Reply to referee comments
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Paper: Review of key causes and sources for N,O emissions and NOs-
leaching from organic arable crop rotations

In the manuscript attached below the numbers (6-98) given to the comments below are, when
relevant, given in the remarks so referees easily can identify the new text.

General comments from referee 1

The subject matter "N20 and NO3 losses from organic agriculture” is an interesting subject,
unfortunately the paper is poorly written. A lack of organization (1) results in repetition of certain
points and completely missing other points. This lack of organization also creates a lack of focus. By
the time | finished reading the paper, I still didn’t have a good idea of what the authors were trying to
achieve. Also, | had difficulty following the paper in places because the authors just attached
databases as supplementary material, rather than actually including summary tables or figures based
on the supplementary materials. The authors need to find some way to summarize the data and
present the summary in a meaningful way (either tables or figures (2)). Once the data has been
summarized, patterns may emerge, which can then be explored. But everything right now just seems
haphazard. | also got the impression that the authors only used simple regression to look at drivers of
N20/NO3 losses. Why not some kind of multivariate analysis (3). There are also many more
comments in the attached document.

Responses to general comments from referee 1

The authors are grateful that the referee has taken the time to work thoroughly with
the manuscript and for the many useful comments that have improved the paper.

1) Lack of organization

We understand that the referee found the manuscript difficult follow, and we have therefore
simplified the structure of the paper. We have also reformulated and simplified the research
questions and improved the reasoning for the new research questions in the introduction, thus
providing a more focused review.

In section 3, we explain the nitrogen cycle in organic arable farming with focus on aspects that
influence N,O emissions and N-leaching. This provides the background for understanding and
discussing how crop and soil management in organic farming can be adapted to reduce N losses. In
comment no 28, the referee suggests that section 3 and 4 should be a part of the introduction. We
think there is a risk that this will make the introduction too long and ill focused. Instead we have
moved part of section 3 (crop rotation) to the introduction, and we have targeted section 3 towards
supply of organic matter and soil N-dynamics in organic arable crop rotations. We have shortened
and included the previous section 5 “Dynamics of SMN in organic arable crop production” in the new
section 3. We have removed the section on soil acidity, and the section on soil structure. The text on
crop yields has been moved to the new discussion section and shortened. The previous section 4.3
has been moved to the introduction.
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As a start of the new sections 4 and 5 we focus on the processes responsible for N,O emission and
NO3-leaching, respectively, and we show that the same mechanisms are responsible in organic and
non-organic systems.

The new table of contents is as follows:
Abstract
Abbreviations
1. Introduction
2. Methodology
3. Drivers of SMN and degradable C in organic arable crop rotations
3.1. Supply and quality of soil organic matter
3.2. Soil biological activity
3.3. Soil N-dynamics
4. Drivers of N,O emissions in organic arable crop rotations
4.1. Biogeochemical processes leading to N,O emissions
4.2. Legumes during plant growth
4.3. Crop residues
4.3.1.Freeze - thaw / dry - wet
4.3.2.Soil and tillage effects
4.4. Organic fertilizers
4.5. Contribution of total N-input and high emission events to N,O emissions
4.6. Impact of earthworms
5. Drivers of NOs leaching in organic arable crop rotations
5.1. Biogeochemical processes leading to NOs-leaching
5.2. Legumes
5.2.1.Grain legumes
5.2.2.Forage legumes
5.3. Cover crops
5.4. Tillage effects
6. Key drivers of N,O emissions and NOs leaching and suggested mitigation strategies
7. Research and innovation needs
8. Conclusion

We address the following questions for organic arable crop rotations:

1. How does supply and quality of organic matter in above- and below ground residues and organic
amendments influence availability of easily available N and degradable C?

2. How does supply of easily available N and degradable C drive N,O emissions and how can these
be mitigated?

3. Isthere alack of correlation between total N-input and N>O emission in organic arable crop
rotations, and are total N,O emissions primarily driven by background emissions or by episodes
with high N,O fluxes following N additions?

4. What are the main drivers for NOs leaching in organic arable systems and how can the leaching

be reduced?



2) Tables or figures of the data in the paper

The referees do miss tables and figures within the paper. We are providing a new figure illustrating
N-dynamics in organic arable crop rotations, a new table with performance of selected indicators of
SMN dynamic in organic and conventional arable systems (Extract from S1), and new figures that are
extracting the essence of N,O data presented in S2 and NOs-leaching data presented in S3.

3) Want multivariate analyses instead of regression

Given the actual problems and data we find regression analysis to be the most relevant. As long as
the referee do not suggest one or more other specific multivariate methods / models that can be
used to solve our problems in a better way using our data, we keep regression analysis as a good
method to use in our situation. We have added a better description on how the regression analyses
were done and added the prints from the statistical analyses (5S4, S5).

General comments from referee 2

While there is merit in the work, | think the paper needs a lot of work before it is ready to publish.
Many of the points raised are not comprehensively explored (4) or the explanations are not
sufficiently considered. Work in this area could enhance the paper. | think the tables also need
further work. | think the tables (5) should be included in the main paper but in a revised format

Responses to general comments from referee 2
4) Not comprehensively explored or the explanations are not sufficiently considered

We hope that the reorganization of the MS will satisfy the requests from referee 2. We have found it
difficult to respond directly to this comment, but we hope that the new clearer structure and better
explanations help the manuscript. If there is something specific that we have still missed, we will be
happy to attend to it

Tables should be included in the main paper

See response to comment 3).

Comments given the paper from referee 1 or 2 (the comments are numbered from 6

to 98 in the paper supplemented by the referees, for responses see below (page 8)
Abstract

5) You include NO3 leaching here, which is not an "emission". | think the term "losses" would be
more appropriate. Page 1,line 25

6) This is a generalisation, you can get poorly managed organic fields too. Maybe use the term
"in general"? P1, | 28

7) crop termination? senescence? P1, | 31

8) and the form of N, whether available or unavailable P1, | 33

9) ‘the risk "of" not "for", please replace throughout P1, | 33

10) remove "These" P1, | 34

11) for P1,134

Section 1 Introduction

12) combine these two sentances P2, | 7



13) the term "arable" refers to the land (i.e. land fit for agricultural production), so you don't produce
"arable". the terms "crop production” or "agricultural production" would be better. P2, | 16

14) define these "challenges" P2, | 16

15) N use efficiency P2, 1 16

16) ...efficient conversion of organic material to reactive N and reactive N into plant material.... P2,
|27

17) But it isn't just green manures that rely on BNF, you have intercropping, or the use of N fixing
plants in rotation (e.g. Soybean). P2, | 30

18) why do you provide the symbol for nitrate here? you have already used the word "“nitrate” a few
times. Please indicate symbol at the first use (i.e. line 10). P2, | 35

19) | find that these 5 points follow a nice, logical order. However, the rest of the manuscript does not
follow the same order. Why not? | would think that having everything consistent would be better,
no? P3,12

20) | think the term "driver" is better word than “trigger". P3, | 2

Section2 M

21) I'm not sure what you mean by "characteristics". Soil types? Management? climate zone? please be
more precise with your wording. P3, | 8

22) Not in the list of references. P3, | 13

23) The presence of NH4-N does not contribute directly to N20 emissions, NH4-N needs to be
nitrified to NO3-N prior to denitrification to N20 P3, | 4

24) why "site"? Why not "mean annual precipitation" or "soil clay content" or something more
meaningful? Site seems completely arbitrary. P3, | 4

25) | think this section should go in the section describing the stepwise regression. P3, 21-27

26) Cumulative P3, | 34

Section3

27) Shouldn't this follow the 5 points laid out in the introduction? The first point in the Intro was "what
determines the dynamics of SMN concentrations and when do high SMN concentrations occur?
| would actually move all of section 3 into the introduction.
Probably all of section 4 should go into the introduction as well. P4, | 1
Section3.1
28) are longer and more diversified than non-organic rotations P4, | 5
29) Is this required? This sounds more like it should be in the introduction. While differences in
rotations likely have an effect on emissions and leaching, I'm not sure that we need to know the
area associated with the different plant species. And actually, these aren't really rotations, but only
specific plant types within a rotation. P4, | 9-11
30) This seems redundant. Essentially you are saying that N fixing crops are more abundant because
there are more N-fixing crops (i.e. legumes) as temporary fodder crops.
Also, what is a "temporary fodder crop"?
Also, | think the main reason why N fixing crops are more abundant in organic rotations is
because organic farmers can not use synthetic fertilizers. P4, 1 11-12
Section3.2
31) Isn't this still part of the “Crop Rotation"? P4, | 15-18



32) Do you mean just in Europe???? | think this is too much of a generalisation, many organic
agriculture systems remove all of the organic material as the whole crop is used eg root stem
and leaves - depleting soil fertility eg subsistence agriculture in Ethiopia P4, | 18

33) Asingle sentence is not a proper paragraph. Please revise. this could probably be part of the
following paragraph that discusses the SOM quality. P4, | 20-25

34) Shouldn't this be part of section 3.3? P4, | 24

35) ..fertility as it is a short-term pool for nutrients (Marriott and Wander, 2006; Martyniuk et al.,
2016). However, it can also enhance SMN... P4, | 29

Section3.3

36) how much higher? P4, | 37

37) You essentially say the same thing (i.e. earthworm biomass and population were higher in organic
soils) over and over again. Please be more concise here. This can probably be trimmed by about
50-60%. P5, [ 1-11

Section3.4

38) do you have a reference for this? P5, | 21

39) this is essentially a repeat of the first sentence in the previous paragraph P5, | 23-24.

40) How much? 50%? 80% P5, | 28

41) If you are talking about PMN pools, they are not the same as "concentrations". | would suggest
writing “They showed that more diversified crop rotations resulted in larger PMN pools”. P5, | 34 -
35

42) SOM.... stay consistent. P5, | 39

43) The DOK trial should be identified the first time it is referenced. This is already the second time. P6,
I'5

44) This section is on the N supply. Keep the information on denitrification in the section on N20O
emissions. P6, | 5

45) You can just use "DOK" here, now that you have already stated what the acronym refers to. P6, |
17

46) is this relevant? P6, | 21-24

47) can you be more specific what you mean by "soil life"? is it plants? macrofauna? fungi? P6, | 26

48) which properties? You mention "macropores” in the next sentence. Is this one of the properties?
since this is the only one that you mention, why not just state that Marinari observed that organic
fertilizers increased macropores and particularly elongated pores? P6, | 29

49) which are? P6, | 32

50) as long as the organic rotations include more perennial leys. P6, | 32-33

51) Is this realistic in the context of increased pressure for urbanisation? This suggests is the
existing agricultural landbase is insufficient - that we need to cut down some trees? P6, | 38

52) this is a huge range.... Any idea why it ranges to much? are there differences between crop types?
species? do different soils or climates respond differently? P6, | 39

53) There are many studies that look at how mouldboard ploughing effects N2O emissions. why have
you not looked at any of these? P7, | 4

54) Do we really need a 2-sentence summary of each section? | think this is just repeating what was
already said and is therefore unnecessary. P7, | 10-13
Section4

55) You should also include something on the paper by Balaine et al. 2013 (SSSAJ 77:1496-1505) on
how gas diffusivity affects N20O fluxes. P7, | 14

56) you said earlier (lines 17 and 18 above) that nitrification is a biological process. So why is it stated
that there are abiotic reactions during nitrification? P7, | 22

57) I understand what you are saying here, but it seems like an odd way of saying it. | also think you
need to clarify that it is the native SOM, especially in organic farming when N applied as manure
or slurry can be quickly considered part of the SOM. P8, | 1



58) this explanation of priming is inadequate. Please add a bit more information about what is meant
by priming. P8, | 3-5

59) there should also be studies that use 15-N applications to determine whether the source is
nitrification or denitrification. And this could also differ based on soil textures / structure /
precipitation because of their effect on soil aeration and gas diffusivity P8, | 10-11

60) Please don't have paragraphs that consist solely of a single sentence. Also, this doesn't really
explain why nitrifier denitrification would be a major N20O source here. And also, | can't figure out
if you mean that the soil has low content of easily degradable C, or if the OM that is applied has
low content of easily degradable C. P8, | 15-17

61) Why nothing on nitrification inhibitors? if you can reduce the amount of nitrification, then you
should also reduce NO3 leaching. There are both synthetic and biological Nitrification inhibitors.
P8, 118

62) say the same thing in next sentence P8, | 33

63) lower than what? P8, | 36

64) Table S1 presents a lot of data (as do S2 and S3 actually). This makes it very difficult to come to
any conclusions about the studies. Some tables and figures that summarize some of this data
would be helpful. P9, | 10

Section5

65) You seem to use “organic grass-clover leys" as a synonym for “N-limited grass-clover ley". Why is
that? are all organic grass-clover leys N limited? vice versa? This should be clarified. P9, | 12-13

66) why two different numbers? is one for the 1 yr and the other the 3-yr leys? | assume so, but it is
not explicitly stated. P9, | 19

67) which conditions? why? P9, | 22

68) | feel like | am missing some important details from the Plaza study, because | can't the the
obvious explanation of "priming". Why couldn't it just be from the decomposition/mineralization
of the added catch crop? P9, | 27-29
Section6

69) this might be better in section 6.2. P10, | 13-20

70) incorporation of the CC? P11, 113

71) There are few studies that actually show this directly, however Freeze/thaw has been consistently

shown to increase mineral N availability (similar to the Birch effect). The release of N20 during

thawing could be related to a few things, one of which is the release of labile C and N due to cell

lysis (the term "blasted" is the wrong term, by the way). But there are other theories as well.

Disruption of soil aggregates due to F/T may also release labile C and N; frozen soils may have ice

lenses that lead to N20 accumulation under the ice, which can be released upon thawing, etc.

There are many papers by Wagner-Riddle (in addition to the ones you mention here) that examine

N20 pulses during thawing of soils. | would suggest adding some of those citations here to aid in

providing a more detailed description of how Freeze/thaw affects N20O fluxes.
There is a good one in SBB (Congreves et al. 2018. vol. 117: 5-15) and another in Nature
Geoscience: Wagner-Riddle et al. 2017. vol 10: 279-283. P11, | 20-21

sorry, but the way this supplementary material is set up makes it really difficult to find the

information to which you are supposedly referring. The Tables must be organized in a way that

they present summary rather than just raw data (although the raw data is good to have as

supplementary materials). P11, 113

72

74a) which study are you referring to? P12, | 1

73) This seems to be to be a very large leap in logic. P12, | 2-4

74) or it could be that deep incorporation of crop residues in soils with restricited air diffusivity will be
mineralized much more slowly, reducing the amount of NO3 available for denitrification. P12, | 15



75) There are many other studies that look at N20 emissions from application of various organic N
sources. And there is one paper that describes how the response in N20 fluxes differs by soil type
(Pelster et al. 2012. J. Environ. Qual. 41:427-435).

You need to expand these points more clearly. P12, | 36-37

76) if you want another example from a cool humid climate, there is also Chantigny et al. 2012. JEQ.
42:30-39 P13,12-3

77) provide numbers please. P13, 123

78) what did these studies actually find? did they also find a relation between N20O flux and SOM
content? P14, 1 5

79) Using the term "site" is completely meaningless. How was this entered into the model? Site is
categorical, how was that worked into a multiple regression model? that makes no sense to me.
Why not use site-specific variables (i.e. soil clay content; annual precipitation; soil sand content... or
something like that). P14, 1 16

80) how? You can make a case for the presence of labile N during reducing conditions, but where do
you show the relation with labile C? P14, | 19-20

81) The inequality in length of study is really a problem here, because the numbers for Frick and
Aberdeen are so different from the other two. | just am not sure how to normalize this in a way
that makes sense. P14, | 23-25

82) how long was the measurement period for this study? P14, | 28

83) can you give the model (with co-efficients for the different variables). Also, are all of these just
simple linear regression? did you try multiple regression? why not? P14, | 34

84) isn't this tautological? and therefore does not need to be stated. P14, | 34

85) what aspect? expression of the enzyme? enzyme activity? provide details. P15, | 9

86) if the N20/(N20+N2) ratio is higher in organic agriculture that means that a larger proportion of
N is emitted as N20, which seems to me to be the inverse of what you think you are saying here.

Maybe | am misunderstanding something. P15, | 11-13

87) in what way? P15, 1 13-14

88) earthworms often have producing bacteria in their gut. This should also probably be explored a bit
P15, 120-21

Section7

89) It seems to me that much of what is presented here is just a repetition of what was already
provided in the section on N20. Which makes sense. Both N20 emissions and NO3 leaching are
strongly related to available soil NO3 and high water content (anaerobicity).

Here you talk about legumes, grain legumes, etc as possible triggers. But in my opinion, the
trigger is the available NO3 combined with high water (low O2 content). All of this crop
rotation information should be dealt with once in the section on soil mineral N. Not repeated
in multiple sections. | would include section 7.2 as part of this as well as catch crops are ways
to control the concentrations of NO3. P15, | 20-21

90) were the weeds 50% taller? or was their coverage 50% greater? P18, | 30

91) how does tillage affect the soils? pore size distribution, continuity, etc? how about rainfall impact
and splashing on tilled vs non tilled soils? what effects may that have on soil infiltration and
percolation? Again, you are only discussing the soil mineral N aspect again (which has already
been done in a slightly different context), but you are completely missing how tillage may affect
NO3 leaching in particular. P18, | 38-39

92) any idea why? P18, | 10-11

Section8

93) You don't really provide much information on strategies in this section. At least not in any
organized way. this whole section needs to be completely re-written. P20, | 5

94) This belongs in one of the previous sections as it is not a strategy to reduce N20 and NO3 losses
P20,17-8



Section9 conclusion which is numbered 10

95) why only rotary harrow? what is specific about this form of mixing that enhances the risk? P21, | 21

96) If you showed this somewhere, | completely missed the point. For me, this comes out of nowhere
and with no justification. P21, | 22-23

97) could this be related to statistical power? Also, as you mention, site was a significant factor. was
there a correlation after controlling (normalizing) for “site"? As | remember only reading about
simple regression, | can only guess that this was not done. P21, | 25-26

Responses to comments given the paper from referee 1 or 2 (the comments are

numbered from 6 to 98 in the paper supplemented by the referees)
During revision of the MS, there will be some adjustments in the sentences suggested below

6) We have replaced emission with loadings

7) Agree, this is included in the new version of the paper

8) Agree, senescence should also be included as a possible course. New text in paper ... after crop
termination, harvest or senescence.

9) We do not understand what Referee mean. In the sentence it is already referred to “readily
available nitrogen. We have added degradable carbon to make it clearer that we refer to Cand N
that that are rapidly available for microorganisms.

10) Agree, this is done in the new version of the paper

11) Do not agree in that.

12) “For” is changed to “of” throughout the paper

13) Agree, this is done in the new version of the paper

14) Agree. New sentence: We have chosen to focus on arable systems because crop and soil
management vary more between organic and non-organic production of arable crops than for
grassland....

15) Agree that writing challenges without explaining or defining what we mean are not OK. On the
other and this is lengthy to explain and a bit of the scope of this paper, we therefore removed
challenges and kept yield gap which is the main issue.

16) Agree, this is included in the new version of the paper

17) Agree. However, during rewriting of the Introduction the whole sentence was removed

18) Agree, However, during rewriting of the Introduction the whole sentence was removed

19) Agree, this is included in the new version of the paper

20) To make it easier to follow the papers structure, we are adding questions in the introduction that
are better introducing the sections 3 and 4. To help the reader we have also introduced a table of
contents. New text is given in the response to comment 1.

21) Agree, this is included in the new version of the paper

22) Based on the authors own field trials, literature databases and searches through Google Scholar,
we compiled data on agronomic management, soil properties and yield level of organic arable
crop rotations and measurements of SMN, N2O emissions and NO; leaching from field trials
relevant to organic crop rotations, climate and soil conditions in Europe.

23) This is now included: Molodovskaya, M., Singurindy, O., Richards, B.K., Warland, J., Johnson,
M.S., Steenhuis, T.S.: Temporal Variability of Nitrous Oxide from Fertilized Croplands: Hot
Moment Analysis. Soil Sci. Soc. Am. J. 76, 1728. https://doi.org/10.2136/sssaj2012.0039, 2012.

24) In this postulate the referee is not consistent with the main understanding. See for instance
Firestone and Davidson, 1989; Butterbach-Bahl et al., 2013). No change is made.

25) Agree with referee, we have recalculated the regression and included %clay, pH and SOC in the
regression. We have also added some more text to make it clearer what we did.



https://doi.org/10.2136/sssaj2012.0039

26) We do not understand this comment as this is in the section where we describe the stepwise
regression. The expanded text will hopefully make this easier to follow.

27) Neither cumulated or cumulative is needed as N2O emission is defined as the cumulative flux
reported. The word is removed

28) Se answer to comment 1 and 20. Section 3 and 4 are too long to be a part of the introduction as
suggested by referee, and they are important part of this paper.

29) Agree,

30) Agree, the sentences are removed

31) The sentence is modified. New sentence: They further found that more legumes are included in
fodder crops, and in catch crops, under sown cover crops and intercropping than in non-organic
rotations

32) Agree. The sentence is moved to 3.1.

33) The referee is correct. We have now underlined that this is relevant for European cropping
systems. New sentence: ....” are returned to soil than in non-organic systems in cropping systems
that are common in Europe”

34) Agree, the section is rewritten

35) Agree, the section is rewritten

36) ... soil fertility asset as it provides a short-term pool for plant nutrient supply (Marriott and
Wander, 2006; Martyniuk et al., 2016). SMN is not included in this sentence because it comes in
33

37) Without being too comprehensive for this paper, where N20 and NO3 is the focus, it is difficult
to give numbers on this. There are many ways to estimate/determine biological activity in soils.
See for instance “Mader, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U., 2002. Soil
fertility and biodiversity in organic farming. Science 296, 1694—7.
https://doi.org/10.1126/science.1071148” where microbial biomass, dehydrogenase, protease,
phosphatase, saccharase and mycorrhiza are used as indicators for microbial activity and
earthworms, carabids, Staphylinids and spiders for faunal activity. The exact increase of
biological activity in % will also vary with the sites climatic and soil conditions. The main thing is
that it is a general trend with increased biological activity, which is shown in many investigations.
No change is made.

38) Most of the examples are removed to make it less repeating. Earthworms do only have minor
part of this subject so the referee has a good point.

39) Reference included: Pandey et al., 2018

40) Agree, the sentence is removed in the new version of the paper

41) This section is rewritten

42) Agree. The suggested sentence is included in the new version of the paper

43) Agree, this is done throughout the paper

44) The first time is removed, so this is the first time and adjusted accordingly.

45) We have removed this sentence.

46) To focus the MS more on the aspects where organic farming differ from most conventional
farming, we have taken out the aspects of pH, and this text is therefore removed.

47) Same as for 46.

48) The text on soil structure is taken out of the MS

49) The text on soil structure is taken out of the MS

50) The text on soil structure is taken out of the MS

51) The text on soil structure is taken out of the MS

52) This article is not about organic farming or not, but about how different aspects that are typical
for organic farming influence N>O emission and NOs leaching. However, a much larger impact on
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feeding the world’s population and the area needed for agricultural production, than if the yields
are 80 or 100%, is the unequal distribution of resources in the world, the land that is taken out of
use for roads, building ground or other purposes, all the food that is wasted, corn and wheat
used for bio-energy and so on. However, the text on yields is shortened and moved to Section 6

LX) [ yield level will be moved to the new discussion. Comment 53 relate to
Meier et al. (2015) observed that 9 to 214% more land is needed to produce one arable crop unit
by organic compared with non-organic production. The requested information is not easy to
extract from the present article. We will rewrite this whole section when used in the
introduction.

54) This section is about yields. The impact of ploughing on N,O emission is discussed in the new
section 4.3.3 Soil and tillage effects

55) We have removed the summaries

56) Thank you for this reference. A text is included in new section 4.1. Oxygen availability depends
on soil microbial activity and gas diffusivity which is in dependent on soil moisture content,
texture and density. Gas diffusivity is a promising predictor for N,O fluxes from soils with varying
bulk density as observed by Balaine et al., (2013) who found that the production of N>O
increased when the relative gas diffusivity was between 0.006 and 0.020 and the soil became
anaerobic.

57) Yes the reviewer is right that « nitrification is a biological process” during this process NH4 is
oxides to NO,- via hydroxylamine (NH,OH) by ammonia oxidizing bacteria (AOB). During this
process N2O is produced as by product due to some partially understood abiotic reactions of
hydroxylamine and NO,-. Recent studies (i.e Liu et al 2017) have shown that there are certain
abiotic reactions of hydroxylamine that can contribute to N20 production in this process, also
another hypothesis is that NO2 (which is an intermediate in this process) can also be converted
to N20 through abiotic reactions. That’s why we wrote partially understood biotic (for sure) and
abiotic (unclear) reactions. We have made this clearer by adding “abiotic reactions of
hydroxylamine”

58) We have changed the sentence slightly: “Emissions from soil organic matter (background
emission) will vary between years because of variations in temperature and precipitation “ In
addition we have defined background emission in the under terminology at the beginning of the
paper.

59) We have decided to remove the text about priming as it does not have a major impact on N,O
emissions

60) This is the main picture. We have included some more on gas diffusivity (comment 56). It is to
comprehensive for this review to cover all aspects of N,O formation in this review.

61) The sentence is removed as the content is well enough covered above

62) Inhibitors are not allowed in organic farming. This is now specified in the introduction

63) The whole section is rewritten and moved to the introduction

64) The whole section is rewritten and moved to the introduction

65) See respons to comment 2).

66) The sentence is rewritten to emphasise that it is SMN content that matters:” SMN is normally
very low under organic grass-clover leys (Table S1, Watson et al., 1993; Nadeem et al., 2012;
Brozyna et al., 2013; Frgseth et al., 2014; Krauss et al., 2017b), thus grasses will quickly take up
soil NOs in the root zone (Brophy et al., 1987).”

67) We have added the word “respectively” to make it clearer that this is Soil SMN after 1 and 3
years, respectively.

68) This sentence is removed, and the content is covered in the rest of the revised section 3.3
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69) We have decided to remove the text about priming as it does not have a major impact on N20
emissions

70) We were uncertain about what is the best place, because of the relation to growing clover. A
part of this is now moved to new section 4.3.1, and a part is deleted.

71) Agree, this is included in the new version of the paper

72) Thanks for these references. Freezing/thawing is a large area and we think that for this article it
is correct to emphasis what is relevant for organic systems: high content of SOM, soil biota, CC.
We have included relevant information from Congreves et al. 2018. vol. 117: 5-15 and Wagner-
Riddle et al. 2017. vol 10: 279-283. P11, | 20-21, which helps to complete the picture. New text:
“The mechanisms behind freeze/thaw have been comprehensively reviewed by Congreves et al.
(2018) showing that the causes for N,O emissions are different for these two mechanisms and
that freeze/thaw has a larger impact on N,O emissions from temperate agroecosystems than
drying/rewetting do. Wagner-Riddle et al. (2017) estimated that neglection of freeze/thaw
emissions will underestimate global agricultural N,O emissions by 17 to 28%. In the present
article we do discuss freezing/thawing and drying/rewetting during conditions that are
particularly relevant for organic crop rotations. Freezing/thawing of soil rich in organic matter
and soil biota, or soil covered with plant residues may result in a N2O boost as easily degradable
Cand N is released from cells lysis after frost.”

73) See respons to comment 2

74) It is understandable that the referee misunderstood this. The last sentence is removed as it is
enough covered from earlier sentences.

75) The text is rewritten. We did not include”or it could be that deep incorporation of crop residues
in soils with restricted air diffusivity will be mineralized much more slowly, reducing the amount
of NO3 available for denitrification” as we do not have any evidence for that. If referee does, we
are grateful for suggested reference.

76) Thank you for this reference. Nice article. When revising the MS we have included these points
and also expanded the discussion on the impact of N-content and the type of N-compound in the
organic fertilizers on N2O fluxes

77) | assume you mean this one: Chantigny, M.H., Angers, D.A., Rochette, P., Bélanger, G., Massé, D.,
Coté, D., 2007. Gaseous Nitrogen Emissions and Forage Nitrogen Uptake on Soils Fertilized with
Raw and Treated Swine Manure. J. Environ. Qual. 36, 1864.
https://doi.org/10.2134/jeq2007.0083,

78) Numbers for N,O-N and C are included. “Krauss et al. (2017b) found that fertilization with slurry
and manure compost increased annual N,O emissions during winter wheat after more than ten
years of differentiated management compared to sole slurry fertilization (mean values in the
period (369 days), were 2.2 and 2.9 kg N2O-N ha-1, respectively). They related this to higher
microbial biomass and content of SOC. Mean values for the upper 10 cm in soil were 28 and 30
Mg C ha-1 for fertilization with slurry and manure compost and sole slurry fertilization,
respectively.”

79) The text is rewritten to make it more clear that this refer to : Lack of correlation between N,O
emissions and N fertilization. Neither Pugesgaard et al (2017) nor Peyrard et al. (2016) have
related their findings to the content of SOM.

80) See response to comment 25. We do not longer have a categorical variable. (That is however in
principal no problem to include in a stepwise regression).

81) The sentence has been improved so it now should be easier to relate to the first sentence, which
was the intention.: “The content of NHs-N in soil did not affect peak N2O fluxes. These findings
indicate that denitrification is the main cause for high N,O-flux rates in these studies”
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82) Agree with referee. This is indeed problematic. We have tried to overcome this by estimating the
impact of the highest emission on the mean daily N20 emissions, but still this is tricky because
longer periods with low emissions are not included in the shorter periods. The best would be to
have yearly emissions, but we did the best we could do from the data available.

83) Agree that this is essential information. This is now included.

84) model (with co-efficients for the different variables) is now given in section 2 (Methodology). In
the first model where we tested different factors we used multippel, stepwise regression. In the
second model where we tested the impact of the highest peak on the total emission linear
regression was the best option.

85) We do difference between flux and emission. Emissions relating to the total period. The sentence
is rewritten to make this clearer.” From this we can conclude that when the conditions for high
N,O fluxes are met at one or more days, there is a large chance for high total N,O emissions in
the period.”

86) In order to focus the MS more on the aspects where organic farming differ from most
conventional farming, we have taken out the aspects of pH, and this text is therefore removed.

87) The same as for comment 86

88) The same as for comment 86

89) We have moved the sentence that described this to an earlier position, and have made it clearer
that body fluids is a part of earthworm gut. This, to make it easier to perceive for the reader

90) See comment 1. We have restructured the MS and have gone through the new section 5 to avoid
repetition from section 3 and 4.

91) We have clarified by including that the weed incidence was higher.

92) We have focused the paper, and do think that general effects of tillage on nitrate leaching is out
of the focus.

93) We have added an explanation and the new text is: “A field experiment over 13 years in the UK
showed that N leaching in winter from fertilized grass (non-organic) was highly correlated with
the preceding summer's soil moisture deficit, with the highest losses following dry summers
(Tyson et al., 1997). In this case, poor grass growth due to drought lead to a buildup of NO; from
unused fertilizer present in the autumn. Prolonged mineralization of organic fertilizers or crop
residues due to drought may also lead a similar situation in organic farming systems.”

94) See comment 1. We are restructuring the MS and have removed old section 8.

95) We have removed old section 8.

96) We have removed old section 8.

97) This is from section 6.4. It is understandable that this sentence was confusing.

98) This is from the literature review presented in section 6.4 and not from our statistical
calculations as we were not able to run statistic on the impact of total N because of lack of data
in the relevant experiments.

99) Miss the comment from referee.
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Abstract.

The emissions of nitrous oxide (N20) and leaching of nitrate (NO3) from agricultural cropping systems have
considerable negative impacts on climate and the environment. Although these environmental burdens are on
average less per unit area in organic than in non-organic production, they are roughly similar per unit of product.
If organic farming is to maintain its goal of being environmentally friendly, these Ibadingi must be mitigated. We
discuss the impact of possible drivers of N2O emissions and NO3 leaching within organic arable farming practice
under European climatic conditions, and potential strategies to reduce these. Organic arable crop rotations are
generally| diverse with frequent use of legumes, intercropping and organic fertilizers. The soil organic matter
content and share of active organic matter, soil structure, microbial and faunal activity are higher in such diverse
rotations, and yields lower, than in non-organic arable cropping systems based on less diverse systems and
inorganic fertilizers. Soil mineral nitrogen (SMN), N2O emissions and NOs leaching are low under growing crops,
but there is the potential for SMN accumulation and losses after crop termination, harvest or senescincel. The risk
of high N2O fluxes increases when large amounts of herbage or organic fertilizers with [readily available nitrogen
(N) and degradable carbon fare incorporated into the soil or left on the surface. Freezing / thawing, drying /
rewetting, compacted and/or wet soil and mechanical mixing of crop residues into the soil further enhance the risk
of high N2O fluxes. N derived from soil organic matter (background emissions) do, however, seem to be the most
important driver for N.O emission from organic arable crop rotations and the correlation between yearly total N-
input and NO emissions is weak. Incorporation of N rich plant residues or mechanical weeding followed by bare
fallow increases the risk of NOj3 leaching. In contrast, strategic use of deep-rooted crops with long growing seasons
or effective cover crops in the rotation reduces NO3 leaching risk. Enhanced recycling of herbage from green
manures, crop residues and cover crops through biogas or composting may increase N efficiency and reduce N0
emissions and NOgz leaching. Mixtures of legumes (e.g., clover or vetch) and non-legumes (e.g., grasses or Brassica
species) are as efficient cover crops for reducing NOs leaching as monocultures of non-legume species. Continued
regular use of cover crops has the potential to reduce NO3 leaching and enhance soil organic matter but may
enhance N2O emissions. There is a need to optimise the use of crops and cover crops to enhance the synchrony of
mineralisation with crop N uptake to enhance crop productivity, and this will at the same time reduce long-term

risks of NOj3 leaching and N2O emissions.

We use the following abbreviations: BNF: biological nitrogen fixation, C: Carbon, CC: cover crops, CHa:
methane, EF: Emission factor = % of N applied emitted as N2O-N, N: nitrogen, N2O: nitrous oxide, NOz: nitrate,
PMN: Potentially mineralizable N, SMN: Soil mineral nitrogen, SOC: Soil organic carbon, SOM: Soil organic
matter.

and terminology: Background emissions: N.O emissions that derive from N released from SOM as opposed to N
added through fertilization, soil amendments or plant residue applied in the current year, Degradable C: Easily
degradable carbon compounds, Hot moments of N2O flux: Brief and disproportionally high short-term N,O flux
event due to the combination of multiple influencing factors (Molodovskaya et al., 2012), N>O emission: The

cumulative flux reported for one field treatment during the actual measurement period, NOs leached: NOs
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transported below the root zone, PMN: The amount of SMN released from organic matter under ideal soil

environmental conditions, SMN: The content of mineral N in the form or ammonium (NH4) and NOgz in soil.

9. Introduction
10. Methodology
11. Drivers of SMN and degradable C in organic arable crop rotations
11.1. Supply and quality of soil organic matter
11.2. Soil biological activity
11.3. Soil N-dynamics
12. Drivers of N2O emissions in organic arable crop rotations
12.1. Biogeochemical processes leading to N2O emissions
12.2. Legumes during plant growth
12.3. Crop residues
12.3.1. Freeze - thaw / dry - wet
12.3.2. Soil and tillage effects
12.4. Organic fertilizers
12.5. Contribution of total N-input and high emission events to N,O emissions
12.6. Impact of earthworms
13. Drivers of NO3z leaching in organic arable crop rotations
13.1. Biogeochemical processes leading to NOs-leaching
13.2. Legumes
13.2.1. Grain legumes
13.2.2. Forage legumes
13.3. Cover crops
13.4. Tillage effects
14. Key drivers of N2O emissions and NOj3 leaching and suggested mitigation strategies
15. Research and innovation needs
16. Conclusion

1 Introduction

Biologically available nitrogen (N) or reactive N is limited in most natural terrestrial ecosystems. In modern crop
production, addition of N fertilizer has become crucial to achieve high crop yields. This has resulted in cropping
systems where a substantial proportion of the N added is lost to the environment, and where the excess reactive N
threatens the quality of air, water and ecosystems (Robertson and Vitousek, 2009). The emissions of N,O have
considerable environmental impacts through the contribution to global warming and ozone depletion
(Ravishankara et al., 2009), and about 16 to 20 Tg N>O-N is emitted annually to the atmosphere. Of this, close to
40% is anthropogenic, and agriculture accounts for 67—80% of the anthropogenic N>O emissions (Ussiri and Lal,
2013). About half of the anthropogenic N>O emissions originate from cultivated soils (Stehfest and Bouwman,
2006). In addition, agricultural soils are sources of indirect N,O emissions resulting from downstream microbial
turnover of N from NOs leaching or ammonia volatilization (IPCC, 2006). NOs lost by leaching may also
contaminate drinking water and lead to eutrophication of freshwater and marine ecosystems (Dalgaard et al., 2014).
The area under organic production increases worldwide (Willer and Lernoud, 2018). In Europe, 2.7% of the
agricultural land is under organic farming, and in nine countries, 10% or more of the agricultural land is managed
organically (Willer et al., 2018). In 2016, 43% (6 mill ha) of the organic farmed area in Europe was under arable
crops.

Organic agriculture aims to be an environmentally friendly production system that sustains the health of soils,
ecosystems and people. It should rely on ecological processes, biodiversity and nutrient cycles adapted to local

conditions, rather than the use of inputs (IFOAM, 2019). Because of the serious consequences of N,O emissions
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and NOs leaching, these environmental burdens are important issues also for organic farming, and there is a
continued debate whether an organic mode of crop production enhances or reduces greenhouse gas (GHG)
emissions and NOjz leaching from agriculture (Lorenz and Lal, 2016; McGee, 2015). We have chosen to focus on
arable systems because ccrop and soil management vary more between organic and non-organic production of
arable crops than for grassland (Barbieri et al., 2017), and hhe yield gap ]is larger (De Ponti et al., 2012). These
conditions will affect N2O emissions and NO3 from the systems. Previous reviews have compared the net N.O
emissions and NOg3 leaching from these systems. Lower area-scaled, but roughly similar yield-scaled emissions
(slightly higher, similar or slightly lower) are commonly observed for N,O emissions (Skinner et al., 2019; Skinner
et al., 2014; Tuomisto et al., 2012,) and NO3 leaching (Aronsson et al., 2007; Benoit et al., 2014; Kirchmann and
Bergstrom, 2001; Stopes et al., 2002; Tuomisto et al., 2012) from organic versus non-organic arable crop
production.

In this review we focus on the drivers for N2O emissions and NOs-leaching under organic arable crop rotations
under European climatic conditions. There is insufficient robust field data on N>.O emission and NOs leaching
within organic arable crop rotations to allow for a meta-analysis to quantify the impact of key causes, so here we
use the available data to identify sources and causes of N,O emission and NOs leaching in these rotations, as a
basis for suggesting targeted mitigation strategies. We define “organic arable crop rotations” as cropping systems
with associated crop and soil management commonly used in European farms dominated by arable cropping and
following the European Council Regulation (EC) No 834/2007s on organic farming (Council of the European
Union, 2007). Among others, the use of synthetic N-fertilizers and N-inhibitors are prohibited, but manure and/or
short-term leys may be used in these rotations. We designate “non-organic crop systems” as arable cropping
systems generally based on inorganic fertilizers, use of pesticides and often using narrow crop rotations, commonly
called conventional farming.

Both globally and in Europe organic rotations are longer and more diversified than non-organic rotation[s] (Barbieri
etal., 2017). This is essential for nitrogen supply, and for pest and weed control (Stockdale et al., 2001). Barbieri
et al. (2017) found that catch crops and undersown cover crops are 2.4 and 8.7 times more frequent in organic
compared to conventional systems, respectively. They further found that the share of pulses and temporary fodder
crops (such as alfalfa, clover and ryegrass) were higher in organic than in non-organic crop rotations, and that the
difference between organic and non-organic crop rotations was greater in this respect in Europe than in North
America and globally. They further found that more legumes are included in fodder crops, and in catch k:rops, |
under sown cover crops and intercropping than in non-organic rotations. In addition to plant derived N, organic N
are applied in manure or other organic fertilizers and amendments. The great diversity of N mineralisation patterns
among the organic fertilizers and crop residues is a challenge for farm management to synchronize the N release
with plant N uptake. If N is released during periods with poor plant uptake, then the content of soil mineral nitrogen
(SMN) and other easily available N can accumulate, creating a large risk of N losses through gaseous emissions
or through leaching. Because N is mainly applied through plant residues and a limited amount of organic fertilizers
in arable organic systems, the N-turnover from biological activity is crucial for the content and type of SMN.
Plants and organic fertilizers are also important sources of soil organic carbon (SOC). We address how supply and
quality of organic matter in above- and belowground residues and organic amendments influence availability and

type of SMN and degradable carbon.
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Increasing the content of SOC enhances the risk of N2O emissions (Li et al., 2005). This is true whether the soil
has a high content of SOC or the content is increased by additions of organic matter to the soil and is caused by
the tight link between SOC and microbial N,O production (Sahrawat and Keeney, 1986). Because the impact of
SOC on N0 emission is dependent on NO3 content in soil (e.g. Weier et al., 1992; Li et al., 2005), we address
how supply of N and carbon through organic inputs drive N,O emissions in organic arable rotations. Based on
IPCC (2006) most inventories and farm models assume that 1% of total N-input by fertilizers, manure and plant
residues are emitted as N2O-N. Skinner et al. (2014) found no correlation between total N-input and N.O
emission in organic systems. If this is a general trend, the total N-input cannot be used to estimate N2O emissions
from organic crop rotations. In non-organic cropping systems, peak fluxes of N,O are commonly observed
shortly after fertilization with mineral fertilizers in moist soil (Smith et al., 2012), whereas in organic crop
rotations the highest fluxes are often observed after incorporation of plant residues (e.g. Brozyna et al., 2013;
Krauss et al., 2017b; Nadeem et al., 2012; Pappa et al., 2011; Skinner et al., 2019). Because of enhanced content
of SOM and thus a larger impact of background emissions of N2O in organic versus non-organic cropping
systems (Skinner et al., 2014), increased background emissions are likely to have a major impact in organic-crop
rotations. In order to design good mitigation strategies, it is useful to know the relative importance of these two
sources of N2O emissions.
The main sources for NOj3 leaching are NO3 from nitrification of plant residues and added organic matter, as NO3-
fertilizers are prohibited in organic systems. The crop N requirement dependency on soil organic matter turnover
may lead to an asynchrony between crop nutrient demand and the mineralization of soil organic N, which enhances
the risk of NOs leaching (Crew et al., 2005; Di and Cameron, 2002). Furthermore, soil cultivation for weeding or
incorporation of plant residues have been shown to influence NOs leaching (Askegaard et al., 2011). We discuss
the main drivers for NOgz leaching in organic arable cropping systems and the associated preventative measures.
NVe address the following questions for organic arable crop rotations:
5. How does supply and quality of organic matter in above- and below ground residues and organic amendments
influence availability of easily available N and degradable C?

6. How does supply of easily available N and degradable C drive| N,O emissions and how can these be mitigated?

7. s there a lack of correlation between total N-input and N>O emission in organic arable crop rotations, and are
total N2O emissions primarily driven by background emissions or by episodes with high N.O fluxes following
N additions?

8. What are the main drivers for NOg3 leaching in organic arable systems and how can the leaching be reduced?]

2. Methodology

Based on the authors own field trials, literature databases and searches through Google Scholar, we compiled data
on lagronomic| management, soil properties and yield level of organic arable crop rotations and measurements of
SMN, N20 emissions and NOs leaching from field trials relevant to organic crop rotations, climate and soil
conditions in Europe. For SMN and NOs leaching, we used the available literature and the data in Tables S1 and
S3 to explore the importance of the determining factors for SMN and NOjs leaching, and to identify factors of
importance for NO3 leaching in organic arable crop rotations. For SMN and NOgs leaching the structure of the

available data did not allow meaningful statistical analyses.

17

{ Kommentert [SH11]: 21

{ Kommentert [SH12]: 20

{ Kommentert [SH13]: 22




For N2O we used data presented in Table S2 to explore the impact of background emissions and episodes with
high N2O fluxes. We aimed to analyse the impact of high emission events of N2O fluxes on the total N2O emission.
However, we lacked daily measurements, and we lacked data for yearly periods. It was thus not possible to identify
the full impact of hot moments as done by Molodovskaya et al. (2012). Because of the differences in measurement
period, it was also not possible to make direct comparisons between the different field trials. To overcome this, we
used a regression model based on N»O emissions in the actual period and peak N2O flux within this period,
resulting in the following fitted model:
In(C/P) = - 1.34 + 0.83 In (N+2), R?=0.66, n = 97 |

(Eq. 1)
C is N2O emission in the measurement period (-278 to 8566 g N,O-N ha*); P is duration of the period (38 to 490
days); C/P express the average daily N2O flux (-1.3 to 53.2 g N,O-N ha day*) and N is the highest N,O-flux rate
(0.1 to 605 g N2O-N ha'* day™) in the measurement period. The total analysis and data used is given in S4. One
negative value for average daily N2O flux (-1.3) in a barley/pea crop was removed from the analyses because it
would have had a large impact on the results.
We also calculated the percentage contribution of the highest daily N2O flux of the total N,O emissions in the
measurement periods for all trials presented in Table S2 (n=97), and correspondingly the sum of the fluxes for the
days with the five highest flux rates as a percentage of the total N,O emissions.
The impact of the following potential explanatory variables on the highest daily N.O fflux rates: \clay (soil clay
content %), pH (soil pH), SOC (soil organic C, g kg™* dry soil), WFPS (soil water filled pore space, %), NO3 (soil
content of NOs, kg NO3-N ha?) and NH4 (soil content of NH., kg NH4-N ha') and temp (soil temperature, °C)
was calculated by stepwise regression (a to enter = 0.15; o to remove = 0.15) by Minitab 18. The selection of these
variables was based on expected impact on N2O emission (Sect. 4.1) and the data we were able to obtain from
these studies. We used data from the following studies: Ball et al. (2007a), Baral et al. (2017), Brozyna et al.
(2013), Chirinda et al. (2010), Krauss et al. (2017b), Li et al. (2015a), Nadeem et al. (2012b) and Pugesgaard et
al. (2017). The NO flux data were log-transformed to achieve near normality and variance homogeneity: In (daily
N0 flux +2), where daily N,O flux = g N2O-N haday is the highest N-O flux rate during the actual measurement
period (Table S2, Highest daily flux rate). The total analysis and data used is given in S5.
Based on the stepwise regression, we achieved the following fitted regression model:

Ln (daily N>O flux + 2) = -1.18 + 0.04 clay + 0.06 SOC + 0.03 WFPS }+ 0.01 NO3 + 0.05 temp, R2=0.71, n=66 _

(Ea.2)
We used a literature review to explore the impact of total N added and, N and C added through organic inputs from
living plants, plant residues and organic fertilizers on N.O emission as we did not have enough data on added N

to be able to include this in the regression analyses.

3 Drivers of SMN and degradable C in organic arable crop rodations]
3.1 Supply and quality of soil organic matter

Return of crop residues to the soil is standard practice in both organic and non-organic arable production; however,
because of the more diverse crop rotations in organic production systems, larger and more diverse inputs of herbage

from legume-based green manures, leys, cover crops (CC) and intercrops are returned to soil than in non-organic
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cropping systems commonly used in Euroh)b (Gattinger et al., 2012). The N content in the crop residues of legume-
based systems is typically higher than from non-legume systems (Watson et al., 2002). Commonly used external
sources of organic inputs in organic cropping systems are animal manures and slurries, composts or biogas
residues, and organic fertilizers based on animal manure or municipal waste (Lges et al., 2017). The great diversity
of N mineralisation patterns among the organic fertilizers and crop residues result in a large variation in how much
N and C that are rapidly degradable in the organic inputs.

Through the application of organic amendments and various crop residues from arable and forage crops, carbon
(C) and N is applied to soil, and the soil organic matter (SOM) content is often higher in organic than in non-
organic arable crop rotations (Marriott and Wander, 2006; Marinari et al., 2007; Gomiero et al., 2011; Gattinger
etal., 2012; Aguilera et al., 2013; Hu et al., 2018). The quality of SOM differs between non-organic and the more
diversified organic, arable crop rotation, with a higher share of labile SOM (Lynch, 2015) and thus easily
degradable organic matter (C and N) in soils in organic crop rotations (Marinari et al., 2007; Marriott and Wander,
2006; Martyniuk et al., 2016). The higher content of degradable SOM in organic crop rotations is a valuable soil
fertility asset as it provides a short-term pool for |p|ant nutrient supply (Marriott and Wander], 2006; Martyniuk et
al., 2016). SOM turnover rates vary with soil texture and climate, being higher when organic carbon is less

protected from decomposers (low clay content) and in warm climates with suitable moisture (Burke et al., 1989).

3.2 Soil biological activity

Soil microbes contribute directly to plant residue decomposition and to mineralization and turnover of SOM, as
well as arthworms and other soil fauna (Lubbers et al., 2013, Kuiper et al., 2013). The inflow of degradable
organic matter provides substrate for soil organisms, and application of organic matter increases the growth of
microbial communities, their enzyme activities and the microbial diversity compared to an unfertilised control or
soil fertilized with only mineral fertilizer (Anderson and Domsch, 1989; Marinari et al., 2007; Thangarajan et al.,
2013), although such changes in the topsoil may be slow processes (Petersen et al., 2013). Accordingly, [higher
biological activity has commonly been found in arable soils managed organically compared with non-organically
(Méder et al., 2002; Gomiero, 2013; Hartmann et al., 2015; Lori et al., 2017). In their meta-analysis, Lori et al.
(2017) found that organic systems had 32% to 82% greater microbial biomass C, microbial biomass N, total
phospholipid fatty-acids, and dehydrogenase, urease and protease activities than conventional systems. They found
that when both organic and non-organic systems included legumes, the organic system displayed a higher
microbial N content than the non-organic counterpart. In cases where only the organic systems contained legumes,
the difference in microbial N between the two systems was even more pronounced. The abundance of learthworms|
can be twice as high in organic compared with non-organic systems (Pfiffner and Mader., 1997; Filser et al., 1999;
Hansen and Engelstad, 1999; Riley et al., 2008). More abundant earthworm populations are found when large
amounts of animal manure or green manure are applied to soil (Hansen and Engelstad, 1999; Frgseth et al., 2014),
when autumn ploughing is avoided (Pfiffner and Luka, 2007) and in the absence of tractor traffic (Hansen and
Engelstad, 1999).

3.3 Soil N-dynamics within organic arable cropping systems

Crop N supply and SMN in organic farming relies largely on mineralisation of N in soil organic matter, N in

organic amendments and crop residues and BNF of legume-based crops (Gattinger et al., 2012; Lorenz and Lal,
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2016). A principal sketch for N-dynamics in organic systems is given in Fig. 1 and an overview of performance

of selected drivers of SMN in organic and non-organic crop rotations are given in Table 1.
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Fig.1. The principle of N-dynamic in organic crop rotations

Table 1. Performance of selected drivers of SMN in organic and non-organic cropping systems

Indicator

Organic Conventional arable

arable systems systems

Source

Main source of SMN

Mineralisation of crop
residues and soil Synthetic fertilizers

organic matter

Lorenz and Lal (2016)

BNF
in SMN supply

Kayser et al. (2010);
Pandey et al. (2017)

Size of the potentially
mineralizable N pool

Poudel et al. (2002)

Microbial biomass

nitrogen content

High Low
Usually high Usually medium
High Low

Lori et al. (2017)

Release of SMN

Slow and more

continuous Rapid with clear peaks

Poudel et al. (2002)

Concentration of SMN

during growing season

Usually low Usually high

Brozyna et al. (2013)
Fraseth et al. (2014)
Krauss et al. (2017b)
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. Usually low, high only Hansen et al. (2007)
Concentration of SMN o . i .
. after termination of Usually high Joriczyk and Martyniuk
off growing season .
legume-rich crops (2017)

Despite substantial inputs of N from BNF (Kayser et al., 2010; Pandey et al., 2017) and from organic amendments,
the N-supply is often below optimum for plant growth in arable organic farming (Berry et al., 2002; Tuomisto et
al., 2012). BNF may be a more important N source, than N from organic manures and fertilizers in organic arable
cropping systems (Pandey et al., 2018).

[The major release of plant available N from added organic matter depends on the C:N ratio, the mineral N content
and degradability of the C of added plant residues manure, compost and other decomposed amendments. Bhogal
et al. (2016) showed that for pig slurry and poultry layer manure with C:Norg of 9-12:1, up to 70% of the organic
N was mineralized after five growing seasons, whereas in cattle slurry and straw-based farmyard manure with
C:Norg of 10-21:1, only 10-30% of N was net mineralised. For crop residues with a high C:N content there will be
initial immobilisation and the net mineralisation may only start very late or after growing season of the main crop
(Li et al., 2015b). The mineralization process of the more stable N can continue over years to decades. Simulation
modelling has shown that even over a 20-year period, only 10-15% of organic N in applied manure may be taken
up by crops, the rest being lost or retained in soil organic matter (Berntsen et al., 2007). The high microbial activity
and high content of organic matter affect N-cycling. Hu et al. (2018b) found a higher net N mineralisation of added
organic matter in soils having a prehistory of use of CC, indicating positive legacy effects of CC use, which was
attributed to a greater microbial biomass N in systems with use of CC.

The design of the rotation, as well as its management, influences the PMN pool. Working in three different organic
arable systems, Spargo et al. (2011) showed that the PMN pool amounted on average for 315 kg N ha. They
showed that more diversified crop rotations resulted in larger PMN pools. Poudel et al. (2002) reported 112 and
56% greater PMN pool in the organic system in comparison to the conventional and low-input systems,
respectively. Moreover, they observed slower and more continuous release of mineral N in the organic systems
compared to the more rapid release of mineral N from synthetic N fertilizers applied in non-organic systems. Moyo
et al. (2016) reported higher PMN in soil under wheat following a cut and mulched red clover ley compared to
after a ley where the residues had been removed, indicating the importance of total N input to the soil. The
importance of total N input in plant residues for crop N uptake was also observed by Petersen et al. (2013).

ISMN] is found to be very low under grass-clover leys (Table S1, Watson et al., 1993; Nadeem et al., 2012; Brozyna
et al., 2013; Froseth et al., 2014; Krauss et al., 2017b), since grasses quickly take up soil NOs in the root zone
(Brophy et al., 1987). Fraseth et al. (2014) observed low levels of SMN in a 1-year grass-clover ley, irrespective
of whether the herbage was mulched or removed. After termination of a ley, the concentration of SMN usually
increases (Table S1, Ball et al., 2007a; Brozyna et al., 2013; Krauss et al., 2017b). Even in the year following
termination of a ley, the content of SMN can still be high (Hansen et al., 2007; Joficzyk and Martyniuk, 2017).
Kayser et al. (2010) pointed out that N provided by spring ploughing of both 1-year grass-clover ley and 3-year
grassland ley resulted in high concentrations of SMN (0-90 cm, 61 kg N ha and 95 kg N ha’%, respectively) in the
following autumn after harvest of spring triticale. Much of this SMN may not have been available for the crops
during spring and is likely to have been mineralised after the end of the growing season. In contrast, low

concentrations of SMN were observed in topsoil and subsoil after spring ploughing of a 1-year grass-clover ley in
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four field trials in Norway, in late spring and in autumn after harvest of a spring barley crop (Table S1) and in the
following year (Frgseth, 2014, 2016).

4 Drivers of N,O emissions in organic arable crop rotations
4.1 Mechanisms for N2O emissions

Many processes contribute to N,O production in soils, but the dominant mechanisms for N,O emission in terrestrial
agricultural soils are the microbial processes of nitrification, nitrifier denitrification (as a result of incomplete
nitrification) and denitrification (Firestone and Davidson, 1989; Butterbach-Bahl et al., 2013). Nitrification and
denitrification are both biological processes, thus the same mechanisms will cause N>O emissions in organic as in
non-organic farming systems. However, fertilisation, crop and soil management practices differ substantially
between these two systems (Sect. 3), and the relative importance of the various triggers therefore differ (Sect. 6).
Nitrification is the microbial oxidation of NH3 to NO; and ultimately NOs, where N2O is produced as by-product
through some partially understood biotic and abiotic reactions of hydroxylamin[el (Anderson, 1964, Liu et al.,
2017). Nitrifier denitrification occurs when NO2 produced during nitrification is reduced to N>O (by denitrifying
organisms), instead of being oxidized to NO3, under fluctuating oxic-anoxic conditions (Firestone and Davidson,
1989). Denitrification is the microbial anaerobic reduction of NO3via NO> to gaseous NO, N>O and Nz, which are
ultimately transported from soil to atmosphere. Denitrification is the main source of N.O production in soils, as
N0 vyield potential of denitrification is much higher (1-100%) than nitrification (0.1-1%) (e.g., Andersson et al.,
1993, Butterbach-Bahl et al., 2013).

The ratio between the gaseous products of denitrification depends on NOj3 availability, oxygen availability in the
soil and/or microsites, amount of easily decomposable carbon as an energy source, soil pH and microbial
community structure (Bakken et al., 2012). Oxygen availability depends on soil microbial activity and [gas
diffusivity, which depends on soil moisture content, texture and density. Gas diffusivity is a promising predictor
for N2O fluxes from soils with varying bulk density as observed by Balaine et al. (2013), who found that the
production of N2O increased when the relative gas diffusivity was between 0.006 and 0.020 and the soil became
anaerobic.

As explained above, risk of NoO emissions increases as soil carbon content increases (Li et al., 2005). N2O and N,
production correlates with total organic C, water soluble C and mineralizable C in soil, but increased availability
of C also decreases the ratio of N,O/N, (Sahrawat and Keeney, 1986). Emissions from soil organic matter
(background emission) will vary between years because of variations in temperature and precipitation [(Hansen et
al., 2014; Brozyna et al., 2013) and between different categories of crops due to different time windows with high
SMN (Dobbie and Smith, 2003).

Organic amendments and plant residues that provide carbon that is easily decomposable by microbes may enhance
microbial activity and deplete soil oxygen through enhanced soil respiration. In addition, degradable carbon is an
energy source for denitrifying bacteria. In accordance with this, Koster et al. (2011) concluded that bacterial
denitrification was the main process for producing N2O during the first three weeks after application of biogas
residues, and high carbon availability was an important cause for this. Li et al. (2016) concluded that denitrification
was the main cause for N2O emission after addition of legume-based residues. Several studies have shown higher

rates of N loss through denitrification from soils treated with organic amendments such as manure, composts, and
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plant residues when compared to unamended or mineral N treated soils (Thangarajan et al., 2013). In line with
this, incorporation of residues by tillage increases soil respiration and N.O fluxes because of microbial stimulation
(Krauss, 2017a).

Low soil pH inhibits the activity of N,O reductase enzyme and thus N,O:N ratio increases (Liu et al., 2010). At
higher soil pH, the denitrification rate is higher, but the N2O:N; ratio is lower as a greater part is completely
denitrified to N.. At low temperatures, nitrous oxide reductase is hampered (Holtan-Hartwig et al., 2002), but on
the other hand, denitrification rates are also reduced (Butterbach-Bahl et al., 2013).

4.2 Legumes during active plant growth

In general, unfertilized legumes have small N,O emissions during their growing period, particularly when grown
in mixtures with non-legumes. Low N,O emission are found during growth of grain legumes (Dusenbury et al.,
2008; Jensen et al., 2012; Jeuffroy et al., 2013; Pappa et al., 2011; Rochette and Janzen, 2005), green manure crops
and CC (Baggs et al., 2000b; Brozyna et al., 2013; Peyrard et al., 2016; Li et al., 2015a; Shelton et al., 2018) as
well as for grass-clover leys (Baggs et al., 2000b; Ball et al., 2002; Brozyna et al., 2013; Skinner et al., 2019;
Krauss et al., 2017b; Nadeem et al., 2012). This is consistent with low SMN concentrations during growth (Sect.
3) and negligible N,O emissions associated with BNF by the legume rhizobium symbioses (Rochette and Janzen,
2005; Carter and Ambus, 2006). However, following termination or senescence of the legume crops, reactive N
released from dying roots and nodules may lead to enhanced N.O emission (Rochette and Janzen, 2005).

Surface mulching of harvested herbage may theoretically enhance N2O emissions due to mineral N released from
the herbage. However, several studies show that mulching of grass-clover herbage on the growing ley only causes
a slight increase in N,O emissions (Brozyna et al., 2013; M6ller and Stinner, 2009; Nadeem et al., 2012). None of
these studies measured ammonia volatilization from mulched herbage, which could have been a major loss of
mineralized N corresponding to the findings of Larsson et al. (1998). Volatilized NHz will be redeposited elsewhere
and may result in increased N2O formation downstream (IPCC, 2006).

4.3 Crop residues

As outlined in Sect. 4.1, there is an enhanced risk of N.O emission from agricultural soils when easily degradable
carbon and N are simultaneously available, and denitrification is probably the main source for this. Because
legume-based crop residues also increase SMN (Sect. 3.3), increased N,O emissions have been reported in field
trials whether the residues are from grain legumes (Jeuffroy et al., 2013; Pappa et al., 2011), grass-clover (Baggs
et al., 2000b; Ball et al., 2007a; Skinner et al., 2019; Nadeem et al., 2012; Brozyna et al., 2013), intercropped
clover (Pappa et al., 2011) or CCs (Baggs et al., 2000b; Peyrard et al., 2016, Pugesgaard et al., 2017). The increase
of N0 fluxes after incorporation of crop residues and other plant material might however, be small and a negligible
part of the total N2O emissions (Peyrard et al., 2016; Pugesgaard et al., 2017; Shelton et al., 2018).

The C/N ratio of incorporated herbage do affect N.O emissions, with higher emissions expected from herbage
having low C/N-ratio (Chen et al., 2013). From this, one should expect higher N,O emission from legume residues
than from cereals or grasses (e.g. Rochette and Janzen, 2005). However, Larsson et al. (1998) observed the same
N20O-N EF (1% of applied-N) from mulched alfalfa (C/N-ratio 11) as from mulched grass with a C/N ratio of 21,
but higher EF than from a mulched grass with a low N-content (C/N-ratio 36, EF = 0.1%). The N0 fluxes might

23



be high despite a high C/N-ratio when the carbon source is easily degradable as observed by fodder radish by Li
et al. (2015a) (Table S2).

N20 emissions may also be associated with previous incorporation of plant residues. In accordance with this,
Skinner et al. (2019) observed enhanced NO fluxes after a maize crop succeeding a grass-clover ley. Measurement
of N0 fluxes shortly after incorporation of plant material, or measurements in the following year, only tell part
of the story. Enhanced content of various fractions of SOM derived from crop residues, ley and CC (Sect. 3.2) are
likely to increase the long-term background emissions of N>O (Sect. 4.1). In a ten-year-old field experiment with
and without legume-rich CC in the crop rotation, Pugesgaard et al. (2017) concluded that crop residues were
important source of N0, and that mineralizable C, rather than N input, was the main driver for N2O emission.
Contrary to this, Peyrard et al. (2016) observed in a three-year low-input field trial that although N2O fluxes
increased for a few days after incorporation ofl CC, the contribution of such events to cumulative N»O emissions
were negligible. In their study, however, the CC treatments started when the N.O measurements started. More
studies in long-term experiments with continuous use of CC are needed to verify the actual impact of crop residues
in a long-term perspective in various field situations, because addition of plant material to soil also affect soil

structure, soil biological activity and N turnover.

4.3.1 Freeze/thaw — dry/wet

[The| mechanisms behind freeze/thaw have been comprehensively reviewed by Congreves et al. (2018) showing
that the causes for N2O emissions are different for these two mechanisms and that freeze/thaw has a larger impact
on N2O emissions in temperate agroecosystems than drying/rewetting. Wagner-Riddle et al. (2017) estimated that
neglect of freeze/thaw emissions underestimate global agricultural N>O emissions by 17 to 28%. Freezing/thawing
of soil rich in organic matter and soil biota, or soil covered with plant residues may result in a N2O boost as easily
degradable C and N is released from cells through lysis after frost. As summarized in the introduction and in Sect.
3 these conditions are particularly relevant for organic crop rotations. Flessa et al. (1995) observed that 46% of
total annual N.O emissions from a sunflower crop, solely fertilized with farmyard manure (12 Mg ha*) occurred
during December and January, mainly due to high N-O peak fluxes (650 g N,O-N ha*day) after thawing of the
first freezing period during winter. Correspondingly, Westphal et al. (2018) did not observe any enhanced N.O
fluxes after late summer incorporation of a ley dominated by alfalfa (0-10 g N.O-N ha day™?), but fluxes were
greatly enhanced during spring thaw in the following year (60 g N2O-N haday?).

When CCs are killed by frost, N,O fluxes will increase during thawing of the soil because of release of easily
degradable C and N in the plant material. Li et al. (2015a) observed significantly higher emissions from the frost-
sensitive fodder radish rich in readily degradable carbon than from other less frost sensitive CCs. Winter emissions
were even greater when fodder radish was harvested in late autumn (30 October), leaving only roots and stubble
(Table S2). This suggests that N and C in roots of frost sensitive CCs can be an important source for N,O emissions
after thawing. Also, in leys frost may enhance N.O emissions. Sturite et al. (2014) observed that enhance N,O
emission during thawing of & frozen grass-clover ley correlated with clover content in the ley.

Under drought conditions, the nitrification process prevails and N2O is produced at very low rates. However, with
rewetting easily degradable N and C is mineralized, resulting in increased N2O fluxes. Hansen et al. (2014)
observed that the N2O flux increased with increasing clover content during rewetting of a grass-clover ley after

drought. Hence, both freezing/thawing and rewetting may have a large impact in organic systems.
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4.3.2 Soil and tillage effects

N.O emissions associated with crop residues are affected by tillage depth and soil type. Large N,O emissions have
been observed when crop residues are placed near the soil surface in heavy soil (Peyrard et al., 2016, Krauss et al.,
2017b) whereas in lighter soil types the highest emission has been observed either after rotary harrow (Baggs et
al., 2000a) or after ploughing (Petersen et al., 2011). When the crop residues are squeezed and mixed with a rotary
harrow, easily available N and degradable C become available for denitrifying bacteria in soil and the potential for
denitrification is large. In line with this, Krauss et al. (2017b) observed high N,O fluxes few days after weeds and
crop residues were superficially incorporated with a rotary harrow in a moist calcareous clay soil (WFPS 80 %)
(Table S2, highest observed peak in single plot 800 g N2O-N haday?). Similarly, Peyrard et al. (2016) observed
enhanced NO fluxes (max rates 60 g N-O-N ha*day*) up to several days after crop destruction when crop residues
(sunflower, wheat, faba bean) were mulched or placed near the soil surface of a calcareous-clay, but not by
ploughing or mechanical weeding. Baggs et al. (2000a) observed higher N>O fluxes when lettuce residues were
incorporated by rotary harrow than by ploughing (peak of 67 g N2O-N haday).

Restricted gas diffusivity fis another possible explanation for the observed lower N,O fluxes with deep
incorporation of crop residues in dense soil. With reduced gas diffusivity more N,O are likely reduced to N, in
accordance with a general trend of a larger ratio of N2O-N/(N2.O-N+N2-N) close to the soil surface and smaller
fluxes deeper in the soil profile (Sahrawat and Keeney, 1986). Kuntz et al. (2016) observed a decreased O,
concentration at 8 cm soil depth and a corresponding reduction of N.O to N, with surface application of carbon
rich material. As another example, Petersen et al. (2011) found in their loamy sandy soil that the largest fluxes
were observed when residues were incorporated by ploughing compared to reduced tillage. Possible explanations
for this could be that residues came directly into contact with mineral N from the injected slurry after ploughing,
thus fostering enhanced microbial turnover of C and N and that in this soil, the aeration with O, was still available

at plough depth.

4.4 Organic fertilizers|

Organic fertilizers vary widely in the content and types of N and C compounds causing large variations in N,O
emissions after application. Animal slurries have a higher content of NH4-N and contain more easily degradable
N and C than solid manures and composts and are thus stronger triggers for rapid N2O emissions shortly after
application (Charles et al., 2017, Sect. 3). In accordance with this, Krauss et al. (2017b) observed higher N.O
emissions shortly after application of cattle slurry than composted solid cattle manure. Correspondingly, in a field
experiment with spring barley fertilized with various organic slurries, Baral et al. (2017) observed the highest No.O
EF in the treatment with highest application of organic matter, and thus highest content of easily degradable C.
Meijide et al. (2007) and Chantigny et al. (2007) found that the use of digested slurry, with lower content of
degradable C compared to untreated pig slurry, reduced soil N,O emissions by 25 and 50% respectively.

The effect of organic fertilizers does depend on soil type and content of SOC. Degradable C applied with organic
fertilizers will to a greater extent trigger microbial respiration and denitrification in a soil with low content of SOC
than in a soil with high content of SOC (Chantigny et al., 2010, Pelster et al., 2012), whereas in a soil with high
content of SOC the impact of easily available N is higher (Petersen et al., 2008). Because of a higher content of

SOC and a higher share of labile SOM in organic crop rotations compared with non-organic crop rotations (Sect.
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3.1), the short-term effect of organic fertilizers with a high content of degradable C on N2O emission are likely
lower in organic than in non-organic crop rotations.

Also, the absence of synthetic fertilizers means that organic fertilizers are likely to have a smaller short-term impact
on N0 emission in organic than in non-organic crop production. Charles et al. (2017) found in a meta-analysis
that the N.O EF was higher when soils received organic amendments in combination with synthetic fertilizers.
They found EFs for liquid manures + synthetic fertilizers: 2.14 % (+ 0.53), composts + synthetic fertilizers: 0.37
% (% 0.24), and the corresponding EFs for manure: 1.12 % (0 .18) and compost: 0.00% (+ 0.17).

However, the long-term impact of manures is not included in these EFs. In contrast to the short-term fertilizer
effect, a long-term fertilization with organic fertilizers may enhance N>O emissions through enhanced background
emissions. Chang et al. (1998) observed that annual N,O emissions increased with manure rate when different
rates of solid feedlot manure and thus N-application were applied for 21 years. Their manure rate was far greater
than would be applied under organic farming conditions, but the possibility for enhanced background N.O
emissions after long-term input of organic matter through manuring and application of crop residues should be
considered. [Krauss et al. (2017b) found that fertilization with slurry and manure compost increased annual N,O
emissions during winter wheat after more than ten years of differentiated management compared to sole slurry
fertilization (mean values in the period (369 days), were 2.2 and 2.9 kg N.O-N ha'%, respectively). They related
this to higher microbial biomass and SOC. Mean values for the upper 10 cm in soil were 28 and 30 Mg C ha™* for

fertilization with slurry and manure compost and sole slurry fertilization, respectively.

4.5 Contribution of total N-input and high emission events to N,O emissions

Skinner et al. (2014) concluded in a review that soil characteristics (soil N content) had a greater impact on N,O
emissions from organic production than the total-N input by fertilization. |Lack] of correlation between N,O
emissions and N fertilization in organic production corresponds to the more recent findings of Krauss et al. (2017b)
and Pugesgaard et al. (2017). Pugesgaard et al. (2017) observed no significant correlation between N2O emissions
and N input in fertilizer/manure, for either annual emissions or spring emissions, but N,O emissions were
correlated with N input in residues from the previous main crop and CC. This agrees with the findings of Bouwman
et al. (2002), van Groenigen et al. (2010), Peyrard et al. (2016) and Shcherbak et al. (2014), who observed low
EF’s when N fertilization was below optimum as commonly found in organic production systems.

As discussed earlier NoO emission in organic crop rotations are driven by enhanced background emissions from
long term input of organic matter, and episodes with enhanced N,O emission after application of crop residues or
organic fertilizer, but are N2O emissions primarily driven by background emissions or by episodes with high N.O
fluxes? We used data from mainly organic field trials (Table S2) and one non-organic trial fertilized with organic
fertilizers (Baral et al., 2017) to calculate the impact of the highest N>O fluxes on the total N2O emissions. In Frick
(CH), Edinburgh (UK), Aberdeen (UK) and As (NO), the highest daily flux rates were 605, 211, 297 and 94 g
N2O-N hatday?, respectively (Table S2). Because of the high flux rates, we hypothesised that high emission were
responsible for a major part of the N,O emissions from these systems. [The single days with the highest fluxes
correspond to 18% (65 days measurement period) in Frick, 2% in Edinburgh (161 days), 17 % in Aberdeen (38
days), and 2% in As (218 days) of the cumulated N,O emissions in the measurement periods| The five highest
daily N2O fluxes corresponded to 22, 7, 55 and 5% of the N.O emission in the measurement periods in these

investigations, respectively. In field trials conducted on well-structured sandy loams at either Foulum or
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Flakkebjerg in Denmark (Table S2, |105 to 365 \days), peak N2O fluxes from one or five days, however, only
constituted from <1-8% and 5-14% of the total emission in the periods, respectively. The highest daily flux rate
in these trials was only 78 g N2O-N ha*day*. This was in a non-organic treatment heavily fertilized with cattle
slurry and digested sewage sludge (476 kg total N ha, Table S2 (Baral et al., 2017)). From this we reject the
hypothesis that high emission events were responsible for a major part of the N>O emissions from these systems,
rather background emissions seemed to be the major N2O source. However, a simple regression model (Eq. 1)
showed that the average daily N.O flux correlated positively with episodes with high N2O fluxes. |From this we
can conclude that when the conditions for high N.O fluxes are met for one or more days, there is a large chance
for high total N2O emissions in the period. The small peaks in the Danish field trials reveals that well-drained
sandy soils promote rapid water infiltration and good gas-diffusivity and in turn low N,O emissions.

We wanted to explore the impact of soil conditions on the highest N,O flux peak. In a stepwise regression (Eq. 2),
the content of clay, SOC, NOs-N in soil and soil temperature had significant positive impacts on peak N2O fluxes
in the selected investigations (Table S2). (Pclay, Psoc < 0.001, Pno3, Premperature < 0.01, Pweps < 0.05). The content of
NHs-Nin Lsoil did not Laffect peak N0 fluxes. These findings indicate that denitrification is the main cause for high
N2O-flux rates in these studies. To visualize the impact of different factors on the mean and the highest N 2O flux,
and the contribution of the 5 highest daily fluxes to the cumulated N,O emissions in the measurement period we
grouped the investigations according to % clay in soil, N added with organic fertilizers, SOC, soil pH, experimental
period, type of crop and mean daily precipitation in the period (Fig. 2). Because of lack of information, we were
neither able to include total-N input nor soil porosity in the regression analyses and the box-plots.

In line with the findings of Skinner et al. (2014) we did not find a clear impact of N added with organic fertilizers,
but the soils with the lowest content of SOC, showed the lowest mean and lowest peak N.O emission. This supports
a hypothesis that the SOC content of the soil, and thus the content of SOM, are important drivers for N2O emission.
At high SOC contents other factors seem to be more important. The impact of type of crop on N,O emissions do
mainly follow the trend we have seen in other investigations (Sect.s 5.2, 5.3) with higher N,O emissions when
cereals succeed a short-term ley (grass-clover or clover) and that mixtures with monocotyledons and legumes do
not have higher N2O emissions than cultures with only monocotyledons. The high residual effects of previous leys
supports the idea that background emissions are the main driving force for N2O emission in organic crop rotations.
The high N2O emissions (up to 600 g N>O-N ha* day*) from one occasion in Switzerland with incorporation of
weeds in wet soil have a large impact on all box-plots (Fig. 2). None of the other groupings in Fig. 2 showed any
clear causal effect on N.O emissions.

The low effect we observed of pH on N,O emissions (Eq. 2, Fig. 2) is contradictory to enhanced N2O emission
often observed in acid soil caused by hampered N»O reductase enzyme (Bakken et al., 2012). A reason for this
could be that in these soils and with these managements other factors meant more for N»O emissions than pH.
Although denitrification was likely to have been the main cause of N.O fluxes at the highest N.O flux rates, the
soil NO3 concentration are often low between the episodes with high N2O flux rates, as observed by Brozyna et al.
(2013), Chirinda et al. (2010), Li et al. (2015a), Nadeem et al. (2012) and Pappa et al. (2008).
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Fig.2. Box-plot (mean -, median X, upper and lower quartile) for (a) mean N,O flux in the period (g N2O-N ha
day*) and the in the same period (g N.O-N ha*day*) and (b) % contribution of the 5 highest

daily fluxes to cumulated N2O emissions in the period. N=number of sites, n=number of observations

4.6 Impacts of earthworms

Abundant earthworm populations in organic crop rotations (Sect. 3.3) are likely to influence N2O fluxes as they
significantly affect mineralization and reduction of N compounds to N>O and N (Prieto, 2011). N.O is emitted
from intestinal microbes but is also released from nitrates emitted in body fluids in the earthworm gut as well as
from casts, middens and burrows (Prieto, 2011). On the other hand, earthworms improve soil porosity and
aggregate stability (Bronick and Lal, 2005) and thus gas-diffusivity and water infiltration in soils, which will
reduce NO emission. Epigeic species (living near surface and feeding on surface litter) and anecic species (deep
burrowing) are well known to enhance N>O production, because they feed directly on decomposing herbage (Evers
et al., 2010; Nebert et al., 2011; Lubbers et al., 2011). Endogeic earthworms that feed on SOM particles are most
common in cultivated arable soils (Hansen and Engelstad, 1999), and they do not increase denitrification (Postma-
Blaauw et al., 2006). There are too few published results to robustly predict the impact of earthworms in arable

organic crop rotations on N,O emissions as this will depend on local climatic and edaphic conditions.

5 Drivers of NOs leaching in organic arable crop rotations
5.1 Mechanisms for NO3 leaching

NOs leaching is an abiotic process driven by diffusion and convection (e.g. Johnsson et al., 1987), where NO3 is
transported out of the root zone along with the downward water flow. In addition to soil water content, soil texture
and structure are important in determining leaching rates. Fine textured soils have slower infiltration rates than
coarse textured soils, and porous sandy soils are most vulnerable to leaching, also because these soils often have
more shallow rooting depths than loamy soils (Askegaard et al., 2005). The impact of soil type was clearly
demonstrated by Askegaard et al. (2011) who found that, depending on soil type (coarse sand>loamy sand>sandy
loam) and precipitation, 20-100 kg N ha yr* was leached on average for the crop rotations. In their study, the
location on coarse sand had 200-300 more mm rainfall per year than the other locations. The leaching was
considerably higher than for Swedish clay soils: 20 kg N ha* yr (Stenberg et al., 2012).

Due to its high mobility in soil, NO3 can easily be lost from the agroecosystem by leaching during periods of high
drainage rates. A well-developed active root system enhances NO3 uptake, while a poor root system will not utilize
all the NO3 within the soil profile (Dunbabin et al., 2003). NO3 remaining in the soil after the growing season of
crops, or mineralised subsequently, will greatly increase the risk of leaching loss. This could happen outside the
growing season, but also when there is poor crop establishment caused by unfavourable seedbed structure or from
crop failure caused by diseases or pests (Stenberg et al., 2012). If crop failure coincides with rainy weather, the
risk of severe NOjs leaching is large. This was observed by Torstensson et al. (2006) and De Notaris et al. (2018)
in organic farming systems, where potato growth was restricted due to early crop termination following disease
outbreaks. Torstensson et al. (2006) determined the annual leaching in the potato year to be 75 kg N ha™* after
green manure and 98 kg N ha after pea/barley (Table S3), whereas De Notaris et al. (2018) observed substantially

higher leaching rates. They measured 213 kg N ha*yr* leached when the potato followed green manure and 133
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kg N halyrafter grain legumes in a year with early occurring potato late blight. This was substantially higher
than in previous years (140 and 78 kg N ha'?, respectively).

Extreme rainfall events and/or periods with drought can significantly affect leaching for a variety of reasons. A
field experiment over 13 years in the UK showed that N leaching in winter from fertilized grass (non-organic) was

highly correlated with the preceding summer's soil moisture deficit, with the highest losses following dry summers

(Tyson et al., 1997). In this case, poor grass growth due to drought led to a buildup of NOs from unused fertilizer
present in the autumn. Prolonged mineralization of organic fertilizers or crop residues due to drought may also
lead a similar situation in organic farming systems. Tosti et al. (2016) found, under Mediterranean rainfed
conditions, that the risk of NO3 leaching was mainly at the onset of drainage due to rainfall, i.e. at the initial stage
of growth, and being typically variable among years depending on timing of heavy rains. Thus, amendments
applied at pre-crop stage would be a risky practice for NO3 leaching. Most N leaching studies in organic farming
in Mediterranean environments focused on row and vegetables crops (e.g. Campanelli and Campali, 2012),
because these systems are most demanding in N inputs and thus have higher N applications and potential leaching

than in common arable crops.
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Fig. 3. Lower and upper level of NO3 leached (kg NOs-N hatyr?) in various field investigations: with or without
cover crops (CC), different N amount applied, and with or without grass-clover ley. The data used are given in
Table S3.

5.2 Legumes

In a crop rotation with a large contribution through BNF, some of the N inputs will be retained in crop residues
and in particular in mulched green manures (Frgseth et al., 2014). In their review, Crews and Peoples (2005) found
that when the N input was based on BNF, the proportion of the N retained in the soil was higher (58% of legume
N) than in the fertilized systems (31% of fertilizer N). From this, it is likely to assume that the risk of N release
outside the crop growing period are high in rotations without legumes. In their meta-analyses of crop yield and N
dynamics as influenced by CCs, Tonitto et al. (2006) concluded, however, that on average, NOs leaching was

reduced by 40% in legume-based systems relative to conventional fertilizer-based systems. The reason for this is
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probably the large difference in N input between legume-based systems relative to conventional fertilizer-based
systems. The response of NO;3 leaching to N input in fertilizer, manure and residues may also differ between sites

due to soil type and precipitation (Pandey et al., 2018).

5.2.1 Grain legumes

Nitrate leaching reported from crop residues of grain legumes vary. Highest values are found when grain legumes
are grown in monoculture rather than in mixtures with e.g. cereals, and when CCs are not used (Plaza-Bonilla et
al., 2015). Stenberg et al. (2012) observed higher NOjs leaching after faba bean compared to after non-leguminous
crops. On a clay soil in Sweden, they observed an average leaching of 20 kg N ha* yr?, which was twice that for
spring cereals. On average over three years on loamy sand in Denmark, De Notaris et al. (2018) reported about
twice as high NOj3 leaching following a barley/pea intercrop compared with spring wheat or spring barley. In a
sandy soil in northwest Germany, Kayser et al. (2010) observed that 83 kg N ha* leached in triticale following
field bean. In a worst-case scenario, Askegaard et al. (2011) observed annual NOs leaching of 270 kg N ha* during
and after a lupin crop on a course sandy soil in a situation where the lupin crop did not ripen, leaving a large
amount of N in crop residues (same experiment as De Notaris et al. (2018)). Pappa et al. (2008) observed very low
N-leaching during and after a barley/pea intercrop, but they observed a significant effect of the pea cultivar on N

leaching in the autumn and winter period.

5.2.2 Forage legumes

Many authors (Kayser et al., 2010; Neumann et al., 2011; Stalenga and Jonczyk, 2008) emphasize that one of the
most critical times for NO; leaching in organic crop rotations occur after soil incorporation of a grass-clover ley.
N leaching is low during the growing period of grass-clover leys (Kayser et al., 2010), but because of the large
amounts of mineralized N after termination of a grass-clover ley (Sect. 3.3), the risk of NO3 leaching is large for
one to two years after termination of these crops (Berntsen et al., 2005). The leaching may occur shortly after ley
termination, during winter, or during the succeeding seasons, depending on time of incorporation, quality of the
herbage, the weather and the crop sequence.

Stenberg et al. (2012) observed higher NO3 leaching following termination of a grass-clover ley than following
faba bean, but values were still low (4 kg N ha'* higher in average). They found the highest leaching when the
grass-clover ley lasted for two years (up to 40 kg N leached ha yr?). This corresponds to the finding of Kayser et
al. (2010), who observed greater NOs leaching during the winter after spring incorporation of a three-year ley than
after a one-year ley (121 versus 83 kg N ha%, Fig. 3). However, the crop yield of triticale yielded much better after
the three-year ley than after the one-year ley. The percentage share of clover (0-5, 30 and 50%) did not influence
the amount leached after ley termination, neither the crop yield. Eriksen et al. (2008) measured NOsz leaching after
1 to 8 year old grass/clover leys, but found that the length of the ley had no effect on NOs leaching. Stenberg et al.
(2012) observed that cereals succeeding grass-clover ley had nearly double yearly N leaching compared to cereals
with no legume pre-crop. The highest NO3 leaching occurred after cultivation of a winter rye (48 kg N ha* yr?).
De Notaris et al. (2018) observed that NO3 leaching during cultivation of spring wheat was about 50 kg N ha*
higher when the spring wheat succeeded a two-year green manure crop (alfalfa or grass-clover) than when it
succeeded a grain legume (107 versus 50 kg N hat). Similarly, Askegaard et al. (2011) observed peaks in NOs

leaching in autumn and winter after ploughing-in grass-clover ley. At crop rotation level, inclusion of grass-clover
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or alfalfa on 25% of the area increased NO; leaching rate by 6-12 kg N ha (De Notaris et al., 2018). Forage
legumes may also be undersown as intercrops to increase soil fertility in organic crop rotations. Pappa et al. (2008)

found that clover intercropped in spring barley only increased annual NO3 leaching by 1-2 kg NOs-N ha.

5.3 Cover crops

CCs are grown between main crops to minimize NOz leaching. Many field trials in non-organic systems have
shown reduced leaching using CC (e.g., Rasse et al., 2000; Torstensson and Aronsson, 2000; Constantin et al.,
2010; Valkama et al., 2015). This is also the case for organic crop rotations (Tonitto et al., 2006; Askegaard et al.,
2011; Tosti et al., 2014; Tosti et al., 2016; De Notaris et al., 2018). The reduction in NO; leaching can be
substantial. Studies in Nordic countries report reductions of 50-60% in N leaching (Askegaard et al., 2011; De
Notaris et al., 2018; Torstensson and Aronsson, 2000, Fig. 3). If the cash crop fails, the effect of CCs on reduced
leaching can be even higher. In a year where potato late blight caused crop failure in potato, the CCs reduced N-
leaching by 95% when the potato succeeded a grain legume (from 133 to 6 kg N ha™! leached), and by 92% when
the potato succeeded a green manure ley (from 213 to 17 kg N ha™ leached) (calculated from Table S3, De Notaris
etal., 2018).

De Notaris et al. (2018) concluded that the use of CCs had a larger impact on leaching than a substantial variation
in N surplus between alternative cropping systems. In three long-term field trials (13-17 years) in Northern France,
Constantin et al. (2010) observed that CCs were the most efficient management option for reducing NO3 leaching
(from 36 to 62%). Good establishment and growth of the CC is essential to obtain sufficient uptake of SMN and
thus reduce NO; leaching. Stenberg et al. (1999) found no significant reduction in NOs leaching during winter
from a ryegrass CC that was undersown in spring. They explained this by poor CC establishment. De Notaris et
al. (2018) also observed occasions with very small effect of CCs on NOgs leaching. They related this to CC growth
and identified threshold values in CC above-ground biomass determined in November, above which N leaching
was reduced to a stable low level. NO3 leaching from spring wheat averaged 15 kg N ha™! yr~! with CC biomass
above 0.9 Mg ha™!, and 41 kg N ha™! yr! with CC biomass below 0.9 Mg ha™'. In potatoes, the average N leaching
was 11 and 80 kg N ha™! yr~! with CC biomass above and below 1.5 Mg ha™!, respectively.

Including legumes in CC mixtures does not seem to reduce the ability of CCs to reduce NOs leaching (Tonitto et
al., 2006; Tosti et al., 2014; De Notaris et al., 2018; Shelton et al., 2018). In a field trial with barley, hairy vetch
and a 50:50 mixture of both species as CC, Tosti et al. (2014) found that, in all years, the barley/vetch mixture
decreased N leaching to the same level of pure barley, both during its own growing cycle and after CC
incorporation into the soil. De Notaris et al. (2018) concluded that the same degree of reduced NO3z leaching was
obtained with legume-based CCs as with non-legume CCs. The CC was either undersown in spring or after harvest
of the main crop. The undersown legumes were white clover and red clover, and winter vetch was used in the
mixture sown after harvest. Shelton et al. (2018) found greater NO3 leaching from intercropped hairy vetch than
from simultaneously grown wheat and wheat/hairy vetch mixture. When the CC is a pure stand of legumes, the
CC does not necessarily reduce N leaching (Tosti et al., 2014; Valkama et al., 2015; Shelton et al., 2018). Tosti et
al. (2014) concluded that hairy vetch sown as a pure crop in autumn showed high BNF, but no NO3 leaching
mitigation effect as compared to bare soil. Valkama et al. (2015) found in their meta-analysis of Nordic studies of

undersown CCs that legumes (white and red clovers) in pure stand did not diminish the risk of NOs leaching.
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5.4 Tillage

Tillage stimulates soil N mineralization, at least in the short term. Tillage is also often associated with soil
incorporation of plant residues that may lead to net N immobilisation or mineralisation, depending on quality of
the residues. Timing of tillage is therefore crucial for the fate of the mineralised N, whether SMN becomes
available for crop uptake or subject to leaching. In general, incorporation should consider soil type, climate
conditions and type of herbage (C/N ratio). Thorup-Kristensen and Dresbgll (2010) suggested late incorporation
of CCs in high rainfall areas on sandy soils, and earlier in low rainfall areas on NOjs retentive soils. Field studies
have shown rapid N mineralization from N-rich plant material, even at low temperatures (Breland, 1994; Thorup-
Kristensen and Dresbgll, 2010). Spring incorporation has therefore been recommended to increase N recovery by
subsequent crops. However, under Scandinavian conditions, there may still be a deficit in crop-available N, even
after spring incorporation of a green manure ley (Froseth et al., 2014; Kéankénen et al., 1998). Under such
conditions, Torstensson and Aronsson (2000) suggest that late autumn incorporation of CCs, instead of spring
incorporation, will be preferable with respect to N availability for the subsequent crop and will not substantially
increase NOjs leaching. Under Mediterranean climatic conditions, characterized by mild rainy winters and warm
to hot dry summers, there is a risk of NO; leaching if residues are incorporated prior to the wet season. No studies
were found that measured NOs leaching in relation to timing of tillage in organic arable farming under these
conditions.

In organic crop production, the timing of cultivation for mechanical control of perennial weeds may conflict with
the aims of high N use efficiency (Melander et al., 2016). Askegaard et al. (2011) found, on sandy soils in Denmark,
that the management of crop and soil during autumn was the main determinant of N leaching. Stubble harrowing
in autumn for controlling perennial weeds, followed by bare soil during winter, led to an average of 25 kg N ha*
more leached than for soils left untouched with a cover of weeds/volunteers. NOs leaching increased with
increasing number of autumn soil cultivations.

Reducing tillage intensity may also enhance the need for weed management, and thereby the risk of NO3 leaching.
In their meta-analysis comparing different reduced tillage intensities in organic farming, Cooper et al. (2016) found
that the weed incildencel was consistently higher, by about 50 %, when tillage intensity was reduced, although this
did not always lower the yields. Compared to conventional tillage, reduced tillage may reduce NOj3 leaching, but
this depends on the establishment and growth of the succeeding crop (Kankénen et al., 1998).

Bare fallow has traditionally been a method to control perennial weeds by repeated tillage of superficial or deeper
top soil layers. In practical organic farming, a bare fallow can sometimes be used before or after the main crop if
conditions have promoted perennial weeds. However, if carried out in the growing season, soil temperature and
moisture conditions favour soil microbial activity and therefore the build-up of SMN, which greatly increases the
risk of NOjs leaching (Borgen et al., 2012).

6. Key drivers of N2O emissions and NOgz leaching and suggested mitigation strategies

Easily available N and degradable C added through organic inputs enhances risks of high N>O emissions in the
short term because of enhanced biological activity (Sect. 3.3) and increased denitrification potential (Sect. 4.1),
and in the longer term because of higher soil content of N and C in labile organic matter (Sect. 3.1) contributing
to N2O emissions from mineralized SOM (background emission, Sect. 4.1, 4.3, 4.4, 4.5). There is no strong

correlation between total N-input and N2O emissions in organic arable crop rotations (Sect. 4.5), which is another
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indication of the strong impact of background emissions in these systems (Sect. 4.5). The same is also true of the
relatively low impact of episodes with high N2O fluxes on the total N>O emission in various investigations (Sect.
4.5, Fig. 2).

From this, we postulate that background emissions in most organic crop rotations are a more important driver for
N2O emissions than episodes with high N,O flux rate (hot moments). Nevertheless, reducing periods with hot
moments of denitrification and thus high N.O fluxes rates are important for reducing total emissions. One
mitigation measure is to avoid large applications of residues from crops comprising easily available N and
degradable C like clover or Brassica (Sect. 4.3). Mulching of grass-clover on top of a ley seems to only slightly
increase N>O-emissiom compared with no mulch (section 4.2). Incorporating organic material in the soil surface
does not reduce the risk for high N,O fluxes and N-O emissions are often higher after surface application than
after ploughing (Sect. 4.3.2). Mixing by rotary harrow can enhance emissions, particularly in moist soil. If the
crop residues are removed, and composted, used in a biogas plant or treated by other methods before targeted soil
application, such events can be avoided. To avoid that these measures result in that GHG emissions only are moved
to another place, this requires measures that minimise GHG emissions during and after treatment of the plant
residues (see sect 7). The largest stimulation of denitrification by application of plant residues or other organic
material with a high content of degradable C seems to be in soils with a low content of SOC, particularly if the
soil has a high NOs content of or easily available N is applied (Sect. 4.4). If crop residues consist of less degradable
C and easily available N like straw from cereals and grain legumes, they do not stimulate rapid denitrification and
enhanced N2O flux rate (Sect. 4.3), and the N2O flux is likely reduced (Xia et al., 2018).

Background emissions are highly influenced by content and mineralization patterns of SOM and release of SMN
and degradable C (Sect.s 3 and 4.1). Thus, weather conditions will have a large impact on the background
emissions, which are likely to be higher in warm and moist years, than in cold or dry years. These conditions
cannot be influenced by farmers, but it is important to develop strategies to decrease the content of SMN to reduce
the risk of N2O emissions and NO3 leaching in periods with risk of SMN accumulation. The choice and sequence
of crops and the use of CC is a central strategy for simultaneously mitigating N>O emissions and NOgz leaching in
organic systems. Poor timing of N released from crop residues from preceding crops and crop N uptake (Sect. 3.3
and 5.2) are major challenges. There is a need to reduce periods with bare soil, although this may conflict with the
need for mechanical weed control (Melander et al., 2016).

CCs take up surplus SMN and protect soil from erosion, they reduce NOgz leaching, and during growth CCs do not
contribute to N,O emissions (Sect. 4.2). However, in areas with frost, frost sensitive crops like fodder radish, will
release easily available N and degradable C during thawing, and thus stimulate denitrification (Sect. 4.3.1). The
choice of CC must be adapted to local conditions for ensuring good establishment and appropriate tolerance to
frost and droughts. A mixture of legumes and non-legumes (for instance grasses or cereals) are just as efficient for
reducing N leaching as sole non-legume CCs, whereas sole legumes are not as efficient (Sect. 5.3). CCs containing
legumes have a lower C:N ratio than CC without legumes, which enhances the N fertilizer value for the following
crop (Li et al., 2015b).

The knowledge about the rooting pattern of different crop species can be used as a tool for designing crop rotations
that achieve higher N use efficiency and thereby reduces the risk of NO3 leaching. Deep-rooted crops, especially

tap rooted ones, can recover NO3 from deeper soil layers before and after more shallow-rooted cash crops, such as
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leek (Thorup-Kristensen, 2006). As shown by Fan et al. (2016), the root distribution and rooting depth may differ
between varieties, although plant breeders do not normally select crops based on the root system.

For the choice of crop, species and varieties should be well-adapted to the climate conditions on the farm and the
soil fertility level. Crops in good conditions also compete better against weeds. This decreases the need for soil
management to achieve weed control, and thereby reduces the risk of NO3 leaching. Timing of release of N from
residues and amendments and crop uptake are crucial for minimizing the risk of NOs leaching. This can be
achieved by timing of soil tillage and incorporation of residues. In any case, the effect of mitigation strategy is
highly dependent on soil type and precipitation.

Because of the large impact of poorly aerated soil on N.O emissions (Sect. 4.1) and plant growth, measures should
be taken to improve and maintain a good soil structure. In organic production, soil fauna, microorganisms and the
development and maintenance of soil structure, are supported by crop rotations that include legumes or grass-
clover leys, use of CCs and application of organic fertilizers. Even so, traffic and tillage under wet soil conditions
are damaging to soil structure and should therefore be avoided.

A way to reduce N.O emissions and NOs leaching per unit produced is to increase yields in organic production as
more land is commonly needed per unit product in organic than non-organic production (De Ponti et al., 2012,
Meier et al., 2015). However, as discussed by R60s et al. (2018) this is not straight forward as many of the available
measures have negative side effects. More targeted and thus efficient use of N applied through crop residues and
organic fertilizers seems to have co-benefits in terms for higher productivity as well as reduced N,O emissions

and NOs leaching.

7. Research and innovation needs

The knowledge of N cycling and losses in arable organic farming is constrained by few investigations that have
adequately quantified the magnitude and timing of N,O emissions and NOs leaching. Many of the reported results
are from a few experiments, including a long-term experiment in Denmark (Olesen et al., 2000). Such long-term
experiments are important for quantifying N transformation and loss processes in organic cropping systems, where
the legacy effects of N in plant residues and other organic amendments are often considerably larger than in non-
organic systems. Lessons from these experiments can help to develop methods and technologies to improve
synchronisation of N released from crop residues and soil organic matter and the N demand of cash crops.
However, there are few long-term experiments with organic arable crop rotations, and even fewer have been
systematically used for quantifying the N cycling processes. Therefore, research on existing and new long-term
experiments covering relevant soil and climatic conditions should be coordinated to make data and facilities
available for research on N-dynamics, including N2O emissions, NOs leaching, NH3 volatilization and the fate of
added N. In this way, useful lessons can be learned on the impact of long-term management on the N-dynamics.
The availability of historical data on N-input and crop management is a prerequisite to achieve this, such data
could be made available and structured through a coordination of long-term experiments.

CCs have been shown to efficiently reduce NOj3 leaching (Sect. 5.3), whereas they can reduce or increase N,O
emissions depending on the conditions (Sect. 4.2, 4.3). To optimise the use of CCs for crop productivity,
environment and climate, improved knowledge is needed of locally adapted crop rotations and CC that maintain

living plants that can take up available N and simultaneously reduce weed pressure.
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Simulation models can be used to quantify N transformation and loss processes and how different management
practices affect N storage in SOM, as well and short-term effects of crop residues and organic fertilizers on N.O
emissions and NOj3 leaching. However, process-based models fail to accurately simulate the impact of grass/clover
leys on turnover of N and C (Doltra et al., 2019, Fraseth, 2016). To our knowledge, no model of field scale does
include all C and N turnover processes, such as phyllodeposition and rhizodeposition. These processes may be of
greater importance in organic than non-organic systems, because of the greater emphasis on fertility building
measures. This may lead to underestimation of the amount of N and C returned to soil. Improving models on these
aspects requires more comprehensive data on all C and N inputs and flows in the cropping systems. This can only
be achieved through studies using isotopic labelling of C and N, and consideration should be given to conducting
such studies also in the long-term experiments. There is further uncertainty on the release of N from legumes and
thus the impact of legume residues on N.O emission and NO; leaching (see Sect.s 4.2, 4.3 and 5.2). More research
on the mineralization pattern of various legume residues would therefore be useful.

Heterogeneity is another aspect that make it difficult to predict availability of N and C in organic systems and thus
N20 emission. In addition to the soil heterogeneity, variability is created from incorporated crop residues, CC,
short term leys and organic fertilizer that are seldom evenly distributed. Uneven impact of frost thawing / drying
rewetting will add to this variability and make it difficult to predict hot spots and hot moments of N2O emissions.
There is also a need to develop technologies to better measure this heterogeneity and to take account for the
heterogeneity in N dynamic models adapted to organic crop rotations.

Composting of crop residues and manures is common on organic farms and is a way to make the organic matter
more resistant and useful as a soil amendment. However, composting manure without emissions of N»O and other
greenhouse gases is challenging (Chadwick et al., 2011) and needs to be addressed to develop a more
comprehensive picture of greenhouse gas emissions from organic arable production and how to mitigate them.
Neither composting nor biogas fermentation are always feasible. Improved understanding of different pathways
for microbial degradation of crop residues is needed as well, to better manage crop residues and organic waste for

C and N retention properties.

8. Conclusions

Organic arable production is based on diverse crop rotations, N inputs through BNF in legumes, external inputs of
manure and compost, and recovery of excess N in grassland and cover crops. This results in considerable inputs
on N in organic matter from plant residues, green manures and application of organic fertilisers and soil
amendments that enhance the content of total and labile SOC in organic arable production compared to non-organic
production. When the conditions for mineralization of SOC are met this will lead to a high availability of easily
available N and degradable C, and an enhanced content of SMN, if available N is not taken up by growing plants.
Conditions with high content of SMN and degradable C provide hot moments for high N.O fluxes. Degradable C
will increase microbial growth and thus O, consumption in soil leading to anaerobe conditions and provide suitable
conditions for denitrification of available NOs. In organic arable crop rotations background emissions are more
important in most situations than episodes with high N2O fluxes for the total N>O emission from organic arable
crop rotations. SMN from mineralization of SOM and plant residues in combination with periods of bare soil or

sparse plant growth and precipitation surplus provide drivers for NOs leaching.
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Main mitigation strategies are targeted use of growing plants to take up surplus soil mineral N from root zone, and
targeted use of crop residues and organic fertilizers to synchronise the availability of N with the crop demand.
Continued use of CCs has a proven ability to reduce NO3 leaching from organic arable crop rotations but does
increase N2O emissions in some situations. A CC mixture of legumes and non-legumes (for instance grasses or
cereals) is just as efficient as sole non-legumes and has a better impact on soil fertility than non-legumes. More
research is needed to develop locally adapted crop rotations and CC mixtures that at the same time reduce N,O

emissions and NO3 leaching.
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Captions supplementary material

S1. Soil mineral nitrogen (SMN) contents in soil profiles in organic field trials in Norway and Poland as influenced
by crop rotation, soil tillage and N fertilization.

S2. N0 emission and the five highest daily N>O flux rates in the given measurement periods for organic field
trials in Switzerland, Denmark, Scotland and Norway. WFPS, soil temperature and soil mineral-N at 0-20 cm

depth are given for the day with highest flux rate. Abbreviations: CS = Cattle Slurry, CCM = composted cattle
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manure, PS = Pig slurry, P=ploughing, H = Harrowing, CCinc= Cover crop incorporated, CCs= Cover Crop under

sown, CCh = cover crop harvested

S3. Annual N leaching (total N or nitrate N) reported from organic field trials in Europe, as influenced by crops,
soil type and N applied as organic fertilizers.

S4. Statistical analyses Eq. (1).

S5. Statistical analyses Eq. (2).
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