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- The nitrogen cycle

* Main nitrogen forms
* Main pools : terrestrial, atmospheric and oceanic

* The processes leading to reduced nitrogen
— Fixation, denitrification, nitrification, ...

* Anthropogenic perturbations:
— Fertilizer production, combustion

- The impacts of reduced nitrogen

* Impacts on human health and the environment
* The importance of considering the scale
* How to reduce the impacts?

- Predicting future changes in the N cycle

* Evolution of the sources in the future
* How will the global N budget change through the 21st Century?

- Measuring the changes
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ORIGIN OF N ON EARTH

Solar system formation

[ k} “ - Wl
. ® T Hw
B . LR ]
L - v . J
. L * -t
gl . e,
AR .
Lo ot » -‘,‘-.
- . - o . "
. s T ERS
- .)

; P
R fet gt M _'_“_‘.;-

S e
- e . . e e, ke B .
IR I Y- -.a's',.. PR
C L et Sow BT
.

Harries et al. 2015

Centre for
(C8)5() Ecology & Hydrology I NQA

N,: Reactive N
SCIENCE & IMPACT




THE NITROGEN POOLS

The reservoirs are not in chemical
equilibrium and 99.97% resides in the
atmosphere in a relatively inert form

99.97% (3.9 x 10° Tg N) .
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99.97% (3.9 x 10° Tg N)
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« Terrestrial, oceanic and
atmospheric nitrogen natural
cycling

« Anthropogenic perturbation of
the cycle
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THE TERRESTRIAL « NATURAL » NITROGEN CYCLE
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PON : particulate organic nitrogen
DON : dissolved organic nitrogen

Both originate from bacteria
in large proportions

Yamaguchi and McCarthy 2018.
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Vertical
gradient

Pseudomonas, Bacillus...
Processus anaérobie

NH,* — NH,OH — NO,

Nitrosomas

Processus aérobie

r - 2% /) 2"
N O Nitrifying Bacteria
3 - Converts ammonia to nitrates.

Denitrifying Bacteria
- Reduces nitrates to molecular
nitrogen.




Nitrogenase enzyme

(1) reduction of Fe protein by electron carriers (ferredoxins
and flavodoxins);

(1) transfer of single electrons from Fe protein to MoFe
protein in a MgATP (adenosine triphosphate);

(ii)) electron transfer to the substrate at the active site
within the MoFe protein.

N, + 8H" + 8¢~ + 16MgATP —
2NH, + H, + 16MgADP + 16P,

Chem. Rev. 1996, 96, 29652982 2965

Structural Basis of Biological Nitrogen Fixation

James B. Howard* and Douglas C. Rees*




Small but not well known and difficult to distinguish biotic and abiotic

Atmosphere
Soil

Stable >5.5
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Lightning _‘

Plasma dissociation and ionisation
e+0, 2 0, + 2e

e+0, 2 Ot + O+2¢
e+N, 2 Nt + 2e
e+MN, 2 N + N+2e

O* + N, = NO* +N
NO N* + O, = NO +0O

_ 0, + NO =2 NO* +0,

Thermal production of NOx

At T°C > 1600°C:
Dissociation of N, in N and O, in O
N, + O —>NO+N
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The processes in the Nitrogen cycle

« Anthropogenic perturbations
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Increase due to food production
and energy consumption
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Fritz Haber (1868-1934)
Started working on NH;, 1904

Firts patent, 1908
Firts commercial test, 1909
Nobel price in chemistry, 1918

-”Ammonia synthesis”

Carl Bosch (1874-1940)
Perfect Catalyser, 1910
Large scale production, 1913
Ammonia to nitrate transform , 1914

Nobel price in chemistry, 1931

-"High pressure production methods

= SCIENCE & IMPACT

NATURAL ENVIRONMENT RESI

Centreag : —
(@ Ecology & Hydrology === I NQA



Fertilizers Other Uses
829%, \ 18%
* explosives
¢ fibers

* resins
* animal feed
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The processes in the Nitrogen cycle

« Quantifying the fluxes
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140 £ 50%
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MAIN FLUXES : DENITRIFICATION

N,

99.97% (3.9 x 10° Tg N)
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atmospheric
_ / transport %
t0-> lifetime
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Relative soil emission
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LAUGHING GAS: N20

Discovered

EXPERIMENTS

OBSERVATIONS

ON DIFFERENT KEINDS QF

A I R

o] Joseph Priestley

Laughing gas
THE AMAZING
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N,O

1126 pm
iy - 118.6 pm

Anesthesic during the XIXth

R " TuknapruTique : Emploi du gaz oxidule
R b | dazote dans les hydropisies.— On connait Lef-
fet du gaz oxidule d'azote, qui, respiré en
certaine quantité, procure un sentiment de
bien-8tre extraordinaire, une satisfaction
qui s"annonce souvent par de bruyans éclats
de rire, ce qui luia valule nom de gaz hi-
larant. [l parait, suivaot M. Van-Boonnorcx
de Louvain, qu'il jovit aussi de la propriété
de provoquer une sueur abondante et des
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THE THIRD GREENHOUSE GAZ

Concentrations of Greenhouse Gases from O to 2005
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DES VARIATIONS
REGIONALES FORTES

Emissions de N,O des cultures

Les émissions sont plus

CERES-EGC
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elevées dans

- Les zones a forts
apports d’'azote

- Les sols humides

0.0% . . .
P<300mm  300<P<600 600 mm < P
mm
Pourcentage de N,O émis parer r

A la quantité d’ azote appert

SCIENCE & IMPACT



NITROGEN PROCESSING: DEPOSITION

Turbulent transfer
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Surface exchange

Flechard et al. (1999)

Biological control
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The impacts of Nr

 Health and environmental
Impacts
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THE 5 KEY THREATS OF NITROGEN

¥ 4 ,t:_c‘osverms e NP W S
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half of the global population depends on fertilizers for their food

7000 200
—world population 180 X
6000 - =t=meatproduction (kg/ person/year) 2
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“‘boundary for N, was based on the production of new reactive N (all N

CEH (E:gt;}g.;yfgngydrology compounds except N2) by fixing N2 from the atmosphere by humans. twas  .—=
arumacemmonenr reseancicounen.—— SIMPlY set at 25% of its current value, or 35 Tg N yrl without any further

background for its basis” (de Vries et al. 2013)
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NITROGEN DAMAGE COSTS &

SOURCES

DAMAGE COSTS OF NITROGEN POLLUTION

Agriculture and fossil-fuel burning load the environment
with reactive nitrogen, affecting water, soils and air.

120
- |
- m Reactive nitrogen RUNOFE
runoff in water |
B NH; released to air

ONO, released to air
B N,O released to air
m Agriculture m Sewage
i m Fossil-fuel burning = Other
' Industry

MAIN NITROGEN SOURCES

—
o
o

o
o

Cost to European Union (billion €)

Human health Ecosystems Climate

EU Damage cost: 70 - 320 billion € / year

Nature 14 April 2011



IMPACT ON HUMAN HEALTH
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IMPACT ON HUMAN HEALTH

WORKER IN A DUST CLOUD

SECTION ENLARGED |
TO SHOW ALVEOLI /

|

1. DUST PARTICLES ART WHALED 8Y THE

— 4

4. THE WORST DAMAGE CAN BE DONE BY
THE SMALLER OF THE FINE PARTICLES
WHICH REACH THE FINEST LUNG SPACES
- THE ALVEQLI

3

2. MILLIONS OF THESE DUST PARTICLES
STRIKE AND STICK TO THE MOIST
SURFACES OF:

T AL NASAL PASSAGE

0. THE SMALLEST CAVITIES OF
THE LUNG (THE ALVEOLI)

Particles
2 >10

Particles
| @ 5-10 p

Particles
<S5

W

N ALL THESE ORGANS, REPEATED OR HEAVY EXPOSURE TO ORGANIC DUSTS MAY
INDUCE AN ALLERGY TO SUBSTANCES IN THESE DUSTS, AND ANY FURTHER CONTACT,
EVEN WITH SMALL AMOUNTS, CAN THEN PRODUCE SUCH SYMPTOMS AS ASTHMA,

FEVER, GENERAL TIREDNESS AND SHORTNESS OF GREATH

Centre for
Ecology & Hydrology

NATURAL ENVIRONMENT RESEARCH COUNCIL

INRA

SCIENCE & IMPACT



DES EFFETS COMPLEXES SUR LENVIRONNEMENT
EXEMPLE DE LAMMONIAC

Acidification I Eutrophisation I Biodiversite

wft?i i
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PERTE DE BIODIVERSITE

Sous-bois des foréts suédoises

Gopyr ‘ ht A Nord In |

A'

¢

~

Centre for
Ecology & Hydrology

NATURAL ENVIRONMENT RESEARCH COUNCIL

INRA

SCIENCE & IMPACT




ILLUSTRATION D’UN EFFET D’EUTROPHISATION

K N

Gauche: lichen dans un environnement
naturel

Droite: lichens remplacés par des
| algues sous l'effet de 'ammoniac

Exces d’azote en zone cétiere sur la
formation d’algues ( Phaeocystis
globosa) a l'origine de la formation
de mousse gélatineuse
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Ozone impacts on agriculture

Des dégats foliaires :

Des impacts agronomiques :
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LE FORCAGE RADIATIF ET LE RECHAUFFEMENT GLOBAL

Natural

Human activities

processes

Radiative Forcing Terms

-

Long-lived
greenhouse gases

QOzone

Stratospheric
water vapour

Surface albedo

" Direct effect
Total

Aerosol | cloud albedo
X effect

Linear contrails

Stratospheric
(0.05)

Land use

Halocarbons
Tropospheric

Black carbon
on snow

Solar irradiance

Total net
human activities

-2

1 2
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Simplified view of the Nitrogen Cascade

gas balance Stratospheric
High temperature ozone loss
combustion
& industry Nitrous Oxide Tropospheric
(NZO) ozone formation

Urban air Particulate
quality Matter
m Nitrogen oxides ===l A monium nitrate
. (NO,) in rain (NH,NO,)
Fertilizer
manufacture

Further emission

Ammonia of NO, & N,O
Crop biological

(NH;)

carrying on
the cascade

nitrogen fixation Crops for food &
animal feed Eventual
Intended denitrification
# N flow to N
. X
ded N.in Livestock farming =
Unintende r
N flovss manure for food Natural ecosystems
' Soil acidification
N formin Leached Nitrate . :
the cascade (NOy) _I_> Nitrate in streams,
3 groundwater &

Freshwater Eutrophication coastal seas

Environmental
concern from N, Marine Eutrophication

Centre
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Sutton et al. (2011 European Nitrogen Assessmeﬁt ENA Civb)




Critical load exceedance Loss in life expectancy
for N effects on ecosystems attributable to PM. .

% of ecosystems area with grid Loss in average life expectancy

average N deposition > eutrophication in months due to identified
@ Elore for (for 2000) anthropogenic PM, 5 (for 2000).—=_

Ecology & Hydrology
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The spatial scale of assessment strongly influences

outcomes

== SCIENCE & IMPACT
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FLUXES AND EFFECTS IN THE FIELD OCCUR AT FINE SCALE

N
Woodland N sink Livestock source
~30 kg-N ha-! ~100 kg-N ha'!

Arable N source
~5 kg-N ha'l
Grassland N source

<~ Exceedance of

X 2477 critical Loads for
: ‘ Nitrogen

= it ‘ ."'_. . /7 [ . s
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* Hot-spots needs changing of scales

NH3
(Mg M)

7-10
10-15
15-25
25-40
40 - 60
60 - 100
100 - 270

000000000

0 250 500 1,000 1,500 2,000

(PhD Michael Bell, INRA Rennes)
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otitude (deg)

ATMOSPHERIC NITROGEN DEPOSITION:
GLOBAL, REGIONAL, LOCAL (Nr mg-N m-2)

B s01-900
1/ 701-800
| s01-700
| | s01-s00
[ ] 401-500
[ | 301-400
[ | 201-300
] 101-200
[ ] 28-100
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QUANTIFYING SPATIAL DISTRIBUTIONS

0.25 -
.-} 250 Gg-N

. 30% at 50 x 50 km
! 40% at 5 x 5 km

O
N
|

0.15 -

o
[IY
|

m5 x5 km
050 x 50 km

L

Fraction of total surface area (km?)

o Ul — = N N w (O8) S s
. o o ul o Ul o Ul o Ul
, o o o ! o o o o o

g — 1 1 I 1 1
o = ) N w 1N N Ul

 As the resolution increases, the magnltude of peak values
Increases and the exceedance of thresholds increases

« With developments in understanding and increases in
computing power, exceedances of thresholds increase



2000 TO 2100 TRENDS (WHAT IS THE
FUTURE?)

Two important issues:

1. 'Best’ estimates of projected
emissions of NO, ,NH5, and

N,O

2. Influence of climate change
on the N cycle (emissions).

Centre for
(@ Ecology & Hydrology
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Emissions (Tg Mar)

1980 2000 2020 2040 2060 2080 2100

120

100

80 -

Historical
—B— RCPEE
—®— RCPE
—&— RCP4.5
—¥— RCPLE

— ; ;
1960 1980 2000 20

) 1
2080 2100
current Opirian in Environmental Sustainability
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Futura MO, amissions according to various scanarios (light gray area covars the 10-80th percantile; dark gray area tha 25-75th parcantika). Tha right
hand panal anly includes scanarios without climate policy 22 scenarios); the left hand panal includes the full sat of scanarios (with and withowt climata
policy) (40 scenarios). The graph also shows the scanarios of the IPCC-SRES set [37)], the IIASA-CLE scenario {both sats do not includa climata policy)

[26] and the RCPs (including climata policy) [40].
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Futura N0 amissions according o varous scanarios flight gray anaa covars the 10-90th parcantile; dark gray araa tha 25-75th parcantila). Tha right
hand panal only includes scenarios without climate policy; the laft hand panal includes the full sat of scenarios fwith and without climate policy). In
addition, tha graph shows the scenarios of tha IPCC-SRES sat and tha RCPs {including climate policy) {sources sea Figura 1).
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VAN VUUREN et al 2011

"1 NH -
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Futura NH; amissions according to various scananos (light gray area
Ccovars the 10-90th parcantile; dark gray area the 25-75th
parcantila) Sowece: CLE 26] and RHOP scanarios and tha undaryving
basalinas [40]).
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Fertilizer Fertilizer

2010 Production 2100 Production
Combustion || Agricultural Combustion | Agricultural

Lightning Y) BNF Lightning Y) BNF
BHF 1 40+ 10% %4 I BINF F ED p10%  f v i

& 5+ 50% 120 il 7+ ED% 160 63 ?

+10% + SD% {Tic £20% +30% 000
120 + 50% + =
LAND 120 ¢ 50% | 00 =0 LAND 166 + 50%

Annual fixation Nr 376 Tg N y1 Annual fixation Nr 584 Tg N y-1

BMF - Biological Nitrogen Fixation



Changes in Land & Ocean Fluxes {Tg-M y 1)
2010 2100
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IMPACT ON ENVIRONMENT VS FOOD PRODUCTION

Centre for
Ecology & Hydrology

NATURAL ENVIRONMENT RESEARCH COUNCIL

Eased agricultural intensification

40% of the world population
benefit from nitrogen fertilisation

... But most Nr is released to the
environment

(Nitrogen use efficiency = NUE)

SCIENCE & IMPACT



BETTER USE NITROGEN

Dans les Consommé
Fertilisant Fertilisant  Absorbé parla Récolté aliments
Produit utilisé plante

-24

Animaux

Centre for .
Ecology & Hydrology Galloway JN and Cowling-£B. 2002



BETTER USE NITROGEN

Dans les Consommé
Fertilisant Fertilisant  Absorbé parla Récolté aliments
Produit utilisé plante o
Vegetaux

Or®

Animaux

Op®

Centre for —
(G)8J5() Ecology & Hydrology Galloway JN and CowlingZEB. iﬁ?A
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e Better recycling
* Less meat production

oS



Codt annuel (€/t de réduction)

AT WHICH COSTS
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Time Scales and Spatial Scales

A
Fl"‘v‘fz |
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Measurements in the gaseous phase (atmosphere)

» general principle: mass balance for a (virtual) air volume: Va—c = ZAi - F_ #Q¢hem
i=0

Jc &
A, F, FC:MEFE}D——[ = - YA, F,;- Qchem\
1=1 y

[ — I A —

| |
ﬁj.Fﬂj I Va—c |A1'Fc,l
—»| ot F
I Qchem | *

Centre for J—
Ecology & Hydrology Am man nf:%lm
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Total Nitrogen flux with converter and
chemiluminescence
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concentration [ppb)
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Worldwide sites for CO2 -> to measure nitrogen !!

. NH3
ICOS sites
(ug m-3)
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COMBLER LE FOSSE ENTRE OBSERVATIONS
SATELLITE ET RESEAUX DE MESURE AU SOL

 (FP7-ECLAIRE)
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Figure 3. Top: ground-based quantities (left vertical color bar) from NEU (ug m_3, left panel), NNDMN (pg m_g, middle panel) and IDAF
(ppbv, right panel) data sets plotted on top of the NH3 satellite columns (3 1016 molec em ™ , right vertical color bar) distribution gridded at
0.257 lat = 0.5° long, both averaged for the period covered by the data sets. Stations with less than two-thirds of measurement availability for

Towards validation of ammonia (NH3) measurements Atmos. Meas. Tech 8. 15751591, 2015
. Www.atmos-meas-tech.net/8/1575/2015/
from the IASI satellite doi:10.5194/amt-8-1575-2015
© Author(s) 2015. CC Aftribution 3.0 License.

M. Van Dammel'z, L. Clal‘issel, E. Dammersz, X Li113, J. B. No“'ak“’s", C. Clel'bauxl'ﬁ, C.R. F]echal‘d?,
C. Ga]nyacauxs, W. Xu3, J. AL Neuman4’5, Y. s, Tangg, M. A, Suttong, J. W, El‘ismanz’m, and P. F. Coheur!

» Représentativité spatiale des mesures au sol pour le pixel satellite

@CE,Prmﬁl vertical NH; dans la troposphere Ja—

Ecology & Hydrology . . . , .
Assimitation dans les modeles de chimie de I'atmosphere =—=—
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To read

http://www6.versailles-grignon.inra.fr/ecosys

(aIIer dans l'onglet Productions / Cours)

The European
Nitrogen Assessment

Sources, Effects
and Policy Perspectives

Edited by

Mark A. Sutton
Clare M. Howard

Jan Willem Erisman

Gilles Billen

Albert Bleeker
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TRAINING OR WORKING
AT INRA

e CO2, 03, NH3 and VOC flux measurements

* Modelling the ecosystem and its exchange
with atmosphere

e Carbon an nitrogen cycling
* Atmospheric pollution

http://www6.versaillles-grignon.inra.fr/ecosys

Centre for _
(C8)5() Ecology & Hydrology =——_= I NQA
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« Effects of global change during the 215t century on the
nitrogen cycle

« David Fowler!, Claudia E Steadman?'? , David Stevenson2
, Mhairi Coyle! , Robert M Rees? , Ute M. Skiba! , Mark A.
Sutton® J. Neil Cape?!, Tony Dorel , Massimo Vieno!-2 ,
David Simpson# , Sénke Zaehle® , Benjamin Stocker® ,
Matteo Rinaldi’ , Christina Facchini’ , CR Flechard? , Eiko
Nemitz! , Marsailidh Twigg?! , Jan Willem Erisman® and Jim
Galloway

« Atmospheric Chemistry and Physics Discussion 2014

Centre for
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Hypothese de flux constant

R(Ax) = Ax/D

ik F,=—K, —

ohm F, = c-cz_ h.(c1-c2)

la

ra, résistance aérodynamique s/ m
hc, Coefficient d’échange m /s




72
dz
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1 dz
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