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Soils are the dominant source for atmospheric Nzog‘(lT

Karlsruhe Institute of Technology

N-O source® Tg NoO-N y !
Natural sources
Oceans 3.8 (1.8-5.8)
Atmosphere 0.6 (0.3-1.2)
Soils 6.6 (3.3-9) sl
emmm Cattle and feedlots
mmmm industry
=== atmosphere
Anthropogenic sources == biomass burning
Agriculture 28 (1.7-4.8)
Biomass burning 0.7 (0.2-1)
Energy & industry 0.7 (0.2-1.8)
Others*® 2.5(09-4.1) Proportions of total global nitrous oxide emitted
by various sources and human activities
Total sources 17.7 (8.5-27.7) [Thomson et al., 2012; Phil. Trans. R. Soc. B]
Sinks
Stratosphere 125 (10—15)r
Soils 1.5-3%
Total sinks 14 (11.5-18) Fowler et al. 2009, Atm. Environm.
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Emissions from agricultural soils and due to manure ﬂ(IT
management are driving increases in atmospheric N,O
concentrations

Karlsruhe Institute of Technology

B Agricultural soils
Manure management
B Other agricultural sources

Human sewage I
6— I

Global emissions from agriculture (Tg N,O-N yr'
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Nitrogen losses to the environment due to crop ﬂ ("-

of Technology

and animal production

N outputs:
harvested
crop
Atmosphere
NEF N ® NG = N NESEIN@ NG SN

! P

N inputs: N outputs:
N fertilizer milk, meat,
BNF, €gg

N deposition

4

Oenema et al., 2009; AGEE
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AT

»Indirect” emissions are a major source for N,O =25

ﬁ No—N, Greenhouse
gas balance Stratospheric
High temperature 25 (13%) ozone loss
combustion
& industry 37 @1%) Nitrous Oxide Tropospheric
{N,0) " ozone formation "
Urban air Particulate

quality Matter
m N,—N, Nitrogen oxides =l Ammonium nitrate

(NO,) in rain (NH,NO,)
Fertilizer
manufacture 121 (63%)
Further emission

11.5(70%
{ri) Ammonia of NO, & N,O
(NH,) carrying on
N,—N, the cascade
Crop biological 45 (2436)
nitrogen fixation 1.3 (8%) Crops for food &
animal feed Eventual
fstanibiad denitrification
N flow toN
N, in ey o
Unintended
Nnﬂ'l:r: © manure for food Natural ecosystems
= I Soil acidification |
N form in . Leached Nitrate
T Anthropogenic (NO,) Nitrate in streams,
annu:ll N ﬁ"iat'r"'“ & groundwater &
- R TR LnF Freshwater Eutrophication coastal seas
Environmental
concern from N, World (% in world) Marine Eutrophication
EU27 (% in EU27)
Sutton et al. 2011, European Nitrogen Assessment
IMK-IFU
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Towards a global EF for N, use (direct+indirect) ﬂ(".
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Strategies for reducing GHG (and N,0?) QAT

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

emissions from agricultural soils

Reducing N application rates and increasing plant N use efficiencies
Employing lower emissions fertilizers

Conversion from conventional to reduced tillage

Increased soil C inputs

Including legumes in crop rotations

Use of inhibitors (urease/nitrification/denitrification?)

Microbial ecology and genetic engineering

Sustainable agricultural intensification
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Karlsruhe Institute of Technology
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(1) Reducing N fertilization rates
(Wheat Broadbalk Experiment, Rothamsted)
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Brentrup et al. 2004

NO (0) N1(48) N2(96) N3 (144) N4 (192) NS (240) N6 (288)
Plot no. (N fertilizer rate in kg N/ha)
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N fertilizer use and associated N,O emissions in Chlﬂ("'

Karlsruhe Institute of Technology

Table 1 - Estimates of N fertilizer use in different cropping systems and regions of China.

Region Crop(s) Fertilizer use

Jiangsu Province Paddy rice

Beijing Municipalit Winter wheat Zhao (1997), c.f. Zhao et al. (2006)
ANg paity

Henan Province - Gao et al. (1999), c.f. Zhao et al. (2006)
Shandong B uple Crops 652kgNha *yr?

Shandong - Winter wheat 369 kgNha *yr? Cui et al., 2006

Yunnan Province Summer maize 360 kgNha *yr’ Authors, 2008 unpublished surveys (n=458)

Kahrl et al. 2010 Environm Sci Pol.

Estimated N,O emissions from manure and fertilizer N in China during 1980 and 20n< S [37,55] and

Year N,O from fertilizer N Total N,O emissions
(GgNyr) (GgNyr )

1980 240 430

2005 . 28. 0 700 980

Increase 45 184 90 460 550

Liu & Zhang 2011 Curr Opin Environm Sust

And this is likely an underestimation, since ... M)



...N,O emissions are likely to increase exponentlall&\‘ (".

with increasing nitrogen surplus i

(b)

Yield-scaled N,O emission /
g N,O-N kg' above-ground N uptake

P <0.001

40
35 -
30 +
265 -

y = 10.20+1 5700 2

r=0.99

-150 -100

Van Groeningen et al. 2010, Eur J Soil Sci
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(2) Employing lower emissions fertilizers AT

Karlsruhe Institute of Technology

GHG from N application (production, hydrolysis, direct and and indirect N,O)

2800 | —o— A
@~ CAN_oM

— o Arrmonum suiphate

% 2400 ®  UAN oM

g ¥ Urea_oM 1 nitrate

v 20001 | e AN_new .
o = UG8 AOW Urea ammonium
3 - nitrate
1600 o UAN_new

a P — CAN Calcium_ammonium

- nitrate

—

@ 12 . AS Ammonium

5 sulphate

: _old e.g. +N,O during

.E fertilizer production

w _new N,O abated during
fertilizer production

0
0 S0 100 150 200 250

N applied per ha (kgs)

Hillier et al. 2012, Global Change Biol.
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(3) Conversion from conventional to reduced tillag

12

8

(Southern Queensland, Australia)
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Conversion from conventional to reduced tillage

(Yangtze river delta, China) ﬂ(flT

Treatment® Change (%)
UN-NS-NT UN-NS-T NT
Nitrous oxide ]
TA 391 + 043 75"
EF4 123"

Nitric oxidagi S35
S 0.45 + 0.04 087 +0.06 48"
td 0.13 + 0.02 032 +003 -59™

AR RO o) Site/ region specific evaluation needed

13 11.102012 b) Total GHG balance needs to be considered




Technology

(4) Increased soil C inputs = +N,O emissions? ﬂ("'

a) Addition of litter with wide C:N A) [o-0.021 c

700 b,c

ratios (e.g straw) can lead to
an immobilization of N and
decreased N,O emissions

(Yao et al. 2009, Soil Biol Biochem)
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Nitrous oxide
TA 75°
EFy 123°

Nitric oxide
TA 48"
EFy =3 b) Total GHG balance needs to be considered

a) Site/ region specific evaluation needed

b) Addition of biochar may
reduce N,O emissions due to
pH and min N absorption
effects
(Kammann et al. 2009, SJ Env Qual)
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(5) Including legumes in crop rotations @examples) =t

— i
140 F ZF HHHIIHH [ Tiég
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Barton et al. 2012,Agric Ecosys Environm, subm. 2 SC,,‘C,..‘{,"C, dcsaber ™ Risvauliae "

Day of year (1999)

a) Effect of legumes on N,O emissions depend on climate conditions

b) Yields are comparabel or higher, (scaling with yield )

c) Region specific evaluation needed
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(6) Use of inhibitors or slow release fertilizers

Depolymerization | Ammoni

PolymericorganicN

Norg
R-NH,)

Heterotrophic nitrification

Autotrophicammonia oxidation (nitrificatign) .

3

Autotrophic nitrite oxidation (nitrification)

Coupled nitrification-denitrification
(distinct microorganisms)

Nitrifier-denitrification (within the
same nitrifier organism)
Anaerobicor microaerobic
denitrification of freely available
nitrogen oxides

Co-denitrification with NO +
Co-denitrification with N,0O

Nitrate ammonification
(DNRA)

Biological nitrogen fixation O

Anaerobicammonia oxidation .
(ANAMMOX)

® O

Chemical decomposition of NH,OH

Chemodenitrification
(abiotic)

|
nolqe

requires anaerobic 3 -1 +3 +5 +3 +2

conditions Oxidation state
Oxidative process Reductive

h ]
Reductive process
process
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Phylogenetic Tree of Life

Bacteria Archaea Eucaryota

Sproshen:
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Use of inhibitors or slow release fertilizers

AT

titute of Technology

GAINS LOSSES
WREMOVEABLE
Nitrogen Legume N  Animal i Aseoys
Fertilizers Fixation manure

Vo (O™

Enzyme
Enzyme
Ammonia-
hydroxylamine
transition
complex [
I Ammonia
. ' excluded
Catlon Active Site fr_tt)m active
e Active Site
exchan
el emm ' Fig. 1. NORMAL NITRIFICATION Fig. 2. ACTION OF ECO-N NITRIFICATION
Nitrific: ' INHIBITOR
slows ¢ |
 nitrate

NiC

thus reduces the Sﬁ?
nitrogen losses
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In grazed pastures urine patches are the main sourcg("'
of nitrous oxide emissions and nitrate leaching e

(courtesy T. Clough)

- i i Sl s |
. 0 10 AP EG T on
| v s ) - o'y

1,000 kg N/ha in urine patch ( =2 t Urea/ha) Urea fertiliser only applied at 30 kg N/ha
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Use of inhibitors or slow release fertilizers

AT

Karlsruhe Institute of Technology

Inhibitors have been widely tested and based on data from field measurements

Nitrification inhibitor or coating Fertilizer Crop N,O reduction Length of Reference cited in Weiske (2006)
(%) monitoring

Nitrapyrin Ammonium sulfate Soil only: lab study® 93 30 days Bremner and Blackmer (1978)

Nitrapynn Urea Soil only; lab study® 96 30 days Bremner and Blackmer (1978)

Nitrapynn Urea Com 40-65 100 days Bronson et al. (1992)

Calcium carbide Urea Com 33-82 100 days Bronson et al. (1992)

DCD Liquid manure Pasture grass 50-88 14 days De Klein and van Logtestijn (1954)

DCD Ammonium sulfate Pasture grass 40-92 64 days Skiba et al. (1993)

DCD Urea Spring barley 82-95° 90 days Delgado and Mosier ( 1996)

POCUS Urea Spring barley 35-71° 90 days Delgado and Mosier ( 1996)

pcs? Ammonium sulfate Pasture grass 62 64 days Skiba et al. (1993)

DMPP* Ammonium sulfate Spring barley com 51 3 years Weiske et al. (2006)

nitrate

and winter wheat

Snyder et al.2009, Agric Ecosys Environm

“The United Nations Framework Convention on Climate Change (UNFCCC) Expert
Review Team commended New Zealand for incorporating the effect of the nitrification
inhibitor, dicyandiamide (DCD), into its country-specific emissions factors, as DCD
represents a potentially significant mitigation option that may gain increased use over

time’

19 11.10.2012
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(7) Microbial ecology and genetic engineering -\\J(IT

® Approx.1/3 of denitrifying bacteria have a truncated denitrification

pathway (phiippot et al., 2011, GCB)

® Fungal denitrification as well as nitrifier-denitrification mostly ends with

the production of N,O (Butterbach-Bani et al.2013; Phil. Trans Roy.Soc Ser.B; Wrage et al., 2002, Soil

Biol.Biochem.)

B Better understanding of N,O production-consumption processes and
linkages to soil microbial ecology may allow to define new mitigation
options by e.g. changing pH (liming), residue management, crop
species selection (effect via root exudates), aeration, Cu availability,

fertilizer regimes...

20 11.10.2012 IMK-IFU



Microbial ecology and genetic engineering = =52 .

® Engineering crop plants to fix N, (Beaty and Good 2011, Science), COUpling Of

nitrogen supply and carbon metabolism will reduce N,O emissions

® Introducing the N,O reductase gene in crops - amplifying the amount
of available enzyme catalyst in agri-system environments during crop

growth and in post-harvest detritus (wan et al. 2012, Trends in Biotechnology)

21 11.10.2012 IMK-IFU



(8) Sustainable agricultural intensification -\X‘(IT

..producing more output from the same area of land while reducing the negative
environmental impacts and at the same time increasing contributions to natural
capital and the flow of environmental services (pretty 2008, Phil Trans Roy Soc B).

E.g. by

® using crop varieties and livestock breeds with a high ratio of
productivity to use of externally derived inputs

® growing high-yielding pasture species with a lower nitrogen content

® Close linkage of livestock and crop production systems (mixed
systems)

22 11.10.2012 IMK-IFU



Summary = ,

Increasing crop nutrient use efficiency
Intensification of agricultural production

Inhibitors, slow release fertilizers, crop breeding, genetic engineering
as well as a wide variety of management options are established or will
become available in the near future as tools/options for reducing N,O
emissions

® Mitigation options need to consider all GHG fluxes

® Consideration of other negative environmental impacts (soil fertility,

23

water quality and quantity, air chemistry, human health) together with
socioeconomic conseguences

Region specific assessment of measures using a combination of field
trials and modeling studies is needed for evaluating mitigation options
and opportunities

11.10.2012 IMK-IFU






Do natural steppe systems emit more N,O than grazed

systems?
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Conversion from conventional to reduced tillage ﬂ("'
and increased soil C inputs

® Mixed results for N,O

® Positive effects (mostly) for soil organic carbon stocks

® Total GHG balance: N,O effects may in some cases override C stock gains
W Site/ region specific evaluation needed
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GHG-emissions, N20 and milk production

S..
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kg CO, eq.per kg FPCM at farm gate
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GHG emissions per kg of FPCM, by main farming systems and climatic zones
(Emissions related to processing and land use change are omitted) [FAO,
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Livestock and GHG emissions ﬁ(".

A A A
CH,? : glco2 : NH,

Manures
(liquid & solid)

Vegetation

Soil

Novak and Fiorelli 2010 Agron. Sustain. Dev.
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Effects on greenhouse gas and ammonia

emissions of mitigation options reported for
livestock management

AT

Karlsruhe Institute of Technology

Mitigation options for livestock management CH, N>O CO, NH;
Adding linseed lipids to the diet N’ - - -
Increasing the proportion of w from animals Aorw? 2 (fossil energy Aory?

concentrate in the diet 2 from slurry? (from slurry®) + soil) (from slurry®)

Feeding strategy Increasing the proportion of w from animals - - -
maize silage in the diet
Introducing legumes into grazed N 2? »? 2?
grasslands
Limiting excess N in the diet A7 N - N
Selecting cows with low enteric w7 - - -

Genetic selection CHj4 production
Selecting high-yielding cows wor2Aa? - - wPora?
Reducing the replacement rate w7 - - -

Herd characteristics Reducing the number of N N N N
milking cows

Novak and Fiorelli 2010 Agron. Sustain. Dev.
29 11.10.2012 IMK-IFU
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emissions of mitigation options reported for

manure management

AT

Karlsruhe Institute of Technology

Mitigation options for manure management CH4 N>O CO, NH;
Housing Increasing the amounts of - - N -
straw used for bedding
Avoiding anaerobic - - - N
conditions in the bedding
Storage Emptying the slurry store - - N N
before the increase in air
temperature
Cooling the manure tank - 2 (fossil energy) N N
Favouring the formation of a 27 — N N
surface crust
Covering slurry tanks N in cold conditions, - N N
2 in warm conditions
Performing the anaerobic at field application: - at field application: N
digestion of the slurry w or0 0,2 o0rw
Performing a mechanical A7 0 2? N
separation
Lowering the pH of slurry N - - N
Aerating the slurry A7 2 (fossil energy) 2 N
Composting solid manure N 2 during composting 2 during composting N
N at application W at application
Compacting and covering N - N ? 2?
manure heaps
Adding straw to solid N ? - N w?
manure
Application Spreading manure during the - - N =
techniques coolest part of the day
Incorporating manure AorN - N -
(rapidly)
Spreading the slurry N In comparison with w (fossil energy) N -
bands with trail hoses or slurry injection
trail shoes
Solid versus liquid manure 02, 2%70r w? 2 at housing and storage N (higher carbon storage) N

w at application

"A®( "UIRISNS "u0JBY 0 102 !||84014 PUB YeAoN
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Effects on greenhouse gas and ammonia

AT

Karlsruhe Institute of Technology

emissions of mitigation options at the crop
production stage

Mitigation options for crop production CHy N,O CO; NH;3
Increasing diversity in crop rotation - - N -
Introducing perennial crops - N N -
Crop rotation  Prolonging the lifespan of - — 2 after ploughing w 2 after ploughing -
temporary leys
Cultivating catch crops - N at short term A ? at long term ™ at short term A ? at long term -
Genetic Breeding crops improving N - w? - -
selection use efficiency
Synchronizing N inputs with - N - -
crop uptake
Restilisation Tllming.clﬂucnl application - N - -
with soil wetness
Improving the fertilisation - 27 NlorA? -
Reducing tillage 27 Aorw? N -
Soil tillage Avoiding soil compaction - N N -
Incorporating crop residues - 27 N -

Novak and Fiorelli 2010 Agron. Sustain.
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Measuring N,O exchange

High
Level of understandin“
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M eas u ri n g N 2 O exc h a n g e Karlsruhe Institute of Technology

High

Level of understanding '
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Identifying regional hot spots of emissions ﬂ(".

VII) Regional emission

1) Identification of study inventories

region (and a priori
classification of natural
landscapes) VI) Model calibration VIil) Mitigation &
& upscaling adaptation
strategies

BIEp 1910

Il) Selection of V) Data analysis &
sites interpretation (e.g.
(areal empirical functions, annual
representativeness fluxes, emission factors)
with regard to soil

properties, IV) 21 year of GHG

landuse..., potential
hotspots) measurements

=
3
Q
-
D
7
(o]
Q.
i
1]
o
(=]
o=
o
3
=
:v

Tiered GHG measuring program
INl) Establishment Tier| o Tier2 g Tier3 =
of measuring Slmgleparameterlzatlon % In-situ manual GHG % Automated|n~S|Fu GHG %
i (moisture, temperature, | =. measurements at = | measurementsinsub- o
network (tiered ; : z : A z : : o
h nutrients, re-wetting) of | £ replicated sitesin 2 | dailyresolutionforkey 3 0o
approach) GHG fluxes using intact f weekly/ sub-weekly i" landuse system and/or % §
soil cores = measuringintervals e potential hotspots C a5
2 5 Syl
= = [T et
Empirical functions > | S |€ Annualfluxestimates >| S | € Annualfluxestimates — Gji=allE
=73 =
O |+
A=)
313
=
o

L

34 IMK-IFU

( Number of sites




Regional inventories e

o Emission factor (EF) approaches = national inventories

o empirical approaches (e.g Stehfest & Bouman, 2006)

o GIS linked biogeochemical model approaches (e.g. Butterbach-Bahl et al., 2004)
o Mass balance and EF approaches (e.g. De Vries et al., 2011)

‘ > All approaches still have severe short comes
Uncertainty not quantified

— site validation difficult (e.g. EF approaches)
— Regional validation missing

— Severe lack of measurements in many regions
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What do we know at global scale? -\\J(IT

kg N,O-N ha™ yr
i 0 - 0.25
0.25 - 0.5
0.5 - 0.75
0.75 - 1.0
1.0 - 1.25
> 1.25

Simulated spatial pattern of annual non- Simulated annual N,O emission

agricultural soil nitrous oxide (N,O) emissions rates for natural ecosystems for
for the year 1990 (kg N ha' yr) 1998 land cover

[Xu-Ri et al., 2012; New. Phytol ] [Stehfest and Bouman, 2006; Nutr. Cycl Agroecosys.]
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Motivation
Why is N,O of interests?

AT

Karlsruhe Institute of Technology

» Potent GHG (GWP 296), lifetime ca. 130 yrs,5-8% contribution to global warming

« atmospheric concentrations increased from approx. 280 ppbv to 315 ppbv

* Increase continues at 1% yr!

Samoa
Tasmania

w
—_
w

Atmospheric N,O concentration [ppb]

1 ‘ 1

325 T T T T T
- Ireland
[ Oregon/California
320+ arbados

|

AGAGE
[Prinn et al., 2005] ]

1

1980 1985

1990

1995

2000 2005
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Motivation ﬂ(".

Why is N,O of interests?
» Potent GHG (GWP 296), lifetime ca. 130 yrs,5-8% contribution to global warming
« atmospheric concentrations increased from approx. 280 ppbv to 315 ppbv

* Increase continues at 1% yr'
— CH,CCl,, CCl,

80UBI9S ‘6002 '|B 18 BieuBySUIARY

« major driver of stratospheric O, destruction —__ HCFCs CH,Br
——— Halons —— HFCs
31200 — T T T T T .
é 1000 __ CFCs Weighted Ozone depleting potential _:
O [~ =
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g 800 -
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@ K 2
& 400 E _
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S 200 -
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d 0 e _ — — 1 e —— 1 L
S 1980 2000 2020 2040 2060 2080 2100
Year
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Agricultural soils and manure management are driving \‘ (I
increases in atmospheric N,O concentrations;, a A ttttt e
consequence of the perturbation of the global N cycle...

1860

mid-1990s

Aisiwayooabolig ‘002 “'|e 1@ Aemojer) o} Buipioooe pabueyn
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Agricultural soils and manure management are driving
increases in atmospheric N,O concentrations, a

consequence of the perturbation of the global N cycle
and the need to feed an increasing world population

7000
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S
£ 5000 -
C
.0
s 4000 -
-
o
o
T 3000
=
2000 -
1000 -
0

1900

1950

2000

% world population,
fertilizer input, meat production

AT

Karlsruhe Institute of Technology

world population

— —=——-world population (no
HaberBosch N)

_______ % world population fed by
HaberBosch N

—<—average fertilizer input (kg
N/ ha /year)

—@®— meatproduction (kg /
person/ year)
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310

N,O (ppb)

290
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Increase in the atmospheric N,O burden is
largely due to nitrogen-based agricultural fertilizer use
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Karlsruhe Institute o f Technolo: )
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Under N rich conditions enzyme kinetics of the microbial N,O production

processes favour (4N
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High nitrogen use efficiency = low N,O emissions ﬂ(".

P =0.03
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Van Groeningen et al. 2010, Eur J Soil Sci
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Conversion from conventional to reduced tillage

(Yangtze river delta, China; lowa, USA, Hebei, China, Munich, Germany)

AT

Karlsruhe Institute of Technology

lowa Hebei Bavaria
4500

3000 +

'missions, alternative - standard
wivalents ha yr')

a) Site/ region specific evaluation needed

b) Total GHG balance needs to be considered

9
—
()
c
=
()
(®)]
c
©
e
@)

Li et al. 2005, Climatic Change
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(4) Increased soil C inputs = +N,O emissions?

Increased SOC

+soill
microbial
activity

11.10.2012

simulated annual N20 flux (kg N/ha/yr)

AT

Karlsruhe Institute of Technology

SOC (kg C/kg soil)
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Li et al., 2005, Climatic Change
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Use of inhibitors or slow release fertilizers

SKIT

DCD application to Waikato Horotiu soil, New Zealand (Di et al.2009,Nature Geosci j ! Tecrmoboay
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Use of inhibitors or slow release fertilizers

Increased DM production [37 pasture farm trials)

(Carey et al. 2011)
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Sustainable agricultural intensification A\‘(IT

GHG emissions per kg of Fat and Protein

47

W co, N.O B cH,

Corrected Milk (FPCM)
kg CO, eq.per kg FPCM at farm gate
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(Emissions related to processing and land use change are omitted)
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