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Abstract

Nitrous oxide (N20) isotope signatures provide crucial information for partitioning microbial
production pathways, including bacterial, fungal, and nitrifier denitrification, chemo-
denitrification and nitrification, as well as for estimating the degree of N>O reduction to Na.
However, interpreting the three-dimensional isotope data is highly challenging due to numerous
production pathways and simultaneous occurrence of production and consumption. Here we
comprehensively review the application of the Fractionation And Mixing Evaluation (FRAME)
model, a Bayesian Markov-Chain Monte Carlo (MCMC) tool explicitly developed to resolve
complex, underdetermined isotope mixing and fractionation dynamics.

The FRAME model shows widespread applicability across diverse global ecosystems, spanning
agricultural soils, peatlands, groundwaters, rivers of Europe, America, Asia, and Africa, as well
as marine environments. To address common interpretative challenges, standardized guidelines
and best practices for configuring the model is established, and an overview of output quality
checks and problem-solving ideas is provided. Most recent methodological enhancements of
the model performance, including low-level '°N labelling, integration of natural abundance
results with 1N tracing, and utilizing model extension for high-resolution time-series datasets
are discussed.

Furthermore, we introduce FRAME v2.0, a major software update that features improved
statistical treatment of source uncertainty and extended auxiliary variable priors, while
maintaining full backward compatibility. The model's performance is discussed in the context
of various cases studies and independent reference methods, like the >N gas flux approach and
microbial functional gene analysis. This review presents unified standardised and robust
interpretation strategies supported by an enhanced computational tool to quantify N>O
production pathways and reduction across ecosystems.

Keywords: isotope mixing model, isotope fractionation model, N>O isotopocules, FRAME,
N0 source partitioning, N>O reduction, °N site preference

1. Introduction
Nitrous oxide (N20) is a crucial compound in the environmental nitrogen (N) cycle, can be
produced as a final or intermediate product of a several different N-transformations and further
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reduced to di-nitrogen (N2). The main processes of N>O production can be divided into
denitrification and nitrification pathways. During denitrification, N>O is produced in anoxic
conditions due to nitrate (NO3") and nitrite (NO2") reduction (Baggs, 2011). The process can be
performed by bacteria, with possibility of further N2O reduction to N2 (bD — bacterial
denitrification), or by fungi, with N>O as a final product (fD — fungal denitrification). During
nitrification, N>O is produced as a byproduct of ammonium (NH4+) oxidation due to oxic
hydroxylamine oxidation (Vi — nitrification) or in anoxic NO>  reduction (nD — nitrifier
denitrification) (Butterbach-Bahl et al., 2013; Wrage-Monnig et al., 2018). Moreover, there are
numerous abiotic N>O production pathways, mostly chemical NO>™ reduction, often referred to
as chemodenitrification (chD) (Heil et al., 2016; Xu et al., 2022). Hence, the N>O pool
integrates various pathways and its stable isotope signature reflects the processes of its
production and simultaneously depends on the progress of its reduction. N>O isotope datasets,
although complex, can be diagnostic for the co-occuring N-transformations, but only when this
complexity is properly taken into account. The information stored in the N>O isotope signature
can be applied both for the source partitioning, as well as for the estimation of the N>O reduction
progress. Such knowledge is especially important for identification of the origins of N2O, a
potent greenhouse and ozone layer depleting gas and testing the effectiveness of mitigation
strategies (Ravishankara et al., 2009). Moreover, by quantifying the N2O consumption, the N2
emission can be indirectly estimated. N> flux is not measurable directly due to high atmospheric
background, hence this indirect estimation is a unique way for the determination of the largely
unknown loss of reactive N as N, often called the main missing flux in the N cycle (Bai et al.,
2012; Scheer et al., 2020).

Full isotope analysis of N>O comprises not only the isotope signatures of oxygen (§'30) and N
(8'°N), but also the distinction of >N abundance in different positions of the linear N,O
molecule (6°NSP — “site preference’) and are often referred to as N-O isotopocule analyses (Yu
et al., 2020). Discovered only in 1999, these unique measurements have opened novel
interpretation perspectives (Brenninkmeijer and Réckmann, 1999; Toyoda and Yoshida, 1999)
and the development of their adequate interpretation methods is still in progress (Deb et al.,
2024; Denk et al., 2017; Ostrom and Ostrom, 2017; Toyoda et al., 2017; Yu et al., 2020). The
0"NSP is a very specific isotope signal, which is assumed independent of its substrate isotope
signature, in contrast to all other isotope values, which strictly depend on their precursors (as
0N, 6'30). Therefore, 5'°N°F can be directly applied for identification of microbial pathways
producing N>O, whereas for 6'°N and 6'%0, the isotope signatures of the precursors related with
the specific process must be considered. The substrate for N isotopes in denitrification pathways
(bD and fD) is NOs™, and in nitrification processes (Ni and nD) it is NH4". The oxygen (O)
isotope signature in denitrification processes is governed by O-isotope exchange with water
during bD, fD and nD and by isotope fractionation associated with this mechanism, which is
similar for bD and nD, but differs significantly for /D (Lewicka-Szczebak et al., 2016; Rohe et
al., 2017, 2014). Conversely, during Ni, O is incorporated from molecular O; and thus usually
reflects the typical isotope signature of atmospheric O2 (+23.5%o) (Snider et al., 2012). In chD
NOy' is the direct precursor for both N and O isotopes in N2O (Wei et al., 2019). Importantly,
beside the different precursors also typical isotope fractionation differs for each of the microbial
pathways, which allows their differentiation based on the isotope effects reported in pure culture
studies for each process (Toyoda et al., 2017). Similarly, the N>O reduction is also associated
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with significant isotope fractionation, leaving the residual N>O pool enriched in '*O and '*N in
the central position (Well and Flessa, 2009a). The isotope effect of N>O reduction was
determined in controlled laboratory incubations with parallel application of reference methods
for independent measurement of the N, flux (He incubations and '°N tracing) (Lewicka-
Szczebak et al., 2015, 2014). The N2O residual fraction (rn20, Rnv20 or N2O;j), defined as the
(N20O/(N20O+N>) ratio of denitrification (often mentioned as product ratio) can be very variable;
the entire spectrum of values from 0 to 1 has been reported in field and laboratory studies (Yu
et al., 2020).

Summing up, the N>O isotope signature is rich in information, but also challenging in
interpretation due to: (i) three dimensional isotope data, (ii) multiple potential N>O production
pathways, including five main pathways (bD, fD, nD, Ni and chD), (iii) N2O production and
reduction processes of variable progress occurring simultaneously. Therefore, advanced
calculation approaches are necessary to deal with this complex case. The FRActionation and
Mixing Evaluation (FRAME) model has been developed to provide a commonly available tool
to deal with simultaneous isotope mixing and fractionation processes and to integrate all three
isotope values. Previous isotope mixing models did not provide any option to integrate isotope
fractionation with varying residual fraction (Moore and Semmens, 2008; Parnell et al., 2013;
Phillips et al., 2014; Stock et al., 2018). By using FRAME, the fractionation equation with the
relevant parameters can be defined by the user, hence it can be applied to all possible isotope
systems with various fractionation patterns (Lewicki et al., 2022). The model applies Bayesian
statistics (Markov Chain Monte Carlo) which can successfully deal with underdetermined
systems and provides probability distribution for the possible outcomes, taking into account the
uncertainties associated both with measurements and natural variability. It was originally
constructed for the N>O case study as 3DIM model (Lewicka-Szczebak et al., 2020; Well et al.,
2025) and later, to make it widely applicable, a user-friendly software was developed, which
does not require programming skills (Lewicki et al., 2022). This tool has been already applied
for numerous N>O case studies worldwide, both in field and experimental studies, including
soil (Fang et al., 2024; Rummel et al., 2025a; Toyoda et al., 2024; Wei et al., 2024), groundwater
(Deb et al., 2025), river (Chen et al., 2023; Shu et al., 2024; Wang et al., 2025b) and oceanic
N20 case studies (Wang et al., 2025). Thanks to these numerous modelling cases, we gained a
lot of experience and together with all the authors, developed best procedures to gather the most
reliable outputs. This review is a summary of all the common issues by applying FRAME for
N20 data interpretation and aims to build common standards and best rules for this application.
Moreover, we present the current further developments allowing for optimising source
partitioning of the overlapping pathways and increasing the overall modelling precision, i.e.:
(i) increasing the §'°N values of one mineral N pool (e.g. only NO3 or NH4") in order to shift
the overlapping mixing endmember ranges (Deb et al., 2025), (ii) combining natural abundance
N2O results with '°N tracing (Micucci et al., 2025), (iii) applying statistical generalisation for
time-series datasets (Harris et al., 2024).

This paper aims at providing a comprehensive and common interpretation strategy for N.O
isotope datasets, taking into account critical aspects of the model application. It includes the
answers on the numerous questions asked by the users during the first years of FRAME
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application since first published (Lewicki et al., 2022). We also provide here the new enhanced
version of the software.

2. Model input data

2.1 N20 datasets
2.1.1 Preparation of correct input values depending on case study

All measured N2O isotope values should be normalised to the international isotope scale and
expressed against the international standards. This should be performed with the intercalibrated
working standards with at least two different values for §'°N, §'%0 and §'NSF, respectively,
enabeling the correction of measured values with the linear regression method (Mohn et al.,
2014).

Importantly, the values of N>O originating from the acutal production and reduction processes
must be calculated by isotope mass balance (Eq.1), if the measured sample constitute a mixture
of background N>O and the added flux of N2O. An example of such a case are the chamber
measurements of soil N>O flux, where the backgound atmospheric N2O is mixed with the soil
emitted N2O (Well et al., 2006) or the laboratory soil/slurry/water incubations with initial
background N>O in the headspace (Deppe et al., 2017). The following equation should be
applied to determine the isotope characteristics of the actually emitted N2O (Semitted),

(8mix* Cmix— Sbgd* Chgd)
Semitted = - (Eq. 1)
(cmix - cbgd)

from the measured N>O concentration and isotope signature (Cmix, Omix) and the background
N20 concentration and isotope signature (Cogd, Obgd), Which is determined from the outside air
or the initial background gas collected parallely with the samples collection. The precise
determination of background gas isotope signature is crucial for precise calculation of the
emitted N2O, especially for the cases where the increase in N>O accumulation is small (N>O
concentration increase from background to sample < 25 ppb). Usage of the mean troposheric
values as a background can be only justified for the high acumulation cases. Further discussion
on the associated uncertainties and errors continues in Section 2.1.3.

This issue is more complex for aquatic studies where the N>O dissolution and diffusion in water
takes place, hence the dissolved portion of thropospheric N>O is not stable and must be
determined together with its isotope characteristics, also variable across ecosystems. Two
approaches have been proposed in the literature: Keeling plot and two-endmember mixing
models (Einzmann et al., 2026; Gu et al., 2025) and headspace mass-balance correction using
atmospheric air (Barthel et al., 2026). The first approach assumes that the total observed N2O
concentration is a two-endmember mixture of a uniform and low-concentrated background N,O
from dissoled atmospheric air and an isotopically distinct source of newly, microbially
produced N>O, that cause increase in total N>O concentration.Practically, the measured isotope
signatures are plotted against the inverse of the observed N>O concentration. Through this linear
regression, the slope reflects the difference between the background and the source isotope
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signatures scaled by the background concentration, while the y-intercept directly yields the
corrected isotope signature of the newly produced microbial N»O, effectively isolating it from
the background (Einzmann et al., 2026; Gu et al., 2025). The second approach is based on
experimental determination of the dissolved N>O with headspace equilibration of water samples
with ambient air, and direct analyses of the atmospheric air samples, for their concentration and
isotope signatures. Similar isotope mass balance equation as in Eq.l1 is applied to
mathematically remove the background atmospheric component and determine isotope
characteristic of dissolved N2O (ddiss):

(8eq* Ceq— Sbgd* Chgd)
S ice = —2_ €4 "59¢ B9 Eq.2
diss (Ceq— Cbgd) ( )

from the measured in the equilibrated gas N>O concentration and isotope signature (Ceq, Oeq)
and the background N>O concentration and isotope signature (Cpgd, Obgd), Which is determined
from the outside air samples (Barthel et al., 2026).

2.1.2 Samples labelling and grouping strategy

The model software allows to group the individual samples. Creating of one group means that
all the results are repetitions of exactly the same case and represent the same conditions, i.e. we
expect the same contribution of sources and progress of reduction among all samples in one
group. The model seeks the best common solution for all the points in the group, and deviations
between points are propagated to the uncertainty of the model output. Therefore, the variation
between the observed isotope signatures within one group should be minimal and only represent
the possible analytical uncertainties and minor variations in isotope effects of particular
processes. In cases where our theoretical repetitions indeed show large variations in their
isotope signatures, it means that the conditions were actually not identical and we rather do not
deal with the same sources’ contribution and reduction progress of these samples. Then, rather
each sample should be treated individually, because most probably each one represents different
combination of N>O production pathways and reduction.

Generally, samples collected in different time points should not be pooled together for the
evaluation. This is not recommended because N>O processes could be only constant in a steady
state condition with continuous supply of substrates and equal growth and decay of microbes,
which is very exceptional.

2.1.3 Defining errors

Standard deviation (o) should be always determined for the samples’ isotope signatures, it
should never equal 0, since we always deal with some uncertainty, associated with analytical
error, standardisation procedure, samples inhomogeneity and natural variations. All these errors
origins must be taken into account and the propagated error should be calculated for each
sample including all these uncertainties. The propagated error can be finally inserted into the
model. This value is further applied in the model to calculate the probability distribution of the
results, including given ¢ values for samples, sources (section 2.2) and fractionation factors
(section 2.3). Neglecting any of the potential error origins and underestimation of the given ¢
for samples results in underestimated range of possible model outputs.
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Depending on the samples characteristics and grouping strategy the following uncertainties
should be considered:

individual samples — analytical uncertainty (can) should be included. The ¢ can be
defined based on the repeated measurements of the standards and the same values
can be applied for all samples,

grouped samples (o) — propagated error of the heterogeneity within the particular
group of samples (orep) plus analytical uncertainty (Gan):

Ogr =/ (Oan® + Orep?) (Eq. 3)

when N>O-emitted was calculated from the N>O flux (omux) added into the initial
background samples containing background N>O (N2Oped) — the actual error
depends on N2O concentration increase, i.e. the magnitude of the added N>O over
the background determines the precision of the calculated emitted N2O data. This

must be included in the calculation of final ¢ for each sample individually taking
into account the increase in N2O concentration compared to background air
(NZOﬂuX):

,(O'an2+arep2)

(N20f1yx/N20pgq) (Eq. 4)

To estimate the error in the ¢ values (6"°N5F, §'°N, 6'80) of the calculated N>O-
emitted (onux) and to establish a threshold value for minimal N>O flux for
trustworthy Jeminea values, a Monte Carlo simulation of error propagation can be
used, based on the analytical uncertainty (can) of the isotopic analysis and
employing the Equation 1. In this approach, 6 values from samples are calculated
with errors, and these biased values are used to recalculate demirreq. If Omix values are
close to the dair values within the precision of the analysis and the propagated error

Oflux =

in the calculation of Jemines values is large the values are rejected. Often, §'°NSP
values are used for the simulation, as §'"°NSP exhibits the highest ., values and is
applied to set a threshold for N>O concentration, e.g. as recently determined:
minimal Cnix > 385 ppb for the target propagated error of demirred < 4 %o (Buchen et
al., 2018).

For water dissolved N>O studies with the background N>O the error estimation must
similarly include the uncertainty of background N>O isotope signature
determination and the mixing proportions of produced and background N»O, the
error estimation method depends on the approach to determine the N2O background
level (as summarized in 2.1.2).

2.2 Sources

2.2.1 Isotope characteristics and strategy for correction with precursors isotope
signatures

Usually in the laboratory experiments or field studies only the N>O isotope signature is directly
measured and literature data of pure culture studies or controlled experiments is used as the
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theoretical mixing endmember ranges for respective N,O production pathways, i.e. bD, fD, nD,
Ni, chD. However, these specific isotope values characteristic for particular processes have been
determined with different precursors that impact the produced §'°N and §'*0 values of N>O.
The summary of all the isotope effects after consideration of the precursor isotope signatures
and given in absolute value (in relation to 0, hence denoted as oo in Table 1) have been described
in detail and summarised in Yu et al., (2020) supplementary information. Actual values most
typical for soil studies are summarised in Table®1. This summary provides a basic knowledge
on the specific isotope effects which must be further adjusted to the particular case-study
precursor data, ideally, measured together with the N>O data, or if not available, to their best
approximation (see section 2.1.6). The mixing endmember ranges should be never directly
adopted from another study without addressing the issue of precursors. This summary mostly
focuses on soil studies. Different values might be considered for aquatic environments, e.g. the
80!°N for bD shows typically less negative values in waters (i.e. smaller isotope effects) (Denk
etal., 2017). For any particular case study, the applied isotope effects can be adjusted depending
on the available literature or own experimental data (see also section 3.1.5). The given ranges
are just the selected literature summary which should serve as a representative starting point,
but the ranges can be narrowed or broadened according to the known experimental background.

Current best practise strategy is to correct the mixing endmember ranges (literature or
experimental values) with the known relevant precursors for each process, both for §'°N and
8180 values, according to the Table 1 and apply that to the source file. The §'0 value of Vi,
governed by the atmospheric O2 signature is generally stable (+23.5 %o, (Luz and Barkan,
2011)), and does not require substrate correction, except in case of any known significant
deviation from this global atmospheric value. This can be the case for both surface and
groundwaters depending on their under or super saturation in Oz (Trojanowska et al., 2008;
Wassenaar and Hendry, 2007). Such correction should only account for deviation from the 23.5
%o value (Table 1).

However, initially, in older literature, not the mixing endmember values were corrected, but the
measured Sx20 was shifted according to the value of assumed dominating precursor: §'*Nyos
and 8'"*0m20. However, such approach can be only justified for the cases of the vast domination
of N2O production due to denitrification, like e.g. anoxic experiments. The advantage of such
approach were the constant literature endmember ranges for each study. Nevertheless, this
approach should be rather omitted, hence it shows shifted N>O values and neglects the possible
inputs from other precursors like NH4* or Oz by nitrifying processes (Yu et al., 2020).

Importantly, '>NS? must not be corrected because this value is independent of precursors
isotope signatures, hence the literature ranges can be directly adopted for any case study.

Table 1: Summary of mixing endmembers isotope signatures of particular pathways (bD- bacterial denitrification,
nD- nitrifier denitrification, fD- fungal denitrification, Ni- nitrification) and with respective references. Values
given as mean+SD (calculated from all literature values) and as the range meantAmin-max (defining the literature
range from minimum (mean-A) to maximum (mean+A)). Values are corrected with the substrates applied in the
original experiments, hence the given &y values refer to the theoretical substrate 6 value of 0 permil. Source data
available in the associated repository file (link).
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For the model input each value must be corrected with the respective mean isotope signature of the substrate:
- for 6'80 — soil water (5% 0wu20) for bD, nD and fD, atmospheric/dissolved oxygen (5'*00y) for Ni, nitrite oxygen
(6"80no02) for chD;

- for 6N — respective substrate — NO3™ for bD and D, NH4" for nD and Ni, NOy™ for chD

- for §'"NSP no substrate correction is needed. The final model input values are marked with bold font.

literature values  (mean + SD)

(mean = Apiam) substrates final endmember values
pathway 9g'SNSP 30'*0 30 "N 6"%0 "N %0 "N

bD* -2.4+2.8 19.2+1.4 -47.6+5.2 (3180]120 (SISNN(B 8180 + 5180}{20 815N + 515NN03
-1.945.6 20.0+3.3 -47.5+8.3

nD” -2.1+4.9 15.9+1.5 -56.9+3.8 (3180]120 (SISNN[M 8180 + 5180}{20 815N + 515NNH4
-5.8+7.7 15.9£3.5 n.a.*

1D 33.5+2.5 47.243.8 -37.8+6.6 6"0m0 6" Nyos €80 + 6"%0mo £'5N + 6" Nnos
33.6+6.4 48.5+6.6 -38.3+7.4

Ni¢ 34.0+2.0 23.5+2.1 -56.6£7.3 0"%002—23.5 6" Nxna €80 +0"%00,—23.5 &N+ 6" Nyng
34.7+4.0 23.5£2.9 -55.54£8.5

chD? 23.0+3.7 18.6£2.5 -24.5+3.4 (5180]\102, 515NN()2, 8180 + 61801\102. SISN + 615NN02.
24.1£6.3 17.7+4.3 -25.445.7

* —( (Barford et al., 1999; Lewicka-Szczebak et al., 2016; Rohe et al., 2017; Sutka et al., 2006; Toyoda et al., 2005)
® _ (Frame and Casciotti, 2010; Sutka et al., 2006)

¢ — (Maeda et al., 2015; Rohe et al., 2017, 2014; Sutka et al., 2008)

4 (Frame and Casciotti, 2010; Mandernack et al., 2009; Sutka et al., 2006; Yoshida, 1988)

°— (Wei et al., 2019) — sterilized soil data

* n.a. — full range not available because one study giving mean+SD available only (Frame and Casciotti, 2010)

Table 1 presents a summary of the values that have been generally accepted for N>O production
pathways from soils. A critical examination of the literature led to the acceptance of the most
coherent and substantiated values. The rationale for this selection is presented in Yu et al. (2020)
(described in detail in the Appendix to that review paper). For example, for various fungal
denitrification strains, a broad spectrum of "N values has been documented, but apparently
the range of values exhibited by fungal species of significant N>O production levels is
comparatively narrow. Consequently, only fungal species with high N>O production were
considered, since they will have most impact on fungal denitrification isotope fingerprint in
natural conditions. It has been shown later that some of these fungal strains are not denitrifiers,
but produce low amount of NoO from abiotically produced NO (Keuschnig et al., 2020).
Similarly, for 8'80 of bD the complete exchange with soil water was assumed, in accordance
with the findings of comprehensive soil experiments (Kool et al., 2007; Lewicka-Szczebak et
al., 2016), although isolated bacterial strains show large diversity in the possible extent of O-
isotope exchange (Rohe et al., 2017; Chénier et al., 2026). It was hypothesised that, the stable
and consistent results obtained in whole soil studies are mostly representative of typical field
conditions. However, given the strong dependence of the O-isotope exchange on pH (Casciotti
etal., 2007), it is possible that this assumption may not be fulfilled in more acidic environments.

Besides biotic pathways, chD should often be considered as an additional potential source,
especially under acidic conditions (Venterea, 2007). Defining the appropriate isotope range of
chD is very challenging, as numerous distinct pathways can be understood under this process,
including hydroxylamine oxidation (Heil et al., 2014), Fe(Il) reactions (Buchwald et al., 2016;
Grabb et al., 2017; Jones et al., 2015; Qi et al., 2024; Tischer et al., 2022; Visser et al., 2020),
or lignin reactions (Wei et al., 2019). When summarising the overall isotope ranges of all these
individual reactions together, a substantial range is obtained, overlapping with all the other
biotic pathways, thereby precluding any reasonable N,O source partitioning. Therefore, the
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plausible range for chD needs to be defined depending on the environmental conditions and
relevant literature data or own targeted experiments. This range should reflect the potential N>O
emissions resulting from ciD in the environment under study. The typical soil chD range
presented in Table 1 is based on the Wei et al. (2019) study, which examined the N>O from
sterilised soils as a product of abiotic NO>™ reduction. The values obtained are highly coherent
for different soils and demonstrate stability during continuous measurements and represent the
closest conditions for natural soil case studies. However, a recent study of coastal saline soils
has provided another comprehensive overview of possible chD pathways with different ranges
applicable to this specific environment (Liang et al., 2026). The direct substrate for chD is NO»”
, and this compound should be applied for substrate-correction of chD range. It has been shown
that with just comparing the §'*0 and §'°N values produced by chD and biotic pathways no
identification is possible, whereas precise correction with relevant substrate (NO:") and
comparison of the isotope effect gives clear distinction of biotic and abiotic processes (Wei et
al., 2019). However, since NOz™ analyses are challenging due to chemical reactivity and usually
low concentration in terrestrial environments (Lewicka-Szczebak et al., 2021; Deb and
Lewicka-Szczebak, 2025), few field studies provide NO2™ isotope signatures and the NoO-NO”
isotope effects have not been determined for all pathways so far (Sebilo and Margalef-Marti,
2026).

2.2.2 Applying mean values or ranges for sources

The model enables the definition of the mixing endmembers ranges in two ways: (i) as mean
values with standard deviation assuming Gaussian distribution of the values, or (i1) as the entire
ranges with equal statistical distribution of all the literature data. The assumption of entire
ranges frequently yields a substantially broader distribution of values (see Table 1: compare
upper and lower values for oo literature values), thereby also amplifying the probability
distribution of the model outcomes.

For literature N2O endmember ranges that have been determined in a few laboratory
experiments, with different pure cultures or in controlled conditions favouring one of the
pathways, the range determination is often based on very limited numbers of results, mostly too
few to representatively determine the mean value and justify the Gaussian distribution.
Therefore, when literature ranges are applied, it is reasonable to assume that the entire range is
equally distributed (in FRAME ‘spread’).

2.2.3 Proper assumptions on precursor values

Best strategy is to directly analyse the main precursors isotope signatures: NO3", NHs" and H>O,
ideally alongsite NOy", in the running field or experimental study, considering the possible
heterogenity and seasonality. For §'80m20, changes due to evaporation must be taken into
account. For longer laboratory incubation with significant changes in soil water content,
5'80m20 values of soil water should be determined at the beginning and end of an experiment.
For field experiments it should be performed on a regular basis covering the annual cycle (at
least four times per year) using interpolation to align 8'*Om0 values for intermediate N.O
samplings. In case of aquatic environments of significant dissolved O consumption or
production, §'*00, should be determined as O precursor for Ni. If the precursor values are not
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available the best approximation should be applied. For water isotope signature the §'30m0
values from the nearest GNIP station (Global Network of Isotopes in Precipitation,
https://www.iaea.org/services/networks/gnip) for precipitation or surface water can be applied
(Lewicka-Szczebak et al., 2015). §'®0mo from tap water should be applied, if used for soil
experiments irrigation (Rohe et al., 2014). Since the isotope signature of waters is a very well

studied subject with numerous regular monitoring stations, this value can be assumed with high
accuracy and the associated uncertainity has little impact on the final model outputs. In case of
lacking data on dissolved O in waters, O> consumption and the associated isotope effect can
be applied for the estimation of the actual §'®0o> (Barthel et al., 2026).

For N precursors it is important to keep in mind that the actual isotope signatures of the reaction
substrate may differ for the analysed mean 8'°N values (e.g. obtained from analysing soil
exrtracts), resulting e.g. from intensive substrate consumption in hot spots associated with high
partial isotope fractionation (Lewicka-Szczebak et al., 2017).

Analyses of NO; are so far rather rare, but could be also helpful - as a precursor for cAD and
intermediate product of all the biotic processes. In future, the application of NO2™ as a common
substrate for all processes can possibly improve the source partitioning potential (Sebilo and
Margalef-Marti, 2026; Wei et al., 2019). Recent analytical enhancement allows for analyses of
low-concentrtion NO>" samples, hence these analyses can become more routine (Deb and
Lewicka-Szczebak, 2025).

In case the N-precursors were not analysed, the possible sources should be carefully considered
and the respective values might be assumed (Deb et al., 2024). However, the true source values
can be largely different due to variable origin and fractionation processes. Especially, NH4" can
be highly enriched due to rapid consumption after addition. The usual assumption of soil
8" Nnma values of around 0%o can be only justified, if we deal with native soil N without extra
NH4" amendments. By any NH4" fertilizer addition the actual 8'°Nnus values can be vastly
increased due to fast partial nitrification of the NH4" pool. The '°N enrichment of the residual
NH4" can be very pronounced, with the §'°Nnwu4 values reaching 41 %o in field studies and 79
%o in laboratory incubations (Lewicka-Szczebak et al., 2020). Similarly, the §'*Nnos can be
significantly enriched due to partial denitrification of the NOs™ pool, the analysed mean 5'°N
values of the residual NO3™ pool in soils have reached 27%o0 (Lewicka-Szczebak et al., 2020).
Moreover, even higher enrichment can be noted locally in anaerobic microsites of most
intensive denitrification. Considering all these factors it is very diffucult to properly asses the
N-precursor isotope signature and the errors of such assesment may be large, significantly
impacting the final conclusions of the model calculations.

2.3 Fractionation equation

The most important unique feature of FRAME model is the ability of computing two
simultaneous processes — production and consumption of N2O. This co-existence can be
described using the equations in the fractionation file, with defined parameters. Importantly, in
FRAME software this fractionation equation describing N>O reduction is not pre-defined and
can be determined by the user. Depending on the case study, we can apply here the closed or
open fractionation equation, different sequence of production and reduction or indicate which
N2O producing pathways may be followed by further reduction. The most common approach
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for defining N>O reduction is closed system fractionation equation (Rayleigh process) because
the system is usually not in steady-state required for applying open system equations (Yu et al.,
2020). However, in rare cases when the N>O production and reduction is very stable with very
rapid and constant exchange of substrates and products, open system may be applicable, e.g.,
by very high reduction rate and quite stable and small residual N>O fraction (Decock and Six,
2013; Lewicka-Szczebak et al., 2015). Usually, the mixing followed by reduction is expected,
i.e. the N>O originating from all pathways can be reduced. Alternatively, it can be assumed that
N>2O reduction is only possible in course of bacterial denitrification and only after this partial
reduction the bacterial N>O is further mixed with other pathways derived N>O. Results of this
scenario found better agreement with the reference methods of direct N> measurements (Wu et
al., 2019). In reality, these both scenarios are probably co-existing, and potentially even more
complex reduction scenarios can be also defined in FRAME. However, it has been shown, that
in case of quite high uncertainty of exact N>O production pathways contribution, the assumption
of reduction associated with »D only will increase the possible modelling artefacts (Lewicka-
Szczebak et al., 2020). Therefore, the reduction-mixing scenario, although found more realistic
(Lewicka-Szczebak et al., 2014), can be applied only when sources are very well distinguished
(Lewicka-Szczebak et al., 2017; Wu et al., 2019). If this is not the case applying mixing-
reduction scenario should be preferred.

To define the isotope fractionation process in the model we determine the equation (examples
presented in Table 2) and the fractionation factors for each isotope signature. The most actual
values after (Yu et al., 2020) are summarised below (Table 3).

Table 2 Isotope fractionation equation for different scenarios with the way of their definition in FRAME

Fractionation scenario Equation Defined in FRAME*
Closed system d=30+¢€*1In(r) MO[1] + A[i] * log(r)
mixing-reduction

Closed system 6=250+ fop * € * In (1) MO[i] + f[0] * A[i] * log(r)
reduction-mixing

Closed system 6=230+ (fup + fup) * € * In (1) MO[i] + (f[O]+1[1]) * A[i] * log(r)
reduction (bD+nD)-mixing

Open system 8d=230-¢*(1-1) MO[i] - A[i] * (1-1r)
mixing-reduction

Open system 8=200-fup * & * (1-1) MO[i] - 10] * A[i] * (1-1)
reduction-mixing

*equations given for the pathways defined as: bD — f[0], nD — [ 1], fD — {[2], Ni — f[3] (numbers as sequenced in
the source table); parameters (letters as defined by the user): A — isotope fractionation factor (ep.s); » — residual
fraction; My — isotope signature of initial mixture before fractionation

In most N>O research, the N2O reduction progress in the isotope fractionation equations is
defined with residual unreacted fraction (»), usually denoted as ra20 (Yu et al., 2020), Rn20
(Scheer et al., 2020) or as N20; (Wei et al., 2024) representing the N>O/(N2O+N3) ratio of
denitrification (or just product ratio) mostly used in >N traced approaches (eg. Pfiilb et al.,
2025). Both values are practically equal, but N>O; particularly applies to denitrification product
ratio, since it takes into account only N2 produced from the reduction of N>O from bacterial
denitrification, hence calculated in reduction-mixing scenario. This is because in '°N traced
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studies by '°N labelling NOs™ pool, only N> originating from the NOs™ pool can be detected and
quantified. Dual or triple labelling approach of parallel treatments with different '*N-labelled
pools of NOs", NH4", organic N can also identify N> originating from different N sources.

Table 3: Summary of isotope fractionation effects associated with N>O reduction to N».

literature isotope effects (mean + SD)

€ ISNSP 3180 P ISN

N0 reduction® -6.0+1.4 -15.9+4.7 -7.0£2.1

¢ — (Jinuntuya-Nortman et al., 2008; Lewicka-Szczebak et al., 2015, 2014; Menyailo and Hungate, 2006; Ostrom et al., 2007; Well and Flessa,
2009b)

3  Modelling strategies

3.2 2D and 3D model

The model can be applied integrating all three N>O isotope signatures (5'0, §'°N, §'°N°P), and,
in case of complete data and sources characteristics, this is the preferred approach. The progress
of the 3D compared to the 2D (e.g., §"’N5P - §180 or §'N5F - §15N) approach is, that the addition
of the third isotope dimension (e.g., 5'*0 or 8'°N) theoretically allows calculation of additional
unknown parameters from the isotope mass balance or better estimate the under-constrained
analytical cases. But importantly, this third isotope parameter is only a valuable addition, if the
precursor isotope values and proper source processes definitions can be included.

In case of problematic interpretation of one of the values, the model can be reduced to a 2D
model. Usually, we deal with problematic interpretation of §!°N values, due to lack of reliable
precursor data and, in consequence, difficulties in proper determination of mixing endmember
values. In case of large uncertainties, the 2D model applying §'°’N" and §'80 should be
preferred (Wei et al., 2024). The advantage of this simplified approach is the quite stable mixing
endmember characteristics, namely — totally independent of precursors for §'°N* and requiring
a relatively small and easy correction with water isotope signatures for §'30. As a result, the
calculated pathways contributions and reduction progress may show low uncertainty, but for
limited number of unknowns. Especially, for §'"NSP-5!%0 model the pathways 6D and nD
should be combined together, since there is almost no isotope distinction of these processes in
the isotope 2D plot (Table 1) (Lewicka-Szczebak et al., 2020). Similarly, the chD pathway can
overlap with Ni or /D, and will not be distinguishable in 2D model (Wei et al., 2019). The
precision of such a model can be further enhanced if more limitations can be applied, like
excluding of some pathways (e.g., no Ni in anoxic environments) (Senbayram et al., 2018) or
some presumptions on N>O reduction progress (Liang et al., 2026).

3.3 15N low-labelling strategy
To enhance the effective application of the 3D model, we can artificially change the isotope
signatures of precursors to obtain a better processes distinction. For this purpose, low-level

labelling can be applied with very low addition of '°N tracer to one pool (e.g. only NOs") but
keeping the value within the natural abundance level (Deb et al., 2025). This allows for
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unproblematic measurements of §'*0 and §'°N5? and applying the standard modelling approach
including the isotope fractionation processes. The added '°N tracer to one pool results in the
shift of relevant pathways in the 8'°N values and clear distinction of denitrification processes
(bD and fD) using NO3™ as precursor and nitrification processes (Ni, nD) using NH4" as
precursor. (Deb et al., 2025). So far, the enrichment to §'°N to ca. 100%0-200%o was targeted to
attain clear distinction of the endmember values and keep significant isotope fractionation
effects (Deb et al., 2025). But it must be kept in mind that unknown isotope fractionation of
NOs™ and NH4" pools can lead to bias in quantifying N2O source contributions (Lewicka-
Szczebak et al., 2020).

Potentially, the method of slightly higher labelling might also be a successful approach with
even more clear processes distinction and reduction progress determined with §'30 and 8! NSP
values. The limit is the possible simultaneous precise measurement §'30 and §!°N°P values by
the elevated §'°N values of produced N>O. The upper limit for '’N enrichment might depend
on the measurement technique. When using laser absorption techniques, like cavity-ringdown
spectroscopy (CRDS) method the sample measurements of 8N > 150%0 may require
additional correction of §'°N°F values. When using isotope ratio mass spectrometry (IRMS,
coupled to a PreCon set up (Lewicka-Szczebak et al., 2014) it was possible to correct the
measurements for all values up to at least 1 at% '°N (Rohe and Well, 2026) when the theoretical
formation of double-'"N-substituted N>O ('’N'>NO) was taken into account. But it still needs
to be evaluated how this effect might differ between bacterial and fungal denitrifiers. To obtain
precise results, suitable correction factors should be determined individually for the applied
analytical approach.

3.4 15N combined model

Another recent idea is also the application of the N2O modelling combining two datasets of
parallel experiments: natural abundance and >N traced (Micucci et al., 2025). In this method
the '°N traced approach is applied to differentiate between N sources and natural abundance
N20 isotopes provide the further source partitioning. Mathematical integration of both parallel
results in FRAME provides precise results with uncertainty estimation (Micucci et al., 2025).
In this approach rn20 is obtained from both approaches, hence can be combined and validated.
The challenge here is the necessity to conduct two parallel treatments with comparable
dynamics, that may be assumed identical, since they are treated as one set-up in the model.

3.5 Laboratory experiments for isotope effects determination

The example values of source processes given in Table 1, as the summary of isotope effects
associated with particular pathways determined in pure culture studies or controlled
incubations, can be modified according to each case study. Theoretically, the most proper way
would be to analyse the isotope effects characteristic for the individual environment, like soil,
water, sediment etc. This can be done with laboratory incubation experiments under controlled
conditions for separation of oxic and anoxic processes, and with selecting specific substrates.
For example, it has been shown that the anoxic soil incubations with acetylene (C2H>) addition
for inhibition of N>O reduction, favour 6D and can be applied to determine the individual
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isotope bD signal for the environment under study (Lewicka-Szczebak et al., 2017).
Autotrophic nitrification could be inhibited by establishing 10 Pa acetylene (Well et al., 2008).

However, there are no similar easy methods for isolating other pathways. Selective inhibitors
for fungal and bacterial denitrifiers can be applied, but the suitability of this approach to
distinguish bD and fD has been shown to be questionable (Rohe et al., 2021).

The experimentally determined fractionation factors must be applied into the natural field
studies with caution. Some experimental set-ups may produce significant experimental artefacts
and provide isotope fractionation factors not related to the naturally occurring processes.
Therefore, identifying of experimental artefacts is critical, e.g.:

- Determination of N>O reduction isotope fractionation factor in static experiments
appeared to be biased for ’N and '®0 due to additional fractionation by NO
diffusion having the opposite isotope effect. As a result, the final apparent isotope
effect may differ from the conditions when N2O is constantly escaping from the
system and no back diffusion is possible (Lewicka-Szczebak et al., 2014). Hence,
the dynamic experiments with constant gas flow provide rather more representative
values of reduction isotope effect for typical open-system field studies.

- Incomplete N2O reduction by C;H> addition may underestimate the determined
isotope effect (Lewicka-Szczebak et al., 2014).

- Very fast process rates can underestimate the determined isotope effects.

- Beginning of isotopic measurements of emitted N2O before the equilibrium and
isotope steady-state is established may result in observation of odd values for the
first samples. This may be due to activation of NO detoxication pathways, as a
reaction to highly increased NO concentrations and not sufficiently developed
enzymes of further NO reduction (Chénier et al., 2026; Haslun et al., 2018).

An excellent example of separating processes in the environment of the actual case study,
municipal wastewater treatment processes, was recently presented by (Strubbe et al., 2026).
Authors applied controlled incubation conditions and targeted the combination of substrates
addition, dissolved O: levels, pH, and organic carbon availability to successfully separate nD
and bD pathways. Importantly, in their experiments negligible contribution from
hydroxylamine oxidation pathway (Ni) was documented. Such experiments allow to apply the
isotope mixing model much more efficiently, since they allow a reasonable selection of the
mixing endmembers and their actual isotope fingerprint.

3.5 Potential and relevant mixing sources

Table 1 shows potential main sources, for which the isotope effects are experimentally
determined. Recently also some other processes have been isotopically characterised, like NO
detoxifying pathway (Wang et al., 2024), DNRA (Xu et al., 2024) or chD pathways (Tischer et
al., 2022; Visser et al., 2020). Although often neglected in the past studies they may play a
significant role under certain conditions, hence need to be considered when relevant. In any
case study, one should initially consider all the possible sources, but then critically analyse if
each of the processes is really plausible in this environment. The less unknowns given for the
model, the better precision of the model outputs. In case an additional pathway is needed, maybe
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one of the routinely accepted pathways could be negligible for the environment under study.
For example, in case of anoxic environment often oxic nitrification can be excluded (Einzmann
et al., 2025). When the isotope study is combined with any supporting method, it can be used
as a primary selection of the mixing pathways included in the model. For example, if the
microbial methods have been co-applied and some of the relevant genes or enzymes show low
abundances, this might indicate that this process is less relevant.

Another N>O formation pathway that can further complicate the FRAME application are hybrid
processes occurring during co-denitrification, where one N atom from NO;™ or NO combines
with second N atom from another compound, particularly organic N, NH4" or hydroxylamine
to form N>O or N2 (Spott et al., 2011). As a result, two nitrogen atoms in N>O molecule originate
from two different substrates. Two main problems arise in identifying and quantifying these
processes with natural abundance isotope methods: (i) the isotope fingerprint of this process is
so far unknown and (ii) the integration of two different substrates for one product was so far
not supported in FRAME. Whereas the model equation modification to introduce two covariant
sources is theoretically possible, there is probably still a long way to reveal isotope
characteristics of this process. So far, the co-denitrification was identified and quantified in
traced experiments, with '’N multi-labelling of different substrates (Miiller et al., 2014) or
combined '*O-N approaches (He et al.,, 2026). Some studies have found significant
contribution of co-denitrification of up to 18 % in grasslands (Miiller et al., 2014) and even 33
% in grazed pastures after urea depositions (Rex et al., 2018), whereas other indicate minor
input: below 7% in vegetable soils (Duan et al., 2019), and negligible contribution in intensively
managed pasture soils (Friedl et al., 2021). Hitherto case studies show that co-denitrification
may be especially active after drought periods (Harris et al., 2021), in alkaline soils (Duan et
al., 2019), and under high N content, e.g. urine amendment (Li et al., 2022; Rex et al., 2018)
Currently, this process can be only accounted by applying isotope traced studies.

3.6 Predefining N20O reduction

A method for independent N determination, as '°N gas flux method or direct N> measurement
in artificial He atmosphere, can be co-applied. If independent information on N>O reduction is
available, the model can be restricted with this value. It can be introduced into the model by
giving the known value into the equation in the fractionation file (see 2.3, Table 2). In such case
the model has a stable fractionation equation with fixed mn20 and without unknown parameters
and the sources contribution can be determined with better precision. This strategy was tested
in the microcosm soil incubation study in He atmosphere, where N> flux, and hence the
N20/(N20O+N3) ratio was measured directly (Senbayram et al., 2018; Wei et al., 2024). First,
the FRAME estimation of rv20 was compared with direct measurement and the agreement was
good, except for the highest rnoo values (>0.8) (Wei et al., 2024). Then these directly measured
values were inserted into FRAME and source partitioning was attempted, but no fit was found
by the model, whereas full modelling without predefined reduction gave good modelled
outputs. This indicates that for very high 20 values the direct N> measurements of the lowest
fluxes, near the method detection limit, were biased. Nevertheless, for usual cases where we
deal with significant N2O reduction the independent estimation of rn20 can be applied to reduce
the unknown parameters.
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3.7 Time FRAME

Based on the FRAME model, a further R-package TimeFRAME (Time-resolved FRactionation
And Mixing Evaluation FRAME) has been build (Harris et al., 2024), incorporating statistical
interpolations between sequential measurements. This software is intended to be applied for
dense measurement series with high data resolution. Importantly, it assumes dependence on the
following sampling points. The analysis can be automatised because it is implemented as an R
package (link). TimeFRAME assumes the isotope fractionation based on closed system mixing-
reduction case, and this cannot be easily modified in the software. So far, this tool has been
applied for synthesis on source partitioning of the globally investigated N>O (Li et al., 2026).

4 Model outputs interpretation

4.1 Check of proper model assumptions

Application of FRAME requires a few pre-assumptions, as discussed above in Chapter 3, i.e.
on precursors isotope signatures, isotope fractionation factors associated with particular N,O
production pathways and its reduction to N2, the model equation of N>O reduction. The model
outputs offer the graphics illustrating the modelling process that can help to properly assess the
plausibility of the model assumptions.

(A) Possible MCMC simulated points (sharp boundary) (B) Likelihood of observing certain measurement

60 60 -
£ Due to non-zero uncertainties,
y the measurement may fall
50 4 y 50 4 outside the model boundary *
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Fig. 1. MCMC phase space and measurement uncertainty in a fractionating three-source mixing model. (a) Hard
boundary of admissible MCMC solutions (blue shading) spanned by end-members S1-S3 and fractionation along
the dashed rays (M = My + A4 In r). (b) Measurement likelihood envelope, broadened by Gaussian analytical
uncertainty; dashed line shows strict model boundary. A measured composition may lie outside the MCMC region
with exponentially decreasing probability.

First check is the sample's location on the initial graphs — 2D isotope maps (Fig.1) and its
relation to the topology determined by the source processes and the N>O reduction line
representing the isotope enrichment due to progressive partial reduction of N>O. If all the
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assumptions are correct and all the potential sources are considered, the sample points must be
situated within the polygon marked by between the mixing endmembers, and the shift
associated with the fractionation due to reduction (diagonal translation), i.e. within the mixing-
fractionation field (Fig. 1 — blue polygon). Importantly, the graphs produced in FRAME show
the edge of the mixing-fractionation field with mean values of the border endmember ranges
(Fig. 1A). But the further model calculations are performed taking into account associated
uncertainties, so the actual range of plausible measurements extends wider than the rigid
polygon boundary. The uncertainty of the mixing endmember values results in a blur of the
edges of defined polygon, while the uncertainty of the reduction fractionation factor results
additionally in the divergence of reduction line slopes (Fig.1B). The visualisation provided by
FRAME (blue points in Fig. 2) simplifies this to the mean values. Thus, while the boundary
polygons are marked using mean values for visual simplicity, the model computation accounts
for all the associated uncertainties and the resulting likelihood distributions do not feature sharp
boundaries, but rather a gradual fade-out, as displayed in Fig. 1B.

If the measured isotope signature falls outside the mixing fractionation field, the model will
calculate this case assuming the nearest possible solution. Slight distinctions from the
theoretical boundaries are possible and the model provides relevant results, however, the
algorithm may provide a seemingly valid solution also for cases, when the measurement clearly
violates the hypothesis encoded in the model equation. In the case of very large discrepancy
between the measurement and the boundary of possible solutions, the model might take very
long to converge or even fail the burnout process (Fig. 2B). This usually occurs when the
samples are below the minimal slope of the reduction line or left from the Ni endmember box.
Users may inspect the value of the “Z-score” statistical test outputted by the model, to verify if
the distance between the MCMC simulated points and the measured data significantly exceeds
the total uncertainty. For the measurements inside the polygon, the Z-score will be equal to zero.
Values close to 1.0 should be regarded as absolutely plausible and the Z-score exceeding 3.0
signals one of the three problems:

o the model does not account for all the sources or processes present in the system (e.g.,
missing source),

o the uncertainties are not estimated correctly,
o the measured sample is faulty (e.g. contaminated or misplaced).

In case of samples with alarmingly high Z-scores, the following points should be double
checked in order to understand the reason of this observation:

1. The characteristics of samples outside the box: Are these especially low or high N>O
concentration sample? Do our isotope normalisation procedure and measurement
conditions provide proper values for these samples?

2. Are the N2O samples from the starting point of an experiment? Possibly before the
steady state has been reached? Or the last samples when maybe some new unexpected
processes take place, or another N pool is activated?
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3. The characteristics of mixing endmembers: Are all the possible sources taken into
account? Are the assumed ranges relevant for the environment under study?

4. The procedure of sources correction with precursor values: Are the precursor values
properly taken into consideration and properly estimated or measured?

5. In cases when the experimental conditions change significantly in course of the
laboratory experiment or field study it might be necessary to evaluate each phase with
a new model with specific sources newly defined for each phase.

If the above biases are checked and according to our best knowledge the sources are defined
properly and the samples measured correctly, the results outside the mixing fractionation field
should be reported and shown, with relevant information that they must have been disregarded
from the modelling.

4.2 Check of model conformance

Very important step is the assessment of the model robustness, i.e. check if the output values
result from a well determined model. This can be verified both visually, based on the graphics
automatically provided by the FRAME software (Paths (Fig. 2), Markov chain (Fig. 3),
Correlations (Fig. 4), Results (Fig. 5)) and with the provided numerical results (.xls output file):

1. The figure comparing modelled and measured values (Paths (Fig. 2)) indicates how well
if the model is reflecting the reality. A robust model will produce the modelled values (blue
points) closest to the measured points (black dot) (Fig. 2). A bad fit between measured and
modelled values often indicates grouping of too different samples or inability to find a common
good result for all the three isotope values in the 3D model.

2. The same can be checked by analysing the Z value defined by the model (provided in
the model output summary - .xls output file), which indicates the distance between the modelled
and measured values.

3. Time development of the model values (Markov chain (Fig. 3)) shows variation of the
modelled values in time and illustrates if and when model stabilisation was achieved. In case
the model did not find matching results, this graph illustrates why, possibly due to equal
probability of all the possible variations or no solution meeting the modelling criteria. In such
case, the model burnout phase is not reached (Fig. 3B). In MCMC simulations it is crucial that
stabilization is indeed achieved, therefore such a plot is a key tool for quality assessment. In the
example (Fig. 3), one simulation reached the stabilization (Fig. 3A) — and the second did not
complete the burn-out phase (Fig. 3B).

4. Distribution estimation on the histograms (on the diagonal of Correlations (Fig. 4)) are
calculated from the variables building the Markov chains, the wideness of these pools for each
process represents the model uncertainty.

5. The same can be checked with o values provided in the model output summary (.xls
output file) for each mixing endmember and residual fraction.

6. Correlations between the modelled points are provided: as contour-plots (top-right) and
correlation coefficients (bottom-left) in Correlations (Fig. 4). Very high correlation between
two mixing endmembers combined with wide uncertainty ranges for them indicates poor
distinguishing of these two mixing endmembers. Similarly, a correlation between source
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opposite due to negative value of the isotope fractionation factor.

7.  Summary box-plots (Results (Fig. 5)) presenting mean, median, 16 (~68% confidence
interval), and 20 (~95% confidence interval) directly illustrate the uncertainty of the model
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Fig. 2 Paths - simulation of 2D modelling paths — i.e. consecutive configurations accepted by the MCMC algorithm
plotted in the dual isotope map (blue points) in relation to given sample data (black points), the relevant sources
(grey rectangles: bD, nD, fD, Ni) and the relevant fractionation (dashed lines showing the direction and boundaries
related to the fractionation process).
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Fig. 5 Results — Summary statistics on the simulation results of mixing fractions (bD, nD, fD, Ni) and fractionation
parameter 7: The circle stands for the mean value, the horizontal line represents the median, the box encloses 68%
confidence interval (CI) and the whiskers stand for 95% CI.

For good results documentation the model graphics and output files should be available in
supplementary materials or repository databases.
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5 Actualised model release

FRAME v2.0 is a major update of the Bayesian MCMC mixing and fractionation model
(https://malewick.github.io/frame/) first published in 2022 (Lewicki et al., 2022). The core
workflow is unchanged: users supply measured isotope data, end-member source signatures,
and (optionally) a fractionation model; FRAME then estimates source contributions and
auxiliary parameters by Metropolis—Hastings sampling. The update improves statistical
treatment of source uncertainty, extends prior specification for fractionation variables, and
brings practical gains in speed and accessibility.

5.1 Likelihood for uniform source uncertainty

In v1.0, sources described by a flat range (using non-zero values of spread parameters) were
handled with an approximation obtained by linearly combining spreads. This was convenient
but could bias results when several such sources were used or when spreads were large relative
to measurement uncertainty. Version 2.0 replaces this approximation with an exact numerical
treatment. For each isotope dimension and MCMC step, the Probability Density Function
(PDF) is built as the convolution of (i) a Gaussian term combining all “stdev” contributions
and data uncertainty, and (ii) one symmetric uniform distribution per source with nonzero
spread. Convolutions are computed with Fast Fourier Transform (FFT) and the resulting PDF
is evaluated at the measured value. Models using only Gaussian source uncertainties are
unchanged and retain the fast analytical likelihood computation. While the previous
approximation remains robust for most applications, upgrading to v2.0 is recommended for
maximum accuracy when modelling multiple spread-based sources.

5.2 Configurable priors for auxiliary variables

Fractionation models in FRAME include auxiliary variables (commonly denoted 7, e.g. residual
fraction or reaction progress). In v1.0, these were always sampled from Uniform(0, 1). Version
2.0 allows the sampling prior to be chosen explicitly:

e uniform: » ~ Uniform[7min, max] (default; identical to v1.0 when bounds are [0, 1]);
e log-uniform: log(r) ~ Uniform[log(#mir), log(7max)], suitable when » may span orders of
magnitude.

This is available in the graphical interface (prior type and bounds per auxiliary variable), in
batch mode via appropriate execution arguments (--aux_prior type, --aux r min, and --
aux_r max) and in Python through an instruction set_aux_prior.

5.3 Performance and interface

Long MCMC runs benefit from precompiled model expressions (replacing repeated eval()
calls). Additional optimisations in the convolution and PDF evaluation routines reduce per-
iteration cost. The batch runner and Windows executable gained fuller command-line control;
documentation and a Google Colab notebook now allow users with basic Python knowledge to
run example analyses in a browser without local installation.

5.4 Compatibility note
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Input file formats and the scientific model structure are preserved — full backward compatibility
is ensured. The main behavioural change affecting published results concerns spread-based
source uncertainty; prior choice affects fractionation models whenever » is not fixed to
Uniform(0, 1).

5.5 Model parameters: MCMC and auxiliary-variable prior settings

FRAME is controlled through a compact set of run-time options available in the graphical
interface and in headless batch mode (equivalent command-line flags in parentheses). These
settings govern chain length and convergence, file output, computational efficiency, and—when
fractionation or related processes are modelled—the prior distribution of unknown auxiliary
variables.

Maximum iterations (--niter) - Upper limit on MCMC proposals per sample group; the run
terminates earlier once the target chain length is reached. Increase if the chain is not filled (e.g.
low acceptance, measurements near mixing-space boundaries, or strongly correlated
fractionation models). GUI default: 10°%; batch mode: 10°.

Burn-in (--burnout) - Number of accepted steps discarded before posterior recording begins,
allowing the adaptive acceptance threshold to stabilise. Default: 100; increase to 200-500 if
initial chain traces show drift.

Chain length (--chain_length) - Number of accepted post-burn-in steps retained for inference
and diagnostic plots. Default: 500; increase to 1000—5000 for smoother posterior histograms or
models with several correlated unknowns.

Prior type (--aux_prior_type) - Sampling distribution for each unknown auxiliary variable r.
uniform:

o 1~ Uniform[#min, ¥max] (default; appropriate for bounded fractions).
¢ loguniform: log(r) uniform in log-space; suitable when » may span orders of magnitude
(requires 7min > 0).

Prior range minimum and maximum are controlled with 7, (--aux_r min) and 7max (--
aux_r max).

6 Examples from case studies

6.1 Applicability to different environments

Thanks to the flexibility of FRAME in defining the number and isotope characteristics of N2O
mixing sources and the systematics of further N>O reduction, this modelling tool is applicable
across all environments and has been so far applied for N>O source partitioning in both
laboratory microcosm (Deb et al., 2024; Einzmann et al., 2025; Gu et al., 2025; Guo et al.,
2026; Stephens et al., 2026; Wei et al., 2024) and mesocosm (Gétze et al., 2025; Masta et al.,
2026; Rummel et al., 2025a, 2025b; Zhu et al., 2026) incubation experiments, as well as in field
studies across the globe: in African lake in Kongo (Barthel et al., 2026), in stratified mountain
lake in Switzerland (Einzmann et al., 2026), on Pacific research cruise (Gu et al., 2025), Tibetan
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rivers (Chen et al., 2023), China rivers (Wang et al., 2025b), agricultural wheat/sugar beet fields
in Switzerland (Rainford et al., 2026), wheat/corn fields in Germany (Well et al., 2025), soybean
field in Japan (Toyoda et al., 2024), semi-arid savannah in Kenya (Fang et al., 2024; Zhu et al.,
2026) and in one marine samples meta-analysis (Wang et al., 2025a).These various case studies
investigated terrestrial environments: agricultural soils (Gotze et al., 2025; Guo et al., 2026;
Rainford et al., 2026; Rummel et al., 2025a; Toyoda et al., 2024), post-wildfire chaparral soils
(Stephens et al., 2026), costal saline soils (Liang et al., 2026), livestock enclosures in sub-
Saharan Africa (Fang et al., 2024; Zhu et al.,, 2026), aquatic environments: polluted
groundwaters (Deb et al., 2025), lakes (Barthel et al., 2026; Einzmann et al., 2026, 2025), rivers
(Chen et al., 2023; Shu et al., 2024; Wang et al., 2026, 2025b) and marine environments (Gu et
al., 2025; Wang et al., 2025a).

6.2 Different application strategies

The unique opportunity provided by FRAME is the integration of three isotope values (6'°NSF,
6N and §'%0) to find one best solution. First study where 3D N»O isotope model (3DIM) was
applied and validated was the agricultural field and laboratory experiment (Lewicka-Szczebak
et al., 2020), continued in more frequent field study of different agricultural management
systems at two field sites (Well et al., 2025). Application of 3D N>O modelling allowed for
better source partitioning and denitrification product ratio estimation and hence provided
insight into underlying processes associated with different farming strategies and soil types. In
further research studies the 3D modelling was successfully implemented with FRAME software
to differentiate the 6D, fD, nD and Ni production pathways and quantifying N>O reduction
where the 8'°N values of mixing endmembers were precisely analysed (Deb et al., 2025; Fang
et al., 2024; Gu et al., 2025; Masta et al., 2026; Zhu et al., 2026) or assumed based on best
literature estimates for similar environment and conditions (Barthel et al., 2026).

In numerous of the case studies applying FRAME the 3'°N of the precursors is missing or too
dynamically changing, hence the 2D model is applied. For example, this strategy was chosen
for the agricultural soil experiments amended with mineral, organic and mixed fertilizers (Wei
et al., 2024). The various N pools were dynamically changing, and the isotope signatures of
different soil N pools were not analysed. Similarly, in the Tibetan River study very low NH4"
concentrations disabled the isotope analysis of this pool and the assumption on equal 3'°N was
tested but indicated as potentially biased and rejected by the authors (Chen et al., 2023). A 2D
model was also chosen when the 3D model fails to yield reliable results due to deviations
between modelled and measured §'°N values and no well-fitted solution found by the model in
3D space (Rummel et al., 2025b).

Reduction was calculated assuming closed system (Rayleigh equation) in most of the above
case studies, however, especially for water environments this model may appear too much
simplified (Deb et al., 2025) and some modified approach applicable also to open systems has
been proposed (Einzmann et al., 2026). Some studies applied and compared both scenarios:
reduction-mixing and mixing-reduction. The observed differences between their outcomes
depend largely on the specific characteristics of the studied environment and the proportion of
dominant microbial pathways. In studies of agricultural soils (Gotze et al., 2025) significant
differences were observed in estimating the level of N>O reduction to N>. The rn2o was
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estimated at 47-70% using the R-M scenario, while for the M-R scenario, these values were
distinctly higher, ranging from 73—83%. Regarding source contributions, the estimated Ni share
in total N>O production was slightly more stable in the R-M scenario (42—48%) compared to a
wider range in the M-R scenario (40-57%). However, in studies of dominating bD pathway
(Well et al., 2025) and large N>O reduction (Chen et al., 2023) the difference between both
scenarios was minimal, within the model uncertainty.

6.3 Selection of source pathways

In most studies the standard main pathways are assumed as mixing endmember: bD, fD, nD,
Ni. However, some studies included more individualised contributing pathways basing on
specific environments. In marine and oceanic studies, Ni was explicitly divided into archaeal
ammonia oxidation (aN/AOA) and bacterial ammonia oxidation (bN/AOB), alongside bD and
nD (Gu et al., 2025; Wang et al., 2025a). In agricultural soybean fields, bD was subdivided to
distinguish between standard soil denitrifiers (sBD) and specific nodule rhizobia (nBD) (Toyoda
et al., 2024). Because bD and nD often exhibit weak isotopic separation, several studies chose
to aggregate them into a single combined fraction (bD+nD) to improve model reliability (Well
et al., 2025; Zhu et al., 2026).

Lack of chD included in the potential sources was pointed out as a weakness of the model (Deb
et al., 2025). Only in recent studies chD pathway was also included (Einzmann et al., 2025;
Liang et al., 2026). First, in anoxic lake environments, chD was introduced as a potential
alternative source, while Ni was excluded entirely (due to the lack of oxygen) (Einzmann et al.,
2025). Later, chD was introduced as the fifth mixing endmember and the robustness of the
model taking into account large uncertainties of isotope characteristics of this NoO source were
tested. Only minor changes and very indivertible general conclusions of the model in this case
study were documented (Liang et al., 2026). The model results were also combined with
microbial data that further confirmed its robust output (Liang et al., 2026).

6.4 Validations with independent methods

In Lewicki et al. (2022) the model performance with theoretical values was tested and validated.
Before, the performance of the FRAME precursor - 3DIM model - was validated in detail
applying '°N gas-flux approach both in field and laboratory experiments (Lewicka-Szczebak et
al., 2020). 3DIM applied mathematically the same idea and same calculation script and was
applied before release of FRAME software. For model estimation of 7n20 very good agreement
with reference method was documented and the typical accuracy for mn20 determination was
0.15 (Lewicka-Szczebak et al., 2020). Source partitioning could be only partially validated in
that study, by comparing the NOs™-pool derived and NH4 -pool derived N>O. This processes
distinction was positively validated for experiments showing significant N»O flux, but showed
significant bias for low N>O fluxes, near analytical detection limit for >N gas flux method.

Further studies provided comparisons of N>O isotope modelling outputs with microbial
methods applying DNA extraction and qPCR analyses. In groundwater incubations microbial
and isotope method indicated similar shift in time from nitrification to denitrification dominated
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pathways (Deb et al., 2025). In saline soil incubations, an agreement in N>O source partitioning
has been shown, too, but the observed relative enrichment in N>O reduction genes (NosZ) was
accompanied by actual decrease in N2O consumption, indicating decoupled genetic potential
from actual enzymatic activity (Liang et al., 2026). Importantly, the applied microbial approach
(DNA extraction) provides information on gene abundances associated with particular
microbial pathways, not the gene expression. Hence, the information obtained relates only to
potential of N>O production, but do not show if these genes are transcribed and expressed
(Espenberg et al., 2018). Including mRNA extraction to quantify gene expression would show
the production of enzymes which can be seen as direct evidence for initiation of a reaction step
leading to N2O production or reduction. However, such analyses are much more challenging
and therefore so far were not combined with isotope results (Baumann et al., 2024). So far,
close correlation between gene expression and N>O transformation rates over time has never
been proven and is questionable, since the transformation processes may keep active when gene
expression declines, because the enzymes are present at a certain level, which needs to be
maintained only (Rohe et al., 2020).

Masta et al. (2026) indicated contrasting results of FRAME modelling, microbial analysis and
5N tracing. This was most probably due to very dynamic experimental setup of the mesocosm
incubations comprised with changing conditions of water content and O» concentration
resulting in rapid fluctuations between oxic and hypoxic conditions. Consequently, each
approach provided a different perspective, e.g. microbial analysis of top soil layer responding
instantaneously on changed conditions vs. N2O flux from deeper soil layer showing delay in
change of N2O production pathways. This indicated that parallel validation methods do not
always provide good reference values, and microbial and isotope results should be rather treated
as complementing not validating approaches.

On the other hand, a very good agreement on partitioning of bacterial and fungal denitrification
was obtained in soil microcosm incubations applying organic and mineral fertilization (Wei et
al., 2024). Importantly, in this study significant correlation between gene abundances and the
modelled /D contribution has been indicated. This is so far the only partial verification of fungal
contribution determined by the isotope models, however only quasi-quantitative, since the gene
abundances allow only relative quantification of N>O fluxes. NO> induced transcription of
p450nor during denitrification by the fungal denitrifier Fusarium oxysporum has been shown
to correlate with the production of N,O with a high §'°N®" typical for fungal denitrifiers (Rohe
etal., 2020). p450nor gene expression can thus be promising to validate the occurrence of active
/D. But results also showed that gene expression declined during constant N>O production,
supporting the assumption that gene expression can only identify the existence of a certain
process, but not its actual rate.

The validation of source partitioning between bD and fD was also aimed by application of
selective inhibition of fungal or bacterial growth (Rohe et al., 2021). However, due to large
fraction of uninhibited N>O production and low contribution of /D in studied soils this approach
was not suited for validating the isotope modelling results (Rohe et al., 2021).

7. Conclusions and outlook
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The FRAME model was introduced to enable the standardised, fast and robust interpretation of
the complex N>O isotopocule datasets. By integrating three isotope values (6"°NSF, §'°N and
0'%0) and simultaneous isotope mixing and fractionation processes, it provides quantitative
information on mixing pathways contribution and N2O reduction progress with estimation of
uncertainty and detailed documentation of the modelling process and outputs. The N>O isotope
community thus received a tool for well unified and comparable approach for data evaluation.
Simultaneously, the model remains flexible, allowing users to make individual modifications
according to specific cases. Due to open availability of the modelling code further developments
of the model by wide research community are facilitated. Moreover, open discussion forum on
the FRAME website allows reporting and discussing all the issues with model authors, which
resulted in new ideas and improvements, which should also further continue.

Further work is needed on the quality of input data that are introduced into the model. The less
uncertainty in the measured isotope values and defined sources, the more robust the output
values. However, some of the sources are still poorly determined and their further
characterisation for particular environments is still needed. The model outputs are already well
validated for the estimation of N>O reduction (ra20), while a proper validation for source
partitioning is still missing, only plausibility of the modelled contribution of selected pathways
was indicated by molecular biology results. There is definitely a need for more robust validation
by combining FRAME with well-tailored high or low level '°N labelling or with gene
expression approach.

An important aspect of N2O isotope studies is their relation to substrates and the awareness of
this has definitely grown in recent years, most authors now provide measured isotope signatures
of N substrates (NOs~, NH4") and ambient water (H,0). In future perspectives, possibly addition
of further N-compounds, central for various N-transformations, like NO and NO>", may open
new, more precise interpretation strategies by allowing to link various compounds of the N
cycle.

Al disclosure

The original FRAME package (v1.0, 2022) was developed entirely without generative artificial
intelligence: model design, statistical methods, code, graphical interface, documentation, and
validation were human work ((Lewicki et al., 2022)).

The v2.0 update (2026) followed the same principle for scientific and design decisions. The
authors identified required changes—correction of the likelihood for uniform (spread/delta)
source uncertainty, configurable priors for auxiliary variables, associated GUI and batch-
interface extensions, documentation, and release infrastructure—and specified them in detail.
Implementation was Al-augmented: a coding agent (Cursor) was instructed to draft, refactor,
and debug code and documentation under direct human supervision. In the public GitHub
repository (github.com/malewick/frame), some commits are attributed to Cursor; this
attribution faithfully reflects the realistic scope of Al contribution, which is limited to software
implementation and documentation. All changes were reviewed and accepted by the authors
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before integration. No generative Al was used in hypothesis formulation, model selection,
interpretation of results, or in writing the scientific manuscript.
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   δ  𝒆 𝒎 𝒊 𝒕 𝒕 𝒆 𝒅 =       ( δ  𝒎 𝒊 𝒙 ∗     𝒄  𝒎 𝒊 𝒙 −    δ  𝒃 𝒈 𝒅 ∗     𝒄  𝒃 𝒈 𝒅 )  (   𝒄  𝒎 𝒊 𝒙   −     𝒄  𝒃 𝒈 𝒅 )


   δ  𝒅 𝒊 𝒔 𝒔 =       ( δ  𝒆 𝒒 ∗     𝒄  𝒆 𝒒 −    δ  𝒃 𝒈 𝒅 ∗     𝒄  𝒃 𝒈 𝒅 )  (   𝒄  𝒆 𝒒   −     𝒄  𝒃 𝒈 𝒅 )


    𝜎  g r =  (     𝜎  a n 2 +     𝜎  r e p 2 )
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