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comments from referees
authors response
authors changes in manuscript

This is an informative and relevant study, the experiments are well planned and conclusions are sound. Prior to
publication, a few clarifications are needed. The paper Gould also benefit from language editing (e.g. past and
present tense are mixed).

Thank you. We have made the clarifications needed and the professional language editing has been performed.

Both, the introduction and discussion could benefit from including references that support your statements. There
are quite a few statements, which are unsupported by references and/or your results. Although this might be the
first paper on the effect of 15N tracer approach on the N gas source partitioning, some other papers have
investigated the effects of tracer addition on the soil N cycle (Davidson et al., 1991; Giitlein et al., 2016, Kaur et
al., 2010). It might be worth looking at those (you do not need to cite those necessarily, but they might contribute
to your discussion).

Thank you for the very adequate citation suggestions. These and further references have beeen included in the
manuscript introduction and discussion:

Introduction: line 32 (Davidson et al., 1991), line 33(Gditlein et al., 2016; Kaur et al., 2010), line 36 (Davidson
etal., 1991),
Discussion: line 163 (Davidson et al., 1991), line 118: (Kaur et al., 2010).

The tracer addition (with a 15N fraction of 73 %), resulted in an initial 15N fraction of soil NO3- of 42.5 % (line
51). This means that soil NO3- content was more than doubled, which is much above common recommendations

of tracer addition (10 — 25 % of native soil N). What was the motivation for such a high addition of tracer and
what are the consequences for your results? I would like to see a discussion on this.
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The reason for high N addition was the limited sensitivity of 15N gas flux method. The N2 gas flux is only
detectable for the high 15N content. The common recommendations for low N additions are important for the
studies where we want to trace the natural N transformation for this soil and the fertilization effect must be as
minimal as possible. Here our aim was to compare the effects of the method of tracer addition, i.e.
homogenisation vs injection, so it was important to obtain a well detectable N2 flux and it was not intended to
draw conclusions on the denitrification activity for the particular study site. If we compare the different addition
strategies by addition of even more N than usual, the potential experimental artefacts should be even enhanced,
which would be a positive consequence for our study objectives. This discussion has been added to the
manuscript at the beginning of 3.2 section, line 110 :

In this study the addition of N to the soil was quite high resulting in more than doubled NO3- content. This was
much above the common recommendations of tracer addition of 10-25% of native soil N (Davidson et al., 1991).
These recommendations are motivated by the need of minimizing the fertilization effect to trace the naturally
occurring N transformation processes. But, in this study we only aimed at comparison of tracer addition strategies
and not intended to draw conclusions for this particular study site. Establishing a high '’N enrichment of the NO;”
by high addition of °N-labelled NO;™ enhanced the sensitivity of N, fluxes detection, which is a prerequisite for
reliably identifying potential experimental artefacts, which we aimed to evaluated in this study.

We have also added this information in the introduction:

To determine soil gross N transformation rates, enrichment in °N of a few percent (e.g. 10 at% ""N) is sufficient
(Miiller et al., 2004). However, in applications where N, fluxes are analysed ("°N gas-flux method) the labelled N
pool (e.g. NO5) should ideally be enriched by approximately 50 at% "°N to achieve precise results (Stevens et al.,
1993).

Your comparison of the 15N fraction of NO3- (a_NO3) with the calculated a_p values (line 127) makes only
sense if NO3- was the sole source of N20 and n2, i.e. all gases were produced via denitrification. What supports
this assumption? You speculate yourself later about the possibility for hybrid N2 (line 148). And N20O production
from nitrification is also possible.

Quite a high soil moisture favours denitrification. We only labelled the nitrate pool so when calculating aP this
refers to labelled pool, nitrate. Other gas sources, originating from unlabelled pools, like eg. nitrification, are
obtained from the isotope ratios of emitted N20O (data not shown).

If hybrid gases are present the aP values are lower than nitrate al5N. That’s why we speculate either about
heterogenity or hybrid gas production.

Specific comments

All the specific comments have been taken into account and the relevant changes have been incorporated into the
manuscript

Line 11: please be more specific what kind of results.
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We aimed at comparing the N2 flux determined by the gas flux method

Line 13: “wider range” is unclear, be more specific.

It has been changed to: larger variability

Line 51: what is “initial condition”? Is this prior to trace addition or immediately after? Please clarify.

This has been clarified:
measured in the subsamples of the homogenized soil immediately after tracer addition and mixing

Line 66: the ap values, are those calculated or measured? I think this part would benefit from showing all
equations rather than referring solely to other papers.

The equations have been added:

Based on these measurements the following values are calculated according to the respective equations (after
Spott et al. (2006)):

5N abundance of *N-labelled pool (ap) from which N, (ap n2) or N>O (ap n20) oOriginate:

30
R VY 1
a, = )]
ay — abgd

The calculation of ap is based on the non-random distribution of N, and N,O isotopologues (Spott et al., 2006)

where *’xy; is the fraction of *°N, in the total gas mixture:

30
30 R

X, =— 2
YO1+PR+R )
ay is "N abundance in total gas mixture
29 30
R+2°R
3)

Ay = ——So——

M 2(14+¥R+R)
Qe 18 "N abundance of non-labelled pool (atmospheric background or experimental matrix)
- the fraction originating from the "N-labelled pool (/) for N; (f» x2), No#+N2O (f5 nasno )and NoO (f n2o)

within the sample:

Ay~ Qg
- fy = b “)
ap — dygq
- NyO residual fraction (rv20) representing the unreduced N,O mole fraction of pool-derived gross N,O

production (Lewicka-Szczebak et al., 2017).:
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Line 102: This sentence needs rephrasing; “we may deal with” is unclear.
This has been rephrased to: we probably observe

Line 110 (&114): The phrase “column heterogeneity” is unclear and might be confusing. As I understand you
mean the heterogeneity between different columns, but it sounds like the within column heterogeneity. The latter,
you actually cannot conclude about.

This is heterogenity within one column, determined at the end of experiment by destructive sampling of multiple
samples within one column. This has been clarified, by using ‘heterogeneity within columns’

Line 117: For me it is unclear why the initial NO3- content should differ between the treatments. After all, it is

the same soil. Alternatively, it might be due to stimulated nitrification in the mixed soil (see e.g. Kaur et al.,
2010).

This is due to storage, sieving and homogenisation - same as indicated by Kaur et al, 2010. Thank you for
information on this paper! Explanation and citation have been added:

Storing of mixed soil or sieving and homogenization procedures probably intensified N mineralization and
formation of additional nitrate through intensified nitrification, which has been also observed in previous studies
(Kaur et al., 2010).

Line 119-123: This sounds somewhat unlikely to me. If less 15N was injected, you certainly should have noted
that during the injections.

This could have not been noted during the injections. For all columns 3L of solution were prepared, this included
400mL reserve above the calculated needed amount (needed e.g. for flushing the needles before injection). I
didn’t measured exactly the amount lost during injection and left after injection, hence I also wasn't able to assess
the unplanned losses during the injection.

Line 129 (& 136): Suggest moving the text in parentheses (after colon) to the Methods.
This has been moved to the methods section 2.4

In Table 3 for the comparison of particular ayp; and ap values we applied following calculated parameters:

- cumulative relative difference (cum diff) calculated as a sum of differences in '°N enrichment of different
pools for all 24 samples: cum diff =Y}y (a; — az);

- absolute mean difference (mean abs diff) calculated as a mean of modulus of differences in "N
enrichment of different pools: mean abs diff =( }}iL4|(aq — ay);|)/n
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In the above equations a, and a, represent the >N enrichment of two compared pools (ayo; or ap N2 OF ap N20)-
Line 131 & 144: The “differences” you refer to, is this the cumulative or mean?
First cumulative and later mean. This has been added in the text.

Line 172: here you use for the first time “content” of inorganic N, while otherwise you
use concentration. In fact, content is the correct term.

This has been corrected for content in the whole manuscript.

Table 2: Unclear what is compared statistically, withintreatment of between? Also, what is the “mean” referring
to, mean of what? The “Injection point”, is this for both layers?

This caption has been modified

Table 2: Soil analyses at the end of the experiment: mixed samples, and separately from the top and bottom layer
and for injected columns also from injection points (including both top and bottom layer). Statistically significant
differences are indicated with uppercase letters (**p<0.01, ***p<0.001). For individual values, the differences
within treatment and for mean values the differences between treatments were tested.

Table 3: Suggest moving the equations (with additional explanations) to the method section.

They has been moved to the section 2.4.
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This is a short communication on a comparison study of the effect of two different 15N tracer application
techniques, i.e. mixing of tracer with soil and injection of tracer into the soil, on N2O and N2 fluxes. They used
either undisturbed soil cores or disturbed, sieved soil, recompacted back to the original bulk density after
homogenization. The authors measured N2O and N2 evolution from the soil after 15N tracer (nitrate) application
on six different days over a period of eight days. They found generally no significant differences in N2 flux
between intact soil cores and homogenized soil, withstrong dominance of N2 over N2O fluxes. The larger
variability of N gas fluxes found in intact soil cores was attributed to the natural heterogeneity of soil. The paper
is very short, which is not a minus in itself, as it is on an interesting and relevant topic. The idea to compare 15N
label injection to intact or homogenized soil with prior mixing of the label with homogenized soil is original.
Nevertheless, the paper appears to be at a premature stage, as only one soil type was studied at one water level
(75% WFEPS), and as the 15N label was applied at a relatively high dose (more than 100% of the natural soil
nitrate pool, as indicated by the initial 15N content of the nitrate pool immediately after addition of the label),
which might have strongly biased the obtained results. Therefore, I suggest that the authors conduct additional
experiments with different soils, at different water levels, and with lower doses of 15N label, and evaluate the
results on this broader basis of results.

Thank you for the positive comments. We fully agree that testing the relevance of labelling techniques on
measured denitrification should be extended to other conditions and soil types since the suspected artefacts by
homogenisation and mixing depend on soil properties such as organic matter properties, pore structure, microbial
community dynamics or heterogeneity of label and water distribution. This test was performed for the only one
soil type that we needed for our further studies of a certain project to evaluate the comparability of the results and
answer the question if the injection technique may cause bias of the results. High soil moisture and high
enrichment of nitrate was necessary to enhance denitrification and optimizes measuring sensitivity in view of the
poor sensitivity of the 15N gas flux method. Please note that in past denitrification studies using the 15N gas flux
method, these potential artefacts have been ignored. Therefore we think it is useful to publish these first results. A
study large enough in terms of soil types and conditions which would allow to generalise our findings
representing all possible conditions would be far beyond the feasibility of our current project. It would be
certainly very interesting, but currently we do not have resources for performing this. Therefore, we believe this
short study is worth publishing as the first idea which should be deepened by future studies. This need for further
research has been emphasised at the end of conclusions:

In this study only one soil with one moisture level was tested and this experiment was conducted with high dose
of N labeled fertilizer. Since the indicated artefacts due to homogenisation and mixing depend on soil properties
such as organic matter properties, pore structure, microbial community dynamics or heterogeneity of label and
water distribution, for more universal conclusions further studies with different soils, moistures and °N label
additions should be conducted.
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Due to the exemplary character of our study we submitted it as a short communication.

The high dose of 15N label applications was applied due to the limited sensitivity of 15N gas flux method. The
N2 gas flux is only detectable for the high 15N content. The common recommendations for low N additions are
important for the studies where we want to trace the natural N transformation for this soil and the fertilization
effect must be as minimal as possible. Here our aim was to compare the effects of tracer addition, so it was
important to obtain a well detectable N2 flux and it was not intended to draw conclusions for the particular study
site. If we compare the different addition strategies by addition of even more N than usual, the potential
experimental artefacts should be even enhanced, which would be positive consequence for our study objectives.
This discussion has been added to the manuscript at the beginning of 3.2 section, line 110 :

In this study, the addition of N to the soil was quite high resulting in more than doubled NO3- content. This was
much above the common recommendations of tracer addition of 10-25% of native soil N (Davidson et al., 1991).
These recommendations are motivated by the need of minimizing the fertilization effect to trace the naturally
occurring N transformation processes. But, in this study we only aimed at comparison of tracer addition strategies
and not intended to draw conclusions for this particular study site. Establishing a high 15N enrichment of the
NO3- by high addition of 15N-labelled NO3- enhanced the sensitivity of N2 fluxes detection, which is a
prerequisite for reliably identifying potential experimental artefacts, which we aimed to evaluated in this study.

We have also added this information in the introduction:

To determine soil gross N transformation rates, enrichment in N of a few percent (e.g. 10 at% "N) is sufficient
(Miiller et al., 2004). However, in applications where N, fluxes are analysed ("°N gas-flux method) the labelled N
pool (e.g. NO5) should ideally be enriched by approximately 50 at% "N to achieve precise results (Stevens et al.,
1993).

Specific comments:

Title: The title suggests that N2O pathways have been characterized in the study, implying that also N20O
production pathways, e.g. either from nitrification or from denitrification have been elucidated, which was not
really the case.

The title has been changed accordingly:

The N gas-flux method to determine N, flux : a comparison of different tracer addition approaches

Abstract: It does not become clear from the Abstract, whether this is a (mini-)review or whether only own results
were compared. Furthermore, the Abstract does not provide any information about the experimental setup. In
L16-19 it should be indicated for which soil the results were obtained.

The missing information in the abstract has been added, line 13:
Soil incubation experiments with silt loam soil using (i) intact soil cores injected with 15N label solution and (ii)

homogenized soil with injected label solution and (iii) homogenized soil with admixture of label solution were
performed.
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Introduction: The introduction is very short. Despite the statement in L27-28 that the 15N tracer application
technique “implies a significant impact for the soil due to additional fertilization and soil disturbance depending
on the way of tracer addition”, and the fact that exactly this technique was applied in the present study, no
Sfurther elaboration of this topic follows. Thus, some further information from the literature should be added here.

Introduction has been expanded by adding (after line 28):

The impact associated with soil fertilization can be minimized by applying the lowest effective fertilizer doses. In
most cases, enrichment in "N of a few percent (e.g. 10 at% "°N) is sufficient to determine soil N transformation
rates (Miiller et al., 2004). However, in applications where gaseous N species such as N,O and N, are analysed
(N gas-flux method) the labelled N pool (e.g. NO5) should ideally be enriched by approximately 50 at% "N
which provides the most precise results (Stevens et al., 1993). The impact due to soil disturbance is often
minimised by "°N tracer application to the intact soil cores (Riitting et al., 2011).

The "N gas-flux method is based on the assumption of an isotopically homogenous NO; pool. Failure to fulfil
this condition, which is often the case, may result in underestimation of denitrification rates up to 30% (Arah,
1997; Mulvaney, 1984). An initial homogeneity can be obtained by intensive mixing of the soil, but this is a
massive disturbance with huge potential effects on N processes including denitrification dynamics. However,
application of intact soil cores can enhance problems with homogeneous "°N label distribution, since incomplete
equilibration of water content after injecting aqueous tracer solution could lead to increased wetness near the
injection spots and thus to enhanced denitrification (Wu et al., 2012). Hence, for the N gas-flux method a
compromise must be found between homogeneous N label distribution, which is crucial for N, fluxes
calculations, and a possibly minimal change of the real soil N transformations.

Materials and Methods: L41: no rationale has been provided why the soil was sieved at 4 mm, and not e.g. at 2
mm, as commonly done.

This is basically for simplification and fastening of sieving procedure. Silt loam soil is not easy to sieve and from
our experience this only possible way to sieve large amounts of soil sufficient for experiments with large

mesocosms as in our study with reasonable effort. We have expanded the description to explain this:

4mm mesh size was used because this enabled us to sieve the necessary amount of soil (56 kg) within adequate
time.

L61: The ratio 30R should be 30N2/28N2, not 30N2/29N2

Thank you this mistake has been corrected.

L116: Not clear which differences in what were observed here.

Differences in soil parameters presented in Table 2. This has been clarified
Significant differences in soil parameters between treatments (Table 2) were observed.

L 136: “modulus of differences”: Isn’t the modulus the rest of a division?
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We meant by modulus the absolute value (not negative). We think this is right term, should we change to
absolute value?

L137: “Here it clear: : :”: Unclear at this point, what is clear why.

This has been clarified.

For the comparison of mean absolute difference between ap n; and ap n20 We obtained quite a good agreement,

L 138-139: “: : :much better than for comparisons with aNO3 (Table 3). This shows that both gases originate
mostly from the same soil pool.”: But the pool they originate from is the nitrate pool, isn’t it? Shouldn’t all three
parameter be then comparable with each other?

Yes, they should if the nitrate pool is homogenous. However, this is often not the case since we may deal with
formation of isolated nitrate pools in soil especially in soil anoxic microsites. It was tested if one of the applied
treatments may enhance this process. By this comparison it was shown that the bulk nitrite is not always
representative for the pool where denitrification occurs.

L146: “: : :than the aNO3 value measured for total soil.’: The logic of this part of the sentence is not clear.

This sentence has been clarified:

This shows that the multiple injection technique reduced the formation of isolated soil microsites characterized
by distinct >N enrichment when compared to the bulk ayp; value measured.

L160-162: Check wording, this sentence is hard to understand.

This sentence has been clarified:

However, we can conclude that despite pronounced differences in a’’N values of different treatments and
different pools, the calculated results for gas fluxes and product ratios were mostly not significantly different
between the treatments.

L173-175: 1 would have expected the opposite logic here, i.e. that oxic conditions lead to greater disagreement
due PRESENCE of nitrification and hence MORE dilution of the 15N-nitrate pool by native (soil-derived) N-

sources.

Yes, this is true. In the sentence we wrote about anoxic microsites that’s why it was opposite. The sentence has
been corrected to be easier to understand:

Oxic conditions can be expected to yield greater disagreement between ayo; and ap due to dilution of the bulk
ayos by soil-derived non-labelled N sources in contrast to anoxic soil microsites.

L191-193: 1 think also here the logic is wrong. As it stands, the dominance of N2 fluxes is due to the calculation
method applied.
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This sentence has been clarified:

This good accordance of the results is thanks to calculation method applying ap values determined individually
for each sample which assures the adequate results for flux calculation, even with existence of multiple N pools.

Figures general: I would not recommend the use of spline functions to connect the data points, but the use of
straight lines instead.

This has been modified.

Fig. 1: Caption and figure panels do not fit together. Caption 1B says “fraction of 15Npool derived N20O”, but
Fig. IB shows fp_N2, but the values are in ppm, which does not make sense (should be dimensionless between 0
and 1). Caption 1C says “N2 concentration”, but Fig. 1C shows fp N2+N20O, and again the values are in ppm,
but should be dimensionless between () and 1.

The inconsistency has been corrected: the figure caption has been modified. The ppm is correct: this is between 0
and 1, but it is a very low fraction expressed therefore in part per million. Fraction of labeled N2 is very low in
atmospheric background, even since we used the modified atmosphere with only 2% of N2.

Figure 1: Comparison of the temporal changes in N,O concentration (A), fraction of "N-pool derived N, (B),
fraction of ""N-pool derived denitrification products (N,+N,O) (C), and N,O residual fraction (D) in three
treatments: homogenized soil mixed with fertilizer (black dots), intact soil cores with fertilizer added through
needle injection (red triangles), and homogenized soil with fertilizer added through needle injection (green
squares). Error bars represent the standard deviation of 4 replicates within one treatment.

Thank you very much for the detailed edition of the manuscript in the attached supplement. All the corrections
and suggestions have been taken into consideration by preparing the revised version of the manuscript.
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The "N gas-flux method to determine N, flux: a comparison of

different tracer addition approaches

Dominika Lewicka-Szczebak' and Reinhard Well?

' Centre for Stable Isotope Research and Analysis, University of Gottingen, 37077 Gottingen, Germany
? Thiinen-Institut of Climate-Smart Agriculture, Bundesallee 50, 38116 Braunschweig, Germany

Correspondence to: Dominika Lewicka-Szczebak (dominika.lewicka@uni-goettingen.de)

Abstract. The N gas flux method allows for the quantification of N, flux and tracing soil N transformations. An important

requirement for this method is a homogeneous distribution of the "°N tracer added to soil. This is usually achieved through

soil homogenization and admixture of the '°N tracer solution or multipoint injection of tracer solution to intact soil. Both

methods may create artefacts. We aimed at comparing the N, flux determined by the gas flux method using both tracer

distribution approaches., Soil incubation experiments with silt loam soil using (i) intact soil cores injected with °N label

solution, (i) homogenized soil with injected label solution and (iii) homogenized soil with admixture of label solution were

performed. Intact soil cores with injected "°N tracer solution show a larger variability of the results, Homogenized soil shows

better agreement between repetitions, but significant differences in ’N enrichment measured in soil nitrate and in emitted

gases were pbserved. For intact soil, the Jarger variability of measured values yesults_rather from natural diversity of non-

homogenized soil cores than from inhomogeneous label distribution. Generally, comparison of the results of intact cores and
homogenized soil did not reveal statistically significant differences in N, flux determination. In both cases, a pronounced
dominance of N, flux over N,O flux was noted. It can be concluded that both methods showed close agreement and

homogenized soil is not necessarily characterized by more homogenous "°N label distribution.
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1. Introduction

Determination of soil nitrogen transformation pathways and quantification of gaseous N emissions often requires soil

incubation experiments including significant manipulations of natural soil conditions. In particular, the quantification of soil

N, flux in field studies is very challenging due to high atmospheric background. The most common method for both detailed
tracing of soil N transformations and determination of N, emission is the application of '°N tracer (Aulakh et al., 1991; Baily
etal., 2012; Bergsma et al., 2001; Buchen et al., 2016; Deppe et al., 2017; Kulkarni et al., 2013; Morse and Bernhardt, 2013;

Miiller et al., 2014; Miiller et al., 2004; Well et al., 2019). However, this can have a significant impact on the soil due to

additional fertilization and soil disturbance depending on the method of tracer addition (Murphy et al., 2003). The impact

associated with soil fertilization can be minimized by applying the lowest effective fertilizer doses. To determine soil gross

N transformation rates, enrichment in '°N of a few percent (e.g. 10 at% "“N) is sufficient (Miiller et al., 2004). However, in

applications where N, fluxes are analysed ("N gas-flux method) the labelled N pool (e.g. NO5) should ideally be enriched

by approximately 50 atom % '°N to achieve precise results (Stevens et al., 1993). The impact of soil disturbance is often

minimised by "°N tracer application to the intact soil cores (Riitting et al., 2011).

The "N gas-flux method is based on the assumption of an isotopically homogenous NO; pool. Failure to fulfil this

condition, which is often the case, may result in underestimation of denitrification rates up to 30% (Arah, 1997; Mulvaney,

1984). An initial homogeneity can be obtained through intensive mixing of the soil, but this is a massive disturbance with

huge potential effects on N processes, including denitrification dynamics. However, application of intact soil cores can
enhance problems with homogeneous 5N label distribution, since incomplete equilibration of water content after injecting
aqueous tracer solution could lead to increased wetness near the injection spots and to enhanced denitrification (Wu et al.,

2012). Hence, for the "°N gas-flux method a compromise must be found between homogeneous "N label distribution, which

is crucial for N, fluxes calculations, and a possibly minimal change of the real soil N transformations.

The two most common strategies for the tracer addition to the soil are: soil homogenization where the tracer solution is

mixed with the soil, or use of intact soil cores where tracer solution is added through multiple needle injections (Davidson et

al., 1991). Both methods lead to potential bias. Following soil homogenization, the soil structure is changed through sieving

and mixing, (Giitlein et al., 2016; Kaur et al., 2010), roots and stones are removed, which should result in the best achievable

repetitions, (Well et al., 2006). For needle injections, the soil structure stays unchanged but the pointwise injection may not

ensure the homogenous distribution of the tracer (Davidson et al., 1991). Here we aimed to compare the results of these

different strategies and test how far the determined "N pool derived N, and N,O fluxes are altered due to a particular soil

treatment.

12
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2+ Methods,

2.1 Experimental set-up

Silt loam soil Albic Luvisol from arable cropland of Merklingsen experimental station (Germany) was used (silt content<.

approx. 87%. 11% clay, 2% sand). Three treatments were applied: (1) soil was sieved with 4mm mesh size, the tracer

solution was added evenly, soil was homogenized and packed into the incubation column (treatment H+M: homogenized +

mixed) ; (2) intact soil cores were directly collected jn the incubation columns and the tracer solution was added through the

injection needles fo 12 homogeneously distributed injection points at 6 depths (in total 72 injection points per column)

(treatment [+I: intact + injected); (3) soil was sieved with 4mm mesh size (like in treatment H+M), packed into the
incubation column, and the tracer solution was added through the injection needles (like in treatment I+I) (treatment H+I:

homogenized + injected). For each treatment the soil columns were 0.3 m high with a diameter of 0.15 m_4mm mesh size,

was used pecause this enabled us to sieve the necessary amount of soil (56 kg) within an adequate time, The soil density of

intact cores was 1.3 g ¢em” and the packed columns were compacted to the same density, which gave 6.89 kg soil per

column. For each soil column, 216 mL of 319 mgN L' NaNOj; solution with 73 at% '°N was added. This resulted in the
following initial experimental settings: 75% water-filled pores space (WFPS), 37 mg N kg NO5, 42.5 at% "N measured in

the subsamples of the homogenized soil immediately after tracer addition and mixing. The incubation lasted 8 days. The

columns were continuously flushed with a gas mixture with reduced N, content to increase the measurements sensitivity (2%
N, and 21% O, in He, (Lewicka-Szczebak et al., 2017)) with a flow of 10 mL min™. The gas samples were collected daily in
the first 4 days and every second day in the last 4 days jn two 12 mL septum-capped Exetainers® (Labco Limited,

Ceredigion, UK) connected to the vents of the incubation columns.

2.2 Gas analyses

The gas samples were analysed with a modified GasBench II preparation system coupled with a MAT 253 isotope ratio mass

spectrometer (Thermo Scientific, Bremen, Germany) according to Lewicka-Szczebak et al. (2013). In this set-up, N,O is
converted to N, prior to analysis, which allows the simultaneous measurement of stable isotope ratios ¥R (29N2/28N2) and R

(30N2/,28_N2), of N, of the sum of denitrification products (N,+N,O) and of N,O. Based on these measurements the following

values were calculated according to the respective equations {after Spott et al. (2006)):

"N abundance of "N-labelled pool (), from which N, (ap x2) or NoO (@p noo) originate:

30
Inm T Ay Qg
ap = (1)
Ay~ Qg

The calculation of ap is based on the non-random distribution of N, and N,O isotopologues (Spott et al., 2006) where *’xy, is

the fraction of *°N,, in the total gas mixture:
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ay is "N abundance in total gas mixture
“R+2°R
3)

Ay =5 0
M 2(1+%PR+°R)

dpgq is N abundance of non-labelled pool (atmospheric background or experimental matrix)

- the fraction originating from the "*N-labelled pool (fp) for Ny (£p n2)s No+NoO (fp n2inzo ) and NoO (£p n2o) Within the

sample:

a, —a
fP:M—bgd 4)

dp —dpgq

- N,O residual fraction (7ny0) representing the unreduced N,O mole fraction of pool-derived gross N,O productions -

(Lewicka-Szczebak et al., 2017),:

YN2o _ f P N2N20 — f P N2
Yot Vnoo /i P_N2:N20

N0 = ()

where y represents the mole fractions.

2.3 Soil analyses

At the end of incubation, soil samples were collected from each column using a Goettinger boring rod with_a diameter of 18

mm (Nietfeld GmbH, Quakenbriick, Germany). Three cores were taken from each column, separated jnto a top (0 to 15 cm)

and bottom (15 to 30 cm) layer. For injected treatments ((H+I) and (M+])) these sample cores were taken between injection

oints and additional cores were collected from the injection points, All soil samples were homogenised and analysed for

nitrate (by bacterial denitrification method (Sigman et al., 2001)).

2.4 Statistics

For testing the statistical significance of the differences between treatments ANOVA and Tukey HSD Post-hoc test were
applied using R 3.4.2 (R Core Team, 2013),

Jdn Table 3, for the comparison of particular ayo; and ap values, we applied the following calculated parameters:

- cumulative relative difference (cum diff) calculated as the sum of differences in '°N enrichment of different pools

for all 24 samples: cum diff =} (a; — ay);
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- absolute mean difference (mean abs diff) calculated as the mean of modulus of differences in °N enrichment of

different pools: mean abs diff =( }:i-;|(a; — az);|)/n

. 15 .
In the above equations a, and a, represent the "N enrichment of two compared pools (@ye3; Or @p N2 OF dp N20)-

3. Results & Discussion

3.1 Gas fluxes and denitrification product ratio

In order to compare the treatments, the time course of the results jnust be taken into account as the gas production differed

largely between the sampling dates (Fig.1). Therefore, we checked for statistically significant differences between the

treatments individually for each sampling date. The results show gcomparable trends and no statistically significant

differences between treatments (Fig.1). Notably, ry,o shows very good agreement at the beginning of the experiment, when

the large gas concentrations were measured, and starts to differentiate when the fluxes drop from the 3™ day (Fig. 1D), but

these differences are not statistically significant, However, if the experiment is evaluated for the cumulative values,

significant differences between treatments appear (Table 1). The cumulated gas fluxes of N,O and N, are significantly
different between the treatments I+] and H+I, whereas the H+M treatment does not differ significantly from the others.

However, comparison of the entire denitrification gas flux (joint N,+ N,O flux) yeveals no statistically significant difference

between treatments (Table 1). Product ratios are compared as cumulated ry;o (calculated with the cumulated fluxes) and
mean o (average value of all sampling points). Cumulated 7,0 shows an identical pattern of significant differences as the
cumulated N, and N,O fluxes. For mean ry,o values H+M and H+I treatment are significantly different, whereas the I+I
treatment does not differ significantly from the others.

There results show that the different tracer application strategies tested had no impact on the total denitrification (N,+ N,O),

but the product ratio may be slightly shifted, which results in differences by comparing N, or N,O flux_separately. This

determined ;o values, although partially different, indicate a pronounced dominance of N, over N,O emission. Importantly,
no significant differences were noted between the H+M and I+I treatment, only the H+I treatment shows higher N,O flux,

lower N, flux and higher ryyo. In this treatment we probably observe joint artefacts associated with soil homogenization and

needle injection technique.
The homogenized treatments show better comparability between the repetitions — they show lower standard deviations for

gas emissions and for ryyo (Table 1), and,smaller error bars for the daily measurements (Fig.1). The H+I treatment shows the

lowest standard deviations for the cumulative gas emission measurements (Table 1). This indicates that the observed
heterogeneity for I+] treatment is not due to needle injection procedure but rather due to the intact structure of soil cores,

which naturally yepresents the typical soil heterogeneity.
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3.2 Soil parameters

In this study the high dose of added N resulted in more than doubled NO;~ content. This was much above the common

recommendations of tracer addition of 10-25% of native soil N (Davidson et al., 1991). These recommendations are

motivated by the need to minimize the fertilization effect and to trace the naturally occurring N transformation processes.

But, in this study we only aimed to compare tracer addition strategies and did not intend to draw conclusions for this

particular study site. Establishing a high "*N enrichment of the NO; by high addition of N-labelled NO;” enhanced the

sensitivity of N, flux detection, which is a prerequisite for reliably identifying potential experimental artefacts, which we

aimed to evaluate in this study.

by collecting samples from various areas of each soil core (Table 2). Clearly, I+ treatment shows the largest standard

deviations between repetitions. Also, the most pronounced differences between top and bottom soil layer can be noted for
this treatment, but only soil moisture is significantly lower for the bottom layer. Since this is not the case for H+I treatment,

it yeflects the natural heterogeneity of intact cores rather than a result of label injection procedure. The values from injection

points are never significantly different from samples between injection points (within one treatment) which indicates a good

distribution of the tracer solution (Table 2).

ignificant differences in soil parameters between treatments (Table 2) were observed. The I+I treatment shows significantly

lower nitrate gcontent compared to homogenized treatments,(Table 2). This must be due to initial soil nitrate content. The soil

was stored for two weeks before_the experiment. Storing of mixed soil or sieving and homogenization procedures probably

intensified N mineralization and the formation of additional nitrate through intensified nitrification, which has also been

observed in previous studies (Kaur et al., 2010). Moreover, the H+M treatment shows significantly higher '°N enrichment of
NO5™ (a”’Nyo3) than injected treatments. This may be due to injection procedure where the needles might get partially

clogged with soil causing the addition of tracer solution fo be lower than planned. The assumption that the injected volume

was lower than the target and thus also lower than the addition of tracer solution to H+M treatment, can also be supported by

the slightly lower soil moisture and nitrate content of the injected treatments.

3.3 N abundance in soil active pools

Despite the pronounced difference in °N content between treatments, the results can still_be compared because the PN

abundance of actively denitrifying pool (ap value) for each sample is individually calculated based on the distribution of N,
and/or N,O isotopologues. We checked how well these calculated ap values for N, and N,O correspond with the respective
N enrichment measured in soil nitrate (ayo;) and between each other (Table 3). This comparison gives additional

information about the distribution of the "N label. The cumulative relative difference yepresents the overall deviation

between the analyzed pools. Very high cumulative difference was noted between_the ap values of both gases and ayp; in

H-+M treatment. This is mostly due to the first two sampling days, where ap values were significantly lower than ayo; (mean
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difference of ca. 15 at% "N, Fig.2), whereas, for the next samplings they corresponded very well (mean difference of ca. 1
at% "N, Fig.2). This shows that initially the gases were produced in soil microsites depleted in >N compared to the mean

soil value. This is the case for all three treatments; however, the largest difference is observed for H+M treatment due to

highest ayp; values, The absolute mean difference yepresents the average variation range of the compared values, For the

comparison of mean absolute difference between ap n, and ap n2o We obtained quite a good agreement, much better than for

the comparisons with ayo; (Table 3). This shows that both gases originate mostly from the same soil pool. Importantly, even
in the H+M treatment where large mean difference between ayo; and ap values was noted, the mean difference between ap n,

and ap noo 18 very low. The fact that ap noo shows much closer agreement with ap x> than ayes suggests that, when missing

than ayo; or a theoretical value on >N abundance, As, has also been, proposed in previous studies (Bergsma et al., 2001;

Stevens and Laughlin, 2001).
Interestingly, for the I+I treatment lower differences between ayo; and ap nyo OF ap n» values were obtained, but larger
difference between ap n, and ap noo When compared to homogenized treatments (Table 3, Fig. 2). This shows that the

multiple injection technique reduced the formation of isolated soil microsites gharacterized by distinct "N enrichment when

compared to the bulk ayp; value measured, However, the slightly higher difference between ap values for N, and N,O

U

enrichment of N, shows lower values than N,O. This could explain the higher cumulated N, flux for I+I treatment (Table 1).

3.4 Homogeneity of °N tracer distribution and accuracy of results

Surprisingly, the inconsistency in '’N abundance in total and actively denitrifying nitrate soil pools (Fig. 2) indicates_the
largest inhomogeneity at the beginning of the incubation for the homogenized soil, which is then equilibrated after 2 days of
incubation. This resulted most probably from the imperfect mixing of the relatively wet (gravimetric water content of 29.3%)
silt loam soil and could be due to delayed equilibration of added "N solution into the centre of soil aggregates where
denitrification rates are probably highest (Sextone et al., 1985). But, importantly, these first two days are also the ones with

non-homogeneous distribution of '°N label and thus heterogeneity in content and "’N enrichment of nitrate in soil does not

lead to severe bias in determining denitrification and its product ratio.

This study allows only for the comparison of these different treatments but not for checking, the true emission values, since

we have not used any independent method for fluxes determination. However, we can gconclude that, despite pronounced

differences jn a”N values of different treatments and different pools, the calculated results for gas fluxes and product ratios

were mostly not significantly different between the treatments. This supports the assumption that in real soil situation even

Jmperfect label distribution allows for obtaining accurate results (Arah, 1997; Davidson et al., 1991; Deppe et al., 2017). But,

importantly, this is possible only if we measure and use ap values representing the '°N values of the pools actively producing

N, and N,O. The fluxes would be significantly underestimated if the ayo; value was applied for calculations, e.g., for the first
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sampling point this would result in about 20% underestimation of the N, flux when the measured final ayp; value was
applied, and about 30% underestimation when the initial ayp; value was applied. Significant differences in >N enrichment of

total and active nitrate pool has also been, found in our previous laboratory and field studies (Buchen et al., 2016; Deppe et

al., 2017). It was shown that in such cases the '°N enrichment of N pool undergoing denitrification is well represented by ap
values, but not by ayp; values.

The homogeneity of "°N label distribution depends not only on the fracer addition technique but even more on the soil type,

water content, initial nitrate and ammonium content. In our previous laboratory experiments quite a good agreement between
ayo; values and ap values was achieved indicating a homogenous denitrifying pool (Lewicka-Szczebak et al., 2017). In that
study similar soil texture was used (silt loam), but_the initial amount of nitrate and ammonium was very low, and soil

samples were prepared at soil moisture of 70% WFPS with rest water,added on top, and soil was incubated in high moisture

conditions. But notably, the anoxic conditions showed perfect agreement in ayp; and ap values whereas for oxic conditions
slight differences have also been noted (Lewicka-Szczebak et al., 2017). Oxic conditions can be expected to yield greater

disagreement between ayp; and ap due to dilution of the bulk ayp; by soil-derived nonlabelled N sources_in contrast to anoxic

soil microsites (Deppe et al., 2017). In the H+M treatment of the actual experiment, inhomogeneity was probably the result

of soil moisture during soil homogenization peing too high (75% WFPS) causing the formation of larger aggregates. But this

problem can be overcome if the "N label is incorporated at low soil moisture and target moisture is established by adding

water afterwards (Lewicka-Szczebak et al., 2017, Well et al., 2019).

Conclusions

Soil homogenisation reduced the variability within the soil column and between repetitions but not necessarily improved the

"N label distribution. Wet homogenisation has Jed to uneven label and process distribution. Multiple needle jnjections of °N

solution resulted in better agreement between "°N enrichment of soil and emitted gases, indicating even more homogeneous
"N label distribution than homogenised treatments.

Larger heterogeneity of intact soil cores, noted as larger deviations of all measured values, reflects the natural soil conditions
rather than inhomogeneous "°N label distribution. Importantly, the results obtained with homogenised soil and with intact
soil cores do not differ significantly in the determined N, flux and denitrification product ratio. Hence, when applying each

of these treatments, very similar general conclusions will be found, i.e., the dominance of the N, flux over the N,O flux. This

similarity in the results is thanks to_the calculation method applying ap values determined individually for each sample which

assures the adequate results for flux calculation, even with the existence of multiple N pools. It was found that ayo; values

can differ greatly from the ap value of produced gases and its application for N, flux determination may result in large bias.

In_this study only one soil with one moisture level was tested and this experiment was conducted with high doses of "N

labeled fertilizer. Since the indicated artefacts due to homogenisation and mixing depend on soil properties such as organic

matter properties, pore structure, microbial community dynamics or heterogeneity of label and water distribution, for more
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universal conclusions further studies with different soils, moistures and "°N label additions should be conducted. Meanwhile,

to minimize methodical bias in future studies using the '’N gas flux method, our approach could be used to test labelling

artefacts for specific soil conditions.
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Figure 1: Comparison of the temporal changes in N,O concentration (A), fraction of *N-pool derived N, (B), fraction of "*N-pool |
derived denitrification products (N,+N,0) (C), and N,O residual fraction (D) in three treatments: homogenized soil mixed with
fertilizer (black dots), intact soil cores with fertilizer added through needle injection (red triangles), and homogenized soil with
1130 fertilizer added through needle injection (green squares). Error bars represent the standard deviation of 4 replicates within one ||
treatment.
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Figure 2: Comparison of 5N abundance in total initial and final soil nitrate (alsNNm) and in active soil pool emitting N, (aPISNNz)
and N,O (ap'*Ny;0) in three treatments: homogenized soil and mixed fertilizer (H+M, black points)), intact soil core and injected
fertilizer (I+1, red points), homogenized soil and injected fertilizer (H+I, green points).
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Table 1: Comparison of cumulated fluxes, cumulated product ratio (cum ry;0) and mean product ratios (mean ry,o) in three
treatments: homogenized and mixed (H+M), intact and injected (I+I), homogenized and injected (H+I). Statistically significant
differences are indicated (*p<0.05, **p<0.01, ***p<0.001).

1 Sfc

Areatment  cum N,O Lcum N, Lcum N,+N,O Lum rvao Jmean raaq
[mgN kg soil” day™] [mgN kg soil! day™] [mgN kg soil* day™],
H+M 0.63 +0.10, .16 +£0.31], .80+£0.3 .16 £0.14
I+ 0.55+0.26 %) .62 +1.08 4 .16 +1.18 a 0.18 +0.14, ) 0.25+0.14 ab
H+I 0.69 £0.05 ** 1.83 +0.20, b* .53+£0.23 0.27 +0.04, ** 32 +0.15 HEHE

Table 2: Soil analyses at the end of the experiment: mixed samples, and separately from the top and bottom layer and for injected
columns also from injection points, (including both top and bottom layer). Statistically significant differences are indicated with i
uppercase letters (**p<0.01, ***p<0.001). For individual values the differences within treatment were tested, and for mean values | }|
the differences between treatments were tested. ‘

WFPS Jmean NO; conc.  meanNO; conc.  a"Nyos Jmean_a”’Nyo; |
reatmen ampl [% WEPS [% [mg N kg’ mg N kg™ [at%], [at%], < |
| Sfc
JH+M 71.5£04° 55+053 412£0.5% ‘
A , : A Sfi
bottom, 72.1408°, 3524033 4134033
Sfc
PN PN 72320 286557 293277 -
N C
bottom, 653+1.8" P8IE3SL ons54070 258446 36.1£7.0% 328+59%
Sfc
4 _injection point, £9.0£1.9" 264 +3.6° 33.0£6.5%
Sfc
HH fop, 0697237 326047 309127 -
a a Sfc
Dottom, 702+133 096195 3304082 B2I1£155 337418% 313305
Sfc
4 Jinjection point, 088217 30.7£1.7% 292+39%
R ‘ Sfc
\
1 s
. 15 . . . . 15 15 . "1 Sf(
Table 3: Differences between the measured °N abundance in soil nitrate (ay¢;) and determined “N abundance of “N-pool derived Hil|
N; (ap n2) and N,;O (ap nyp) expressed as the cumulative relative difference for all samples (n=24), mean absolute difference (see | Sfic
section 2.4 for calculation procedure). In the above equations a, and a, represent the °N enrichment of two compared pools (403 Sfic
or upiNz‘Or apin).
Sfc
Sfc
. Sfi
adifference ANo3- Ap Ny ANo3- ap Ny ap N0~ Ap Ny
Sfc
Sfi
pum &iff  mean abs diff Sfe
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