. Error bars represent + one SE from the mean.

Site Soil treatment Abbreviated Irrigation Total N application % SOC % SON Microbial Microbial
soil name (mm/growing rate (kg/ha/yr) Biomass C Biomass N
season) (pg C/g dry soil) (pg N/g dry soil)
Agriculture High N High Water HNHW 497 266 1.21 (£ 0.162) 0.077 (+ 0.003) 4.04 (+0.271) 0.514 (£ 0.192)
(n=4) (n=4) (n=4) (n=4) (n=4)
Agriculture High N Low Water HNLW 441 270 1.36 (+ 0.036) 0.098 (+0.017) 2.67 (+0.485) 0.169 (+ 0.045)
(n=3) (n=4) (n=4) (n=4) (n=4)
Agriculture Low N High Water LNHW 497 172 1.28 (x 0.060) 0.093 (+ 0.002) 5.19 (£ 1.13) 0.523 (£ 0.179)
n=4) (n=4) (n=4) (n=4) (n=4)
Agriculture Low N Low Water LNLW 441 154 1.47 (x 0.090) 0.102 (+ 0.004) 2.96 (+0.788) 0.310 (+0.218)
n=3) (n=4) (n=4) (n=4) (n=4)
Subalpine None Subalpine N/A 3-35 7.82 (+ 1.20) 0.355 (+ 0.086) 8.17 (+1.42 0.769 (+ 0.275)
(n=4) (n=4) (n=4) (n=3) (n=3)
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Agricultural site

I collected soil from the Limited Irrigation Research Farm located north of Greeley,
Colorado (described in detail in Zhang and Yemoto 2018). In 2016, experimental treatments
were applied across treatment blocks that measured approximately 6 x 20 m. These treatments
manipulated soil irrigation and fertilizer N to assess the impact on corn crop yield (detailed in
Table 3.1). These treatments included: high N high water (HNHW, n = 4 plots), high N low
water (HNLW, n = 3 plots), low N high water (LNHW, n = 4 plots), and low N low water
(LNLW, n =3 plots). The experimental design used 14 fully randomized treatment blocks with
high or low irrigation rates, and high or low additions of urea and NO;" fertilizer. The blocks
were in an approximately 60 x 60 m field, which included other treatment blocks not included in
this study, and there was a 6 m buffer around all sides of the field. The soil at this site is
classified as Olney fine sandy loam soil, entailing fine-loamy, mixed, super-active, mesic Ustic
Haplargids (Zhang and Yemoto 2018). All soil was sampled from the Loamy Sand surface
horizon, as classified by Limited Irrigation Research Farm personnel (Trout and Bausch, 2017).

The high and low irrigation treatments provided crops with sufficient watering to meet
100 and 65% of plant evapotranspiration requirements during the late vegetative and maturation
growth stages. The high and low N additions were 250 and 130 kg/ha and were applied as a
combination of liquid urea and NOs" in the irrigation water. Because I could not control the
amount of NOs™ leached into the groundwater, this resulted in some discrepancies in the amount
of fertilizer applied to plots, depending on HW or LW treatment. However, analysis of soil IN
(described in detail in Text S1) indicated that all HN soils had greater IN levels than LN soils,
but the HNHW soil had higher IN levels than the HNLW soil, and the LNHW soil had higher IN

levels than the LNLW soil, albeit not appreciably higher (Table 3.3). However, these differences
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in N loading have no material impact on my study because my goal was to incubate soils to
identify different microbial N>O-generating processes, not necessarily assess the impact of each
of these field treatments. Liquid urea was applied in ~22 kg/ha drip fertigation aliquots
throughout the vegetative growth stages (N. Flynn, pers comm).

Subalpine site

The Loch Vale Watershed is located in Rocky Mountain National Park on the eastern
edge of the Front Range in Colorado, USA, between 3100 and 4000m elevation (described in
detail in Heath and Baron 2014). This watershed is subjected to atmospheric N deposition due to
easterly winds carrying inorganic N from agricultural, vehicle, and industrial sources along the
Colorado Front Range into the park. The N falls primarily as wet deposition (Baron et al. 2000).
The Loch Vale Watershed receives ~3-3.5 kg/ha/y of wet N deposition, which has previously
been found to alter ecosystem processes (Baron et al. 2000; Booth et al. 2016; Oleksy et al.
2020). Comparatively, background N deposition in the Front Range is ~1 kg/ha/y of wet N
deposition (Baron et al. 2000). The watershed receives ~105 cm of precipitation per year, with
~50 cm falling in the summer months (Heath and Baron 2014).

I collected soils from the subalpine forest at ~3200 m, sampling from four randomly
selected GPS coordinates where the conditions appeared undisturbed by human foot traffic. No
sampling was conducted on the long-term N fertilization plots (Boot et al. 2016). The subalpine
forest soils are classified as cryic spodosols, with rocky sandy-loam textures (Weinman 2020).
Soils sampled from the Loch Vale Watershed site were taken from the OA horizon (Jill Baron,

pers comm).
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3.1.2 Soil collection and analyses

All soils were collected either in the second week of June 2018 or the third week of July
2018. Soils were collected using a Scm-diameter soil auger to a depth of ~20 cm. Six cores were
collected randomly throughout each sampling plot and bulked into gallon Ziploc bags. Bags were
placed on ice in the field to minimize microbial activity, and then refrigerated at 4 °C upon return
to the lab. Within 24 hr after sampling, soils were sieved to 2mm and homogenized by treatment.
Ziploc bags containing the processed soil were frozen at -20 °C. All incubations and analyses
were performed within three months after soils were collected.

Prior to freezing soils, I performed KCI extractions and calculated soil gravimetric water
content. After soils had been frozen, I measured soil pH, soil organic C and N (SOC and SON),
and soil microbial biomass C and N (MBC and MBN). Frozen soils were also overnight shipped
on ice to Ward Laboratories Inc. (Kearney, NE, USA), where soil phospholipid fatty acids
(PLFAs) were extracted and analyzed to determine fungi:bacteria ratios for each soil. All of
these methods for measuring properties of fresh and frozen soils are described in detail in
Appendix 2 (Appendix 2 Text 1).

3.1.3 Determination of soil saturation

Prior to manipulating soil moisture, I first determined the soil water saturation point. My
sieved soils lacked soil pore structures, so % water-filled pore space (WFPS), which is typically
used to characterize field capacity, was not relevant (Farquharson and Baldock 2008). Instead, I
thawed subsamples of the frozen, field-moist soil and amended them with DI water until fully
saturated, or at maximum WHC. Then, I dried samples to a constant weight in a 105 °C oven and

calculated saturated water content by dividing the mass of water in the sample by the sample dry
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soil mass. I brought soils to desired saturation levels (10-90% saturation) by either air-drying or
by wetting soils with DI water, as needed.
3.1.4 Comparison of soil properties at two time points

For my experiments, I incubated soils under isotopically enriched conditions and at
natural abundance. Due to the limited volume of soil I was permitted to collect in June 2018, I
collected more soil in July 2018. As such, the isotopically enriched incubations were performed
on June soils, and only on the subalpine soil and the HNHW soil from the agricultural site.
Dissimilarly, the natural abundance incubations were performed on all the soil types (see Table
3.1) I collected in July.

To account for differences in soil properties from June to July that could impact
microbial activities, I compared all measured soil properties for the soils used in enriched and
natural abundance incubations (subalpine and HNHW) with t-tests. Since the other agricultural
soils were not used in June, I did not compare how their properties changed from June to July.
3.2 Soil incubations
3.2.1 Soil amendments and incubation setup

Soils were separated into two treatment groups: those amended with isotopically enriched
substrate and those held at natural abundance. For all incubations, the frozen soil equivalent of
50g of dry soil (this varied by site and soil treatment) was weighed into 0.5 L Ball jars and
refrigerated overnight to thaw. Prior to amendment, all soils were removed from the refrigerator
and brought to room temperature over the course of 2 hours to reduce disruption of microbial
cellular membranes (Boot et al. 2016).

Soils that were isotopically enriched were amended with 99 atom percent (AP) excess

ISNH4Cl or Na'>NOs at an application rate that aimed to double the amount of >N in the NH4*
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and NOs™ pools in each soil. Because natural abundance >N comprises only 0.37% of N atoms,
this isotopic doubling means that I altered the soil N total pool size by <1%, which should have
negligible impact as a fertilizer treatment. Specific amounts of °N added are presented in
Appendix 2 (Appendix 2 Table 4). The stable isotope tracer was dissolved in DI water and
pipetted over the soils at a constant application rate, and then additional DI water was distributed
by pipette over the soils to bring soils to the desired saturations (10-95% soil saturation). After
all liquid was added to a given soil, it was mixed thoroughly to ensure sufficient distribution of
stable isotope tracer and homogeneous saturation.

Soils that were held at natural abundance were brought to desired saturations either via
additions of DI water or through air drying on ice to reduce microbial activity. For the soils that
needed to be air dried, they were weighed periodically (~every 10 min) to track moisture loss
until the desired dryness was reached.

After soils were brought to their desired saturation and amended with tracer (if
applicable), jars were sealed for incubation (Figure 3.1). It is methodologically challenging to
balance the need for a small headspace (thus maximizing final N>O concentration) with the need
to remove large volumes of air for isotopic analysis from a hard-sided incubation jar (more
details in Section 3.2.2). I compromised with a design that included a 0.5L jar and a 1L gas bag
connected to the jar headspace. The jar lid was drilled to contain two ports with Swagelok
bulkhead fittings. One fitting vented to % in Tygon tubing with a two-way stopcock (valve 1) for
gas sampling (Figure 3.1). The other fitting vented to a luerslip that could be fitted with a two-

way stopcock (valve 2) attached to a 1 L Tedlar gas bag (Figure 3.1).
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Figure 3.1. Incubation jar-gas bag apparatus. Panel a is a conceptual model of theapparatus, and
panel b shows a photograph of the apparatus.

At the outset of the incubation, I flushed all jars and filled associated gas bags from a
cylinder of medical-grade compressed air to provide a uniform starting gas background (Airgas
Industries, etc.). Soils were incubated on in an interior lab countertop, at approximately 24 °C for
28 hr. At the end of the incubation period, I mixed each jar and gas bag’s air by attaching a 60
mL syringe to the jar’s gas sampling port and, by having stopcock valves 1 and 2 open, I pumped
the syringe for ~ 60 seconds to homogenize the jar headspace and Tedlar gas bag (Figure 3.1). At
the time of sampling, I connected the gas analyzer instrument system directly to the headspace-
gas bag apparatus. Removal of jar headspace air thus emptied the gas bag and jar headspaces
together, keeping the jar air pressure at atmospheric levels.

3.2.2 Measurements of N>O concentration and isotopic compositions
After 28 hours, incubation vessels were attached to my laser-based Los Gatos Research

(LGR) N;O isotopic analyzer. Gas was sampled from each incubation vessel for 12-15 minutes
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(or until the N>O concentration stabilized) at a flowrate of 42 mL/min into the analyzer. Samples
were attached to the analyzer upstream of a Nafion-Carbosorb-Silica gel scrubbing system to
remove CO2, H2O vapor, and VOCs from the sampling stream. This measure is taken

to minimize the optical peak-broadening effects inherent to laser-based analyzers, as these
effects can decrease the accuracy of reported N>O concentrations. For further details, see
Stuchiner et al. (2020).

I previously described the instrumental determination of N>O concentration and isotopic
composition (Stuchiner et al. 2020). Briefly, my analyzer measures concentrations of N2O
("*N'N'6Q) and all its isotopomers (14N'SN'®Q, SNN!Q, and “N'*N'80) using cavity
enhanced laser absorption spectroscopy (Los Gatos Research N>O Isotopic Analyzer model 914—
0027; ABB-Los Gatos Research, Mountain View, CA, USA) in a continuous flow-through
system without pre-concentration of the incoming gas. Calibration, as described in detail in
Stuchiner et al. (2020), involves the joint calibration of all isotopomers against dilutions of the
USGSS52 standard and dilutions of my laboratory working standard. Due to non-linearity in the
instrument response, [ had best calibration success by breaking the observed data into
concentration ranges and using separate polynomial regression to calibrate each range. Check
standards interspersed with samples confirmed the accuracy and precision of analyses.

All raw concentration data for each sample was exported to Excel (version 16.46) where
it was trimmed to include only the N>O and isotopomer concentrations after readings had
stabilized. Approximately the final ~5 minutes of sampling was used to calculate average N>O
and isotopomer concentrations. The concentrations of N2O and each isotopomer were calibrated
using the model described in Stuchiner et al. (2020), and then isotopomer concentrations were

converted to 8 notation. I calculated the & values using standard notation and the '>N/!*N ratio of
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atmospheric N2 (0.0036765) or the '*0/'°O in VSMOW (0.0020052). All § values are in %o. The
8'80 values are reported in Appendix 2 (Appendix 2 Figure 1).

Equations 1-3 can be used to determine the & values for the N>O isotopomers:

(NlSNO/NZO)sample

1) §'°N® = -1

@ (NNO/N;0)ora

(2) 515Nﬁ — (15NN0/N20)sample -1
(**NNO/N;0)s¢q

(3) 6180 — (NNISO/NZO)sample ~1

(NN'®0/N;0)5tq
And to determine SP I used Equation 4:
(4) SP = §N* — §15NF

At low N2O concentrations the SP data was consistently unreliable or out of the
biologically plausible range (e.g., positive hundreds of %o, Appendix 2 Figure 4), so I did not use
any SP data from those incubations. According to Hu et al. (2015), the plausible range goes from
-30 to 50%o. To avoid erroneous exclusion of data, I extended the range from -40 to 65%o
because there is uncertainty surrounding the “true” biologically plausible SP range owing to
ambiguity in isotopomer calibration and analytical precision (Ostrom and Ostrom 2017,
Stuchiner et al. 2020). Thus, I excluded 10 of the 59 samples included in my analysis, where they
reported biologically implausible SP values. The complete SP dataset is presented in Appendix 2
Table 1. The majority of these implausible values were associated with relatively low N2O

concentrations (Appendix 2 Figure 3, Appendix 2 Figure 5).

60



3.2.3 Leak test of incubation apparatus

A separate test was performed to assess the gastight seals of the incubation apparati used
in this experiment (Figure 3.1). Twelve incubation apparati were filled with zero-grade air (80:20
N2:0: blend, Airgas Industries) as described in Section 3.2.1 and injected with 1 mL of 99 AP
ISNSN O using a 3 mL syringe, raising the N>O concentration to ~500ppb and the 5! Nbuk to
~6300%o. Six apparati were sampled for N>O and its isotopomer concentrations 1 hr after
preparation (To) and the remaining six apparati were sampled 48 hr after preparation (Tsg). All
samples were taken on my LGR N2O isotopic analyzer. Change in total NoO concentration was
not significant, while change in N enriched N>O was < 2.3% for all isotopomers.
3.3 Data analysis

All raw data was collected and collated in Excel, and then all statistical analyses were
performed in RStudio (version 4.0.2 (2020-06-22) -- "Taking Off Again" © 2020 The R
Foundation for Statistical Computing). Differences among inherent soil properties and treatment
effects were examined using ANOVAs and t-tests. Residuals were examined for departure from
normality, and all N>O production data for the enriched incubations were log-transformed to
meet assumptions of normality in residuals. All predicted N>O production data for the natural
abundance incubations were also log-transformed to meet assumptions of normality in residuals.

The logistic regressions used to predict N>O production rates were fitted in RStudio with
the package dr4dpl.
4. Results
4.1 Soil properties

Soils collected from the agricultural and subalpine sites differed sharply in

biogeochemical properties in both June and July. The June soils are summarized in Table 3.2.

61



There were notable differences in most soil properties between the HNHW and subalpine June
soils (p < 0.05 in all cases), excluding fungi:bacteria ratios, which were not significantly
different.

Table 3.2. Biogeochemical properties of HNHW and subalpine soils collected in June 2018. The

n-value for each measurement corresponds to the number of technical replicates within each
bulked soil treatment. Error bars represent + one SE from the mean.

Soil treatment NOs NH4* Fungi:Bacteria Soil pH
(ug N/g dry soil) | (ug N/g dry soil) | (% fungi/% bacteria)
HNHW 80.3 (+6.51) 3.03 (= 1.09) 0.193 (= 0.035) 7.90 (+0.06)
(n=10) (n=10) n=4 n=18)
Subalpine 1.06 (+0.420) 535 1.29) 0.192 (+ 0.030) 5.14 (= 0.08)
(n=9) (n=9) (n=3) (n=9)

The July soils are summarized in Table 3.3. Pairwise comparisons revealed that all
agriculture soils had notably higher NOs™ concentrations than the subalpine soil-(p < 0.05 in all
cases), but only the HNHW soil had a significantly higher NO3™ concentration compared to the
other agricultural soils (p < 0.05 in all cases). Pairwise comparisons also demonstrate that all
agricultural soils had significantly less NH4" compared to the subalpine soil (p < 0.05 in all
cases), but none of the agricultural soils differed in NH4" concentration. There were some
differences in fungi:bacteria ratios for soils sampled in July. While there were no differences in
fungi:bacteria within the agricultural soils, the HNHW soil had a significantly lower
fungi:bacteria ratio from the subalpine soil (p = 0.0016), and the HNHW, LNHW, and LNLW
soils had borderline significantly lower fungi:bacteria ratios compared to the subalpine soil (p =
0.045, p=0.056, p=0.071). Additionally, soil pH was slightly basic for all agricultural soils and
slightly acidic for the subalpine soil (p < 0.001). There were no significant differences in soil pH

among the agricultural soils.
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Table 3.3. Biogeochemical properties of agricultural and subalpine soils collected in July 2018.
The n-value for each measurement corresponds to the number of technical replicates within each
bulked soil treatment. Error bars represent + one SE from the mean.

Soil treatment NOs NH4* Fungi:Bacteria Soil pH
(ug N/g dry soil) | (ug N/g dry soil) | (% fungi/% bacteria)

HNHW 77.9 (+4.74) 1.80 (£ 0.23) 0.142 (£ 0.008) 8.15 (£ 0.03)
(n=12) (n=12) (n=4) (n=28)

HNLW 19.5 (£ 6.19) 2.82 (£ 0.04) 0.177 (+ 0.014) 8.12 (£ 0.04)
(n=9) (n=9) (n=3) (n=06)

LNHW 13.3 (£ 1.31) 1.80 (£ 0.14) 0.188 (+0.023) 8.16 (£ 0.05)
(n=12) (n=12) (n=4) (n=28)

LNLW 8.51 (£ 0.74) 2.07 (£0.07) 0.183 (+0.013) 8.32 (£ 0.04)
(n=9) n=9) (n=3) (n=06)

Subalpine 0.500 (+0.13) 5.11 (x0.74) 0.267 (+ 0.020) 4.72 (£ 0.04)
(n=18) (n=18) (n=28) (n=18)

Lastly, I compared the HNHW and subalpine soil properties from June to July. I
determined no significant differences in soil NOs", NH4", or fungi:bacteria within each soil from
June to July. However, both soils differed in pH from June to July, with the HNHW soil
becoming more basic (p = 0.005) and the subalpine soil becoming more acidic (p < 0.001).

4.2 Soils held at natural abundance
4.2.1 N>O production rate in natural abundance soils

N20 production rates showed a clear threshold response to variation in soil moisture
(Figure 3.2). At low soil moistures (10-50% soil saturation), N>O production rate was relatively
low and constant. However, at approximately 60% soil saturation, I observed a marked increase
in N2O production rate (Figure 3.2). I fit the following four-parameter logistic model to the data

to characterize these response curves (Equation 5):

a—d

) y=d+——
UL
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Where a is the minimum value, b is the slope of the line, c is the inflection point on the line
(halfway point between a and d), and d is the maximum value. Each of these values correspond

to a biologically relevant N>O production parameter (Table 3.4).
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Figure 3.2. N2O production rates for all soils that were held from 10 to 90% soil saturation. Data
points correspond to observed production rate values and fitted lines are modelled predictions of
N2O production rate for all soils. All fits were modelled using logistic regressions. For the
observed data, n = 27 for HNHW, n = 26 for LNHW, and n = 18 in all other cases. Note the log-
scaled y-axis.

The results of these regressions are in Table 3.4. All logistic fits were strong (R? range
from 0.88 to 0.94). These fits allowed us to compare the mean water content where soil N>O
production rate flipped from low production rates to high production rates (Table 3.4). For most
agricultural soils, the transition point (parameter ¢, Table 3.4) was at approximately 60% soil

saturation, and for the subalpine soil the transition point was at approximately 70% soil

saturation (Figure 3.2).
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Table 3.4. Summary of fit data comparing N>O production rate data to estimated N>O production
rate data using logistic regressions. The R? values correspond to simple linear regressions
comparing real production rate data to estimated production rate data, and the p-values
correspond to each R? value. The values a-d correspond to the parameters estimated from each
logistic regression. Parameter values occur from Equation 5. Note the parameters and R’ values
result from log-transformed N>O production rate data.

Site Treatment Sample size R’ Minimum N0 Slope (b) Soil saturation Maximum N0
(n) production rate (a) transition point (¢) | production rate (d)

Agricultural

HNHW 27 0.94 0.511 16.3 69.2 8.22

HNLW 18 0.92 0.924 15.3 64.0 8.03

LNHW 26 0.90 -0.170 2.65 83.5 15.8

LNLW 18 0.94 0.906 15.6 62.3 7.58
Subalpine forest

Subalpine 18 0.88 -0.155 89.8 70.9 3.71

It is worth noting that the soil saturation transition point is notably higher for the LNHW
soil. The poorer model fit for this soil is likely due to one very high observed N>O production
rate value that pulls the modeled values up, which is why the LNHW curve does not flatten at
high soil moistures, as the other curves do.

4.2.2. Intramolecular site preference (SP) at natural abundance

Across all soils, intramolecular SP generally decreased as percent soil saturation
increased (Figure 3.3). Linear regression across all data points was significant (p = 0.01) with an
R? of 0.25. However, at 90% saturation, SP increased for HNLW, LNLW, and the subalpine soil
(Figure 3.3). Across all soil saturations, HNHW tended to have more enriched SP values than
other soils. There is only data for the subalpine soil starting at 60% soil saturation, because
below this saturation the N>O concentrations were very low, making the SP data unreliable (see
Section 3.2.2, Appendix 2 Figure 3, and Appendix 2 Table 1 for details), but the subalpine soil
also tended to have more enriched SP values. Across all saturations, HNLW, HNLW, and
LNLW soils reported SP values between the HNHW and subalpine SP endpoints (Figure 3.3). In
some cases n = 1 or 2 replicates per treatment as a consequence of instrument errors leading to

biologically implausible SP values (Stuchiner et al. 2020).
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Figure 3.3. Intramolecular SP for all soils from 50-90% soil saturation. SP values were only
used from this soil saturation range because values from lower soil saturations were deemed
unreliable or not biologically realistic. Error bars represent + one SE from the mean. Note not all
data points have error bars, as multiple soils have n = 1 at certain soil saturations. All sample
size information is summarized in Appendix 2 Table 2.

While all soils followed the same general patterns with increasing saturation, there was a
substantial degree of variability among SP values at each saturation level (Figure 3.3). At 50%
soil saturation, SP ranged from 65%o0 for HNHW to 7%o for HNLW. Interestingly, as saturation
increased, the degree of difference among SP values decreased, however soils deviated from this
trend at 90% saturation (Figure 3.3). At this soil saturation the range of values widened. The
subalpine soil had an SP of 17%o, whereas the LNHW soil had an SP of -7%o.

Together, the similar magnitudes and directions of SP values across soils indicate that
microbes were likely performing similar N-transformations at each saturation level. However,
variation among values within each saturation level could indicate soil-specific differences in
microbial behavior. These distinctions may be able to help better elucidate finer-scale differences

in microbial metabolism across soils.
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4.3 Isotopically amended soils
4.3.1 N>O production rate in isotopically amended soils

There was no difference in N>O production rate within each soil saturation level. This
indicates that there was no treatment effect from the "NOs" vs. ’'NH4* amendments (Figure 3.4).
N20 production rate was highest in the 90% saturation agricultural soils (1650 and 1928 ng N>O-
N/g dry soil/day from soils amended with "NH4"and '"NOs, respectively), but markedly
decreased in the 50% saturation soils (3.87 and 3.78 ng N>O-N/g dry soil/day from soils
amended with '’NH4" and "NOs", respectively; Figure 3.4). The subalpine soils had intermediate
N20 production rates (Figure 3.4). N2O production rate was higher in the 85% saturated soils
(451 and 528 ng N>O-N/g dry soil/day from soils amended with '"’NH4" and '>NOs,
respectively), and lower in the 95% saturated soils (168 and 147 ng N2O-N/g dry soil/day from

soils amended with "NH4* and '’NOs", respectively).
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Figure 3.4. N>O production rates from agricultural and subalpine soils across all soil moisture
and isotopic enrichment treatments. In all cases n = 4 except n = 3 for the '’NO3 -amended 50%
saturation agricultural soil. Error bars represent + one SE from the mean. Note the log scale y-
axis.
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4.3.2 Tracing PN signatures to source partition among microbial processes

Across all soil saturations, the majority of >N-label was emitted from soils amended with
SNO;™ compared to soils amended with "'NH4" (Figure 3.5a; p < 0.001). In the '’"’NOs-amended
soils, the largest SN signature (AP) was emitted from the 90% saturation agricultural soil, the
smallest NPk signature was emitted from the 50% saturation agricultural soil, and intermediate
between those two were the subalpine soils, with the 95% saturation soil emitting a greater

ISNPuk signature than the 85% saturation subalpine soil (Figure 3.5a).
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Figure 3.5. Panel a: "N>O" in AP emitted from '"NH4" or '>NOs~ amended soils. Panel b:
8NLOP !k emitted from '"NH4" amended soils. Panel ¢: §'>N,O"* emitted from '"NOs-amended
soils. In all cases n = 4 except n = 3 for the ’NOs-amended 50% saturation agricultural soil.
Error bars represent & one SE from the mean. The dashed horizontal line in Panel a indicates the
AP threshold for isotopic enrichment above natural abundance (0.37 %).
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In the "NH4"-amended soils, the "N®"k §-values for the two subalpine soils and the 90%
saturation agricultural soil were not significantly different and ranged from 3 to 45%o Figure
3.5b). In contrast, the 'SN"* signature for the 50% saturation soil was significantly more
enriched than the other >NH4"-amended soils (p < 0.001 in all cases) and reported a mean AP
and o value above ambient (0.41% and 130%o, respectively, Figure 3.5a, 3.5b).

In the 'NOs-amended soils, the YN §-values ranged from ~730 to 2400%o (Figure
3.5¢). The 50% saturation agricultural soil was the least enriched and the 90% saturation
agricultural soil was the most enriched among the four soils. The 90% saturation agricultural soil
was significantly more enriched than the 85% saturation subalpine soil (p = 0.0074) and the 50%
saturation agricultural soil (p = 0.0095), but there was no difference between the 90% saturation

agricultural soil and the 95% saturation subalpine soil (Figure 3.5¢).
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Figure 3.6. N>O production rates partitioned by "NH4"-oxidizing vs. ’'NOj; reducing pathways.
In most cases, the majority of emitted N>O is generated from microbial NO3 metabolism,
although a detectable fraction of emitted N>O is generated via microbial NHs" metabolism in the
ISNH4*-amended 50% saturation agricultural soil. In all cases, n = 4, except n = 3 for the ’NO;5™-
amended 50% saturation agricultural soil.
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I also calculated the total N>O production rate for each soil partitioned by N>O emitted
from ""NOs” or "'NH4"-amended soil. I determined the N>O production rate from NOs™ reduction
by multiplying the fraction of >N>O emitted from NOj-amended soils by the mean N,O
production rate from each pair of ’'NO; and '"NH4"-amended soils. To determine the N,O
production rate from NH4" oxidation, I subtracted the amount of N>O produced from NO3
reduction from the abovementioned mean N>O production rate. I averaged the N>O production
rates for each soil because there were no differences in production rate between the same soils
held at the same saturation (see Section 4.3.1). This analysis further illustrates that most emitted
N0 came from NO3™ reduction, with a minute fraction of emitted N>O coming from NH4"
oxidation (Figure 3.6).

4.3.3 Isotopic enrichment in the 6"’ N*vs. 6"’ NP position of the emitted N>O

The location of isotopic enrichment (a-position or B-position) in the emitted N>O varied
among soils and by type of isotopic amendment. I present this data by quantifying the percent of
emitted N>O enriched in the B-position ('*N — N — O) from each soil by calculating the atom
percent enrichment (APE) in each isotopomer, using Equations 6 and 7, where AP!>N* is the

APN®or NP, and APgaq corresponds to the AP of PN/('>N+!4N) in N>-Air (i.e., 0.003663):

(6) APE in 8 position = AP*SNB — AP,

APE in a position = AP1SN% — AP,

APE B position
APE [ position + APE a position

(7) Fraction of enriched *°N in B position =
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On the converse, the fraction of N>O enriched in the a-position (N — ’N — O) from each
soil would be 1 - fraction B-position enrichment. The reason I chose to present this data as
percent B-position enrichment is because soils most frequently emitted more B-position "N,O
relative to a-position ’N»O, so it seemed more appropriate to put the equation in terms of -
position enrichment.

The majority of the emitted enriched N>O was derived from the "NOs-amended soils
(Figure 3.6). Information about the o and B-position enrichment from the "'NH4"-amended soils
is available in Appendix 2 (Appendix 2 Figure 2). In the ’'NOjs-amended soils, the 90%
saturation agricultural soil emitted significantly more N>O enriched in the B-position than the
other three soils (p < 0.001 in all cases; Figure 3.7, Appendix 2 Table 3). The 90% saturation
agricultural soil emitted 60% of B-position-enriched N2O, whereas the 50% saturation
agricultural soil, the 85% saturation subalpine soil, and the 95% saturation subalpine soil emitted
54, 55, and 54% B-position-enriched N>O (Figure 3.7). One-sample t-tests compared each soil’s
fraction of emitted NP to 50%; all soils emitted significantly more than 50% B-position-
enriched N>O (p < 0.05 in all cases). This indicates there is preferential enrichment occurring for
the B-position. If preferential enrichment were not occurring, I would observe a 50-50%

distribution of N between the a-position and the B-position.
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Figure 3.7. Percent of emitted N>O enriched in the B-position ('’N—N-—O) from each "NOs-
amended soil. In all cases, n = 4, except n = 3 for the ’NOs-amended 50% saturation
agricultural soil. Bars represent a 95% CI around the mean. For all soils, significantly more than
half of the enriched N>O emitted was enriched in the B-position (all percentages significantly
above 50% dotted line). Different letters illustrate significantly different means. Note: the
percent B-position enriched N>O was only considered for the >’ NOs-amended soils because
those soils emitted most of the isotopically enriched N:O.
S. Discussion

By incubating two distinct soils under both natural abundance and enriched conditions, I
sought to better disentangle among N>O-generating source processes in moist to wet soils (50-
95% saturation). In this case, pairing methods revealed that both bacterial and fungal
denitrification were the primary N2O-generating source processes in all soils from 50-95%
saturation. In addition, I made unique observations of B-position-specific enriched isotopomers,
which both raise questions about biogeochemical pathways and intriguingly, could suggest a

means of identifying co-denitrification, an important and currently understudied microbial

process.
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5.1 Modelling N:0 production rate

The general response of my natural abundance incubated soils to variation in soil
moisture is consistent with previous studies, such that N>O production rates showed a strong
threshold behavior with much higher rates of emissions at higher soil moistures (Figure 3.2;
Parton et al. 1996, Del Grosso et al. 2000, Li and Aber 2000, Parton et al. 2001, Ni et al. 2011,
Taylor et al. 2017, Ji et al. 2018, Song et al. 2019). By applying a logistic regression to my N>O
production rate data, I can extract useful parameters about N>O production capacity from these
diverse soils (Table 3.4).

My findings are consistent with classic interpretations of microbial N>O metabolism,
wherein the transition from aerobic to anerobic metabolism is consistent with a shift from low
N20 flux to higher N2O flux, and this is largely dictated by soil WFPS (Firestone and Davidson
1989, Li and Aber 2000, Butterbach-Bahl et al. 2013, Congreves et al. 2019). Although I used
percent soil saturation, not WFPS, my findings align with Davidson (1993) who illustrated that
from WFPS 60 to ~85%, most of the N-gas flux is emitted as N>O. Similarly, I observed a stark
transition from low N>O emissions rates to high N2O emission rates at ~60% soil saturation
(Figure 3.2). It is worth noting that the maximum N>O production rates differed widely among
soil treatments. These differences are likely modulated by other variables that affect total NO3
reduction rate, such as soil NO3™ or OC (Firestone and Davidson 1989; Figure 3.2, Table 3.1,
Table 3.3).

5.2 Denitrification as the dominant N>O-generating process

All isotopically enriched soils emitted N>O almost exclusively from NO;™ reduction,

rather than from NH4" oxidation, indicating that some combination of bacterial and/or fungal

denitrification generated the observed N>O (Figure 3.6). This aligns with the literature and my
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natural abundance findings for three reasons. First, previous studies show that wetter, anoxic
soils use NOs" as substrate for denitrification (Rohe et al. 2017, Congreves et al. 2019). Second,
the accepted range of bacterial denitrification SP goes from -11 to 15%o, and most of my natural
abundance SPs fell within this range across all soil saturations (Figure 3.3, Sutka et al. 2006,
Well and Flessa 2009, Ostrom et al. 2010, Opdyke et al. 2009, Butterbach-Bahl et al. 2013, Hu et
al. 2015, Rohe et al. 2017). Third, although I measured some SPs that were high (ranging from
~30 to 60%o), I also measured '°N,O emitted almost exclusively from "NOs-amended soils,
rather than from "NH4" -amended soils (Figure 3.5a, 3.5¢). This supports fungal denitrification as
the source of the N>O (discussed in detail in 5.3 below), rather than a different biotic process like
nitrifier-denitrification, where "N>O from '"NH4s"-amended soils would have been observed
(Figure 3.5b; Wrage-Monnig et al. 2018).

In sum, using these paired natural abundance and enriched isotopic methods helped us
identify the importance of denitrification, be it bacterial or fungal, in two distinct soils, even
under less wet conditions (e.g. 50-60% saturation). Recent studies have shown the ubiquity of
denitrification across soil saturations, which my work finds as well (Opdyke et al. 2009, Ostrom
et al. 2010, Groffman 2012, Fang et al. 2015, Thilakarathna and Hernandez-Ramirez 2021,
Harris et al. 2021). It is notable that denitrification drives N>O emissions over a broad range of
soil moistures because this process tends to have greater N>O production per unit N metabolized
than other microbial N-transformations (Inatomi et al. 2019, Yoon et al. 2019, Wang et al. 2021).
Thus, understanding why denitrification is so pervasive will be important future work.

5.3 Potential evidence of fungal denitrification
In general, my use of '°N-labelled inorganic substrates to create enriched incubations

corroborate, and bolster, my findings from the natural abundance incubations. Also, despite the
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one-month time difference between enriched and natural abundance assays, it appears that the
soils were behaving similarly, even after sieving and creating artificial incubation conditions. For
example, soil NH4" and NO;™ levels were very similar over time (see Tables 3.2-3.3), and NoO
production rates were comparable as well (Figure 3.2, Figure 3.4).

For soils incubated under natural abundance conditions, I observed a decline in SP with
increasing soil saturation (Figure 3.3). This pattern is clear, both within and across soils, despite
the small sample size (Figure 3.3). Numerous studies interpret this decrease in SP with
increasing soil moisture as indicating a transition from nitrification to denitrification
(Bergstermann et al. 2011, Denk et al. 2017, Congreves et al. 2019, Ding et al. 2019). However,
my enriched data demonstrate unambiguously that denitrification was the dominant source of
N2O (Figure 3.5, Figure 3.6).

Thus, although I observed atypically high SPs for some of the 50% saturation soils, I
think these values are indicative of fungal denitrification. For my 50% saturation soils, I
observed a SP of 65%o for the HNHW soil and 56%o for one of the LNLW soils, but mostly, I
observed SPs lower than those for HNLW, LNHW, and LNLW soils (ranging from 7 to 28%e,
Figure 3.3). Higher SP values can be indicative of fungal denitrification (~20 to 45%o), but my
measured SPs fall above that reported range. Recently, Wong et al. (2020) reported similarly
high SP values (83%o + 25%o0) in marine sediments and posit that multiple biotic and abiotic
processes proceeding through multiple cycles could account for such enrichment. Since I have no
evidence for abiotic reactions, and since all agricultural soils had comparable fungi:bacteria
ratios, it is plausible that in the 50% saturation HNHW and LNLW soils, reprocessing of fungal
(and to some extent bacterial) denitrification contributed to these larger SP values (Table 3.3,

Figure 3.3).
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I also see generally more enriched SP values for HNHW and subalpine soils across all
saturations (Figure 3.3). In the subalpine soil, I was able to measure biologically plausible SP
values starting at 60% saturation, when denitrification is well-documented to be important
(Groffman 2012, Fang et al. 2015, Cardenas et al. 2017, Schliiter et al. 2019, Thilarkarathna
and Hernandez-Ramirez 2021). Fungal denitrification could be responsible for the more enriched
SP values I measured from these soils. Perhaps in the HNHW and subalpine soils the fungal
community contributed more to denitrification than the bacterial community, although I did not
measure denitrification enzyme activity from my soils to verify this (Butterbach-Bahl et al.
2013). However, my enriched dataset helps support my proposal that fungal dentrification is
occurring in the HNHW and subalpine soils across all saturations (see Section 5.2).

5.4 Position-specific enrichment in isotopically labelled soils

By isotopically labelling soils with "NH4" or '’NO3-, I was able to determine, and report
for the first time, position-specific '’N-enrichment in the emitted N>O from incubations. The
majority of the emitted N>,O was from '>NOs-amended soils, as I discussed above, but within
that emitted N>O, 54-60% of the !N appeared in the B-position (Figure 3.7). This begs the
question: what can this strong degree of position-specific enrichment tell us? It would be ideal if
isotopically enriched isotopomers and SP could be informative of microbial N>O-generating
pathways because these position-specific enriched signatures have far more robust signal:noise
ratios compared to position-specific natural abundance signatures (Wagner-Riddle et al. 2008;
Zhang et al. 2015, Snider et al. 2017).

Currently, I do not have an explanation for these strong B-position-specific signatures
from the enriched incubations, but three possibilities emerge. First, an inverse isotope effect, like

Yang et al. (2014) observed, wherein the B-position N-atom binds more strongly to the active site
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on a denitrification enzyme, could have resulted in greater B-position enrichment in the emitted
N20. Second, this could be an indication of microbial N-transformations we have not yet
discovered or do not yet fully understand biochemically. Future research should evaluate
whether greater enrichment in the B-position occurs reliably under particular conditions. If strong
patterns in position-specific enrichment are broadly observed, then this measure, like SP, could
become another tool for understanding which microbial processes give rise to N2O. Finally, it is
possible that this strong position-specific enrichment is indicative of the infrequently studied
microbial process co-denitrification, wherein the N for the denitrification reaction is obtained
from two different sources. In co-denitrification, typically one N atom is derived from an organic
source and another N atom is derived from NO or NO2™ (Spott et al. 2011, Clough et al. 2017).
Conceivably, either of these N sources (NO or N2O) could become increasingly enriched during
the stepwise denitrification process in a closed incubation system, and potentially be responsible
for the B-position specific enrichment pattern I observed in the emitted '>N,O (Spott et al. 2011).

While this phenomenon I observed certainly warrants further study, the possibility of
being able to identify co-denitrification is important to emphasize. According to Baggs (2011),
co-denitrification has the potential to produce two molecules of N>O for every two molecules of
NO;™ reduced, owing to co-substrate utilization. During conventional denitrification, one
molecule of N2O is produced for every two molecules of NO;™ reduced. Thus, by failing to
measure co-denitrification we could be underestimating denitrifier-produced N2O by a factor of
two, which could have critical implications for managing the N>O budget (Baggs 2011).
5.5 Concluding remarks

I sought to better understand how incubating the same soils under natural abundance and

isotopically enriched conditions can better inform our ability to study microbial N>O-generating
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processes. My study revealed that fungal and bacterial denitrification was the primary source of
N20O in all soils from 50-95% saturation. Further, I observed persistent B-position enrichment in
the N2O emitted from "’NOs -amended soils, which could be indicative of co-denitrification,
although this warrants further study. Thus, while pairing natural abundance and enriched
methods did not reveal a diversity of N>O-generating processes, [ used these paired methods to
discern among diverse denitrification pathways. As such, my work revealed the ubiquity of
denitrification among the soils I tested at a range of different soil saturations.

Scientific research has made ample strides over the past ~30 years to improving our
understanding of the microbial source processes responsible for N>O emissions, and these strides
are largely attributed to more precise instrumentation and improved methodologies (Snider et al.
2015, Ostrom et al. 2017, Ostrom et al. 2018, Yu et al. 2020, Ostrom et al. 2021). While I
acknowledge that it can be logistically challenging for labs to perform natural abundance and
isotopically enriched experiments in conjunction, my study illustrates that it can help to more
finely discern among N2>O-generating source processes, like different forms of denitrification.
Thus, I encourage future studies to continue pairing natural abundance and enriched measures of
N20 stable isotopes. I also encourage researchers to assess position-specific N2O enrichment, as
this may be yet another emergent property of the N>O molecule that could help to reveal co-

denitrification or a yet-identified microbial N-transformation.
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CHAPTER 4: USING ISOTOPE POOL DILUTION TO UNDERSTAND HOW ORGANIC

CARBON ADDITIONS AFFECT N>O CONSUMPTION IN DIVERSE SOILS

1. Summary

Nitrous oxide (N2O) is a formidable greenhouse gas with a warming potential ~300x
greater than CO,. However, its emissions to the atmosphere have gone largely unchecked
because the microbial and environmental controls that govern N>O emissions have proven
difficult to manage. The microbial process N2O consumption is the only know biotic pathway
that can remove N>O from soil pores and can reduce net N>O fluxes. Consequently, manipulating
soils to increase N2O consumption by organic carbon (OC) additions has steadily gained interest.
However, the response of NoO emission to different OC additions are inconsistent, and it is often
unclear if lower N>O emissions are due to increased consumption, decreased production, or both.
Thus, simplified and systematic studies are needed to evaluate the efficacy of different OC
additions on N>O consumption.

I aimed to manipulate N>O consumption by amending soils with OC molecules
(succinate, acetate, propionate) more directly available to denitrifiers rather than to fermenters. I
hypothesized that N2O consumption is OC-limited, and I predicted that these denitrifier-targeted
additions would lead to enhanced N>O consumption and increased nosZ gene abundance. |
incubated diverse soils in the laboratory and performed an isotope pool dilution assay to
disentangle microbial NoO emissions from consumption. I found that amending soils with OC
increased gross N2O consumption in six of the eight soils tested. Furthermore, three of the eight
soils showed Increased N>O Consumption and Decreased N>O Emissions (ICDE), a

phenomenon I introduce in this study as an N2O management ideal. I now hypothesize that
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microbial N2O consumption is regulated by the capacity for a soil to expand its regions of
anoxia, and that is mediated by the addition of electron donors. I suggest future studies prioritize
methodical assessment of different, specific, OC-additions to determine which additions help
show ICDE in different soils.
2. Introduction

Nitrous oxide (N2O) is a potent greenhouse gas (GHG) that has a 100-year warming
potential 298x greater than carbon dioxide (CO»), and it is the primary stratospheric ozone
depleting substance (Ravishinkara et al. 2009, Ciais et al. 2013). Over the past 40 years,
anthropogenic N>O emissions have increased 30%, primarily due to inorganic nitrogen (N)
additions to croplands (Tian et al. 2020). Unfortunately, it has been challenging to reduce N>O
emissions by cutting N inputs because N-fertilizer use is viewed as intrinsic to meeting crop
yield demands (Reay et al. 2012, Smith 2017, Houser and Stuart 2020, Kanter et al. 2020b).

Ideally, the biogeochemical processes that regulate N>O emission from croplands could
be managed to diminish N2O emissions. However, NoO management has been challenged by the
underlying diversity and complexity of soil N transformations associated with N>O production
(Butterbach-Bahl et al. 2013), and by the differing sensitivity of these processes to state factors
(Domeignoz-Horta et al. 2017), transient effects like moisture and temperature (Schindlbacher et
al. 2004, Luo et al. 2013), management history (Krause et al. 2017), and details of the N>O
production intervention (Subbarao et al. 2006, Lam et al. 2017, Zhou et al. 2017, Borchard et al.
2019, Hellman et al. 2019, Lazcano et al. 2021).

The observation of N>O uptake from soils, as measured by gas flux chambers (Chapuis-
Lardy et al. 2007) has focused attention on the process of NoO consumption in soils, and it

highlighted the possibility that NoO emissions may be cut by managing the N>O consumption
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process (Figure 4.2, Yoon et al. 2019). The only known biological pathway for N>.O
consumption occurs in denitrifying bacteria where the NosZ enzyme catalyzes the respiratory
reduction of N2O to N> (Richardson et al. 2009, Hallin et al. 2018). Soil metagenomic studies of
the nosZ gene suggest that the N>O consuming community is diverse and abundant (Jones et al.
2013, Jones et al. 2014, Bakken and Frostegard 2017). But despite this conceptual potential for
managing N>O consumption, Stein (2020) notes in a recent review that significant knowledge
gaps prevent us from predicting the response of N>O consumption to manipulation or controlling

it at the scale of ecosystems.
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Figure 4.1. To disentangle the kinetics of N>O production, consumption, and net emission, I
used isotope pool dilution, an assay where isotopically enriched '"N,O is injected into the
headspace of a closed incubation system and then the label ’N>O disappearance is monitored
over time. Soil and atmospheric gases (pools bounded by dotted outlines) are in dynamic
equilibrium, maintained by diffusion and gas concentration gradients induced by soil biology
over the 48-hr incubation period of the study. Thus, the N>O and label '*N,O concentrations
measured in the headspace of the incubation system were ultimately driven by biological
processes of N2O production and consumption in the soil. Red arrows indicate fluxes that affect
the bulk N>O pool while blue arrows indicate fluxes that affect the label "N>O. In this study, I
quantify gross N>O consumption by tracking the disappearance of label ’N>O over time. I also
quantify net emission as the change in bulk N>O concentration over time.

In my experiment, I sought to stimulate NoO consumption and thereby reduce net N>O
emissions. To enhance N>O consumption, I added OC to soils and compared the N>O
consumption rates and net N>O emission rates in control vs. manipulated soils. In response to
OC-amendment, I looked for Increased gross NoO Consumption and Decreased net N>O
Emissions (ICDE) in soils. From a GHG management perspective, it would be ideal to induce
ICDE in any soil. Here I explore how amending soils with organic carbon (OC) provides an
electron donor source for enhanced N>O = N reduction, which corresponds to N>O
consumption. When some soils show an ICDE response, but others do not, I examine the factors
that explain the response.

One major area of uncertainty about stimulating N>O consumption is how altering
organic matter supply might affect the overall N>O soil biogeochemistry. Organic matter

additions are the focus of many N>O management studies (Stevenson et al. 2011, Sutton-Grier et
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al. 2011, Senbayram et al. 2012, Wu et al. 2018, Hellman et al. 2019, Lazcano et al. 2021, Wang
et al. 2021a). N2O consumption is primarily an anaerobic, respiratory pathway (Hein and Jorg
2019, Shan et al. 2021), and so there exists an environmental correlation where N>O
consumption rates are highest where both O> concentrations are low and organic matter
abundance is high (Senbayram et al. 2012, Wu et al. 2013, Conthe et al. 2018, Wu et al. 2018).
However, studies have found that the net emission of N>O can go either up or down, depending
on the soil and the nature of the organic matter addition. For example, manure additions may
create more anoxic conditions, but these additions also provide nitrogen, leading to potential
stimulation of N>O production (Butterbach-Bahl and Danemman 2011, Duan et al. 2019).
Additionally, sugar additions (e.g., glucose) have most commonly caused increased N,O
emissions and reduced nosZ abundance (Millar et al. 2009, Morley and Baggs 2010, Mitchell et
al. 2013, Barrett et al. 2016, although they have also contributed to anoxia and a reduction in
N20 emissions from soil microcosms (Sdnchez-Martin et al. 2008). It is becoming clear that
simplified and systematic studies are needed to evaluate the efficacy of different organic carbon
additions on N>O consumption.

A second major area of uncertainty arises from the challenge of measuring N>O
production and consumption. When studies find differing N>O emission responses to organic
matter addition, it is often not clear if the differences arise from changes in N>O production, NoO
consumption or both (Butterbach-Bahl and Danemman 2011, Zhu et al. 2015, McMillan et al.
2016, Conthe et al. 2019, Duan et al. 2019, Wang et al. 2019, Shan et al. 2021). Ideally,
management intervention would induce Increased N2O Consumption and Decreased N2O
Emissions (ICDE, Figure 4.1), but other outcomes are, of course, possible. The use of labeled

5N>O in an isotope pool dilution assay is a gold standard that allows direct quantification of N>O
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production and consumption (Figure 4.1, Chapuis-Lardy et al. 2007, Yang et al. 2011).
Although isotopic analyses have historically been costly, required significantly elevated N2O
concentrations (Clough et al. 2006), and slow sample throughput (Ostrom and Ostrom 2017),
new laser-based N>O isotopic analyzers are effective at near-ambient NoO concentrations, with
much faster throughput and minimal sample preparation (Stuchiner et al. 2020).

The ability to rapidly and systematically screen the effects of various organic carbon
(OC) additions on N>O consumption rates opens a new pathway for improved management of
N20 consumption. Here, I sought to induce N>O consumption in soils by providing the microbial
communities with additions of OC. Based on previous work (Hedin et al. 1998, Ostrom et al.
2002) that stimulated N>O consumption through the addition of OC compounds known to be
used by denitrifiers (acetate, succinate, propionate), I hypothesized that N>O consumption is
generally OC limited. In this experiment, I aimed to manipulate N2O consumption by amending
soils with an abundance of the abovementioned electron donors that are more exclusively
available to denitrifiers, rather than to fermenters. I predicted that these targeted additions would
stimulate nosZ abundance and lead to enhanced N>O consumption (Kuypers et al. 2018). To test
this, I incubated diverse soils collected from Colorado, New Mexico, and Minnesota in the
laboratory (1) to see how amending them with denitrifier-specific OC compounds would broadly
affect N>O production and consumption among soils, and (2) to see how underlying features of
the different soils would impact their capacity to consume N2O. All soils were held at 60% water
saturation, amended with non-fermentable organic acids (acetate, succinate, propionate), and
incubated in the laboratory for 48 hr. I used *N,O isotope pool dilution to disentangle microbial
N20O emissions from consumption (Figure 4.1). I also measured a suite of soil properties and

microbial N-cycling gene abundances to examine which of these factors individually and
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collectively helped to explain the soil N2O behavior I observed. To my knowledge, no other
study has yet sought to intentionally manipulate N2O consumption and quantify that effect using
5N, O isotope pool dilution. However, understanding how to stimulate N>O consumption could
have important implications for managing N>O emissions from soils, particularly in agricultural
systems.
3. Materials and Methods
3.1 Field sampling and soil characterization

Soils were collected from eight locations in the United States (Table 4.1). Four soils were
collected in Colorado, one soil was collected in New Mexico, and two soils were collected in
Minnesota. Site and soil-specific properties are summarized in Table 4.1. All soils were collected
within July-August 2019. Throughout the remainder of the article, soils will be referred to by
their site name in Table 4.1.

Table 4.1. Summary of environments where soils were collected and features of all soils used in
the incubation experiment. MAT, MAP, soil classifications, and horizons were determined using

the United States Department of Agriculture Natural Resources Conservation Service Soil
Resource Reports.

Site name Location Site name GPS MAT (°C) MAP (mm) Soil classification Soil
coordinates horizon
Shortgrass Steppe Nunn, CO Shortgrass prairie 40.80458, 11 381 Alluvial Nunn, fine clayey Ap/Bt
-104.71565 loam
Limited Irrigation Greeley, CO Colorado cornfield 40.44852, 9.5 373 Ustic Haplargids A
Research Farm -104.63897 Olney fine sandy loam
Sevilleta Socorro, NM Desert grassland 34.34914, 16 229 Mesic Ustic Haplocalcids, A/C
Grassland -106.88624 loamy-skeletal, carbonatic
Colorado State Fort Collins, CO Urban Lawn 40.57770, 10 408 Fort Collins loam Ap/Bt
University -105.07775
Sky Pond Rocky Mountain Alpine meadow 40.27971, 14 1050 Cryochrepts, Cryumbrepts | O/A/Bw
National Park, CO -105.66886 Rocky sandy loam
Loch Vale Rocky Mountain Subalpine forest 40.29649, 14 1050 Cryic spodosols O/A
National Park, CO -105.64612 Rocky sandy loam
Wellrose Farms Elrosa, MN Minnesota cornfield 45.60081, 55 721 Mesic typic Udoll friable A
-95.01333 silty loam
Fenske Lake Ely, MN Coniferous forest 47.99823, - 4 797 Udic Eveleth-Eagelsnest- A/Bw
Cabins 91.91292 Conic complex, rocky
loam
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3.2 Soil collection and analyses

All soils were collected from the top ~20 cm of the soil profile. Soils were collected
using a Scm-diameter soil auger. The sites Shortgrass Steppe, Limited Irrigation Research Farm,
Sevilleta Grassland, Colorado State University, and Wellrose Farms all had either designated
plots or sampling areas (e.g., a lawn, a specific cornfield), so within those designated areas ten
soil cores were collected randomly. The sites Sky Pond, Loch Vale, and Fenske Lake Cabins
represented broader geographic areas (e.g., a forest), so ten soil cores were collected at randomly

assigned GPS points within ~150 m of the GPS coordinates for the site (Table 4.1).

Cores were bulked into gallon Ziploc bags, placed on ice in the field to minimize
microbial activity, and then refrigerated at 4 °C upon arrival to the laboratory. Soils collected
outside of Colorado were shipped overnight to Colorado State University on ice, sieved to 2mm
and homogenized within 72 hr after sampling. Soils collected in Colorado were sieved to 2mm
and homogenized within 24 hr after sampling. Processed soils were frozen in gallon Ziploc bags

at -20 °C. All incubations and analyses were performed within two months of soil collection.

Prior to freezing soils, I measured soil inorganic N (IN) via KCI extractions and
calculated soil gravimetric water content (GWC). I also measured soil IN concentrations after all
soils had been incubated. Ammonium (NH4") and NOs™ were extracted from soils in a 5:1 2M
KCl to soil mixture. Mixtures were shaken at 250 rpm for 60 minutes, settled for 60 minutes, and
then gravity filtered. Extracts were analyzed colorimetrically with an Alpkem FIA wet chemistry
system (O.I. Analytical, College Station TX). I determined gravimetric water content (GWC) by

drying 10 g soil subsamples to a constant weight at 105 °C.
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Frozen soils were thawed to measure soil pH, SOC, and SON. I measured soil pH from
slurries of 10:1 deionized (DI) water to soil with a benchtop meter (Thermo Scientific Orion
Star™ A211 Benchtop pH Meter, Waltham, MA, USA). Frozen soil subsamples were dried in a
60 °C oven, ground to powder on a table roller, and then combusted for SOC and SON
analysis with a LECO Tru-Spec CN analyzer (Leco Corp., St. Joseph, MI, USA). Soils did not

contain appreciable inorganic C.

3.3 Determination of soil saturation

For all incubations, I held soils at 60% soil saturation. To determine how much water to
add to each soil to achieve this saturation, I determined the maximum water holding capacity
(WHC) for each soil. First, I amended thawed subsamples of frozen, field-moist soil with DI
water until fully saturated. Then, I dried these subsamples to a constant weight at 105 °C and
calculated saturated water content (SWC) by dividing the g water in the subsample by the
subsample dry soil mass. I used this metric rather than % water-filled pore space (WFPS)
because in sieving my soils I broke down all soil pore structures. Finally, to determine the g of
water to add to a given soil, I used Equation 1, where g soil corresponds to the g soil incubated,

and 0.6 corresponds to the target percent saturation (60%):

g H,0 to add = g soil x (SWC x 0.6) — soil GWC()) (D

3.4 Soil incubations

3.4.1 Preparation of organic carbon solution

I prepared an aqueous OC amendment for all treated soils. Equal quantities on a % mass
C basis of powdered sodium succinate, sodium acetate, and sodium propionate were dissolved
into DI water and diluted serially (two dilutions) to a final concentration of 6.28 mg/L. All
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organic compounds were obtained from Sigma Aldrich (St. Louis, MO, USA). Aqueous

solutions were stored at 4 °C when not in use.

The organic acids used are all non-fermentable, naturally occurring, and have previously
been determined by Hedin et al. (1998) to impact denitrifier metabolism. I determined the
concentration for the OC-amendment by calculating the stoichiometric amount of C required to
reduce all the IN in a subsample from the Limited Irrigation Research Farm that was collected
prior to my full soil sampling campaign (Table 4.1). I chose to use that soil for the IN benchmark
because I knew this soil would have a high IN concentration, and I wanted to ensure that my OC-
amendment would provide an ample electron donor supply for microbial metabolism in all the

amended soils.

3.4.2 Soil amendments and incubation setup

Soils were separated into either Control, or OC-amended (+OC) groups. For all
incubations, the frozen soil equivalent of 75g dry soil was weighed into 0.5 L Ball jars and
refrigerated overnight to thaw. Prior to treatment, all soils were removed from the refrigerator
and warmed to room temperature over ~1 hr. To bring all soils to 60% saturation, Control soils
were amended with DI water and +OC soils were amended with DI water and 1mL of the +OC
solution. Either amendment was distributed by pipette over the soils. After all liquid was added
to a given soil, it was thoroughly mixed to ensure sufficient distribution of OC (if applicable) and

homogenous saturation.

After all soils were treated, jars were sealed for incubation. In Stuchiner and von Fischer
(unpublished manuscript in revision with JGR: Biogeosciences, see Chapter 3) I provide a

detailed description of my incubation apparatus, which includes a 1L Tedlar gas bag attached to
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the jar headspace to allow for removal of a large quantity of air for subsequent [N2O] and
isotopic analysis with my laser-based analyzer (see 2.4.3 for details). Prior to incubation, |
flushed and filled all incubation apparatuses from a cylinder of custom-blend air intended to
closely emulate Earth’s atmosphere (2ppm CHa, 0.450ppm N>O, 21% O, and N> to balance) but
without CO; and water vapor, as these gases contribute to optical peak broadening effects
(Bowling et al. 2005, Ostrom and Ostrom 2017, Stuchiner et al. 2020). After incubation vessels
were flushed and filled, I used a 3mL syringe to inject 1 mL of 99 atom percent (AP) >N>O into
each headspace for isotope pool dilution (details in Section 3.4.4). The syringe was pumped

multiple times to ensure that all labelled gas was injected into the incubation vessel.

I performed time zero (To) and time 48 (T4s) measurements to enable a 48 hr assay
duration. Soils were incubated on a lab countertop at room temperature (24 °C) for either 60
minutes (To, to allow for homogenization of headspace air following '*N>O addition) or 49 hr
(Tag). At the end of the incubation period, I mixed each jar and gas bag’s air by attaching a 60
mL syringe to the jar’s gas sampling port and, by opening the stopcock valve connecting the jar
headspace to the gas bag, I pumped the syringe for ~ 60 seconds to homogenize the jar
headspace and Tedlar gas bag (Stuchiner and von Fischer unpublished manuscript in revision
with JGR: Biogeosciences, see associated Methods file). At the time of sampling, I connected
my incubation apparatus directly to the gas analyzer-scrubber system (see 2.4.3 for details). As
the analyzer removed air from the jar headspace, air was simultaneously removed from gas bag,

thus keeping the jar air pressure at atmospheric pressure.
3.4.3 Measurements of N>O and CO: concentration, and NO isotopic composition

After 60 minutes (To) or 49 hours (Tssg), incubation vessels were analyzed for N2O

concentration and isotopic composition by a laser-based Los Gatos Research (LGR) N>O
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isotopic analyzer (Los Gatos Research N>O Isotopic Analyzer model 914-0027; ABB-Los Gatos
Research, Mountain View, CA, USA). Gas was sampled from each incubation vessel for 12-15
minutes (or until the N>O concentration stabilized) at a flowrate of 42 mL/min into the analyzer.
I removed CO», water vapor and volatile organics from the sample air using a Nafion-Carbosorb-
Silica gel scrubbing system. Removing these gases minimizes the optical peak-broadening
effects inherent to laser-based analyzers (Stuchiner et al. 2020).

All raw concentration data for each N>O sample was exported to Excel (version 16.52),
where it was trimmed to only include stabilized N>O isotopocule readings (the final ~5 minutes
of sampling). These values were used to calculate average N>O and isotopomer concentrations.
All reported concentrations were then corrected against calibrations using the model and
approach described in Stuchiner et al. (2020).

I measured accumulated CO: in the T4g incubation jars to characterize microbial
respiration. Air samples of 3mL were drawn with a 3mL syringe from remaining headspace air in
the incubation jars at the end of the T4g N2O sampling. Samples were analyzed on a laser-based
Los Gatos Research Greenhouse Gas Analyzer (Los Gatos Research Greenhouse Gas Analyzer
model 908-0007-001; ABB-Los Gatos Research, Mountain View, CA, USA). Sample air was
admitted to the analyzer by injecting the 3mL air samples into a continuous flow of zero-grade
air (80:20 N»:0; blend, Airgas Industries) that connected to the analyzer via an open split.

All baseline GHG concentrations were <10ppm, and each injected sample yielded a brief CO»
concentration peak. The height (i.e., maximum concentration) of these peaks were calibrated
with a four-point calibration curve generated with CO> standards from Airgas (1023, 5000,
10000, 60000ppm CO») that were also injected into the analyzer when zero-grade air was

flowing through it.
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3.4.4 Flux calculations and isotope pool dilution

I calculated net N>O emission using measures of the headspace N>O concentration and
calculated gross N2O consumption using isotope pool dilution (Kirkham and Bartholomew 1954,
von Fischer and Hedin 2002). Net N>O flux was calculated from the difference in N.O
concentration between To and Tsg and is presented in units ng N-O-N/g dry soil/day.

Gross N>O consumption is quantified based on the disappearance of ’N-labeled N,O. I
follow the convention of von Fischer and Hedin (2002) which considers N>O production rate to
be relatively constant over the measurement interval but N2O consumption to be a first-order

function of N>O concentration. Thus, I adopt their equation 4 and modify it as:

_d[N,0]
F=—7—=P—kIN,0].

Where F is the net flux rate, [N2O] is the N2O concentration in the jar headspace, P is the
production rate, and k is the first-order consumption rate constant. Note that the gross
consumption rate is the product of k and the N>O concentration. A focus in my study was
quantifying the consumption rate, which is essentially measuring the uptake constant, k. The
amount of labeled N>O falls exponentially over time following Equation 2,
*N,0(t) = *N,0qe*¢ (2)

Which is equivalent to Equation 3,

In*N,0 (t) =In *N,0yp—k et 3)
Where *N>O(t) is the amount of labeled N>O at time t. Substituting *N2>Osg) and t = 48, the
solution for k is:

k ln*Nzao - ln*N20(48)
B 48

(4)
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I calculated *N>O, the amount of labeled N>O in the incubation jar headspace, as the product of
the total headspace N>O concentration and the AP excess (APE) NPk in the N,O.

Determination of the APE follows a series of calculations. First, after N>O and its
isotopomers were calibrated using equations from Stuchiner et al. (2020), I determined "Nk by
calculating the average concentration of '>’N*and NP using Equation 5:

[ 14N15N160] + [ 15N14N160]
2

15\bulk _

(5)

Next, [ subtracted (5) from the total N>O concentration for a given sample to calculate the
light (**N'¥N'®0) fraction of emitted N>O. Then I calculated the atom percent of the heavy

isotope (AP) for each sample using Equation 6:

15 Nbulk

AP = 15Nbulk + 14N14N160 (6)

Then, I subtracted the AP of natural abundance ’N,O from the observed AP to obtain the APE
of 1°N,O present in the incubation headspace. I assumed a natural abundance 3'°N of N>O to be -
35%o, which is equivalent to AP of 0.3535% (Hu et al. 2015).

These excess N0 concentrations were used in Equation 4 to calculate k, the first order
rate constant for N2O consumption. Gross N2O consumption rate was then calculated by

multiplying each k value by 0.332, the mean atmospheric N2O concentration in parts per million

(ppm) in 2019 (www.N>Olevels.org). Each gross consumption rate was expressed in units ng
N20-N/g dry soil/day.
3.4.5 Leak test of incubation apparatus

A separate test assessed the gastight seals of the incubation vessels. Twelve incubation

vessels were flushed and filled with zero-grade air and injected with 1 mL of 99 AP PN!>N'¢O
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into the headspace of each jar using a 3 mL syringe. After mixing the jar and gas bag air
thoroughly, this raised the N>O concentration and the §'SN"* on average to ~500ppb and
~6300%o, respectively. Six vessels were sampled for N>O and isotopomer concentrations at To
and the remaining six vessels were sampled at Tss. All samples were measured on my LGR N>O
isotopic analyzer. T-tests revealed that changes from To to Tas in total N2O concentration were
not significant, while changes in concentration of enriched '"N>O was less than 2.3% for §!°N*

and §'°NP,
3.4.6 Post-incubation soil and genetic measurements

After all gas had been sampled for the T4g incubations, soil replicates from each group
were bulked into a Ziploc bag and re-homogenized. Soil IN was measured immediately

thereafter, as in Section 3.2. Two-gram subsamples from each treatment group were frozen at
-80 °C in preparation for microbial genetic analysis, and remaining soils were frozen at -20 °C.

To measure the abundances of key N-cycling genes (nifH, nirK, clade I nosZ), I extracted
DNA from soils that had been frozen at -80 °C using a Qiagen Powersoil Pro kit according to the
manufacturer’s instructions (Qiagen, Germantown, MD, USA). The nifH gene encodes the
enzyme that catalyzes N-fixation, the nirK gene encodes the enzyme that catalyzes reduction of
nitrite (NOy") to nitric oxide (NO) and is thus characteristic of incomplete denitrification, and the
nosZ gene encodes the enzyme that catalyzes reduction of N>O to N and is thus characteristic of
complete denitrification (Sanford et al. 2012, Domeignoz-Horta et al. 2015, Kuypers et al. 2018).
I acknowledge that nirS is also measured to represent incomplete denitrification (Sanford et al.
2012), however cost constraints prevented us from quantifying that gene. The quality

(A260/A280) and concentration from each DNA sample was determined spectrophotometrically
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using a NanoDrop (Thermo Scientific, Waltham, MA, USA). All samples were diluted to 10
ng/uL and then I characterized the abundances of the abovementioned N-cycling genes using
qPCR analysis. All qPCR reactions were performed in 96-well plates using an ABI Prism 7500
Sequence detection system (Applied Biosystems, Foster City, CA, USA). The following thermal
cycling program was used for all genes: 95 °C for 15 s, 63 to 58 °C for 30 s (-1 °C by cycle), 72
°C for 30 s, 80 °C for 15 s, 6 cycles, as in Trivedi et al. (2012). For each soil sample, qPCR
amplification was performed for each N-cycling gene four times. Gene abundances (e.g., gene
copy number) were determined by using simple linear regressions that related the cycle threshold
(Ct) value for each sample to known Ct values from a standard curve. Standard curves for each
gene were generated by preparing an 8-fold serial dilution of plasmid that contained the gene of

interest.

I acknowledge that clade II nosZ has been identified as an important gene in the N,O =
N2 reduction step in the denitrification pathway (Jones et al. 2014, Almaraz et al. 2020, Chee-
Sanford et al. 2020). However, due to financial constraints and a lack of primers I could not

quantify clade Il nosZ gene abundances in this study.

3.5 Data analyses

3.5.1 Calculation of OC:Control ratios

To determine the effect of the +OC treatment, I compared +OC vs control for net NoO
emissions, gross N>O consumption, soil NO3™ and NH4" concentrations, microbially emitted
[CO2], and the gene abundances of nifH, nirK, and clade I nosZ for all soils at the conclusion of
incubations. To quantify the effect of OC-amendment, I calculated response ratios as the

+OC:Control ratio for each variable measured. Because the +OC and Control replicates for a
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given soil were not paired, I calculated the mean for the Control for each property, and then I
divided each +OC value by the mean Control value. Thus, for a ratio >1 the +OC treatment
increased that property, while for a ratio <I the +OC treatment decreased that property. When

applicable, +OC:Control response ratios were used in all statistical analyses.

3.5.2 Statistical analyses

All raw data was collected and collated in Excel, and then all statistical analyses were
performed in RStudio (version 4.0.2 (2020-06-22) — “Taking Off Again” © 2020 The R
Foundation for Statistical Computing). Differences among initial soil NO3~ and NH4"
concentrations were determined using one-way ANOV As. Associations among all inherent soil
properties and +OC:Control ratios and ICDE were examined using a MANOVA (Box 1), with
subsequent one-way ANOV As performed to assess differences among all soils for each property
individually. Residuals were examined for departure from normality. All N>O production and
consumption data from all soil incubations were log-transformed to meet assumptions of

normality in residuals.

I also performed a Principal Components Analysis (PCA) to examine the associations
among variables and ICDE. I used the package factoextra to visualize the results of the PCA
and I used the package missMDA to impute the dataset. To determine if there were significant

associations among properties and ICDE I performed t-tests comparing the Yes ICDE vs. No

ICDE coordinate loadings for PCs 1-4.
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4. Results

4.1 N2O emission and consumption rates

OC additions simulated gross N>O consumption in six of the eight incubated soils (Figure
4.2). This includes the alpine meadow, Colorado cornfield, desert grassland, Minnesota
cornfield, shortgrass prairie, and subalpine forest. However, soils differed in whether +OC led to
an increase vs. decrease in net NoO emissions. The alpine meadow, Minnesota cornfield, and
subalpine forest soils all had increased N2O emissions in +OC compared to Control soils,
whereas the Colorado cornfield, desert grassland, and shortgrass prairie soils all had decreased
N20 emissions in +OC compared to Control soils. Consequently, these latter three soils showed
ICDE (Box 1). Only the coniferous forest decreased in both net emissions and gross
consumption following OC-amendment. Note that the urban lawn soil is not included in Figure
4.2 because no gross consumption was observed; only the urban lawn had increased net
emissions and no gross consumption following OC-amendment (data not shown). On average,
among the seven soils plotted in Figure 4.2, there was a 366% increase in N2O consumption

following OC-amendment, and a 250% increase in N>O emissions following OC-amendment.
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Figure 4.2. Change in (or “A”) net N>O emission vs. gross N>O consumption rates for all soils
excluding the Urban Lawn soils, in which no N>O consumption was observed following +OC
amendment. A values were calculated as +OC:Control response ratios for gross consumption rate
and net emission rate (both rates are in ng N2O-N/g dry soil/day). Soils included in the grey box
had Increased N,O Consumption and Decreased NoO Emissions (ICDE). For net N>O emission,
n = 6 in all cases except the alpine meadow, in which n = 12. For gross N2O consumption, n = 12
for the alpine meadow, n = 5 for the Minnesota cornfield, n = 2 for the coniferous forest, and in
all other cases n = 6.
4.2 Differences among soil properties and microbial gene abundances

I performed a MANOVA regressing all the soil and microbial properties I measured vs.
the ICDE categories (hereafter categorized as “Yes ICDE” or “No ICDE”). The MANOVA
revealed that at least one of the properties impacted whether a soil showed ICDE or not (p <
0.0001). To better discern which properties were important drivers of ICDE, I performed
subsequent one-way ANOVAs to assess differences among soils for each property individually.
As illustrated in Fig 2, all properties were highly significantly different among soils (p < 0.0001,
Figure 4.3A-4.2F) except for the microbial gene abundances (p = 0.095 for A nosZ:nirK and p =

0.148 for A nifH, Figure 4.3G and 4.3H, respectively).

105



[] vesicoe [_] nocoe

>
o
(9]
o

. — = — —
0.5 6 8 ——— ©
8
- ] - ™ o 3y [
£ 04 IS S
: : e M
o c.=
g 03 g4 T 5ol =
= o = ﬁ-'—'
< L o 4 ag _I_
2 02 < @ 28 i .
5 2, gt =
o 0.1 = 2 g 1
z 0 S = H
? |—i-|
<
& S X
& NS &> & & 0 0
Q’\" o0 ‘g\ M & QO‘ S N RS S & N & & D D 3
& o N o \‘\ (\ \ o o & ‘z RN o \\e & & 8 BN & ot \e & é‘o
P SO O o ‘;QQ\ SO P S e o @@\” S & Fo o S L IS S
N 3° & N o &P & 2 «0 A o P & 50 4 &S AN & \z &
T \*“\Q > \\"@Q@"i&us&b N & S S r—}‘& <>°(°%<;$\°(36 M W «@‘pc,o{‘\@%&b e\\"(\ Q“étp@& Q&QQ\ 43 \\e; \Q
\‘* 3 W
E F G H
1.25 _I_ _I_ _I_
g —E = 20 X 1251 —I_ i =
=1.00 z ™ £ I09
i = 100 z
o o
5075 015 c g
o™ c c 2
E] o ©0.75 s 0.6
g T 5 3
2 0.50 210 2 ]
e 3 30.501 £
- _I_ o o poy
o £ £ 503
0 0.25 = 0.5
a 2 %025 4"-
< 2 a
= <
0.00 0.0 < 0.0 o
S & S R & L > & 0007 1) SIS & &
Q\'o\ <259\'&‘ Qp .\{\\ Qo\ QQ@ Q‘@\“ & & ’\.\\\e, o $§°°&\ & Ry & \'8\"\?‘ & . & ob (,\\\ J 0@9\ Q@e‘ QQ‘%\‘\ iy Q\,\\\\ o 0506{\\ Qo‘
& é& & & Q\o o@“\z@“ '&QQ" ‘.gs o 00"" \3@0“.\‘@ 20 o o <,<°§c.°‘ (&00\*@0 o° Q\‘\z & LP(\(’@@(' \\\v"’\Q\& & ,@\ ,b\q
&S S & c}\o"‘@e&\&b *\Q.\Qv""(‘o(“\ge‘w‘b = Qm*\o\"' A \Q\Qé" Sl Rt v“\@e & &

Figure 4.3. Panels A-H show the soil properties or microbial genes abundances among all soils
tested, with panels in order from most (A) to least (H) significance in one-way ANOVA for soil.
Panels A-C are direct measures of soil properties that were measured prior to the incubation
experiments, whereas panels D-H are all A values for +OC:Control soil properties and N-cycling
gene abundances. The A nosZ:nirK (panel G) is a ratio-of-ratios, in which the nosZ:nirK ratio for
+0OC soils is divided by the nosZ:nirK ratio for the Control soils. I partitioned soils by Yes ICDE
(grey bars) vs. No ICDE (white bars) groupings to highlight properties that Yes ICDE had in
common and how collectively Yes ICDE vs. No ICDE differed in their properties. Error bars are
+ one SE from the mean. Please see Appendix 3 Table 1 for n-values and units for each property.
ANOV As indicate that soils had significant differences in IN pools prior to incubation.
There was a significant difference among all soils for NH4* (p < 0.0001) and NO3™ (p < 0.0001)
concentrations (Figure 4.4). Tukey pairwise comparisons revealed that there were multiple
significant differences among soil NH4" concentrations pre-incubation, whereas there were fewer
differences among soil NO3™ concentrations pre-incubation (Figure 4.4). However, the
differences among NOj3™ concentrations were more pronounced, with the Minnesota cornfield

having the highest soil NO;™ concentration (p < 0.0001 in all cases), the Colorado cornfield

having the second highest soil NO3™ concentration (p < 0.001 in all cases), and the Urban lawn
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having the third highest soil NO3™ concentration (p < 0.001 for all comparisons except p = 0.0001

for Urban Lawn vs. Desert grassland and p = 0.0076 for Urban Lawn vs. Alpine meadow, Figure
4.4).
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Figure 4.4. Initial NOs™ (panel A) and NH4" (panel B) concentrations in soils prior to
incubations. Soil extractable NOs~ and NH4" were measured within 24-72 hr of field sampling.

Letters correspond to significantly different mean concentrations. In all cases, n = 4, and error
bars are + one SE from the mean.
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4.3 Associations between predictor variables and ICDE

My PCA grouped variables to reveal associations among predictor variables and ICDE.
Principal component (PC) 1 explained more than 50% of the variation among the variables,
whereas PC2 explained approximately 17% of the variation among the variables (Figure 4.5).
While PC1 accounted for the most associations among variables and ICDE, I ranked the loadings

associated to each predictor variable for PCs 1-4. These loadings and rankings are summarized in

Table 4.2.

107



Groups
® No ICDE
A Yes ICDE
<)
o~
]
©
C
N
T
Q o‘
c
(o]
e P e
o : °
o :
© :
o |
o :
£ 5
E A 5 c“
25 0.0 25

Principal component 1 (52.8%)

Figure 4.5. Loading and biplot for PCA. Orange triangles correspond to Yes ICDE soils,

whereas green circles correspond to No ICDE soils. See Appendix 3 Table 1 for n-values for
each variable.

Table 4.2. Predictor variables, their associated p-values from individual ANOVAs, and loadings
for each variable for principal components (PCs) 1-4. Each loading has a corresponding rank
associated with it, and ranks are ordered by the loading absolute values, or magnitude of loading.
Ranks are listed next to their loading value in parentheses. Variables are listed in the table in
order of significant differences among soils, from most significant difference to least significant
difference. Significant association with ICDE for each ranking were calculated using two-sample
t-tests (Appendix 3 Figure 1). The first three predictors were all direct measures of soil properties
that were measured prior to the incubation experiments. The last five predictors are all A values
for +OC:Control soil properties and N-cycling gene abundances.

Predictor p-value PC1: PC2: PC3: PC4:
(from rank rank (loading) | rank (loading) | rank (loading)
ANOVAs) (loading)

Significant association NA Yes No No No
with Yes/No ICDE? p <0.0001 p=0.07 p=0.74 p=0.09
SON <0.000] **x* 2(0.43) 3(0.32) 6 (-0.20) 6 (-0.08)
SOC <0.000] **x* 1(0.44) 7 (0.06) 5(-0.21) 2 (0.35)
pH <0.000] **x* 4 (-0.37) 2 (0.36) 4 (-0.25) 4 (-0.24)
A Microbial respiration | < (.0001 *** 7(-0.32) 5(0.20) 1 (0.63) 5(-0.17)
A Soil NO3~ <0.0001 *** 8 (0.006) 1 (0.82) 7 (0.18) 3(0.25)
A Soil NH4* <0.0001 *** 5(0.35) 6 (0.09) 8 (-0.05) 1(-0.84)
A nosZ:nirK 0.095 3 (-0.38) 8 (-0.05) 3(-0.30) 7 (-0.03)
A nifH 0.148 6 (0.32) 4 (-0.21) 2 (0.57) 8 (0.01)
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Further, t-tests comparing Yes vs. No ICDE coordinates for the different soils illustrated
there was a significant association with ICDE for PC1, but not for PC2 (Table 4.2). However, the
association with ICDE for PC2 was borderline significant (p = 0.07). Plots associated with t-tests
can be found in Appendix 3 (Appendix 3 Figure 1). From PCI, the loadings indicate that Yes
ICDE soils associated most strongly with low SOC, low SON, high A nosZ:nirK, and high soil
pH (Table 4.2). The Yes ICDE soils also associated with low A soil NH4", low A nifH
abundance, and high A microbial respiration on PC1, but associated very weakly with A soil
NOs™ (Table 4.2). However, A soil NO3™ was the most strongly loaded variable on PC2, and the
Yes ICDE soils associated most strongly with low A soil NO3™ (Figure 4.5, Table 4.2).

S. Discussion

I sought to stimulate N>O consumption in diverse soils by adding OC to manipulate the
reducing potential of these soils. I hypothesized that providing excess electron donors to soil
microbes would stimulate N>O = N reduction by inducing denitrifiers to use N>O as a terminal
electron acceptor (Firestone and Davidson 1989, Hedin et al. 1998, Ostrom et al. 2002). My
hypothesis was supported, in that amending soils with OC stimulated N>O consumption in most
of the soils tested (six out of eight soils). However, the joint response of consumption and N>O
emission differed among soils. Three soils showed ICDE while other soils increased N>O
consumption, but also increased N>O emissions (Figure 4.2). My data on various soil and
microbial genetic properties provide some insights into the dynamics of NoO metabolism that [
observed. With an improved understanding, I hope this and future studies following this
approach will enable better prediction of a soil’s potential for NoO consumption, based on its
properties and microbial gene abundances. Net uptake of N>O from the atmosphere has been

documented in gas flux chamber studies for decades (Chapius-Lardy 2007, Schlesinger 2013,
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Almaraz et al. 2020), but only recently has N>O consumption been recognized as a force that
regulates net N>O emissions (Shan et al. 2021). My findings likely have implications for
explaining these field-scale observations.

My interpretation of ICDE rests heavily on the concept of soil redox dynamics, both at
the bulk soil scale and across soil anoxic microsites. From a bulk redox perspective, the energetic
metabolism of soil microbes requires both electron donors (usually some form of OC) and
electron acceptors, such as O, NOs3", MnO», Fe?*, SO4%, CO,, etc. These electron acceptors exist
on a “ladder” that ranks their energetic favorability from greatest to least, with the oxidation of
O2 being the most energetically favorable and the oxidation of CO> being the least energetically
favorable (Hedin et al. 1998). A given soil can range from being electron donor limited (typically
oxic environments) to electron acceptor limited (typically anoxic environments). Interestingly,
N20 reduction falls between NO3™ and MnO; reduction on the redox ladder.

Because of this sequencing, I originally hypothesized that further additions of OC (e.g.,
electron donors) would both drive O, consumption, creating a greater soil volume where N>O
reduction could occur (Wu et al. 2013, Sihi et al. 2020), and also stimulate the metabolism of
denitrifiers directly by adding substrates known to be used by those bacteria. Decreased N>O
emissions in response to OC-amendment has been observed in previous studies. For
example, Cavigelli & Robertson (2001) found that the N>O:N; production ratio for pure cultures
of denitrifying bacteria fell as the supply ratio of OC:NOj3™ became greater. Likewise, along a
redox gradient at a soil-stream interface, Hedin et al. (1998) saw C additions lead to lower N>O
emissions. However, I now hypothesize that adding OC to soils might not increase N>,O
consumption unless the added electron donors expand anoxic regions in the soil where N>O

consumption is thermodynamically favorable. I predict that such an enhancement of NoO
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consumption will depend on the physical and biogeochemical features of the soil such as
aggregation, pore structure, and microscale hotspots of respiration.
5.1 N2O consumption rate increased in response to +OC treatment

Gross N2O consumption rate increased in response to +OC treatment in most but not all
the soils tested (Figure 4.2). Differences in redox potential among the soils may have contributed
to some of the differential emission and consumption behaviors I observed (Senbayram et al.
2012, Wang et al. 2021b, Cheng et al. 2017, Wlodarczyk et al. 2021). One possible explanation
is that the soils that showed ICDE became sufficiently reducing in response to OC-amendment.
If the OC-amendment enabled electron donor supply to exceed electron acceptor NO3™ supply,
the soil microbes would have the redox capacity to fully deplete the NO3™ pool for energy
metabolism (Taylor and Townsend 2010). As a result, microbes would need to use N2O as an
alternative electron acceptor, which would stimulate complete denitrification and consequently,
ICDE. Previous work also supports this explanation. Under specific OC amendments, soil NO3"
concentration and N>O emissions have been shown to decrease, indicating more complete
denitrification (Hill et al. 2000, Gillam et al. 2007, Dodla et al. 2008, Senbayram et al. 2012, Lan
et al. 2017, Wang et al. 2021b). Furthermore, the differential balance of electron donors and
acceptors among the soils I tested is likely regulated by other features in the soil (Neubauer et al.
2005, Gu and Riley 2010, Sutton-Grier et al. 2011, Jamali et al. 2016). The soils that showed
ICDE differed notably from the soils that did not in specific properties (Figure 4.2, Figure 4.5). I
argue in the next section that these properties contribute to why soils did or did not show ICDE.
5.2 Assessing soil properties to predict ICDE

From a management perspective, it would be ideal to predict which soils are more likely

to respond to +OC treatment with ICDE. In general, the soils with ICDE had markedly lower
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SOM, and in response to OC-amendment, had greater depletion of soil NO3", larger increases in
soil microbial respiration, and bigger increases in the ratio of nosZ:nirK genes (Figure 4.2).
These findings support my initial hypothesis, N>O consumption is limited by reductants, and it
supports my follow-up hypothesis, that for C additions to induce ICDE, the additions need to
expand the N>O reducing regions in the soil without over-stimulating N>O production via
denitrification. I posit the soils that showed ICDE were OM-limited, and the OC-amendment
induced heightened microbial activity, and altered the soil redox environment in a way that both
drove net NO3™ consumption and increased gross N>O consumption (Figures 4.2 and 4.3). This
notion is supported by the PCA, which heavily weighted SOC, SON, microbial respiration, and
nosZ:nirK with the soils that showed ICDE along PC1 (Figure 4.5), and other studies (Miller et
al. 2009, Buchen et al. 2019, Guo et al. 2020, Gallarotti et al. 2021, Voigt et al. 2021). The
significant role of pH in affecting N>O consumption, as revealed in PC1 and the pH one-way
ANOVA, is consistent with the effect of high pH being more favorable for NosZ enzyme activity
(Figures 4.3 and 4.5; Richardson et al. 2009, Blum et al 2018).

Soils that did not show ICDE were characterized by high SOM, and in response to OC-
amendment, had variable changes in soil NOs™ and in soil microbial respiration, and little change
in the ratio of nosZ:nirK genes, findings that were supported in individual one-way ANOV As
(Figure 4.3) and in the cumulative PCA (Figure 4.5). These findings also support my hypothesis,
showing ICDE hinged on electron donor-acceptor balance. For example, the Minnesota cornfield
and the Urban lawn, the soils with the first and third highest initial soil NO3™ concentrations,
respectively, both increased N>O consumption, increased N>O emissions, and increased soil NO3
concentrations following OC-amendment (Figure 4.2, Figure 4.3). It is possible that the OC

additions helped to create suboxic and anoxic microsites in these soils to host incomplete and

112



complete denitrification, which perhaps prompted nitrification in more aerobic areas of the soil
to fulfill metabolic demand for electron acceptors (Stevenson et al. 2011, Wu et al. 2018, Surey
et al. 2020). Microbes in soils with high NO3™ concentrations have been shown to suppress clade
I nosZ transcription, which could help explain why the Minnesota cornfield and Urban lawn soils
had increased NO3™ concentrations following OC-amendment (Hallin et al. 2018). This could
also help explain why all soils that did not show ICDE had less pronounced shifts in abundances
of nosZ and nirK compared to the soils that showed ICDE (Figure 4.2, Hallin et al. 2018).
Furthermore, all the soils that did not show ICDE tended to have higher initial soil NH4"
concentrations (Figure 4.4). These soils would have had enhanced capacity for nitrification in
oxic soil loci, and consequently, less NO;™ limitation to denitrification, which was demonstrated
by those soils having generally higher NO3™ concentrations following OC-amendment (Figure
4.3, Figure 4.4, Darrah et al. 1987, Jiang et al. 2011). Lastly, all the soils that did not show ICDE
had markedly higher SOM compared to the soils that showed ICDE (Figure 4.2). When soil
microbes are less resource limited, both by electron donors and acceptors, they do not need to be
as efficient metabolically, which can result in more denitrification overall (Senbayram et al.
2012, Scheer et al. 2020, Surey et al. 2020). This may explain why multiple soils had increased
N20 consumption and increased N2O emissions.
5.3 Carbon limitation threshold to ICDE

From my findings, I present a conceptual framework to explain how +OC treatment
stimulated ICDE (Figure 4.6). Broadly, to stimulate gross N>O consumption, soil microbes must
surpass a C-limitation threshold to induce sufficient anoxia for NoO consumption to occur. I
posit this is how SOC-poor soils showed ICDE in my soil incubations. Conversely, the other

soils that did not show ICDE had higher SOC and might not have been (as) reductant limited. As
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a result, those soils might have been less responsive to the OC-amendment (Figure 4.2, Figure
4.6).

How might the soils that did not show ICDE respond to an even larger OC-amendment? |
hypothesize that the electron donor supply must create sufficiently reducing conditions to show
ICDE. If supported, this suggests that the soils that did not show ICDE were still reductant (e.g.,
OC) limited. This raises the question, where does the OC-limitation threshold lie for different
soils, and how can we predict it? What other variables mediate this threshold? Being able to
identify the amount of OC a soil requires to induce ICDE, and if in fact that soil is a good
candidate for +OC treatment (e.g., what is its aggregation potential?) could be useful for

screening soils as targets for N2O consumption management.
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Figure 4.6. Conceptual diagram compare-contrasting a Control soil to its OC-amended
counterpart that showed ICDE. Boxes correspond to pools, arrows correspond to fluxes, and
ovals describe the fluxes. Blue valves correspond to the ability for a soil to change its redox
status (mediated by aggregation, pore structure, microscale hotspots of respiration, etc.). Red text
next to pools, fluxes, or valves provide details for how they change in response to +OC treatment
or provide a hypothesized change. I hypothesize soils that showed ICDE overcame an OC-
limitation and were freed from electron donor limitations to increase microbial activity and
subsequently change the soil redox environment. These changes contributed to increased
transcription of nosZ relative to nirK, thus driving an increase in gross N2O consumption. The
blue dotted line illustrates the capacity in the soil to enable N>O consumption, and the thickness
of the line indicates if the capacity is high or low. I posit the soils that showed ICDE had high
capacity to expand regions of anoxia where N>O consumption was thermodynamically favorable.
The sizes of pools and fluxes are not to scale, but rather illustrate general changes in pool sizes
or process rates.

5.4 Future work

As with many soil assays, there is debate about the nature of gross rates of gas
metabolism that is quantified by isotope pool dilution (Wen et al. 2016). Future work could
reveal much about how soil gas concentration gradients are maintained, and what
“communication” of information is revealed through isotope additions to jar headspace. I

measured net N2O emissions, which accounts for the N>O that gets emitted from the soil into the
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jar headspace, but clearly there can be both production and consumption of gases that are not
directly quantified in this assay. For example, produced N>O could get trapped in a soil pore and
never diffuse to the jar headspace, or it could be retained in an anoxic microsite. As a result,
emitted N>O could get consumed in the same anoxic microsite it never leaves, or intriguingly, it
could get produced and consumed by the same soil microbe (Lycus et al. 2018). Thus, it is
possible I could be underestimating both gross N>O production and consumption. Wen et al.
(2016) argue that gas flow soil cores better account for anoxic microsite N>O production and
consumption than isotope pool dilution. However, I performed the pool dilution assay in a closed
system for 48 hrs, which I argue is sufficient time for N,O label to diffuse throughout the soil
and enable measuring most of the gross production and consumption (von Fischer and Hedin
2002). Addressing these methodological discussions will be necessary for understanding what
drives the balance between N>O production and consumption in soils (Yang et al. 2016).

It also remains unresolved how the +OC treatment impacts other soil microbial
community responses. Specifically, I did not examine how amending soils with OC affected CH4
emissions, or if CO2 emissions from microbial respiration offset N2O consumption (Li et al.
2005, Zaehle et al. 2011, Zhou et al. 2017). While I expect that amending soils with my +OC
treatment would stimulate microbial respiration, it would be ideal if the +OC treatment also
stimulated an ICDE-induced net N>O reduction to offset any CO; or CHs4 emissions from +OC
treatment. However, addressing that question directly will require follow-up work. Additionally,
as we continue to explore the potential of using organic amendments to decrease net N>O
emissions, it will be important to better understand which specific additions are most effective at
reducing net emissions. Studies have illustrated that certain OC amendments can increase net

N2O emissions (Guenet et al. 2020). To use these amendments successfully, it will be crucial to
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better understand which organic amendments to use or avoid on different soils, as it is possible
amendments may differ in their efficacy by soil type (Guenet et al. 2020). Managing N>O
consumption could be a frontier for GHG management, particularly in agroecosystems. These
systems are projected to become an increasingly important source of GHGs as the human
population grows, so developing strategies to curtail their emissions while sustainably feeding
people will be instrumental for the future (Battye et al. 2017, Bakken and Frostegard 2020,

Kanter et al. 2020a).
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CHAPTER 5: OVERCOMING C LIMITATION TO STIMULATE N>O CONSUMPTION IN
DIVERSE SOILS BY “THREADING THE NEEDLE” THROUGH COMPLEXITIES OF SOIL

C AND N DYNAMICS

1. Introduction

Nitrous oxide (N20) is a potent greenhouse gas that is emitted from diffuse natural and
anthropogenic sources, but most N>O is emitted from soils (Tian et al. 2020). Approximately
50% of soil N>O emissions come from agricultural soils, owing to excess nitrogen (N) fertilizer
use to meet crop yield demands (Reay et al. 2012, Smith 2017, Houser and Stuart 2020). Thus,
managing N>O emissions, especially from the agricultural sector, has become an increasingly
important area of research. However, studies have primarily focused on understanding the biotic
processes that drive N2O production, rather than N>O consumption (Subbarao et al. 2006, Van
Meter et al. 2016, Bakken and Frostegard 2017, Lam et al. 2017). While soil field studies using
gas flux chambers have observed negative N>O fluxes for decades (Chapuis-Lardy et al. 2007),
only recently has N>O consumption been recognized as a force that helps regulate net NoO
emissions (Yang et al. 2016). N>O consumption is the only known biotic process that removes
N20 from soil pores, whereby microbes reduce N2O to N> biochemically (Chapuis-Lardy et al.
2007, Yang and Silver 2016). Net N>O emissions are the balance of N>O production and
consumption, and when N>O consumption rate exceeds production rate, negative fluxes occur,
which is desirable from a greenhouse gas (GHG) management perspective. Indeed, researchers
have become more interested in better understanding what drives N>O consumption in soils over
the past decade (Schlesinger et al. 2013). It would be ideal to learn what stimulates N2O

consumption because then N>O could be managed after it has already been produced.
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Previous work has shown that N2O consumption is usually driven by sufficient supply of
electron donors, such as organic carbon (OC), in soils (Mitchell et al. 2013, Wen et al. 2017,
Zhou et al. 2017, Guo et al. 2020, Highton et al. 2020). When soils are amended with OC, it can
have a two-pronged effect: (1) the OC provides an electron donor source for the microbial
reduction of N-oxides, and (2) the OC contributes to anoxia, either by physically creating anoxic
microsites, or by driving microbial respiration, such that microbes will use alternative electron
acceptors to Oz (such as N20). A variety of different OC amendments have been applied to soils
to examine the N2O flux response, and typically one of three outcomes occur: net N>O emissions
decrease, the N>O:N; product ratio decreases, or N>O emissions increase (Schulz et al. 2017, Wu
et al. 2018, Duan et al. 2019). But it is typically unclear if changes in N2O flux are mediated by
increases in N>O consumption, decreases in N>O emissions, or both (Butterbach-Bahl and
Danemman 2011, Mitchell et al. 2013, Zhu et al. 2015, McMillan et al. 2016, Wu et al. 2018,
Conthe et al. 2019, Duan et al. 2019, Wang et al. 2019).

Studies have also focused on the presence of clade I and clade II nosZ gene abundance in
soils since that gene encodes the enzyme (NosZ) responsible for NoO = N reduction. In fact,
nosZ gene abundance has recently been described as a proxy for N>O consumption potential in
soils (Buchen et al. 2019, Highton et al. 2020). Several drivers have emerged that are important
for regulating the abundance of nosZ, including soil OC (SOC), inorganic N (IN), and soil pH,
however studies differ in their conclusions about the importance of a given driver for clade I vs.
clade II nosZ abundance (Schulz et al. 2017, Conthe et al. 2018, Hein and Simon 2019, Guo et
al. 2020). This is further complicated by the fact that clade I nosZ has been studied for decades in
what is now referred to as “canonical” denitrification (Shan et al. 2021), whereas clade Il nosZ

was only discovered in 2012 (Sanford et al. 2012). Additionally, the suite of primers necessary to
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amplify all the subclades of clade II nosZ were only made recently available (Chee-Sanford et al.
2020). Consequently, there have been very few field and microcosm-based studies to explore
clade II nosZ in situ (Christensen et al. 2021, Shan et al. 2021). It remains unclear if clade I and
clade II nosZ abundances are modulated in the same way by the same drivers, and it remains
unclear if/how these genes work in consort to contribute to N2O consumption in soils.
Furthermore, studies assessing how OC additions differentially impact clade I and clade II nosZ
are needed.

In Chapter 4, I found that adding specific OC molecules (succinate, acetate, propionate)
to soils caused Increased NoO Consumption and Decreased N>O Emissions (ICDE) for some,
but not all, soils. I determined that in OC-poor soils, the OC additions stimulated an increase in
clade I nosZ abundance by providing microbes with the electron donors necessary to consume
N20. I hypothesized the reason those soils showed ICDE while other soils did not was because
the OC addition liberated the soil microbes to expand their reducing regions and support NoO
consumption. However, these findings shed light on the complicating factor of soil redox
heterogeneity, in that not all reducing regions in soil are favorable for N2O consumption. For
example, soils with high NO;" that become more reducing in response to OC addition could
increase N2O production. And so, the challenge becomes balancing the creation of anoxic sites,
but not suboxic sites that will favor N>O production.

Previous work and my Chapter 4 study help bring into focus all that we have learned
about N2O consumption, but also all that remains unclear. This body of work has revealed
several key outstanding questions: (1) What are the best organic amendments to stimulate N>O
consumption in soils, and does this vary by soil? (2) What drives the abundances of clade I and

clade II nosZ in soils, and do their drivers differ? (3) Can we harness the collective information
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about N2O consumption to make broad management decisions for stimulating N>O consumption
in soils? In this study, [ amended soils with different concentrations (low, medium, and high) of
the OC amendment I used in Chapter 4. While this experiment aimed to address the broad
abovementioned questions, it specifically also sought to address my follow-up questions from
the previous study: will progressively larger additions of OC expand anoxic regions in soil that
are thermodynamically favorable for NoO consumption? Or alternatively, is there an OC
availability threshold that soils must surpass, and does this threshold differ by soil type?

Here, I incubated seven diverse soils collected from Colorado and New Mexico in the lab
at 60% soil saturation for 48 hrs, and I used >N isotope pool dilution to separately quantify N,O
emissions and consumption. To gain a better understanding of the underlying soil and microbial
properties driving N>O production and consumption, I measured a variety of soil properties and
multiple N-cycling genes, notably including clade II nosZ. Few studies have been conducted that
assess the behavior of this gene in situ, and I predict that quantifying it will help to elucidate
more clearly what drives N2O consumption across soils. In sum, continuing to broaden the scope
of how I interpret and understand N>O consumption can move us closer to stimulating this
process for N>O emissions management.
2. Materials and Methods
2.1 Field sampling and soil characterization

Soils were collected from seven locations in Colorado and New Mexico, United States of
America (Table 5.1). Five soils were collected in Colorado, and the other two soils were
collected in New Mexico. All soil and site properties are summarized in Table 5.1. All soils were

collected in July 2020, and hereafter soils will be referred to by their site name in Table 5.1.

127



Table 5.1. Summary of environments and physical and chemical properties of collected soils.
MAT, MAP, soil classifications, and horizons were determined using the United States
Department of Agriculture Natural Resources Conservation Service Soil Resource Reports.

Site name Location Site name GPS coordinates MAT (°C) MAP (mm) Soil classification Horizon
Agricultural Research, Fort Collins, CO Conventional 40.65160, - 8.3 381 Fort Collins loam, Pleistocene or Ap/Btl
Development, and cornfield 104.99881 older, alluvium and/or eolian
Education Center deposits
Jornada Experimental Las Cruces, NM Desert 32.54346, - 17 254 Wink-Harrisburg association, HI1/H2
Range shrubland 106.85956 mixed calcareous coarse-loamy
alluvium
Limited Irrigation Greeley, CO Limited 40.44852, 9.5 373 Ustic Haplargids A
Research Farm irrigation -104.63897 Olney fine sandy loam
cornfield
Loch Vale Rocky Mountain Subalpine 40.29649, 1.4 1050 Cryic spodosols O/A
National Park, CO forest -105.64612 Rocky sandy loam
Sevilleta Grassland Socorro, NM Desert 34.34914, 16 229 Mesic Ustic Haplocalcids, loamy- A/C
grassland -106.88624 skeletal, carbonatic
Shortgrass Steppe Nunn, CO Shortgrass 40.80458, 11 381 Alluvial Nunn, fine clayey loam Ap/Bt
prairie -104.71565
Sky Pond Rocky Mountain Alpine meadow 40.27971, 1.4 1050 Cryochrepts, Cryumbrepts O/A/Bw
National Park, CO -105.66886 Rocky sandy loam

2.2 Soil collection and analyses

All soils were collected from the top ~20 cm of the soil profile using a Scm-diameter soil
auger. The sites Shortgrass Steppe, Limited Irrigation Research Farm, Agricultural Research,
Development, and Education Center, Jornada Experimental Range, and Sevilleta Grassland all
had designated areas to sample within (e.g., a specific field), so within those designated areas ten
soil cores were collected randomly. The sites Sky Pond and Loch Vale represented broader
geographic areas (e.g., a forest), so ten soil cores were collected at randomly assigned GPS
points within ~150 m of the GPS coordinates for the site (Table 5.1).

Cores were bulked into gallon Ziploc bags, placed on ice in the field to minimize
microbial activity, and then refrigerated at 4 °C upon arrival to the laboratory. Soils collected
outside of Colorado were driven back to Colorado State University on ice, sieved to 2mm and
homogenized within 72 hr after sampling. Soils collected in Colorado were sieved to 2mm and
homogenized within 24 hr after sampling. Processed soils were frozen in gallon Ziploc bags at -
20 °C. All incubations and analyses were performed within two months of soil collection.

I measured inorganic N (IN) via KCl extractions and calculated gravimetric water content

(GWC) for all soils prior to freezing. I also measured soil IN concentrations after all soils had
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been incubated. Ammonium (NH4") and NOs" extraction and analysis procedures were the same
as in Chapter 4. Determination of gravimetric water content (GWC) were the same as in Chapter
4.

Frozen soils were thawed to measure soil pH, SOC, and SON. I measured soil pH using
the same procedure from Chapter 4, and SOC and SON measurements were performed
externally with a LECO Tru-Spec CN analyzer (Leco Corp., St. Joseph, MI, USA) at Ward
Laboratories in Kearney, NE. Frozen soil subsamples were dried in a 60 °C oven, and ground to
powder on a table roller at Colorado State University prior to shipment to Ward Laboratory.

Frozen soils were shipped directly to Ward Laboratories for soil texture analysis by
hydrometer.

2.3 Determination of soil saturation

For all incubations, I held soils at 60% soil saturation. I determined how much water to
add to each soil to achieve this saturation using the same procedure as in Chapter 4. Briefly, I
calculated saturated water content (SWC) by dividing the g water in soil subsamples at
maximum water holding capacity (WHC) by the subsample dry soil mass. I used this metric
rather than % water-filled pore space (WFPS) because in sieving my soils I broke down all soil
pore structures. Finally, to determine the g of water to add to a given soil, I used Equation 1,
where g soil corresponds to the g soil incubated, and 0.6 corresponds to the target percent
saturation (60%):

g H,0 to add = g soil x (SWC x 0.6) — soil GWC()) (D
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2.4 Soil incubations
2.4.1 Preparation of organic carbon solutions

I prepared three aqueous OC amendments for all treated soils. Equal quantities on a %
mass C basis of powdered sodium succinate, sodium acetate, and sodium propionate were
dissolved into DI water and diluted serially (two dilutions) to a final concentration of 6.28 mg/L
(Low OC), 12.56 mg/L (Medium OC), and 18.84 mg/L. (High OC). All organic compounds were
obtained from Sigma Aldrich (St. Louis, MO, USA). Aqueous solutions were stored at 4 °C
when not in use.

The organic acids used are all non-fermentable, naturally occurring, and have previously
been determined by Hedin et al. (1998) to impact denitrifier metabolism. I determined the
concentration for the Low OC-amendment previously (see Chapter 4, Section 3.4.). In this study,
I chose to double and triple that amendment concentration for continuity, rather than determining
a different series of OC-levels.

2.4.2 Soil amendments and incubation setup

Soils were separated into either Control, Low OC, Medium OC, or High OC (hereafter all
OC-amended soils referred to as +OC soils). As in Chapter 4, for each sample, the frozen soil
equivalent of 75g dry soil was weighed into 0.5 L Ball jars, refrigerated overnight to thaw,
warmed to room temperature prior to treatment, and then brough to 60% saturation. Briefly,
Control soils were amended with DI water and +OC soils were amended with DI water and ImL
of the appropriate +OC solution. Either amendment was distributed by pipette over the soils, and
then thoroughly mixed to ensure sufficient distribution of OC (if applicable) and homogenous

saturation.
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After all soils were treated, jars were sealed for incubation. In Stuchiner and von Fischer
(unpublished manuscript in revision with JGR: Biogeosciences, see Chapter 3) I provide a
detailed description of my incubation apparatus, which includes a 1L Tedlar gas bag attached to
the jar headspace to allow for removal of a large quantity of air for subsequent [N2O] and
isotopic analysis with the laser-based analyzer (see 2.4.3 for details). I prepared incubation
apparatuses the same as in Chapter 4, by flushing and filling all apparats from a cylinder of
custom-blend air intended to closely emulate Earth’s atmosphere, and then injecting 1mL of 99
atom percent (AP) '"N,O into each jar’s headspace for isotope pool dilution (details in Section
2.4.4).

I performed time zero (To) and time 48 (T4s) measurements to enable a 48 hr assay
duration (see Chapter 4, Section 3.4.2 for details). Soils were incubated on a lab countertop at
room temperature (24 °C) for either 60 minutes (To), or 49 hr (Tsg). At the end of the incubation
period, I mixed each jar and gas bag’s air thoroughly (Stuchiner and von Fischer unpublished
manuscript in revision with JGR: Biogeosciences, see Chapter 3). At the time of sampling, I
connected each incubation apparatus directly to the gas analyzer-scrubber system (see 2.4.3 for
details). The analyzer removed air from the jar headspace and gas bag simultaneously, thus
keeping the jar air pressure at atmospheric pressure.

2.4.3 Measurements of N>O and CO: concentration, and N-O isotopic composition

After 60 minutes (To) or 49 hours (Tssg), incubation vessels were analyzed for N2O
concentration and isotopic composition by a laser-based Los Gatos Research (LGR) N,O
isotopic analyzer (Los Gatos Research N>O Isotopic Analyzer model 914-0027; ABB-Los Gatos

Research, Mountain View, CA, USA) as in Chapter 4.
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All raw concentration data for each N>O sample was exported to Excel (version 16.52),
where it was trimmed to only include stabilized N>O isotopocule readings (the final ~5 minutes
of sampling). These values were used to calculate average N>O and isotopomer concentrations.
All reported concentrations were then corrected against calibrations using the model and
approach described in Stuchiner et al. (2020).

I measured accumulated CO; in To and Tsg incubation jars to characterize microbial
respiration. Air samples of 3mL were drawn with a 3mL syringe from remaining headspace air in
the incubation jars at the end of N>O sampling. Samples were analyzed on a laser-based Los
Gatos Research Greenhouse Gas Analyzer using the procedure described in Chapter 4 (Los
Gatos Research Greenhouse Gas Analyzer model 908-0007-001; ABB-Los Gatos Research,
Mountain View, CA, USA). Briefly, each sample was injected into a continuous flow of zero-
grade air (80:20 N2:02 blend, Airgas Industries) that connected to the analyzer via an open split,
and each injected sample yielded a brief CO; concentration peak. The height (i.e., maximum
concentration) of these peaks were calibrated with a four-point calibration curve using the same
standards as in Chapter 4.

A previous test assessed the gastight seals of the incubation vessels (see Chapter 4,
Section 3.4.5). Briefly, 12 incubation vessels were flushed and filled with zero-grade air and then
injected with 1 mL of 99 AP N'SN'®0. Six vessels were sampled for N>O and isotopomer
concentrations at To and the remaining six vessels were sampled at T4, and t-tests revealed that
changes from Ty to T4s in total N2O concentration were not significant, while changes in

concentration of enriched N»>O was less than 2.3% for 8°N®and §!°NP.
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2.4.4 Flux calculations and isotope pool dilution

I calculated net N>O emission using measures of the headspace N>O concentration and
calculated gross N2O consumption using isotope pool dilution (Kirkham and Bartholomew 1954,
von Fischer and Hedin 2002). Net N>O flux was calculated from the difference in N.O
concentration between To and Tss and is presented in units ng N.O-N/g dry soil/day. I describe
the calculations used to obtain these net and gross fluxes in detail in Chapter 4.
2.4.5 Post-incubation soil and genetic measurements

After all gas had been sampled for the T4g incubations, soil replicates from each group
were bulked into a Ziploc bag, re-homogenized, and soil IN was measured immediately
thereafter (see Chapter 4, section 3.2, and this chapter section 2.2. for details). Like in Chapter 4,
two-gram subsamples from each treatment group were frozen at -80 °C in preparation for
microbial genetic analysis, and remaining soils were frozen at -20 °C.

To measure the abundances of key N-cycling genes (nifH, nirK, nirS, clade I nosZ, clade
II nosZ), and microbial community genes (16S ribosomal RNA, rRNA, 18S rRNA) I extracted
DNA from soils that had been frozen at -80 °C using a Qiagen Powersoil Pro kit according to the
manufacturer’s instructions (Qiagen, Germantown, MD, USA). The genes 16S rRNA and 18S
rRNA are commonly used indicators of bacterial (16S rRNA) and fungal (18S rRNA) gene
abundances. Furthermore, I use 16S rRNA gene abundances to standardize the abundances of all
other genes (Henry et al. 2006). The nifH gene encodes the enzyme that catalyzes N-fixation
(Kuypers et al. 2018). The nirK and the nirS genes encode the enzyme that catalyzes reduction of
nitrite (NOy") to nitric oxide (NO) and is thus characteristic of incomplete denitrification, with
the notable difference that microbes harboring nirK often lack clade I nosZ, whereas microbes

harboring nirS are more likely to have clade I nosZ (Sanford et al. 2012, Graf et al. 2014). The
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clade I nosZ gene encodes the enzyme that catalyzes reduction of N2O to N> and is thus
characteristic of complete canonical denitrification, whereas clade Il nosZ includes a suite of
subclades and also encodes the enzyme that catalyzes reduction of N2O to N3, but potentially
under more diverse circumstances than clade I nosZ (Sanford et al. 2012, Domeignoz-Horta et al.
2015, Shan et al. 2021).

The quality (A260/A280) and concentration from each DNA sample was determined
spectrophotometrically using a NanoDrop (Thermo Scientific, Waltham, MA, USA). All genetic
measurements were performed as in Chapter 4. Briefly, samples were diluted to 10 ng/uL and
then I characterized the abundances of the abovementioned genes using qPCR analysis as in
Trivedi et al. (2012) for all genes excluding clade II nosZ.

For clade Il nosZ, I characterized the abundances of clade II nosZ subclades A, B, and C
as in Chee-Sanford et al. (2020). While Chee-Sanford et al. (2020) describes eight subclades (A-
H), I was only able to successfully amplify subclade A-C, as this is a novel gene to quantify, and
its amplification pipeline is still being refined.

For each soil sample, I performed qPCR amplification four to six times for each gene, as
occasionally samples did not amplify. Gene abundances (e.g., gene copy number) were
determined by using simple linear regressions that related the cycle threshold (Ct) value for each
sample to known Ct values from a standard curve. I calculated a mean gene abundance for clade
II nosZ by averaging the gene abundances of subclades A-C.

2.5 Data analyses
2.5.1 Calculation of +OC treatments:Control ratios
To determine the effect of the +OC treatments, I compared each +OC treatment response

(e.g., responses for Low, Medium, and High OC) vs. control for net N>O emissions, gross NoO
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consumption, soil NO3~ and NH4" concentrations, microbially emitted [CO.], and the gene
abundances of nifH, nirS, nirK, clade I nosZ, and clade II nosZ. for all soils at the conclusion of
incubations. I quantified the effect of each OC-treatment as in Chapter 4. Briefly, I calculated
response ratios of each variable measured by dividing the +OC value for a given property by the
weighted average for the Control of that same property. If a ratio was > 1 the +OC treatment
increased that property, and if a ratio was <1 the +OC treatment decreased that property. I used
+OC:Control response ratios in all statistical analyses when applicable.
2.5.2 Statistical analyses

All raw data was collected, collated, and reorganized in Excel, and then all statistical
analyses were performed in RStudio (version 4.0.2 (2020-06-22) — “Taking Off Again” © 2020
The R Foundation for Statistical Computing). Differences between pre-OC addition soil NO3~
and post OC-addition soil NO3™ were determined using one-way ANOV As. The same test was
used for pre- vs. post-OC addition soil NH4". T also performed one-way ANOV As to compare
SOC, SON, and soil pH among all pre-incubation soils. Two-way ANOVAs were used to
compare among soil and microbial community responses to the different OC-amendments
following incubation, including microbial respiration, clade I nosZ abundance, and clade Il nosZ
abundance. I also used simple linear regression analysis to identify correlations between
+0OC:Control N2O emissions or consumption and +OC:Control microbial respiration. I examined
residuals for departure from normality and determined that all N>O production and consumption
data should be log-transformed to meet assumptions of normality.

Associations among microbial N-cycling gene ratios (+OC:Control ratios) and N>O flux
responses were examined using a MANOVA. Follow-up one-way ANOVAs were performed to

identify differences among all the OC-amended soils for each N-cycling gene. To visualize these
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associations, I performed a Principal Components Analysis (PCA) to see how the N-cycling gene
abundance ratios associated with the different N>O flux responses. I used the package missMDA
to impute the dataset for the PCA, and I used the package factoextra to visualize the PCA
results.
3. Results
3.1 NoO flux responses to +OC treatments

The different +OC treatments stimulated a range of N>O flux responses across the
different soils (Figure 5.1). Within soils from a given site, all soils typically responded to +OC
treatment, regardless of amendment level, in the same way. Eleven of the +OC soils increased
N20 consumption in response to treatment, and ten of the +OC soils decreased N2O consumption
in response to treatment (Figure 5.1). Four soils showed ICDE, including all the desert shrubland
soils, and the desert grassland Low OC-amended soil. Nine soils showed Increased N>O
Consumption and Increased N>O Emission (ICIE), including all the limited irrigation corn field
soils, all the alpine meadow soils, and the conventional cornfield medium OC-amended soil.
Eight soils showed Decreased N.O Consumption and Decreased NoO Emission (DCDE),
including all the desert grassland soils, all the subalpine forest soils, and the desert grassland
High and Medium OC-amended soils. Finally, two soils, the conventional cornfield Low and
High OC-amended soils, showed Decreased N>O Consumption and Increased N2O Emission

(DCIE; Figure 5.1).
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Figure 5.1. Change in (or “A”) net N>O emission vs. gross N>O consumption rates for all soils.
Colors correspond to the different soils, and shapes correspond to the +OC treatment. A values
were calculated by dividing +OC N2O emission or consumption rates by Control N>O emission
or consumption rates. The grey box highlights region where soils can show ICDE, a GHG
management ideal. In all cases, n = 6 for Control N2O emission rates, and for Control N2O
consumption rates n = 6 for the desert grassland, limited irrigation cornfield, and subalpine
forest, but n = 4 for the convention cornfield and shortgrass prairie, and n = 5 for the desert
shrubland and the alpine meadow. For N>O emission ratios, n = 6 for all soils except n =2 for
conventional cornfield medium OC, n =5 for desert grassland high and medium OC, n =5 for
subalpine forest Low OC, and n =5 for desert grassland Low OC. For N>O consumption ratios, n
= 2 for all conventional cornfield soils, n = 5 for desert shrubland low and high OC-amended
soils and n = 6 for desert shrubland medium OC-amended soils, n = 5 for subalpine forest
medium and high OC-amended soils and n = 6 for subalpine forest low OC-amended soils, n = 6
for desert grassland medium and high OC-amended soils and n = 4 for desert grassland low OC-
amended soils, and n = 5 for desert grassland medium and high OC-amended soils and n = 6 for
desert grassland low OC-amended soils.

3.2 Microbial respiration and respiration-N:O flux relationships
3.2.1 Microbial respiration
There were significant site, treatment, and site by treatment interaction effects for

microbial respiration +OC vs. Control ratios following incubation (p < 0.0001 in all cases), as

137



revealed by a two-way ANOVA (Figure 5.2). Subsequent site and site by treatment pairwise

comparisons showed that these responses varied by N>O flux category, and somewhat within soil
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Figure 5.2. Microbial respiration ratios across all soils and +OC treatments. The A values were

calculated by dividing +OC microbial respiration by Control microbial respiration. In all cases n
= 6, except n = 2 for the Convention cornfield Medium OC-amended soil. Error bars are & one
SE from the mean.
ICDE soils

All desert shrubland soils showed comparable microbial respiration regardless of
treatment, and the desert grassland Low OC soil did not differ from the desert grassland Medium
or High OC soils. The desert shrubland soils collectively have notably higher A respiration
values than all others (p < 0.0001 in all cases).
ICIE soils

Respiration progressively increased with successive OC additions for the limited

irrigation cornfield soils (p < 0.0001 in all cases), and the conventional cornfield Medium OC
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soil had a higher A respiration ratio than Low and High OC-amended soils, although not
significantly. Dissimilarly, respiration progressively decreased for the alpine meadow soil,
although not appreciably (no significant differences).
DCDE soils

Respiration progressively decreased for the shortgrass prairie soils and for the subalpine
forest soils, however only the High OC-amended shortgrass prairie soil was significantly
different from the Medium and Low (p < 0.0001 in both cases), and there were no significant
differences among the subalpine forest soils. The desert grassland Medium and High OC-
amended soils did not differ from each other.
DCIE soils

Respiration progressively increased with successive OC additions for the conventional
cornfield Low and High OC additions, however only Low and High significantly differed from
each other (p < 0.0001) and neither significantly differed from the conventional cornfield
Medium OC soil.
3.2.2 Microbial respiration vs. N>O fluxes

Simple linear regression analyses revealed there were relationships between the microbial
respiration ratios and certain N>O flux ratios.

There were no correlations between respiration ratio and the N2O emission ratio, across
all soils or by OC-amendment level (Figure 5.3). Although there was a negative relationship
between the Low OC A N>O emission rate and A respiration rate, it was not significant (Figure

5.3).
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Figure 5.3. Relationship between A N>O emission rate and A microbial respiration. All values
are means obtained after 48 hr soil incubations. There were no significant correlations between A
N20 emissions and A microbial respiration across all soils or across Low, Medium, or High OC-
amended soils alone. N = 21 for total A N>O emission rate and total A microbial respiration, and
n =7 for each OC-amendment level.

Conversely, there was a positive correlation (R? = 0.19) between the N>O consumption
ratio and the microbial respiration ratio across all OC additions, with the intercept and the slope
both significantly different from zero (p < 0.0001 and p = 0.05, respectively), indicating a
significant positive correlation (Figure 5.4). However, there was no significant relationships
between A N>O consumption and A microbial respiration for the only the Low, Medium, or High
OC soils. There were apparent positive correlations for the Medium and High OC relationships
(R?=0.19 and 0.49, respectively), but neither correlation was significant. That said, the slope

was borderline significantly different from zero (p = 0.08) for High OC, suggesting a near

significant positive correlation for those soils (Figure 5.4).
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Figure 5.4. Relationship between A N>O consumption rate and A microbial respiration. All
values are means obtained after 48 hr soil incubations. There was a significant correlation
between A N>O consumption and A microbial respiration across all soils (black line, p = 0.05),
but there were not significant correlations between A N2O consumption and A microbial
respiration across Low, Medium, or High OC-amended soils alone, although the correlation for
High OC soils (blue dotted line) was borderline significant (p = 0.08). N = 21 for total A NoO
emission rate and total A microbial respiration, and n = 7 for each OC-amendment level.

3.3 Changes in soil IN from pre to post incubation

One-way ANOV As revealed differences within each soil from before and after
incubations and among the +OC treated soils vs. the control soils for both NH4" and NO3

(Figure 5.5).
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Figure 5.5. Relationships between soil NH4" and NOs™ concentrations from before OC-additions
and after OC-additions (post 48 hr incubations). For the pre soils, IN was extracted with 24-72
hrs of sampling, and for the OC-amended soils, IN was extracted immediately following

incubation. For pre OC-addition soils, n = 4 in all cases, and for all OC-amended and Control
soils, n = 3. Error bars are + one SE from the mean.

ICDE soils

The desert shrubland did not have any significant differences in soil NH4" concentration
among any of the soil, but all the post OC-addition soils differed from the pre-OC addition soils
for NOs3™ (p < 0.0001, Figure 5.5). The desert grassland Low OC-amended soil differed from the
pre-OC amendment soil (p = 0.002) and from the Medium OC-amended soil (p = 0.006) for
NH;4", but for NO3~ only the Low OC-amended soil differed from the Control soil (p < 0.0001,
Figure 5.5).
ICIE soils

The conventional cornfield Medium OC soil NH4* and NOs™ concentrations significantly

differed from the pre-OC NH4" and NOs™ concentrations (p = 0.0001 and p < 0.0001,
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respectively, Figure 5.5). The limited irrigation cornfield had no differences among any NH4"
concentrations, but there were multiple differences among the NO3™ concentrations. The High
OC soil differed from the pre-OC soil and the Low OC soil (p =0.0013, p = 0.0125,
respectively). The Medium and High OC soils were also both significantly different from the
Control (p =0.007 and p = 0.0001, respectively), whereas the Low OC soil is borderline
significantly different from the control (p = 0.06). For the alpine meadow NH4" concentrations,
all the soils significantly differed from the pre-OC soils (p < 0.0001 in all cases), and all the post-
incubation soils significantly different from the Low OC soil (p = 0.007, p=0.0013, and p =
0.0018 for Control, Medium, and High OC-amendment, respectively). The NO3™ concentrations
for all the post-OC addition alpine meadow soils significantly differed from the pre-OC addition
soils (p < 0.0001 in all cases p = 0.0001 for the High OC soil). All the OC-amended soils
significantly differed from the Control (p < 0.0001 in all cases, Figure 5.5).
DCDE soils

For the subalpine forest soil NH4" levels, all the OC-amended soils significantly differed
from the pre-amendment soil (p < 0.001 in all cases except p = 0.0002 for the Low OC soil,
Figure 5.5.). Furthermore, the Medium and High OC-amended soils differed from the Control
soil (p < 0.001 in both cases), but the Low OC soil did not differ from the control. For NO3"
levels, all the treated soils significantly differed from the pre-OC addition soils (p = 0.03, p =
0.03, and p = 0.03 for Low, Medium, and High, respectively), and the Control was borderline
significantly different from the pre-OC addition soils (p = 0.07).

The desert grassland Medium and High OC soils both significantly differed in NH4" from
the pre-OC soil (p < 0.0001, and p = 0.0005 for Medium and High, respectively). Both soils and

the Control significantly differed in NO3™ compared to the pre-OC soil (p < 0.0001, p = 0.0005, p
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= 0.004 for Control, Medium, High, respectively). Additionally, the Medium and High soils both
differed from the Control soil (p < 0.0001).

For the shortgrass prairie, there were no differences in NH4" among any of the soils.
There were differences in soil NO3™ between the pre-OC soil and the Control and Low OC soils
(p <0.0001 and p = 0.0008 for Control and Low, respectively), and the with Medium OC soil
was borderline significantly different from the pre-OC soil (p = 0.0834). All of the +OC soils
had significantly different NOs™ levels from the Control (p < 0.0001 in all cases, Figure 5.5).
DCIE soils

For the conventional cornfield, NH4" levels differed for the pre-OC to post Low and High
OC-amended soils (p = 0.0013 for Low and p = 0.0001 for High, respectively, Figure 5.5.).
Similarly, NOs levels differed from the pre-OC to post Low and High OC-amended soils (p <
0.0001 in both cases).
3.4. Soil genetics

A MANOVA revealed that particular N-cycling genes associated with certain soil flux
responses (p < 0.0001), as the PCA also illustrates (Figure 5.6). Subsequent one-way ANOV As
revealed that all genes significantly differed among the soils and treatments (p < 0.001 for all

genes except clade II nosZ average, where p = 0.013).
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Figure 5.6. Loading and biplot for PCA. Different symbols correspond to different N>O flux

groups. See Appendix 4 Table 2 for original n-values for each variable, n = 6 for all imputed
variables.

The PCA illustrates that the gene response ratios (+OC gene abundance divided by
Control gene abundance) tended to cluster along PC1 and PC2 (Figure 5.6). The response ratios
for nifH, nirS, and clade II nosZ loaded mainly with ICDE and DCDE soils, whereas nirK and
clade I nosZ loaded primarily with DCDE and ICIE soils. More specifically, nirK and clade I
nosZ loaded most strongly with the subalpine forest and alpine meadow soils, and nifH, nirS, and
clade Il nosZ loaded most strongly with the desert shrubland and desert grassland soils. None of
the N-cycling genes loaded strongly with the conventional cornfield, limited irrigation cornfield,
or shortgrass prairie (Figure 5.6).

Clade I nosZ gene abundances increased with increasing OC addition within soils, and a
two-way ANOVA found differences within and among soils, as well (Figure 5.7). I performed
this test without interaction effects due to the low statistical power from my number of replicates

per sample. For clade I, the two-way ANOVA revealed there were significant site and treatment
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effects among the soils and their nosZ abundance (p < 0.0001 in both cases). Pairwise
comparisons illustrated that there were multiple differences within specific soils. The desert
shrubland Low OC soil was significantly different from the Medium OC soil (p = 0.05) and from
the High OC soil (p = 0.0024). The desert grassland Low OC soil was significantly different
from the High OC soil (p = 0.034). Finally, most of the subalpine forest soils significantly
differed from each other, with the Low OC soil differing from the High OC soil (p < 0.0001),

and Medium OC soil differing from High OC soil (p = 0.015; Figure 5.7).
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Figure 5.7. A clade I nosZ gene abundance by site and by +OC treatment. These A values were

calculated by dividing the +OC nosZ gene abundances by the Control nosZ gene abundance. In
all cases, n = 4 and error bars are + one SE from the mean.

In contrast, the clade Il nosZ two-way ANOVA with interaction effects (n-values were
bigger for these samples) showed a significant soil effect (p = 0.008), but no treatment effect or
site by treatment effect (Figure 5.8). This illustrates that differences among the soils drove the

differences in clade II nosZ gene abundance, regardless of +OC treatment. Pairwise comparisons

illustrated that within soils, only the desert grassland soils differed between each other. The Low
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OC soil differed from the Medium (p = 0.02) and from the High OC soil (p = 0.033), but the

Medium and High OC soils did not differ from each other.
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Figure 5.8. A clade Il nosZ gene abundance by site and by +OC treatment. These A values were
calculated by determining the mean gene abundance for clade Il nosZ by averaging subclades A,
B, and C. Then, that mean was divided by the Control clade II nosZ gene abundance. See
Appendix 4 Table 1 for n-values, and error bars are + one SE from the mean.

3.5. Soil properties

Direct measures of soil properties revealed many differences among the soils in texture,
SOC, SON, and soil pH. The soil texture analyses are summarized Table 5.2. In general, the
largest fraction of all soils was sand, but the conventional cornfield soil also had a notably large

clay fraction (Table 5.2).
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Table 5.2. Soil texture measures for soil from each site. These direct measures of soil properties
were measured prior to the incubation experiments. For each soil, one 500 g sample was used to
measure soil texture by hydrometer.

Site name Soil texture Sand (%) Silt (%) Clay (%)
Conventional cornfield Clay Loam 39 29 32
Limited irrigation cornfield Loamy Sand 75 13 12
Shortgrass prairie Sandy Loam 66 18 16
Desert shrubland Sandy Loam 86 6 8
Desert grassland Sandy Loam 66 20 14
Subalpine forest Sandy Loam 63 25 12
Alpine meadow Sandy Loam 59 33 8

A one-way ANOVA revealed a significant difference among all soils in % SOC and %
SON (p <0.0001 in both cases, Figure 5.9). For SOC, follow-up Tukey pairwise comparisons
showed that most soils were significantly different from each other, with p <0.0001 in most
cases, except p = 0.0009 and p = 0.004 for desert shrubland vs. limited irrigation cornfield and
for desert grassland vs. shortgrass prairie, respectively (Figure 5.9a). For SON, follow-up Tukey
pairwise comparisons also showed significant differences among most soils (p <0.0001 in most
cases, except p = 0.013, p=0.02, and p = 0.0001 for desert grassland vs. limited irrigation
cornfield, desert grassland vs. desert shrubland, and desert shrubland vs. shortgrass prairie,

respectively, Figure 5.9b).
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Figure 5.9. SOC (panel A) and SON (panel B) by soil type. These direct measurements were
taken prior to soil incubation. Letters indicate significantly different mean values, and n = 4 in all

cases. Error bares are & one SE from the mean.

Finally, a one-way ANOVA revealed significant differences in pH among all soils (p <
0.0001; Figure 5.10). One-way ANOVA revealed a significant difference among the soils (p <
0.0001). Follow-up Tukey pairwise comparisons showed there were significant differences
among all soils (p < 0.0001 in all cases), except there was a borderline significant difference

between the limited irrigation cornfield and desert shrubland soil pH (p = 0.06).
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Figure 5.10. Soil pH by soil type. These direct measures of soil properties were measured prior

to the incubation experiments. Letters correspond to significantly different pH values. In all
cases, n = 9, and error bars are + one SE from the mean.

4. Discussion

In this study, I incubated diverse soils under a range of OC concentration amendments to
see how these treatments effect N>O production and consumption, and how these responses are
mediated by soil and microbial community properties. I sought to address the question: does
amending soil with increasing concentrations of OC contribute to microbes surpassing a C-
limitation threshold and creating reducing regions in soil that are thermodynamically favorable
for N2O consumption? I predicted that as soils became less reductant limited, they would have
increased capacity for N2O consumption such that all soils could show ICDE. While the results
from this study did not fully support my prediction (Figure 5.1), I have gained instead a more
nuanced understanding of the drivers of microbial N>O consumption, and this can be beneficial

for future N>O consumption management strategies.
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Primarily, it is too simplistic to consider an entire soil microcosm, even at the scale of a
0.5 L jar, susceptible to one OC threshold. Soils are not homogeneous, and unsaturated soils can
have many anoxic microsites that OC amendment cannot readily penetrate (Ebrahimi et al.
2016). Additionally, aggregate sizes differ among and within soils, and these different sizes can
impact substrate and gas diffusion rates, thus impacting OC delivery to anoxic aggregate centers
(Schliiter et al. 2018). Indeed, soil heterogeneity contributes to many possible N>O production or
consumption outcomes because across tiny spatial scales, no two environments are the same
(Harms et al. 2009). More specifically, the soil redox conditions that affect N>O consumption
also affect NoO production (Palta et al. 2014, Badagliacca et al. 2018, Luo et al. 2021). For
example, when soils become more reducing, that can contribute to NO3™ reduction, rather than
N2O reduction (Palta et al. 2014). These differences in microbial N-transformations can be
mediated by soil properties that contribute to substrate availability, microbial enzyme activity, or
O, availability, such as NO3™ (Friedl et al. 2020), pH (Blum et al. 2018), and soil texture (Table
5.2; Keiluweit et al. 2017). Invariably, this suite of conditions becomes complex, and challenges
our efforts to manage N>O emissions by focusing only on N>O consumption. However, to better
understand N>O consumption management options, we must be able to make sense of the diverse

N2O flux responses to OC additions (Figure 5.1).

4.1 Drivers of N2O consumption disagree with previous studies

N20 consumption can be stimulated via OC additions to diminish N>O emissions, but the
drivers behind this stimulation are not straightforward. N2O consumption increased in 11 out of
28 treatment soils, but while proximal soil and microbial measurements support previous trends,

they also illuminate discrepancies between my findings and other studies.
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My study revealed an association between A N2O consumption and A microbial
respiration (Figure 5.4). In response to +OC treatment, microbial respiration increased, although
there was some variation with how much respiration increased with successive +OC treatments
(Figure 5.2). This heightened microbial activity likely depleted soil Oz and contributed to an
increased volume of reducing regions (Stevenson et al. 2011, Wu et al. 2013, Wang et al. 2021),
which created more sites for NoO consumption in particular soils (Table 5.2; Ribas et al. 2019). I
do not see the same association between N>O emissions and microbial respiration (Figure 5.3),
which indicates that the added OC has a stronger effect on N>O consumption than N>O emission.
This contradicts Yang and Silver’s (2016) findings. In a northern California cornfield, they found
that the greatest predictor of N2O production and consumption was microbial respiration, likely
because it is a proxy for labile C availability for denitrification. However, my findings suggest
that if microbial respiration is correlated with consumption but not emissions perhaps these
denitrifier-targeted amendments are specifically targeting N>O reducers, rather than N>O

producers and reducers.

My analyses of clade I and clade Il nosZ gene abundance somewhat align with this
notion (Figures 5.7 and 5.8). Across all soils, clade I nosZ gene abundance increased with
successively increasing OC additions. The treatment effect was significant (p < 0.0001), which
supports this broad trend, although there were not always significant differences in gene
abundance within a given soil type (Figure 5.7). Previous studies have illustrated a positive
relationship between clade I nosZ abundance and SOC (Barrett et al. 2016, Wang et al. 2020),
and while previous work (Luo et al. 2021) has also illustrated a positive relationship between
clade II nosZ abundance and SOC, in my study clade II nosZ was less responsive to OC

additions than clade I nosZ (Figure 5.8). Previous work has also shown a correlation between
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increased N>O uptake and increased clade I (Barett et al. 2016) and clade II (Xu et al. 2020) nosZ
abundance. Interestingly, in my study it also was not always the soils that showed the greatest
increases in nosZ following OC-amendment (Figures 5.7 and 5.8) that showed the greatest
increases in N2O consumption (Figure 5.1). This indicates that perhaps the soils that consumed
the most N,O already had abundant clade I and II nosZ genes, so abundances did not change

appreciably in response to added OC.

Together these findings, (1) associations between A microbial respiration and A N>O
consumption but not A emissions, and (2) a lack of associations between A nosZ gene
abundances and A N>O consumption, call several mechanistic drivers of N2O consumption into
question. My results indicate that certain OC additions specifically contribute to N>O
consumption, not N>O production, and my results also indicate that increases in nosZ might not
be as important predictors of N>O consumption as previously thought (e.g., Buchen et al. 2019).
These discrepancies could be important for explaining and anticipating N>O consumption
behaviors in soils and future studies should see if these trends hold in other soils or in field

settings.

4.2 Drivers of ICDE in soils

From a management perspective, it is important to understand why some situations led to
the desired outcome of ICDE, particularly if the drivers of increased consumption and decreased
emissions deviated from previous trends. These deviations could be useful for expanding

understanding of N2O flux responses to different OC treatments.

The desert shrubland and desert grassland-Low OC soils all showed ICDE, and these

soils were generally characterized by small changes in soil IN (Figure 5.5), associations with
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nirS, nifH, and clade II nosZ (Figure 5.6), some increases in clade I nosZ (both soils; Figure 5.7)
and clade II nosZ (only desert grassland-Low OC; Figure 5.8), low SOC and SON (Figure 5.9),
and high soil pH (Figure 5.10). The general lack of change in IN for ICDE soils indicates that
either available NO3™ was getting rapidly reduced as it was getting nitrified, or the low NOj3"

availability is what precipitated increased N2O consumption (Senbayram et al. 2019).

Furthermore, it is interesting that these soils associated with A nirS and A clade II nosZ
gene abundances (Figure 5.6). Although nirS is a gene associated with N>O production, microbes
harboring nirS typically also harbor clade I nosZ (Graf et al. 2014, Shan et al. 2021). Even
though all soils that showed ICDE also showed increases in clade I nosZ, those soils associated
with nirS, but not with clade I nosZ (Figure 5.6). Rather, the ICDE soils associated with clade II
nosZ (Figure 5.6), even though only the desert grassland-Low OC soil showed an increase in
clade II nosZ (Figure 5.8). Collectively, these findings support that these “atypical” denitrifiers
(those harboring clade II nosZ, Sanford et al. 2012) are an important mediator of soil N2O sink
capacity (Jones et al. 2013, Jones et al. 2014), and that they might have been abundant in these
soils irrespective of OC amendment. Conthe et al. (2018) describe that clade II N>O reducers are
more likely to be in soils with fewer episodic N>O emission pulses, like desert soils, where they
can constantly serve as background reducers. Thus, it makes sense that the two desert soils
would be associated with clade II nosZ. Additionally, perhaps the association with nirS
illustrates an N2O reduction potential, wherein if a large fraction of the microbial community
harbors nirS, then they can stimulate NoO consumption by increasing clade I nosZ gene

abundance in response to +OC treatment (Figure 5.7).

The interaction between these genes and soil pH partly contradicts previous findings

(Figure 5.10). Luo et al. (2021) reported that clade II nosZ was negatively correlated with soil
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pH, but these desert soils have the two highest pHs of all the soils tested (Figure 5.10). However,
it is understood that the NosZ enzyme, transcribed from clade I nosZ, has increased activity
under higher pH (Richardson et al. 2009). Perhaps, given the largely unexplored clade Il nosZ
gene, it is possible that denitrification enzymes produced from certain microbes harboring this

gene perform better at higher pH.

Finally, both the desert shrubland and grassland soils had the lowest SOC and SON
percentages among all soils (Figure 5.9). Following certain +OC treatments, some of the ICDE
soils showed significant increases in clade I or clade II nosZ abundance. The literature has been
largely in agreement about the positive association between OC additions and nosZ abundance,
so my findings align with expectations (Barrett et al. 2016, Buchen et al. 2019, Duan et al. 2019,
Dai et al. 2019, Aamer et al. 2020, Guo et al. 2020). However, the increases I observed did not
occur for all ICDE soils, and not necessarily all increases were large. This harks back to the
notion in Section 4.1 that perhaps the relationship between N2O consumption and nosZ gene

abundance is less straightforward than previously thought.

Collectively, the soils that showed ICDE had very specific soil C and N circumstances
that likely contributed to their unique microbial genetic compositions and N>O flux responses.
However, if other soils do not “thread the needle” in the same specific way, it remains to be seen
if they can show ICDE. Addressing this will require follow-up work. Future studies could
examine how inherent soil C and N status interact with different OC amendments to effect N>O

flux.
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4.3 Other N>O flux responses

Although most of the soils I incubated did not show ICDE, it is still important to
understand their behaviors; their responses to the +OC treatment could be useful for NoO
management strategies. Indeed, seven soils showed ICIE, eight soils showed DCDE, and two
soils showed DCIE (Figure 5.1). From a management perspective, the ICIE and DCDE soils are
of interest because N2O consumption increased markedly in some ICIE soils, and while the

DCDE soils did not increase N>O consumption, they did decrease N>O emissions.

The majority of ICIE soils (limited irrigation cornfield and alpine meadow soils) were
characterized by moderate to minimal changes in NOs™ and increases in NH4* (Figure 5.5), and
comparable increases in clade I and clade Il nosZ (Figures 5.7 and 5.8). However, the soils
largely differed in their A respiration, which genes they associated with (Figure 5.6), SOC and
SON (Figure 5.9), and soil pH (Figure 5.10). The conventional cornfield-Medium OC soil also
exhibited unique responses to +OC treatment. The similarities and differences among these soils
are puzzling, as I would expect some unifying features to contribute to the same N2O flux

response, as [ observed with the ICDE soils.

For the limited irrigation cornfield and alpine meadow soil IN responses, it is also
puzzling that NH4" increased whereas NO3™ did not, given that N>O emissions increased in the
ICIE soils (Senbayram et al. 2019). Wang et al. (2016) observed rapid NH4" to NO3™ conversion
when they fertilized wheat crops with NH4" fertilizer, so it is possible the NH4" in these soils was
rapidly nitrified and then rapidly reduced to N2O or to Na. Alternatively, the limited irrigation
cornfield soils showed some substantial decreases in NO3™ abundance from before vs. after +OC
treatment, which aligns with literature expectations. Wen et al. (2017) observed a strong, positive

correlation between N2O production and consumption, and both processes were mediated by soil
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NOs™ availability, so perhaps the drawdown in soil NO;3™ supported N2O production and

consumption in the limited irrigation cornfield soils.

However, neither soil increased clade I nosZ abundance appreciably (Figure 5.7), though
the alpine meadow-Low OC clade II nosZ abundance notably increased, but not significantly
(Figure 5.8). This further suggests that certain soils already had the genetic capacity to reduce
N0, regardless of +OC treatment, but it is strange that the alpine meadow soils positively
associated with nirK and clade I nosZ, while the limited irrigation and conventional cornfield
soils did not (Figure 5.6). I hypothesize that enzymes involved in incomplete and complete
denitrification could help explain these outcomes, as perhaps enzyme activity was greater in
these soils (Bakken et al. 2012). Perhaps in the more acidic alpine meadow soils (Figure 5.10)
the nirK and clade I nosZ abundances were more important for showing ICIE than in the
cornfields, where higher pH (Figure 5.10) might create more amenable conditions for
denitrification enzymes (Blum et al. 2018). While studies examining N>O production and
consumption typically measure N-cycling gene abundances, perhaps future work should consider

incorporating denitrification enzyme activity, as it might be an important explanatory variable.

The majority of DCDE soils (shortgrass prairie and subalpine forest soils), were
characterized by successively decreasing microbial respiration with increased OC amendments
(Figure 5.2), minimal changes in soil NOs but increases in soil NH4* (Figure 5.5), minimal
changes in clade II nosZ gene abundance (Figure 5.8), and lower soil pH (Figure 5.10).
However, the soils differed in that the subalpine forest soils associated with nirK and clade I
nosZ while the shortgrass prairie soils did not (Figure 5.6), the subalpine forest soils showed
increased clade I nosZ while the shortgrass prairie soils did not, and the subalpine forest soils

had markedly higher SOC and SON that the shortgrass prairie soils (Figure 5.9).
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The subalpine forest is an interesting situation, in that those soils are characterized by
high organic matter (Figure 5.9), low soil NO;™ (Figure 5.5), and associate with denitrifying
genes (Figure 5.6), suggesting they should be good candidates for ICDE (Miller et al. 2009,
Mitchell et al. 2013, Wu et al. 2018, Duan et al. 2019). However, it is notable that the subalpine
forest A microbial respiration was so small compared to other soils (Figure 5.2). I hypothesize
the OC additions could have had an acidifying effect on the subalpine forest soils. The +OC
treatment is a blend of organic acids and adding sufficiently high concentrations of those acids to
soils with an already low pH (~5 for the subalpine soils) could have reduced pH to the point
where microbial activity was depressed and also denitrification enzyme activities for nirK and

clade I nosZ were depressed (Richardson et al. 2009, Bakken et al. 2012).

It is not immediately clear why the shortgrass prairie soils showed DCDE (Figure 5.1).
Generally, it appears that soil and microbial properties were less stimulated by any of the +OC
treatments. Or if properties did not exhibit a large A increase, they decreased, such as soil NO3"
(Figure 5.5) or clade II nosZ gene abundance (Figure 5.8). This highlights the possibility that
some soils might not necessarily be ideal candidates for OC amendments to stimulate N>O

consumption, as they just might not be responsive to amendment.

4.4 Reducing N>O emissions other ways?

While the intention of this study was to further explore the potential of inducing ICDE in
diverse soils, it is intriguing to consider that this work generated alternative possibilities to ICDE
for decreasing N2O emissions. ICIE soils did increase N2O consumption markedly, although they
increased emissions markedly, too. It would be ideal if we could develop a way to increase NoO
consumption more than N>O emissions. To my knowledge, this has never been observed in soils,

but it may be possible through bioengineering the NosZ enzyme, an emerging area of research
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(Stein 2020). Furthermore, while DCDE soils did not show the outcome I predicted, it could still
be viewed as a management “win” if N2O emissions decreased. The subalpine forest soil
indicated that +OC treatment likely depressed soil pH, contributing to reduced microbial activity
and denitrification enzyme activity. Conversely, the shortgrass prairie soil indicated that it was
not responsive to +OC treatment. While I would not necessarily advocate for pickling soils to
decrease N>O emissions, certain soils could be good candidates for OC additions to decrease
overall denitrification activities. It remains to be seen if this will have adverse effects on soil
properties or microbial community composition, which warrants future studies. However, while
this study may show that OC amendments are not necessarily a ubiquitous solution to decreasing

N20 emissions, there are evidently multiple paths forward.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

The purpose of this dissertation was to expand our understanding of the drivers of NoO
production and consumption in soils. N2O emissions present a critical threat to the warming of
earth’s atmosphere (Tian et al. 2020) and to the depletion of earth’s stratospheric ozone layer
(Ravishankara et al. 2009). Being able to understand the soil and microbial properties that
control net N>O fluxes will be crucial to a more sustainable future. In this dissertation, I sought
to address three broad questions: (1) What strategies do we have to robustly measure N>O
production and consumption processes? (2) What are the most important processes driving N2O
fluxes from soils? (3) How can we effectively manage N>O emissions, given its diffuse and
diverse sources?

I addressed the first question in Chapter 2 by developing a calibration algorithm for a
laser-based N2O isotopic analyzer. These analyzers are easy to use, high throughput, relatively
inexpensive (Stuchiner et al. 2020), and have the potential to be field-deployable (Ibraim et al.
2018), which could allow for high precision in situ measurements like never before. However,
the primary deterrent standing in their way is calibration and analytical precision challenges
(Ostrom and Ostrom 2017). The calibration algorithm I developed helps mitigate these
challenges and can serve as a roadmap for other labs to use laser-based methods to measure N>O
production and consumption processes.

I addressed the second question in Chapter 3, where I used a paired natural abundance
and isotopic enrichment approach to disentangle among N>O-generating source processes in
different soils. I found that denitrification, be it fungal or bacterial, was the dominant N>O-

generating source process in all soils across all experimental conditions. These findings have
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implications for how we prioritize managing N>O emissions moving forward. It could be that
management efforts should prioritize controlling denitrification, given that my work (Stuchiner
et al., in review), and a growing body of literature (Ostrom et al. 2010, Baggs 2011, Fang et al.
2015, Krause et al. 2017, Harris et al. 2021), suggests that other N>O production processes make
far smaller contributions to net N2O emissions.

I also addressed the second question in Chapters 4 and 5, where I examined the properties
that drive N>O consumption using an isotope pool dilution assay (von Fischer and Hedin 2002,
Yang et al. 2011). In Chapter 4 I developed a novel framework for anticipating ICDE in soils. I
hypothesized that as soils are freed from electron donor limitation via OC amendment, soil
microbes will expand regions of anoxia that are thermodynamically favorable for N,O
consumption. In Chapter 5, I sought to expand upon this idea by amending soils with
successively increasing levels of OC to help all tested soils show ICDE. However, I learned that
inducing ICDE requires a delicate balance of soil and microbial dynamics. But I also gained
greater understanding of the important drivers of N>O consumption and importantly, clade II
nosZ, a novel and minimally studied N>O reducing gene. This work revealed to me a broader
range of possible strategies for decreasing N>O emissions by N>O consumption, even if the
primary method is not necessarily ICDE.

The third question, how can we effectively manage N>O emissions, I sought to jointly
address in all my research chapters, but this is an ongoing, and nuanced, question. First and
foremost, NoO management will improve when we have heightened capacity to precisely, and
efficiently, measure N>O production and consumption processes. My work developing a
calibration algorithm for a laser-based N>O isotopic analyzer brings us one step closer to

achieving that goal. We also need to prioritize management efforts to focus on the most
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important sources of N>O. My work in Chapter 3, and the work of others, indicates that
denitrification is the primary source of N>O from soils (Ostrom et al. 2010, Baggs 2011, Fang et
al. 2015, Krause et al. 2017, Harris et al. 2021). Additionally, agricultural soils are the largest
source of soil-emitted N>O (Reay et al. 2012, Smith 2017, Houser and Stuart 2020, Kanter et al.
2020). While agricultural management efforts have mainly prioritized improving fertilization
regimes (Bakken and Frostegard 2017) or developing nitrification inhibitors for crop soils
(Subbarao et al. 2006, Van Meter et al. 2016, Lam et al. 2017), it could be the more important
process to manage is denitrification. I sought to address the denitrification management issue in
Chapters 4 and 5 by working to better understand the drivers of N>O consumption. It turns out
that soil redox heterogeneity creates a really complicated suite of factors to consider in order to
effectively stimulate N2O consumption in soils. This suggests that we might need a more
coordinated effort to systematically address the drivers and roadblocks to N>O consumption,
such that we can effectively regulate this process and manage net N>O fluxes.

Recently, Almaraz et al. (2020) proposed the development of a Global Denitrification
Research Network, a network that coordinates multi-site experiments and ensures consistent data
collection protocols for research continuity. This network would be modelled after the Nutrient
Network (NutNet) and involve a broad and interdisciplinary group of researchers spanning many
institutions with lab capacities to perform sophisticated denitrification studies. Ideally, efforts
like these interdisciplinary and coordinated collaborations to improve understanding of the
denitrification pathway will be crucial to N2O management. Denitrification is the primary driver
of N>O emissions, and the sole biotic pathway for NoO removal. It seems that the most effective
path forward will be thoroughly plumbing the complexity of denitrification. Only then can we

best understand how to reduce emissions and stimulation N>oO consumption.
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APPENDICES

APPENDIX 1 CHAPTER 2

Gas scrubbing system:

Below is a detailed description of the parts used in the gas scrubbing set-up that was

described in Section 3.4. This set-up was adapted from Nathanial Ostrom and Hasand Gandhi

(pers. comm.).

A series of traps is used to scrub the sample stream of CO,, water vapor and other

impurities. The traps are placed in the following sequence:

Sample bag/incubation jar = in-line particulate filter (7 micron) = Nafion Dryer - CO2

sorbent trap = Silica gel/Activated charcoal 2 in-line particulate filter (7 micron) = LGR inlet

The following list details the specific traps used, and we have also included some more

information about preparing the Silica gel/Activated charcoal trap for use:

1.

Nafion Dryer: PERMA PURE LLC (732) 244-0010 (item # 1.00MD-110-144P-4, 144"
Dryer 1/4 Poly Fit/Shell). Drying gas was UHP N> flowing at ~400 mL/minute.

CO; sorbent trap: 30 cm long Pyrex tube (3/8” OD, %4” ID) filled with 25 cm of sorbent
(Carbosorb, Elemental Microanalysis, item # B1237). Material is secured with a 2.5 cm
plug of glass wool at both ends of tube.

Silica gel/Activated charcoal: 40 cm long Pyrex tube (3/8” OD, "4 ID) filled with ~9 cm
of activated charcoal (Sigma Aldrich, 242233-250G) and ~25 cm of silica gel, pore size
60A, 200-400 mesh particle size (Sigma Aldrich 288594-500G). The silica gel was
conditioned by wrapping the silica gel portion of the tube with a heating tape and heating
it to ~180°C while flowing UHP N> through the tube at ~100 mL/minute. The silica gel
is conditioned (e.g., heated with UHP N> flowing through) for 24 hours, and then cooled
for two hours under a UHP N flow of ~100 mL/minute. Swagelok valves at the ends of
this trap allow us to move and store the trap after conditioning. The ends are plugged
with 2.5 cm of glass wool. See the picture below:
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Appendix 1 Figure 1. Image of the silica gel & activated charcoal scrubber.

4. in-line particulate filter (7 micron, Swagelok, part number: SS-4F-7)

Dilution of primary standard (USGSS52) for laboratory use:

The USGSS52 primary standard was prepared for laboratory use by diluting it into
commercially prepared zero-grade air (synthetic 80:20 N»:O» blend, Airgas Inc., Radford, VA,
USA). The standard was shipped to us sealed in a ~15c¢m long, %4 diameter borosilicate glass
tube. Dilution was achieved by breaking the glass tube of standard inside an evacuated 20-L
portable air tank purchased from Harbor Freight Tools (Calabasas, CA, USA), which was sealed
with a valve and accessed with %4 Swagelok fittings.

To release the standard gas into the tank, the glass tube of the standard was first taped to
a ~30 cm length of string and the tube and string were carefully lowered into the portable air
tank. The tank was then evacuated to <400 microns. After the tank’s valves were sealed, the tank
was shaken vigorously until the glass tube containing the standard was heard to break. Finally,
~110 STP L of a commercially prepared cylinder of zero-grade air from Airgas Inc. was
admitted and that gas was allowed to flow into the tank containing the standard until it was
pressurized to 350 kPa. A metal frit filter (~1-micron nominal size) prevents glass fragments
from exiting the standard gas tank.

Preparation of gas bags:

Standards of differing [N2O] were prepared in gas bags. An Alicat Scientific mass flow

controller (MFC) was programmed to administer zero-grade air (an 80:20 N> and O; blend) to
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each gas bag at a rate of 1 standard L/min (SLPM). These MFCs can be programmed to
administer gas mixtures (such as the zero-grade air described) over a 0-10 SLPM range. To fill
the gas bag with 1 standard L, the valves connecting the zero-grade air cylinder to the MFC to
the gas bag were opened and a stopwatch was set for 60 seconds. In some instances, it made
more sense to fill a gas bag with 0.5 L of zero-air, in which case the stopwatch was set for 30
seconds. After the desired time period all the valves were closed and the opening to the gas bag
(gas bags are outfitted with a two-way stopcock) was sealed. A syringe was then filled directly
from the cylinder containing either primary or secondary standard and the desired amount of
standard was injected into the gas bag. After that, the bags are ready for use.

Table 1 below details the amount of zero-grade air, standard, and the syringe volume (for
the standard) required to prepare gas bags of the different N>O concentrations that were used to
develop the calibration algorithm. The volumes of zero-grade air and standard to use were
determined with the following equation:

C; = (C1V1*CVp)/(Vi+ V)
where C; is the final concentration in the gas bag, C; and V| are the concentration and volume of
the primary or secondary standard, respectively, and C; and V; are the concentration and volume,

respectively, of the zero-grade air.
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Appendix 1 Table 1. Dilution of the 500ppm secondary standard into gas bags for calibrations.

[N2O] in gas | Volume of zero- Volume of 500 Syringe(s) used to add
bag grade air added to | ppm standard standard
bag (L) added to bag
(mL)
300ppm 0.5 750 1-L, 60-mL syringes
280ppm 0.5 637 1-L, 60-mL syringes
240ppm 0.5 462 1-L, 60-mL, and 3-mL
syringes
220ppm 0.5 393 1-L, 60-mL syringes
200ppm 0.5 334 1-L, 60-mL syringes
180ppm 0.5 282 1-L, 60-mL syringes
140ppm 1 389 1-L, 60-mL syringes
130ppm 1 352 1-L, 60-mL syringes
120ppm 1 316 1-L, 60-mL syringes
115ppm 1 299 1-L, 60-mL syringes
100pm 1 250 1-L, 60-mL syringes
90ppm 1 220 1-L, 30-mL syringes
80ppm 1 191 1-L, 60-mL syringes
70ppm 1 163 1-L, 60-mL, and 3-mL
syringes
60ppm 1 136.5 1-L, 60-mL, and 1-mL
syringes
50ppm 1 112 60-mL syringe
40ppm 1 87 60-mL syringe
30ppm 1 64 60-mL syringe, 3-mL
syringes
20ppm 1 42 30-mL syringe
15ppm 1 31 30-mL, 3-mL syringes
10ppm 1 20.5 30-mL, 1-mL syringes
8ppm 1 16.3 30-mL, 1-mL syringes
Sppm 1 10.2 30-mL, 1-mL syringes
2ppm 1 4.1 30-mL, 1-mL syringes
Ippm 1 2.1 30-mL, 1-mL syringes
0.8ppm 1 1.6 30-mL, 1-mL syringes
0.4ppm 1 0.8 1-mL syringe
0.3ppm 1 0.6 1-mL syringe

[N20] residual percentage error:
Figure 2 shows histograms of the residual percentage error tended to be greater in the
corrected low and high N>O concentration values for the primary standard, rather than for the

secondary standard (see Section 5.1).
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We hypothesize that the greater percentage error in the corrected low and high primary

standard N>O values is because we prepared the primary standard in the lab rather than obtaining

a commercially prepared standard, such as our secondary standard, which came from Airgas.
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Appendix 1 Figure 2. Histograms of percentage residual error in standards across concentration
ranges. There tends to be more error in the primary standard at low and high [N>O].
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APPENDIX 2 CHAPTER 3

Appendix 2 Text 1
Methods for measuring soil properties

Prior to freezing soils, we performed KCI extractions and calculated soil gravimetric
water content. To quantify soil NH4" and NOs™ levels, we mixed 10 g soil subsamples with 50
mL 2M KCl, and they were shaken at 250 rpm for 1 hr, settled overnight, and then gravity
filtered. Extracts were frozen and thereafter analyzed colorimetrically using an Alpkem FIA wet
chemistry system (O.1. Analytical, College Station TX). We determined gravimetric water
content by drying subsamples to a constant weight in a 105 °C oven.

After soils had been frozen, we measured soil pH, soil organic C and N (SOC and SON),
and soil microbial biomass C and N (MBC and MBN). We created slurries of 1:10 soil to DI
water and then measured soil pH with a benchtop meter (Thermo Scientific Orion Star™ A211
Benchtop pH Meter, Waltham, MA, USA). Frozen soil subsamples were dried in a 60 °C oven
and then ground for SOC and SON analysis with a LECO Tru-Spec CN analyzer (Leco Corp.,
St. Joseph, MI, USA). Microbial biomass was extracted from 20 g frozen soil subsamples in 100
mL 0.5M K>SOs, and then solubilized in 1% chloroform. MBC and MBN were measured using a
Shimadzu Total Organic Carbon analyzer that also measures ON (Shimadzu Scientific
Instruments, Wood Dale, IL, USA). MBC and MBN were calculated as the differences between
1% chloroform slurry C or N and the extractable OC or ON concentration. SOC, SON, MBC,
and MBN were only measured for soils collected in June 2018.

Frozen soils were overnight shipped on ice to Ward Laboratories Inc. (Kearney, NE,

USA), where soil phospholipid fatty acids (PLFAs) were extracted, saponified, and methylated
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to form fatty acid methyl esters (FAMESs) as in Allison et al. 2007. FAMEs were then identified
and quantified using a capillary gas chromatograph. Ward Laboratories summed individual
FAMEs into the following functional groups: Gram + bacteria, Gram — bacteria, arbuscular
mycorrhizal fungi, saprophytes, protozoa, and undifferentiated using methods as in Allison et al.

2007, and afterwards we estimated total fungi:bacteria ratios for each soil.

80 ] e-High N High Water
60 ] High N Low Water
40 H [ ° Low N Low Water
. 20 ¢ Low N Low Water
i. 0 i - —o-Subalpine
® 4
0 -20
-40 ] ¢
-60 i
-80 ] ———————

10 20 30 40 50 60 70 80 90 100
Soil Saturation, %

Appendix 2 Figure 1. 330 values for each soil held at the different soil saturations during the
natural abundance incubations.
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Appendix 2 Figure 2. Percent of emitted N>O enriched in the B-position (:"N—N—O) from each
SNH4*-amended soil. Because very little of the emitted N>O arose from "NH4" transformations
(see Figure 5 in main text) we focused our analyses primarily on the "NOs" transformations, but
it is worth noting that the B-position enrichment is more variable in the "’NH4"-amended soils, and
there might be a yet-discovered biological reason for this. In all cases n = 4, and bars represent a
95% CI around the mean. The dotted line crosses at 50%, illustrating that unlike the NOs™-
amended soils, the ’NH4"-amended soils did not show as coherent differences in emitted N>O
enriched in the a vs. B position.

177



1000

[ ]
g 100 '
Q.
Q H
= 10 :
3 :
0.1

Used Not used

Was SP corresponding to [N,O] used in analysis?

Appendix 2 Figure 3. The [N20O] that correspond to used and not used SP values for our natural
abundance dataset. For the natural abundance dataset, each reported SP has a corresponding [N>O],
but as Stuchiner et al. (2020) stipulates, sometimes if [N>O] is very low or an instrument error
occurs, SP values can get reported that are biologically implausible. Mean [N>O] for the used SP
values was ~52ppm, whereas mean [N>O] for the not used SP values was ~3.8ppm. Only
biologically plausible (see Methods 3.2.2) SP values were included in our data analysis, and this
figure illustrates the [N2O] at which SP values were used or not. While some low [N2O] SP values
were used, most of the unused SP values are from soils that emitted low concentrations of N>O (<
2ppm). However, there is one instance where a soil emitted ~32 ppm but the reported SP value
was -76%o (see Appendix 2 Table 1), which we deem biologically implausible based on reported
literature values plus uncertainty (Hu et al. 2015). Note the log-transformed y-axis.
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Appendix 2 Figure 4. The frequency at which our LGR N:O isotopic analyzer reported SP
values in certain ranges from our natural abundance dataset. Most SP values ranged from -20 to

80%eo.
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Appendix 2 Figure 5. SP vs. N>O concentration for our natural abundance dataset. This
illustrates that we see anomalously high SP values almost exclusively at the lowest N2O
concentrations, which aligns with what we find in Stuchiner et al. (2020). Consequently, we
excluded these values from our analysis.
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Appendix 2 Table 1. All SP data from soils held at 50% saturation and higher. We constrained
our range of useable SP values from -40 to 65%o to include any reported literature values plus
uncertainty (Hu et al. 2015). Excluded SP values were biologically infeasible, likely due to low
N20 concentration or instrument error. Highlighted values were excluded from analysis. This data
is also represented in Appendix 2 Figure 3 to illustrate that most of the unused data had low [N2O],
which can result in implausible isotopomer readings (Stuchiner et al. 2020).

Site Soil Soil saturation (%) Headspace N2O concentration (ppm) SP (%o)
Agriculture HNHW 50 0.38 780.4
Agriculture HNHW 50 0.58 64.7
Agriculture HNHW 50 0.40 263.1
Agriculture HNLW 50 0.48 -6.6
Agriculture HNLW 50 0.79 20.9
Agriculture LNHW 50 0.52 6.4
Agriculture LNHW 50 0.61 313
Agriculture LNHW 50 0.56 18.2
Agriculture LNLW 50 0.45 52.7
Agriculture LNLW 50 0.63 4.0
Agriculture HNHW 60 0.38 970.7
Agriculture HNHW 60 0.76 56.9
Agriculture HNHW 60 0.44 131.3
Agriculture HNLW 60 0.70 17.1
Agriculture HNLW 60 147 -31.6
Agriculture LNHW 60 20.37 -16.0
Agriculture LNHW 60 7.18 21.1
Agriculture LNHW 60 1.35 -40.8
Agriculture LNLW 60 0.88 32
Agriculture LNLW 60 145 20.2
Agriculture HNHW 70 9.79 21.6
Agriculture HNHW 70 1.90 29.2
Agriculture HNHW 70 10.50 11.3
Agriculture HNLW 70 32.80 -76.0
Agriculture HNLW 70 36.24 6.9
Agriculture LNHW 70 41.23 7.3
Agriculture LNHW 70 99.99 -9.6
Agriculture LNHW 70 36.06 4.1
Agriculture LNLW 70 58.47 6.8
Agriculture LNLW 70 69.83 4.2
Agriculture HNHW 80 139.90 10.9
Agriculture HNHW 80 33.58 14.9
Agriculture HNHW 80 93.50 -1.1
Agriculture HNLW 80 114.75 -2.9
Agriculture HNLW 80 156.22 -9.9
Agriculture LNHW 80 159.64 -8.5
Agriculture LNHW 80 105.59 -11.5
Agriculture LNHW 80 34.19 1.8
Agriculture LNLW 80 160.12 -13.4
Agriculture LNLW 80 54.75 5.9
Agriculture HNHW 90 223.16 6.7
Agriculture HNHW 90 125.46 11.6
Agriculture HNHW 90 141.80 -9.8
Agriculture HNLW 90 115.61 -4.1
Agriculture HNLW 90 93.26 -14
Agriculture LNHW 90 237.22 -15.8
Agriculture LNHW 90 44.01 2.6
Agriculture LNLW 90 74.38 1.8
Agriculture LNLW 90 27.26 4.7

Subalpine Subalpine 50 0.42 89.0
Subalpine Subalpine 50 0.37 189.1
Subalpine Subalpine 60 0.37 161.6
Subalpine Subalpine 60 0.39 383
Subalpine Subalpine 70 0.39 28.4
Subalpine Subalpine 70 0.49 172.8
Subalpine Subalpine 80 2.70 12.0
Subalpine Subalpine 80 2.23 148.1
Subalpine Subalpine 90 3.46 19.1
Subalpine Subalpine 90 1.06 14.9
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Appendix 2 Table 2. Sample size information for all the natural abundance soil incubations.
Note that for soil saturations 10-40%, n =3 in all cases, but none of these saturations were
included in the SP analysis because [N>O] was too low to yield reliable SP values (all [N2O] <
0.7 ppm). Only soil saturations from the final SP analysis were included in this table (which is
why only 60-90% saturation incubations are included for the subalpine soil). The reason why n <
3 for certain 50-90% soil saturations is because SP values were removed if they were deemed
biologically implausible (see Methods 2.2.2 for details regarding SP removal criteria).

Site Sample size
Soil type Soil saturation (%) (n)

Agriculture | HNHW 50
60
70
80
90
Agriculture | HNLW 50
60
70
80
90
Agriculture | LNHW 50
60
70
80
90
Agriculture LNLW 50
60
70
80
90
Subalpine | Subalpine 60
70
80
90

[a—y
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Appendix 2 Table 3. The §'°N¢, §'°NP, and SP values for the '’NOs-amended soils. Note that
because most emitted N>O was enriched in the B-position, the resulting SP values are far more
negative than natural abundance-level fractionation expectations. Note: because the enriched
incubations only used one soil type from each site, soil type also corresponds to source location
in this case.

Soil type Soil saturation (%) 3" N* (%o) 3"°NP (%) SP (%o)
HNHW 90 2310.88 3648.99 -1338.11
HNHW 90 1790.23 2559.24 -769.01
HNHW 90 1867.93 2761.41 -893 .48
HNHW 90 1805.16 2601.24 -796.09
HNHW 50 746.87 859.32 -112.45
HNHW 50 737.05 873.08 -136.03
HNHW 50 539.46 644.63 -105.17

Subalpine 95 924.07 1077.49 -157.93

Subalpine 95 795.14 928.94 -139.14

Subalpine 95 2213.36 2530.91 -358.42

Subalpine 95 2203.63 2529.63 -361.19

Subalpine 85 736.65 886.74 -152.37

Subalpine 85 728.04 879.53 -153.68

Subalpine 85 704.61 863.63 -161.01

Subalpine 85 673.78 821.53 -149.67

Appendix 2 Table 4. The amount of >NO3™ and '’NH4" added to the subalpine and agricultural
soils. We include the g of each tracer dissolved into a specific amount of DI water. For the
different soils, the amount of stable isotope tracer is diluted into a different volume of water to
accommodate the amount of water we needed to add to each soil to bring the soil to its desired
saturation (see Methods 3.1.3 for details). Stable isotope solutions were made by dissolving
powdered stable isotope tracer (Na'>’NO3™ and '"'NH4"Cl) in DI water and serially diluting each
tracer to the desired concentration (double the N pool size for ’'NO;™ and "NH4" in each soil,
see Methods 3.2.1 for details).

Subalpine soil HNHW Agriculture soil
(g tracer added) (g tracer added)

PNH4CI 1.16E-06 8.44E-07
Na'"°NOs 3.13E-07 2.46E-05

Subalpine soil HNHW Agriculture soil

(mL DI water used to dissolve tracer) | (mL DI water used to dissolve tracer)

PNH4CI1 10 4
Na'°NOs 10 4
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APPENDIX 3 CHAPTER 4

Appendix 3 Table 1. Numbers of replicates (n) for all soil and microbial genetic properties
measured before or after soil incubations (all properties from Figure 4.2 in Chapter 4). Unless
otherwise stated, n-values are the same for a given property across all soils tested. The n-values
for all properties measured before incubations correspond to technical replicates from each
bulked and homogenized soil. The n-values for all properties measured after incubation
correspond to technical replicates from bulked and homogenized soils from incubation jars from
the same treatment. For example, the contents from all the +OC Shortgrass prairie jars would be
combined into one Ziploc bag and homogenized, whereas the contents from all the Control
Shortgrass prairie jars would be combined into one Ziploc bag and homogenized, and so on for
all the other soils tested. Note: soil NOs and NH4" concentrations are measured before and after
incubations. The before-incubations n-values are included in Figure 4.3 in the main text of this
aper, whereas the after-incubations n-values are included here.

Property measured Units of measured n-value Measured before or
property after soil incubations?
Soil organic carbon (SOC) Percent, % 5, except n = 4 for: Before

- Minnesota cornfield
- Coniferous forest

Soil organic nitrogen (SON) Percent, % 5, except n =4 for: Before
- Minnesota cornfield
- Coniferous forest

Soil pH Percent H 5 Before
Microbial respiration ug CO.-C * g soil! day! 6 After
Soil [NO37] ug N * g dry soil! day! 3 After
Soil [NH4'] ug N * g dry soil! day! 3 After
nosZ:nirK Ratio (of logio gene copy 4 After
numbers)

nifH Logio gene copy number 3, except n = 4 for: After

- +0OC Colorado cornfield

- Control Coniferous forest
- Control Alpine meadow
- +0OC Urban Lawn
- Control Urban Lawn
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Appendix 3 Figure 1. T-tests comparing Yes vs. No ICDE mean coordinate loadings among the
properties used in the Principal Components Analysis (PCA) in this study. Only PC1 yielded
significant differences in mean loading for Yes vs. No ICDE (p < 0.0001), however PC2 yielded
borderline significant differences in mean loading for Yes vs. No ICDE (p = 0.07). In all cases n
= 18 for Yes ICDE coordinates, and n = 30 for No ICDE coordinates. Error bars are + one SE
from the mean.
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APPENDIX 4 CHAPTER 5

Appendix 4 Table 1. These are the n-values for the clade Il nosZ A values used in the PCA
(Figure 5 in the main text).

Soil N-value for PCA
Conventional cornfield-Low OC 4
Conventional cornfield-Medium OC
Conventional cornfield-High OC
Limited irrigation cornfield-Low OC
Limited irrigation cornfield-Medium OC
Limited irrigation cornfield-High OC
Shortgrass prairie-Low OC
Shortgrass prairie-Medium OC
Shortgrass prairie-High OC
Desert shrubland-Low OC
Desert shrubland-Medium OC
Desert shrubland-High OC
Desert grassland-Low OC
Desert grassland-Medium OC
Desert grassland-High OC
Subalpine forest-Low OC
Subalpine forest-Medium OC
Subalpine forest-High OC
Alpine meadow-Low OC
Alpine meadow-Medium OC
Alpine meadow-High OC
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Appendix 4 Table 2. The n-values for A clade II nosZ gene abundances.

Soil N-value for PCA
Conventional cornfield-Low OC 11
Conventional cornfield-Medium OC 12
Conventional cornfield-High OC 13
Limited irrigation cornfield-Low OC 11
Limited irrigation cornfield-Medium OC 14
Limited irrigation cornfield-High OC 13
Shortgrass prairie-Low OC 11
Shortgrass prairie-Medium OC 12
Shortgrass prairie-High OC 13
Desert shrubland-Low OC 12
Desert shrubland-Medium OC 12
Desert shrubland-High OC 12
Desert grassland-Low OC 13
Desert grassland-Medium OC 12
Desert grassland-High OC 12
Subalpine forest-Low OC 11
Subalpine forest-Medium OC 11
Subalpine forest-High OC 13
Alpine meadow-Low OC 10
Alpine meadow-Medium OC 12
Alpine meadow-High OC 13
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