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Abstract. Stomatal ammonia compensation points (χs) of
grass species on a mixed fertilized grassland were deter-
mined by measurements of apoplastic [NH+

4 ] and [H+] in the
field. Calculatedχs values were compared with in-canopy
atmospheric NH3 concentration (χa) measurements.

Leaf apoplastic [NH+4 ] increased by a factor of two from
the lowest level in the canopy to the top level. Bulk leaf
[NH+

4 ] and especially [NO−3 ] slightly increased at the bot-
tom of the canopy and these concentrations were very high in
senescent plant litter. Calculatedχs values were below atmo-
sphericχa at all canopy levels measured, indicating that the
grassland was characterized by NH3 deposition before cut-
ting. This was confirmed by theχa profile, showing the low-
estχa close to the ground (15 cm above soil surface) and an
increase inχa with canopy height. Neitherχs nor χa could
be measured close to the soil surface, however, the [NH+

4 ] in
the litter material indicated a high potential for NH3 emis-
sion.

A diurnal course in apoplastic [NH+4 ] was seen in the re-
growing grass growing after cutting, with highest concen-
tration around noon. Both apoplastic and tissue [NH+

4 ] in-
creased in young grass compared to tall grass. Following
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cutting, in-canopy gradients of atmosphericχa showed NH3
emission but since calculatedχs values of the cut grass were
still lower than atmospheric NH3 concentrations, the emis-
sions could not entirely be explained by stomatal NH3 loss.
High tissue [NH+4 ] in the senescent plant material indicated
that this fraction constituted an NH3 source. After fertiliza-
tion, [NH+

4 ] increased both in apoplast and leaf tissue with
the most pronounced increase in the former compared to the
latter. The diurnal pattern in apoplastic [NH+

4 ] was even
more pronounced after fertilization and calculatedχs val-
ues were generally higher, but remained below atmospheric
[NH3].

1 Introduction

Several investigations have revealed the bidirectional charac-
ter of NH3 exchange between vegetation and the atmosphere
with large fluctuations on annual, seasonal and daily time
scales (Sutton et al., 1995, 2007; Bussink et al., 1996; Her-
rmann et al., 2001; Horvath et al., 2005; Walker et al., 2006).
In a non-fertilized managed grassland in The Netherlands,
NH3 emission fluxes were frequent (about 50% of the time)
during a warm and dry summer period, while in a wet and
cool autumn period deposition fluxes dominated (80% of the
time; Kruit et al., 2007).
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16 B. Herrmann et al.: Ammonia exchange potential within a grass canopy

The direction of the NH3 flux between plant leaves and the
atmosphere depends mainly on the stomatal NH3 compensa-
tion point (χs) of leaves, which is the atmospheric NH3 con-
centration where NH3 emission and deposition are balanced
and no net exchange occurs (Farquhar et al., 1980; Husted et
al., 1996). On the canopy level the apparent compensation
point will also be influence by all other surfaces (soil, leave
litter) and will depend on the pH of these surfaces (Burkhardt
et al., 2008; Flechard et al., 1999)

In chamber studiesχs was shown to be influenced by the
N status of the plant (Sharpe and Harper, 1995; Mattsson
et al., 1998; Mattsson and Schjoerring, 2002; Sommer et
al., 2004) and by environmental factors such as temperature
(Mattsson et al., 1997), photosynthetic photon flux density
and air humidity (Mattsson and Schjoerring, 1996; Husted
and Schjoerring, 1996; Husted et al., 2002).

Measurements of vertical NH3 concentration gradients
within a grass/clover canopy (Denmead et al., 1976) and a
quackgrass (Agropyron repensL.) canopy (Lemon and van
Houtte, 1980) showed a sharp increase of the NH3 con-
centration towards the soil surface, resulting in a upward
NH3 flux from the soil to the base of the grass canopy.
Similarly, a more recent study based on the inverse La-
grangian source/sink analysis for an oilseed rape (Brassica
napus) canopy also revealed highest NH3 concentrations at
the ground level, which was suggested to originate from de-
composing litter leaves (Nemitz et al., 2000). This was sup-
ported by a very high ammonium (NH+4 ) concentration mea-
sured in senescent plant material from oilseed rape compared
to the concentration in intact leaves (Husted et al., 2000). It
is not known whether corresponding NH+

4 gradients between
leaves of different age may occur in perennial grass species.

A diurnal pattern of the NH3 exchange has been observed
in Brassica napus(Husted et al., 2000), barley (Schjoerring
et al., 1993) and grassland (Trebs, et al. 2006), with high-
est NH3 emission rates typically occurring during the day-
time and low rates at night. Reported diurnal variations in
apoplastic NH+4 and H+ concentrations are small (Husted et
al., 2000; van Hove et al., 2002). Consequently changes in
NH3 emission were attributed to temperature effects on NH3
solubility and NH+

4 dissociation in the apoplast due to vary-
ing canopy temperature during the diurnal course (Husted
and Schjoerring, 1996). In addition, fluctuations in leaf sur-
face wetness will affect the NH3 exchange (Walker et al.,
2006; Kruit et al., 2007). Diurnal variations of NH3 emission
have also been observed over grassland, but correlation be-
tween the measured atmosphericχa andχs , calculated from
flux density measurements, was low (Harper et al., 1996).

The experiment presented here was carried out in May
and June 2000 in Braunschweig, Germany and was part of
a joint investigation within the EU GRAMINAE project (for
a detailed description of the experiment see Sutton et al.,
2008). The aim was to estimate the NH3 exchange poten-
tial of the vegetation on a vertical gradient within a fertilized
grass canopy and its diurnal variations by means ofχs mea-

surements. The vacuum infiltration technique for apoplast
extraction was directly applied in the field and calculatedχs

was related to in-canopy NH3 concentrations. It is discussed
whether leaf bulk tissue [NH+4 ] could be a useful indicator
of χs , since measuring this parameter would be more con-
venient and less time-consuming than the determination of
χs .

A priori knowledge ofχs or a simple parameterisation of it
is important for modelling NH3 exchange in ecosystem mod-
els using the canopy compensation concept.

2 Materials and methods

2.1 Description and management of the measurement site

The measurement site was located near Braunschweig
(52◦18′ N , 10◦26′ E , 79 m a.s.l.) in Lower Saxony, Ger-
many. The field was 600×300 m in size and consisted of
a mixed sward dominated byLolium perenneL. It has been
an intensively managed grassland for 4 years, typically re-
ceiving 250 kg N ha−1 a−1. Prevailing wind directions were
SW to W and E. A farm with 300 cattle and 3000 pigs was
located in the W of the field. The field was cut on 29 May
and N fertilizer (100 kg N ha−1) was applied as calcium am-
monium nitrate on 5 June.

2.2 NH3 concentration measurements

Instruments for the measurement ofχa were placed in the
centre of the field.χa was measured continuously on-line
by Mini Wet Effluent Denuders (mini-WEDD), as described
by Neftel et al. (1998), connected to a four-channel fluores-
cent analyzer. Before cutting three of the Mini-WEDDs were
placed within the plant canopy and one directly above the
canopy. Air flow rates of 200 ml min−1 and 800 ml min−1

were used for the lowest two mini-WEDDs and for the two
above, respectively. A liquid flow of 0.12 ml min−1 was used
and the detection limit was 0.1µg NH3 m−3.

2.3 Sampling of plant material

During the first period of the experiment, a few days be-
fore the field was cut on 24 and 25 May, plant material was
collected from different layers within the plant canopy and
separated into flowers, stems and leaf sheaths and green and
brown leaf laminae.

The samples for the analysis of the diurnal variation have
been taken on the 26 May, while samples for the in canopy
profiles have been taken on the 29 May in an uncut small
plots. The cut of the whole field took place in the morning of
the 29 May.

The fully developed green leaf laminae were used for
apoplast extraction as described below. After the cut it was
no longer possible to properly divide plant material into dif-
ferent species. Therefore a mixture of cut leaves from all
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the species was collected. The plant material was randomly
collected in the field and immediately brought to an adjacent
field lab. Some of the leaves were used for extraction directly
after sampling and the plant material used for the determi-
nation of tissue NH+4 and NO−

3 was immediately frozen in
liquid nitrogen and stored at−20◦C.

2.4 Apoplast extraction

Apoplast liquid was extracted by means of vacuum infiltra-
tion (Husted and Schjoerring, 1995) modified as follows:
Whole leaf laminas were infiltrated with 280 mM sorbitol so-
lution at a pressure of 16 bar and under vacuum for 5 s. This
procedure was repeated 5 times. After infiltration, solution
on leaf surfaces was removed by use of paper towels, where
upon the leaves were packed into plastic bags and left to
equilibrate for 20 min in daylight in order to reach complete
homeostasis of the apoplastic NH4+ concentration. There-
after the leaves were centrifuged for 10 min at 4◦C and 800 g.
During the night the samples were extracted in the same way
as during the day, but green artificial light was used instead
of white light.

Concentrations of NH+4 in the extracted solution were de-
termined by flow injection analysis (FIA) or HPLC analysis
(Waters Corp., Milford, USA) using o-phthalaldehyde (OPA)
as reagent as described by Genfa and Dasgupta (1989).
pH of the diluted apoplastic solution was measured with a
Micro-Combination pH electrode (type 9810, Orion, Bev-
erly, USA). It is assumed that the dilution with sorbitol is not
changing the pH. In order to assess cytoplasmic contamina-
tion of the apoplasts, malate dehydrogenase (E.C. 1.1.1.38)
activity was determined and compared with the activity mea-
sured in bulk leaf extracts (Husted and Schjoerring, 1995).
Cytoplasmic contamination was below 1.5% for all consid-
ered plant species.

2.5 Stomatal NH3 compensation points

The stomatal NH3 compensation point (χs , mol NH3 mol−1

air or ppbV) χs , was calculated by use of Eq. (1) derived
from Husted and Schjoerring (1996) taking into account that
Kd�[H+]apoplastwithin the range of apoplastic pH values:

χs = KH · Kd · 0 (1)

0 is the dimensionless ratio between the apoplastic NH4
+

and H+ concentrations, andKH andKd are thermodynamic
constants of 10−1.76 l mol−1 and 10−9.25 mol l−1 at 25◦C,
respectively.0 values represent a measure of the NH3 ex-
change potential independent of temperature

The calculatedχs at 25◦C (Tref) was adjusted to the ac-
tual canopy temperatureTa by the following equation derived
from Husted and Schjoerring (1996):

ln

(
χs Ta

χs Tref

)
=

(
1H 0

dis + 1H 0
vap

)
R

·

(
1

Tref
−

1

Ta

)
(2)

Fig. 1. Relative contribution of the fresh weight of flowers, stems
and leaf sheaths, and green and brown leaf laminae to total plant
biomass at different layers within the plant canopy.

χs Ta is the NH3 compensation point at the actual canopy
temperatureTa (◦K), 1H 0

dis the enthalpy of NH+4 dis-
sociation (52.21 kJ mol−1), 1H 0

vap the enthalpy of va-

porization (34.18 kJ mol−1), and R the gas constant
(0.00831 kJ K−1 mol−1).

Stomatal compensation points are normally expressed as
dimensionless mol fraction, whereas atmospheric ammonia
concentrations are expressed in this special issue asµg m−3.
Conversion of the mol fraction into concentrations is given
by

χ
(µg

m3

)
= χ

(
nmol

mol

)
· 0.0409· MW(NH3) ·

Tref

Ta

·
pa

pref
(3)

2.6 Determination of bulk tissue [NH+4 ] and [NO−

3 ]

0.2 g of the frozen plant material was homogenized to pow-
der and was extracted in 2 ml 10 mM formic acid in a cooled
mortar containing a little quartz sand. The extract was cen-
trifuged at 25 000 g and 4◦C for 10 min. The supernatant was
transferred to 500−µl 0.45µm polysulphone centrifugation
filters (Micro VectraSpin; Whatman Ltd., Maidstone, UK)
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18 B. Herrmann et al.: Ammonia exchange potential within a grass canopy

Fig. 2. Apoplastic [NH+

4 ] (A) and pH(B), bulk [NH+

4 ] (C) and

[NO−

3 ] (D) of grass plants at different heights within the intact
canopy on 29 May. For the highest level apoplastic data are means
of the dominant speciesLolium perenneand Phleum pratense
weighted for species abundance (n=8±SE) whereas for the other
levels a mixture of all species was considered (n=4±SE).

and spun at 5000 g and 4◦C for 5 min. [NH+

4 ] and [NO−

3 ] of
the supernatant was analyzed using a flow injection system
(Quik Chem instrument, Lachat Instruments INC, Milwau-
kee, USA).

3 Results

3.1 Vertical structure of NH3 exchange potential

In order to characterise the vertical structure of [NH+

4 ] and
[NO−

3 ] of the plants, plant material was collected from four
different layers on the same day when the field was cut (29
May). The fully developed canopy was 76 cm high at that
stage. Green leaf laminae, which were used for apoplast ex-
traction, were found in all the layers except in the top level
(60–70 cm) (Fig. 1). Brown senescent leaves constituted an
additional fraction in the lowest canopy layer (0–20 cm), but
uncontaminated apoplast liquid could not be obtained from
this fraction. Apoplastic [NH+4 ] was more than double in
the leaves occurring at the upper layer of the plant compared
to the lowest canopy level (Fig. 2a). Due to the relatively
large variability between the replicates, the increase cannot
be well quantified. Leaf apoplastic pH ranged between 6.3

Fig. 3. χa and temperature profiles within the intact grass canopy
and calculated meanχs of grass leaves on 29 May. For the highest
level χs data are means of the dominant speciesLolium perenne
and Phleum pratenseweighted for species abundance (n=8±SE)
whereas for the other levels a mixture of all species was consid-
ered (n=4±SE).χa represent mean concentrations over three days
before cutting (10:00 a.m.–16:00 p.m.).

and 6.6 in all the layers (Fig. 2b). Tissue [NH+

4 ] was much
higher in brown senescing leaves close to the soil surface
compared to green leaves at the same canopy height (Fig. 2c).
[NO−

3 ] of stems and green leaves decreased with canopy
height (Fig. 2d) and was highest in the stems except in the
layer closest to the ground where [NO−

3 ] was higher in the
leaves. Similar to apoplastic [NH+4 ], χs increased by a factor
of two from the bottom to the top layer. Values were below
the measured in-canopyχa (Fig. 3).

3.2 Diurnal course of NH3 exchange potential

Before the cut, the most abundant plant speciesLolium
perenneandPhleum pratensewere selected for determina-
tion of the NH3 exchange potential during a diurnal course.
The course of apoplastic [NH+4 ] as well as0 ([NH+

4 ]/[H+])
in non senescent green leaves as shown forLolium perenne
in Fig. 4a and c did not show any particular pattern whereas
apoplastic pH was higher during the night than during the
day (Fig. 4b). After the field was cut, apoplastic [NH+

4 ]
of grass leaves was generally higher and a distinct diurnal
course could be seen on the first day, with highest apoplastic
[NH+

4 ] before noon and a decrease during the night (Fig. 4a).
However, apoplastic [NH+4 ] remained low on the following
day. parallel to the lower canopy temperature on the second
day compared to the day before. However, the increase in
[NH+

4 ] following the cut was more pronounced in the leaf
tissue and was also observed on the second day (Fig. 5a). In

Biogeosciences, 6, 15–23, 2009 www.biogeosciences.net/6/15/2009/



B. Herrmann et al.: Ammonia exchange potential within a grass canopy 19

Fig. 4. Diurnal course of apoplastic [NH+4 ] (A), apoplastic pH(B)
and0 (apoplastic NH+4 /H+) (C) in grass leaves before and after
cutting and after fertilization. Data are means of 4 replicates±

SE and represent a mixture of all species except before fertilization
when data represent the most dominant speciesLolium perenne.

contrast, [NO−3 ] seemed to decrease during the day and an
increase was observed during the night (Fig. 5b). Like be-
fore the cut, highest apoplastic pH was measured in the night
(Fig. 4b). Due to generally lower apoplastic pH of the cut
grass mix compared to the grass before cutting0 was similar
before and after the cut (Fig. 4c). After fertilization [NH+

4 ]
increased in both the apoplast and the tissue (Figs. 4a and 5a).
The diurnal pattern in apoplastic [NH+4 ] and0 was more pro-
nounced after N application than before. Before fertilization
a relatively good correlation was seen between leaf tissue
and apoplastic [NH+4 ], which was significant (p<0.01) af-
ter cutting but not before cutting (Fig. 6). Because apoplastic
[NH+

4 ] increased while tissue [NH+4 ] was rather unaffected
after fertilization, the correlation between tissue and apoplas-
tic [NH+

4 ] was very low.
Before the field was cut the vertical profile ofχa was

predominantly characterised by decreasingχa towards the
ground as shown for a diurnal course in Fig. 7. Thisχa pro-
file would therefore indicate NH3 deposition from the atmo-
sphere to the plant canopy. Calculatedχs of both Lolium
perenneand Phleum pratense,which corresponded to the
upper twoχa measuring heights, were below the in-canopy
χa . The increase inχa during the night was not reflected
in χs . An inverseχa profile was observed after the canopy
had been cut. At the lowest measuring heightχa reached

Fig. 5. Diurnal course of bulk [NH+4 ] (A) and [NO−

3 ] (B) in grass
leaves before and after cutting and after fertilization. Data are
means of 4 replicates±SE and represent a mixture of all species.

Fig. 6. Correlation between mean bulk leaf [NH+

4 ] and0 (apoplas-

tic NH+

4 /H+) in leaves of a grass mixture during a diurnal course
before and after cutting and after fertilization.
∗∗ Significance atp<0.01.

10µg m−3 in the morning andχa decreased with measuring
height (Fig. 8). χa was lower during the night than during
the day. Accordingly, highest NH3 emission was measured
during the day (Milford et al., 2008). Generally,χs of the
cut grass were much lower thanχa above the plant canopy.
The same direction of the slope of the verticalχa gradient
but higher concentrations during the day was seen after N
application (Fig. 9). A typical diurnal pattern with highest

www.biogeosciences.net/6/15/2009/ Biogeosciences, 6, 15–23, 2009



20 B. Herrmann et al.: Ammonia exchange potential within a grass canopy

Fig. 7. Diurnal course of NH3 flux above the plant canopy(A), in-
canopy [NH3] gradient and calculatedχs for the dominant grass
speciesLolium perenneand Phleum pratense(B) before cutting
(26/27 May). The height of the canopy was 70 cm at this stage.
χs are means of 4 replicates±SE. The dark period is indicated by
the shaded area.

Fig. 8. Diurnalχa gradient above the canopy and calculatedχs for
grass stubbles after cutting and prior to fertilization (4/5 June).χs

are means of 4 replicates±SE. The dark period is indicated by the
shaded area.

concentration around noon was most pronounced after fer-
tilization and was reflected in both calculatedχs and atmo-
sphericχa . Althoughχs of the fertilized grass were about
five times higher than before fertilization the values were still
below atmosphericχa of the lowest measuring height during
the whole diurnal course.

4 Discussion

Application of the vacuum infiltration technique directly in
the field enabled an immediate extraction of apoplast liq-
uid and therefore frequent determination of the NH3 ex-
change potential of the plants during a diurnal course. The
measured apoplastic NH+4 levels before fertilization were
about 0.1 mM (Fig. 4a) matching values reported in pastures

Fig. 9. Diurnalχa gradient above the canopy and calculatedχs for
grass stubbles 7 days after fertilization (12/13 June).χs are means
of 4 replicates±SE. The dark period is indicated by the shaded area.

under similar N conditions by Herrmann et al., 2001 and
(Loubet et al., 2002. Considerably higher apoplastic NH+

4
concentrations, 0.2 to 0.9 mM, were observed in an inten-
sively managed grassland in The Netherlands throughout the
growing season (van Hove et al., 2002). The nitrogen avail-
ability in the soil, particularly that of ammonium, has a pro-
found influence on apoplastic NH+4 concentrations as also
demonstrated by the increase following fertilization (Fig. 4a)
(Mattson et al., 2008).

Determination of apoplastic [NH+4 ] and pH is a labour in-
tensive analysis. Consequently the analysis of the diurnal
structure and the analysis of the vertical profiles were per-
formed on different days. In the following discussion we
assume that the determined values are representative for the
grass canopy for the days before the cut. The vertical pro-
file was measured in a remaining uncut plot on the same day
as the rest of the field was cut. For the comparison with the
atmospheric NH3 in canopy concentration the mean values
of them of the previous three days during daytime (10:00–
16:00) have been taken and are shown in Fig. 3.

Apoplastic [NH+

4 ] and χs increased by a factor of two
from the bottom to the top of the intact plant canopy (Figs. 2a
and 3). Thus, young leaves had a relatively high NH3 emis-
sion potential. At all in-canopy levels considered,χs was
below the measured atmosphericχa , indicating that plants
acted as NH3 sinks. This was confirmed by the measured
NH3 flux which was characterized by NH3 deposition (see
Milford et al., 2008) and is in agreement with measure-
ments carried out over a grass/clover canopy (Herrmann et
al., 2001).

After the cut the apoplastic [NH+4 ] decreased on the sec-
ond day (Fig. 4) in parallel with the canopy temperature. This
points to a temperature dependent physiological control of
the apoplastic [NH+4 ], because lower temperature would be
in favour of higher apoplastic [NH+4 ] assuming constant pro-
duction.

Biogeosciences, 6, 15–23, 2009 www.biogeosciences.net/6/15/2009/
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The NH3 emission measured from the field after the cut
(see Milford et al., 2008) could not be totally explained by
a rise inχs of the cut grass.χs of the senescent plant ma-
terial either attached to the stubbles or lying on the ground,
however, could not be calculated since apoplastic infiltration
of senescent plant material could not be achieved. Yet, very
high tissue [NH+4 ] measured in plant litter, which accounted
for about 20% of the total above ground biomass after the cut,
indicate that this fraction may represent an important NH3
source. This might explain the NH3 emission measured after
cutting, when the litter fraction was not covered by a canopy
and no re-capture by the intact leaves could occur anymore.
Husted et al. (2000) showed that in an oilseed rape field,
the plant litter fraction represented an NH3 source, while in-
tact leaves acted as NH3 sinks. Similarly, in a grass/clover
crop the highest in-canopyχa was found towards the soil
surface (Denmead et al., 1976). In the present investigation
atmospheric NH3 could not be measured below 15 cm and
therefore NH3 concentration directly above the soil surface is
not known. However, using a tissue [NH+

4 ] value for brown
leaves as presented in Fig. 2c and a measured pH of 7 (data
not shown) would result in0 values for the litter of about
5000. Although this0 value cannot be considered as a di-
rect measure of the effective NH3 emission of plant litter it
still indicates a high potential for NH3 emission. Further-
more, NH3 flux measurements carried out in a climate cham-
ber study revealed a NH3 emission of about 170 ng m−2 leaf
areas−1 from cut senescent leaf materialof Lolium perenne
(Mattsson and Schjoerring, 2003). This would result in a
NH3 emission of about 80 ng m−2 s−1 using the amount of
litter biomass per surface area of 20% of total as measured
in the present investigation. While plant litter emission could
explain the measured NH3 emission after the cut it cannot en-
tirely account for the high emission observed after fertiliza-
tion. Directly after N application most of the NH3 emission
most probably originated from fertilizer particles lying on the
ground (Herrmann et al., 2001). Yet, the NH3 emission mea-
sured over the following days and its distinct diurnal pattern
indicate that another NH3 source than fertilizer must be in-
volved. Althoughχs of the grass considerably increased after
fertilization (Fig. 4c) it still remained below measured atmo-
sphericχa and thus plants should represent an NH3 sink.

A discrepancy between micrometeorological or cuvette
studies and the bioassay approach in estimatingχs has been
observed in several investigations. In most of these studies
the bioassay approach yielded smaller estimates ofχs com-
pared to the micrometerological or cuvette measurements
(Mattsson et al., 1997; Hill et al., 2001; Mattsson and Schjo-
erring, 2002). Non stomatal exchange might be a reason for
the observed discrepancies. Bioassay studies are a measure
for the equilibrium NH3 concentration in the stomatal cavity,
whereas micrometeorological and cuvette measurements are
indicating the NH3 concentration in the surrounding atmo-
sphere of the plants

Considering a possible underestimation ofχs in the
present study, NH3 emission from the plants would become
likely, especially after cutting and fertilization around mid-
day, when the ratio betweenχa and estimatedχs was smaller
than during the rest of the day. However, the discrepancy be-
tweenχa and estimatedχs was still considerable for most of
the collected data, indicating that also after fertilization other
NH3 sources might be involved in the NH3 exchange of the
canopy.

The diurnal measurements clearly showed that apoplastic
[NH+

4 ] may change during the course of the day, with high-
est values around midday and decreasing concentrations dur-
ing the night. This pattern was also reflected in0 which is
an indicator for the NH3 exchange potential of a plant but
in contrast toχs , it is independent of any change in canopy
temperature. This is different from observations made in an
oilseed rape field, where no diurnal variation in0 existed and
where canopy temperature was the only factor influencingχs

on a diurnal scale (Husted et al., 2000).
Before fertilization a relatively clear linear relationship ex-

isted between leaf tissue [NH+4 ] and apoplastic NH+4 (Fig. 6),
but this was not the case after fertilization. In addition,
the ratio between tissue [NH+4 ] and apoplastic [NH+4 ] was
much lower after fertilization compared to before fertiliza-
tion. These findings differ from studies in a Scottish grass-
land, where the magnitude of increase in [NH+

4 ] after cutting
was similar for the apoplastic and bulk tissue fraction (Lou-
bet et al., 2002). Also in two grass species grown with dif-
ferent N supply the correlation between apoplast and leaf tis-
sue [NH+

4 ] was fairly good (Mattsson and Schjoerring, 2002)
while in a wild perennial the same correlation was poor (Hill
et al., 2002). The data presented here indicate that [NH+

4 ]
in the tissue and in the apoplast may be regulated indepen-
dently and thus the tissue [NH+4 ] can not always be used as
an indicator ofχs .

5 Conclusions

From the present investigation we conclude that the plants
of a fully developed grassland acted as NH3 sinks and that
NH3 was predominantly deposited to the tall canopy. NH3
emission measured after the cut and after fertilization could
not entirely be accounted for by stomatal loss. Yet, elevated
tissue [NH+

4 ] and high 0 values in especially senescent
plant material indicated that NH3 might be emitted from
plant litter, which could explain the NH3 emission measured
after cutting. Although Mattsson et al. (2008) showed
a high inter-species correlation between0 and bulk leaf
[NH+

4 ], this comparison shows that there are limitations
in this relationship when considering temporal differ-
ences for individual species. Specifically, the relationship
was shown to change after fertilization, indicating that
bulk tissue [NH4+] should only be used as an indicator of
0 when calibration specific to current conditions is available.

Edited by: K. Pilegaard
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Mattsson, M., Ḧausler, R. E., Leegood, R. C., Lea, P. J., and Schjo-
erring, J. K.: Leaf-atmosphere NH3 exchange in barley mutants
with reduced activities of glutamine synthetase, Plant Physiol.,
114, 1307–1312, 1997.

Mattsson, M., Husted, S., and Schjoerring, J. K.: Influence of ni-
trogen nutrition and metabolism on ammonia volatilization in
plants, Nutr. Cycl. Agroecosys., 51, 35–40, 1998.

Mattsson, M. and Schjoerring, J. K.: Dynamic and steady state re-
sponses of inorganic nitrogen pools and NH3 exchange in leaves
of Lolium perenneandBromus erectusto changes in root supply,
Plant Physiol., 128, 742–750, 2002.

Mattsson, M. and Schjoerring, J. K.: Senescence-induced changes
in apoplastic and bulk tissue ammonia concentrations of rye-
grass leaves, New Phytol., 160, 489–499, 2003.

Mattsson, M., Herrmann, B., Jones, S., Neftel, A., Sutton, M. A.,
and Schjoerring, J. K.: Contribution of different grass species
to plant-atmosphere ammonia exchange in intensively managed
grassland, Biogeosciences Discuss., 5, 2583–2605, 2008a,
http://www.biogeosciences-discuss.net/5/2583/2008/.

Mattsson, M., Herrmann, B., David, M., Loubet, B., Riedo, M.,
Theobald, M. R., Sutton, M. A., Bruhn, D., Neftel, A., and Schjo-
erring, J. K.: Temporal variability in bioassays of ammonia ex-
change potential in relation to plant and soil nitrogen parameters
in intensively managed grassland, Biogeosciences Discuss., 5,
2749–2772, 2008b,
http://www.biogeosciences-discuss.net/5/2749/2008/.

Milford, C., Theobald, M. R., Nemitz, E., Hargreaves, K. J., Hor-
vath, L., Raso, J., D̈ammgen, U., Neftel, A., Jones, S. K.,
Hensen, A., Loubet, B., Cellier, P., and Sutton, M. A.: Ammo-
nia fluxes in relation to cutting and fertilization of an intensively
managed grassland derived from an inter-comparison of gradient
measurements, Biogeosciences Discuss., 5, 4699–4744, 2008,
http://www.biogeosciences-discuss.net/5/4699/2008/.

Neftel, A., Blatter, A., Gut, A., Ḧogger, D., Meixner, F., Ammann,
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