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Abstract
Aims To optimize assay conditions of two common
methods for measuring potential free-living nitrogen-
fixation (FLNF), acetylene reduction assay (ARA) and
15N2-incorporation (

15N2), for use with soil/rhizosphere
samples.
Methods We tested the impact of different carbon (C)
sources, oxygen concentrations (O2), and incubation
times on FLNF rates of two low-fertility Michigan soils
via ARA and 15N2.
Results FLNF rates were greatest with addition of a C
cocktail, at low O2, and with 7-day incubations for both
methods. FLNF via ARA was 1700x greater with a C

cocktail versus glucose only and via 15N2 was 17x
greater with a C cocktail compared to other C sources
and no-C controls. Specific O2 optimum varied by
method and site. A 7-day incubation was needed for
the ARA, but a 3-day incubation was suitable for 15N2.
Lastly, we confirm previously identified issues with the
ARA of acetylene-independent ethylene production/
consumption resulting in potential FLNF measurement
error of 1.3–52.3 μg N g−1 day−1.
Conclusions We present an optimized method for mea-
suring potential FLNF in soil/rhizosphere samples
which will allow for consistent and comparable FLNF
rate measurements. Researchers should account for C
source, O2, and incubation time when assessing FLNF
and use the ARA method with caution.

Keywords Free-living nitrogen fixation . 15N2

incorporation . Acetylene reduction . Rhizosphere

Introduction

Free-living nitrogen fixation (FLNF), N-fixation by soil
organisms not in symbiotic associations with plants, is
prevalent across all ecosystems and contributes a mea-
surable portion of N to terrestrial systems annually
(Brouzes et al. 1969; Reed et al. 2011). Though FLNF
can occur throughout the soil, limitations on carbon (C)
availability likely constrain FLNF to C-rich regions
such as the rhizosphere (Knowles 1965; Smercina
et al. 2019). FLNF is of great interest in agricultural
systems, especially low input cropping systems and
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bioenergy crop production (Roley et al. 2018), because
of its potential to offset the need for external N inputs,
potentially reducing or even eliminating waste N and the
associated negative environmental impacts (e.g. eutro-
phication and N2O production; Vitousek et al. 1997).

While FLNF has been measured across natural and
managed ecosystems (Reed et al. 2011; Roley et al.
2018), the methods employed have not been optimized
to account for the wide diversity of diazotrophs (N-
fixing organisms) and conditions present in soils and
the rhizosphere. The most commonly employed method
for measuring FLNF is the acetylene reduction assay
(ARA; Hardy et al. 1968) because it is a relatively
simple method with low analysis costs. This technique
relies on the capacity of nitrogenase, the N-fixing en-
zyme, to reduce triple bonded molecules other than N2;
thus, acetylene is reduced to ethylene and ethylene
concentrations can then be easily measured using a
standard gas chromatograph (GC) equipped with a
flame ionization detector (Hardy et al. 1968). However,
previous work suggests there are challenges to success-
fully applying the ARA to FLNF, particularly in the
rhizosphere (Witty 1979; van Berkum and Bohlool
1980; Boddey 1987; Giller 1987; Smercina et al.
2019). Nitrogenase has a different affinity for acetylene
than N2, often outcompeting N2 when in the same
system (Brouzes and Knowles 1973), making measures
of acetylene reduction only a proxy for N-fixation rates.
To overcome this a conversion factor is employed,
typically assumed to be three, to estimate N-fixation
rates (Hardy et al. 1968). However, this conversion
factor can actually range from less than 1 to over 30
depending on the form of nitrogenase (i.e. whether it is
the typical nitrogenase with a molybdenum cofactor, or
an alternative nitrogenase with a vanadium, or iron
cofactor; Bellenger et al. 2014). In a soil, or more
specifically the rhizosphere, the potential diversity of
N-fixing bacteria, including diverse physiology and dif-
ferent forms of nitrogenase, can have a large impact on
the difference between acetylene reduction rates and
actual FLNF rates that no single conversion factor can
capture (Smercina et al. 2019).

In addition, the measured product of the ARA, eth-
ylene, can be both produced and consumed in soils
independent of actual acetylene reduction (van Berkum
and Bohlool 1980; Zechmeister-Boltenstern and Smith
1998). Ethylene is a plant hormone with wide-ranging
effects and is naturally produced in soils by both plants
and bacteria (Witty 1979; Nohrstedt 1983; Wang et al.

2002; Friesen et al. 2011). In fact, a study which added
14C-labeled acetylene to the headspace of soil core
incubations found that only 43% of recovered ethylene
carried the label, indicating that over half of the ethylene
was produced endogenously by soil organisms (Witty
1979). Methanogenic bacteria have been shown to oxi-
dize ethylene via the enzyme methane monooxygenase
(de Bont 1976; Boddey 1987; Xin et al. 2017) and
though few recent studies have been published on the
topic, our calculations of Gibb’s free energy for the
oxidation of ethylene to ethylene oxide reveal a favor-
able and spontaneous reaction at room temperature
(ΔG° = −81.4 kJ mol−1). Finally, acetylene may inhibit
ethylene oxidation and actually result in overestimation
of FLNF as endogenously produced ethylene is not
consumed (Witty 1979; van Berkum and Bohlool
1980). Although concerns regarding ethylene production
and consumption during the ARA have been raised pre-
viously, experimental controls that account for non-
acetylene reduction associated ethylene fluxes are often
lacking or misrepresentative, which leads to inaccurate
estimates of acetylene reduction (Boddey 1987). Despite
these issues, the ARA still remains the standard and most
accessible method for assessing FLNF, but its use may be
weakening our understanding of this process.

In order to truly understand the potential contribution of
FLNF to total available N in natural andmanaged systems,
it is important to use amethod thatmeasures FLNFdirectly
and has been optimized to account for the diversity of N-
fixing microbes and the wide range of environmental
conditions they face. The ARA is an indirect method for
assessing N-fixation that was originally designed and op-
timized for assessing symbiotic N-fixation by rhizobia in
association with legumes. ARA is suited for measurement
of symbiotic N-fixation because N is fixed at high rates so
that measurement duration can be short and all rhizobia
utilize themolybdenum cofactor form of nitrogenase under
microaerobic metabolism. In contrast, the 15N2 incorpora-
tion method directly assesses N-fixation by measuring the
difference in 15N abundance of samples exposed to 15N2

and reference samples (Boddey 1987; Warembourg 1993;
Weaver and Danso 1994). This method is more accurate
and direct than the ARA (Myrold et al. 1999), though not
without potential issues, such as contamination via 15N-
nitrate, ammonium, and nitrous oxide of the 15N2 gas
source (Dabundo et al. 2014). This contamination results
in assimilation of 15N unrelated to FLNF and can occur at
rates greater than or equal to 15N2 incorporation, thus
leading to overestimates of FLNF (Dabundo et al. 2014).
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While 15N2 incorporation has predominately been used to
determine the conversion factor needed for calculating
FLNF rates from acetylene reduction rates (Myrold et al.
1999), it has not been optimized to assess FLNF of whole
soil communities.

Optimization of either ARA or 15N2 incorporation
methods to assess FLNF requires consideration of the
diversity in organisms and growth strategies of bacteria
performing FLNF. In particular, there is need for a meth-
od that measures FLNF potential in an informative way,
based on conditions which may be expected in the study
system (e.g. rhizosphere). Previous studies have recom-
mended providing glucose as a C source to optimize N-
fixing conditions (Brouzes et al. 1969; Brouzes and
Knowles 1973; Gupta et al. 2014; Roley et al. 2018),
however the form of C which is optimal for FLNF likely
varies by the organisms present (Smercina et al. 2019).
Therefore, it is important to find a C source that can
support whole diazotroph communities rather than spe-
cific populations. Potentially favorable C sources may
include sucrose, malic acid or citric acid, all of which
are used to isolate diazotrophs from the environment
(Baldani et al. 2014), as well as mannitol and calcium
lactate which have been used in previous studies when
assessing FLNF (O’Toole and Knowles 1973; Patriquin
and Knowles 1975). Additionally, soil niche spaces are
extremely heterogenous with regard to water content, gas
exchange and nutrient availability. This likely influences
the diazotroph community composition and therefore, the
optimal conditions for FLNF.

In this study, we optimize conditions which support
the greatest potential acetylene reduction via the ARA
and potential FLNF via the 15N2 incorporation method.
The goal of this work was to identify conditions under
which FLNF can be routinely measured, relatively
quickly and easily, with robust results that capture dif-
ferences in the diazotroph community inked to edaphic
factors. Specifically, we choose target conditions which
mimic those that may be expected in the rhizosphere to
provide “realistic” potential rates. We assess different C
sources, known to support diazotroph growth, to deter-
mine which supports the most N-fixation. FLNF is also
influenced by oxygen availability with nitrogenase be-
ing irreversibly inhibited by oxygen presence (Robson
and Postgate 1980). Yet, many diazotrophs cannot grow
under strictly anaerobic conditions and anaerobic incu-
bations may not be appropriate (Silvester et al. 1982;
Smercina et al. 2019). Therefore, it is also necessary to
determine optimal oxygen concentrations (O2) for

FLNF. Another important aspect of these assays is in-
cubation time. Though no single incubation time is
standard for assessing N-fixation rates, shorter incuba-
tions should be more favorable for limiting changes in
microbial community structure (Weaver and Danso
1994; Goldfarb et al. 2011; Oliverio et al. 2017). In this
work, we investigate different incubation lengths to
determine the shortest incubation time that yields de-
tectable FLNF rates. Lastly, we test for issues with the
ARA including background ethylene production and
consumption to determine its suitability for soil and
rhizosphere samples. Overall, we present an optimized
method of assessing potential FLNF rates which at-
tempts to account for and incorporate the wide diversity
of diazotrophs and their growth requirements. This is
extremely important if we want to systematically study
FLNF across systems in order to better understand fac-
tors controlling diazotrophs and rates of FLNF.

Materials and methods

Sample collection

Soils were collected from two Michigan field sites, Lux
Arbor (LUX; 42.476365, −85.451887) and Lake City
(LC; 44.296098, −85.199612), with different soil tex-
ture, climate, and land use history (Table 1). These field
sites are maintained as part of the Great Lakes
Bioenergy Research Center’s marginal land experiment
(https://www.glbrc.org/). Each field site has four
replicate split plots of switchgrass (Panicum virgatum
L.; cv. Cave-in-Rock) monoculture which have been
maintained since 2013. Switchgrass is known to
associate with diazotrophs (Bahulikar et al. 2014) and
FLNF has beenmeasured in association with the switch-
grass rhizosphere (Roley et al. 2018; Smercina et al.
unpublished data). Split plots are divided into fertilized
(+ 56 kg urea-N ha−1 yr−1) and unfertilized (no added N)
halves. We sampled both fertilized and unfertilized soils
to allow us to optimize assay conditions for high and
low N across different soil and climate conditions.

Because the ARA is relatively more accessible due to
lower costs with regard to materials and analysis equip-
ment, we conducted our initial optimization efforts
using this method (described below). For ARA tests,
soils were collected using a shovel to a depth of 10 cm
from edges of switchgrass plots in July of 2016. Soils
were also collected from plot edges inMarch of 2017 for
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comparison of ethylene production and consumption on
fresh versus stored soils (see below). Soils were kept
cool until returning to the lab where they were stored at
4 °C until analysis. Soils were sieved (4 mm mesh) and
homogenized prior to analysis.

15N2 incorporation method optimization was con-
ducted on intact soil cores collected using a 1.5 cm
diameter turf corer to a depth of 5 cm (Fig. S1).
Cores were collected in March of 2017 (incubation
time test only, see below) and 2018 (C source and
oxygen concentration tests, see below). These intact
soil cores were sized to fit within 20 ml gas vials
(Wheaton, DWK Life Sciences, Millville, NJ, USA),
so the samples could be immediately transferred to
their incubation vials at the time of collection in
order to minimize soil disturbance between collec-
tion and analysis (Fig. S1). Ten replicate cores were
collected from three randomly chosen points within
each split plot for a total of 240 cores per field site.
We also collected four reference cores, one per rep-
licate block, per site. Cores were collected, immedi-
ately transferred to vials and placed in a cooler until
returning to the lab. Cores were stored at 4 °C until
analysis and all assays were started within 72 h of
sample collection. Extra soil was also collected for
measurement of soil moisture and water holding
capacity (WHC; described below).

Soil moisture and water holding capacity

Soils were sieved (4 mm mesh) prior to soil mois-
ture and WHC analysis. Soil moisture was deter-
mined on all soils (2016, 2017, and 2018) using
5 g of soil dried at 60 °C for at least 24 h. WHC
was determined using 10 g of field moist soil. Soil
was placed inside a funnel and saturated. Soils were
covered with plastic wrap to prevent evaporation;

three small holes were poked in the top of the plastic
wrap to maintain atmospheric pressure within the
funnel and flask. Soils were allowed to drain for
24 h, then weighed to determine 100% WHC.

Acetylene reduction

Optimization of the ARA was conducted in January
2017 on soils collected in July of 2016 (Hardy et al.
1968; Myrold et al. 1999). Soils were stored at 4 °C
from time of collection to time of analysis, for a
total of 5 months. While this storage time is likely to
reduce microbial activity and therefore may reduce
ARA rates, methodological comparisons between
samples which have experienced similar conditions
should not be hindered and are still valid for this
methods study. Ten grams of sieved soils, collected
in July 2016, were weighed into 4 oz. (127 ml)
mason jars (Ball® Corp., Broomfield, CO, USA).
Jars were loosely capped and pre-incubated at 25 °C
for one week prior to analysis to revive the micro-
bial community after long cool-storage. During the
pre-incubation, 100 μg glucose C g−1 dry soil were
added each day, a rate of C input matching that
expected in the rhizosphere (Baudoin et al. 2003),
to support the microbial community. At the start of
the analysis, 4 mg C ml−1 glucose solution was
added to the soils in a ratio of 1 ml solution to 1 g
dry soil, matching the rate used by Gupta et al.
(2014) in a similar study of FLNF in grasses. This
rate of C addition results in the equivalent of
~570 μg of C per day over 7 days which is approx-
imately 5x the amount which may be available in
situ. Though greater than what might be expected in
situ, these C additions ensure C limitation does not
occur. After C addition, jars were then tightly sealed
and 10% of the headspace was replaced with

Table 1 – Site characteristics including soil properties, climate, and land use history

Site Soil Taxonomy pH P
(ppm)

Total N
(%)

Total C
(%)

30-yr avg.
precipitation (mm)

30-yr avg.
temp. (°C)

Previous land
use

Pre-settlement
vegetation

LUX Typic
Hapludalfs

5.8 12 0.06 0.07 842.01 9 Idle for
20 years

Oak-hickory forest

LC Oxyaquic
Haplorthods

7.3 24 0.06 0.92 812.29 6.5 Unimproved
pasture

Hemlock-white
pine forest

Data provided byGreat Lakes Bioenergy Research Center (GLBRC)marginal land experiment (https://lter.kbs.msu.edu/research/long-term-
experiments/marginal-land-experiment/) and Kasmerchak and Schaetzl 2018
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acetylene generated in the lab from additions of
calcium carbide to nanopure water. Addition of the
acetylene gas marked incubation start time. ARA
optimization test variables included incubation time,
oxygen concentration, C source, and checks of back-
ground ethylene production and consumption
(Table 2).

To test incubation time, jars were sampled 1, 4, 6,
18, 24, and 168 (7 days) hours after incubation start for
LUX soils and 6, 18, 24, and 168 h after incubation
start for LC soils. At each time point, 10 ml of gas
were withdrawn from each jar and injected into pre-
evacuated 10 ml gas vials (Thomas Scientific,
Swedsboro, NJ, USA). We used two jars per sample
to ensure no more than three gas samples were taken
from one jar. Thus, a total of 80 jars (5 replicates * 4
oxygen concentrations * 2 site * 2 jars) were used to
measure ARA rates at each of the six time points
representing a total of 40 samples. It is important to
note that 30 ml of gas were removed at each sampling,
without replacement. This represents a removal of
~24% of the total headspace. While this headspace
removal does not affect the comparison of relative
rates, as all samples were treated the same, measures
of actual ARA may be negatively impacted. When
headspace is removed and not replaced, resulting back
pressure can cause an influx of air that dilutes ethylene
and acetylene concentrations within the jars. When
measuring actual ARA rates, researchers should be
sure to replace the volume of sampled headspace with
He or other appropriate gas to maintain pressure and
account for the resulting dilution. Gas samples were
analyzed for ethylene concentration on a Trace™
1310 gas chromatograph equipped with a flame ioni-
zation detector (Thermo Fisher, Waltham, MA, USA).

Acetylene reduction rates were calculated as the dif-
ference in ethylene gas concentration between each
time point and the first sampling point divided by the
incubation time (in days) and grams of dry soil (μg
C2H4 g

−1 dry soil day−1).
The effect of oxygen concentration on acetylene re-

duction was tested on replicate jars at 0, 5, 10, and 20%
oxygen. These oxygen concentrations were chosen with
consideration to soil and rhizosphere conditions, micro-
bial growth optima, and N-fixation optima. Soil and
rhizosphere oxygen concentrations are highly variable,
making it difficult to mimic soil/rhizosphere conditions
with just one oxygen concentration. For example, some
rhizospheres are oxygen-rich (Pedersen et al. 1998;
Blossfeld et al. 2011), while others are oxygen-depleted
(Tschiersch et al. 2012; Minett et al. 2013). It is also
difficult to optimize oxygen concentrations for microbial
growth and N-fixation because nitrogenase is deactivated
by oxygen, but many diazotrophs are aerobic organisms
requiring at least some oxygen to grow (Bottomley and
Myrold 2014). Therefore, the chosen oxygen concentra-
tions span a range of potential oxygen optima from
anaerobic to ambient. To create these concentrations, jars
were evacuated via vacuum manifold and the headspace
replacedwith Ultra High Purity Helium (UHP-He). Then,
5.6, 11.2, and 22.4 ml of headspace gas were removed
and replaced with identical amounts of pure O2 to create
5, 10, and 20% oxygen concentrations, respectively. No
headspace gas was replaced with O2 in the 0% oxygen
treatment. Finally, we replaced 10% of the jar headspace
with acetylene. Gas samples were collected from jars at 1,
4, 6, 18, 24, and 168 h after acetylene addition and
analyzed as described above. Each oxygen concentration
was replicated five times and acetylene reduction rates
were calculated as described above.

Table 2 – Table of experimental conditions for optimization tests

Optimization Method Incubation times Oxygen concentration
(%)

Carbon source Corresponding
Figure

Incubation time ARA 1, 4, 6, 18, 24,
168 h

0, 5, 10, 20 Glucose Figure 1

15N2 1, 3, 7 days 10 C cocktail Figure 8

Oxygen
concentration

ARA 1, 4, 6, 18, 24,
168 h

0, 5, 10, 20 Glucose Figure 2

15N2 3 days 0, 5, 10, 20 C cocktail Figure 7

Carbon source ARA 18 h 0, 5, 10, 20 Glucose, glucose + sucrose + malate Figure 3
15N2 3 days 10 Water, sucrose, sucrose + malate, C

cocktail
Figure 5
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We also tested the impact of C source on acetylene
reduction rates. A second set of LUX soil jars receiving
the oxygen concentration treatments described above
were duplicated. These soils received a C cocktail con-
taining glucose, sucrose, and malic acid represented in
equal proportions based on C content. These C sources
were chosen based on recommendations for isolating
diazotrophs from soils (Baldani et al. 2014) and all
represent compound groups which are found in the
rhizosphere (i.e. carbohydrates and organic acids;
Baudoin et al. 2003). Though many studies only use
glucose as a C source (Gupta et al. 2014), diazotrophs
are a diverse community and are isolated using a wide
variety of C sources. We attempted to simulate the
diversity of C sources available in the rhizosphere using
a mixture of C compounds. The 4 mg C ml−1 solution
was added as described above and jars were incubated
for 18 h. Gas samples were collected and analyzed as
described above.

Lastly, we examined the potential for background
ethylene production and consumption in our soils from
LUX. Ten grams of soil collected in July 2016 (stored)
or March 2017 (fresh) were weighed into ten replicate
jars. Jars containing soil from July 2016 were pre-
incubated as described above, while jars containing soil
from March 2017 were pre-incubated at room tempera-
ture for 24 h prior to incubation start. After pre-incuba-
tion, a glucose solution was added as described above
and jars were sealed. To test background production,
five replicate jars were incubated without addition of
acetylene gas. To test background consumption, 10% of
the headspace in five replicate jars was replaced with an
ethylene standard, but no acetylene was added. Gas
samples were taken 6, 18, and 24 h and analyzed as
described above. Results from these samples are report-
ed as μg C2H4 g

−1 dry soil.

15N2 Incorporation method

FLNF rates were measured based on net changes in 15N
of soil incubated with 15N2 gas (Gupta et al. 2014).
Cores were pre-incubated at room temperature for 24 h
prior to 15N analysis to ensure a fully active microbial
community at the time of 15N2 addition. Following pre-
incubation, C source (or water) was added to each core
using a syringe and 21-gauge needle to bring the cores
to 60% WHC. The syringe and needle allowed the
solution to be more evenly distributed along the intact
core. Vials were then capped with aluminum rings and

septa and evacuated. Immediately following evacuation
experimental vials received 1 mL of 98 atom% acid-
washed 15N2 gas (Sigma-Aldrich, Inc., St. Louis, MO,
USA) and reference vials received UHP-N2. This results
in a pN2 of ~1.87 atm, more than sufficient to saturate
N-fixing sites. Knowles (1980) recommends achieving
0.8 to 1.0 atm pN2 and a minimum of 0.4 atm. 15N2 was
acid washed with 5% sulfuric acid prior to addition to
vials to ensure no contamination with 15N-NH3 and
other gases. Following N2 addition, oxygen was added
to the vials to achieve the appropriate concentration (see
below). Vial atmospheres were balanced with UHP-He.
Samples were incubated at room temperature for one,
three, or seven days. After incubation, vials were
uncapped and samples were placed in a 60 °C drying
oven for 48 h. After drying, samples were ground into a
fine powder on a roller mill, weighed into tin capsules,
and then analyzed following standard procedures at
Washington State University’s Stable Isotope Core Lab-
oratory (Pullman, WA). Briefly, tinned samples were
combusted to N2 with an ECS 4010 elemental analyzer
(Costech Analytical, Valencia, CA) and analyzed on a
Delta PlusXP continuous flow isotope ratio mass spec-
trometer (Thermofinnigan, Bremen) equipped with a
3 m GC column. FLNF rates were calculated in μg N
fixed g−1 dry soil day−1 as:

AEi � TNi

AEatm � t

where AEi represents atom percent access of sample
against an unenriched reference sample, TNi represents
total nitrogen content in sample, AEatm represents atom
percent excess in the vial atmosphere (98 atom% in our
case), and t is incubation time in days (Warembourg
1993; Roley et al. 2018).

15N2 Incorporation carbon source testing

We tested the impact of three C sources including su-
crose, sucrose plus malic acid and a C cocktail, and a no-
C (water) control on FLNF rates on intact cores collect-
ed in March of 2018 (Table 2). For these C source tests,
we expanded on the ARAwork by including both a no-
C control and a 2-C source mixture in order to more
thoroughly understand the role of C source in stimulat-
ing FLNF. In place of a glucose-only treatment, we
chose to use sucrose as it is metabolized to glucose
and is a favored C source for diazotrophs (Baldani
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et al. 2014). Our C cocktail contains glucose, sucrose,
malic acid, and citric acid adjusted to a pH of 7 using
potassium hydroxide. Each source in the C cocktail
provides an equivalent amount of C (1 mg C g−1 dry
soil). C sources were added at concentration of 4 mg C
g−1 dry soil (Gupta et al. 2014). All solutions were
added in a volume that brought soil moisture content
to 60% water holding capacity.

15N2 Incorporation C solution pH

Checks of C solution pH revealed significant decreases
in pH following addition of organic acids (malate and
citrate). Solution pH when unbuffered was ~3.0 (data
not shown). We wanted to test the impact on FLNF of
adding buffered versus unbuffered C cocktail to soils.
Thirty-six extra intact cores were sampled from fertil-
ized halves of split-plots (9 cores per split-plot) at LUX.
Samples were divided into three treatments (n = 12 per
treatment): buffered C cocktail, unbuffered C cocktail,
or water control. The pH of the buffered C cocktail was
adjusted as described above, while unbuffered C cock-
tail pH was not altered. C cocktail or water was added to
cores as described above and FLNF rates were assessed
following the 15N2 incorporation method described
above.

15N2 Incorporation oxygen concentration testing

We tested four oxygen concentrations including, anaer-
obic (0%), 5%, 10% and 20% on intact cores collected
in March of 2018 (Table 2). UHP-O2 was added to
evacuated vials following addition of N2 to bring atmo-
spheric oxygen concentrations to one of the four con-
centrations above. Oxygen concentration tests were con-
ducted on soils provided a C cocktail as the C source and
were incubated for three days.

15N2 Incorporation incubation time testing

To determine how long samples should be exposed to
15N2, we tested incubation times of one, three, and seven
days on intact cores collected in March of 2017
(Table 2). Longer incubations can result in large micro-
bial community shifts which can bias results (Weaver
and Danso 1994). Further, longer incubations increase
the probability of fixed 15N being denitrified and thus
lost from the soil. Alternatively, incubations that are too
short may result in too little 15N being incorporated into

the soil and thus not obtaining measurable differences
between enriched and reference soils. Incubation test
cores were provided C cocktail as the C source and
received 10% oxygen.

Data analysis

Results from ARA testing were analyzed by one-way
ANOVA followed by Tukey’s post hoc with test vari-
able (i.e. incubation time, oxygen concentration, C
source) as a fixed effect using the R stats package (R
core team 2018). Where applicable, test variables were
analyzed individually by site. Differences between test
variable groups were considered significant at α ≤ 0.05.
Ethylene production and consumption results were an-
alyzed by one-way ANOVA followed by Tukey’s post
hoc.

Results of 15N optimization tests were analyzed by
two-way ANOVAwith Tukey’s post hoc. Analysis was
carried out by site with test variables (i.e. C source,
oxygen concentration or incubation time) as a fixed
effect and fertilizer treatment as a random effect nested
within field block using the nlme R package (Pinheiro
et al. 2018). Site was a significant factor (p < 0.05),
therefore all analyses of test variable were carried out
separately for each site. Fertilizer treatment was not
significant, therefore we pooled results from all samples
within a site such that each test variable group is repre-
sented by n = 24. Significant differences between test
variable groups were considered significant at α ≤ 0.05.
C cocktail buffering data was analyzed by one-way
ANOVAwith Tukey’s post hoc with buffering treatment
as a fixed effect.

Due to differences in collection date and sample
handling, no statistical analyses were performed com-
paring ARA and 15N2 results. We also did not perform
statistical analyses comparing 15N2 results for intact
cores collected in March 2017 to March 2018.

Results

Acetylene reduction

Optimization of the ARA included testing of incubation
time, oxygen concentration, C source, and ethylene
background controls. Acetylene reduction rates were
measured at 1, 4, 6, 18, and 24 h and 7 days after
incubation start (Fig. 1). Acetylene reduction rates did
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not differ significantly at LUX for the first 24 h. After
7 days, acetylene reduction rates were significantly
greater than all other time points for LUX (P <
0.0001). There was a spike in rates after 6 h of incuba-
tion at LC. Acetylene reduction rates after 6 h and 7 days
of incubation were not significantly different and were
both greater than all other measured time points. Acet-
ylene reduction rates were also tested under oxygen
concentrations of 0, 5, 10, and 20%. Testing of O2 was
done at all incubation times, but there was no relation-
ship between oxygen concentration and acetylene re-
duction rates before 7 days of incubation. However,
using a 7-day incubation, we found that acetylene re-
duction rates decreased steadily with increasing oxygen
concentration with 0% having the greatest reduction
rates and 20% have the lowest (Fig. 2). 10% oxygen
concentration was not significantly different from 5% or
20%. C source tests were conducted at all tested oxygen
concentrations over an 18 h incubation. Because there
was no effect of oxygen concentration, we report aver-
ages across all oxygen concentrations. Acetylene reduc-
tion rates with glucose addition were very low, averag-
ing ~0.5 μg C2H4 g−1 dry soil day−1 (Fig. 3). On

Fig. 1 –Acetylene reduction in μg ethylene (C2H4) g
−1 dry day−1

rates at different incubation times (hours) for (a) LUX and (b) LC.
Bars shows average acetylene reduction (n = 20) with standard
error bars. Lowercase letters indicate significant differences

between incubation times at p ≤ 0.05. Inset figure provides a zoom
in on 1- and 4-h incubation time at LUX. Samples were incubated
at 0, 5, 10, and 20% oxygen concentrations with glucose as a
carbon source

Fig. 2 – Acetylene reduction in μg ethylene (C2H4) g
−1 dry soil

day−1 rates at different oxygen concentrations (%) for LUX at 7-
day incubation time point. Bars represent average acetylene re-
duction (n = 5) with standard error bars. Lowercase letters indicate
significant differences at p ≤ 0.05. Samples were incubated for
7 days with glucose as a carbon source
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average, rates were over 1700 times higher when C
cocktail was added versus glucose alone (P =

0.00122). Lastly, we examined soil samples for back-
ground production or consumption of ethylene. Soils

Fig. 3 - Acetylene reduction in
μg ethylene (C2H4) g

−1 dry soil
day−1 rates with addition of
different C sources. Bars
represent average acetylene
reduction (n = 20) with standard
error bars. Lowercase letters
indicate significant differences at
p ≤ 0.05. Inset figure provides
zoom in on glucose addition
treatment. Samples were
incubated for 18 h at 0, 5, 10, and
20% oxygen

Fig. 4 – Background ethylene (a) production and (b) consump-
tion of fresh and stored soil samples incubated with addition of
ethylene standard. Bars represent average ethylene concentration
in μg ethylene g−1 dry soil (n = 5) with standard error bars.

Horizontal line represents initial ethylene concentration
(206.8μg ethylene g−1 dry soil; B only). Lowercase letters indicate
significant differences at p ≤ 0.05
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incubated without addition of acetylene still produced
measurable concentrations of ethylene, and this was not
significantly affected by incubation time (Fig. 4a). In-
cubations of soils that included additions of ethylene
gas, but not acetylene demonstrated both production and
consumption of ethylene, with significant differences in
ethylene concentration over time (Fig. 4b). These
changes in ethylene concentrations through time would
equate to acetylene reduction rates ranging from 3.8 to
157.0 μg C2H4 g

−1 soil day−1 or using 3 as a conversion
factor, N-fixation rates of 1.3 to 52.3 μg N g−1 soil
day−1.

15N2 Incorporation carbon source

We tested the effect of four different C sources in the
following combinations: sucrose, sucrose plus malate,
and the C cocktail (glucose, sucrose, malic acid, and
citric acid), on rates of FLNF over a 3-day incubation at
10% O2 relative to a no-C control. Additions of C
cocktail stimulated the greatest FLNF at both field sites.

FLNF rates were significantly greater under additions
of the C cocktail (P < 0.0001), than other C sources or
no-C controls additions at LUX (Fig. 5a). C cocktail
additions were 13.3x and 9.7x greater than sucrose (P <
0.0001) or sucrose plus malate (p < 0.0001) additions
respectively. FLNF rates under the C cocktail treatment
were 48.7x greater than the no-C treatment (P <
0.0001). There were no significant differences in FLNF
rates between no-C controls and sucrose or sucrose plus
malate treatments at LUX.

In LC soils, additions of C cocktail resulted in 7.96x
greater FLNF than no-C controls (P = 0.00348) and 4.8x
greater FLNF than sucrose plus malate (P = 0.01026;

Fig. 5 – FLNF rates measured via 15N2 incorporation method
under additions of different C sources at (a) LUX and (b) LC. Bars
represent average N-fixation in μg N g−1 dry soil day−1 (n = 24)

with standard error bars. Lowercase letters indicate significant
differences at p ≤ 0.05. Samples were incubated at 10% oxygen
for three days

Fig. 6 – Effect of buffering C cocktail on FLNF measured via
15N2 incorporation method at LUX. Bars represent average N-
fixation in μg N g−1 dry soil day−1 (n = 12) with standard error
bars. Lowercase letters indicate significant differences at p ≤ 0.05.
Samples were incubated at 10% oxygen for three days
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Fig. 5b). FLNF rates with C cocktail additions were 1.3x
greater than for sucrose additions, but this increase was
not significant. FLNF rates were not significantly dif-
ferent between sucrose, sucrose plus malate, and no-C
treatments.

We also tested the importance of buffering the pH of
the C cocktail before adding it to the soils. Checks of C
cocktail solution pH revealed that the presence of malic
acid decreased pH to acidic levels near 2–3 (data not
shown). To test whether this pH change impacted FLNF
rates, we measured the impact of buffered (pH ≈ 7.0)
versus unbuffered (pH ≈ 3.0) C cocktail relative to no-C
controls on FLNF for a subset of samples from LUX
(n = 12 per treatment). Buffering the C cocktail resulted
in 2.2x greater FLNF rates than unbuffered C cocktail
(P = 0.04373) and 5.8x greater FLNF rates than no-C
controls (P = 0.00185; Fig. 6). FLNF rates from unbuf-
fered C cocktail additions were not significantly differ-
ent from the no-C treatment (P = 0.4339).

15N2 Incorporation oxygen concentration

We tested the effect of four oxygen concentrations on
FLNF rates ranging from anaerobic (0% oxygen) to
ambient (20%) during a 3-day incubation with C cock-
tail additions. Optimal oxygen concentration varied be-
tween sites, with 10% oxygen being most favorable at
LUX and 5% oxygen being most favorable at LC
(Fig. 7).

FLNF rates at LUX were greatest under 10% oxygen
(P < 0.0001) followed by 20% oxygen (Fig. 7a). 10%

oxygen concentrations resulted in 5.8x greater FLNF
compared to 0%O2 (P < 0.0001) and 5.6x greater FLNF
compared to 5% O2 (P < 0.0001). FLNF rates under 0%
and 5% oxygen did not differ significantly from 20%
oxygen.

5% oxygen resulted in significantly greater FLNF
rates than all other test oxygen concentrations at LC
(Fig. 7b). FLNF rates were 3x and 9.5x greater under
5% oxygen than 0% (P < 0.0001) and 20% (P < 0.0001)
oxygen, respectively. 5% oxygen resulted in 39.3x
greater FLNF rates than those measured under 10%
oxygen (P < 0.0001) at LC. There were no significant
differences in FLNF rates between 0%, 10%, or 20%
oxygen concentrations.

15N2 Incorporation incubation time

We examined FLNF rates at three different incubation
times (1, 3, and 7 days). FLNF rates were greatest after
7 days of incubation at both LUX (P < 0.0001; Fig. 8a)
and LC (P < 0.0001; Fig. 8b). At LUX, a 7-day incuba-
tion resulted in 164x greater FLNF rates than a 1-day (P
< 0.0001) incubation and 3.8x greater FLNF rates than a
3-day (P < 0.0001) incubation. Though a 3-day incuba-
tion resulted in 43.8x greater FLNF rates than a 1-day
incubation at LUX, this difference was not significant
(P = 0.194). At LC, a 7-day incubation resulted in
201.2x greater FLNF rates than a 1-day (P < 0.0001)
incubation and 24.1x greater FLNF rates than a 3-day
(P < 0.0001) incubation.

Fig. 7 – FLNF rates measured via 15N2 incorporation method
under additions of oxygen concentrations (%) at (a) LUX and (b)
LC. Bars represent average N-fixation in μg N g−1 dry soil day−1

(n = 24) with standard error bars. Lowercase letters indicate sig-
nificant differences at p ≤ 0.05. Samples were incubated with
carbon cocktail as the carbon source for three days
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Discussion

In this study, we optimized conditions for measurement
of potential FLNF via 15N2 incorporation in bulk and
rhizosphere soils. We also identified conditions which
are optimal for measurement of potential acetylene re-
duction via the ARA. The 15N2 incorporation method is
free of the issues associated with the ARA and is the
most direct method of assessing N-fixation rates
(Warembourg 1993). Our work illustrates several issues
with the ARA; we found significant amounts of endog-
enous ethylene production and evidence of ethylene
consumption in our soils, thus confirming past work
which suggested these processes are at work in soil
systems (Witty 1979; Nohrstedt 1983; Boddey 1987;
Zechmeister-Boltenstern and Smith 1998). Ethylene
production and consumption can complicate results of
the ARA and the addition of ethylene positive and
negative controls is often not adequate to account for
these background processes (Witty 1979; van Berkum
and Bohlool 1980; Nohrstedt 1983; Sloger and van
Berkum 1988). Though we recommend avoiding use
of the ARA, it may be preferred because it has lower
cost and is relatively high-throughput with automated
GC systems. The ARA may still be useful for identify-
ing important drivers of FLNF at high temporal and
spatial resolution if the proper controls are used and
absolute quantification of FLNF or N-budgeting are
not the primary research goals. ARA may also be ap-
propriate for short-termmeasurements in simplified sys-
tems, but should be validated with the 15N2

incorporation method. If the ARA is used to assess
potential rates of FLNF, researchers can counter some
of the inherent issues with the ARA by using high
replication, including both positive and negative control
samples to account for background ethylene production
and consumption, and using the optimized conditions
we suggest for measuring the maximum acetylene re-
duction potential.

Optimization of the ARA and 15N2 incorporation
included testing of incubation time. Because the ARA
is highly sensitive, shorter incubation times are often
recommended (Brouzes et al. 1971), however required
incubation times may vary by study system (Myrold
et al. 1999). Therefore, we chose to assess acetylene
reduction across a variety of incubation times to deter-
mine which allowed us to measure potential FLNFmost
precisely. At LUX, there were no significant differences
in incubation time until the 7-day sampling, while at LC
6-h and 7-day incubations resulted in the greatest acet-
ylene reduction rates and 18-h and 24-h incubations had
significantly lower rates. These results indicated that
incubation time was an important determinant of poten-
tial FLNF rates and that optimal incubation time was
likely site-dependent. Based on our study system, we
found that longer incubation times (e.g. 7 days rather
than the suggested range of 1 to 24 h) were needed to
achieve consistently detectable results when using the
ARA. However, it is important to note that use of long
incubation times, particularly when using the ARA, can
result in large overestimates of FLNF (Silvester et al.
1982). This is thought to be the result of de-repression

Fig. 8 – FLNF rates measured via 15N2 incorporation method at
different incubation times (days) at (a) LUX and (b) LC. Bars
represent average N-fixation in μg N g−1 dry soil day−1 (n = 24)

with standard error bars. Lowercase letters indicate significant
differences at p ≤ 0.05. Samples were incubated with carbon cock-
tail as the carbon source and at 10% oxygen
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by which inhibition of FLNF by acetylene causes bac-
terial N-deprivation which then stimulates increased
FLNF activity or nitrogenase synthesis (Silvester et al.
1982; Rai et al. 1992). This lag in ARA activity may
also result from a lag in diazotroph population growth as
these organisms adapt to the incubation conditions (van
Berkum and Bohlool 1980). Given this issue, we strong-
ly encourage researchers to optimize incubation time for
their own systems, reducing times whenever feasible.

FLNF rates measured via 15N2 incorporation were
also greatest after 7 days of incubation. We were sur-
prised to find that differences in FLNF rates between
7 days and 3 days were so great, with FLNF rates being
approximately 4 and 24 times greater at 7 days than at
3 days for LUX and LC, respectively. This may indicate
that after 7 days of incubation, diazotroph communities
have shifted to a dominance of organisms well-suited to
assay conditions. Others have shown that communities
can change drastically over the course of these incuba-
tions (Weaver and Danso 1994; Goldfarb et al. 2011;
Oliverio et al. 2017). Therefore, 7-day incubations,
though demonstrating high FLNF rates, may not accu-
rately predict the potential for the endemic diazotroph
community to fix N.

At the other extreme, a 1-day incubation resulted
in negligible incorporation of 15N into the soil with
values in the pg N g−1 dry soil day−1 range. Though
a 1-day incubation is likely to have the least
changed microbial community, it does not appear
to be long enough to ensure that 15N incorporation
is great enough to be well above the background
levels of a relatively large soil total N pool and well
above measurement detection and sensitivity limits
of the elemental analyzers and mass spectrometers
routinely used for these analyses. Therefore, in our
study system, a 3-day incubation is optimal,
allowing for adequate incorporation of 15N label into
the soil while minimizing changes to the microbial
community. In systems with potentially high FLNF
rates, such as tropical ecosystems (Reed et al. 2011),
shorter incubation times may be feasible. However,
in systems which are likely to have lower FLNF
rates, such as tundra and temperate forests (Reed
et al. 2011), incubation times of up to 7 days may
be required. In these cases, researchers should ac-
knowledge the potential for (or ideally, measure)
microbial community shifts. In summary, as with
the ARA, we again recommend optimization of in-
cubation times for each unique study system.

We optimized oxygen concentration for the ARA and
15N2 incorporation by testing four concentrations rang-
ing from anaerobic to ambient including 0, 5, 10, and
20% oxygen. Acetylene reduction rates were greatest
under anaerobic conditions and decreased as oxygen
concentration increased. This finding is generally sup-
ported by previous studies showing anaerobic condi-
tions to be more favorable than ambient O2 concentra-
tions for acetylene reduction of sieved soils (Chang and
Knowles 1965; Brouzes et al. 1969; Brouzes et al.
1971). However, we were surprised that microaerobic
conditions were not more favorable to ARA. Previous
work has indicated that microaerobic conditions are
optimal for supporting the diversity of oxygen needs
within the diazotroph community (Brouzes et al. 1971;
Silvester et al. 1982). These microaerobic conditions
likely balance the need to protect nitrogenase from
oxygen damage with aerobic growth. (Boyd et al.
2015; Smercina et al. 2019). There are several potential
explanations for our results. First, acetylene can inhibit
oxygen use in aerobic soils (Knowles et al. 1973),
though acetylene can also reduce growth of some an-
aerobic diazotrophs and would likely also suppress N-
fixation in our anaerobic incubations (Knowles et al.
1973). Second, it is also important to note that the ARA
was performed on homogenized and sieved soils, there-
fore soil microsites were likely disturbed. Soil structure
is a key factor influencing soil oxygen concentration
(Tiedje et al. 1984) and microsites may be of particular
importance in maintaining optimal oxygen concentra-
tions for FLNF (Smercina et al. 2019). Anaerobic con-
ditions may be more favorable for FLNF in disturbed
soils because the microsites favorable to strict anaerobes
and microaerophilic organisms may be exposed. Lastly,
the ARAwas performed on saturated soils which due to
reduced oxygen diffusion tend to be oxygen depleted
(Tiedje et al. 1984) and therefore more favorable to
anaerobic organisms.

These results highlighted both the importance of
maintaining soil structure and choosing an appropriate
soil moisture content when assessing FLNF. Therefore,
we chose to use intact cores and adjust to 60%WHC, an
optimal moisture content for microbial activity (Linn
and Doran 1984), for 15N2 incorporation optimization
work. Following Weaver and Danso’s (1994) ARA in
grass systems, we advocate for the removal of soil
homogenization from N-fixation assay protocols, using
instead intact soil cores, in order to maintain the rich
variety of niche space and activity of a diverse array of
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N-fixing organisms. However, if researchers conduct
work on homogenized soils or with the ARA, we rec-
ommend low oxygen concentration or anaerobic condi-
tions be used. Researchers should also be advised that
ARA conducted under low oxygen availability has been
associated with FLNF de-repression, particularly for
longer incubation times (Silvester et al. 1982; Rai et al.
1992).

With intact soil cores, we again tested the same four
oxygen concentrations using the 15N2 incorporation
method. We found that low, but not anaerobic oxygen
concentrations are most favorable for potential FLNF
when assessed on intact cores held at 60% WHC. Spe-
cific oxygen optima varied by site likely due to a variety
of factors including differences in soil texture and soil
moisture content (Tiedje et al. 1984). At LUX, potential
FLNF was greatest around 10% oxygen while at LC 5%
oxygen promoted the greatest potential FLNF. This may
have been strongly influenced by soil texture and
resulting integrity of intact cores from each site. While
cores from LUX were likely to maintain their structure,
cores from LC, where soils are sandier, frequently lost
some structure once the C cocktail was added. As
discussed above, loss of structure can expose microsites
resulting in more exposure of anaerobic and
microaerophilic diazotrophs to oxygen. Differences in
oxygen optima may also be the result of differences in
diazotroph community composition, though we did not
assess community composition in this study. Re-
searchers should consider evaluating how oxygen con-
centration and water content impact FLNF in their study
system before choosing the values of these parameters
used in their assays.

Finally, we tested how C source impacts potential
FLNF rates. We found that supplying a C source with
more C forms supports greater potential FLNF than C
sources with fewer compounds regardless of the method
used to measure FLNF. ARA results indicated that
addition of C cocktail increased potential acetylene re-
duction rates compared to glucose only. Using the 15N2

incorporation method, we found C cocktail to increase
potential FLNF by 8 to 48 times above no-C controls
depending on site. It is not surprising that a C cocktail
supports greater FLNF than single sources of C as
diazotrophs are diverse and often isolated with C
sources other than glucose (Baldani et al. 2014). Sur-
prisingly, additions of a single C source (sucrose) did
result in similar rates of FLNF to the C cocktail at LC.
However, FLNF did not differ significantly between

sucrose and no-C treatments at either site. In contrast,
Roley et al. (2018) found additions of glucose solution
to increase FLNF by nearly 5 times compared to no
glucose additions. While this suggests that at some
sampling times and sites one C source may sufficiently
stimulate the microbial community, we recommended
use of the C cocktail for both the ARA and 15N2 incor-
poration methods as it is likely to stimulate FLNF across
a wide range of conditions and study sites. We also note
that it is important to adjust the pH of the C cocktail
solution as we observed a decrease in FLNF rates when
unbuffered, acidic C cocktail was used versus buffered,
neutral C cocktail. Unbuffered C cocktail may place
selective pressure on the diazotroph community as both
diversity and structure of diazotroph communities have
been shown to be influenced by soil pH (Fan et al.
2018).

Lastly, our work adds to the growing body of evi-
dence that FLNF occurs in many systems and can con-
tribute largely to plant N demands (Bormann et al. 1993;
Reed et al. 2011; Ladha et al. 2016; Roley et al. 2018).
Up to of 48% of N demand for grasses such as maize,
rice, and wheat were found to come from sources other
than soil and fertilizer N (Ladha et al. 2016), and others
have shown N-fixation can contribute significantly (>
50% in some cases) to maize N demands (Chalk 2016;
Kuan et al. 2016). In switchgrass systems, like those
studied in this work, Roley et al. (2018) found N deficits
at upwards of 35–58 kg N ha−1 yr−1 and extrapolated
FLNF rates indicated this process could meet 80 to
100% of the deficit. By extrapolating our average FLNF
rates from μg N fixed g−1 dry soil day−1 to kg N ha−1 yr
−1, we found FLNF at LUX has the potential to contrib-
ute 0.25 to 11.0 kg N ha−1 yr −1. These rates are up to 2x
greater than the estimated contribution of N from sym-
biotic N-fixation in temperate grasslands (Reed et al.
2011) and meet approximately 19–31% of the N deficit
identified by Roley et al. (2018). Extrapolation of FLNF
rates at LC results in much lower annual N contributions
from FLNF with potential contributions of only 0.04 to
0.35 kg N ha−1 yr −1. These large differences in potential
N contribution from FLNF across sites only serve to
highlight the need for better estimation of FLNF and
better understanding of controls on this important N
source. Although these extrapolated rates are based on
optimized conditions for potential FLNF rates, they are
still useful for estimating potential contribution of FLNF
to the overall N budget, as is done with other potential
N-cycle process rates (e.g. N-mineralization,
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nitrification, denitrification), with the understanding that
budget numbers generated using these potential rates are
likely overestimates.

Conclusions

As demonstrated in past work, we confirmed that issues
with the ARA, such as background ethylene production
and consumption, limit its applicability to measuring
FLNF in soils. While we recommend avoiding use of
the ARA, researchers could overcome some of its issues
by including high sample replication and controls for
background ethylene production and consumption. If
ARA is chosen, we recommend longer incubation
times, anaerobic conditions, and the addition of a C
cocktail. In addition, we would caution against using
the ARA results to estimate N budgets as it is not a direct
measure of N-fixation or N accumulation, but of poten-
tial nitrogenase enzyme activity.

We strongly recommend that FLNF potential be
measured using the 15N2 incorporation method and be
conducted on intact soil cores. To ensure optimal con-
ditions for FLNF across a wide variety of diazotrophs,
we recommend use of a C cocktail containing a mixture
of glucose, sucrose, malic acid, and citric acid, and a 3-
day incubation to allow for adequate incorporation of
the 15N label over the shortest incubation time. Re-
searchers should consider testing incubation time in
their own system as the time needed to achieve adequate
15N incorporation will vary by activity of diazotroph
communities at each site. In some cases, incubation
times may be reduced, thereby reducing changes to the
microbial community during the incubation. We also
recommend incubating samples at low oxygen concen-
trations (between 5 and 10%) as this promoted the
greatest potential FLNF compared to ambient or anaer-
obic conditions in our study. However, because optimal
oxygen concentration is variable across sites with dif-
ferent soil texture, we recommend that researchers opti-
mize oxygen concentration for each new site tested.

The ARA has been used for decades and without
proper positive and negative controls has likely hindered
our ability to investigate FLNF across systems. While
the ARA could be successfully employed in some cases
– i.e. initial testing to reduce cost of optimization work,
ultimately a more direct measurement method such as
15N2 incorporation and consideration of the optimal

conditions for a given study system are needed to move
our understanding of this important process forward.
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