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Abstract The stable nitrogen isotope (!> N) analy-
sis of ammonium (NH,*) and nitrate (NO;") is widely
used in ecological research, providing insights into
N cycling and its underlying regulating mechanisms
in both aquatic and terrestrial ecosystems. To date,
a large number of methods have been developed for
the preparation and measurement of !> N abundance
of NH,* and NO;™ in liquid environmental samples
at either natural abundance or enriched levels. How-
ever, these methods are all subject to certain specific
advantages and limitations, and ecologists might be
looking for an efficient way to select the most suit-
able methods in face of shifting sampling and ana-
lytical conditions. Based on our extensive review of
these !> N analysis methods we developed a decision
support tool (DST) to provide quick and proper guid-
ance for environmental researchers in finding the
optimal method for preparing their liquid samples for

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10705-022-10227-z.

M. Jia (>X)) - R. Bol - A. Kooijman - W. W. Wessel -

A. Tietema

Institute for Biodiversity and Ecosystem Dynamics,
University of Amsterdam, Science Park 904, 1098, XH,
Amsterdam, The Netherlands

e-mail: m.jia@uva.nl

R. Bol
Institute of Bio- and Geosciences, IBG-3: Agrosphere,
Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany

15 N analysis in NH,* or NO;~. The DST is a decision
tree based on several key criteria that users need to
take into account when choosing the preferred sam-
ple preparation method for their samples. The criteria
concern: the sample matrix, the 15 N abundance and
the concentration of the target N species, the contami-
nation by other N-containing chemicals, the isotopic
fractionation, the availability of equipment, concerns
about toxicity of reagents, and the preparation time.
This work links field-scale experiments and labora-
tory 1> N analysis. Potential applications of our deci-
sion trees include '3 N studies ranging from natural
abundance to tracer level in a wide range of terres-
trial, freshwater and marine ecosystems.

Keywords Decision support tool - > N analysis -
Ammonium - Nitrate - Liquid samples

Introduction

The increasing world-wide concern about the impact
of high N inputs in ecosystems and their contribu-
tion to climate change has highlighted the need for
a deeper understanding of N cycling and its under-
lying regulating mechanisms in ecosystems. Ammo-
nium (NH,") and nitrate (NO;") are the two dominant
forms of bioavailable N, driving productivity and
affecting biodiversity in both terrestrial and aquatic
ecosystems (Canfield et al. 2010; Zhu et al. 2015). In
addition, they contribute to global N contamination
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as important forms of anthropogenic N input through
fertilizer and atmospheric deposition (Galloway 2005;
Xue et al. 2009; Mayer et al. 2013). Due to the crucial
roles of NH4+ and NO;™ in N transformations, the two
N species have been widely investigated using stable
N isotope techniques to better quantify N dynamics.
Nitrogen is composed of two stable isotopes, the
abundant '* N and the rare '> N. The stable N isotopic
composition in a N-compound is usually expressed
as either an “absolute value (x'°N)” or a “relative
value (3'°N)” in agricultural and biological research
(Fry 2006; Coplen 2011; Mayer et al. 2013; Chalk
et al. 2015). The former is preferred in applications
where ' N is used as a tracer (Hauck and Bremner
1976; Smith and Mullins 2000; Fillery and Recous
2001; Scrimgeour and Robinson 2003). The latter
denotes a difference measurement made relative to
a standard reference material (usually atmospheric
N,) during the actual analysis, and is more appropri-
ate for samples close to natural abundance (Mariotti
1983; Shearer and Kohl 1993; Peoples et al. 2001;
Stewart 2001; Scrimgeour and Robinson 2003; Fry
2006; Michener and Lajtha 2008; Coplen 2011; Ken-
dall and McDonnell 2012; Mayer et al. 2013; Chalk
et al. 2015). Measuring > N abundance of impor-
tant N compounds like NH,* and NO;~ can provide
valuable information on their sources, flow-paths,
transformations and fates, and the N cycle of the eco-
systems (Hauck 1982; Shearer and Kohl 1993; Ken-
dall and McDonnell 2012; Ito et al. 2013). The '° N
analysis of NH," and NO;™ is commonly involved
in 1> N-related ecological investigations such as > N
pool dilution (Davidson et al. 1991; Wessel and Tiet-
ema 1992; Laine et al. 2018), '3 N tracing (Mulhol-
land et al. 2000, 2008; Riitting et al. 2011; Bjorsne
et al. 2014) and natural abundance studies (Gathumbi
et al. 2002; Houlton et al. 2007; Denk et al. 2017).
The '3 N pool dilution and tracing assays are both
based on '° N labelling of pools of N species, provid-
ing information about gross rates of main N transfor-
mation processes, and N sources, influxes and sinks
in catchments and food webs (Hauck 1982; Riitting
and Miiller 2007; Braun et al. 2018). The natural '> N
abundance approach, on the other hand, makes use of
the isotopic discrimination that occurs when nutrients
move through pathways, and provides an important
tool for identifying and quantifying N sources and
fluxes in soil and vegetation on a larger spatial and
temporal scale (Owens 1988; Kendall 1998; Robinson
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2001; Portl et al. 2007; Kendall and McDonnell 2012;
Ito et al. 2013; Granger and Wankel 2016; Nikolenko
et al. 2018).

In field experiments where the cycling and flows of
N are studied using '°> N techniques, the !°> N analysis
of NH," or NO;~ is commonly conducted in an envi-
ronmental solution, such as soil extracts, freshwater
or seawater samples. To acquire reliable isotopic data
it is important to prepare and measure the samples in
an appropriate way. A wide range of sample prepa-
ration and measurement methods have been devel-
oped, and they commonly involve converting NH,*
or NO;™ to an isotopic representative gas (e.g., N, or
N,O) and then quantifying ' N abundance of the ana-
lyte. The gas conversion is necessary because most
15N ratio measurements use either a mass spectrom-
eter, an emission spectrometer, or a laser spectrom-
eter, which accept only simple gas analytes (Bremner
1965a, 1996; Hauck 1982; Preston and Owens 1983;
Mulvaney 1993; Brand 1996; Brenna et al. 1997,
Mayer et al. 2013). Alternatively, a few sample prep-
aration methods without gas conversion have also
been reported. For example, the !° N ratio of NH," in
aquatic samples can be analyzed directly using HPLC
(Gardner et al. 1991, 1995, 1997).

With so many '3 N analysis techniques available,
it can be tedious and time-consuming for research-
ers to select a method in agreement with their ana-
Iytical needs among a wide range of published
methodologies. During past decades there have been
great and valuable reviews published regarding the
classic sample preparation and '> N measurement
approaches (Bremner 1965a, 1996; Fiedler and
Proksch 1975; Hauck and Bremner 1976; Bremner
and Hauck 1982; Hauck 1982; Owens 1988; Mul-
vaney 1991, 1993, 1996, 2008; Knowles and Black-
burn 1993; Shearer and Kohl 1993; Sparks et al.
1996; Kendall 1998; Smith and Mullins 2000;
Scrimgeour and Robinson 2003; Chang et al. 2004;
Groot 2004). The well-reviewed sample prepara-
tion methods such as diffusion, bacterial denitrifier
and azide techniques have been widely adopted for
15 N analysis in NH,™ and NO;~ in ecological solu-
tions (Christensen and Tiedje 1988; Bremner 1996;
Mulvaney 1996; Mulvaney et al. 1997; Sigman
et al. 1997, 2001; Holmes et al. 1998; Scrimgeour
and Robinson 2003; Chang et al. 2004; Mcllvin and
Altabet 2005; Xue et al. 2009; Mayer et al. 2013).
However, they either require laborious incubation
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and maintenance of special bacteria cultures, or use
highly toxic chemicals. In recent years, a number
of novel methods and modifications to traditional
methods have been reported (Houlton et al. 2007;
Zhang et al. 2007, 2015; Isobe et al. 2009; Xing and
Liu 2011; David Felix et al. 2013; Liu et al. 2014,
Kiba et al. 2016; Tu et al. 2016; Jin et al. 2020;
Gebus-Czupyt et al. 2020; Kawashima et al. 2021;
Hilkert et al. 2021), leading to improvements in
concentration ranges and analytical precision while
reducing time, cost and environmental risk. While
they are less well-known and documented, such
advances have the potential to promote the more
widespread practical application of isotope tech-
niques in the management of nutrient issues in the
future.

To assist method users select the appropriate
sample preparation approach for the !> N analysis of
NH,* and NO;~ in their environmental samples, we
developed a “Decision Support Tool (DST)” based
on a review and comparison of the well-known “clas-
sic” and novel methods in terms of several key crite-
ria that need to be considered when selecting methods
for 1 N analysis in liquid samples. These criteria con-
cern: the composition of the sample matrix, the > N
abundance and concentration of the target N, the con-
tamination by other N-containing chemicals, the iso-
topic fractionation, the availability of equipment, con-
cerns about toxicity of reagents, and the preparation
time. We organize the sections below in the following
order: an overview of the methods, the development
of the DST, and finally a discussion of two applica-
tion cases and of the benefits and drawbacks of the
present DST.

Overview of sample analysis techniques

In this section, we give a brief overview of methods
reported in the literature to analyze '° N in dissolved
NH,* and NO;, arranged according to their final
analytes and instruments. The most popular off-line
gas methods are presented first, followed by on-line
gas methods, and finally non-gas approaches. A more
detailed description of the overall procedures, sample
requirements, advantages and limitations of the meth-
ods can be found in Tables 1 and 2, and in the supple-
mentary information.

Methods producing N, as the analyte (N, methods)

In the gas methods, the NH4Jr or NO;™ is converted
into analytical gases such as N,, N,O, NO or vola-
tile derivatives. Most gas methods involve isolating
the NH,* or NO;~ from the liquid sample, convert-
ing it into N, and determining the '> N abundance
of the produced N, by an isotope ratio mass spec-
trometer (IRMS) (Hauck and Bremner 1976; Hauck
1982; Mulvaney 1993, 2008; Shearer and Kohl 1993;
Bremner 1996; Smith and Mullins 2000; Groot 2004;
Michener and Lajtha 2008; Cook et al. 2017). Previ-
ously, the conversion into N, and subsequent purifi-
cation were achieved using either hypobromite oxi-
dation (i.e., the Rittenberg technique) or quartz-tube
Dumas combustion, and was determined via a dual-
inlet isotope ratio mass spectrometer (DI-IRMS) or
an emission spectrometer (Fiedler and Proksch 1975;
Mclnteer et al. 1981; Bremner and Hauck 1982;
Fisher and Morrissey 1985; Mulvaney et al. 1990;
Kendall and Grim 1998; Mulvaney and Liu 1991; Liu
and Mulvaney 1992a; Mulvaney 1993; Shearer and
Kohl 1993; Bremner 1996). Révész et al (1997) also
reported an off-line combustion technique using cata-
lyzed graphite to convert potassium nitrate (KNO;)
into CO,, K,CO; and N, for simultaneous N and O
isotope analysis. The Rittenberg oxidation was later
automated by coupling a Rittenberg apparatus to the
IRMS (Griffiths et al. 1981; Mclnteer et al. 1981,
1984; Mulvaney et al. 1990; Mulvaney 1991; Mulva-
ney and Liu 1991; Liu and Mulvaney 1992b), but this
is no longer commonly used. The workhorse in most
modern isotope ratio laboratories is the combination
of an elemental analyzer (EA) with a continuous-flow
IRMS (EA-CF-IRMS, EA-IRMS), in which isolated
N-bearing salts from various sample preparation pro-
cedures are sealed into tin capsules and loaded into
an autosampler, followed by online combustion in
the EA and subsequent sweeping of the produced N,
into the IRMS with an He carrier gas (Preston and
Owens 1983; Barrie and Workman 1984; Marshall
and Whiteway 1985; Owens 1988; Barrie et al. 1989;
Owens and Rees 1989; Egsgaard et al. 1989; Craswell
and Eskew 1991; Mulvaney 1993; Barrie and Prosser
1996; Brand 1996; Bremner 1996; Chang et al. 2004;
Horita and Kendall 2004).

Prior to N, conversion and isotope measure-
ments, the NH,* or NO;™ in samples can be concen-
trated and isolated from solutions by a number of
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Table 1 Methods reported for ' N analysis of NH,™ in liquid samples in case studies

Method Analyte Instrument 15 N abundance Sample matrix N requirement
(N-NH,%)
Distillation N, (DI-/EA-) IRMS; ES 15 N-enriched; natural Water samples, soil 4-400 pumol
abundance extracts
Diffusion N, EA-IRMS; ES 15 N-enriched; natural Water samples, soil 2-15 umol
abundance extracts
Ion exchange N, EA-IRMS 15 N-enriched; natural Freshwater samples ~ 1-2 umol
abundance
Hg precipitation N, ES 15 N-enriched (pool ~ Freshwater samples ~10 pM
dilution samples)
TPB precipitation N, EA-IRMS 15 N-enriched; natural Freshwater samples ~70 umol
abundance
Derivatization N, EA-IRMS; ES 15 N-enriched; natural Water samples 2-10 uM
abundance
dye derivative GC-QMS 15 N-enriched (pool ~ Water samples 10-200 nmol/kg
dilution samples)
OX-MIMS N, MIMS 15 N-enriched Water samples >0.1 M
SPIN-QMS N, QMS 15 N-enriched Water samples, soil > 140 uM (700 nmol)
extracts
SPIN-MIMS N, MIMS 15 N-enriched Water samples, soil >70 uM (100 nmol)
extracts
BO-azide N,O PT-IRMS 15 N-enriched; natural Water samples 0.5-10 pM
abundance
BO-NH,OH N,O PT-IRMS 15 N-enriched; natural Water samples, alka- 1020 uM
abundance line soil extracts
Diffusion-BO-azide N,O PT-IRMS 15 N-enriched; natural Water samples, soil 20-50 pM
abundance extracts
Diffusion-BO- N,O PT-IRMS 15 N-enriched; natural Water samples, soil 15-60 pM
NH,OH abundance extracts
Diffusion-BO-deni-  N,O PT-IRMS 15 N-enriched; natural NH; emissions, 10 uM
trifier abundance water samples, soil
extracts
Ion exchange-BO- N,O PT-IRMS 15 N-enriched; natural NH; emissions, fresh- 30 uM
denitrifier abundance water samples
Diffusion-PO-azide N,O PT-IRMS 15 N-enriched; natural Water samples, soil 12.4-250 pM
abundance extracts
Diffusion-PO-deni- N,O PT-IRMS; GC-QMS 15 N-enriched; natural Water samples, soil 1-100 pM (GC-MS)
trifier abundance extracts 20-60 nmol (PT-
IRMS)
AIRTS-HPLC NH,* HPLC 15 N-enriched Water samples 2-10 uM
(¥ N)=25-75%)
Method Optimal sample volume Time ° Toxicity ' N dilution by chemi-  Fractionation
4 cals
Distillation 30-500 ml 5-40 min/sample X Prone to ° N dilution by Prone to low recovery
DON and reagents and fractionation
Diffusion 10-100 ml 5-10 d/batch X Less prone to '* N Neglectable at high
dilution by DON and recovery
reagents than distil-
lation
Ion exchange 50ml-2 L 3-5 d/batch X Prone to DON interfer-  Neglectable at high
ences Small '* N dilu- recovery

tion by reagents
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Table 1 (continued)

b

Method Optimal sample volume Time Toxicity '° N dilution by chemi-  Fractionation
4 cals
Hg precipitation <300 ml 1 d/batch \/ Large '3 N dilution by Not reported

TPB precipitation

5 ml after freeze-drying

reagents
Small '* N dilution by

Significant for freeze-

1 d/batch v
reagents drying of > 100 ml
Derivatization 400-500 ml 1-2 d/batch \/ Large ' N dilution by Small and constant
reagents
OX-MIMS 12 ml 10 samples/h X Not reported Not reported
SPIN-QMS <10 ml 5-10 min/sample X Not reported Not reported
SPIN-MIMS 1.5 ml 15 min/sample X Not reported Not reported
BO-azide 20 ml 2-3 d/batch Vv Small I N dilution by ~ Small
reagents
BO-NH,OH 4 ml 2-3 d/batch X Small ' N dilution by Small
reagents
Diffusion-BO-azide 10 ml 5-7 d/batch Vv Small 1° N dilution by ~ Not reported
DON and reagents
Diffusion-BO-NH,OH 5 ml 5-7 d/batch X Small ' N dilution by ~ Small
DON and reagents
Diffusion-BO-denitrifier 20 ml 5-7 d/batch X Small ' N dilution by Not reported
DON and reagents
Ion exchange-BO- 50-150 ml 2-3 d/batch X Neglectable No fractionation
denitrifier
Diffusion-PO-azide 10 ml 5-7 d/batch Vv Small '° N dilution by ~ Large at <20 uM N
DON and reagents
Diffusion-PO-denitrifier 10-20 ml 5-7 d/batch X Small > N dilution by ~ Not reported
DON and reagents
AIRTS-HPLC 0.4 ml 6-7 samples/day X Neglectable Neglectable
Method Advantages Disadvantages
Distillation Simple, low-cost, non-toxic, matrix versatility Time and labor consuming for large batches, high
N requirement, require skills and special appara-
tus, prone to '3 N dilution by DON and reagents
Diffusion Simple, low cost, non-toxic, matrix versatility, Time and labor consuming, high N requirement,

Ion exchange
Hg precipitation

TPB precipitation

Derivatization
OX-MIMS

SPIN-QMS
SPIN-MIMS

ease of batch processing

Simple, non-toxic, low reagent contamination,
ease of transport and storage

Simple, stable, rapid

Simple, rapid, low cost, low reagent contamina-
tion, ease of batch processing

Stable, rapid, high selectivity, low N requirement
by GC-MS

rapid, low cost, small sample volumes, ease of
batch processing

Simple, rapid, fully on-line, ease of batch
processing, simultaneous determination of N
concentration and > N abundance

potential fractionation and '*> N dilution by DON
and reagents

High N requirement, time-consuming, salinity-
sensitive, high cost, potential fractionation

Toxic, high N requirement, large sample volumes,
salinity-sensitive, large '3 N dilution by reagents

High N requirement, salinity-sensitive, potential
fractionation, require large volumes and time-
consuming freeze-drying for low N samples

High N requirement by IRMS, toxic, large '* N
dilution by reagents

Low precision

Low precision, require special apparatus
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Table 1 (continued)

Method Advantages Disadvantages
BO-azide Rapid, low N requirement, small sample volumes, Toxic, potential NO,™ interferences
ease of batch processing, small !> N dilution by
reagents and fractionation
BO-NH,OH Small sample volumes, rapid, ease of batch Not for acidic soils, potential NO,™ interferences

Diffusion-BO-azide
Diffusion-BO-NH,OH

Diffusion-BO-denitrifier

Ion exchange-BO-denitrifier

Diffusion-PO-azide

Diffusion-PO-denitrifier

processing, small ** N dilution by reagents and
fractionation

Small sample volumes, matrix versatility, ease of
batch processing,

Small sample volumes, matrix versatility, ease of
batch processing, small fractionation

Low N requirement, small sample volumes, toxic-
free, matrix versatility, ease of batch processing

Low N requirement, non-toxic, small 5N dilu-
tion by reagents and fractionation

Small sample volumes, matrix versatility, ease of
batch processing

Small sample volumes, matrix versatility, ease of
batch processing

Toxic, time and labor consuming, potential frac-
tionation and '*> N dilution by DON and reagents

Time and labor consuming, potential fractionation
and '* N dilution by DON and reagents

Time and labor consuming, long time incubation
and special care of bacterial culture, potential
fractionation and '3 N dilution by DON and
reagents

Time and labor consuming, salinity-sensitive, high
cost, long time incubation and special care of
bacterial culture, potential fractionation and LN
dilution by DON and reagents

Toxic, time and labor consuming, fractionation at
low N concentrations, potential '> N dilution by
DON and reagents

Time and labor consuming, long time incubation

and special care of bacterial culture, potential
15 N dilution by DON and reagents

AIRTS-HPLC Small sample volumes, non-toxic, simultane- Require high '> N-enrichment, low precision,
ous determination of N concentration and '> N time-consuming for large batches, error-prone for
abundance, minimal sample preparation, small refrozen samples
15 N dilution by reagents and fractionation

Method References

Distillation (Bremner and Edwards 1965; Bremner and Keeney 1965; Keeney and Bremner 1966; Cline and
Kaplan 1975; Hauck and Bremner 1976; Hauck 1982; Velinsky et al. 1989; Mulvaney et al. 1994;
Mulvaney 1996; Feast and Dennis 1996; Mulvaney and Khan 1999)

Diffusion (Conway 1947; Brooks et al. 1989; Sgrensen and Jensen 1991; Liu and Mulvaney 1992a; Saghir et al.

Ion exchange
Hg precipitation
TPB precipitation

Derivatization

OX-MIMS
SPIN-QMS
SPIN-MIMS
BO-azide
BO-NH,OH

Diffusion-BO-azide
Diffusion-BO-NH,OH
Diffusion-BO-denitrifier

1993b; Lory and Russelle 1994; Herman et al. 1995; Mulvaney 1996; Stark and Hart 1996; Sigman
et al. 1997; Khan et al. 1998; Holmes et al. 1998; Chang et al. 2004; Sebilo et al. 2004; Heiling et al.
2006; Cao et al. 2018)

(Lehmann et al. 2001)
(Fisher and Morrissey 1985)
(Stock et al. 2019)

(Selmer and Sorensson 1986; Dudek et al. 1986; Kanda 1995; Preston et al. 1996; Koster and Jiittner
1999; Clark et al. 2006)

(Yin et al. 2014)
(Stange et al. 2007)
(Eshenbach et al. 2017)
(Zhang et al. 2007)

(Liu et al. 2014)

(Zhang et al. 2019)
(Zhang et al. 2015)
(David Felix et al. 2013)

Ion exchange-BO-denitrifier (Kawashima et al. 2021)
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Table 1 (continued)

Method References

Diffusion-PO-azide
Diffusion-PO-denitrifier
AIRTS-HPLC

(Lachouani et al. 2010)

(Gardner et al. 1991)

(Houlton et al. 2007; Isobe et al. 2009)

sample preparation approaches. The target N species
can be distilled as ammonium salts (Bremner and
Edwards 1965; Bremner and Keeney 1965; Cline
and Kaplan 1975; Hauck and Bremner 1976; Hauck
1982; Bremner 1996; Mulvaney 1996; Feast and
Dennis 1996; Mulvaney and Khan 1999), diffused
onto acidified filters (Conway 1947; Brooks et al.
1989; Sgrensen and Jensen 1991; Liu and Mulvaney
1992b; Saghir et al. 1993b; Lory and Russelle 1994;
Herman et al. 1995; Mulvaney 1996; Sparks et al.
1996; Stark and Hart 1996; Sigman et al. 1997; Khan
et al. 1998; Holmes et al. 1998; Sebilo et al. 2004;
Cao et al. 2018) or into acid solutions (Saghir et al.
1993a, b; Khan et al. 1997; Mulvaney et al. 1997;
Mulvaney and Khan 1999), precipitated as salts
(Fisher and Morrissey 1985; Huber et al. 2011, 2012;
Stock et al. 2019), concentrated into zeolites (Velin-
sky et al. 1989; Burke et al. 1990; Bohlke et al. 2006;
Frey et al. 2014) or ion-exchange resins (Chang et al.
1999; Silva et al. 2000; Lehmann et al. 2001; Xing
and Liu 2011; Li et al. 2015), or derivatized as an
azo dye (Preston et al. 1996, 1998; Clark et al. 2006,
2007; Ward 2011). The isolated N-containing materi-
als can then be dried and loaded into an EA-IRMS,
or oxidized/combusted off-line to produce N, (Fiedler
and Proksch 1975; Hauck 1982; Velinsky et al. 1989;
Kendall and Grim 1998; Knowles and Blackburn
1993; Mulvaney 1993, 1996). In the derivatization
method, the isolated azo dye can be further converted
into a volatile derivative, which can then be analyzed
using a GC-MS (or GC-QMS, gas chromatogra-
phy—quadrupole mass spectrometry) (Preston et al.
1996, 1998; Clark et al. 2006, 2007). Apart from
these isolation methods, it is also possible to directly
convert the target N species (e.g., NH,) in water
samples into N, gas and analyze the > N abundance
directly using a membrane-inlet mass spectrometer
(MIMS) (Yin et al. 2014).

If the initial NH,* or NO5~ concentration is too low
for these sample preparation methods, samples may
be first concentrated by evaporation, freeze-drying,

ion-exchange, or by diffusing or distilling multiple
sample aliquots (Fiedler and Proksch 1975; Hauck
and Bremner 1976; Hauck 1982; Owens 1988; Mul-
vaney 1993, 1996; Bremner 1996; Smith and Mullins
2000; Scrimgeour and Robinson 2003; Chang et al.
2004; Horita and Kendall 2004; Michener and Laj-
tha 2008). Alternatively, samples can be spiked with
standards with known N masses and !> N abundances
(Hauck 1982; Glibert and Capone 1993; Mulvaney
1993; Hgjberg et al. 1994; Stephan and Kavanagh
2009; Griesheim and Mulvaney 2019).

Methods producing N,O as the analyte (N,O
methods)

While classic sample preparation methods rely on the
conversion of NH,* or NO;™ to N, for '* N analysis,
contemporary methods primarily favor off-line con-
version of NH,* or NO;™ into N,O and subsequent
IRMS/laser analysis. In earlier studies the N,O is
always reduced to N, by Dumas combustion for 1> N
analysis (Bremner 1965a; Fiedler and Proksch 1975;
Bremner and Hauck 1982; Kendall and Grim 1998;
Mulvaney 1993; Preston 1993; Shearer and Kohl
1993; Chang et al. 2004). However, recent develop-
ments in instrumentation and analytical techniques
have allowed to enter N,O directly into the IRMS
or the laser spectrometer for !> N analysis, mak-
ing it possible to obtain both N and O isotope ratios
simultaneously (Dore et al. 1998; Sigman et al. 2001;
Toyoda and Yoshida 2004; Groot 2004; Mcllvin and
Altabet 2005; Kendall et al. 2007; Michener and Laj-
tha 2008; Altabet et al. 2019). The N,O derived from
NO;™ or NH,* can be extracted and purified off-line
(Sigman et al. 2001; Soto et al. 2015; Wassenaar et al.
2018), or be extracted on-line using a purge and trap
system (e.g., Finnigan GasBench II system) coupled
to a continuous flow-IRMS with gas chromatograph
interfaces (PT-CF-IRMS, GC-IRMS, or PT-IRMS).
Because N,O can be easily trapped and concen-
trated cryogenically into a small volume of helium

@ Springer



316

Nutr Cycl Agroecosyst (2023) 125:309-343

Table 2 Methods reported for ' N analysis of NO;™ in liquid samples in case studies

Method Analyte 15 N abundance Instrument Sample matrix N requirement
(N-NOy")
Distillation N, 15 N-enriched; natural (DI-/EA-) IRMS Water samples, soil 140-360 umol
abundance extracts
Diffusion N, 15 N-enriched; natural (DI-/EA-) IRMS; ES ~ Water samples, soil 4—-14 pmol
abundance extracts
Ion exchange N, 15 N-enriched; natural ~ (DI-/EA-) IRMS; LC-  Freshwater samples > 6 umol
abundance Orbitrap HRMS ¢
Derivatization N, 15 N-enriched (pool ES Water samples >1.5 uM; 200—
dilution) 300 nmol
N, 15 N-enriched; natural EA-IRMS Water samples ~107 uM
abundance
dye derivative '° N-enriched (pool GC-MS Water samples 2-8 nmol/kg
dilution)
Ba(NOj),-acetone N, 15 N-enriched; natural EA-IRMS Freshwater samples 4-30 umol
abundance
NaOH-acetone N, 15 N-enriched; natural EA-IRMS Freshwater samples, ~ 4-9 umol
abundance soil extracts
SPIN-QMS NO 15 N-enriched QMS Water samples, soil >4 uM (20 nmol)
extracts
SPIN-MIMS NO 15 N-enriched MIMS Water samples, soil >7 uM (10 nmol)
extracts
Denitrifier N,O 15 N-enriched; natural GC-QMS;PT- Water samples, soil 20 nmol or 1-20 uM
abundance IRMS;LS extracts (IRMS); 175 nmol
(LS); 1-150 pM
(GC-MS)
Cd-azide N,O 15 N-enriched; natural PT-IRMS;LS Water samples, soil 25-30 nmol (0.5—
abundance extracts 40 uM)
Cd-NH,O0H N,O 15 N-enriched; natural PT-IRMS Water samples 20 nmol (2-20 uM)
abundance
VCl;-Azide N,O 15 N-enriched; natural PT-IRMS Water samples, soil 40 nmol/16.5-100 uM
abundance extracts
Ti(IIl) reduction ~ N,O 5 N-enriched; natural PT-IRMS; LS Freshwater samples 20-40 nmol;
abundance 3.5-14.3 uM
AIRTS-HPLC NH,* 15 N-enriched AIRTS-HPLC Water samples 4 uM
(P N)=25-75%)
Method Optimal ample volume *  Time Toxicity '3 N dilution by chemicals  Fractionation
Distillation 30-500 ml 10 min-2 h/sample X Prone to ' N dilution by ~ Prone to fractionation
DON and reagents
Diffusion 30-500 ml 1-2 weeks/batch X Less prone to '* N dilution  Prone to fractionation

Ion exchange

Derivatization

Ba(NO;),-acetone
NaOH-acetone
SPIN-QMS
SPIN-MIMS

by DON and reagents
than distillation

X Prone to DON interfer-

ences Small 1 N dilution

by reagents

milliliters—liters 3-5 d/batch
60-500 ml 1-2 d/batch
~200-500 ml ¢ 1-2 week/batch ®
~500 ml ¢ ~1 week/batch ®
<10 ml 5-15 min/sample
1.5ml 15 min/sample

<C

X X X X

Large '* N dilution by
reagents

Neglectable
Neglectable
Not reported
Not reported

Neglectable at high
recovery

Small and constant

Small and constant
Small and constant
Not reported
Not reported
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Table 2 (continued)

Method Optimal ample volume *  Time Toxicity '3 N dilution by chemicals ~ Fractionation
Denitrifier <20 mL 2-3 d/batch X Small Small and constant
Cd-Azide 5-70 mL 2-3 d/batch \/ Small ' N dilution by Small and constant
reagents
Cd-NH,O0H 10-15 ml 2-3 d/batch \/ Small % N dilution by Small and constant
reagents
VCl;-Azide 2.5ml 2-3 d/batch \/ Small ** N dilution by Large at<20 uM' N
reagents
Ti(III) reduction 2-4 ml 2-3 d/batch X Small ** N dilution by Prone to fractionation
reagents
AIRTS-HPLC 15 mL 6—7 samples/day X Neglectable Neglectable
Method Advantages Disadvantages
Distillation Simple, low cost, matrix versatility, non-toxic Time and labor consuming for large batches, high N
requirement, prone to '> N dilution by DON and
reagents, require specialized apparatus
Diffusion Simple, low cost, matrix versatility, non-toxic, ease Time and labor consuming, high N requirement,

Ion exchange
Derivatization
Ba(NO;),-acetone

NaOH-acetone

SPIN-QMS SPIN-MIMS

Denitrifier

Cd-azide

Cd-NH,0H

VCly-Azide

Ti(IIT) reduction

AIRTS-HPLC

of batch processing
Simple, non-toxic, ease of transport and storage

Stable, rapid, high selectivity, low N requirement
when using GC-MS
Simple, robust, non-toxic, ease of batch processing

Simple, robust, non-toxic, removal of DON, ease
of batch processing

Simple, rapid, fully on-line, ease of batch process-
ing, simultaneous determination of N concentra-
tion and 1> N abundance

Simple, rapid, low N requirement, small sample
volumes, small N contamination and fractiona-
tion, toxic-free, ease of batch processing, ease of
sample transport and storage

Simple, rapid, low N requirement, small sample
volumes, matrix versatility, N contamination and
fractionation, ease of sample transport, ease of
sample transport and storage

Simple, rapid, low N requirement, small sample
volumes, low N contamination by reagents, ease
of sample transport and storage

Simple, rapid, low N requirement, small sample
volume, matrix versatility, small !> N dilution by
reagents and fractionation, ease of batch process-
ing, ease of sample transport and storage

Simple, rapid, small N contamination, ease of
batch processing, ease of sample transport and
storage

Small sample volumes, low N requirement, non-

toxic, neglectable !> N dilution by reagents and
fractionation

potential fractionation and '* N dilution by DON
and reagents

High N requirement, time-consuming, salinity-sensi-
tive, high cost, potential fractionation

Complicate procedures, toxic, large N contamination
by reagents, potential NO, ™ interferences

High N requirement, time-consuming, salinity-
sensitive

High N requirement, time-consuming freeze-drying

Low precision, require specialized apparatus

Strain availability, long time incubation and special
care of bacterial cultures, potential interference of
NO,™ and toxicant in samples

Toxic, potential NO,™ interferences

Toxic, potential NO, ™ interferences

Toxic, potential NO,™ interferences

Low recovery, potential fractionation, sensitive to
variances in sample NO; concentration and salin-
ity, potential NO,™ interferences

Require high '> N-enrichment, time-consuming for
large batches
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Table 2 (continued)

Method References

Distillation (Bremner and Edwards 1965; Bremner and Keeney 1965; Hauck and
Bremner 1976; Hauck 1982; Mulvaney 1986, 1993, 1996; Mulvaney et al.
1994; Mulvaney and Khan 1999; Sebilo et al. 2004)

Diffusion (Liu and Mulvaney 1992a; Mulvaney 1993, 1996, 2008; Herman et al. 1995;

Khan et al. 1997, 1998, 2000a; Mulvaney et al. 1997; Sigman et al. 1997,
Mulvaney and Khan 1999; Chang et al. 2004; Griesheim and Mulvaney

2019)
Ion exchange
Derivatization
Ba(NO;),-acetone
NaOH-acetone
SPIN-QMS
SPIN-MIMS
Denitrifier
Cd-azide
Cd-NH,0OH
VCl;-Azide
Ti(IIT) reduction
AIRTS-HPLC

(Chang et al. 1999; Silva et al. 2000; Xing and Liu 2011; Li et al. 2015)
(Kator et al. 1992; Preston et al. 1998; Johnston et al. 1999; Clark et al. 2007)
(Huber et al. 2011; Tanu et al. 2020)

(Huber et al. 2012)

(Stange et al. 2007)

(Eschenbach et al. 2017)

(Christensen and Tiedje 1988; Hgjberg et al. 1994; Sigman et al. 2001)
(Mcllvin and Altabet 2005; Tu et al. 2016; Zhao et al. 2019)

(Liu et al. 2014)

(Lachouani et al. 2010)

(Altabet et al. 2019)

(Gardner et al. 1995)

®The sample volume refers to the volume conducted at once, depending on sample N concentration. In cases where more N is
required, samples may either be concentrated or multiple sample aliquots can be combined

The time doesn’t involve any pre-concentration (e.g. freeze-drying)

“The recently developed LC-Orbitrap HRMS with ion-exchange and gradient dilution preparation allows for '* N analysis of NO;™ in
diverse environmental matrix (i.e. soil extracts and water samples) although it has not yet been used by the isotopic community

carrier gas without significant contamination from
background N,O, a large fraction of the sample can
be entered into the IRMS as opposed to being lost
to waste at the open split, yielding a high sensitiv-
ity (Stevens et al. 1993; Stevens and Laughlin 1994;
Dore et al. 1998; Sigman et al. 2001; Weigand et al.
2016). GC-MS was also reported for quantifying '° N
abundance in N,O, but it is limited to '° N-enriched
samples due to low instrument precision (Russow and
Forstel 1993; Isobe et al. 2009).

For atmospherically-derived NO;~ (e.g. in rain-
water), using N,O as the analyte for IRMS analysis
may result in a slight overestimation of 8'°N values
by 1-2%c due to mass-independent '’O fraction
(Knowles and Blackburn 1993; Shearer and Kohl
1993; Sigman et al. 2001; Michalski et al. 2002; Ohte
et al. 2013). In the mass spectrometer, measurements
of m/z 45 and m/z 44 allow for 8N calculation
after correcting for the contribution of "“N"N'0.
For most environmental samples, this correction can
be performed routinely by most IRMS data soft-
ware, which calculates 'O contribution from 30
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abundance by assuming a mass-dependent relation-
ship (Bohlke et al. 2003; Mcllvin and Altabet 2005).
However, atmospheric NO,~ is enriched in 'O due
to large mass-independent "0 fractionation from
ozone formation, resulting in an underestimation of
the m/z 45 contribution of 70 (Michalski et al. 2002,
2003; Bohlke et al. 2003; Soto et al. 2015). This error
can be minimized by using a denitrifying strain that
primarily produce oxygen in N,O from H,O (Hast-
ings et al. 2003; Coplen et al. 2004). Alternatively,
the N,O can be analyzed by coupling PT-IRMS to a
thermal decomposition system (Brand 1995; Kaiser
et al. 2007; Komatsu et al. 2008; Smirnoff et al. 2012;
Hattori et al. 2016) or directly by laser spectroscopy
(Soto et al. 2015; Wassenaar et al. 2018; Altabet et al.
2019; Harris et al. 2020) to avoid mass-overlap cor-
rection and help discern atmospheric N sources (See
3.1.6 Availability of equipment).

Both microbial and chemical methods have been
reported for converting dissolved NO;™ to N,O gas
for 1> N analysis. The “denitrifier method” is a well-
established technique, in which NO;™ is reduced
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to NO,™ and finally to N,O by denitrifying bacteria
(Christensen and Tiedje 1988; Sigman et al. 2001;
Casciotti et al. 2002; Hastings et al. 2003; Coplen
et al. 2004; Mgrkved et al. 2007; Michener and Lajtha
2008; Isobe et al. 2009; Mcllvin and Casciotti 2011;
Weigand et al. 2016). A number of chemical reduc-
ing methods are also gaining ground, using cadmium
(Cd) or vanadium chloride (VCl;) to reduce NO;™ to
NO,™ and using azide or hydroxylamine (NH,OH) as
catalyst for further reduction of NO,™ to N,O (Mcll-
vin and Altabet 2005; Lachouani et al. 2010; Ohte
et al. 2013; Tu et al. 2016; Wassenaar et al. 2018;
Zhao et al. 2019; Jin et al. 2020). Recently, Altabet
et al. (2019) presented an one-step chemical method
in which NOj™ is reduced to N,O using Ti(IIl) chlo-
ride. In all these microbial and chemical methods, the
NO,™ present in the sample is reduced alongside the
NO;", and the measured > N abundance of the N,O is
a composition of both the NO,™ and the NO;~. When
preexisting NO,™ concentration is high and only the
15 N abundance of NO;~ is required, NO,™ can be
removed using sulfamic acid (Norman and Stucki
1981; Ward et al. 1984; Mulvaney 1996; Granger
et al. 2006).

Methods for generating N,O gas from dissolved
NH,* usually involve the conversion of NH," to
NOj;™ (or NO,") and the reduction of NO5™ (or NO,")
to N,O, with or without pre-isolation of NH,* from
solutions. The isolation of NH,* by diffusion (Hol-
mes et al. 1998; Koba et al. 2010; Lachouani et al.
2010; Zhang et al. 2015) or ion-exchange resins
(Kawashima et al. 2021) removes pre-existing NO;™,
NO,™ and other interfering chemicals in the matrix.
The conversion of NH,* to NO;~ or NO,™ can be
achieved by persulfate oxidation (PO) (Houlton et al.
2007; Isobe et al. 2009; Lachouani et al. 2010) or
hypobromite oxidation (BO) (Stevens et al. 1993;
Stevens and Laughlin 1994; Zhang et al. 2007, 2015;
David Felix et al. 2013; Liu et al. 2014), respectively.
The final conversion of NO;™ (or NO,") to N,O can be
achieved using bacterial (Houlton et al. 2007; Isobe
et al. 2009; Kawashima et al. 2021), azide (Lachouani
et al. 2010), or NH,OH reduction (Zhang et al. 2018),
similar to the '> N analysis methods for NO;™.

On-line gas methods

In all of the foregoing preparation methods, the isola-
tion and/or conversion of the target NH,* or NO;™ is

partially performed off-line. Instead, the SPIN (sam-
ple preparation unit for inorganic nitrogen) method
allows for complete on-line sample preparation and
5N measurement in !> N-enriched samples. In this
approach, NO;™ is reduced to NO or N,O, while NH,*
is oxidized to N,. All the reactions are automated
and regulated in the SPIN reaction vessel. The ana-
Iytical gases are subsequently transferred to a quad-
rupole mass spectrometer (QMS) with continuous-
flow (CF-QMS) or membrane-inlet (MIMS) mode for
simultaneous determination of > N abundance and N
concentration (Stange et al. 2007; Eschenbach et al.
2017, 2018).

Non-gas methods

For ' N-enriched samples, the 5 N abundance and
the concentration of NH,™ or NO;can also be ana-
lyzed simultaneously in filtered solutions as dissolved
NH," using the ammonium retention time shift-high
performance liquid chromatography (AIRTS-HPLC)
(Gardner et al. 1991, 1995; Lu et al. 2019). This is
based on the difference in retention time between
SNH,* and "“NH,* as they pass through HPLC col-
umns. The NH, " in filtered water samples can be ana-
lyzed directly by HPLC, while NO;™ is first reduced
to NH,* by zinc reduction under acidic conditions. To
calculate the accurate ' N of NO;7, the 5 N abun-
dance and concentration of initial NH,* must be
pre-measured.

Development of the decision support tool (DST)

To assist ecological researchers in finding a suitable
method for their specific research needs we developed
a Decision Support Tool (Figs. 1 and 2), including
all currently available methods, as summarized in the
overview in the previous section. The users can arrive
at the best solution by systematically selecting prefer-
ences based on key criteria. The aim was to provide a
streamlined, visualized, and action-oriented decision-
supporting tool for preparing liquid environmental
samples for '> N analysis of NH,* and NO;~, which
is easier to use for a researcher than a review that
merely sums up all the details of the various methods.

We organize the DST as well as the descriptions of
the methods in the supplementary information by pre-
senting NH, " and NO;~ methods separately, although
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there are unavoidable overlaps since many methods
can be used for both species. To optimize the proce-
dure we provide only key information in the DST, but
present a detailed comparison of all the methods in
Tables 1 and 2, where the characteristics, advantages,
and disadvantages can be easily found. Furthermore,
a comprehensive and up-to-date description of the
published approaches for both NH,* and NO;~ prepa-
ration is provided as supplement. When navigating
by the DST, users can and should always refer to the
original literature before proceeding.

Criteria for method selection

Among the numerous ° N analysis approaches that
have been reported, each method employs a set of
specific procedures, materials, and instruments to
deliver optimal results under certain conditions. In
this section, we discuss the criteria that should be
generally considered when determining the appropri-
ate method for > N analysis of NH, and NO;~ in lig-
uid samples. Note that these criteria are interrelated
and should be considered together when evaluating
methods.

Sample matrix

In ecological research, the liquid samples containing
the "NH,* or '’NO;™ to be determined can stem from
a range of environmental sources (e.g., freshwater,
seawater and soil extracts), and, as a consequence,
can vary strongly in composition. Salts, dissolved
organic matter, pH, hazardous chemicals, and other
nitrogen-containing substances can all contribute to
isotopic fractionation and contamination, reducing
the precision and accuracy of '> N measurements.
Sample salinity is one of the most important fac-
tors limiting the choice of appropriate methods. Salts
(e.g., Mg?*, K*, SO,*, CI") and dissolved organic
carbon (DOC) can act as competitive chemicals in
exchange methods, reducing recovery of target N
components (Chang et al. 1999; Silva et al. 2000;
Bohlke et al. 2006; Li et al. 2015). Salts may also
reduce recovery by changing the kinetics of certain
reactions. The conversion of NO;™ into N,O by Ti(III)
reduction, for example, is significantly impeded by
SO,> in the solutions (Altabet et al. 2019). Poor
recovery causes isotopic fractionation, resulting in
erroneous depletion or enrichment of ' N in the final
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product (see 3.1.5 Isotopic fractionation). Because
salt removal and calibration by references with an
identical matrix are often impractical, such salinity-
sensitive methods are most suitable for use of fresh-
water samples.

Distillation and diffusion are used for a wide range
of matrices because they isolate target N species
from solutions. They can be used to directly produce
N-containing salts for off-line combustion or EA-
IRMS analysis (Bremner and Edwards 1965; Keeney
and Bremner 1966; Fiedler and Proksch 1975; Hauck
1982; Keeney and Nelson 1983; Brooks et al. 1989;
Sgrensen and Jensen 1991; Mulvaney 1993, 1996;
Bremner 1996; Holmes et al. 1998), or they can be
used in front of ion exchange or chemical conversions
to pre-isolate N from high salinity solutions (Velinsky
et al. 1989; Isobe et al. 2009; Lachouani et al. 2010;
Zhang et al. 2015). The two methods, especially dis-
tillation, are more appropriate for samples containing
low amounts of dissolved organic N (DON), because
liberation of NH,* by DON hydrolysis can cause
errors to '° N abundance of NH," and NO;~ being
measured. More detailed discussion of this issue
can be found in Sect. 3.1.4 (Contamination by other
N-containing chemicals).

Other matrix characteristics can also limit choices
of sample preparation methods. Methods involv-
ing derivatization, MIMS and HPLC techniques, are
appropriate for both freshwater and marine samples
from tracer studies, but whether they are appropri-
ate for soil extracts has not yet been examined. Toxic
compounds and soil extractants (e.g., KCl) can sup-
press bacterial activity in the denitrifier method,
resulting in low recovery and fractionation (Sigman
et al. 2001; Casciotti et al. 2002). The presence of
NO,™ might cause errors in methods such as deri-
vatization, denitrifier and azide conversions where
it occurs as an intermediate product in the N trans-
formations (Sigman et al. 2001; Mcllvin and Altabet
2005; Zhang et al. 2007; Lachouani et al. 2010; Ward
2011; David Felix et al. 2013; Altabet et al. 2019),
but it can be measured using a colorimetric method
and removed using sulfamic acid (Granger et al.
2006; Ward 2011).

I35 N abundances of NH,;*/NO;™ in samples

Samples for !> N analysis can be at natural '> N abun-
dance or > N-enriched level (in case of pool dilution
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and ! N-tracing experiments), and researchers must
choose a method that is sufficiently precise and accu-
rate to measure the large or small ' N variations in
their samples.

Natural abundance studies require excellent pre-
cision because the 8'°N abundances of most natural
ecological samples fall within the narrow range of
~20%0 t0+30%0 (x(** N)=0.362 — 0.377%) (Kend-
all 1998; Robinson 2001; Fry 2006; Mulvaney 2008;
Michener and Lajtha 2008). Only IRMS and laser
spectroscopy provide this level of precision, and only
sample preparation methods employing these two
instruments are appropriate for natural 8'°N abun-
dances. Modern N,O methods, in particular, are
gaining popularity in natural abundance studies due
to their high sensitivity and capability for dual O/N
isotope analysis (Sigman et al. 2001; Casciotti et al.
2002; Mcllvin and Altabet 2005; Altabet et al. 2019).

The !> N abundance of target N species are typi-
cally>0.5% x(" N)) in tracer experiments. The
analysis of such samples also requires precision,
but the limiting factors are often the highly variable
15 N abundances and the low N concentrations in the
samples (Knowles and Blackburn 1993; Fillery and
Recous 2001). Researchers need to be aware of these
factors at initial planning, and calculate the level of
15 N addition based on the system, the frequency of
tracer addition, the extent of the change in !> N abun-
dance during incubation, as well as the analytical
constraints (Edwards 1978; Fillery and Recous 2001;
Lipschultz 2008; Mayer et al. 2013). IRMS is usu-
ally used to measure > N abundances from natural
abundance to low enrichment (e.g. (P N)Y< 10%),
and measurements beyond this range become less
precise and accurate because of nonlinear amplifica-
tion of ion currents and memory effects (Mulvaney
1993; Werner and Brand 2001). Samples with higher
15N enrichments can be spiked with natural abun-
dance materials to reach the ideal working range for
IRMS analysis, although this introduces analytical
errors, which increase with increased > N enrichment
(Mulvaney 1993; Mulholland et al. 2004; Griesheim
and Mulvaney 2019). It is also possible to measure
15N enriched samples using ES (Fiedler and Proksch
1975; Craswell and Eskew 1991; Hoult and Preston
1992; Preston 1993), GC-MS (Russow and Forstel
1993; Clark et al. 2006, 2007), QMS (Stange et al.
2007), MIMS (Yin et al. 2014; Eschenbach et al.
2017, 2018), or HPLC (Gardner et al. 1991, 1995)

with acceptable precision (SD <0.03%, SD: standard
error).

Whether samples are at natural abundance or
have high > N enrichments, reference materials that
bracket the entire expected ' N abundances should
always be processed concurrently with the unknown
samples to guarantee accurate and reliable results
(Klesta et al. 1996; Werner and Brand 2001; Brand
and Coplen 2012; Carter and Fry 2013; Brand et al.
2014; Meier-Augenstein and Schimmelmann 2019;
Mohn et al. 2022). If possible, the reference materi-
als should be subjected to the same procedures and
have the same matrices as those of the samples (i.e.
the identical treatment principle). This strategy
minimizes systematic errors, such as the aforemen-
tioned fractionation and memory effects in the IRMS
system.

Concentration of NH,/*/NO;™ in samples

The concentrations of target N in samples should be
within the working range of the employed sample
preparation and analysis method in order to achieve
optimal precision and accuracy. A method can vary
in its appropriateness for large samples volumes or
smaller sample N amounts to accommodate sam-
ples with low N concentrations that require special
preparation or analysis to obtain high quality data
(Hauck and Bremner 1976; Owens 1988; Velinsky
et al. 1989; Knowles and Blackburn 1993; Mulvaney
1993, 1996; Shearer and Kohl 1993; Bremner 1996;
Holmes et al. 1998; Smith and Mullins 2000; Rob-
inson 2001; Scrimgeour and Robinson 2003; Chang
et al. 2004; Groot 2004; Cook et al. 2017). The NH4+
and NO;~ concentrations (or total amounts) as well
as sample volumes required in reported methods are
shown in Tables 1 and 2.

Methods that involve transformation into N, and
its I N analysis by IRMS require 2-400 umol of tar-
get N, resulting in an ideal concentration of > 50 pM
in a typical volume of~50 ml. Lower NH,* and
NO;™~ concentrations (e.g. 5—10 uM) can, however,
occur in many aquatic environments (Holmes et al.
1998; Teece and Fogel 2004) as well as groundwater-
paddy soil agroecosystems (Soldatova et al. 2021). In
traditional N, methods this is resolved by using large
volumes of solutions, and then concentrating the N
in some way. This processing increases not only the
time and effort for sample preparation, but also errors
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of isotopic fractionation and contamination by the
large amount of reagent N (See 3.1.4 Contamina-
tion by other N-containing chemicals and 3.1.5 Iso-
topic fractionation). As an alternative, it is possible
to add a known quantity of a standard of known '° N
content into samples and calibrate the results by an
isotope dilution equation, but such an addition intro-
duces analytical errors, which increase with increased
15N enrichment (Hauck 1982; Glibert and Capone
1993; Mulvaney 1993; Stephan and Kavanagh
2009). Consequently, methods developed for small
N amounts and volumes are more appropriate alter-
natives. For example, the N,O methods and non-gas
AIRTS-HPLC methods require nanomole levels of
target N and allow for samples containing micromo-
lar amounts of NH,* or NO;~ in milliliters of solu-
tions. With advances in sample preparation, analysis
and calibration (Toyoda et al. 2017; Wassenaar et al.
2018; Yu et al. 2020; Harris et al. 2020; Mohn et al.
2022), chemical and biological N,O methods are
increasingly used not only for low N samples but also
for large N samples (e.g.> 50 uM) following dilution.
This delivers more accurate and consistent results
for natural environmental samples varying largely in
their concentrations, as well as facilitates lab compat-
ibility and accelerates progress in large-scale isotopic
studies. When diluting samples, however, one must
pay attention to the water chemistry of the dilution
solution, and an accurate blank correction (see 3.1.4
Contamination by other N-containing chemicals) is
necessary (Lachouani et al. 2010; Altabet et al. 2019).

Contamination by other N-containing chemicals

When using certain methods, the isotopic composi-
tion of non-target N compounds in solutions can bias
the ' N measurement of the target N (Hauck 1982;
Jensen 1991; Liu and Mulvaney 1992b; Herman et al.
1995; Mulvaney 1996; Stark and Hart 1996; Sigman
et al. 1997; Holmes et al. 1998; Mulvaney and Khan
1999; Robinson 2001; Stephan and Kavanagh 2009).
Distillation and diffusion of NO;™ are particularly
prone to such contamination, because reagents such
as Devarda’s alloy and soil KCI extractants, as well
as residual NH,* can all result in erroneously dilu-
tion or enrichment of '> N abundances of the target
NO;™. This is of course affected by the purity and
quantity of the contaminates, as well as the 1> N dif-
ferences between the N impurities and the target N.
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When diffusing 50 pg NO;™, Stephan and Kavanagh
(2009) found that reagent N depleted by 10%o rela-
tive to the target 8'°N resulted in underestimating the
target 5'°N by 0.8 to 1.6%0. Such an error increases
with an increasing amount of reagent N, is difficult
to quantify, and can cause significant inaccuracies in
samples with low NO;™ contents (Liu and Mulvaney
1992b; Herman et al. 1995; Sigman et al. 1997; Rob-
inson 2001; Stephan and Kavanagh 2009). Residual
15 N-labeled NH,* can also lead to substantial over-
estimation in successive > N analysis of unenriched
NOj, even at trace levels. Although an isotope-dilu-
tion technique or a cleaning procedure can reduce (but
not completely eliminate) such an inaccuracy, it can
still be undesirable for samples with low NO;™ con-
tents (e.g. 50 pg) and/or large volumes (e.g.> 30 ml)
(Hauck 1982; Liu and Mulvaney 1992b; Saghir et al.
1993b; Mulvaney et al. 1994; Herman et al. 1995;
Mulvaney 2008; Griesheim and Mulvaney 2019).
Non-target N compounds such as DON in samples
may be converted to NH,* due to chemical hydrolysis
under prolonged diffusion and distillation, contribut-
ing to excess N and dilute '> N values in the product
(Hauck 1982; Velinsky et al. 1989; Liu and Mulvaney
1992b; Mulvaney 1993; Mulvaney et al. 1994, 1997;
Khan et al. 1997; Sigman et al. 1997; Mulvaney and
Khan 1999; Chang et al. 2004). This contamination
was found to be significant for distillation and diffu-
sion at> 50 ml, and is prompted by a higher tempera-
ture, pH and the use of Devarda’s alloy reagent (Khan
et al. 1997; Mulvaney et al. 1997; Sigman et al. 1997,
Holmes et al. 1998; Mulvaney and Khan 1999). For
organic-rich samples with low target N (especially
NOj") concentrations, such as extracts from organic
horizons of forest soils, it is preferable to use meth-
ods in which DON is removed. The acetone method,
for example, isolates NO;~ from organic matter in
solutions and has been used for soils with organic
amendments (Reichel et al. 2018), although the sam-
ple N requirement is large (4-9 umol) (Huber et al.
2011, 2012). In the case of NH,*, many N, and N,O
methods require isolating NH,* from soil extracts by
diffusion and are inherently susceptible to DON con-
tamination (Lachouani et al. 2010; Zhang et al. 2015).
This risk can be mitigated by a lower temperature,
a shorter diffusion period, no vigorous shaking, and
gas-phase trapping (Mulvaney 2008; Cao et al. 2018).
In contrast to traditional N, methods, chemical and
biological N,O conversion methods generally report
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constant and small contamination (only nanomoles of
N) for natural abundance samples with low N amount
(Sigman et al. 2001; Mcllvin and Altabet 2005; Isobe
et al. 2009; Tu et al. 2016; Zhao et al. 2019; Jin et al.
2020). In particular, the interferences by DON to tar-
get 8'°N is significantly reduced, because NO;™ (and
sometimes also NH,*) in matrix can be converted
selectively (Sigman et al. 2001; Mcllvin and Alta-
bet 2005; Zhang et al. 2007; Liu et al. 2014). The N
contribution of non-target chemicals with the deni-
trifier and azide methods are reported as 2.5-5 and
0.1-10%, respectively (Sigman et al. 2001; Mcllvin
and Altabet 2005). Since such “method blanks” are
often consistent and reproducible, they can be cali-
brated by using reference materials in N-free water
with a similar matrix as the samples. Both reagents
and water used for blank correction and sample dilu-
tion should be purified (e.g. by boiling or combust-
ing) and, if necessary, calibrated for their N amount
and isotopic composition (Sigman et al. 2001; Mcll-
vin and Altabet 2005; Lachouani et al. 2010; Altabet
et al. 2019).

Isotopic fractionation

Isotopic fractionation may arise from any stage of the
sample preparation and instrument analysis, lowering
the precision and accuracy of !> N measurements. It
is the result of incomplete transformation or recovery
of the target N, as the rate of such a process usually
differs between ' N and !°> N. To avoid fractionation,
a complete recovery is required, but this can be chal-
lenging when processing large volumes of samples
by distillation/diffusion (Fiedler and Proksch 1975;
Hauck 1982; Velinsky et al. 1989; Liu and Mulva-
ney 1992b; Mulvaney 1993; Holmes et al. 1998;
Chang et al. 2004; Stephan and Kavanagh 2009) and
freeze-drying techniques (Hauck 1982; Stock et al.
2019), as well as when there are large sample matrix
effects (Chang et al. 1999; Silva et al. 2000; Lehmann
et al. 2001; Altabet et al. 2019). For example, Hol-
mes et al. (1998) found that fractionation of NH4+
diffusion increased from 0.2 to 10%o in 200 ml to 3 1
samples. Stock et al. (2019), observed a fractiona-
tion of up to 10%0 when freeze-drying samples from
500 ml to<5 ml to obtain enough N for the use of
the TPB precipitation method. If not accounted for,
such an error can be problematic for natural abun-
dance studies, as the 3'°N in most ecological samples

varies only by <20%o (Robinson 2001). Fractionation
can also occur when samples are entered into a mass
spectrometer (Mulvaney 1993; Dawson and Brooks
2001).

Fractionation during sample preparation and
measurement can be largely calibrated by subjecting
reference materials and unknowns to the same sam-
ple preparation and analysis pathway (Klesta et al.
1996; Holmes et al. 1998; Werner and Brand 2001;
Groning 2004; Stephan and Kavanagh 2009; Brand
and Coplen 2012; Carter and Fry 2013; Altabet
et al. 2019; Stock et al. 2019). Ideally, one needs to
match samples and standards with respect to chemi-
cal matrix and sample N concentration, as well as the
range of '3 N abundance, however finding ideal ref-
erences may be a difficult task. If there are substan-
tial interferences by reagents and matrix, such as in
distillation and diffusion of soil NOj;™, the calibration
becomes more tedious and inaccurate (Liu and Mul-
vaney 1992b; Herman et al. 1995; Mulvaney et al.
1997; Holmes et al. 1998; Khan et al. 2000b; Stephan
and Kavanagh 2009). All of these issues compromise
the ultimately achievable accuracy. Whether this error
is acceptable is determined by the accuracy necessary
for observable changes among samples, and there
may be a trade-off between analytical accuracy and
the time and effort required for complete recovery
and calibration (Mulvaney 1993; Holmes et al. 1998;
Silva et al. 2000; Dawson and Brooks 2001; Benson
et al. 2006; Stock et al. 2019).

Given the difficulty of complete recovery and
accurate calibration when isolating and freeze-drying
low N samples, methods adapted for natural abun-
dance, and small N amounts and volumes, are pre-
ferred in such instances. For example, the denitri-
fier (Christensen and Tiedje 1988; David Felix et al.
2013), azide (Mcllvin and Altabet 2005; Zhang et al.
2007; Ryabenko et al. 2009; Tu et al. 2016; Zhao
et al. 2019), and NH,OH procedures (Liu et al. 2014;
Zhang et al. 2015; Jin et al. 2020) all reported sat-
isfying recovery and negligible fractionation when
producing sub-micromoles of N,O from milliliters of
solutions.

Availability of equipment
The availability of equipment, such as special materi-

als and apparatus for sample preparation, as well as
analytical instruments, limits the variety of methods
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that can be used. For example, the distillation method
requires a, commercially available, distillation appa-
ratus; the ion-exchange method entails resins and rea-
gents that are expensive for large batches; the denitri-
fier method relies on anaerobic denitrifying bacteria
strains that are difficult to obtain and maintain in
non-microbiology laboratories; the SPIN method uses
a non-commercially available reaction unit that has
been custom built in only a few laboratories world-
wide (Silva et al. 2000; Sigman et al. 2001; Chang
et al. 2004; Stange et al. 2007). When such materials
and equipment are not readily available, preparation
methods using off-the-shelf chemicals are the only
alternatives, such as the diffusion, acetone extrac-
tion and chemical-based N,O methods (Brooks et al.
1989; Holmes et al. 1998; Mcllvin and Altabet 2005;
Zhang et al. 2007; Lachouani et al. 2010; Huber et al.
2011, 2012; Liu et al. 2014).

The most popular instrument for !5 N analysis is
IRMS (Brenna et al. 1997; Scrimgeour and Robin-
son 2003; Meier-Augenstein 2004), but there are also
alternatives such as LS (laser spectroscopy) (Mohn
et al. 2014; Soto et al. 2015; Wassenaar et al. 2018;
Ji and Grundle 2019), QMS (quadrupole mass spec-
trometry) (Eschenbach et al., 2017, 2018; Stange
et al., 2007), ES (emission spectrometry) (Fiedler and
Proksch 1975; Knowles and Blackburn 1993; Preston
1993; Heiling et al. 2006), and HPLC (Gardner et al.
1991, 1995; Lu et al. 2019).

Due to their high precision (a RSD of < + 0.2 %o
and < + 1%o, respectively, RSD: relative standard
deviation), the IRMS and laser analysis following N,/
N,O-based sample preparation methods are currently
the only candidates for quantifying > N abundance
in natural abundance studies (Mulvaney 1993; Rob-
inson 2001; Scrimgeour and Robinson 2003; Soto
et al. 2015; Wassenaar et al. 2018). Off-line Ritten-
berg oxidation or Dumas combustion and '3 N analy-
sis by DI-IRMS was laborious and prone to atmos-
pheric contamination, and have been widely replaced
by the commercially available continuous flow-IRMS
in routine ecological !> N research (Bremner 1965a;
Hauck and Bremner 1976; Hauck 1982; Kendall and
Grim 1990; Knowles and Blackburn 1993; Mulva-
ney 1993, 1996; Preston and Slater 1994; Feast and
Dennis 1996; Chang et al. 2004). Such develop-
ment reduces systematic errors associated with off-
line N, production steps and significantly improves
precision, sensitivity and productivity (Preston and
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Owens 1983; Barrie and Workman 1984; Marshall
and Whiteway 1985; Barrie et al. 1989; Harris and
Paul 1989; Egsgaard et al. 1989; Craswell and Eskew
1991; Jensen 1991; Smith and Mullins 2000; Mulva-
ney 2008). The EA-IRMS allows for online combus-
tion of samples containing micromoles N (Knowles
and Blackburn 1993; Mulvaney 1993; Barrie and
Prosser 1996; Brand 1996; Boutton 1996; Horita
and Kendall 2004), while the PT-IRMS is capable of
15N analysis in nanomole N,O gas (Casciotti et al.
2002; Chang et al. 2004; Mcllvin and Altabet 2005;
Lachouani et al. 2010; Toyoda et al. 2017). In addi-
tion, by coupling an on-line decomposition system
such as a gold-furnace (Brand 1995; Kaiser et al.
2007; Komatsu et al. 2008; Smirnoff et al. 2012) or a
microwave discharge unit (Hattori et al. 2016, 2019)
to a modified PT-IRMS, the N,O can be decomposed
to N, and O, prior to isotopic analysis, preventing
the interference from 70 with §!° N results. More
recently, laser spectroscopy is emerging as an alter-
native technology to IRMS for simultaneous determi-
nation of N,O concentration and isotopic abundance
at natural abundance, possessing benefits such as
real-time analysis, lower operating costs, and poten-
tial field applicability. In addition, laser spectroscopy
measurements are not affected by differences in 7O
abundance, thus also eliminating any potential over-
estimation of !> N in samples containing mass-inde-
pendent '’O variations. However, the reliability and
accuracy of laser-based analysis substantially depend
on the interplay between matrix and trace gas effects,
spectral interferences, concentration dependencies
of isotopic signals, and challenges in calibrating the
instruments, making current applications difficult and
limited (Koster et al. 2013; Mohn et al. 2014; Soto
et al. 2015; Wassenaar et al. 2018; Ji and Grundle
2019; Yu et al. 2020; Jung et al. 2020; Harris et al.
2020).

15 N dilution and tracing studies do not necessi-
tate such high precision as can be achieved by IRMS
and laser techniques. For such studies equipment may
be used that is much less expensive and more read-
ily available, such as ES, GC-MS, MIMS and HPLC.
These instruments can serve as alternatives for labo-
ratories where ' N abundances are not routinely
determined, requiring much smaller amounts of N
but their precision may be 10 to 100 times less than
IRMS analysis (See 3.1.9 Precision and accuracy)
(Knowles and Blackburn 1993; Russow et al. 1995;
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Lu et al. 2019). Although not commonly used, it is
possible to connect a QMS or a MIMS to a special-
ized automated apparatus (e.g., an elemental analyser,
or a SPIN unit) to achieve on-line gas production
(Russow et al. 1995; Russow and Goetz 1998; Stange
et al. 2007; Eschenbach et al. 2017, 2018).

When the instrument needed for the method cho-
sen is not readily available, a final sample that is
appropriate for transport and storage is necessary. In
such cases, freshwater and marine samples can be
extracted into ion-exchange resins and distilled into
zeolites, respectively (Velinsky et al. 1989; Lehmann
et al. 2001; Li et al. 2015). Alternatively, samples can
be prepared using modern N,O methods, as the pro-
duced N,O gas can be stored in gas-tight containers
for years (Sigman et al. 2001; Mcllvin and Altabet
2005; Lachouani et al. 2010).

Toxicity of reagents

Several of the methods described involve the use of
toxic reagents, and this aspect may also affect the
suitability of these methods (Fisher and Morrissey
1985; Dudek et al. 1986; Mcllvin and Altabet 2005).
The mercury precipitation method has been rarely
used since its development, due to its extreme toxic-
ity. Some modern N,O methods involve the use of an
azide buffer to convert NH,* or NO;™ to N,O (Mcll-
vin and Altabet 2005; Zhang et al. 2007; Lachouani
et al. 2010). For non-microbiology laboratories, these
are alternatives to the denitrifier methods. Under the
required acidic conditions, the azide reagent is highly
toxic, volatile and explosive, necessitating high safety
precautions in handling and disposal of the chemi-
cals. Another example is the derivatization method,
in which the caustic and toxic phenol is used (Selmer
and Sorensson 1986; Dudek et al. 1986; Kator et al.
1992; Preston et al. 1996, 1998; Johnston et al. 1999;
Koster and Jiittner 1999; Clark et al. 2006, 2007).
Ecologists generally are not trained as chemists to use
such dangerous chemicals, so the handling of these
chemicals would require experienced technicians.
New developments, especially in chemical N,O
methods, have reduced the environmental and health
risks brought by toxic reagents. For example, a modi-
fication to the azide method has substantially reduced
the dose of the azide reagent used for preparing '> N
analysis of NO;™ (Tu et al. 2016). A safer alternative
to the azide buffer is hydroxylamine hydrochloride

(NH,OH+HCI), which has been used in recent sam-
ple preparation methods (Liu et al. 2014; Zhang et al.
2015; Jin et al. 2020). Another chemical method is
the use of Ti(Ill) chloride to convert NO;~ directly
to N,O (Altabet et al. 2019). These advances give a
comparable precision and accuracy as their predeces-
sors while being more user-friendly, providing practi-
cal options for users without assistance from a chem-
ist or microbiologist.

Preparation time

Sample preparation methods for '3 N analysis in
NH,* and NO;~ require hours to days for complete
recovery, depending on sample N concentrations
and the batch size. The N, methods with EA-IRMS
analysis (e.g., diffusion, ion-exchange, precipitation
and acetone extraction) requires processing large
volumes of liquids for low N samples (e.g., <5 uM),
which considerably increases the preparation time, up
to several days. To reduce sample preparation time,
contemporary N,O methods, which were developed
for samples with low N concentrations and small vol-
umes, are more appropriate.

Some sample preparation methods are fast for a
small number of samples, but inefficient for batch
processing of large numbers of samples. For exam-
ple, the distillation method takes only minutes for
one sample, but the procedures to reduce cross-con-
tamination to successive samples and to dry samples
for combustion can be very cumbersome (Bremner
1965a, b, 1996; Bremner and Edwards 1965; Hauck
1982; Mulvaney 1986, 1993, 1996; Chang et al.
2004). In contrast, the diffusion and ion-exchange
method require days for complete recovery, but a
batch of samples can be processed simultaneously
(Tables 1 and 2).

Precision and accuracy

The sample preparation and analysis method cho-
sen must offer a precision and accuracy capable of
detecting the level of variation among samples. As
previously stated, in order to acquire optimal results
it is important that the methods and instruments are
used under their required matrix, concentration and
15 N enrichment, with interferences from fractiona-
tion and > N dilution being minimized. In addition,
the samples must be subject to quality control with
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the use of reliable RMs (reference materials), and
detailed guidelines can be found in literature (Klesta
et al. 1996; Dawson and Brooks 2001; Werner and
Brand 2001; Brand and Coplen 2012; Carter and
Fry 2013; Brand et al. 2014; Skrzypek 2019; Meier-
Augenstein and Schimmelmann 2019).

The precision and accuracy of reported methods
have been often assessed using reference materials
of different x(*> N)/ 8°N ranges, and have been fre-
quently expressed in different ways (e.g., relatively
or absolutely), making comparisons difficult. Tradi-
tional distillation and diffusion methods and IRMS
analysis were usually assessed at x('> N)<10%
because most !> N-enriched studies are conducted
at this range. Methods with GC-MS, MIMS and
HPLC were assessed at a higher '3 N enrichment.
Natural abundance methods were often evaluated in
original papers over a narrow range of 8'°N values,
but they may be appropriate for wider applications
as well (Michener and Lajtha 2008). We present
the general range of precision and accuracy of dif-
ferent methods given by case papers, but they have
not been included as criteria in the DST. It is worth
noting that the DST is intended to be used as a navi-
gation tool and it does not include the plethora of
details for each method. Users should consult the
original papers to get thorough information and ver-
ify the methods under their own scenarios.

Precision and accuracy of instruments The anal-
ysis of natural abundance requires considerable
precision, which can currently only be achieved
by IRMS and laser spectroscopy. Precision of DI-
IRMS is usually <0.1%0 8'°N with a N amount of
40 — 400 umol N for manual N, preparation and SN
analysis. When coupled to an automatic analyzer
(i.e. EA-IRMS) or a purge and trap system (i.e. PT-
IRMS), precision of CF-IRMS is usually <0.2%0
8'>N from natural abundance to tracer level (< 5%)
with a N mass of 2-10 umol N or 20— 60 nmol
N,O, respectively (Bremner and Hauck 1982; Daw-
son and Brooks 2001; Sigman et al. 2001; Mcllvin
and Altabet 2005; Michener and Lajtha 2008). Pre-
cision may be lower when analyzing samples with
sub-micromoles of N or higher ! N enrichment
(Mulvaney 1993).The recently emerged laser spec-
troscopy yields a precision of <0.5%0 with down
to 0.5 nmol N,O at near natural abundances (Mohn
et al. 2014; Soto et al. 2015; Wassenaar et al. 2018;
Ji and Grundle 2019).
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Precision for instruments other than IRMS and
laser spectrometers is typically between 1—5% RSD
in a wide range of !> N-enriched levels, which pre-
cludes their use for !> N-depleted or natural abun-
dance samples. Optimal emission spectrometers
and GC-MS yield a similar precision and accu-
racy of<3% (RSD and percent error) with down
to 1-10 pg N at tracer levels (e.g. x(P N)>0.5%)
(Fiedler and Proksch 1975; Bremner and Hauck
1982; Craswell and Eskew 1991; Hoult and Pres-
ton 1992; Preston 1993; Heiling et al. 2006). For a
similar enrichment range, GC-MS yields a preci-
sion of 1-3% RSD for both N, (>30 nmol) and
N,O (>200 pmol) (Russow and Forstel 1993; Isobe
et al. 2009). Precision for HPLC and MIMS is typi-
cally<5% RSD, but the latter can measure a wider
range of x(*> N) (25—75% vs. 0.5-100%) (Gardner
etal. 1991, 1995; Yin et al. 2014).

Precision and accuracy of sample prepara-
tion methods Tracer studies are usually conducted
at x('"> N)>0.5%, and sample preparation methods
developed for these studies generally showed stand-
ard deviations ranging from 0.02 to 5% (x(® N)) and
accuracies within+5% of the true values, depending
on the ' N abundances, N amounts, and procedures
and equipment used. Previous evaluations have found
that with optimal concentrations (~140-360 umol
and~4-11 umol N, respectively), distillations and
diffusions yield comparable precision (SD<0.05%)
and accuracy (percent error < 5.3%) for tracer samples
at x('> N)<5% (Liu and Mulvaney 1992b; Lory and
Russelle 1994; Mulvaney et al. 1994, 1997; Hggh-
Jensen and Schjoerring 1994; Khan et al. 1997, 1998;
Sigman et al. 1997; Holmes et al. 1998; Sebilo et al.
2004; Diaconu et al. 2005; Stephan and Kavanagh
2009). However, caution should be given to sequen-
tial distillation and diffusion, because cross-con-
tamination by highly '> N-enriched NH,* can cause
enormous errors to natural > N analysis of NO;~ (Liu
and Mulvaney 1992b; Mulvaney et al. 1994; Herman
et al. 1995; Griesheim and Mulvaney 2019). At lower
N masses and the whole tracer '° N range, the denitri-
fier methods with GC-MS analysis achieved a preci-
sion and accuracy of 0.02-0.08% and 0.02% x('> N),
respectively (Christensen and Tiedje 1988; Hgjberg
et al. 1994), better than those of SPIN methods (SD
and percent error of 1-3% and 0.6%) (Russow 1999;
Stange et al. 2007; Eschenbach et al. 2017) and deri-
vatization methods (SD and percent error of 0.2-0.7%
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and 0.7%) (Selmer and Sorensson 1986; Dudek et al.
1986; Kator et al. 1992; Kanda 1995; Clark et al.
2006, 2007).

The analysis of natural '3 N variances neces-
sitates considerably higher precision and meth-
ods usually offer comparable performance at their
working range (Owens 1988; Shearer and Kohl
1993; Fry 2006; Mulvaney 2008). Several modi-
fications have expanded the use of distillation
and diffusion methods to natural 8'°N range. For
example, the modification to distillation by Velin-
sky et al. (1989) have enabled analysis of 8'°N of
NH,* with an overall precision of <0.5%0 (SD) and
a relative error of within+4% of the true 8'°N at
low (<5 uM) concentrations. At a similar working
range, modifications to diffusion by Sigman et al.
(1997) and Holmes et al. (1998) have allowed §'°N
analysis of NO;~ and NH,* in water samples to be
within 0.3%0 and 0.36-0.73%. 8'°N (after fraction-
ation correction) of the true values, respectively,
and with an overall precision of < 0.3%o for both N
species. Stephan and Kavanagh (2009) found that
the diffusion method can be applied to KCI extracts
at natural '> N abundance if a precision or accu-
racy of 1.3%o is not required. Other methods for
natural 8'°N analysis, such as ion-change (Chang
et al. 1999; Silva et al. 2000; Lehmann et al. 2001;
Fukada et al. 2003; Xing and Liu 2011; Gebus-
Czupyt et al. 2020), acetone extraction (Huber
et al. 2011, 2012), denitrifier (Sigman et al. 2001;
David Felix et al. 2013), as well as azide (Mcll-
vin and Altabet 2005; Zhang et al. 2007; Tu et al.
2016), NH,OH (Liu et al. 2014; Zhang et al. 2015;
Jin et al. 2020) and Ti(III) reduction (Altabet et al.
2019) methods, achieved comparable precision
ranging from 0.2 to 1% 8'°N. The 8'°N values
from these methods were generally within 5%o of
the true values, which were verified by a multi-
point calibration using international or in-house
isotopic standards following the identical treatment
principle (Werner and Brand 2001; Meier-Augen-
stein and Schimmelmann 2019). The accurate §'°N
values of the samples were calibrated using the lin-
ear regression established by the measured §'°N
values of the standards against their assigned 8'°N
values (Klesta et al. 1996; Werner and Brand 2001;
Brand and Coplen 2012; Brand et al. 2014; Meier-
Augenstein and Schimmelmann 2019).

Integrating '> N analysis methods and criteria into the
DST

The criteria discussed are not all given the same
importance in the DST. The !* N abundance, the sam-
ple N concentration, the instrument availability, and
the sample matrix are given priority, because they
always limit the preparation approaches available.
The !> N abundance and N concentration of samples
determine the acceptable levels of !> N dilution and
isotopic fractionation. Sometimes the researchers
must make trade-offs between the different criteria.
The toxicity of reagents and the sample preparation
time are of course more malleable, as relaxing the
requirements based on these criteria does not com-
promise the result of the measurement, but simply
requires more investments. All criteria are organized
in the DST in a way to streamline the decision-mak-
ing steps and minimize repetitions while matching the
most common situations, so that the users and labora-
tories of diverse interests and disciplines can quickly
find the suitable approaches by following the criteria.

In the DST, the “!> N abundance” is set as the first
criterion, dividing the decision trees into two parts:
methods for '* N-enriched samples (the left branch)
and methods for natural '> N abundance samples
(the right branch) (Figs. 1 and 2). The “Sample N”
is organized as the third criterion after the choice of
“Instruments”, followed by “Sample matrix” (includ-
ing salinity and DON content), “Toxicity”, “Time”
and “Fractionation”. In the following sections we
guide the readers through the tree and explain how we
split sample preparation methods into small groups
based on these criteria. Because their structures are
similar, we discuss the DSTs for NH,* and NO;™ at
the same time.

Non-IRMS/laser methods for 1> N-enriched samples
in the DST

The '° N-enriched samples can be prepared either by
methods suitable for precise IRMS/Laser analysis,
or by methods developed for other instruments such
as ES, GC-MS, QMS/MIMS, or HPLC. If research-
ers decide to use the latter, they will be guided to
the left branch of the decision tree, where they have
to make a choice at the node “Sample N”, based on
the N amounts and volumes of their samples (Figs. 1
and 2). For ° N-enriched samples of sufficiently
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large volumes and containing sufficient N amounts
(e.g.>30 ml and >4 umol), the NH,* or NO;~ can be
isolated by diffusion or distillation from various kinds
of sample matrices, followed by off-line Dumas com-
bustion and optimal emission analysis (Fiedler and
Proksch 1975; Hauck 1982; Mulvaney et al. 1990;
Preston 1993; Mulvaney 1996). These methods are
easy to set up, but they can be tedious and error-prone
for large batches of low-N samples.

In case samples have low N amounts and small
volumes (e.g., <1 umol and <20 ml), one should pick
the other branch of the node “Sample N”, and then
make decisions based on the kind of sample matrix,
the availability of materials, and concerns about tox-
icity and time. In terms of sample matrix, both soil
extracts and water samples can be prepared using
the denitrifier method and then measured using a
GC-MS. If NH,* is the target N compound (Fig. 1), a
hybrid denitrifier method can be used, which involves
isolating NH,* by diffusion, converting NH," to
NO,” by hypobromite oxidation, and converting
NO,™ to N,O (Diffusion-BO-denitrifier). Alterna-
tively, liquid samples of diverse matrices can be pre-
pared using the SPIN-QMS/MIMS method. In that
case the liquid samples are entered by means of an
autosampler into a special sample preparation unit, in
which different reagents are automatically dosed, to
convert NH,* and NO;~ to a gaseous N-product (e.g.,
N,, N,O, or NO). The N-gases are then fed into the
coupled mass spectrometer. It is the only fully on-line
method to analyze the isotopic composition of NH,*
and NO;~ (and NO,7) in liquid samples. However,
this specialized SPIN apparatus is probably not avail-
able in most laboratories.

Other reported non-IRMS/Laser methods are lim-
ited to freshwater and seawater samples, and vary in
the level of toxicity and sample preparation time. The
Hg precipitation is salinity-sensitive and extremely
toxic, and is rarely used today (Fig. 1). The derivati-
zation methods also use hazardous chemicals. How-
ever, adaptations to derivatization using GC-MS
make it possible to analyze samples containing only
nanomoles of target N, which can be of interest in
case of pool dilution experiments in oligotrophic
ocean environments. Methods without the use of
highly toxic reagents include OX (oxidation)-MIMS
(only for NH,*) (Fig. 1) and AIRTS-HPLC (for both
NH,* and NO;") (Figs. 1 and 2), both of which allow
for the analysis of small volume samples with low N
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concentrations (Tables 1 and 2). In the OX-MIMS
method, NH," in solution is directly converted to N,
using hypobromite iodine oxidation. This procedure
is prone to N contamination and has low precision
(<5%), making it ideal for studying small and highly
dynamic natural water NH,* pools, such as those in
sediment oxygen-transition zones (Yin et al. 2014).
In the AIRTS-HPLC method, the conversion into N,
gas is not needed, and the isotopic ratio of NH,* is
measured based on a retention-time shift of the com-
bined peak of the '"NH,™ and “NH,*. The shift is
relative to the percentage of ’NH,* and the best rela-
tionship occurs between 25-75% x(" N). As a result,
the AIRTS-HPLC method is suitable for pool dilu-
tion experiments with variations in !> N abundances
within this range (Gardner et al. 1991, 1995, 1997; Lu
et al. 2019). Because the individual NH,* peak is iso-
lated from organic-N peaks on the HPLC column, it
is advantageous for applications such as analyzing the
degradation of peptide and amino acid 1> N to 15NH4Jr
(Gardner et al. 1995; Yin et al. 2014).

IRMS/Laser Methods in the DST

Both '3 N-enriched and natural ' N abundance sam-
ples can be processed using sample preparation meth-
ods that produce N, or N,O for IRMS/laser analysis,
but only the latter necessitates such highly precise
methods and instruments. IRMS and laser methods
can be found on the right branch of both decision
trees and are split up at the node “Instrument”, and
the node “Sample N (Figs. 1 and 2). There are two
major categories of methods in this part: samples are
prepared in one category as solids for on-line com-
bustion into N, and !> N analysis by EA-IRMS (i.e.,
N, methods), and in the other as N,O gas for 15 N
analysis by PT-IRMS or laser spectroscopy (i.e.,
N,O methods). They vary in their requirements of
sample N amounts and volumes. The first category
of methods include distillation, diffusion, derivati-
zation, ion-exchange, TPB precipitation (only for
NH4+) and acetone extraction (only for NO;7), all of
which are appropriate for samples containing large
N amounts (e.g.,>1 umol). For samples with a low
N concentration, the concentration procedure is tedi-
ous and prone to errors from fractionation and > N
dilution by reagents. In the second group of methods
N,O is produced as the analyte by means of microbes
or chemicals. Because the !> N analysis of N,O has
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a high sensitivity, these methods allow samples con-
taining smaller N amounts (20—60 nmol) and volumes
(<20 ml). Because the '° N analysis of N,O has a
high sensitivity, these methods allow samples con-
taining smaller N amounts (20—60 nmol) and volumes
(<20 ml). Samples with larger N amount can also be
prepared using N,O methods after dilution, yielding
more compatible and precise results for natural abun-
dance studies in environmental samples.

N, methods for samples with large N amounts
(micromoles of N) After choosing a N, or N,O
method based on sample N amount and volume,
researchers must check the salinity level and DON
content of the matrix. Among N, methods, the dis-
tillation, diffusion, and NaOH-acetone extraction are
salinity-insensitive and hence appropriate for both
soil extracts and water samples. In particular, the
NaOH-acetone method extracts NO;™ into an acetone
solvent, isolating it from other salts and organic mat-
ter, which is advantageous for samples containing
large quantities of DON (e.g., several times that of
NO;"). However, the freeze-drying process to obtain
large N amounts (4-9 umol) increases preparation
time. The diffusion also requires days of preparation,
but many samples can be processed simultaneously.
In contrast, the distillation method is efficient when
preparing small batches of samples but can be tedi-
ous and contamination-prone for large batches. It is
used primarily for '° N-enriched studies in contempo-
rary ecological research. Another salinity-insensitive
method is derivatization, but the use of toxic chemi-
cals and the need for complex procedures render it
impractical.

Methods that are salinity-sensitive are only
appropriate for freshwater samples. Both NH,* and
NO;™ can be prepared using the ion-exchange meth-
ods, which are simple to set up, and allow for field
processing and long-term storage with minimal frac-
tionation. However, the costs of resin and chemicals
(e.g., silver oxide for NO;™ elution) can be an issue
for large numbers of samples. The TPB precipitation
and the Ba(NOs),-acetone techniques, on the other
hand, use less expensive materials and are appro-
priate for preparing NH,* and NO;, respectively.
They both use freeze-drying to concentrate solutions,
which means that fractionation must be minimized in
that process or accounted for.

N,O methods for samples with small N amounts
(nanomoles of N) For samples with low N content

and small volumes, the N,O methods with IRMS/
laser analysis are more appropriate as they eliminate
time-consuming concentration processes and reduce
potential fractionation and contamination. In addition,
they produce N,O gas in gas-tight vials, which can be
easily transported and preserved. These methods are
located on the right side of the decision trees (Figs. 1
and 2). In these methods, NH4Jr is usually first iso-
lated from solution using diffusion or ion-exchange
resins, and then converted to NO;™ or NO,™ by persul-
fate oxidation (PO) or hypobromite oxidation (BO),
respectively. The NO5;~ or NO,™ is then converted to
N,O by denitrifying bacteria, azide or NH,OH tech-
niques (Fig. 1). If NOj5™ is the target N, it can be con-
verted to NO,™ and then to N,O by denitrifying bac-
teria, Cd-azide, VCls-azide, Cd-NH,OH, or Ti(IIl)
reduction methods (Fig. 2).

The sample matrix and the N species being stud-
ied determine the time and procedures required for
N,O methods. NH,* in freshwater and seawater sam-
ples can usually be prepared within 2-3 days using
hypobromite oxidation coupled to denitrifier, azide
or hydroxylamine reduction (BO-denitrifier, BO-
azide and BO-NH,OH), although the pre-incubation
of denitrifying bacteria may take 10-12 days. On
the other hand, NH4+ in soil extracts is usually first
isolated by diffusion, due to interferences from soil
extractants (e.g., KCl), which unavoidably increases
the preparation time by 3-5 days (Fig. 1). If NO;™ is
of interest, both soil extracts and water samples can
be prepared within a few days using one of the above-
mentioned conversions.

The N,O methods are usually similar in perfor-
mance, but the chemicals involved differ in toxicity.
Many N,O techniques involve the use of the highly
toxic azide reagent, which necessitates safety pre-
cautions and chemical guidance (Figs. 1 and 2). As
alternatives, less-toxic NH,OH methods or non-toxic
bacterial methods can be used. The denitrifier method
is the safest, but the difficulties in getting denitrify-
ing bacteria strains, as well as the need for long-term
incubation and particular care of microbial cultures,
make it less practical than hydroxylamine methods
for most laboratories. Another toxin-free option for
NOj™ preparation is the Ti(IIT) method, but it needs a
strict calibration strategy to account for isotopic frac-
tionation, owing to the fact that the recovery is rela-
tively low and declines significantly with increasing
salt concentration (Fig. 2). The other N,O methods
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usually have very small isotopic fractionation and
5 N dilution by reagents at their working range
(Tables 1 and 2).

Discussion
Application cases

In this section, we present two examples to give a bet-
ter understanding of the use of the DST.

Case 1: Measuring natural > N abundance of NH,*
and NOjy™ in agricultural soils

The variations in natural > N abundance (5'°N) of
N in soils have been used to identify N contamina-
tion sources and transformation processes (Robinson
2001). Agricultural soil extracts typically contain high
concentrations of NH,* and NO;~ (e.g.,> 50 uM) and
DON due to high nutrient input from fertilizers. We
assume that IRMS is available in this case.

To find the '5 N analysis method for NH,™ and
NO;~, we first select “Natural abundance” for «I5 N
abundance” in the DST (Figs. 1 and 2). If a PT-
IRMS or a laser spectrometer is available, the N,O
methods are recommended, which are more spe-
cific and less prone to contamination and fractiona-
tion. Therefore, we choose “Small” for “Sample N”
and “Soil extracts” for “Sample matrix” for both
NH,* (Fig. 1) and NO;~ (Fig. 2). In the case of NH,*
(Fig. 1), alkaline soil extracts can be analyzed using
the BO-NH,OH method within 2-3 days; otherwise,
the NH,* must first be isolated using diffusion, result-
ing in a longer preparation time. Following persulfate
oxidation or hypobromite oxidation, the denitrifier
techniques (Diffusion-PO/BO denitrifier) enable an
efficient and eco-friendly sample preparation. On the
other hand, azide or NH,OH techniques (Diffusion-
PO-azide, Diffusion-BO-azide, and Diffusion-BO-
NH,OH) can be used in non-microbiology laborato-
ries, and the latter employs less hazardous reagents.
In the case of NO;™ (Fig. 2), similarly, the final choice
depends on toxicity concern and strain availability.

If only a EA-IRMS is available, alternatively, we
choose “Large” for “Sample N” and “Soil extracts”
for “Sample matrix” in the DST for ' N analysis of
NH,*, which brings us to the node “Time” (Fig. 1).
The distillation method provides field applicability

@ Springer

with a commercially available apparatus, but it may
lead to large inaccuracies in natural 8'°N results due
to the high risk of fractionation and cross-contam-
ination. In contrast, the diffusion method eliminates
cross-contamination, and is more suitable for batch-
processing without requiring specialized appara-
tus. In the DST for NO;™ (Fig. 2), we choose, simi-
larly, “Natural abundance”, “Large sample N”, and
“Soil extracts”. In the current case, the soil extracts
are enriched with a high level of DON that is likely
to break down and cause large contamination dur-
ing sample preparation. Therefore, we prefer to use
the NaOH-acetone method due to its DON-removal
capability.

Case 2: Estimating gross N transformations in a pool
dilution experiment in seawater

Gross NH,* and NO;~ transformation rates in aquatic
and terrestrial ecosystems can be estimated using the
15N pool dilution technique, whereby small amounts
of >NH,* or '>NO;" are added, and the rates of indi-
vidual N transformation processes can be estimated
from changes in size and '> N abundance of the min-
eral N pools during incubation (Kirkham and Bartho-
lomew 1954; Tietema and Wessel 1992; Laine et al.
2018). The pool dilution technique has been widely
used to measure N dynamics such as NH," regenera-
tion and nitrification in benthic and pelagic freshwa-
ter and marine ecosystems (Gardner et al. 1991; Ward
2011). Here we consider a case of a pool-dilution
experiment in seawater. In such a case, samples are
generally characterized by low NH," and NO;~ con-
centrations (e.g., around 10 uM NH,* or NO;") and
a high salinity. Furthermore, we assume that sam-
ples are small in volume (e.g., 20 ml), and that either
the IRMS or the LS, and also denitrifier cultures are
not readily available. The lack of such instruments is
often the case in laboratories where the > N abun-
dance is not routinely measured.

In the DST for '"NH,* analysis, we choose
“I5 N enriched” for “!> N abundance”, “Others” for
“Instrument”, and “Small” for “Sample N” (Fig. 1).
We can then choose both “Water samples only”
and “Soil extracts and water samples” for “Sam-
ple matrix”. Among methods appropriate for both
soil extracts and water samples, the SPIN method
is rapid but it requires a higher NH,* concentra-
tion (>70 uM) and special reaction apparatus. The
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diffusion-BO-denitrifier method, on the other hand,
allows for the preparation of samples with lower
NH,* concentrations (>1 pM), but it needs a long
preparation time and the use of special denitrifying
bacteria. Alternatively, we can choose sample prepa-
ration methods that are “Water samples only” and
with low “Salinity sensitivity”. The derivatization
method uses hazardous reagents and necessitates a
sample volume of >50 mL (Table 1), which is inap-
propriate in this case. As a result, we can choose
between “AIRTS-HPLC” and “OX-MIMS”, both of
which work for small sample N and volumes. The
AIRTS-HPLC method is capable of determining the
concentration and the ! N abundance of NH,* simul-
taneously, but it requires more time than the OX-
MIMS method (1 h vs. 24 h for a set of ~ 10 samples)
(Table 1).

With regard to the '5N03‘ analysis (Fig. 2), we
similarly choose “!> N enriched” for “!> N abun-
dance”, “Small” for “Sample N and “Water samples”
for “Sample matrix”. Due to the toxicity and large
volume requirement of the derivatization method, we
prefer other methods such as the “AIRTS-HPLC”,
“SPIN-QMS/MIMS” and “denitrifier” methods. If it
is possible to obtain the SPIN apparatus or the cul-
tures of denitrifying bacteria, the latter two methods
are fast and simple choices. On the other hand, the
AIRTS-HPLC method has a low throughput while
using more readily available reagents and equipment.
As NO;™ is reduced to NH," as the analyte, the ' N
abundance of '"NO,~ should be calculated based on
the NH4+ results. Therefore, if this method is used,
the NH,* should be prepared and measured prior to
the NO;™.

Pros and cons of the present DST

In this work, we focus on the ' N analysis of NH4Jr
and NO;™ in liquid samples from various environ-
mental matrices, as they are the two key mineral N
species in ecosystems and primarily used in environ-
mental > N studies. While some simple and cheap
methods such as the OX-MIMS and Ti(IIl) reduction
method target only a single N species, most other
methods are in principle applicable to both N species
following an initial N conversion procedure. Other
N-bearing compounds, such as NO,™ and organic N
compounds, are discussed as interfering chemicals in
this work. However, the !> N analysis of such species

in environmental samples can also be of great interest
to ecological researchers. In neutral or alkaline soils
where NH,* or NH,* forming fertilizers are applied,
the amount of NO,™ can be significant (Burns et al.,
1995; Russow et al., 2009; Ward, 2011). Many NH4Jr
and NO;™ methods convert target N to NO,™ and fur-
ther to N,O, and they can be modified to convert only
NO,™ by controlling the reaction procedures (Sigman
et al. 2001; Mcllvin and Altabet 2005; Zhang et al.
2007; Ward 2011; David Felix et al. 2013; Liu et al.
2014). On the other hand, to prepare organic N for
15 N analysis, it is usually first separated from inor-
ganic N via diverse techniques. The isolated organic
N is then converted to NH,* or NO;~, or is combusted
directly (Bronk and Glibert 1991; Feuerstein et al.
1997; Chang et al. 2004; Knapp et al. 2005; Toshihiro
et al. 2005; Mulvaney 2008; Tsunogai et al. 2008;
Johnson et al. 2013; Lu et al. 2019; Cao et al. 2021).
The '3 N abundances of particular types of DON,
such as free amino acids, can now be measured using
GC-MS, CE-MS (capillary electrophoresis-mass
spectrometry), GC-C-IRMS (gas chromatography-
combustion-isotope ratio mass spectrometry), and
high-resolution-MS (Mawhinney et al. 1986; Hof-
mann et al. 2003; Meier-Augenstein 2004; Wanek
et al. 2010; Warren 2012, 2018, 2019; Andresen et al.
2015). Such techniques in combination with '3 N pool
dilution have been developed recently to quantify
gross rates of amino acid transformations, facilitating
a better understanding of protein depolymerization
and soil N dynamics (Wanek et al. 2010; Andresen
et al. 2015). The integration of these important N
compounds into the present DST can make it applica-
ble to a wider range of !> N-related studies.

The present DST highlights the knowledge gaps
in the application of certain published methods to
other matrices or samples. Most non-IRMS/LS
methods, such as derivatization, HPLC, and OX/
MIMS methods, have been developed for freshwa-
ter and marine samples, but may be applied also to
soil samples if interfering chemicals are removed by
additional procedures (Gardner et al. 1991, 1995;
Stephan and Kavanagh 2009; Yin et al. 2014). Such
adaptations and developments offer more options
to different laboratories and are attractive to those
subject to equipment and budget limitations. Like-
wise, the NH,OH method has just been reported
and tested in a few studies, but with additional
purification procedures it may become suitable for
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samples with a more complex matrix (Liu et al.
2014; Zhu et al. 2015; Jin et al. 2020). Because
NH,OH is more environmentally friendly than the
azide reagent, such techniques may rise in favor
over the azide-based methods in the future due to
rising environmental and health concerns, as well
as risk-control regulations in many laboratories and
nations.

On the other hand, some promising ' N analy-
sis methods, have received less widespread imple-
mentation due to the lack of access to specialized
equipment, or challenges with compatible and
accurate isotopic analysis (Mohn et al. 2014; Har-
ris et al. 2020). For example, the SPIN unit and
the PT-IRMS equipped with a thermal decomposi-
tion system are only available in specialized labo-
ratories (Stange et al. 2007; Smirnoff et al. 2012;
Mohn et al. 2014; Hattori et al. 2016; Eschenbach
et al. 2017). The laser-based methods have just been
developed for '3 N analysis of NO;™ following azide
and bacterial methods (Soto et al. 2015; Wassenaar
et al. 2018) and the accuracy is limited by instru-
mental precision, drift, matrix effects and spectral
interferences (Mohn et al. 2014; Harris et al. 2020).
Recent developments in calibration protocols and
reference materials (Harris et al. 2020; Mohn et al.
2022) will encourage the routine use of laser- and
N,O-based techniques to a wider range of envi-
ronmental '° N studies. Another promising novel
approach is to measure diverse isotopologues of
environmental NO;~ by LC-ESI-Orbitrap-MS (lig-
uid chromatography mass spectrometry with elec-
trospray ionization Orbitrap) after sample prepara-
tion by ion-exchange and gradual elution, yielding
high precision and accuracy at natural abundance
level (Hilkert et al. 2021). This technique allows
for the calculation of mass-independent O isotope
variations, as well as the exploration of non-random
isotopic distributions. Advances in sample prepa-
ration, analysis, and data interpretation procedures
may prompt the application of the ESI-Orbitrap
technique, allowing researchers to gain insights into
multidimensional isotopic fingerprints in diverse
organic and inorganic solutes.

Finally, it is also important to note that the DST
is intended to be used as a navigation tool, but it
does not offer comprehensive details about all the
methods. Users are always advised to check the
original papers and evaluate the performance of the
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method in their own laboratories before routine use
is undertaken.

Conclusion

In this paper, we developed a decision support tool
based on the criteria that are primarily considered
when selecting methods for '> N analysis of NH," or
NOj™ in liquid samples. This tool is straightforward,
visually appealing, and user-friendly, with the poten-
tial to be applied to a broader spectrum of > N-related
environmental research. Integration of other N spe-
cies and sample matrices into the current tool, along
with advancements in current preparation approaches,
can further improve the applicability of the DST in
the future.
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