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Abstract
Dinitrogen (N2) fixation is an important source of biologically reactive nitrogen (N) to the global ocean. The

magnitude of this flux, however, remains uncertain, in part because N2 fixation rates have been estimated fol-
lowing divergent protocols and because associated levels of uncertainty are seldom reported—confounding com-
parison and extrapolation of rate measurements. A growing number of reports of relatively low but potentially
significant rates of N2 fixation in regions such as oxygen minimum zones, the mesopelagic water column of the
tropical and subtropical oceans, and polar waters further highlights the need for standardized methodological
protocols for measurements of N2 fixation rates and for calculations of detection limits and propagated error
terms. To this end, we examine current protocols of the 15N2 tracer method used for estimating diazotrophic
rates, present results of experiments testing the validity of specific practices, and describe established metrics for
reporting detection limits. We put forth a set of recommendations for best practices to estimate N2 fixation rates
using 15N2 tracer, with the goal of fostering transparency in reporting sources of uncertainty in estimates, and
to render N2 fixation rate estimates intercomparable among studies.

Dinitrogen (N2) fixation, the biologically mediated reduction
of atmospheric N2 gas to ammonium, is the dominant source of
reactive nitrogen (N) to the global ocean (Gruber and Sarmiento
1997; Codispoti 2007; Gruber 2008). N2 fixation plays a critical
role in both the N and carbon (C) cycles by relieving N-limitation

of phytoplankton populations and thus enabling carbon dioxide
(CO2) drawdown in the surface ocean (Mahaffey et al. 2005).
Over the past century, substantial efforts have beenmade to char-
acterize the spatial and temporal variability of N2 fixation rates in
the ocean as well as the diversity and biogeography of N2 fixing
organisms (diazotrophs). Nevertheless, considerable uncer-
tainties remain regarding the globalmagnitude ofmarineN2fixa-
tion rates, as well as the chemical, physical, climatological, and
ecological factors that control the growth and distributions of
marine diazotrophs in the ocean. In particular, the global ocean
flux of newly fixed N remains uncertain, in part because N2 fixa-
tion rate estimates derive from various protocols that introduce
different levels of uncertainty to estimates, the magnitude of
which is seldom reported or considered.

*Correspondence: julie.granger@uconn.edu

Additional Supporting Information may be found in the online version
of this article.

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

129

https://orcid.org/0000-0002-0938-7948
https://orcid.org/0000-0001-9985-9242
https://orcid.org/0000-0002-1126-1455
https://orcid.org/0000-0002-5887-8655
mailto:julie.granger@uconn.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flom3.10353&domain=pdf&date_stamp=2020-03-12


The most common method used to estimate marine N2 fixa-
tion rates, first conducted in the Sargasso Sea almost six decades
ago (Dugdale et al. 1959), involves tracing the incorporation of
stable isotope-labeled N2 gas (15N2) into particulate matter. This
incubation-based approach was later refined by Montoya et al.
(1996), who outlined a clear set of methodological procedures
that included a template for calculating detection limits and a
basis for assessing the sensitivity of the calculation to most
sources of analytical and experimental error. The relative ease
of this method, increased access to mass spectrometers, and a
growing appreciation of the biogeochemical significance of N2

fixation (Capone and Carpenter 1982) led to thousands of rate
measurements spanning the global ocean (see Luo et al. 2012).
These measurements have been exploited by the oceanographic
community to estimate contributions of N2 fixation to the
export of C from the euphotic zone, to construct global ocean
estimates of new N inputs via diazotrophy, and to detect basin-
scale changes in the N2 fixation rates (e.g., Karl et al. 2001; Luo
et al. 2012).

In recent years, some assumptions inherent to the 15N2

assay have been questioned, prompting a re-examination of
the method’s foundational principles and limitations (Mohr
et al. 2010). Methodological refinements have been developed
to address some of these limitations (e.g., Klawonn et al. 2015;
discussed in depth below), which have led to divergences in
experimental approaches among research groups. The variable
practices among researchers in certain aspects of the method
currently preclude robust comparison of rate estimates across
studies, and bias the extrapolation of global-ocean fluxes from
rate compilations. The lack of methodological uniformity is
concerning in light of a growing appreciation that the activity
of diazotrophs is more geographically widespread, and poten-
tially more variable in time and space, than previously consid-
ered. The paradigm that diazotrophs are confined to warm,
well-stratified oligotrophic tropical and subtropical surface
waters has been challenged by reports of N2 fixation in the
aphotic mesopelagic (e.g., Bonnet et al. 2009; Hamersley et al.
2011; Benavides et al. 2015), nutrient-rich coastal zones,
(e.g., Grosse et al. 2010; Mulholland et al. 2012, 2019; Tang
et al. 2019), polar waters (Blais et al. 2012; Sipler et al. 2017),
and waters overlying and within oxygen-deficient zones
(e.g., Bonnet et al. 2013; Dekaezemacker et al. 2013;
Jayakumar et al. 2017; Selden et al. 2019). This ideological
shift is supported by concurrent investigations of the meta-
bolic requirements and growth controls on recently identified
diazotrophic taxa, including non-cyanobacteria diazotrophs
(e.g., Zehr et al. 1998; Farnelid et al. 2013) and the haptophyte
symbiont cyanobacterium UCYN-A (Zehr et al. 2008;
Moisander et al. 2010; Thompson et al. 2012), which differ
markedly from those of free-living cyanobacteria such as
Trichodesmium. Attempts to define the environmental bou-
nds of oceanic N2 fixation have inevitably led to measure-
ments of exceedingly low rates that approach the detection
limits of the 15N2 rate measurement methods and that are

difficult to reconcile with gene-based metrics of diversity and
abundance (see Turk-Kubo et al. 2014; Gradoville et al. 2017;
Turk-Kubo 2017). This fact has necessarily brought greater
attention to the need for routine determination and
reporting of lower limits of detection and quantitation. To
this end, some inherent analytical and statistical challenges
must be examined to enable comparison of rate estimates
among researchers, and to extrapolate rate measurements to
the regional or global scale.

In this context, we present a critical review of the various
15N2 tracer-based protocols currently used to estimate marine
N2 fixation rates. We discuss the advantages and limitations of
each, consider the inherent experimental and analytical con-
straints and assumptions, and examine how these challenges
may be addressed in order to provide a roadmap for consistent
measurement of pelagic N2 fixation rates across diverse marine
environments. In so doing, we seek to facilitate the compari-
son and extrapolation of incubation-based rates across the
global ocean. Although this review highlights the myriad of
issues potentially associated with 15N2 tracer incubations, the
15N2 tracer assay remains the most sensitive and potentially
accurate means of directly estimating N2 fixation rates. Our
aim is thus not to discourage its use, but rather to provide a
“best practices” guide for its application in addressing current
scientific questions. Ultimately, we hope that this resource will
inspire researchers—including new researchers entering the
field—to measure water column N2 fixation and serve as a
path forward for better understanding pelagic N2 fixation and
the oceanic N budget.

Stable isotope tracer-based techniques for quantifying N2

fixation rates
The 15N2 fixation method follows the basic steps of any

stable-isotope tracer incubations: A water sample is amended
with a labeled compound (15N2 gas in this case), incubated
under natural or simulated environmental conditions, and the
incorporation of the isotopic tracer into a target pool (particu-
late N) is monitored over time. Rates of N2 fixation are then
calculated from the following equation (Montoya et al. 1996):

N2 fixation rate NFRð Þ= APN−APN0ð Þ
AN2 −APN0ð Þ ×

PN½ �
Δt

ð1Þ

where APN0 and APN represent the fractional 15N-enrichment
of the particulate nitrogen (PN) pool prior to and following
the incubation, respectively, reported in units of atom
% (i.e., 15N/[15N + 14N]× 100). AN2 is the fractional 15N-
enrichment (atom%) of the N2 source pool, [PN] is the con-
centration of PN at the end of the incubation period (gener-
ally in units nmolNL−1), and Δt is the length of the
incubation.

The N isotope ratios of particulate material measured by
mass spectrometry are sometimes expressed in delta notation
(δ15N) vs. N2 gas in air, in per mille units:
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δ15N ‰ð Þ=
15N=14Nsample

15N=14Nref

−1

" #
×1000 ð2aÞ

Delta values must be converted to atom% values (APN) in
order to compute N2 fixation rates from Eq. 1. The 15N atom%
of particulate material (APN) can be derived from the 15N/14N
ratio of the sample (see Hayes 2004),

15N=14NPN =
δ15NPN

1000
+1

 !
× 15N=14Nair ð2bÞ

APN %ð Þ=
15N=14NPN

1 + 15N=14NPN

 !
×100 ð2cÞ

where the 15N/14N ratio of N2 in air is 0.003676
(Mariotti 1983).

Original method
In the protocol originally described by Montoya et al.

(1996), an aliquot of 15N-labeled N2 gas is injected into incu-
bation bottles with no gaseous headspace. The incubation
bottles are sometimes mixed “gently” or inverted to facilitate
equilibration of the 15N2 gas bubble. Bottles are incubated,
typically for 6–24 h (see “Additional elements of experimen-
tal design” section), then individually filtered through a
combusted filter (e.g., glass fiber or silver) to capture particu-
late material. Incubation volumes and incubation times—
from gas injection to filtration—are recorded, and the mass
and 15N atom% of particulate N are measured on an elemen-
tal analyzer coupled to an isotope ratio mass spectrometer
(EA-IRMS). The initial atom% of the dissolved pool, AN2 , is
calculated assuming complete isotopic equilibrium of the
tracer addition:

AN2 calc =
N½ �add ×Aadd
� �

+ N½ �eql ×Aeql

� �
N½ �add + N½ �eql

ð3Þ

[N]add is the concentration of added 15N2 calculated from the
ideal gas law (PV = nRT) and the sample volume and [N]eql is
the N2 concentration at equilibrium with the atmosphere,
derived from gas solubility equations of Weiss (1970) or
Hamme and Emerson (2004). Aadd and Aeql represent the 15N
atom% of the corresponding N pools. The mole fraction of 15N
at natural abundance in dissolved N2 equilibrated with air, Aeql,
is 0.3663 atom% (Mariotti 1983). Aadd is reported by the tracer
manufacturer, and is generally around 98–99 atom% 15N2.

The original protocol requires minimal manipulation of the
water samples. Mohr et al. (2010), however, raised a concern
that the equilibration of 15N2 gas is relatively slow and ulti-
mately incomplete over the course of most incubations. Reports
indicate that the 15N2 gas addition equilibrates over a period
of ~ 3–15 h, reaching an asymptote at 60–100% of full

equilibration, with the degree of equilibration depending largely
on the choice of additional mixing steps (Fig. 1; see Mohr et al.
2010; Jayakumar et al. 2017; Wannicke et al. 2018). Thus, the
fraction of 15N-labeled gas increases from the onset of the incu-
bation, voiding the assumption of constant AN2 (Eq. 1). Incom-
plete equilibration relative to that predicted based on gas
solubility laws can reportedly result in significant underesti-
mation of N2 fixation rates (Großkopf et al. 2012; Wilson
et al. 2012).

Dissolution method
Several research groups have proposed modifications to the

original protocol to ensure that 15N2 concentrations remain con-
stant over the incubation. These protocols also advocate that the
15N2 in the incubations should be measured. Mohr et al. (2010)
and Klawonn et al. (2015) developed an “enriched seawater
technique” (aka, “the dissolution method”), which is similar to
that described in Glibert and Bronk (1994). Filtered seawater is
enriched with 15N2 gas following various protocols designed to
encourage gas dissolution (e.g., agitation, cooling, degassing,
etc.). This 15N2-enriched inoculum is then added to incubations
to a target AN2 ≥5 atom%, requiring an inoculum addition on
the order of 10% of the total incubation volume. The 15N2 in
the enriched seawater inoculum can reach concentrations of
nearly 90 atom% (e.g., Wilson et al. 2012), whereas the final
15N2 atom% of the N2 source pool in the seawater incubations

Fig. 1. Range of 15N2 gas equilibration curves reported by Wannicke
et al. (2018; NW2018), Mohr et al. (2010; WM2010), and Jayakumar
et al. (2017) at two incubation temperatures, 18�C and 5�C (AJ2017-18C
and AJ2017-5C). Note that in Wannicke et al. (2018), bottles were agi-
tated for 5 min and the incubations were carried out on a horizontal
shaker table (10 rpm) to enhance dissolution. Mohr et al. (2010) initially
inverted samples 50 times (~ 3 min of agitation). Jayakumar et al. (2017)
did not agitate the incubations. All curves are the polynomial fits to the
reported measurements.
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(AN2 ) is reportedly 2–5% (e.g., Wilson et al. 2012; Gradoville
et al. 2017). Importantly, in this method, AN2 remains con-
stant throughout the incubation. The 15N atom% of the dis-
solved 15N2 gas inoculum or of the incubations is verified
directly by membrane inlet mass spectrometry (MIMS; see
Kana et al. 1994) or IRMS (“Methodological considerations for
15N2 fixation rate measurements” section).

Of concern in the enriched seawater method is that the
preparation of the 15N2 inoculum has the potential to modify
the incubation matrix substantively. The additional manipula-
tions may result in the introduction of contaminants to the
incubations, such as nutrients and/or trace metals, which
could artificially stimulate or otherwise diminish diazotroph
activity (Klawonn et al. 2015). In this respect, however, we
consider that the 15N2 tracer gas stock is compressed in a
metal tank, dispensed via a metal regulator, and introduced to
the incubations with a glass gas-tight syringe with a metal
needle—such that trace metal contaminants are likely intro-
duced to incubations regardless of protocol. Nevertheless,
preparation of the filtered seawater inoculum requires
degassing prior to 15N2 gas injection, which removes dissolved
gases other than N2 (e.g., O2, CO2), altering seawater pH in
addition to ambient gas concentrations. The removal of CO2

from the seawater inoculum can result in carbonate precipita-
tion, altering alkalinity. Analogous changes in seawater chem-
istry can also occur when adding the N2 gas aliquot to the
incubations directly, albeit to a lesser extent (see Mohr et al.
2010). Despite these limitations, the dissolution method nev-
ertheless offers a means of measuring N2 fixation that does
not violate the fundamental assumption of tracer experiments
(however, see “Misuse of MIMS to quantify N isotopologue
concentrations in the 15N2 aliquot:” section).

Bubble release method
In order tominimize the inadvertent addition of contaminants

to the incubations and moderate changes in incubation pH and
alkalinity, the “bubble release technique” has also been employed
(aka, “the modified bubble method”; Klawonn et al. 2015; Chang
et al. 2019). A 15N2 gas aliquot is added to the incubation bottle,
mixed gently for ≤ 15 min in order to facilitate 15N2 equilibration,
and the gas bubble is displaced with unenriched sample water
(Klawonn et al. 2015; Chang et al. 2019). Prior to filtration at the
end of the incubation period, subsamples are collected to quantify
the 15N atom% of the dissolved 15N2 gas in each incubation by
MIMS or IRMS. As with the enriched seawater technique, the ini-
tial atom% of the N2 source pool (AN2 ) is on the order of
2–7 atom% (Chang et al. 2019; White et al. unpubl.),
although the level of enrichment reached depends on the
quantity of 15N2 initially added, the time and type of agitation
employed, and on the water temperature. This variant of the
method also ensures a uniform proportion of 15N gas tracer
throughout the incubation. However, the initial agitation of
incubation bottles to promote gas dissolution may stress
diazotrophs, as would some applications of the original

method (e.g., Wannicke et al. 2018). Furthermore, the simulta-
neous mixing of individual incubation bottles may require
space and personnel. Nevertheless, while more labor-intensive
at the onset of the incubation, the bubble release approach
minimizes the risk of substantively altering the incubation
matrix, while addressing the 15N2 gas equilibration concerns
discussed above.

Comparison of experimental approaches
While the original 15N2 tracer protocol offers the simplest

experimental approach to detect N2 fixation, this method gen-
erally underestimates N2 fixation rates due to the time-
dependent and often incomplete equilibration of 15N2 gas.
Direct comparisons between the original vs. enriched seawater
methods have yielded approximately twofold differences in
observed N2 fixation rates (Mohr et al. 2010; Großkopf et al.
2012; Wilson et al. 2012). Wannicke et al. (2018) recently
argued, however, that the magnitude of the error is a function
of the offset between the time of gas injection and the onset
of N2 fixation. Specifically, they calculated that while N2 fixa-
tion would be underestimated by 72% if it occurred over a
short incubation period (1 h), it would be underestimated by
only 0.2% for a 24 h incubation, albeit, if N2 fixation began
> 6 h following 15N2 gas injection and lasted for a 12 h period,
following a diel cycle. Otherwise, given a diazotrophic com-
munity fixing N2 at a constant rate from the onset of the incu-
bation for a 24 h period, the N2 fixation rate would reportedly
be underestimated by only 6%. While a 6% uncertainty is
acceptable, we note that this error estimate is extrapolated
from a significantly more rapid equilibration of 15N2 com-
pared to that observed by other research groups (~ 3 h
vs. ~ 12 h to asymptote; Fig. 1), likely due to the continuous
incubation on a shaker table (Wannicke et al. 2018).

We conducted an analogous sensitivity analysis from a
finite-differencing model of N2 fixation incubations otherwise
parameterized for the slower range of 15N2 dissolution rates
reported (as shown in Fig. 1), and assuming constant N2 fixation
rate over a 24 h period (Supporting Information Section S1).
The analysis suggests that N2 fixation rates can be under-
estimated by 35–50% by the original method (Supporting Infor-
mation Fig. S1), concurring with direct comparisons (Mohr et al.
2010; Großkopf et al. 2012; Wilson et al. 2012). Thus, a thor-
ough accounting of the error inherent to the original method
across studies requires both an estimation of the equilibration
curve resulting from the exact method for bubble injection/
mixing used (Fig. 1), as well as an understanding of the timing
of biological N2 fixation in the system of interest. While the for-
mer is feasible if the 15N2 atom% is monitored throughout an
incubation (e.g., Jayakumar et al. 2017), the latter is not. The
periodicity (diel variability) of in situN2 fixation inmixed, natu-
ral diazotroph communities is seldom known a priori, but dif-
fers across individual diazotroph groups (Zehr and Turner
2001). Diazotrophs show substantial differences in relative N2

fixation activity over the day–night cycle, such that variability
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of gas enrichment over the incubation period could introduce a
taxon-specific bias (Großkopf et al. 2012). For these reasons, the
magnitude of the underestimation of the original method may
be difficult to ascertain across studies, if not altogether impossi-
ble. An alternative strategy that has been used to account for
incomplete 15N2 dissolution is to correct the calculated rate
mathematically for an exponentially averaged enrichment
value measured over the incubation period (Jayakumar et al.
2017). However, this method similarly relies on the assumption
that N2 fixation rates are constant over the incubation period, a
presumption that is likely not valid inmost systems.

In practice, initial AN2 values are similar for both the
enriched seawater and the bubble release techniques, typically
2–7 atom%. Additionally, while the target 15N2 enrichment in
the original technique is generally ~ 10 atom%, the actual AN2

integrated over the duration of the incubation is usually on
the order of ~ 5 atom% (Jayakumar et al. 2017; Fig. 1), thus
comparable to 15N2 atom% achieved with the enriched seawa-
ter and bubble release techniques. Moreover, AN2 achieved
with the enriched seawater and the bubble release techniques
may be sufficiently elevated to detect relatively low N2 fixa-
tion rates in most, but not all, aquatic systems. As illustrated
in Fig. 2, the minimum detectable N2 fixation rate decreases

with increasing AN2 , while it increases as a function of the par-
ticulate nitrogen (PN) concentration in the incubation. The
limit of detection (LOD) herein derives from the minimum
detectable difference in the 15N enrichment of PN between
time initial and time final (minΔAPN = 0.00146% or ~4‰) pre-
scribed by Montoya et al. (1996), where N2 fixation rates are

calculated as the minimum detectable minΔAPN × PN½ �× AN2ð Þ−1

(Eq. 1, assuming AN2 −APN0 ≈AN2 ). Effectively, at an ambient
[PN] of 0.3 μmol L−1 typical of the oligotrophic ocean, a proto-
col that achieved AN2 ≥ 3% would hypothetically enable the
detection of N2 fixation rates > 0.1 nmol L−1 d−1, notwith-
standing other sources of uncertainty. This lower AN2 value is
thus adequate to detect N2 fixation in surface waters of
subtropical gyres, where biomass is relatively low and rates
typically range approximately between 1 and 5 nmolNL−1 d−1.
Not considered in Fig. 2, however, is whether the prescribed
minimum detectable PN 15N change (minΔAPN) can be
resolved by mass spectrometry for incubations at relatively
low PN concentrations, a caveat that we discuss in detail fur-
ther below (see “Quantifying the PN pool atom% (APN) and
concentration of PN” section). In any case, at a [PN] of
10 μmol L−1, expected of more productive systems, N2 fixation
rates must exceed 4.9 nmol L−1 d−1 in order to be detectable
given an AN2 ≥3%, whereas an AN2 ≥10% would lower
this LOD to 1.5 nmol L−1 d−1. The range of 15N2 enrichments
(AN2 ) generally achieved with the enriched seawater and bub-
ble release techniques may thus be insufficient to detect rela-
tively low N2 fixation rates in more productive ecosystems.
This limitation can potentially be overcome by adding a larger
aliquot of 15N2 to incubations performed using the bubble
release technique.

In all, while the original method requires the least manipu-
lations, rate estimates thus gleaned are subject to uncertainty
that is nearly impossible to constrain relative to the uncer-
tainty inherent to the two other method variants. For these
reasons, we discourage investigators from resorting to the orig-
inal protocol. We do not, however, make a recommendation
as to which of the other two protocols to follow (enriched sea-
water vs. bubble release), as there is not yet a sufficient empiri-
cal basis from which to ascertain whether one protocol is
superior to the other. The enriched seawater method involves
greater risk of modifying the incubation matrix, such as the
carbonate buffering system, while the initial agitation of the
incubations bottles requisite in the bubble release method
may be deleterious to more fastidious N2 fixing organisms,
such as Trichodesmium colonies. At this junction, it behooves
investigators to perform well-controlled intercomparison stud-
ies in different systems to assess whether these two protocols
yield appreciably different rate estimates. In this regard, we
suspect that the variability among incubations replicates may
prove greater than that between methodological approaches.
Regardless, intercomparison of the protocols remains neces-
sary. More importantly, we believe that intercomparability

Fig. 2. The hypothetical LOD of N2 fixation rates in aqueous incubations
with 15N2 tracermethod (y-axis) as a function of the 15N2 enrichment (AN2 ; x-
axis) and the ambient particulate nitrogen concentration ([PN]; colors).
The LODs are calculated from Eq. 1 assuming a minimum detectable
difference in the 15N enrichment of initial and final PN (minΔAPN) of
0.00146% (or ~ 4‰) as per Montoya et al. (1996), where
LOD = minΔAPN× [PN]× (AN2 )

−1.
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among studies and research groups will be realized by
adopting robust and standardized analytical protocols and by
heeding analytical and experimental uncertainty. We elabo-
rate on these elements in the subsequent sections.

Methodological considerations for 15N2 fixation rate
measurements

Accurate determination of N2 fixation rates requires careful
quantitation of each variable in Eq. 1. If measured directly,
the error associated with each variable must be derived and
propagated, and the suitability of any implicit assumptions
must be considered within the context of the environment
and experiment. Here, we expand upon concerns regarding
the determination of source, AN2 , and initial and final particu-
late atom% values, APN0 and APN.

Quantification of the N2 pool atom% (AN2 )
The isotopic composition of dissolved N2 gas can be quanti-

fied by IRMS (e.g., Emerson et al. 1999; Charoenpong et al. 2014).
While difficult to quantify accurately at natural abundance
(Bender et al. 1994; Emerson et al. 1999), 30N2 (

15N–15N) is easily
detectable in the range of enrichments typical of 15N2 fixation
incubation experiments. As an example, a serial dilution of
98–99 atom% 15N2 gas stock (Cambridge Isotope Laboratories,
Lot #I-21065) in air and helium returned the expected signal
(i.e., a slope not significantly different from unity) on a continu-
ous flow Delta V Advantage Plus IRMS (Fig. 3a), demonstrating
the accuracy of the IRMSover awide range of 15N2 abundances.

Most investigators rely on MIMS to estimate dissolved 15N2

gas fractions (see N-Fixation Working Group 2019a). Gas mea-
surements of liquid samples require minimal sample manipula-
tions (i.e., no need to introduce a headspace to the samples or

otherwise continuously purge the samples), as the membrane
inlet is placed directly in contact with the solution and gases are
entrained by vacuumorHe carrier into the source.

We tested whether the mass-specific signal ratios returned
by MIMS accurately quantitate the relative isotopic abundance
of 15N2 in the range typically used for N2 fixation incubations.
Incremental 15N2 gas aliquots were equilibrated in seawater,
and respective solutions were then dispensed into replicate
gas-tight vials. The 15N atom% values of dissolved N2 were
measured in parallel by continuous flow IRMS on a continu-
ous flow Isoprime IRMS (Charoenpong et al. 2014) and by
MIMS (Bay Instruments), on the assumption that values ret-
urned by IRMS are accurate (Fig. 3a). The measurements gener-
ated on the MIMS were comparable to those by IRMS for the
experimental solutions (Fig. 3b). Reassuringly, our MIMS
atom% measurements appeared reliable over the broad range
of 15N-enrichments (≤ 10 atom%) commonly used in 15N2 fix-
ation rate measurements.

Measurements of N isotope abundances of N2 on the MIMS
have hitherto been standardized from a one-point calibration of
air-equilibrated seawater at ambient temperature, and extrapo-
lated to the experimental atom% 15N2 range (e.g., Böttjer et al.
2017). The MIMS detector, however, is not sufficiently sensitive
to resolve 30N2 at natural abundance, thus rendering calibrations
to air-equilibrated seawater suspect. To clarify this notion, we con-
sider the basic operation of MIMS instruments. In theory, N2

isotopologues introduced into the source are partially ionized in
proportion to their relative abundances, to 14N2

+, 14N15N+, and
15N2

+ ions—corresponding to mass-to-charge ratios (m/z) of
28, 29, and 30. For air-equilibrated water, however, we noted that
the ion current recorded by MIMS at m/z 30 is proportionally
greater than expected from the natural abundance of 30N2 relative
to corresponding ion currents for 28N2 and 29N2 isotopologues.

Fig. 3. (a) The 15N atom% of N2 for 15N2 gas aliquots in air and helium, measured by continuous flow IRMS (as per Smith et al. 2015). (b) The 15N
atom% of N2 dissolved in seawater measured by MIMS (Bay Instruments) vs. by continuous flow IRMS (as per Charoenpong et al. 2014). The 15N atom%
of N2 was calculated as per Eq. 4. Error bars in panel (b) are the standard deviations of measurements of triplicate subsamples of dissolved 15N2 stocks
that were dispensed in parallel into individual 120 mL serum bottles (IRMS) and Exetainer™ vials (MIMS).
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Much of the detected signal at m/z 30 at natural abundance may
thus originate from instrumental noise and/or interfering ions.
Extrapolation of the signal-to-analyte ratio at natural abundance
to a tracer-abundance “standard curve” of N2 isotopologues may
therefore yield an erroneous relationship. Conversely, while
instrumental noise is sizeable at natural abundance, it is negligible
at tracer abundances, such that ion currents should be propor-
tional to the N2 isotopologue abundances, and thus need not be
“calibrated” to air-equilibrated seawater (barring a nonlinear
instrumental response—see next paragraph). The parameter AN2

can thus calculated directly from the isotopologue ion cur-
rents, as per Eq. 4, where m/z28, m/z29, m/z30 denote the
respective ion currents:

MIMSAN2 %ð Þ=
m
z 30 + 0:5*

m
z 29

m
z 28 +

m
z 29 +

m
z 30

" #
×100 ð4Þ

Air-equilibrated seawater at a set temperature should never-
theless be measured periodically throughout sample analysis
to monitor signal stability. An example of a spreadsheet for
MIMS calculations is provided here (Supporting Information
Templates A).

While the ion currents of ionized N2 isotopologues should
theoretically be proportional to their relative concentrations
in the samples at tracer abundances (Fig. 3a), both MIMS and
IRMS have the potential to respond nonlinearly to N2

isotopologues in given samples. Care should be taken to
account for this effect. Nonlinearity of the response of a given
mass spectrometer may be due to several factors. Notably, the
extent of isotopic fractionation of N2 isotopologues during
ionization in the source can differ among samples with differ-
ent gas matrices, skewing isotopologue ratios. This effect,
however, will be more pronounced in the atom% range closer
to natural abundance, where expectedly slight ionization iso-
tope effects can result in relatively important isotopic offsets
(see “Quantifying the PN pool atom% (APN) and concentration
of PN” section). Nonlinear responses can also occur at rela-
tively high analyte abundances if the detector becomes satu-
rated. Moreover, interfering ions of similar m/z as N2

isotopologues can also cause nonlinear responses: In the pres-
ence of molecular O2, N2 in the source can ionize to NO+,
whose m/z of 30 overlaps with that of ionized 15N2 (Jensen
et al. 1996; Emerson et al. 1999; Eyre et al. 2002). The mea-
surements presented here were conducted with a MIMS and
an IRMS each equipped with high-temperature copper reduc-
tion columns to scrub O2 from the gas stream entering the
source (Fig. 3b). However, samples measured in parallel on the
IRMS and on the MIMS without the O2 scrubbing column
yielded similar 15N atom% values (Supporting Information -
Section S2, Fig. S2), indicating that any NO+ generated in the
respective IRMS and MIMS sources was insufficient to alter
the 15N atom% significantly in the range pertinent to 15N2

tracer incubations.

We caution that individual instruments, instrumental calibra-
tions, filament types, and/or filament ages can result in different
linearity responses. To compensate for potential nonlinear
responses, standards that match or bracket the gas composition
and atom%of the samples should be analyzed concurrently with
samples. These standards can be used to quantify the nonlinear
response and, if it is significant, to correct the measurements. A
method for making dissolved 15N2 enriched standard solutions is
detailed in Supporting Information Section S3.

Misuse of MIMS to quantify N isotopologue
concentrations in the 15N2 aliquot

In some variants of the enriched seawater method, the respec-
tive concentrations of N2 isotopologues in the 15N2-enriched sea-
water aliquot—rather than their relative abundances—need to be
determined, in order to derive AN2 in the incubations into
which the inoculum is diluted. N isotopologue concentrations
in the 15N2-enriched inoculum are extrapolated from their
respective ion currents measured by MIMS and normalized to
the ion-current-to-concentration of N2 isotopologues in air-
equilibrated seawater (see sample calculations in Supporting
Information Section S4). However, the ratio of N2 isoto-
pologue ion currents vs. the respective isotopologue concen-
trations in enriched seawater is likely not proportional to that
of air-equilibrated seawater, because the ionization efficiency
of gases in the source is influenced by the gas matrix (see
Sharp 2017): The larger the total sum of gases in the source,
the lower the ionization efficiency of respective gases, thus,
the lower the respective ion currents recorded by the detector.
Because the 15N2-enriched inoculum is generally made from
degassed seawater, the gas matrix therein is likely to be
sufficiently different from that of equilibrated seawater to
result in a significantly different ionization efficiency of N2

isotopologues (and other gases), potentially rendering extrapo-
lation from air-equilibrated seawater incorrect. Such extrapola-
tion will result in inaccurate estimates of the 15N atom% of
dissolved N2 gas in incubations performed with the enriched
seawater method.

As a demonstration of the consequences of erroneously pre-
suming that MIMS instruments return measures of absolute gas
concentrations, we tested whetherMIMSmeasurements of N2 gas
isotopologues in 15N2-enriched inocula yield expected 15N
atom% values in the incubations. Our methods are detailed in
Supporting Information Section S4, and the correspondingMIMS
measurements are provided in Supporting Information Templates
A. In all trials, the 15N atom% of dissolved N2 measured in the
incubation bottles was significantly different than that extrapo-
lated frommeasurements of the 15N2-enriched inocula (by −19%
to 82%, Table 1). In trials A1–A4, conducted with 15N2-enriched
inocula prepared by adding 15N2 gas to air-equilibrated freshwater
followed by vortexmixing (as per Klawonn et al. 2015), measured
15N2 atom% values in corresponding incubations were greater
than expected. Gas pressures in the source were evidently greater
when measuring the inocula than when measuring the
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air-equilibrated standards, resulting in a proportionally lower ion-
ization of gases from the inocula than from air-equilibrated stan-
dards. Consequently, N isotopologue concentrations in the
inocula and in the corresponding incubations were under-
estimated. Conversely, in trials B1–B2, conducted with a 15N2-
enriched inoculum prepared in vacuum-degassed seawater
(Wilson et al. 2012), the measured atom% values in the incuba-
tions were lower than expected. The gas pressure in the source
was ostensibly lower when measuring the inoculum than air-
equilibrated seawater, resulting in overestimated N2 isotopologue
concentrations in the inoculum and in corresponding incuba-
tions. These results illustrate that the 15N atom% of dissolved N2

gas (AN2 ) of each incubation bottle should be measured
directly (by MIMS or IRMS) rather than extrapolated from that
of the 15N2-enriched inoculum, as suggested by Klawonn
et al. (2015).

Dissolved 15N2 sample storage and preservation
MIMS instruments can be installed on board research vessels

to measure 15N2 atom% directly. In most cases, however, this
may prove impractical, in which case 15N2 samples need to be
stored pending analysis. Investigators typically opt to collect
incubation subsamples in Exetainer™ vials, which require
advantageously small sample volumes (12 mL), or in crimp-
sealed serum bottles, which are anecdotally considered to be
more impervious to gas leakage. In this respect, some MIMS
instruments consume larger sample volumes to reach a steady
signal than accommodated by Exetainer™ vials, in which case
sample storage in serum vials is preferable. Dissolved gas sam-
ples should be stored without a headspace, as gaseous phase
samples are more sensitive to pressure changes and consequent
leakage. Gas samples stored in Exetainer™ vials have been
shown to lose analyte to the atmosphere on monthly time
scales, even under relatively constant storage conditions
(Laughlin and Stevens 2003). Aqueous subsamples can be trans-
ferred to Exetainer™ or serum vials with gas-tight tubing by
gravity or aided by a peristaltic pump. Vials should be overfilled
three times, then capped without an air bubble (see technique

in Granger 2019). We recommend collecting duplicate or tripli-
cate subsamples, as the inadvertent introduction of small air
bubbles will lead to important underestimation of 15N2 frac-
tions and, consequently, inaccurate estimation of N2 fixation
rates. Some workers inject concentrated potassium hydroxide,
mercuric chloride, or zinc chloride to preserve the samples,
although the vials and serum bottles can generally be stored
without preservation, as the sum of biological reactions in
unpreserved samples during storage is unlikely to generate suffi-
cient N2 to be of concern, unless working in anoxic waters favor-
ing denitrification (Sturm et al. 2015). Serum bottles and
Exetainer™ vials can be stored submerged to curtail direct gas
exchange with the atmosphere andminimize potential pressure
changes during shipping, a precaution thatmay be necessary, as
discussed below.

We tested the integrity of 15N2 gas samples dissolved in seawa-
ter samples during storage in Exetainer™ vials, which were kept
submerged at 8�C or otherwise left at room temperature
unsubmerged.Multiple Exetainer™ subsamples were gravity-filled
with discrete 1 L 15N2 preparations, and 3–5 Exetainer™ subsam-
plesweremeasured byMIMS at consecutive time intervals. Statisti-
cally significant changes in the 15N atom% of the samples were
not evident over a 6-month monitoring period for submerged
samples (Fig. 4). Conversely, benchtop samples maintained their
integrity for ≤ 40 d, after which 15N2 gas decreased detectably. We
did not subject any samples to pressure changes from shipping by
air freight—such that we cannot assess whether submerging sam-
ples is preferable even for shorter-termpreservation.

The precision of the dissolved 15N2 atom% measured by
MIMS averaged 0.1 atom% in our analyses of ≥ triplicate
Exetainer™ subsamples (Fig. 4), notwithstanding occasional
outliers likely originating from the inadvertent introduction
of atmospheric gas bubbles during sample transfer into
Exetainers™. This level of uncertainty is negligible at higher
15N2 atom% (e.g., 8 atom%), but becomes more important at
lower atom% (≤ 2 atom%)—and should be considered if it
propagates to a greater uncertainty than the standard deviation

Table 1. The 15N atom% of dissolved N2 gas in 15N2-enriched water inocula and in corresponding incubations (n = 2–3 per inoculum)
measured by MIMS (Eq. 4), compared to the expected 15N2 atom% in the incubations extrapolated from the atom% of the respective
inocula (Supporting Information Section S4). Respective trials A and B were conducted using two different procedures for preparing
enriched seawater, described in Supporting Information Section S4.

Trial

15N2 inoculum
(atom%)

15N2 measured
(atom%)

15N2 extrapolated from
air-equilibrated water (atom%)

% Difference
vs.

expected

A1 35.1 � 0.2 4.3 � 0.1 2.4 +82

A2 46.3 � 0.7 4.7 � 0.1 3.6 +30

A3 38.5 � 0.3 2.4 � 0.0 2.1 +14

A4 41.0 � 0.2 3.6 � 0.0 2.7 +34

B1 87.3 � 0.5 3.0 � 0.1 3.6 −17
B2 87.3 � 0.5 2.8 � 0.1 3.5 −18
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among incubation replicates (see “Detection limits and error
propagation” section).

Quantifying the PN pool atom% (APN) and
concentration of PN

The precision and accuracy of measurements of the initial
and final atom% of the particulate material collected on com-
bustible filters are critical determinants of N2 fixation rates cal-
culated from 15N2 incubations. The N isotope ratios (15N/14N)
of organic material collected from the incubations on silver or
glass fiber filters are measured on coupled EA-IRMS instru-
ments. Values are typically reported in δ15N notation using
atmospheric N2 as the reference (Eq. 2a), and converted to
atom% for calculation of N2 fixation rates (Eqs. 2b, 2c).

The analytical precision of the δ15N measurement of partic-
ulate samples can be relatively high, on the order of 0.2‰ for
samples with significant N masses between 40 and 100 μg N.
However, measurement precision and accuracy decreases with
decreasing sample mass (Fig. 5). The added error can originate
from instrumental/atmospheric blanks, N impurities from tin
cups and contaminant ions formed due to incomplete com-
bustion or in the source (e.g., CO+). The accuracy of isotope
ratios is also compromised at lower sample masses because the
signal becomes progressively nonlinear with decreasing mass
due to isotopic fractionation during ionization in the source.
The degree of linearity of the instrumental response is a func-
tion of the ionization efficiency of gases in the source, which
changes with source pressure (Sharp 2017, see “Quantification
of the N2 pool atom% (AN2 )” section). The extent of isotopic
fractionation of isotopologues in the source changes concur-
rently as a function of the fraction of gas ionized. Linearity is
also dependent on factors such as instrument calibration,
source configuration, and filament age. In all, isotope mea-
surements at lower N masses are less precise and generally less
accurate due to combined effects of multiple factors.

Examples of the change in PN δ15N as a function of sample N
mass are shown in Fig. 5 for three different internal N standards,
each analyzed on different EA-IRMS systems for masses ranging
from 2 to 120 μg N. The mass range over which the measured
δ15N is invariant differs among standards and instruments. In
general, δ15N measurements of samples with < 10 μg N on most
IRMS instruments are highly sensitive to sample mass. Our rec-
ommendation is thus to collect a minimum of ~ 10 μg of PN per
filter if feasible (see Fig. 6). Conversely, very high sampleNmasses
or exhausted oxidation EA reactors may also lead to nonlinear
and/or apparently enriched δ15N measurements, due largely to
incomplete sample combustion, producing carbon monoxide
(CO; Révész et al. 2012). The isotope ratios of CO isotopologues,
m/z 29 (13C16O+) to 28 (12C16O+), can be in excess of typical
29N2/

28N2 ratios. CO+ thus “appears” in the analysis as isotopi-
cally enriched 15N. In cases of excessive biomass on filters, inves-
tigators can split these into replicate samples, but must run both
fractions in order to retain information on total concentration
PNper volumefiltered.

In a parallel vein, we tested whether the addition of 13C-
enriched bicarbonate (200 μmol L−1 of 99 atom% H13CO3

−;
Cambridge Isotope Laboratories) to N2-fixation incubations—to
measure primary production concurrently—can result in m/z
29 enrichment of particulate material due to CO production
during combustion, which would mistakenly be interpreted as
15N2 incorporation into biomass.We detected nom/z 29 enrich-
ment due to H13CO3

− addition in 24 h incubations (data not
shown), suggesting that incorporation of 13C-label into biomass
does not interfere with 15N2 incubations—provided the EA reac-
tor is not exhausted.

Fig. 4. The fraction of dissolved 15N2 gas preserved in Exetainers™ with-
out headspace as a function of storage time, for samples having different
initial atom% values. Colors distinguish separate time trials. Circles are
subsamples stored submerged at 8�C until analysis, and triangles are sub-
samples stored at room temperature without being submerged.

Fig. 5. Examples of the δ15N measured on EA-IRMS as a function of sam-
ple mass, commonly known as “linearity.” The acetanilide internal stan-
dard with a δ15N = 1.51‰ (dotted line), compared with acetanilide
analyses of variable masses (open circles), NIST 1547 (peach tree leaves)
with a δ15N = 1.95‰ (solid line), compared with NIST 1547 analyses of
variable masses (open squares), and San Pedro Ocean Time-series (SPOT)
station sediment with a δ15N = 9.0‰ (dashed line), compared with ana-
lyses of variable sediment masses (filled triangles).
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When PN samples are sent to commercial laboratories for
δ15N analysis, internal isotopic reference materials should be
included with the sample set to ensure isotopic calibration at
the low mass range typical of open ocean incubation condi-
tions. This is particularly important if samples that are below
the 10 μg N threshold are considered (see “Detection limits and
error propagation” section). Accompanying reference materials
must be of mass similar to the N mass of the filter samples. As
a general practice for all EA-IRMS analyses, replicates of two ref-
erence materials whose 15N isotopic compositions bracket the
expected PN enrichments should be included with each batch
of PN filters for EA-IRMS analysis (Révész et al. 2012). Two-
point normalization corrections using the results from the ref-
erence materials can then be used to improve the accuracy of
the measured PN enrichments in the given mass range. This
approach can correct PN data for the combined blank, contam-
ination, and linearity effects. The National Institute for Stan-
dard Technology (NIST) website provides a list of isotopic
reference materials available, including the widely used USGS

40 and 41 glutamic acids whose C : N is similar to marine
organic matter. Finally, we urge investigators who remain
intent on carrying out EA-IRMS analyses of low N mass sam-
ples to consult and Merritt and Hayes (1994) and Montoya
(2008) for more detailed examinations of instrumental and
analytical detection limits and reproducibility.

Collecting a sample with adequate mass is straightforward
when one has a reasonable estimate of the PN concentration
in a given ecosystem (Figs. 6, 7). However, this may pose a
challenge when conducting 15N2 fixation incubations of oligo-
trophic, low biomass waters or of mesopelagic waters. Water
budgets at sea may be limited, thus reducing the water vol-
umes available for incubations and the quantity of material
available for isotopic analysis. Nevertheless, the following
practices may help to optimize sample collection for 15N2

incubations for isotopic analysis. First, before measuring 15N2

fixation at sea, it is recommended that investigators know the
lower LOD/quantitation for PN δ15N analysis for their relevant
mass spectrometer. The necessary incubation volume to
exceed analytical detection limits can then be estimated from
published reports of the range of PN concentrations ([PN]) in
the study region and at the water column depths of interest
(Figs. 6, 7). For example, if one wanted to measure rates of
15N2 uptake at 1000 m in the North Pacific Subtropical gyre,
one could estimate [PN] from measurements at Station
ALOHA, which are typically ≤ 0.05 μmol L−1, corresponding to
~ 14 L incubation volume to yield 10 μg N (Fig. 6).

Choice of particle filter
The choice of filter onto which to collect PN may also influ-

ence the magnitude of N2 fixation rate estimates. Until
recently, Whatman™ GF/F glass fiber filters were routinely
used. These have a nominal pore size is 0.7 μm prior to com-
bustion, although filters are reportedly compacted by combus-
tion (to an effective pore size of ~ 0.3 μm), resulting in greater
retention of particles (Nayar and Chou 2003). Nevertheless,
the retention efficiency of GF/F filters is unclear and has been
questioned, specifically for measurements of phytoplankton
pigments. Some researchers have reported that GF/F filters per-
form as well in retaining phytoplankton as 0.2 μm pore-size
membrane filters (Li et al. 1983; Yentsch 1983; Goldman and
Dennett 1985; Li 1986; Taguchi and Laws 1988; Chavez et al.
1995; Ferrari and Tassan 1996), whereas others have found
0.2 μm membrane filters to be superior (Phinney and Yentsch
1985; Dickson and Wheeler 1993, 1995). An alternate variety
of glass fiber filter has recently become available, the Advantec
GF-75, which claims a nominal pore size of 0.3 μm. Bombar
et al. (2018) demonstrated that nonpigmented particles
(bacterioplankton) were more abundant in the filtrate of GF/Fs
vs. GF-75, suggesting greater retention of particle mass by the
smaller pore-size GF-75. N2 fixation rates were more likely to
be detected in their study regime with GF-75 than GF/F filters,
and detected rates were systematically higher with GF-75 fil-
ters. Nevertheless, while more retentive than GF/F filters,

Fig. 6. The sample volume required to yield 10 μg N, a typical minimum
detection limit on isotope ratio mass spectrometers. Data source regions
are noted in the legend with references as follows: Sargasso Sea (Michaels
et al. 1994), Station ALOHA (downloaded from http://hahana.soest.hawaii.
edu/hot/hot-dogs/interface.html), the Eastern Tropical South Pacific
(Knapp et al. 2016), North Atlantic warm core ring surface waters (Altabet
and McCarthy 1985), Costa Rica Dome surface waters (Landry 2014),
500 m at the SPOT station (Hamersley et al. 2011), 20 m in the Black Sea
(Coban-Yildiz et al. 2006), surface waters at the North Pole (Matrai and
Orellana 2012), surface waters of the Ross Sea (Dunbar 2016), North Atlan-
tic surface waters offshore of Virginia (Oczkowski et al. 2016), and North
Pacific surface waters from 40�N and 49�N (A. White unpubl.).
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~ 40% of bacterioplankton cells were still lost to the filtrate
with GF-75 filters. Moreover, the diazotrophic communities
tended to differ markedly between bulk water and filtrates,
suggesting differential retention of N2-fixing communities
(Bombar et al. 2018). Similarly, Chaves et al. (IOCCG Protocol
Series 2019) reported a small but significant positive mean bias
for particulate organic carbon (POC) measured on GF-75
vs. GF/F in small-volume sampling off the Peruvian coast
where POC was between 10 and 30 μmol L−1.

To ensure the capture of smaller particles, researchers have
otherwise used combusted 0.2 μm pore-size silver filters
(e.g., Anapore®), which have relatively slow filtration rates.
Chang et al. (2019) observed no difference in the biomass cap-
tured by GF/F vs. silver filters at PN concentrations
≤ 1.5 μmol L−1, whereas more PN was captured on GF/F filters at
concentrations ≥ 1.5 μmol L−1. The authors attributed this dis-
crepancy to the adsorption of dissolved organic material (DOM)
onto GF/F filters: DOMhas been shown to adsorb onto glass fiber
filters, in proportion to the volume of water filtered (Morán et al.
1999; Turnewitsch et al. 2007; Novak et al. 2018), contributing
additional uncertainty to PN concentrations thus estimated.
While the resulting N2 fixation rates observed by Chang et al.
(2019) were not coherently related to filter type, there were more
instances of rates above the LODwith silverfilters.

In all, a clear recommendation on filter choice does not
emerge from the sum of published (and anecdotal) evidence.
Recognizing that respective filter types have distinct attributes
and limitations, we further consider that filtration rates, the

volume of seawater filtered, the amount biomass filtered, and
the length of the filtration period may exert even greater influ-
ence on biomass retention than filter type. We thus remain
agnostic as to the choice of filter, but recommend that this vari-
able be clearly identified to inform comparison among studies.
We stress that [PN] estimates may be uncertain regardless of fil-
ter type, contributing proportionally—yet unaccountably—to
uncertainty in the rate estimates.

Considerations on the initial PN δ15N and on control
incubations

N2 fixation rates are calculated from the change in the δ15N
of the suspended particulate N (PN) over the duration of the
incubation. Measurements of the initial PN δ15N are thus criti-
cal to reliably estimate N2 fixation rates (Eq. 1). Because the
δ15N of PN in the surface ocean of the tropical and subtropical
North Atlantic is often, although not always, close to 0‰
vs. air (Fig. 7), some investigators forego collecting initial or
“time zero” PN samples, and otherwise rely on the assumption
of a 0‰ initial PN δ15N. However, it is not uncommon for the
δ15N of PN to be ≥ 0‰ and upwards of 10‰ in some regions,
such as the South Pacific, the western Arctic, continental
shelves, and oxygen deficient margins (Fig. 7). An incorrectly
assumed initial PN δ15N can significantly affect the magnitude
of N2 fixation rates. For example, given a PN concentration of
3 μmol N L−1, and assuming a 0‰ initial PN instead of an
actual 10‰ initial PN, would result in a presumed change in
PN δ15N of ~ 10‰ (i.e., ΔAPN = 0.0057%) given a AN2 of

Fig. 7. Range of observed suspended particulate nitrogen (PN) concentrations (a) and δ15N (b) in samples collected in the Eastern Tropical South Pacific
(Knapp et al. 2016; Gradoville et al. 2017), Station ALOHA (Hannides et al. 2013), the Eastern Tropical North Pacific (White et al. 2013), offshore of
Washington state (Gradoville et al. 2017), the Gulf stream (White, unpubl.), the Sargasso Sea (Altabet 1988), and the Ross Sea (Dunbar 2016).
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5 atom%. This would result in a misdiagnosed N2 fixation rate
of ~ 3 nmol L−1 d−1. Thus, the initial δ15N of PN should always
be measured.

The derivation of N2 fixation rates further relies on the
assumption that any change in the 15N atom%of the suspended
particulate N (PN) over the incubation period is due to the
uptake of the added 15N2. To verify this notion, investigators
may consider conducting parallel incubations without 15N2 to
account for naturally occurring changes in the atom% of
PN. The δ15N of PN can change considerably during a 24 h incu-
bation due to the uptake of ambient ammonium, nitrate, or
organic nitrogen. Such N uptake is apt to occur in waters incu-
bated frommost ocean systems, except perhaps waters from the
oligotrophic surface ocean where nutrients are depleted. Inher-
ent changes in δ15N of PN are of particular concern in incuba-
tions supplemented with organic substrates, as growing
microbes will assimilate ambient nitrogen (nitrate, ammonium,
or organic nitrogen) to exploit newly available carbon sub-
strates, resulting in changes in the atom% of suspended bio-
mass. Moreover, in nearshore regions, where N2 fixation rates
may be low against a background of other N cycling processes,
the assimilation of nutrients and N substrates by plankton is
likely to overprint any 15N2 uptake from coincident N2 fixation.
Without precautionary unenriched control incubations, 15N2

fixation rate estimatesmay yield biased results.

Potential sources of experimental error
When 15N2 gas is injected directly into samples, care must

be taken to inject a known volume at atmospheric pressure.
To this end, the pressure inside the syringe can be equilibrated
to atmospheric pressure by opening the valve briefly while the
needle tip is submerged in a small beaker filled with water to
observe the release of overpressure. This procedure assures that
the N2 is injected into the bottle is not over-pressurized.

Trace-levels of 15N-labeled contaminants have been detected
in some commercially available 15N2 stocks, which can lead to
false positives (Dabundo et al. 2014). The industrial production
of 15N2 gas generally involves the oxidation of 15N-ammonium
to 15N2, followed by acid and cryogenic removal of ammonium
and other potential nitrogen oxide (NOx) contaminants.
Dabundo et al. (2014) reported that most suppliers provide 15N2

stocks remarkably free of 15N impurities, with the exception
some Sigma-Aldrich stocks that contained influential levels of
15N-labeled NOx (as nitrate and/or nitrite) and ammonium. It
remains unclear whether this problem has always existed or
resulted from a procedural error. Stocks prior to 2010 were not
associated with unusually elevated rate estimates (Böttjer et al.
2017), supporting the latter scenario. Regardless, verifying the
relative purity of stocks prior to use remains advisable, although
this measurement can be impractical and costly as it requires
specific methodology (see Dabundo et al. 2014). We have thus
created a forum from which to disseminate estimates of poten-
tial contamination by 15N ammonium and/or 15N NOx of spe-
cific 15N2 batches from respective suppliers (see N-Fixation

Working Group 2019b). Therein, investigators are encouraged
to providemetadata on analytical protocols used to generate the
measurements. The provenance of these measurements can
then be cited in publications. Alternatively, potential contami-
nation can be verified by growing nondiazotrophic microbial
cultures in low Nmedia (ca. 100 μmol L−1 NH+

4 or NO−
3 ) equili-

brated with 15N2, to compare the resulting 15N atom% of
stationary-phase cells (measured with an EA-IRMS) with those
in control cultures (Dabundo et al. 2014).

Best practices for any type of biological incubation man-
date the use of acid-washed plastic-ware, rather than glass-
ware. Metal oxides are known to adsorb onto and leach from
borosilicate glass (e.g., Struempler 1973), such that biological
activity can be either depressed or stimulated from trace-metal
contamination. We stress, nevertheless, that carrying out
manipulations in acid-washed plastic-ware does not afford the
incubations so-called “trace-metal-clean” status, given that
15N2 gas stocks are pressurized in metal cylinders—as pointed
out earlier. Nevertheless, investigators should still attempt to
minimize trace metal contamination by adhering best prac-
tices for field incubations, and consider measuring metal con-
centrations when feasible.

Finally, certain types of laboratory gloves, in particular latex
and nitrile gloves, can introduce N contaminants during both
water-sampling and filter-handling stages (Makela et al. 1997;
Garçon et al. 2017). Use of equipment that has encountered
other 15N-containing compounds is similarly problematic. Hav-
ing 15N-DIN compounds near 15N2 tracer assays carries a high
chance of cross-contamination and might lead to false positives
of N2 fixation activity. Sharing equipment between N2 fixation
samples and other 15N-substrate assays should be avoided.

Additional elements of experimental design
Given that different diazotrophs fix N2 over different por-

tions of the light/dark cycle, extrapolation of rates measured
over the course of a few hours to an entire day may be mis-
leading. Similarly, a rate estimate based on a 24 h incubation
cannot simply be divided by 24 for an accurate hourly rate.
Hourly and daily rates should therefore be reported as such
and any conversion should be clearly stated to avoid confu-
sion. Similarly, attention must be paid to the units in which
N2 fixation rates are reported, in particular whether rates are
in moles of N per volume or moles of N2 per volume. In the
interest of standardizing practices, we recommend 24 h incu-
bations whenever possible and reporting units of
nmol N L−1 d−1 to facilitate comparison of rates across studies
and ocean basins.

While incubations should ideally be maintained under
in situ light and temperature to avoid stimulation or inhibi-
tion of N2 fixation, in practice, the ability to maintain such
conditions is often limited by the available infrastructure and
cruise plans. If ambient conditions cannot be approximated, it
is critical that the temperature and light levels achieved be
reported. Sampling in direct sunlight may lead to
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photoinhibition of metabolic processes (Platt et al. 1981) and
should therefore be avoided. While sampling and initiation of
incubations prior to dawn (in the dark) is preferable, it too
may not be logistically feasible, in which case we recommend
taking measures to protect samples from direct sunlight during
sampling.

Detection limits and error propagation
Several recent studies have reported low N2 fixation rates

(< 1 nmol N L−1 d−1) in mesopelagic waters (e.g., Fernandez
et al. 2011; Dekaezemacker et al. 2013; Rahav et al. 2013;
Benavides et al. 2016). If depth-integrated over the vast
expanse of the deep ocean, these low rates are proposed to
have a significant impact on the global N budget. Low but
potentially important rates highlight the need for standard
reporting of accurate detection limits for N2 fixation measure-
ments. Yet, detection limits are not commonly reported in N2

fixation studies, and studies which do report detection limits
use diverse methods to calculate these.

A number of approaches have been suggested for calculat-
ing detection limits associated with the 15N2 technique
(e.g., Montoya et al. 1996; Gradoville et al. 2017; Jayakumar
et al. 2017). Analytically, detection limits are typically defined
as an instrument blank plus three standard deviations
(MacDougall and Crummett 1980). The original 15N2 method
described by Montoya et al. (1996) and Montoya (2008) and
proposed a LOD for the method that derives from the instru-
mental detection limit, namely, the minimal detectable differ-
ence in the 15N atom% of PN that can be resolved by the EA-
IRMS given a sample PN mass of ~ 14 μg (minΔAPN). The
method LOD is then calculated as (Eq. 5):

LOD=
minΔAPN

AN2 −APN0ð Þ ×
�PN

� �
Δt

ð5Þ

All parameter names are as described for Eq. 1 and the
suggested value of minΔAPN is 0.00146 atom% (approximately
4‰), as per Montoya et al. (1996) and Montoya (2008). Thus,
for a 24 h incubation in an oligotrophic region with a [PN] of
~ 0.3 μmol N L−1, and a 4 atom% enrichment of AN2 over
ambient PN, the method LOD as per Eq. 5 would be
0.1 nmol L−1 d−1—provided sufficient PN mass (≥10 μg) was
collected on the filter. The method LOD would increase to
0.4 nmol L−1 d−1 for a [PN] of 1.0 μmolNL−1.

Jayakumar et al. (2017) otherwise calculated minΔAPN as
three times the standard deviation of seven measurements of
a low-mass isotopic standard (Ripp 1996), yielding a minΔAPN

of 0.0025 atom% (approximately 7‰) for 12 μg N standards.
For the same AN2 values used above, this would indicate a
method LOD of 0.2 nmol L−1 d−1 with a [PN] of 0.3 μmolNL−1

and of 0.6 nmol L−1 d−1 with a [PN] of 1.0 μmolNL−1. Such
LOD estimates will vary depending on the environment and
corresponding [PN], the precision of the mass spectrometer in
the sample PN mass range, and the 15N2 enrichments
achieved. Importantly, a generic minΔAPN of 0.00146 atom% is
not adequate to capture the analytical uncertainty inherent to
isotopic measurements of PN masses < 10 μg. Investigators
should quantify this uncertainty specifically from
measurements of correspondingly low-mass isotopic stan-
dards (e.g., Jayakumar et al. 2017). For instance, given a
meager PN mass of 2 μg collected on filters, the measure-
ments presented in Fig. 5 suggest a standard deviation of
~ 3‰ for the given mass spectrometer and standard (aceto-
nitrile), which would translate to an analytical LOD of 9‰
(0.00330 atom%)—namely, minΔAPN would need to exceed
9‰ in order to claim the detection of an analytically signifi-
cant 15N-enrichment between the initial and final incuba-
tion time points. With a [PN] of ~ 0.3 μmolN L−1, and a
4 atom% AN2 , the method LOD would then be
0.3 nmol L−1 d−1.

Alternatively, the LOD can be equated to the propagated
experimental uncertainty associated with each parameter mea-
surement, as described by Montoya et al. (1996;
e.g., Bevington 1969; Gradoville et al. 2017). This LOD variant
is calculated as the square root of the sum of the squares of
the partial derivative of the N2 fixation rate (NFR) with respect
to the standard deviation (σ) of each of the experimental
parameter featured in Eq. 6:

An advantage of using this LOD (Eq. 6) is that these calcu-
lations parse the total uncertainty into that associated with
each measured parameter. For example, variability in APN0

may dominate the error in samples with low or undetectable
N2 fixation rates, whereas variability in [PN] may contribute
the largest source of uncertainty in samples with high N2 fixa-
tion rates (Montoya et al. 1996; Gradoville et al. 2017).

There are several important considerations for calculations
of both LOD variants. First, discrete LODs should be calculated

LOD=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σΔt ×

∂NFR
∂Δt

	 
2

+ σAN2
×
∂NFR
∂AN2

	 
2

+ σAPN0
×
∂NFR
∂APN0

	 
2

+ σAPN ×
∂NFR
∂APN

	 
2

+ σ �PN½ � ×
∂NFR
∂ �PN
� �

 !2
vuut ð6Þ
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for individual rate measurements because the calculations
depend on parameter values and levels of uncertainty that dif-
fer between sets of incubations (Eqs. 5, 6). It is also essential to
use the measured [PN] values—and standard deviations of
incubation replicates (Eq. 6)—and not the minimum
[PN] detectable on the mass spectrometer, as the latter would
artificially decrease detection limits. Moreover, measurements
below the analytical (i.e., instrumental) limits of detection
should not be considered in computations of the N2 fixation
rate LODs (e.g., EA-IRMS measurements with relatively low PN
masses not bracketed by concomitant standard analyses). As
stated earlier, APN0 should be measured explicitly for each
depth-specific incubation experiment, in replicate, in order to
assess the uncertainty of the measurement to derive the LOD
as per Eq. 6. Additionally, the value of AN2 is likely to vary
among individual incubation bottles, such that the mean
value of AN2 and its standard deviation among incubation rep-
licates (measured directly by IRMS or MIMS; “Quantification
of the N2 pool atom% (AN2 )” section) both need to be consid-
ered to calculate the LOD as per Eq. 6. Finally, investigators
are encouraged to report all N2 fixation rate estimates, clearly
denoting those below the method LODs, as the latter provide
valuable information about environments in which N2 fixa-
tion is not detected.

We have created templates for calculations of nitrogen fixa-
tion rates and associated LODs (see “spreadsheet”: N-Fixation
Working Group 2019c; Supporting Information Templates B).
We encourage investigators to use these templates both for
calculations and to provide metadata and ancillary data perti-
nent to the rate calculations in peer-reviewed publications,
either as supplementary material or through an accession
number within the publicly available OCB N2 fixation rate
database (see N-Fixation Working Group 2019a). Standardiza-
tion of detection limit calculations and the publication of raw
data used to calculate N2 fixation rates will set a precedent of
transparency and foster progress towards understanding the
patterns and controls of oceanic N2 fixation.

Summary of recommendations
In opting for a protocol to measure pelagic N2 fixation

rates, we discourage investigators from following the original
15N2 tracer method, given its propensity to yield underesti-
mate rates. We otherwise advise employing either the dissolu-
tion or bubble release method, whichever is best suited to the
specific research objectives and logistical constraints. This lat-
ter recommendation may change in time, as more insights on
the merits and shortcomings of respective protocols emerge.

The more important aspect of our review involves the critical
evaluation of pertinent analytical protocols and experimental
designs, based on which we tender guidelines to which investi-
gator should adhere in order to assure confidence in the validity
of rate estimates, and to foster intercomparability. Some key
points emerge from our analysis, whichwe reiterate here.

• The 15N2 atom% should always be measured directly for
each incubation bottle. This value should not be inferred or
derived from that of an inoculum, as such extrapolations
can lead to substantial error in AN2 and, consequently, in
the estimated rates (“Misuse of MIMS to quantify N
isotopologue concentrations in the 15N2 aliquot.”
section and Table 1).

• The natural abundance of δ15N in the PN pool should be
measured at time 0, as this value is not uniform among envi-
ronments or depth ranges (“Considerations on the initial PN
δ15N and on control incubations” section and Fig. 7).

• Control incubations are necessary in environments where
the assimilation of ambient DIN can effect potential changes
in the PN atom% during the incubations (“Considerations
on the initial PN δ15N and on control incubations” section).

• When possible, incubations should be initiated prior to
dawn and incubated for 24 h to account for diel cycles in
the rates. Regardless, incubation periods should always be
reported and authors should avoid scaling rates measured
over periods of less than a day upward to daily units (“Addi-
tional elements of experimental design” section).

• Dissolved 15N2 gas samples should be stored without a
headspace, in Exetainers™ or in serum vials. Exetainer sam-
ples preserved submerged maintain their integrity for a lon-
ger period of time.

• The purity of commercial 15N2 stocks with respect to reac-
tive N contaminants must be verified. Investigators can
report on the purity of respective brands and associated
batch numbers (at N-Fixation Working Group 2019b).

• A minimum of ~ 10 μg of PN per filter ensures adequate
sample mass to resolve small differences in N isotope ratios
(“Quantifying the PN pool atom% (APN) and concentration
of PN” section, Fig. 5).

• The analytical uncertainty associated with EA-IRMS mea-
surements of lower-mass samples (< 10 μg) must be quanti-
fied from measurements of standards at corresponding
masses, from which to estimate method LODs (“Quantify-
ing the PN pool atom% (APN) and concentration of PN”

and “Detection limits and error propagation” sections).
• We urge investigators to report the incubation-specific

LODs in all publications, to foster transparency and enable
cross-comparison among research groups and environments
(“Detection limits and error propagation” section).

Finally, in recognizing that N2 fixation rate estimates are sub-
ject to uncertainty that may not be ultimately quantifiable, the
occurrence of N2 fixation and the magnitude of its flux can also
be investigated by complementary means and methods, some of
which are briefly reviewed here (Supporting Information
Section S5)—to arrive at amore comprehensive view.

Conclusions
Biological N2 fixation is the predominant source of N to

the global ocean. As such, N2 fixation has a rich history of
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scientific inquiry that continues to evolve. Here we have sur-
veyed the divergent methodological approaches to the 15N2

tracer method to measure N2 fixation rates in pelagic systems,
and provided specific recommendations to standardize and
ameliorate aspects of the method, including templates to cal-
culate rates and from which to assess detection limits. While
the research community may remain divided as to which vari-
ant of the method to follow, the standardization of some key
practices will enable intercomparability among estimates, to
better discern temporal and biogeographical trends, as well as
environmental controls on ocean N2 fixation. It then
behooves researchers to carefully acknowledge and evaluate all
potential sources of uncertainty regardless of approach. We
have herein provided guidelines to this end. We hope for con-
sideration of these practical recommendations, so that we, as a
community, can develop a more robust understanding of the
magnitude, variability, and controls on the N2 fixation in the
global ocean.
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