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Abstract Nitrous oxide (N2O) is the third most

important long-lived greenhouse gas and agriculture is

the largest source of N2O emissions. Curbing N2O

emissions requires understanding influences on the

flux and sources of N2O. We measured flux and

evaluated microbial sources of N2O using site prefer-

ence (SP; the intramolecular distribution of 15N in

N2O) in flux chambers from a grassland tilling and

agricultural fertilization experiments and atmosphere.

We identified values greater than that of the average

atmosphere to reflect nitrification and/or fungal den-

itrification and those lower than atmosphere as

increased denitrification. Our spectroscopic approach

was based on an extensive calibration with 18

standards that yielded SP accuracy and reproducibility

of 0.7% and 1.0%, respectively, without preconcen-

tration. Chamber samples from the tilling experiment

taken * monthly over a year showed a wide range in

N2O flux (0–1.9 g N2O-N ha-1 d-1) and SP (- 1.8 to

25.1%). Flux and SP were not influenced by tilling but

responded to sampling date. Large fluxes occurred in

October and May in no-till when soils were warm and

moist and during a spring thaw, an event likely

representing release of N2O accumulated under snow

cover. These high fluxes could not be ascribed to a

single microbial process as SP differed among cham-

bers. However, the year-long SP and flux data for no-

till showed a slight direct relationship suggesting that

nitrification increased with flux. The comparative data

in till showed an inverse relationship indicating that

high flux events are driven by denitrification. Corn

(Zea mays) showed high fluxes and SP values indica-

tive of nitrification * 4 wk after fertilization with

subsequent declines in SP indicating denitrification.

Although there was no effect of fertilizer treatment on

flux or SP in switchgrass (Panicum virgatum), high

fluxes occurred * 1 month after fertilization. In both

treatments, SP was indicative of denitrification in

many instances, but evidence of nitrification/fungal

denitrification also prevailed. At 2 m atmospheric

N2O SP had a range of 31.1 % and 14.6 % in the

grassland tilling and agricultural fertilization experi-

ments, respectively. These data suggest the influence

of soil microbial processes on atmospheric N2O and

argue against the use of the global average atmo-

spheric SP in isotopic modeling approaches.
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Introduction

The greenhouse gas, nitrous oxide (N2O), is an

important contributor to stratospheric ozone depletion

(Ravishankara 2009) and has a 100-year global

warming potential that is approximately 300 times

that of CO2 (Intergovernmental Panel on Climate

Change 2014). Given its increase from 270 to 330

ppbv since preindustrial times and long atmospheric

lifetime (* 114 years) N2O is viewed as an important

driver of climate change (Gelfand and Robertson

2015; Park et al. 2012; Prather et al. 2015; Prinn et al.

2000; Prinn 2013). Nearly 40% of annual N2O

emissions are anthropogenic and if post-harvest

activities and land-use conversion are discounted,

agriculture accounts for * 84% of these emissions

(Gelfand and Robertson 2015; Ussiri and Lal 2013).

Elevated N2O emissions in agriculture are a conse-

quence of alteration of soil microbial activity, fertil-

ization, cultivation of N fixing plants and various

management practices (McGill et al. 2018; McSwiney

and Robertson 2005; Shcherbak et al. 2014). Thus,

mitigation strategies require information on the influ-

ence of different agricultural practices on the sources

and flux of N2O. Microbial nitrification and denitri-

fication are the primary sources of N2O (Ostrom and

Ostrom 2012). While nitrification is dependent on

oxygen and ammonium availability, denitrification

requires low oxygen, a carbon substrate and nitrate.

Thus, understanding the response of N2O production

pathways to events such as tilling and fertilization that

influence soil aerobicity, carbon availability and

inorganic nitrogen affords the potential for developing

guidelines to manage agricultural N2O emissions

(Ostrom and Ostrom 2012). In this study we investi-

gate the influence of tilling and fertilization, on the

sources and flux of N2O.

The relative importance of different microbial

pathways to N2O production can be investigated with

isotope analyses (Ostrom and Ostrom 2012). Site

preference (SP), the difference in 15N abundance

between the central N (d15Na) and terminal N (d15Nb)

atoms of N2O, has gained attention as an indicator of

the microbial origin of N2O (Baggs 2008; Bol et al.

2003; Park et al. 2011; Sutka et al. 2006; Yoshida and

Toyoda 2000). The large difference in SP of N2O

produced from nitrification (hydroxylamine oxida-

tion) or fungal denitrification and denitrification

(* 39 %) paired with the observations that SP is

constant during N2O production and independent of

the isotopic composition of the nitrogen substrates for

N2O production prompted the use of SP for N2O source

apportionment (Sutka et al. 2006; Toyoda et al. 2005).

Note here that N2O production by nitrifiers via nitrite

reduction and bacterial denitrifiers are collectively

described as ‘‘denitrification’’ because the genes

involved, and SP values associated with the reduction

of nitrite or nitrate by nitrifiers and bacterial denitri-

fiers are similar (Sutka et al. 2006).

Adding an understanding of the origins of N2O to

fluxmeasurements is a powerful and necessary tool for

mitigation and establishing N2O budgets. However,

isotope approaches are not without uncertainties that

confound their use for quantifying the relative contri-

butions of nitrification/fungal denitrification and den-

itrification to N2O production. N2O reduction serves to

increase SP, essentially overemphasizing the impor-

tance of production from nitrification/fungal denitri-

fication. However, its influence on SP appears to be

small and is related to the amount of N2O reduced

(Ostrom et al. 2007; Opdyke et al. 2009). Using a

simultaneous production/reduction model, Ostrom

and Ostrom (2017) estimated the influence of N2O

reduction on flux chamber samples taken in southern

Michigan. The amount of N2O reduced was no greater

than 30% which equated to a shift in SP of 2.5 %.

Further for nearly half of the samples the amount of

reduction was 10% or less which is equivalent to a

change in SP of 0.8 %.

Even in the absence of N2O reduction, methods to

quantify sources of N2O are confronted by a host of

other uncertainties. SP values reported for the micro-

bial endmembers vary by several per mil (Toyoda

et al. 2017). And, although rarely reported, a close

inspection of the literature shows that the SP of

atmospheric N2O is not always constant, varying by

2.5 % or more within a year (Toyoda et al. 2013; Yu

et al. 2019). Such variation raises concerns for the use

of mass balance models, such as isotope mapping, to

estimate the isotope composition of soil derived N2O

from, for example, flux chambers. These models

assume that at closing N2O in flux chamber has two

sources, the atmospheric source and microbially

derived N2O. They also assign the global average

atmospheric isotope value to the atmospheric source.

They do not account for the possibility that N2O in the

initial chamber atmosphere could be a mixture of N2O

from the atmosphere and microbial production. Such a
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mixture would be isotopically distinct from the global

average. Isotope mapping methods are further com-

promised by the observation that the magnitude in

fractionation in d15N of N2O during production and

reduction are not constant and there can be exchange

with water during N2O production that can influence

d18O (Lewicka-Szczebak et al. 2017; Ostrom and

Ostrom 2017; Toyoda et al. 2017; Haslun et al. 2018).

We took a conservative qualitative approach to

interpret flux chamber head space SP. Given our

previous estimates of the influence of N2O reduction

on SP (Opdyke et al. 2009), we assumed that reduction

was not a significant factor in our isotope data. We

recognize that the mid-point between the SP for

nitrification or fungal dentrification (nitrification/fun-

gal dentrification, 34.8 %) and denitrification (- 3.9

%) is 15.5 % (Lewicka-Szczebak et al. 2017).

Consequently, flux chamber samples with SP above

the global average for the troposphere, 18.7 ± 2.2 %
(Yoshida and Toyoda 2000) exceed that of the

midpoint and predominantly derive from nitrifica-

tion/fungal dentrification. Production of N2O from

denitrification increases as SP declines below 18.7 %.

We used laser spectroscopy to determine N2O

concentration and SP for an investigation of emissions

and processes leading to N2O production in a histor-

ically never tilled (over 50 years) successional grass-

land in Okemos, MI USA and at the Kellogg

Biological Station’s Great Lakes Bioenergy Research

Center Biofuel Cropping Experiment (KBS BCSE) in

Hickory Corners, MI USA. Our spectroscopic

approach did not require preconcentration allowing

us to analyze all samples regardless of concentration.

We were specifically interested in the influence of

tilling in the grassland and fertilizer application at

KBS BCSE on the origins of N2O that accumulated in

flux chambers. The grassland tilling experiment was

conducted over a year and the agricultural fertilization

experiment over the growing season beginning one

month after fertilization until just prior to harvest. The

N2O accumulating in flux chambers represents a

mixture of soil derived and atmospheric N2O that was

present prior to sealing the chambers. In addition to

flux chamber sampling we were interested in variation

in atmospheric N2O SP. Specifically we asked the

following questions. 1) Does the flux and source of

N2O change as a consequence of a single tilling in a

successional grassland? 2) Does N2O flux and source

change subsequent to fertilization of corn (Zea mays)?

3) In the perennial biofuel crop switchgrass (Panicum

virgatum), does fertilization change the N2O flux and

source relative to non-fertilized switchgrass? and 4)

Does the SP of atmospheric N2O 2 m above surface

vary and is it influenced by soil microbial processes?

An important overarching requirement in addressing

these questions was the development of a careful and

accurate calibration procedure, evaluation of drift and

ensuring accuracy of our spectroscopic approach.

Methods

Flux chamber design and sample collection

For the grassland tilling experiment cylindrical

polyvinyl chloride flux chambers (surface area = 486

cm2, headspace volume = 8 L) were buried 5 cm deep

in soil and covered with an airtight PVC lid sealed with

a viton O-ring and in the agricultural fertilization

experiment cylindrical stainless steel flux chambers

(surface area = 641 cm2, headspace volume = 11.4 L)

were also buried 5 cm deep in soil and covered with an

airtight PVC lid sealed with a viton O-ring. Flux

chambers were maintained at atmospheric pressure by

a piece of coiled stainless-steel tubing (0.5 m X

0.32 cm OD and 0.18 cm ID) extending from the

interior to exterior of the chamber. Samples consisting

of air and accumulating soil gases from the headspace

of the flux chamber were collected after 24–48 h in the

grassland tilling experiment and 20 min to 6 h in the

agricultural fertilization experiment (Table S1,

Table S2). The headspace was sampled with a 1 L

gas tight syringe (SGEAnalytical Science) fitted to the

chamber via a small piece of stainless-steel tubing

(5 cm length, 0.64 mm OD) and 5 cm of 0.6 mm OD

polyurethane tubing.

Site description and sampling schedule

For the tilling experiment we analyzed 159 samples

consisting of 102 flux chamber and 57 atmosphere

samples taken over one year (Table S1). The exper-

iment was conducted in a historically never tilled (over

50 years) successional grassland in Okemos, Michi-

gan over soils classified as Conover Loam by the

USDA. Six flux chambers were evenly placed within a

48 m2 plot. Prior to their emplacement the soil beneath

three randomly selected chambers was rotary tilled to
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10 cm depth and the soil beneath the remaining three

was undisturbed. Flux chamber sampling began on

October 1, 2017, one day after tilling. Samples were

subsequently collected on October 9, 27 and 29 of

2017 and then at * 4-week intervals until September

16, 2018. Immediately after collecting samples from

flux chambers, atmosphere adjacent to the chamber

plot was sampled at * 2 m above the ground using a

1 L gas tight syringe. Atmospheric samples collected

in this way were placed in Tedlar� bags prior to

analysis in the laboratory. Beginning in November of

2017, additional atmosphere samples were taken

approximately 100 m east of the plot used for the

tilling experiment. Meteorological conditions for each

sampling day appear in Table S1.

For the agricultural fertilization experiment we

analyzed 64 samples consisting of 54 flux chamber

and 10 atmospheric samples (Table S2). The exper-

iment was conducted at the KBS BCSE, which was

established in 2008. Soils at KBS are primarily

Kalamazoo loam (USDA soil classification: Fine-

Loamy, Mixed, Semiactive, Mesic Typic Hapludalfs).

The KBS BCSE consists of a randomized complete

block design with 5 replicated blocks of up to 10

cropping systems or treatments, each in 30 9 40 m

plots (Fig. 1). One flux chamber was placed in each of

4 different corn plots. Switchgrass plots contained

fertilized and unfertilized subplots that were

25.4 m 9 40 m and 4.6 m 9 40 m, respectively.

Two flux chambers were placed in each of 4 different

switchgrass plots with 1 chamber in the fertilized and

the other in the unfertilized subplot. Switchgrass was

fertilized on May 16, 2019 with 28% urea-ammonium

nitrate at 16.1 L/km2. Corn was fertilized on June 5,

2019 with 28% urea-ammonium nitrate at 16.1 L/km2.

Sampling began * 1 month after fertilization in all

plots and was completed prior to harvest and no other

management practice (e.g. tillage) occurred in these or

adjacent plots during the study. Flux chambers in

unfertilized and fertilized switchgrass were sampled

at * monthly intervals beginning on June 18, 2019

for 5 months. Atmosphere samples were taken north-

east of plot G5R5 at 2 m above ground (Fig. 1). Flux

chambers in corn were sampled at * monthly inter-

vals beginning on July 8, 2019 for 4 months. Samples

were taken with a 1 L gas-tight syringe and the gas

placed in Tedlar� bags as previously described in

Flux Chamber Design and Sample Collection.

Meteorological conditions for each sampling day

appear in Table S2.

N2O flux calculations

N2O concentration was determined based on a linear

regression of concentration vs. detector response

within an ABB Los Gatos Research Incorporated

(LGR) off-axis cavity enhanced spectroscopic ana-

lyzer using standards of known N2O concentration

(known via measurement and verified by Shimadzu

GC-2014, GC-ECD). Using these concentrations and

the air temperature at the time of sampling, N2O fluxes

were calculated based on an increase in N2O concen-

tration from that of air using the global average of 330

ppbv (WMO Greenhouse Gas Bulletin no. 14) during

the incubation time (20 min to 48 h).

Site preference measurements

The LGR was used to determine the SP of N2O at

concentrations ranging from near atmospheric (* 330

ppbv) to * 4000 ppbv. N2O standards analyzed to

calibrate the LGR were made from two pure N2O tank

standards which were isotopically characterized with

respect to the USGS51 and USGS52 isotopic reference

materials on an IsoPrime100 stable isotope ratio mass

spectrometer (IRMS) interfaced to a TraceGas inlet

system (TGIRMS, Elementar; Mt. Laurel, NJ) (Sutka

et al. 2003; Ostrom et al. 2018). The TraceGas inlet

system collectively removes CO2 and water and

cryogenically focuses N2O onto a gas chromato-

graphic column for introduction to the mass spec-

trometer. The two tank standards, 24.4 % and - 0.7

% in SP, were diluted into a septum fitted glass bulb

filled with UHP N2 (Airgas) and these served as

working standards. Working standards with interme-

diate SP values were made from a mixture of the two

tank standards. The working standards were further

diluted into 1 L Tedlar� bags (Restek) previously

filled with Ultra Zero Air (Airgas) and these served as

our calibration standards with varying SP and N2O

concentration. To ensure mixing of gases, standards

were allowed to equilibrate for at least 1 h prior to

analysis and samples were analyzed within 48 h of

collection.

Prior to their introduction into the LGR, the 1 L of

gas from samples or standards were passed through a

Nafion (Perma Pure) membrane (4.3 m), for water
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removal, and two chemical traps interfaced to the

instruments. The traps included a carbosorb (Elemen-

tal Microanalysis) trap for removal of CO2 (6 mm

ID 9 20 cm) and a trap to remove trace organic

contaminants and residual water (6 mm ID 9 40 cm)

consisting of activated carbon (9 cm) and precondi-

tioned silica gel (60 Å, 200–400 mesh particle size,

Sigma-Aldrich). The silica gel was preconditioned

at * 180 �C under 100 mL/min UHP N2 flow for

24–48 h and subsequently cooled to room temperature

under 100 mL/min UHP N2 flow for at-least 1 h

before use. Analysis time for each sample was 10 min

of which the last 6 min were used to determine SP and

N2O concentration based on non-drifting detector

signals.

As described in the discussion, our calibration

procedure typically included at least 18 primary

standards whose SP and N2O concentration encom-

passed the range observed within the samples ana-

lyzed in triplicate. ‘‘Check’’ standards, preferably with

an intermediate SP and N2O concentration, were also

analyzed to evaluate accuracy and drift. Further

evaluation of accuracy was made by comparing the

isotope values of three isotopically unique standards

prepared at * 1600 ppbv on the LGR and TGIRMS

Fig. 1 Arrangement of plots at the Kellogg Biological Station

Biofuel Cropping System Experiment (KBS BCSE) showing

locations of flux chambers (red circle) in corn (yellow shaded

rectangle) and switchgrass (green shaded rectangle) with

fertilized (solid green shading) and unfertilized (striped)

subplots. The vertical arrow in the lower left indicates

geographic north. The location of atmosphere samples is

designated by a blue star. Plots are 40 9 28 m with 15 m

between. Crop designations and replicate number e.g. R1 for

replicate 1) appear within plots: continuous corn with stover

removal (G1), continuous energy sorghum (photoperiod-sensi-

tive hybrid ES5200, G2), and energy sorghum (photoperiod

insensitive hybrid TAM 17,900) plus cover crop (G3), and six

perennial treatments: switchgrass (G5, Panicum virgatum),
miscanthus (G6, Miscanthus x giganteus), poplar (G8, ‘‘NM-

6’’, Populus nigra x Populus maximowiczii), native grasses (a

mix of 4 species; G7), early successional vegetation (G9), and

restored prairie (G10). Thus, G1R2 is the second replicate of

corn in the GLBRC-BCSE. (Color figure online)
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and by measuring companion atmospheric samples on

the LGR and TGIRMS.

Because flux chamber and atmospheric samples

were collected in Tedlar � bags and stored for up to

48 h, we evaluated the influence of storage time on

N2O concentration and SP. In this experiment, 42

Tedlar bags were filled with the same gas and analyzed

in quadruplicate on the first day and on days 2 through

7.

Statistical analysis

We performed statistical analyses with JMP Pro (SAS

version 14.3). ANOVA was used to (1) test for

differences in SP between the TGIRMS and LGR, (2)

test the effect of storage time on SP of isotopically

characterized standards; (3) evaluate relationships

between expected and observed N2O concentration;

assess the relationship between expected SP and

observed SP and observed N2O concentration; and

(4) test the effect of sampling date (time after

fertilization) and/or fertilizer treatment on SP or N2O

flux. When required pairwise comparisons were

evaluated using Tukey’s HSD test. Descriptive statis-

tics and ANOVA are used to discuss variation in

atmospheric N2O data.

Results and discussion

Spectroscopic approach

With the promise of providing continuous real-time

data, laser spectroscopy has drawn great attention

(Decock and Six 2013; Harris et al. 2020). We did not

have confidence in the ability of laser spectroscopy to

produce accurate data in the field. Aside from the

challenges of providing stable electrical sources, our

calibration requires several primary tank standards all

of which can’t, simply, be interfaced to the instrument

particularly under field conditions. The introduction of

standard gases from tanks can easily result in minor

variations in pressure within the analyzer cavity and

results in substantive, unpredictable and non-repro-

ducible instability that prevents accurate calibration.

Thus, we developed a Tedlar� bag sampling approach

that avoids pressure related issues.

The initial requirement of our approach was to

develop a statistical model to predict N2O

concentration and SP via calibration. Our calibration

typically included at least 18 primary standards whose

SP and N2O concentration closely encompassed the

range observed within the samples (e.g. Table S3). The

18 primary standards included 3 standards of unique

SP between * - 1 to 24%, comprised at least 2 N2O

concentrations between 350 ppbv and * 2300 ppbv

and were analyzed in triplicate. These primary stan-

dards were used for statistical models to predict N2O

concentration and SP of samples. To evaluate accuracy

in SP and N2O concentration predicted by the model,

we also analyzed ‘‘check’’ standards, preferably with

values that were intermediate to and, thus, indepen-

dent from those of the primary standards (Table S3).

By analyzing check standards over time, we could also

assess drift in isotope values. Isotopic drift was never

observed during our * 8 h analysis period. Based on

check standards our entire data set shows an average

reproducibility and accuracy of N2O concentration as

7 ppbv and 1.6 %, respectively. The average repro-

ducibility and accuracy of SP for all check standards

are 0.7 % and 1.0 %, respectively. Reproducibility is

determined from the average of our check standards.

Accuracy is defined as the difference between the

known concentration or SP of the check standard and

that predicted by statistical modeling.

We were particularly concerned with our assess-

ment of accuracy for SP. Thus, in addition to check

standards, we made two additional assessments of SP
accuracy. First, we compared the isotope values of

three isotopically unique standards prepared at *
1600 ppbv on the LGR and TGIRMS. The paired data

for the TGIRMS and LGR showed a difference

of B 0.5%. For the TGIRMS and LGR, respectively

the SP values for these three standards are: 24.2 ± 0.1

%, 24.1 ± 0.4 %; 11.5 ± 0.1 %, 11.7 ± 0.1 % and

- 1.2 ± 0.4 %, - 0.7 ± 0.1 % (Table S4). Second,

we confirmed accuracy at low N2O concentration by

measuring companion atmospheric samples on the

LGR and TGIRMS. The results for LGR are 310 ± 1

ppbv and 15.1 ± 0.4 % (n = 3) and TGIRMS are

307 ± 3 ppbv and 15.7 ± 0.4 % (n = 3), for N2O

concentration and SP respectively. ANOVA confirmed

that the difference between instruments in concentra-

tion and SP was not significant: p = 0.760 and 0.421

for SP and N2O concentration, respectively. These

results confirm our approach for measuring samples at

low concentration (* 320 ppbv) without

preconcentration.
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Because our approach involved placing standards

or samples in Tedlar� bags, we investigated the

influence of storage time on concentration and SP
(Table S5). Because low concentration standards

would be the most susceptible to error from ingress

of air and are the most difficult to measure, this

experiment used isotopically characterized standards

of known concentration at near atmospheric concen-

tration. The N2O concentration showed a significant

correlation with time (p\ 0.001) over 7 d but the

model accounted for only a small portion of the

variance (R2 = 0.38). Note that the difference in N2O

concentration between days 0.1 and 7.1, 9 ppbv, is not

greatly higher than our reproducibility of 7 ppbv

making it difficult to conclude there is a strong effect

of time regardless of the ANOVA results. Because our

samples were never stored for more than 2 days and

there was no influence of time on concentration during

that time period (difference between day 0.1 and

4 = 0.4 ppbv) we did not make any correction for

storage time. In contrast to the concentration data the

effect of time on SP was not significant. This suggested

that standards in Tedlar� bags retain their isotopic

integrity for up to 7 d (Table S5). Although our results

demonstrate the potential for sample storage, we

recommend that every lab evaluate storage

independently.

Because the LGR can be used to analyze atmo-

spheric samples without preconcentration and the

sample analysis time on the LGR (10 min) is much

shorter than on the TGIRMS (up to 60 min), spectro-

scopic analysis is an appealing alternative to mass

spectrometry. However, the time required for calibra-

tion, C 3.5 h, and preparing standards, * 6 h, must

be accounted for. Regardless of which instrument is

used, both require calibration with isotopically distinct

standards that encompass the range of the samples,

check standards, evaluation of drift, removal of

interfering gases and evaluation of the effects of

procedural methods (e.g. storage). Calibration is

problematic because isotopically distinct standards

are not readily available. In addition, given our

extensive calibration modeling efforts, we recommend

rigorous models that involve 6 or more standards

analyzed in triplicate and check standards analyzed

throughout the the day. Models that fall short of this

can incorporate large errors. Because all of our

analyses were performed manually, future efforts to

interface isotopically distinct tanks to the LGR from

an automated valving system designed to prevent

pressure changes would markedly increase the effi-

ciency of the spectroscopic approach.

Grassland tilling experiment

Our first experiment investigated whether the flux and

source of N2O change as a consequence of a single

tilling event in a successional grassland and included

102 chamber samples. The data set showed remark-

able variation with a wide range in N2O flux (0–1.9 g

N2O-N ha-1 d-1) and SP (- 1.8 to 25.1 %) for 100

samples (Fig. 2). The two remaining samples from

January 11, 2018 included one with a flux of 1.0 g

N2O-N ha-1 d-1 and a high SP that could not be

determined because it was far outside the range of our

standards and another sample had a high flux of 4.0 g

N2O-N ha-1 d-1 and SP of 0.6 %. High temporal as

well as spatial variation in N2O flux is well recognized

and contributes to uncertainty in N2O emission rates,

particularly in agricultural systems (Aneja et al. 2019;

Hénault et al. 2012; Wang et al. 2020). Many factors

have been attributed to variation in N2O flux including

temperature associated changes in gas solubility and

diffusivity, soil moisture, microbial activity, avail-

ability of carbon and inorganic nitrogen substrates,

disruption of microaggregates, and release of N2O

trapped below ice (Congreves et al. 2019; Kim et al.

2012; Ruan and Robertson 2017).

To determine if tilling influenced flux, we per-

formed an analysis of variance (ANOVA) with

treatment, sampling date and sampling date x treat-

ment as predictor variables of flux. The model

identified sampling date as the only significant term

(p = 0.006). This contrasts with previous work in a

historically never-tilled grassland which showed

marked increases in N2O flux upon initiation of annual

tillage (Grandy and Robertson 2006a, b). The absence

of a till effect in our data is likely related to the high

variance in flux within and between sampling dates

within a treatment. In our till chambers, the highest

fluxes were observed in the late fall (October 2017)

and late spring (May 2018) when microbial processes

were likely not inhibited by dry or frozen soils (e.g. for

the study location, October’s average low temperature

is 5 �C and monthly precipitation is 6.4 cm). In no-till,

two of the three highest fluxes occurred during a thaw

event on January 11, 2018 (Fig. 2). While previous

studies identify freeze thaw cycles as important to
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N2O emissions (Congreves et al. 2019; Flesch et al.

2018; Smith 2017) the observation of a fourfold

difference in flux equivalent to * 3.9 g N2O-N ha-1

d-1 between two chambers separated by * 2 m is

remarkable (Fig. 2). Large differences in flux on a

single sampling date were not uncommon in this data

set. This observation contributes to growing aware-

ness that flux is influenced by factors on scales much

smaller than the ecosystem scale considered by most

studies (Kravchenko and Robertson 2015; Krav-

chenko et al. 2017). Such factors include water filled

pore space, oxygen content, temperature, organic

carbon content, inorganic nitrogen supply, and numer-

ous physical soil properties such as connectivity and

tortuosity (Aneja et al. 2019; Grandy and Robertson

2006a, b; 2007; Kravchenko et al. 2018; Neftel et al.

2007).

The issue of variability and sample size go hand-in-

hand. The number of chambers in our plot represent

the maximum that could be placed in the area without

introducing artificially high fluxes associated with

increased pressure from foot traffic during sampling.

Fig. 2 Flux and Site Preference (SP) of N2O in samples of flux

chamber headspace in the grassland experiment conducted in

Okemos, MI between October 1, 2017 and September 16, 2018.

Panels (a) and (b) are data from no till chambers (1,2, 3). Panels

(c) and (d) are data from tilled chambers (4,5, 6). The dashed

lines in panels (b) and (d) represent the average SP value of

nitrification/fungal denitrification (Nitrification/FD), denitrifi-

cation, and global average for the atmosphere, 34.8%,- 3.9%
and 18.7 % respectively (Lewicka-Szczebak et al. 2017). Bars

appear in order of chambers 1 to chamber 6 and are centered

over the sampling date. (Color figure online)
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While a larger plot size could have accommodated

additional flux chambers and increased our sample

size, the choice of small plot size represented a

tradeoff between sample analysis time and the time

required for careful and detailed analytical approaches

necessary for our study. Thus, we are conservative

with the interpretation of data. As will be elaborated

upon, despite sample size the flux and SP data clearly

show that variation occurs within a small area, offer

interesting trends in SP, constitute a long-term study

and represent one of the few in-situ mechanistic

approaches to a field site study of N2O flux and SP.

We used SP to investigate the influence of a single

tilling event on the source of N2O in the grassland.

Similar to the variation in flux, we observed high

variation in N2O SP among sampling dates and

between chambers analyzed on a single sampling date

(Fig. 2). For example, the N2O from the highest flux in

January 2018 had a SP of 0.6 % whilst the other two

no-till chambers had SP values that were substantially

higher including one value of 15.3% and another that

was much beyond the maximum of our standards (24.4

%) and could not be estimated. With the exception of

microbial pathways of N2O production and water

filled pore space, we understand little regarding the

specific controls on SP (Ostrom and Ostrom 2012).

Elevated water filled pore space and labile organic

matter results in an increased amount of N2O from

denitrification relative to nitrification (Jinuntuya-

Nortman et al. 2008; Kravchenko et al. 2018). The

winter thaw of 2018 resulted in visibly soggy soils and

large amounts of surface water adjacent to the study

site suggesting saturated soil conditions and high

WFPS. However, a dominance of N2O from denitri-

fication was not evident in all flux chambers.

To determine how a single tilling event influenced

SP, we used an ANOVA with treatment, flux and

treatment x flux as predicter variables of SP. Only flux

and the interaction between flux and treatment were

significant (p\ 0.001 and p = 0.006, respectively).

For visual purposes we plotted SP vs. flux for the two

treatments along with lines of fit (Fig. 3). We excluded

the exceptionally high flux sample in no-till as there

was a large gap (2.8 g N2O-N ha-1 d-1) between this

and the next highest flux in that treatment. There

appears to be a direct relationship between SP and flux

when flux was[ 0.6 g N2O-N ha-1 d-1 in no-till and

the reverse is true for till when the flux was C 0.5 g

N2O-N ha-1 d-1 (Fig. 3). Although fluxes[ 0.6 g

N2O-N ha-1 d-1are scant in no-till, four of the five SP
values C 18 % associated with high flux events

occurred only in no-till (October of 2017 or May of

2018). The high SP of these samples likely reflects an

important contribution of N2O from nitrification/fun-

gal denitrification In till, high flux-low SP values

occurred in October and May (e.g. yellow bars in

October and May in Fig. 2 c,d) and are consistent with

N2O derived from denitrification. As a consequence of

October’s precipitation (average monthly rainfall of

6.4 cm) soils at our study site are, characteristically,

more wet than during the earlier fall and summer and

May represents a period when frosts become infre-

quent and soils are commonly thawed and moist. Such

conditions can promote low oxygen soil environments

that are conducive to denitrification. A single tilling

event in a grassland can disrupt soil aggregates and

increase intra-aggregate light organic matter, a poten-

tial substrate for denitrification (Grandy and Robert-

son 2006b, a). Taken together, this poses the

possibility that grasslands experiencing tillage for

the first time are more likely to produce N2O from

denitrification as soils become moist.

The observation that SP appeared to vary as a

function of flux directly in no-till and indirectly in till

was a salient feature of our data set and may suggest a

fundamental difference in the control on N2O sources

in the two treatments. However, our ability to interpret

N2O sources would benefit from additional SP data,

particularly from periods of high flux. Given the

episodic nature of N2O flux, such data is difficult to

come by with periodic sampling. Moreover, the ability

to interpret trends in SP data is hindered by the paucity

of mechanistic studies aimed at evaluating the influ-

ence of individual physical and biological soil prop-

erties on N2O flux and SP. Such studies would be

particularly valuable for understudied ecosystems

such as undisturbed temperate grasslands that are

often converted to cropland or lost to development.

Agricultural fertilization experiment: corn

Agriculture offers a setting where management prac-

tices can, potentially, be modified to influence micro-

bial processes. The KBS BCSE offered a setting where

we could inquire whether N2O flux and source change

subsequent to fertilization. The 16 chamber samples

from corn showed a wide range in N2O flux

(0.2–60.7 g N2O-N ha-1 d-1) (Fig. 4). Corn did not
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have a non-fertilizer treatment, so we investigated

whether N2O flux or source, responded to time after

fertilization (i.e. sampling date). Time after fertiliza-

tion had a significant influence on flux (p = 0.008) and

accounted for 61 % of the variance. The high flux on

the first sampling date, July 8, 2019 was significantly

different from all subsequent sampling dates

(p\ 0.020). These data suggest that high N2O fluxes

occur in response to fertilization and rapidly taper off

during the growing season. Large fluxes in corn

subsequent to fertilization have been observed previ-

ously (Oates et al. 2015). While numerous variables

influence N2O flux, fertilization, temperature, water-

filled pore space, and the concentration of ammonium

and nitrate are known to influence N2O emissions at

KBS BCSE (Duncan et al. 2019; Oates et al. 2015).

As with flux, there was a large range in SP (7.3–23.9

%) among the 16 chamber samples (Fig. 4). Time

after fertilization appeared to be an important con-

tributor to this variation. It had a significant influence

on SP (p\ 0.001) and accounted for 80% of the

variance associated with SP. The high SP on the first

sampling date, July 8, 2019 was significantly different

from all subsequent sampling dates (p\ 0.020) and

the average SP for that date was 1% higher than that of

the global average for the atmosphere. That coupled

with high flux suggests that N2O produced by nitri-

fication/fungal denitrification overprinted atmospheric

N2O and was an important, if not the dominant,

contributor to N2O emissions. On subsequent sam-

pling dates, SP values were several per mil lower than

that of the atmosphere suggesting that the importance

of denitrification to N2O production increased later in

the season.

The rapid conversion of ammonium to nitrate via

nitrification occurs in most agricultural soils and may

be particularly important if ammonium-based fertiliz-

ers exceed the needs of crops (Norton and Ouyang

2019). During nitrification, N2O is produced as a by-

product of nitrification via hydroxylamine oxidation

and nitrite reduction (Sutka et al. 2006; Wrage et al.

2001; Wrage-Mönnig et al. 2018). Fungal denitrifiers

produce N2O with a SP similar to that of nitrification.

These microbes produce N2O during the dissimilatory

reduction of nitrite and nitrate under low oxygen

conditions (Shoun et al. 2012). To place the role of

fungal denitrification in context, in situ studies using

inhibitors suggest that N2O producing activity of

Fig. 3 Flux and Site

Preference (SP) of N2O in

samples of flux chamber

headspace in the grassland

experiment conducted in

Okemos, MI showing the

relationship between the two

variates separated by no till

and tilled chambers. Linear

fits are for visual purposes

and account for 9 and 44 %

of the variance for no-till

and till, respectively.

Shaded area is the 95 %

confidence interval. The

dashed lines represent the

average SP value of
nitrification/fungal

denitrification (Nitrification/

FD), denitrification, and

global average for the

atmosphere, 34.8 %, - 3.9

% and 18.7 % respectively

(Lewicka-Szczebak et al.

2017). (Color figure online)
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fungal and bacterial denitrifiers are comparable

(Mothapo et al. 2015). However, it has been long

known that inhibitors are inefficient and, thus, con-

clusions based on inhibitor approaches are incomplete

(Oremland and Capone 1988). While we can’t assess

the relative importance of bacterial nitrification and

fungal denitrification, it is fair to say that assessing

their relative importance to N2O production in situ is

important and will require additional study.

Agricultural fertilization experiment: switchgrass

Extending our agricultural interests, we investigated

the perennial biofuel crop switchgrass and asked if

fertilization changes the N2O flux and source relative

to non-fertilized switchgrass. The experiment con-

sisted of 20 samples from fertilized and 18 samples

from unfertilized sub-plots of the main BSCE plots.

Both treatments showed a wide range in N2O flux of

0.1–8.5 g N2O-N ha-1 d-1 and 0.1–5.2 g N2O-N ha-1

d-1 in fertilized and unfertilized switchgrass respec-

tively (Fig. 5). The effects of fertilizer treatment,

sampling date and the interaction between treatment

and sampling date were not significant (model

p = 0.081). Thus, we statistically evaluated the two

treatments separately. For fertilized switchgrass, the

effect of sampling date on flux was significant

(p = 0.035) and accounted for 48% of the variance.

Fig. 4 Flux and Site Preference (SP) of N2O in samples of

headspace from flux chamber placed in four corn (Zea mays)
plots associated with the fertilization experiment located within

Kellogg Biological Station Biofuel Cropping System Experi-

ment (KBS BCSE). Crop designation G1 was given to corn

crops while replicate (R2, R3, R4, and R5) represents separate

experimental plots. Locations of chambers within plots are in

Fig. 1. The dashed lines represent the average SP value of

nitrification/fungal denitrification (Nitrification/FD), denitrifi-

cation, and global average for the atmosphere, 34.8%,- 3.9%
and 18.7 % respectively (Lewicka-Szczebak et al. 2017).

Fertilization occurred on June 5, 2019. (Color figure online)
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Paired comparisons identified a significant difference

between June 18 and August 12 of 2019 (p = 0.044).

While it was not a specific objective of this study, we

also note that average flux in fertilized switchgrass

(1.5 g N2O-N ha-1 d-1) was much lower than that in

corn (9.5 g N2O-N ha-1 d-1). In unfertilized switch-

grass, sampling date was not a significant predictor of

flux (p = 0.618). This is likely related to large

variation in flux among sampling dates and among

chambers on a specific sampling date (Fig. 5). The

highest fluxes occurring in one chamber in July 2019

and another chamber in August 2019.

Both treatments showed a wide range in SP:

5.0–17.7 % in fertilized and - 3.0 to 21.3 % in

unfertilized switchgrass (Fig. 5). As with flux, the

model for SP with fertilizer treatment, sampling date

and the interaction between fertilizer treatment and

sampling date was not significant (p = 0.118).

Fig. 5 Flux and Site Preference (SP) of N2O in samples of

headspace of flux chambers in switchgrass (Panicum virgatum)
plots associated with the agricultural fertilization experiment

located within the Kellogg Biological Station Biofuel Cropping

System Experiment (KBS BCSE). Data are from flux chambers

in a) fertilized switchgrass and b) unfertilized switchgrass. Crop

designation G5 was given to switchgrass while replicate (R2,

R3, R4, and R5) represents separate experimental plots.

Location of chambers within plots are in Fig. 1. The dashed

lines represent the average SP value of nitrification/fungal

denitrification (Nitrification/FD), denitrification, and global

average for the atmosphere, 34.8 %, - 3.9 % and 18.7 %
respectively (Lewicka-Szczebak et al. 2017). Bars are centered

over the date the order fertilized G5R2 to fertilized G5R5

(purple, gold, light blue, brown), unfertilized G5R2 to

unfertilized G5R5 (dark blue, bright green, magenta, gold

green). Fertilization occurred on May 16, 2019. (Color

figure online)
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However, the model without the interaction term was

significant (p = 0.029) with a significant effect of

sampling date (p = 0.027) but not fertilizer treatment

(p = 0.232). Pairwise comparisons show that this was

an effect of August 2019 being different from June

2019 (p = 0.042) and October 2019 (p = 0.040). Flux

chambers from August 2019 exhibited low SP values

relative to October, particularly in non-fertilized sub-

plots. Given that fertilizer treatment was not signifi-

cant, we statistically evaluated the effect of time after

fertilization (sampling date) on fertilized and unfer-

tilized switchgrass separately. For both fertilized and

unfertilized switchgrass time after fertilization (sam-

pling date) was not significant (p = 0.270, p = 0.176,

respectively).

High N2O fluxes in perennial biofuel crops soon

after fertilization and elevated emissions in annuals

relative to perennials has been previously reported

(Oates et al. 2015; Smith 2017). In switchgrass, the

highest flux was observed in June 18, 2019 in fertilized

chambers. As we’ve mentioned earlier, there are

numerous reasons why flux varies within and among

crops and many of these relate to variation in

microbial processes that influence N2O production

(Hénault et al. 2012; Smith 2017). The average SP for

fertilized switchgrass on June 18, 2019 was 3.7 %
lower than that of the global average for the

atmosphere indicating an increase in N2O production

from bacterial denitrification.

Variability in flux and SP among sampling dates is a

salient feature of this experiment. While low SP values

relative to that of the global average for the atmo-

sphere were common in switchgrass, high variability

among chambers and sampling dates suggests varia-

tion in the origin of N2O. On August 12, 2019 in non-

fertilized switchgrass there was a high flux and low SP
value in chamber G5R3 (5.2 g N2O-N ha-1 d-1, -3.0

%) and a low flux and higher SP in chamber G5R2

(0.1 g N2O-N ha-1 d-1, 12.1%). The low SP of G5R3

suggests that bacterial denitrification had a much

stronger influence in this chamber than in G5R2. Other

chambers, for example G5R5 in unfertilized switch-

grass in July 2019 (flux = 4.8 g N2O-N ha-1 d-1 N2O,

SP = 21.3 %), are good indicators that nitrification

was an important source of N2O. While any two flux

chambers could be as much as 175 m apart, the

observed variation in flux and SP emphasizes that large

scale features (e.g. meteorological, topographic) are

not the only controls on flux and SP and emphasize the

complexity of identifying and interpreting the origins

of N2O in field settings.

Site Preference of Atmospheric N2O

The SP of atmospheric N2O from both the grassland

tilling and agricultural fertilizer experiments was

highly variable with a range of - 5.1 to 32 % for 57

samples in the grassland and 2.1–12.5% for 4 samples

from the fertilizer experiment (Fig. 6, Table S1, S2).

The observation that the samples from both experi-

ments differed by at least 2% from that of the average

for the global suggests that microbial processes

influence near surface (2 m above ground) atmo-

spheric N2O. The wide range in atmospheric N2O

concentration (e.g. 314–367 ppbv in the grassland)

supports this conclusion (Table S1, S2).

The disparity in SP between the global atmosphere

and our atmospheric data was not a function of

localized sampling. The disparity occurred at 2 study

sites separated by ca. 100 km and 2 sites within the

grassland separated by 100 m apart.
Our results suggest that soil microbial processes

influence the atmosphere at 2 m above the surface.

The extremely low and high values (- 5.1 % and 32

%) are similar to those of the endmembers for

nitrification/fungal denitrification and bacterial den-

trification and suggest that in these cases the majority,

if not all, of the N2O measured at 2 m derives from the

soil. We wondered if soil derived N2O was a

significant component of the atmosphere above 2 m.

Subsequent to the experiment conducted for this

paper, several samples of atmosphere were taken on

October 24, 2019 simultaneously at 2 and 4 m over the

course of several hours (Fig. S1). The concentration of

N2O atmosphere (315–316 ppbv) was below the

average for the global atmosphere (330 ppbv) sug-

gesting the influence of microbial consumption of

N2O. In most cases, SP values at the two heights were

within 2% of each other with values as low as 12.6%
at 2 m. This indicates that soil derived N2O is

influential at 4 m, further calling into question the

use of the global average value for atmospheric SP in

near surface isotope modelling approaches.

Future studies aimed at estimating the SP of soil

derived N2O from flux chambers will need to deter-

mine the SP of the atmosphere within the chamber

prior to closing. We also recommend the use of large

volume chambers that minimize the contribution of
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atmosphere when it ingresses to the chamber upon

sampling. Additional experiments are needed to

delineate the maximum height to which microbial

processes influence the atmosphere and to identify the

factors that control the origins of near surface atmo-

spheric N2O.

Conclusions

Understanding the relative importance of soil micro-

bial processes on atmospheric N2O concentrations is

the necessary first step in mitigating N2O emissions.

The observation of high SP in some of our chamber and

atmosphere samples emphasizes that one should not

assume that bacterial denitrification is the predomi-

nant source of N2O in all grasslands or agricultural

systems. Even values 3 % below that of the global

atmosphere could derive from equal amounts of

nitrification/fungal denitrification and denitrification,

depending on the magnitude of N2O flux. Variability

in flux and SP among sampling dates was a salient

feature of each of our experiments. Given this

variation in SP, the next challenges will be to capture,

constrain and interpret spatial and temporal SP vari-

ability; identify the factors controlling this variation

within different ecosystems and determine the degree

to which individual microbial sources of N2O influ-

ence the atmosphere. Flux gradient methods coupled

with spectroscopic approaches (e.g. Ibraim et al. 2019)

are amenable to this task but include the challenge of

careful accurate calibration. Given the increasing

pressure to expand agriculture to meet the needs of

an ever-growing global population solving these

future challenges is an important, if not essential, step

in reducing N2O emissions.

Fig. 6 Flux and Site Preference (SP) of N2O in samples of

atmosphere taken in two locations in the grassland (blue and red

bars) and one location in the agricultural fertilization experi-

ment (green bars) located in Okemos, MI and Kellogg

Biological Station, respectively. Samples of atmosphere were

taken at 2 m above ground. Each bar represents a single or

average of two or three samples. Dashed lines represent the

average SP value of nitrification/fungal denitrification (Nitrifi-

cation/FD), denitrification, and global average for the atmo-

sphere, 34.8 %, - 3.9 % and 18.7 % respectively (Lewicka-

Szczebak et al. 2017). (Color figure online)
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