
HAL Id: hal-01151921
https://hal.science/hal-01151921

Submitted on 13 May 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Investigating sources and sinks for ammonia exchanges
between the atmosphere and a wheat canopy following

slurry application with trailing hose
Erwan Personne, F. Tardy, Sophie Génermont, Celine Decuq, Jean Christophe
Gueudet, Nicolas Mascher, Brigitte Durand, Sylvie Masson, Michel Lauransot,

Christophe Flechard, et al.

To cite this version:
Erwan Personne, F. Tardy, Sophie Génermont, Celine Decuq, Jean Christophe Gueudet, et al.. In-
vestigating sources and sinks for ammonia exchanges between the atmosphere and a wheat canopy
following slurry application with trailing hose. Agricultural and Forest Meteorology, 2015, 207, pp.11-
23. �10.1016/j.agrformet.2015.03.002�. �hal-01151921�

https://hal.science/hal-01151921
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


I
a
t

E
G
C
a

b

G
c

d

a

A
R
R
1
A

K
B
C
R
M
F
F
W

1

a

h
0

Agricultural and Forest Meteorology 207 (2015) 11–23

Contents lists available at ScienceDirect

Agricultural  and  Forest Meteorology

j our na l ho me page: www.elsev ier .com/ locate /agr formet

nvestigating  sources  and  sinks  for  ammonia  exchanges  between  the
tmosphere  and  a  wheat  canopy  following  slurry  application  with
railing  hose

rwan  Personne a,∗,  Florence  Tardy b,  Sophie  Génermont a,  Céline  Decuq a, Jean-Christophe
ueudet a,  Nicolas  Mascher a, Brigitte  Durand a,  Sylvie  Masson a, Michel  Lauransot a,
hristophe  Fléchard c,  Jürgen  Burkhardt d,  Benjamin  Loubet b

UMR  1091 Environnement et Grandes Cultures, INRA-AgroParisTech, 78850 Thiverval-Grignon, France
UR 26 Systèmes de culture à base de bananiers, ananas et plantains, CIRAD, Station de Neufchâteau, Sainte Marie, 97130 Capesterre-Belle-Eau,
uadeloupe FWI, France
UMR 1069, SAS, INRA-AgroCampus Ouest, 65 Rue de Saint-Brieux, 35042 Rennes, France
University of Bonn, Institute of Crop Science and Resource Conservation, Plant Nutrition Group, Karlrobert-Kreiten-Str. 13, 53129 Bonn, Germany

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 24 September 2014
eceived in revised form
9 December 2014
ccepted 5 March 2015

eywords:
iosphere-atmosphere exchanges
ompensation point
eactive nitrogen
odel

ertilizer application
ield

heat

a  b  s  t  r  a  c  t

Ammonia  exchanges  between  the  atmosphere  and  terrestrial  ecosystems  are  composed  of  several  path-
ways including  exchange  with  the  soil,  the  litter,  the  plant  surfaces  (cuticle)  and  through  the  stomata.
In  this  study,  the fate of  nitrogen  in  the  different  pools  (soil  and  plant)  was  analyzed  with  the  aim  of
determining  the  sources  and  sink  of  atmospheric  ammonia  after  slurry  application  on  a  wheat  canopy.
To  do  this,  we measured  ammonia  exchanges  between  a  winter  wheat  canopy  and  the atmosphere  fol-
lowing  cattle  slurry  application  with  a trailing  hose.  From  12 March  to 8  April  in Grignon  near  Paris,
France,  the ammonia  fluxes  ranged  from  an  emission  peak  of 54,300  NH3 ng  m−2 s−1 on  the day  of slurry
application  (with  a median  during  the first 24 h of 5990  NH3 ng m−2 s−1)  to  a deposition  flux  of −600  NH3

ng  m−2 s−1 (with  a median  during  the last  period  of  −16 NH3 ng m−2 s−1).  The ammonia  compensation
points  were  evaluated  for  apoplasm,  foliar  bulk,  root  bulk  and  litter  bulk tissue,  as  well  as for  soil  surface.
Ammonia  emission  potentials  defined  by the  ratios  between  the  concentration  in  [NH4

+]  and  [H+]  for  each
N  ecosystem  pool  were  in  the same  order  of magnitude  for the  plant  decomposed  in apoplastic  liquid,
green  leaf  bulk  tissue  and  cuticle,  respectively,  averaging  at 73,  160  and  120;  in green  leaf  bulk  tissues,
the  emission  potential  decreased  gradually  from  230  to 78 during  the  period  after  slurry  application,
while  in  the  dead  leaf  bulk  tissues  considered  as  litter,  the  emission  potential  reached  a  maximum  of
50,200  after  application  stabilized  at around  20000.  The  dynamic  of  the  emission  potential  for  roots  was
similar  to the  ammonium  concentration  in the  first  two  centimeters  of the soil,  with  a maximum  of  820
reached  two  days  after  application  and  a minimum  of  44  reached  three  weeks  later.  The  surfatm-NH3

model  interpreted  the  emission  and  deposition  fluxes  by testing  soil  surface  resistance.  We  conclude
that  emission  of  the  first day  application  was  driven  by  climatic  conditions  and  ammonia  concentration

at  the  soil  surface,  with  no surface  resistance  and  with  only  soil  surface  emission  potential.  On  the  next
three days,  the ammonia  emission  originated  from  the  soil  surface  with  the  growth  of  a  dry  surface  layer
inducing  surface  resistance  and  regulated  by  slurry  infiltration.  The  following  days  need  a more  detailed
description  of soil  surface  processes  and  the  integration  of vegetation  exchanges  (stomatal  and  cuticle
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. Introduction
Since the discovery of the “Haber-Bosch process” (Howard
nd Rees, 1996), synthetic fertilizer production has increased the

∗ Corresponding author. Tel.: +33 1 30 81 55 70; fax: +33 1 30 81 55 63.
E-mail address: erwan.personne@agroparistech.fr (E. Personne).

ttp://dx.doi.org/10.1016/j.agrformet.2015.03.002
168-1923/© 2015 Z. Published by Elsevier B.V. This is an open access article under the C
last  period,  in order  to explain  the  ammonia  deposition.
Elsevier  B.V.  This  is an  open  access  article  under  the CC  BY-NC-ND  license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

quantity of reactive nitrogen (Nr) dispersed in the environment,
leading to a series of impacts, labelled collectively as the nitrogen
cascade (Galloway et al., 2008). Reactive nitrogen accumulation in
the environment is contributing to the acidification and eutrophica-

tion of ecosystems and the impaction of air quality and greenhouse
gas balance (Sutton et al., 2011). One of the most mobile reac-
tive nitrogen compounds is ammonia (NH3) and its mobile ionic
form ammonium (NH4

+) which is mainly emitted by agriculture
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nd especially livestock farming (Hertel et al., 2012; Webb and
isselbrook, 2004). Cultivated fields, especially after land spread
anure, also emit ammonia (Sommer et al., 2003). Croplands can

owever be a source or a sink of ammonia, depending on the dif-
erence between the concentration above and within the canopy
Spirig et al., 2010; Sutton et al., 1993b). The NH3 exchanges
etween the atmosphere and terrestrial ecosystems are composed
f several pathways including exchange with the soil, the litter, the
lant surfaces (cuticles) and through the stomata (Massad et al.,
010; Nemitz et al., 2004; Sutton et al., 2009). These exchanges
lways include equilibrium processes between the gaseous and
he aqueous phase (the Henry equilibrium), and acid-base equi-
ibrium either in the apoplast (Massad et al., 2008), in the water
ayer on the cuticles (Burkhardt et al., 2009; Flechard et al., 1999)
r in the soil (Genermont and Cellier, 1997). For each compart-
ent involved, a compensation point can be defined (soil, litter,

poplast, and cuticle). Several factors regulate stomatal fluxes such
s plant metabolism, development stage, nitrogen status and cli-
atic conditions (Massad et al., 2008). Factors impacting deposition

n cuticles are the presence of liquid water on the cuticle and the
H of this water, which is itself dependent on the acid and basic
ompounds in this water layer (Burkhardt et al., 2009; Flechard
t al., 2011).

Because of its complexity, the NH3 exchange between ter-
estrial ecosystems and the atmosphere is still not very well
arametrized in models, despite recent advances towards general
chemes (Flechard et al., 2013; Massad et al., 2010). Comprehen-
ive datasets including NH3 fluxes as well as NHx content of each
ompartment of the ecosystems are required to improve our quali-
ative understanding and provide parametrization for the ammonia
xchange models. This is especially true for bi-directional NH3
xchanges over crops which have rarely been studied after fertil-
zer application (Bash et al., 2010; Cooter et al., 2010; Loubet et al.,
012; Walker et al., 2012). Measurements of NH3 emissions using
p-to-date methods over large fields are also required to validate
H3 emission factors as there are doubts about early work on NH3
missions using small fields (Sintermann et al., 2012).

In order to properly understand the ammonia exchanges with
he atmosphere, we analyzed the fate of the nitrogen in the dif-
erent pools (soil and plant) with the objective of determining the
ources and sink of atmospheric ammonia after slurry application
n a wheat canopy. The focus was on the evolution of the concen-
rations of the different forms of nitrogen for the compartments
otentially involved by this slurry application (soil and plant) and so

nvestigating the origin of the key exchanges with the atmosphere.
The experiment took place near Paris during the stem elonga-

ion development stage. Apart from NH3 fluxes and concentrations,
he NHx and NO3

− content were measured in most compartments
t several dates. Chemical compounds on the cuticles were also
xtracted and analyzed. The Surfatm-NH3 model (Personne et al.,
009) was used to interpret the observations. Finally, the location,
agnitude and temporal pattern of the sources and sinks of NH3 in

he canopy are discussed.

. Materials and methods

.1. Field site

The experimentation took place at the Grignon site (NitroEu-
ope IP field site FR-Gri 48◦51′N, 1◦58′E) about 30 km west of Paris,
rance, from 12 March to 5 April 2012. The field was  a 19 ha win-

er wheat crop (Triticum aestivum cv. Premio), located on a plateau
ith a gentle slope of 1%, sown on 20 October 2011 at a theo-

etical density of 230 seeds per m2 (measured 126 ± 23). The soil
ype was a luvisol (loamy clay: 25% clay, 70% silt and 5% sand).
st Meteorology 207 (2015) 11–23

The mean annual precipitation and temperature were 700 mm
and 11.5 ◦C, respectively. The field was  surrounded by other agri-
cultural fields and a livestock farm approximately 500 m to the
south–west (220–240 deg wind direction sector). Two kilometres
further in the same direction was  a waste incineration plant. During
the experimentation, the main wind directions were north–west to
south-west.

The field was  managed with a maize/winter wheat/winter bar-
ley/or triticale, mustard or Phacelia rotation. The previous crop was
maize which was  harvested on 6 September 2011 and stalks left
on the ground prior to reduced tillage and wheat seedling on 17
September 2011. This field has been managed with reduced tillage
since 2000.

The field was fertilized on 13 March 2012 with cattle slurry
using a trailing hose system at a target rate of 120 kg N ha−1. On
23 March, a growth reducer, chlormequat chloride (2-chloroethyl-
trimethyl-ammonium chloride, C5H13Cl2N) was  applied at a rate of
0.92 kg ha−1, which corresponds to a 90 g N ha−1 and 413 g Cl ha−1.

Soil, plants and slurry were sampled on three 10 × 10 m sam-
pling plots before and after fertilization. These plots were chosen
within a 50 m radius around the flux tower. The crop was at stem
elongation (stage 5 on Feekes’ scale, (Zadoks et al., 1974)) dur-
ing the experiment. From 29 February to 26 March the crop grew
from 0.15 m to around 0.30 m height and the leaf area index (LAI)
increased from 0.45 to 1.2 m2 m−2.

2.2. Micrometeorological measurements

The three components of the wind velocity (u, v, w) and temper-
ature (Tson) were measured using an ultrasonic anemometer (Gill
Instruments Ltd., UK) at 50 Hz 3 m above the ground. The CO2 and
H2O concentrations were measured at 20 Hz with an open-path
infra-red gas analyzer (Licor, Li-7500, USA) at the same height. The
latent (LE) and sensible (H) heat fluxes were determined with the
Eddy-covariance method. The LE fluxes were corrected with the
Webb Pearson Leuning method for the variations in air density due
to heat and water vapour fluxes (Aubinet et al., 2000). An HMP-45
(Vaisala, FI) was  used to record air temperature (Ta) and relative
humidity (RH) at 3 m height. Global (Rg) and net (Rn) radiation
were measured at 3 m height, respectively, with a pyranometer
(CM7B Albedometer Kipp & Zonen, NL) and a pyrradiometer (NR-
Lite, Kipp & Zonen, NL). The soil temperature (Tsoil) was measured
at 7 depths, with homemade copper-constantan thermocouples
between 0 and 20 cm (0.5 cm,  2 cm,  5 cm, 10 cm,  20 cm)  and with
temperature probe (107, Campbell Sci. USA) at 30 and 90 cm.  The
soil water content (SWC) was recorded with TDR probes (CS616
time domain reflectometry, Campbell Sci. USA). Potential leaf wet-
ness (DH) was  measured with 237 wetness sensing grids (Campbell
Sci. USA) and precipitations with an ARG 100 tipping bucket rain-
gauge (Campbell Sci. USA). Full details of the micrometeorological
measurements can be found in Loubet et al. (2011).

2.3. Ammonia concentrations and fluxes

Ammonia concentration was integrated during 30 min  at 1.6,
0.75 and 0.4 m above ground using the ROSAA device (Robust and
Sensitive Ammonia Analyzer, patent registration 10 55253, UCPI,
France). The ROSAA analyzer is based on trapping atmospheric
ammonia in a continuous flow of an 0.5 g L−1 H2SO4 acid solution
drained through three low-flow vertical glass wet denuders. The
acid solution is then analyzed with a conductimeter equipped with
a semi-permeable membrane for ammonia selectivity. A detailed

description of the analyzer can be found in (Loubet et al., 2012). The
calibration was  performed with standard solutions varying from
50, 100, 250 and 500 �g NH4

+ kg−1 to 230, 530, 750 and 1000 �g
NH4

+ kg−1 passed every 2 h. A quality control was performed by
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eans of 352 and 355 �g NH4
+ kg−1 standard solutions also passed

very 2 h.
The NH3 flux above the wheat crop was measured with the aero-

ynamic gradient method (Hicks et al., 1987) detailed in (Sutton
t al., 1993a) and (Loubet et al., 2012):

NH3 = −k × u∗ × ∂CNH3

∂[ln(z − d) −  H((z − d)/L)]
(1)

here u* is the friction velocity (m s−1), d is zero plane displace-
ent (m), z is height above the ground surface (m), L is the
onin–Obukhov length (m),  H is the stability correction function

or heat and trace gases, and k is von Karman’s constant (k = 0.41).
he flux FNH3 was obtained by linear regression between the NH3
oncentration (CNH3 ) and ln(z − d) −  H((z − d)/L) over the three
easurement heights as explained in (Loubet et al., 2012). By inte-

rating Eq. (1), the concentration at 1 m above d, (CNH3 (1 m)), was
lso estimated.

.4. Slurry application and composition

The trailing hose system consisted of 50 hoses attached to a
etal bar adjusted to the wheat row size and splashed slurry from

 height of 20 cm.
To determine the quantity of slurry intercepted by the crop,

bove-ground plants were sampled in 3 plots (0.0625 m2) during
he first 4 h after fertilization. The plant samples were put in 2 L nal-
ene bottles filled with 1 L of 0.5 M KCL solution. Nalgene bottles
ere weighed before and after addition of plant samples and were

haken for 30 min  with a magnetic stirrer. After settling, liquid was
etrieved, centrifuged and analyzed to determine total ammonia-N
TAN) concentration with an NH3 analyzer (FloRRia Mechatron-
cs, The Netherlands). Plant samples were recovered, washed with

ater then dried at 80 ◦C and weighed.
The slurry application volume was determined 3 times at 5

ifferent random positions placed in the field, under the trailing
ose system during application by collecting slurry in plastic vats
0.033075 m2).

To analyze the slurry chemical composition, slurry was  sampled
 times during slurry application, at 10 h, 13 h, and 16 h T.U. in 10 L
uckets then frozen at −18 ◦C prior to analyzes. Three sub-samples
ere taken from each bucket and analyzed at the soil analysis

ab (LAS–INRA, Arras, France) for dry matter, pH, mineral nitro-
en, organic carbon, total nitrogen, NO3 and NHx. A sub-sample
40 g) was analyzed for moisture and another (10 g) for residual

oisture for a sample dried in ambient air. A sub-sample of the
ample dried in ambient air (10 g) was used for pH measurement
fter being put in suspension in water. Mineral nitrogen (NO3

−

nd NH4
+) was analysed, respectively, according to Griess-Ilosvay

ethod (Keeney and Nelson, 1982) and Berthelot method (Krom,
980) using spectrophotometric determination on a sub-sample of
0 g of fresh sample after extraction from a 0.5 mol  L−1 KCl solution.
n a last sub-sample (50 g) organic carbon and total nitrogen were
nalyzed according to the Dumas method.

.5. Soil and plant sampling and analysis

Plant and soil were sampled one day before fertilization, the
ay of fertilization and 1, 2, 3, 7, 14 and 21 days after the slurry
pplication.

Three soil samples were taken with a soil auger from random

ocations on each of the three sampling plots for depths 0–2 cm,
–15 cm and 15–30 cm,  and frozen at −18◦ C prior to being analyzed
y the soil lab analysis (LAS–INRA, Arras, France) with the same
ethods as for slurry. In each of the three plots, 15 green leaves,
st Meteorology 207 (2015) 11–23 13

dead/yellow leaves (>50% yellow) and roots were sampled in two
rows over 1 m.

Later, as the yellow leaves disappeared, only dead leaves with
100% yellow/brown blades were sampled and considered as litter.
In fact, these dead leaves were dry and appeared totally discon-
nected from the plant functioning, easily detachable from the plant.

Green leaves were used for extraction of apoplastic and foliar
bulk tissue solutions, yellow and dead leaves for foliar bulk tissue
solution extraction and roots for root bulk tissue solution extrac-
tion. In the extracted solutions, pH, NH4

+, NO3
− and total N and C

were measured.

2.5.1. Extraction of apoplastic solution
A modified version (Massad et al., 2009a) of the vacuum infil-

tration technique of (Husted and Schjørring, 1995) was used for
extracting apoplastic solution. The sub-sample of green and devel-
oped leaves was  washed with de-ionised water, blotted dry and
weighed. Then leaves were put in a 60 mL  syringe with 40 mL  of
indigo carmine solution. This solution, which does not have a sig-
nificant effect on pH or NH4

+ (Hill et al., 2001), was infiltrated for
5 min  with 5 cycles of vacuum and pressure. Infiltrated leaves were
carefully dried with laboratory paper and weighed. The apoplastic
solution was  then obtained by centrifugation at 2000 g for 10 min.
The dilution of apoplastic solution by the indigo carmine solution
was measured using a spectrophotometer at wavelength 595 nm
(iEMS reader, Labsystems). The pH was  measured before the sample
was frozen in liquid N and stored at −18 ◦C before further analysis.

The centrifugation force and duration were determined after
cytoplasm contamination tests on wheat leaves. These con-
tamination tests consisted in measuring the activity of malate
dehydrogenase (MDH) in apoplast extract relative to foliar bulk
tissue extract using a spectrophotometer at wavelength 340 nm
(Husted and Schjørring, 1995). The contamination was 1.26 ± 0.22%
of MDH  activity in apoplast extracts relative to foliar bulk tissue
extracts. After apoplastic extraction, the remaining leaves were
used for foliar bulk tissue extraction.

2.5.2. Extraction of foliar and root bulk tissue solution
Sub-samples of leaves or roots were washed with de-ionised

water, dried with laboratory paper and ground in liquid N using a
mortar. A sample (0.2 g) of the ground material was  put in a 1.5 mL
tube with 1 mL  of de-ionised water and shaken for 15 min. The foliar
bulk tissue solution was  then extracted by centrifugation at 9000 g
for 20 min. The supernatant was retrieved, and pH was measured
prior to freezing the sample in liquid N and storing at −18 ◦C. The
remaining ground material was weighed, oven-dried at 80 ◦C for
48 h and weighed again prior to fine grinding in a ball mill mixer
(Retsch, Verder, France) for 3 min  at 30 pulsations per second. The
obtained powder was  stored in Eppendorf cups at ambient air prior
to N and C analyses.

2.5.3. Plant analysis
The pH measurements of apoplastic, foliar bulk tissue and root

bulk tissue solutions were made with a pH semi-micro electrode
(InLab Micro, Mettler Toledo, Udorf, Switzerland). The NO3

− con-
centration and the total N and C contents were measured with
the same method as for slurry and soils. The NH4

+ concentration
was determined using the same flow injection NH3 analyzer as for
slurry.

2.6. Calculation of the NH3 compensation point
The NH3 compensation point is the gaseous concentration at
equilibrium with an adjacent NHx ecosystem pool (�pool) at the soil
surface, in the litter, in the sub-stomatal cavity and at the cuticle
surface (see Section 3.9). It was calculated according to (Schjørring,
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997; Schjørring et al., 1998) based on thermodynamic equilib-
ium between aqueous and gaseous NH3 and acid-base equilibrium
etween NH4

+ and NH3 in the solution (see e.g., Personne et al.,
009):

pool = �pool × Kd × KH × exp

(
�H0

H
+ �H0

d

R
×
(

1
298.15

− 1
Tpool

))
(2)

where �pool is in mol  L−1, �H0
H and �H0

d are the free enthalpies
f volatilization (34.18 kJ mol−1) and acid-base dissociation
52.21 kJ mol−1), R is the perfect gas constant (8.314 J mol−1 K−1),
pool the ecosystem pool temperature (K), Kd the dissociation con-
tant for the NH4

+ NH3 equilibrium at 25 ◦C (10−9.25 mol  L−1),
H the Henry constant at 25 ◦C (10−3.14). In Eq. (2), the ratio
pool = [NH4

+]pool/[H+]pool is dimensionless, independent of tem-
erature and represents the NH3 emission potential of soil, litter
r plant compartments (root, substomatal cavity, cuticle), pools
ith subscript s, l, root, stom and cut). �pool was calculated for each

ample and averaged for each compartment.
The canopy emission potential �(z0) was estimated from mea-

ured NH3 flux, by inverting Eq. (2) and replacing � by CNH3(z0).
NH3(z0) was itself estimated by integrating Eq. (1) from z0 (the
anopy roughness length) to 1 m above the displacement height d:

NH3(z0) = CNH3(lm) + FNH3

ku∗
×

[
ln(1/z0) −  H(1/L)  +  H(z0/L)

]

(3)

.7. Atmospheric deposition on the cuticles

Atmospheric deposition on the cuticles was analyzed on 23
arch, 30 March and 5 April by washing the leaves with de-ionised
ater. Three samplings were made in the morning and three others

n the afternoon for each of these three days. For each sampling, six
heat leaves were collected and put in a Teflon PFA bag. The cut

xtremities of each leaf were left well outside the Teflon pocket to
void any contamination with compounds from inside the leaves.
hen 2.5 mL  of de-ionised water was added in the pocket and
he leaf was washed by gently pressurizing the bag by hand. The
eaf was then removed from the pocket, and its length and width

ere measured to determine its area. Each successive 2.5 mL  rins-
ng water was transferred into a 20 mL  tube leading to a 15 mL
ample for each sampling. The pH was measured prior to freez-
ng in liquid nitrogen and storage at −18 ◦C. The samples were
nalysed for NO3

−, PO4
3−, SO4

2−, Cl− by high performance liq-
id chromatography (HPLC) and for Na+ by inductively coupled
lasma atomic emission spectrophotometry (ICP-AES). The cuticle
mission potential �c was calculated for each sample and averaged.

The number of wheat leaves and the quantity of de-ionised
ater used were chosen to obtain samples adapted to the anal-

sis methods; preliminary tests were carried out to establish the
ampling method which showed that more than 80% of NH4

+ ions
eposited on cuticle were removed after the first washing (data not
hown).

.8. Interpretation of NH3 fluxes with the Surfatm–NH3 model

To help interpret the complexity of the interactions between the
cosystem compartments (soil, litter, stomata, cuticle and canopy
ir space), the Surfatm–NH3 model was used. The Surfatm–NH3 is a
ne-dimensional model (Personne et al., 2009) calculating the NH3

ux in terrestrial ecosystem by coupling a water and energy bal-
nce model with a two-layer NH3 resistance analogue model which
onsiders soil, stomatal and cuticular pathways. The Surfatm–NH3
odel was tested for a grassland canopy following cutting and
st Meteorology 207 (2015) 11–23

fertilization with ammonium nitrate (Sutton et al., 2009), and cal-
ibrated over a triticale field in Grignon (Loubet et al., 2012). The
stomatal and soil NH3 emission potentials � used in the model were
interpolated in time between those measured during the campaign.
As our measurement campaign took place in the same field as in
Loubet et al. (2012) we  used the same model parameters except
for:

• The attenuation coefficient for wind speed ˛u, set to 2.2 (instead
of 4.2), to account for the difference in canopy structure, and the
soil roughness z0soil was fixed to 0.02 m.

• The stomatal conductance parameters which came from
(Emberson et al., 2000) following the EMEP approach for spring
wheat, only gmax was modified and fixed at 500 m mol  m−2 s−1.

• The soil surface resistance (Rss), set to 0 the day of the slurry
application because of the liquid application, and the next day
fixed at half of the value calculated by the expression for the vapor
soil-surface resistance (Choudhry and Monteith, 1988)

Rss = �s × �dry

ps × DH2O
(4)

where �s is a soil tortuosity factor (dimensionless), �dry is the dry
soil thickness (m), ps is the soil porosity (dimensionless) and DH2O
is the molecular diffusion for water in air (m2 s−1).

After these two specific adaptations for the water soil surface
resistance due to the slurry application, the soil surface resistance
for water was calculated using the original Eq. (4).

• The NH3 soil-surface resistance (RNH3soil
) was estimated using

two  methods:

(1) Using an equation similar to that for water soil transfer resis-

tance (Personne et al., 2009): RNH3soil
= R1 = Rss × DH2O

DNH3
; this

approach assumes that NH3 comes from the aqueous phase
which is incorporated in the soil wet  layer.

• To mimicking the behavior of the cuticular resistance which
decreases with relative humidity, the soil resistance was made
dependent on air relative humidity: RNH3soil

= R2 =  ̌ × (100 −
RH)RNH3soil

= R2 =  ̌ × (100 − RH), where RH is relative humidity
at 3 m height, and  ̌ is an empirical coefficient which was  fit-
ted to optimize the comparison between measured and modelled
ammonia fluxes (  ̌ = 45).

Finally, in order to evaluate the role of this resistance RNH3soil
,

a run was performed with RNH3soil
= R0 = 0, in which the cuticular

resistance was set to infinity to simulate emission by the soil only.

3. Results

3.1. Meteorological conditions

During the experimentation the air temperature varied from
−1.1 ◦C to 21.8 ◦C with an average of 9.8 ◦C. Relative humidity
ranged from 24% to 98% and averaged 70%. The period was quite
dry, with sporadic rain events on 14, 15, 17 and 18 March as well as
3 and 4 April with a maximum of 5.4 mm daily precipitation on 18
March. The cumulated precipitation over the period was 10.6 mm.
The wind speed averaged 2.1 m s−1 and varied from 0 to 6.1 m s−1.

The soil water content at 30 cm depth stayed almost constant with
an average of 30.7% while at 5 cm depth it decreased from 31.2% to
26.9% after the rain event on 18 March. Global radiation exceeded
300 W m−2 each day except on 31 March (Fig. 1).
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Table  1
Cattle slurry characteristics and application rates. DM stands for dry matter and FW for fresh weight.

Slurry characteristics Application rates

n Average ± standard deviation

Application rate 15 92.4 ± 37.2 Mg (FW) ha−1

Dry matter 7 59.1 ± 9.5 g (DM) kg−1 (FW) 5.5 ± 3.1 Mg  (DM) ha−1

Organic C 7 406 ± 5 g C kg−1 (DM) 2.2 ± 1.3 Mg  C ha−1

Total N 7 25.9 ± 1.7 g N kg−1 (DM) 141 ± 89 kg N ha−1

3

r
t
c
a
7

3

t
c
M
2
w

F
a

pH 7 8.3 ± 0.3 

NO3
− 7 5.7 ± 0.6 

NH4
+ 7 20.2 ± 1.1 

.2. Cattle slurry application

The cattle slurry was  applied in the field with an application
ate of 92.4 Mg  ha−1 with a large heterogeneity (standard devia-
ion = 37.2 Mg  ha−1; Table 1). The total ammoniacal nitrogen (TAN)
ontent was 1.2 g NH3–N kg−1 of manure which represented a TAN
pplication rate of 111 kg NH3–N ha−1. The pH of the slurry was
.7 ± 0.1.

.3. Ammonia concentrations and fluxes

The atmospheric NH3 concentration at 1 m above d varied over
he period from 0.8 to 552 �g NH3 m−3 (Fig. 2a). The maximal con-

entration was reached in the evening of the fertilization day (13
arch 2012) with a mean concentration during the first 24 h of

18 �g NH3 m−3. The concentration then decreased until 19 March
hen the daily mean was 9 �g NH3 m−3. From 20 to 26 March

-100

100

300

500

R
n

(W
 m

-2
)

0

2

4

6

u
 (

m
 s

-1
)

0

1

2

3

P
 (

m
m

)

0

50

100

R
H

 (
%

)

-5

5

15

25

T
a 

(°
C

)

26

28

30

32

11/03 13/03 15/03 17/03 19/03 21/03 23/03 25/0 

S
W

C
 (

%
)

Date

 5 cm
30 cm

ig. 1. Micrometeorological conditions measured at the site. From top to bottom: net radi
ir  temperature (Ta) and soil water content (SWC) at 5 and 30 cm depth.
–
mg N kg−1 (DM) 31 ± 21 g N ha−1

g N kg− (DM) 110 ± 68 kg N ha−1

the concentration ranged from around 20 to more than 100 �g
NH3 m−3and averaged 21.0 �g NH3 m−3, with a marked peak on 23
March. From 28 March to the end of the measurement campaign,
ammonia concentrations did not exceed 50 �g NH3 m−3. The last
week of the campaign exhibited lower concentrations averaging
7.6 �g NH3 m−3.

Ammonia flux varied from −2800 to 54,330 �g NH3 m−2 s−1

with a mean of 798 ng NH3 m−2 s−1 and a median of 31 ng
NH3 m−2 s−1 (Fig. 2b). The main emission peak was  observed
the day of slurry spreading with a median 5990 ng NH3 m−2 s−1

observed over the first 24 h. The following six days also showed
large NH3 emission (median 679 ng NH3 m−2 s−1) slowly decreas-
ing to switch to the first observed deposition fluxes on 20 March.
A one-week period of alternating high daily emissions and small
night-time deposition was then observed until 26 March, with a
median of 34 ng NH3 m−2 s−1 over the period. The last period (>26

March) mainly showed deposition with a median flux of −16 ng
NH3 m−2 s−1.

3 27/03 29/03 31/03 02/04 04/04 06/04 08/04

ation (Rn), wind velocity at 3 m height (u), precipitation (P), relative humidity (RH),
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Table  2
Total ammonium nitrogen (TAN) applied, NH3 lost by volatilization and emission factor.

Period Whole period 13/03–15/03 13/03–19/03 20/03–26/03 26/03–08/04
kg  N ha−1

Total applied nitrogen (TAN) 110
Cumulated NH3 flux 11.1 9.1 11.5 0.02 −0.41
Cumulated NH3 emission 12.9 9.1 11.5 1.06 0.35

3

w
N
(
g

F
a

Cumulated NH3 deposition −1.8 −0.01 

Emission factor (%) 10.10% 8.20% 

.4. Cumulated volatilization and emission factor

The cumulated ammonia flux during the experimental period
as 11.1 kg NH − N ha−1 which was composed of 12.9 kg
3
H3− N ha−1 emission and −1.8 kg NH3− N ha−1 deposition

Table 2). The emission factor was 10.1% of total ammoniacal nitro-
en (TAN) applied (111 kg NH3− N ha−1). Overall, 8.2% of NH3 losses
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10.40% 0.02% −0.40%

occurred during the first three days and 10.4% during the first week.
The following week (20–26/03) 0.02% was lost, while afterwards
0.4% was deposited back to the canopy. During the first two weeks,
most of the flux was  towards emission, but during the last three

weeks, the deposition term represented about 1 kg N ha−1 (Table 2)
and was included in the emission factor which did not decompose
the sink and sources but quantified the balance.
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Table  3
Emission potentials (�) in the different pools (plant, litter and soil) and at the canopy scale. Knowing measured NH3 fluxes, �z0 is estimated from Eq. (3) and �c is estimated
as  the intercept of the linear fit between the NH3 flux and concentrations. Estimates in the soil layers 0–2 cm and 15–30 cm are also given together with estimates within or
outside slurry bands.

Plant Litter Soil Canopy scale

Apoplasm Cuticle Leaves Roots Litter Mixed Mixed In slurry band Not in slurry band
0–2  cm 15–30 cm 0–2 cm 0–2 cm �z0 �c

Whole
period

Average 73 120 160 340 29,000 1,700,000 24,000 – – 161,000 2200
Std.  dev. 62 70 59 310 15,000 3,000,000 34,000 – – 280,000 1700
Max  110 200 230 820 50,000 5,800,000 178,000 – – 650,000 5500
Min  36 61 78 44 12,000 11,000 3000 – – 4000 300

13–19/03 Average 88 – 170 610 43,000 3,300,000 35,000 7,300,000 430,000 409,000 –
Std.  dev. 73 – 40 280 11,000 4,100,000 42,000 6,700,000 860,000 423,000 –

20–27/03 Average 64 114 150 170 17,000 400,000 9000 – – 33,000 3100
Std.  dev. 46 – 70 40 7000 600,000 4000 – – 28,000 2400

30/03–05/04 Average 36 130 80 40 25,000 100,000 9000 – – 9000 1200
Std.  dev. 60 97 80 40 25,000 100,000 – – – 9000 1000

Table 4
Quantity of ammonium, nitrate, phosphate, sulphate, chloride, and sodium on the leaves measured on the wheat leaf surfaces. The presence of dew on the leaves during
sampling is also indicated. The Cl− content on the leaf was also expressed as percentage of the Cl− dose applied with the chlormequat chloride on 23 March (1165 �mol  m−2).

Period NH4
+ NO3

− PO4
3− SO4

2− Cl− Na+ Total acids Dew (obs.) Cl−

�mol  m−2 (of leaf) % Appl. dose

23/03/2012 Morning 30 ± 5.5 70 ± 34 21 ± 15 33 ± 4.5 648 ± 126 27 ± 0.4 772 ± 179 +++ 67%
Afternoon 12 ± 2.6 41 ± 11 10 ± 4.3 26 ± 4.6 479 ± 36 23 ± 0.7 556 ± 55 ø 49%

30/03/2012 Morning 23 ± 6.9 53 ± 6.0 5.0 ± 1.6 33 ± 7.5 636 ± 145 12 ± 0.2 727 ± 160 ++ 65%
Afternoon 13 ± 2.7 45 ± 10 4.4 ± 0.6 25 ± 13 517 ± 188 12 ± 0.2 591 ± 211 ø 53%

05/04/2012 Morning 13 ± 1.1 26 ± 8.5 2.1 ± 0.4 14 ± 4.6 310 ± 79 12 ± 0.2 351 ± 92 ø 32%
Afternoon 13 ± 0.6 24 ± 1.4 1.4 ± 0.5 12 ± 1.4 284 ± 95 13 ± 0.1 321 ± 98 ø 29%

23/03/2012 Daily 21 ± 14 55 ± 30 15 ± 13 30 ± 6.5 563 ± 144 25 ± 2.2 664 ± 192 – 58%
30/03/2012 Daily 18 ± 9.3 49 ± 12 4.7 ± 4.4 29 ± 7.6 576 ± 143 12 ± 8.4 659 ± 162 – 59%
05/04/2012 Daily 13 ± 8.6 25 ± 10 1.7 ± 1.2 13 ± 11 297 ± 187 13 ± 0.4 336 ± 209 – 31%

Average �mol  m−2 (of leaf) 17 ± 11 43 ± 24 7.2 ± 9.4 24 ± 13 479 ± 223 17 ± 8.2 553 ± 269 – 49%
g  ha−1 3.1 ± 1.5 21 ± 10 6.9 ± 7.8 23 ± 10 170 ± 68 3.8 ± 1.7 220 ± 96 – –
mg  L−1 (solution) 0.15 ± 0.06 1.0 ± 0.4 0.3 ± 0.3 1.1 ± 0.4 8.1 ± 2.8 0.2 ± 0.1 10 ± 4 – –

r bulk

3

i
i

Fig. 4. Temporal variation in pH, NH4
+ concentration and � in the apoplast, folia

.5. Ammonium nitrate and pH of the top soil
Concentrations of NH4
+ and NO3

− as well as pH varied only
n the top soil (0–2 cm)  (Fig. 3). In this layer NH4

+ concentration
ncreased from 0.8 prior to fertilization to 136 mg  N NH4

+ kg−1 on
, root bulk, and litter bulk tissues (�stom, �green-leaves, �roots, �litter, respectively).

the day of fertilization. It more than halved the following day before

decreasing to 0.9 mg  N NH4

+ kg−1 in the third week of sampling. The
NO3

− concentrations increased from 8.2 on the day following slurry
spreading to 44.6 mg  N–NO3

− kg−1 on 27 March. It then decreased
to 22.1 mg  N NO3

− kg−1 on 3 April. The soil pH decreased from 8.1
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F tion, foliar bulk tissue, root bulk tissue, litter, soil in two layers, on cuticles and evaluated
a andard deviation, while �z0 are daily averages.

t
i

3

t
o
i
M
t
0
v
l
c
(
t
l
c
v

t
2
t
h
N
(

3

a
c
�
(
�
a
t
t
1

l
i
o
l
a
l
s
i
T

y = 16 .9x + 75 .3
R² = 1.0

0

200

400

600

800

0 20 40

C
l-

(µ
m

ol
 m

-2
)

SO4
2- (µmol m-2)

y = 2.0x + 9.1
R² = 0.8

0

20

40

60

80

0 20 40

N
O

3-
(µ

m
ol

 m
-2

)

NH4
+ (µmol m-2)

y = 0.5x + 2.7
R² = 0.9

0

10

20

30

40
0 50 10 0

S
O

42-
(µ

m
ol

 m
-2

)

NO3
- (µmol m-2)

y = 0.4x  - 8.4
R² = 0.7

0

5

10

15

20

25
0 50 100

P
O

43-
(µ

m
ol

 m
-2

)

NO3
- (µmol  m-2 )

(a) (b)

(c) (d)

Fig. 6. Phosphate (a) and sulphate (b) versus nitrate. Chloride versus sulphate (c)
and  nitrate versus ammonium (d) surface. Content per leaf surface measured by
ig. 5. Temporal variation of the � ratios ([NH4
+]/[H+]) measured in apoplastic solu

t  z0 from flux measurements. Measured � represent means of three replicates ± st

o 7.6 but, as for NH4
+ and NO3

− concentrations, the trend changed
n the last week and the pH then rose.

.6. Plant pools of ammonium, nitrate and pH

During the experimental campaign the apoplastic NH4
+ concen-

ration of green leaves varied from 0.15 to 0.03 �mol NH4
+ g−1 (FW)

f leaf fresh weight, with a maximum reached on the day of fertil-
zation (Fig. 4a). The apoplastic pH increased from 5.8 (12 and 14

arch) to an average of 6.1 after 15 March (Fig. 4b). The foliar bulk
issues NH4

+ concentration in green leaves decreased from 1.45 to
.62 �mol  NH4

+ g−1 (FW) (Fig. 4d) and in yellow leaves and litter
aried from 5.7 to 23.7 �mol  NH4

+ g−1 (FW) on the second day fol-
owing slurry spreading (Fig. 4g). Bulk pH in green leaves remained
onstant during the 12–20/03 period and around fertilization at 5.3
Fig. 4e). Yellow leaf and litter pH was higher and averaged 6.3 later
han two days after nitrogen application (Fig. 4h). For both green
eaves and yellow leaves in the bulk foliar tissues, the NO3

− con-
entration varied from 2.3 to 3.7 �mol  NO3

− g−1 (FW) without any
isible trend (data not shown).

The root bulk tissue of wheat plants showed NH4
+ concentra-

ions increasing during the two days following fertilization to reach
.8 �mol  NH4

+ g−1 (FW); this root bulk tissue came back to its ini-
ial level around 0.6 �mol  NH4

+ g−1 (FW) (Fig. 4d). On the other
and, the NO3

− concentration in roots decreased from 12 to 2 �mol
O3

− g−1 (FW), while the pH remained constant and averaged 5.5
Fig. 4e).

.7. NH3 emission potentials

The emission potential for the stomatal pathway, �stom, aver-
ged 73 over the whole period (Fig. 4c), and no significant trend
ould be observed during the period. In green leaves bulk tissues
green leaves decreased gently from 235 to 78 during the period

Fig. 4f) while in the dead leaves, bulk tissues considered as litter
litter reached a maximum of 50,200 on 15 March then stabilized to
round 20,000 during the following weeks (Fig. 4i). In the roots, bulk
issues �roots were found to follow the same as the NH4

+ concen-
ration in the soil layer 0–2 cm,  with a maximum of 820 reached on
5 March and a minimum of 44 reached three weeks later (Fig. 4f).

Ammonia emission potentials in the plant compartments (roots,
eaves and apoplast) were all in the same order of magnitude dur-
ng the whole experimental period, from 60 to 1000 (Fig. 5). On the
ther hand, the emission potential for the yellow leaves or litter

eaves (�litter) was roughly a hundred times larger than for plant,
nd the soil emission potential (�soil) was again a hundred times

arger than �litter during the first week to reach 7 106 on the day of
lurry application. Then �soil decreased to 1.1 104 on 27 March and
ncreased again to 105 the third week following slurry application.
he calculated �z0 was in between �soil and �litter during the cam-
washing wheat leaves on six dates. The linear regression line, equations and R2 are
also given.

paign and varied from a maximum 6.5 105 after slurry application
to 4 103 towards the end of March to increase again to around 104

in April. The cuticle ammonia emission potential was  only mea-
sured over three days. It was in the same order of magnitude as the
plant emission potentials averaging 124. Finally, the compensation
point of the canopy �c was  also estimated as the atmospheric NH3
concentration when the flux was changing sign. We  obtained on
average �c = 21.7 ± 6.4 �g NH3 m−3 during the 20–26 March period,
and 8.5 ± 2.3 �g NH3 m−3 during the 28 March to 8 April period.
Based on the averaged air temperature during these periods, a �c
was estimated at 3140 and 1230 during these two  periods (Fig. 3
and Table 3).

3.8. Cuticular deposition

The concentrations of the different acid compounds and ammo-
nium present on the leaves were higher in the morning than in
the afternoon for the 23 March and 30 March (Table 4). They also
showed different orders of magnitude: PO4

3− was  in the order of
1–20 �mol  m−2 NH4

+, Na+ and SO4
2− were in the order of 12 to

33 �mol  m−2, NO3
− was  in the order of 24–70 �mol  m−2 while Cl−

was in the order of 284–648 �mol  m−2. The much higher Cl− con-

centration is explained by the application of chlormequat chloride
(a growth reducer) on 23 March. Indeed the theoretical applica-
tion rate of Cl was  413 g Cl ha−1 which amounts to 1165 �mol  m−2.
Accounting for the LAI which was measured as 1.2 m2 m−2 on 26
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ig. 8. Soil surface resistances for ammonia integrating in the SurfAtm model, R1 

uticular resistance for ammonia, depending on relative air humidity.

arch, the Cl− leaf surface content ranged from around 60% on the
ay of application and one week later, and down to 30% two weeks

ater.
A good relationship was found between SO4

2− and Cl− which
uggests a similar depletion process for these two  compounds but

ith a 20 times larger concentration for Cl−. The nitrate content
as also correlated to the ammonium content on the leaf surface
ith a slope equal to 2 (Fig. 6).
2; R1: similar to soil water resistance transfer; R2: mimicking the behavior of the

3.9. Comparison of the measured fluxes with the Surfatm–NH3
model

The stomatal and boundary layer resistances were tuned
by changing ˛u and gmax (see §2.8) in order to get a cor-

rect evapotranspiration (LE) in the model. The calibrated model
was well correlated with the measured LE:LE (model) = 1.001 LE
(meas) + 2.06 (in W m−2), with R2 = 0.89 (data not shown). The mod-
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lled sensible heat flux H was compared to the measured energy
alance default H(balance default) = Rn − LE − G (all measured) due
o the fact that the measured energy balance does not close at this
ite (Loubet et al., 2011). The sensible heat and ground heat fluxes
H and G) were also satisfactorily reproduced: H(model) = 0.813
(balance default) – 1.97 (in W m−2), R2 = 0.90 and G(model) = 1.02
(meas) – 2.72 (in W m−2), R2 = 0.62.

The modeled NH3 flux with the soil emission potential �soil
et to the measured values (interpolated) reproduced well the
rst peak of emission following fertilization but overestimated the
easured flux the following days (Fig. 7a). However, with this

arametrization the modeled nighttime fluxes were comparable to
he measured values throughout the campaign. The modeled NH3
ux obtained using the soil transfer resistance R1 for NH3 agreed
ell with the measurements during the first two days following

pplication (14 and 15/03), but not later. The use of the soil transfer
esistance R2 with a resistance following the air relative humidity
ave a reasonable agreement between modelled and measured NH3
ux during the weeks following the first peak of emission, and dur-

ng the period with alternating emissions and deposition from 22 to
6 March (Fig 7b and c). The last period of the survey (30 March to

 April), during which a continuous deposition flux occurs, is quite
ell represented with the use of R1 or R2 resistances (Fig. 7e).

. Discussion

.1. Ammonium and pH in plant and litter pools

Ammonium concentrations were low in the plant tissues and
poplast (Fig. 4, Table 3). The apoplastic concentrations and � are
imilar to what (Mattsson et al., 1997) and (Husted and Schjørring,
995) reported for Barley grown in chambers and (Mattsson et al.,
009; Loubet et al., 2002; Herrmann et al., 2009) for grasslands
ith no nitrogen application. Compared to the review of (Massad

t al., 2009b), �stom is roughly three times lower than arable land
eceiving 150 kg N ha−1, where �stom ∼300.

Regarding the dynamics of NH4
+ concentration and �, we

bserved no response to fertilization of the apoplast and bulk tis-
ue, which is in contradiction to (Mattsson et al., 2009; Loubet
t al., 2002; Herrmann et al., 2009). Indeed, in a review, (Massad
t al., 2010) (Fig. 6), showed that on average �stom increases to
500 following a 100 kg N ha−1 application. The root bulk tissue �

ncreased up to 1000, while the litter bulk tissue increased by four
rders of magnitude (40 000) following slurry application (Fig. 4).
attson et al. (2009) also found a much higher � in senescent grass-

and leaves than in green leaves and stems, while (Morgan and
arton, 1989) reported an increase in whole plant compensation
oint at anthesis. Senescing leaves are not efficient sinks for nitro-
en, therefore any incoming NH4

+ will not be used as efficiently as
n fast-growing leaves and may  therefore accumulate, which would
xplain the observed increase in NH4

+ in senescing leaves (Massad
t al., 2008; Massad et al., 2010). This is supported by the fact that
he � in the 15–30 cm soil layer (where the roots are located) was
f the same order as in the litter leaves (Fig. 5).

Wheat crops and grassland have different nitrogen absorption
egulation with a difference in the affinity for NH4 and NO3. Goyal
nd Huffaker (1986) reported a higher affinity for nitrate than
mmonium in wheat. Also, large ammonium concentration may
nduce nitrate effluxes from roots as observed in cotton crops
Aslam et al., 2001). However, wheat roots can actively absorb
H4

+, and can adapt quickly to NH4
+ supply (Causin and Barneix,
993). They can also efficiently absorb organic nitrogen such as
mino acids (Gioseffi et al., 2012).

However, when compared to the grassland studies reported
bove (Mattsson et al., 2009; Loubet et al., 2002; Herrmann et al.,
st Meteorology 207 (2015) 11–23

2009), a major difference is that nitrogen supply occurred following
a grassland cut, while here the growth of the plant was uninter-
rupted. Cutting has two consequences: it induces a remobilization
of nitrogen in the plant and hence NH4

+ and it means that the nitro-
gen sink is less active in the plant. In our study the nitrogen sink
was active and hence NH4

+ which is an intermediate in the plant
nitrogen cycle would not significantly increase (Massad et al., 2008,
2010a,b).

The wheat root depth did not have many roots in the top
soil fraction 0–2 cm.  At that stage the shoot-to-roots (5 cm depth)
biomass ratio is indeed around 0.1 (Recous and Machet, 1999). Since
the liquid manure did not greatly infiltrate the soil, as discussed in
the next section, until the rainfall on 17 March, and since the high
clay content of the soil led to high NH4

+ immobilization on the clay
fraction, it is likely that wheat plants did not absorb much NH4

+

during that period. This is further likely because of the band appli-
cation of slurry that would have led to a delay in root access to
the N supplied in a similar manner as shown by (Petersen, 2005)
for ammonium-nitrate: they measured a 5% m−1 loss in maximum
recovery of nitrogen and a 0.5 d cm−1 increase in uptake. Since
the inter-row was 16 cm,  and the slurry band was roughly 5 cm
in width, we can hypothesize a 25% loss in maximum recovery and
a 2.5 day delay for the wheat to access the nitrogen. During that
period, roughly 8% of the N was lost by volatilization leading to a
further decrease in nitrogen accessible to the plant. Measurements
of the soil NH4

+ concentration outside the slurry band was indeed 6
times lower than that in the band and pH was also lower, leading to
an emission potential (�) 17 time shigher in the band than outside
(Fig. 3, Table 4).

Another explanation for the low response of green leaves NH4
+

to slurry application is that soil was already rich in nitrogen and
the wheat was not nitrogen-deficient. The total nitrogen measure-
ments carried out on the green leaves at the beginning of the survey
show a rate of 5% which is a high concentration for unfertilized
young wheat plants (Barthes et al., 1996; Shangguan et al., 2004).
The low uptake of the wheat could also be due to the young age of
the crop at the fertilization date. (Limaux et al., 1999) showed that
the amount of N uptake was positively linked to the crop growth
rate; in our case the nitrogen application was early in the season
and the crops may  not have been sufficiently well-developed to
absorb a large amount of nitrogen. Indeed, (Recous and Machet,
1999) have shown that theurea N uptake of wheat was  the lowest
for the period of application used in this study. Additionally, soil
alkalinity due to the slurry would tend to lower N uptake (Wang
et al., 2012).

We can conclude that we  did not observe any increase in � in
the growing plant compartments (excluding the senescing leaves)
following slurry application, which is in contradiction to previ-
ous studies on grasslands but which might be consistent with
the developmental stage of the wheat (small roots, fast growth),
band application of slurry and growth of the wheat on rich culti-
vated soil. The observed increase in senescing leaves � following
slurry application is consistent with existing studies and so it
contributes to a pool of ammonia emission in the atmosphere
(Fig. 5).

4.2. Ammonium and pH in soil pools

Ammonium concentration and pH in the top soil fraction
(0–2 cm)  increased dramatically with the nitrogen application then
decreased quickly the day after and the following week. At the same
time we  noticed an increase of NO3

− concentration (Fig. 3). The pH

of the top soil (8.1) was very close to the slurry pH (8.3) on the
day of the application indicating a low, shallow infiltration, such as
hypothesized by (Garcia et al., 2012). This is confirmed by the large
difference observed in soil NH4

+ and � between shallow infiltration
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n and outside (Table 4, Figs. 3 and 5). Shallow infiltration would
ave led to a potential drying of the slurry at the soil surface, leading
o physical nitrogen immobilization, until further decomposition or
urface rewetting. The decrease in soil NH4

+ concentration results
rom several processes: ammonia volatilization, ammonium nitrifi-
ation, slurry infiltration, NH4

+ transport and chemical equilibrium
n the soil (Genermont and Cellier, 1997; Sommer et al., 2003).
he top soil pH is expected to decrease. The top soil NH4

+ con-
entration decreased towards its initial value after two weeks in
esponse to NH3 volatilization and NH4

+ nitrification as reported
y (Genermont et al., 1997; Sommer et al., 2003). Thompson and
eisinger (2004) observed a longer decay of one month in the

5 cm soil layer of a soil similar to this study. We  can therefore
onclude that the top soil NH4

+ and NO3
− concentrations and pH

easured following slurry application are in the range of reported
tudies, and that the slurry did not infiltrate the soil very deeply,
eading to large NH3 emissions and a quick decrease of NH4

+ in the
op soil. The � soil obtained was high (Fig. 5, Table 3) in line with
he large quantity of nitrogen applied and comparable to values
eported by (Flechard et al., 2010) over grassland following cattle
lurry application.

.3. Cuticular deposition and chemical compounds on the cuticle

The ammonium content in the solution sampled on the cuticle
as a factor of 10 lower than those reported by (Burkhardt et al.,

009) in dew and guttation on grassland leaves, which is consistent
ith the fact that we had to dilute the sample for collection, but
hich also shows that NH3 deposition to grassland was probably

arger (Table 4). However, we found similar SO4
2− and higher NO3

−

ontent on the leaves when compared to (Burkhardt et al., 2009).
his means that the acid to NH3 deposition ratio was  much higher

n our study than in theirs. Finally we find a Cl− content which was a
actor of 10 larger than theirs, which is explained by the application
f chlormequat chloride on 23 March at a dose of 1165 �mol  m−2.

The cuticular emission potential (�cut) was  of the same order
f magnitude as the �stom (Fig. 5) suggesting perhaps a continuity
passive transfer) between the inside and outside leaf solutions. A
rans-cuticular transfer rate could be imagined, or a lateral migra-
ion flux in thin water films alongside stomatal guard cell surfaces.
mmonium deposed on leaf cuticles showed a variation of content
etween 23 March and 04 April and also between the morning and
he afternoon: increasing the presence of water on the leaf surface is
onsistent with a larger deposition early in the experimental period
nd also early in the day (Burkhardt and Eiden, 1994; Burkhardt,
009, Flechard et al., 1999). Other compounds measured on cuticles
howed the same temporal variation; we assume there are some
rocesses of co-deposition between acid compounds as suggested
y (Sutton et al., 1995) and (Burkhardt et al., 2009).

.4. Interpretation of the ammonia fluxes with the Surfatm–NH3
odel

The aim of using the Surfatm–NH3 model was to question the
xchange processes by trying to reproduce the measured flux with
he model constrained by the measured stomatal, cuticular and soil
mission potentials. The model was set up with measured �stom

nd �soil (0–2 cm)  (Fig. 5), and two soil resistances were tested
o account for the varying availability of NH3 at the soil surface.

hile the first peak of emission was well reproduced with both
oil-surface resistances, the model failed to reproduce the flux cor-
ectly during the following days if the surface resistance was set

o 0 (case R0 in Fig. 7). This shows that ammonia was indeed avail-
ble at the ground surface the first day but not after, confirming the
ssumption that the slurry did not infiltrate very deeply during the
rst day but it did so afterwards.
st Meteorology 207 (2015) 11–23 21

During the next three days, the model reproduced well the mea-
sured flux if the soil resistance for NH3 was parametrized in a
similar manner as for water vapor (Fig. 7a and b; R1 case). It can be
supposed that a surface resistance takes place due to the ground
surface drying.

However, to explain the representation of the first two weeks
the assumption was that the resistance should be low during the
night and higher during the day, like air relative humidity. The
Surfatm simulated fluxes matched well with the measurements
over the 15/03–27/03 period. R2 actually presents a daily variation
which permits a regulation of the ammonia vaporization. It repre-
sents a mix  process between mechanical surface resistance due to
the drying process and NH4

+/NH3 availability in the aqueous film
at soil surface.

Concerning the last period, we can suppose the 30/03–05/04
period was  well represented because of the particularly low evap-
oration, the strong resistance (Fig. 8) and the low soil emission
potential, favoring deposition fluxes.

As in Loubet et al. (2012) a very small minimal cuticular
resistance was necessary to reproduce the largest deposition
flux occurring on 31 March. As previously, some processes of
co-deposition between acid compounds could be assumed, partic-
ularly due to the high chloride concentration on the leaves which
seems to be persistent on the leaf surfaces.

The need to adjust surface resistance over time tested with the
Surfatm–NH3 simulations including only one soil water reserve;
excluding soil physicochemical and biological processes suggests
that processes such as infiltration, nitrification, nitrate leaching or
organic matter adsorption need to be evaluated in order to better
understand the ammonia exchanges following slurry applications.

4.5. Sources and sinks of NH3 in the wheat canopy and ammonia
emission factors

As described before we can observe different phases in the
evolution of NH3 flux. The first seven days are dominated by an
emission flux then the second week is characterized by an alter-
nation of emission and deposition fluxes. The last period of the
experimentation is principally an ammonia deposition phase.

The first phase is explained by ammonia slurry volatilization, for
the first day directly from slurry surface deposition, and then the
principal source comes from the soil surface (Fig. 7a and b) and is
driven by infiltration, surface drying and slurry physico-chemical
properties. Then the variations of the second phase depend on the
litter and soil sources (Fig. 7b and c), and probably due to physic-
ochemical equilibrium with soil water and organic matter. The
stomatal pathway is both source and sink, and we assumed it reg-
ulated the canopy ammonia balance. As Fig. 5 shows, soil and litter
are the main drivers of the ammonia exchange in the canopy.

The 10.2% emission factor calculated over the whole experimen-
tal period (Table 4) is consistent with the results of (Bosch-Serra
et al., 2014), (Meade et al., 2011), or (Martínez-Lagos et al., 2013),
which report ammonia losses of between 6% and 18%, depending
on the soil and climate conditions, although our ammonia losses
are in the low range (Sintermann et al., 2012). Several elements
are consistent to suggest that nitrogen losses in our experimental
campaign are lower than other studies. First of all, the trailing hose
for slurry application is a technique inducing lower emission than
with splash plate application (Sintermann et al., 2012), then, the
slurry application occurs during a cold period with a low air tem-
perature (average temperature below 10 ◦C). This low temperature
induces a low compensation point of the nitrogen pool (plant and

soil) and so a low emission knowing that each increase of 5 ◦C lead
to a doubling of the emission fluxes (Sommer et al., 2003). Finally,
the measurement campaign took place on a soil with low-tillage
inducing a soil structure that may  be more favorable to infiltration
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or slurry (no slaking). This soil is relatively carbonated and well-
rained.The net ammonia emission rate is very high during the first
4 h with more than 50% of losses and close to 100% after 48 h.

. Conclusions

The objective of the article was to examine the origins and
agnitude of the ammonia exchanges between soil, plant and

tmosphere after slurry application and how it changes day after
ay.

We  conclude that the emission of the first day application is
riven by climatic conditions and ammonia concentration directly
btained at the soil surface, without surface resistance and with
nly soil emission potential as key parameter. The three next days,
he processes of ammonia emission from soil behave like soil evap-
ration, with the growth of a dry surface layer inducing surface
esistance and regulated with slurry infiltration, suggesting that
he biological and physicochemical processes are minor against

echanical transfer through the dry surface layer. The following
hases need i/a more detailed description of the soil surface pro-
esses and ii/the integration of vegetation exchanges (stomatal and
uticle pathways), particularly in the last period.

Indeed, two weeks after slurry application, our experiment and
imulation with Surfatm–NH3 show that this period of alterna-
ion between emission and deposition fluxes is driven by the plant
xchanges, either by the cuticle or by the stomatal absorption.
uring this last period, it can be observed that the chloride con-
entration on the leaves, due to chemical application of growth
educer, continued to be very high. This specific compound could
xplain the very low cuticular resistance explaining the high leaf
eposition.

In parallel with this investigation, concerning the transfer of the
itrogen between the different pools (soil and plant) after slurry
pplication, the plant compartments excluding senescing leaves
ad no evolution of their emission potential, probably due to nitro-
en accessibility and/or to the young wheat plant growing on a
oil without nitrogen deficiency and being itself without nitrogen
eficiency.

Future works should be focused on:

Coupling between biological and physicochemical nitrogen pro-
cesses in the first soil centimeters and surface drying in order to
evaluate the N availability for emission.
Understanding nitrogen uptake by the growing plant depending
on nitrogen soil content and soil properties.
Physicochemical properties of the cuticle in order to better under-
stand cuticle deposition and co-deposition.
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