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Ammonia Flux between Oilseed Rape Plants and the
Atmosphere in Response to Changes in Leaf Temperature,
Light Intensity, and Air Humidity"

Interactions with Leaf Conductance and Apoplastic NH,* and H* Concentrations

Seren Husted* and Jan Kofod Schjoerring

Plant Nutrition Laboratory, Department of Agricultural Sciences, The Royal Veterinary and Agricultural
University, Thorvaldsensvej 40, DK-1871 Frederiksberg C, Copenhagen, Denmark

NH; exchange between oilseed rape (Brassica napus) plants and
the atmosphere was examined at realistic ambient NH, levels under
controlled environmental conditions. Different leaf conductances
to NH; diffusion were obtained by changing leaf temperature (10 to
40°C), light intensity (0 to 600 pmol m~2 s™"), and air humidity (20
to 80%), respectively. NH, adsorption to the cuticle with subse-
quent NH; transport through the epidermis had no significant effect
on the uptake of atmospheric NH;, even at 80% relative air humid-
ity. NH; fluxes increased linearly with leaf conductance when light
intensities were increased from 0 to 600 umol m™2 s, Increasing
leaf temperatures from 10 to 35°C caused an exponential increase
in NH; emission from plants exposed to low ambient NH; concen-
trations, indicating that leaf conductance was not the only factor
responding to the temperature increase. The exponential relation-
ship between NH; emission and temperature was closely matched
by the temperature dependence of the mole fraction of gaseous NH,
above the leaf apoplast (NH; compensation point), as calculated on
the basis of NH,™ and H* concentrations in the leaf apoplast at the
different leaf temperatures. NH; fumigation experiments showed
that an increase in leaf temperature may cause a plant to switch
from being a strong sink for atmospheric NH, to being a significant
NH; source. In addition to leaf temperature, the size of the NH;
compensation point depended on plant N status and was related to
plant ontogeny.

NHj, is increasingly becoming recognized as an impor-
tant atmospheric pollutant with impacts on atmospheric
chemistry, on acidification of ecosystems, and on the sta-
bility and biodiversity of terrestrial oligotrophic biotopes
(Bobbink et al., 1992; Sutton et al., 1992).

NH; emission from natural land is probably the most
uncertain factor in the compilation of a global NH, budget
(Dentener and Crutzen, 1994). Vegetation can act as both
source and sink for atmospheric NH;. NH, emission occurs
if the mole fraction of NHj in the atmosphere is lower than
the mole fraction of gaseous NH; above the mesophyllic
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cell walls in the substomatal cavity (the NH, compensation
point), whereas in the opposite case, NH; absorption takes
place (Husted and Schjoerring, 1995a, 1995b). Plants grow-
ing in low N input ecosystems such as moorlands and
forests generally seem to have NH; compensation points
close to 0 (Langford and Fehsenfeld, 1992; Sutton et al.,
1992; Kesselmeier et al., 1993), whereas agricultural crop
species have NH; compensation points ranging from 1 to 6
nmol NH; mol™ ! air under field conditions (Dabney and
Bouldin, 1990; Schjoerring et al., 1993; Sutton et al., 1995;
Yamulki et al., 1996) as well as in controlled environments
(Farquhar et al., 1980; Husted and Schjoerring, 1995a,
1995b). Exceptionally high NH,; compensation points, ex-
ceeding 40 nmol NH, mol™? air during senescence, were
reported for Triticum aestivum by Morgan and Parton
(1989). However, their measurements were biased because
of very high NH; background concentrations.

The NH; compensation point changes with plant ontog-
eny and differs between cultivars of barley (Husted et al.,
1996). Plants having access to NH,* in the root medium
seem to have a higher NH; compensation point than plants
absorbing NO,~ (Mattsson and Schjoerring, 1996). Very
little information is available concerning the influence of
various climatic parameters on the NH; compensation
point and plant-atmosphere fluxes.

The objective of this work was to investigate the effect of
leaf temperature, PPFD, and air humidity on the NH,
compensation point and the NH; exchange between oil-
seed rape (Brassica napus L.) plants and the atmosphere.
Experiments were carried out with plants growing under
controlled environmental conditions, including atmo-
spheric NH, concentrations, which were measured contin-
uously by the use of on-line NH; monitors. The measure-
ments of plant-atmosphere NH; exchange fluxes were
combined with a sampling of leaf apoplastic solution, and
used for determination of apoplastic H" and NH," con-
centrations. Calculated and experimentally determined
NH; compensation points were compared and found to be
in good agreement.

Abbreviations: NH,,,,, aqueous ammonia; RH, relative air hu-
midity; xnus NH; compensation point.
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MATERIALS AND METHODS

Seeds of oilseed rape (Brassica napus L. cv Global) were
germinated in the dark for 4 d before planting in 0.0025-m?
self-watering pots (three plants per pot) filled with a
growth medium containing 0.15 (2N), 0.30 (4N), or 0.50
(7N) mol of N and supplemented with additional nutrients
as described by Husted and Schjorring (1995b). Plants were

grown in a greenhouse at 25 * 5°C (70 = 5% RH) under a

16-h photoperiod with PPFD > 400 umol m™2 s~

Effect of Environmental Parameters on NH, Exchange

The effect of leaf temperature and RH on the NH; ex-
change was examined in 0.075-m® cuvettes, which re-
stricted the plant sizes to less than 80 cm in height, i.e.
plants in vegetative growth stages. The plant cuvettes were
made of polycarbonate coated with Margard (General Elec-
tric), ensuring a low water adsorption and an unchanged
spectral composition of the photosynthetically active light
(Husted and Schjoerring, 1995a). The plant cuvette was
mounted in a growth chamber with 400-W HQI lamps
(Power star, Osram, Stuttgart, Germany), which could be
turned on and off individually, allowing stepwise control
of PPFD in the range 0 to 600 wmol m™2 s~ ! without
changing the spectral properties of the light.

The air temperature in the chamber was regulated be-
tween 10 and 40°C. The incoming air was adjusted to the
desired air humidity (20-80% RH) by passing through
brine solutions and was subsequently cleaned with ex-
panded aluminum hydroxide (Purafil, Atlanta, GA) and
acid-coated charcoal (type WS425520; Chemviron Carbon,
Neu Isenberg, Germany), ensuring <0.01 nmol NH, mol ™!
air. The incoming air (0.040 m® min~!) was mixed with
NH, to preset values on flow controllers (model 1100, KDG
Mobrey, Crawley, UK) enabling investigation of the plant
response to NH, enrichment at realistic ambient levels
(0-25 nmol NH, mol ™).

Pneumatic valves (Mikrolab, Aarhus, Denmark) distrib-
uted air from the cuvette inlet and outlet to an NH; con-
tinuous flow denuder (Amanda, model 1263B, ECN, Pet-
ten, The Netherlands; Wyers et al, 1993), which was
connected to a computer for data logging. The detection
limit of the system (denuder plus cuvette) was 0.25 nmol
NH, mol™? air, and values below this level were desig-
nated as NHj-free air. Simultaneously, CO, and water
vapor were measured by IR absorption (Ciras-l,
PP-Systems, Hertshire, UK). When temperature, PPFD,
RH, or NH, concentrations were changed, the system was
allowed to adjust for 45 min before a new reading was
recorded. Leaf temperatures were measured by small ther-
mocouples mounted on the abaxial leaf surface (Testo 925,
Testo, Lenzkirch, Germany). To correct for any possible
effect of NH, exchange with the soil, control experiments
were performed with soil-filled pots. However, the inter-
ference was usually negligible.

Determination of NH; Compensation Points

NH, compensation points were determined at three
growth stages (early vegetative growth, anthesis, and mid-
dle senescence) by exposing five groups of plants to atmo-
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spheric NH; mole fractions of 0, 5, 10, 15, and 25 nmol
mol~!. The NH, fumigation took place in five large cu-
vettes (0.45 m®) placed in growth chambers with an air
temperature of 25 * 1°C, an RH of 65 * 5%, and a PPFD of
550 + 50 pmol m~2 s~' in a photoperiod of 16 h d™*
(Husted and Schjoerring, 1995a). The use of large cuvettes
allowed experiments to be performed for a full growth
cycle with plants up to a height of 180 cm. NH, concentra-
tions in the incoming and outgoing air were, after conver-
sion to NO, measured by chemiluminescence in a modified
NH,; monitor (Thermo Environmental Instruments, Frank-
lin, MA) with a detection limit of 0.9 nmol NH; mol ™" air
(cuvette plus NH, monitor). The measurements were car-
ried out over 5 to 7 d, and two compensation points per d
were determined in the light period according to principles
described in detail by Husted and Schjoerring (1995a). The
relationship between NH, flux and NH, fumigation level
was linear, allowing calculation by linear regression of the
NH,; mole fraction at which the net NH; flux equaled 0. sEs
of the estimated NH; compensation points were calculated
according to statistical procedures described by Husted et
al. (1996).

Determination of Apoplastic NH,™ and
H™* Concentrations

Leaves were sampled at four random positions at ap-
proximately one-half plant height. Leaf segments of 25 X
50 mm were infiltrated with a 350-mosmol isotonic sorbitol
solution (280 mmM) in a 50-mL syringe mounted on a hy-
draulic infiltrator (Knapp Micro Fluid, Neutraubling, Ger-
many). The infiltrator was programmed to expose the leaf
discs to 4 atm of pressure and vacuum for 10 s and to
repeat the procedure eight times, ensuring full infiltration.
The leaf segments were then centrifuged at 2000g for 15
min at 10°C, and the apoplastic extracts (approximately 75
uL) were collected in microtubes. The total sum of NHj .,
and NH," was determined on a gas membrane coupled to
a flow injection system with a detection limit of 1 um (FIA
Star 5020, Tecator, Helsingborg, Sweden). The pH values
were determined directly in the tubes by a microelectrode
(type 60236, Metrohm, Herisau, Switzerland). To correct
for the dilution of NH," and H™ by infiltration the apo-
plastic air and water volumes were determined by infiltra-
tion with high viscosity polydimethylsiloxane (Dow Corn-
ing, Poole, UK) and 50 um indigo carmine, respectively,
according to principles described in detail by Husted and
Schjoerring (1995b).

Bulk tissue NH," was determined by drying plant ma-
terial at 80°C for 12 h, followed by extraction of NH,* with
0.025 M H,S0, for 2 h. NH,* in the extracts was analyzed
by the flow injection system described above. Comparison
of extractable NH," in oven-dried leaves (80°C for 12 h)
with that in lyophilized leaves showed no significant dif-
ference between the methods.

Calculation of NH; Compensation Points Based on
Apoplastic NH,* and H* Concentrations

The NH; compensation point (xns) is equal to the mole
fraction of gaseous NH; above the water film in the meso-
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phyllic cell walls (apoplast) and may be calculated on the
basis of apoplastic NH,* and H™ concentrations using the
following equilibria:

NH4+ <> NHS(aq) + H+ AH°diS=52.21 k] mol‘l;
Ky=107% 1)
NHjq) <> NHsy AHS,,=34.18 k] mol™*;

Ky = 10717, @)

The thermodynamic constants given above are valid
only at 25°C (298.15 K) and at an ionic strength equal to 0
(Atkins, 1990). Since the physiological ionic strength in the
apoplast normally ranges between 14 and 28 mwm (Cos-
grove and Cleland, 1983; Speer and Kaiser, 1991) K4 was
adjusted to an ionic strength of approximately 20 mm by
the extended Debye-Hiickel equation (Atkins, 1990), giving
Kd, - 10—9.32.

The total concentration of NH;(,,, and NH," in the
liquid phase is given by C = [NH,"] + [NH;].,
Using the mass balance equations for equilibria 1 and 2
gives:

K4
[NH;].q = Cior X K+ @ (3)

Xnus= [NH3laq X K. (4)

After these two equations are combined, the NH,; compen-
sation point at 25°C (298.15 K) can be calculated:

Kd X Ctot

X = Ky X Ko7 (i) (5)

The enthalpy (AH) for the above-mentioned reactions
(Egs. 1 and 2) is essentially independent of temperature
below 40°C, and the variation in AH is insignificant at ionic
strengths below 100 mm (Stumm and Morgan, 1981). K,
and K;; may therefore be corrected for temperature effects
using a slightly modified Claussius-Clapeyron equation
(Atkins, 1990):

X2 AH%Iis_FAHCi'ap < 1 1 >
A ek SV (i 6
X1 R n T, ©

where y; is the actual NH; compensation point at temper-
ature T and x, is the requested NH; compensation point at
a new temperature T,. R designates the gas constant = 8.31
J K7' mol™", and AH%;, and AHSY,,, are the enthalpy of

NH,* dissociation and NH, vaporization, respectively.

Calculation of Leaf Conductances for H,O and NH,

Leaf conductances for water vapor were calculated on
the basis of transpiration rates at preset mole fractions of

water vapor in plant cuvettes using the following equation:

d 7
g Xin = Xotm ( )
where ¢ is the conductivity (mol m~2s~?), F is the flux (mol
m ?s7Y), and X;,, — X,um is the gradient in mole fractions
(mol mol ') of water vapor between intercellular air and
the surrounding atmosphere. The intercellular mole frac-
tion of water vapor was calculated at the actual leaf tem-
perature from tabulated values, assuming that the air space
was nearly saturated (99%). Leaf conductances for NH,
were calculated analogously to those of H,O (Eq. 7), using
experimentally determined NHj; fluxes in plants exposed
to an NH;-enriched atmosphere with a preset mole fraction
and with the mole fraction of NH, in the intercellular air
space (NH; compensation point) being calculated on the
basis of apoplastic H and NH,* concentrations.

Prediction of NH; Fluxes on the Basis of NH,
Compensation Points and Leaf Conductance

NH, fluxes were predicted on the basis of transpiration
data and NH; compensation points using the following
equation:

FNH3=gH7_O X 092 X (XNH?. - Xatm)l (8)

where the factor 0.92 corrects for the difference in diffusion
coefficients of NH; and H,O (Farquhar et al.,, 1983). It is
assumed from this equation that the NH, exchange is
independent of interactions with other gases diffusing in
and out of the leaf and that the path length for gas diffusion
from the intercellular air space to the leaf surface is equal
for NH; and H,0.

RESULTS

Effect of Light Intensity and Air Humidity on
NH,; Exchange

NH,; absorption in B. napus plants exposed to 17 nmol
NH; mol ™! air increased with increasing PPFD in the range
0 to 600 umol m~? s~* (Fig. 1). The response to PPFD was
dependent on the RH of the air surrounding the plants. At
20% RH, NH; absorption responded nonlinearly to increas-
ing PPFD, reaching maximum NH; uptake at a PPFD of
approximately 350 pmol m ™2 s~1. No saturation effect was
observed at higher air humidities, causing NH; absorption
to increase linearly (P < 0.001) over the entire range of
PPFD values. At both 60 and 80% RH, the intercept of the
linear regression line for NH; absorption versus PPFD did
not differ from 0 (P > 0.05), showing no absorption of NH,
through the leaf surface or through stomata in darkness.

Leaf conductances for NH; absorption as calculated from
NH,; flux data at different levels of PPFD and RH were
linearly correlated with the leaf conductances for water
vapor calculated on the basis of transpiration (Fig. 2). There
was no significant difference between flux data obtained at
20, 60, and 80% RH, and regression analysis was conse-
quently performed on the full data set (data not shown).
The slope of the linear regression line between gy;1; and
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Figure 1. Effect of PPFD and RH on NH; exchange in vegetative
growth-stage B. napus plants growing at a low level of N supply in
the root medium (2N) and exposed to 17 nmol NH; mol™" air at an
air temperature of 25 + 1°C. The experiments were done in duplicate
over a period of 6 d with relative ses <10%. @, 20% RH; B, 60% RH;
A, 80% RH.

Q120 Was 0.95 = 0.08, which is very close to the theoretical
ratio of 0.92 between diffusion coefficients for gaseous NH;
and water vapor.

Effect of Leaf Temperature on NH; Exchange

Increasing leaf temperatures caused NH, emission to
increase exponentially in relation to transpiration when
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Figure 2. Leaf conductances for water vapor and NH; in vegetative
growth-stage B. napus plants exposed to 15 nmol NH, mol™" air at varying
PPFD and air humidities at 25 = 1°C, Plants were grown at a low level of
N supply (2N) in the root medium. The experiments were done in duplicate
over a period of 6 d with relative sks <10%. @, 20% RH; B, 60% RH; A,
80% RH; area between dotted lines, 95% confidence limits.
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plants were exposed to NH,-free air (Fig. 3). Effects of leaf
temperature therefore deviated from effects of RH and
PPFD, the two latter parameters causing a linear relation-
ship between changes in NH; and H,O transport.

Elevation of the leaf temperature was followed by a
substantial exponential increase in NH; emission from
low-, medium-, and high-N plants when exposed to NH;-
free air (Fig. 4). The most pronounced effect occurred in
high-N plants, in which NH; emission increased from 0.1
nmol NH,; m 2 5! at 15°C to 27 nmol NH; m™2 s7! at
32°C. NH; compensation points calculated on the basis of
apoplastic H* and NH,* were 0.91, 2.70, and 6.31 nmol
NH,; mol~" air, for low-, medium-, and high-N plants,
respectively, at 25°C. These NH, compensation points were
corrected for the temperature effect using Equation 6, and
strong correlation coefficients (+* = 0.87-0.99) were ob-
served between NH; compensation points and NH,
emissions.

NH, emissions predicted on the basis of NH; compen-
sation points and leaf conductance for water vapor, ad-
justed for the difference in diffusivity between NH; and
H,O (Eq. 8), were strongly correlated with experimentally
determined NH; fluxes in plants exposed to NH,-free air
(Fig. 5). However, it was only in medium-N (4N) plants
that the slope between predicted and measured NHj fluxes
was close to the theoretical value of 1; in low- and high-N
plants, the slope was 2.3 and 0.23, respectively, showing
that NH; emission was overestimated in low-N plants and
underestimated in high-N plants.

NH, absorption in high-N plants exposed to 15 nmol
NH, mol ™" air just before anthesis decreased rapidly with
increasing leaf temperature (Fig. 6). At 31 + 1°C, the plants
started to emit NH,, thus indicating an NH; compensation
point of 15 nmol NH; mol ™" air at this temperature. The
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Figure 3. NH; emission from vegetative growth-stage B. napus
plants exposed to NH,-free air at different transpiration rates ob-
tained by varying the PPFD or the leaf temperature. Plants were
grown at a high level of N supply (7N) in the root medium. The
experiments were done in duplicate over a period of 6 d with relative
ses <15%. O, Light intensity; @, leaf temperature.
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Figure 4. Effect of leaf temperature on NH; emission (@) and NH, compensation points (O) in vegetative growth-stage B.
napus plants exposed to NH;-free air growing at low- (2N), medium- (4N), and high- (7N) N supply. PPFD was 250 umol
m~2s~" and RH was 20% at 25°C. Apoplastic NH,* and pH values were measured at 25°C and used in combination with
a modified Claussius-Clapeyron equation (see “Materials and Methods”) for estimating NH; compensation points at the
different leaf temperatures. The experiments were done in duplicate over 2 consecutive d with relative ses <15%.

corresponding NH; compensation point at 25°C was 7.7 *
0.8 nmol NH, mol~" air, after correcting for temperature
effects (Eq. 6). The apoplastic NH,* concentration and pH
were 0.88 + 0.05 mm and 5.90 *= 0.10, respectively. The
NH; compensation point estimated on the basis of these
values was 5.80 = 1.24 nmol NH, mol ! air at 25°C.

Effects of Plant N Status and Age on NH; Exchange

Apoplastic NH,* concentrations increased at all growth
stages with plant N status, and apoplastic pH was fairly
constant at 5.70 * 0.1 (Table I). Increasing plant N status
also resulted in an increase in bulk leaf tissue NH," con-
centrations (Table I). Bulk tissue NH," concentrations in-
creased much more with plant age than did apoplastic
NH,™ concentrations, causing their ratio to increase from

0.25 0.5

about 2 in vegetative growth-stage plants to about 15 dur-
ing flowering and senescence.

NH; compensation points estimated on the basis of apo-
plastic pH and NH,* concentrations at the different
growth stages increased markedly with plant age and plant
N status (Table I). In the vegetative growth stage, there was
a close agreement between predicted and experimentally
determined NH; compensation points at all N levels. In
later growth stages, predicted and measured NH, compen-
sation points deviated in low-N plants, whereas a good
agreement still was obtained in medium-N plants (Table I).

DISCUSSION

NH, exchange between B. napus plants and the atmo-
sphere was highly dependent on the intensity of PAR in the
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Figure 5. Predicted versus experimentally determined NH; emissions from low-, medium-, and high-N B. napus plants
exposed to NH;-free air in the vegetative growth stage. NH; emissions were predicted on the basis of apoplastic NH,* and
H™ concentrations, and leaf conductances were calculated from transpiration data. The PPFD was 250 umol m™2 s, and
RH was 20% at 25°C. The experiments were done in duplicate over 2 consecutive d with relative ses <15%.
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Figure 6. Effect of increasing leaf temperatures on the NH; exchange in
B. napus plants exposed to 15 nmol NH, mol ™" air. Plants were growing
with a high N level (7N) and measured in the vegetative growth stage.
The PPFD was 550 umol m~2 57" and the RH was 20% at 25 C. The
experiments were done in duplicate over 2 consecutive d.

range 0 to 600 pmol m 2 s ', and there was no difference
in the light response at 60 and 80% RH (25°C). This, to-
gether with the fact that no NH; absorption occurred in
darkness (Fig. 1), indicates that a possible NH, adsorption
to the leaf surface was not followed by a detectable NH,
transport across the leaf cuticle into the leaf interior (Figs.
1 and 2). Several measurements have shown a large NH,
adsorption to wet leaf surfaces because of the high solubil-
ity of NH; in water (Erisman and Wyers, 1993; Burkhardt
and Eiden, 1994; Yamulki et al., 1996). Under field condi-
tions, dew formation may result in a marked atmospheric
NHj; deposition to vegetation, but this phenomenon is only
temporal because most of the adsorbed NH; will be emit-
ted when the dew evaporates. Thus, it seems unlikely that
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a significant amount of NH; adsorbed on the leaf surface
will be assimilated and contribute to the N balance of plant
canopies.

NH; absorption at low RH (20%) reached a maximum at
a light intensity of approximately 350 pmol m 2 s,
whereas at higher air humidities NH; uptake did not sat-
urate below 600 umol m~2 s~' (Fig. 1). This reflects that
stomata in a dry atmosphere reached full aperture at low
PPFD as compared with a humid atmosphere, in which full
stomatal aperture in B. napus normally would be obtained
at 800 to 1200 pumol m~? s~ . Thus, under humid condi-
tions the NH; exchange would be favored by high light
intensities, whereas relatively large NH, exchange rates
may be found under dry atmospheric conditions, even
when light intensities are low (Fig. 1).

Under conditions with varied light intensity and air
humidity leaf conductances for NH; and H,O changed
proportionally (Fig. 2), whereas at increasing tempera-
tures NH, emission increased exponentially relative to
water vapor transport (Fig. 3). Thus, increasing leaf con-
ductivity at elevated temperatures could not solely be
responsible for the increase in NH; emission. The influ-
ence that temperature has on plant-atmosphere NH; ex-
change has previously been recognized in other cases
(Farquhar et al., 1983). Also, measurements over a
mixed-pine, spruce-fir, and aspen forest show that atmo-
spheric NH; concentrations were temperature-depen-
dent when the air had passed the forest, although inde-
pendent of temperature when the air was sampled before
the forest (Langford and Fehsenfeld, 1992). Stutte and da
Silva (1981) postulated that the process of volatile N loss
from rice plants was a defense mechanism against am-
monium toxicity under stress temperatures. However,
when simple thermodynamic equations are used in com-
bination with NH; compensation points derived from
measurements of apoplastic NH," and H" concentra-
tions, increasing NH,; emission with increasing temper-
ature could be explained in the present study entirely in

Table I. Apoplastic H*, NH,*, bulk tissue NH,* concentrations, and x5 in leaves of B. napus
pop NH3

For all chemical analyses, n = 3-4 and experimentally determined compensation points were analyzed with n = 5-7.

Stage Apﬁﬂlji“c BulrL(}::":isue Apoplastic pH Calce:J'(Iz;tSecié(,\,H3 Me:;stu;daé,\lH3
mm mm nmol mol™! nmol mol™!

Vegetative

2N 0.29 £ 0.03 0.89 £ 0.01 5.28 £ 0.20 0.46 £ 0.17 0.44 = 0.30

4N 0.64 = 0.05 1.65 = 0.07 555 *+0.12 1.88 = 0.47 1.72 £ 0.87

7N 2.03 £0.30 3.45 * 0.04 552 £0.10 558 £ 1.45 4.10 = 0.20
Anthesis

2N 0.47 £ 0.04 7.54 = 0.64 5.84 = 0.06 2.70 * 0.43 5.30 + 0.80

4N 0.50 £ 0.05 7.84 = 1.49 5.87 £ 0.01 3.07 £ 0.31 3.32 £ 090

7N 1.05 = 0.16 1221 £ 1.16 568 £0.12 417 £1.17 ND?
Senescense

2N 0.71 = 0.11 5.80 £ 0.84 5.73 £ 0.09 3.16 £ 0.76 <0.90

4N 0.76 = 0.04 10.02 £ 0.47 5.68 £ 0.07 3.02 £ 048 2.60 + 0.50

7N 1.36 £ 0.10 1198 £ 1.13 6.10 = 0.14 14.20 = 4.12 ND

2 Not determined.
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terms of effects on the equilibrium between gas phase
and soluble NH; and NH, ™ in the apoplast (Fig. 4).

The marked effect of leaf temperature on plant-
atmosphere NH, exchange is also shown by the fact that
increasing leaf temperatures caused high-N plants ex-
posed to 15 nmol mol™' to switch from being an NH,
sink to becoming an NH; source at 31°C (Fig. 6). This
clearly demonstrates the existence of an NH; compensa-
tion point, which for the investigated plants corre-
sponded to 7.7 = 0.8 nmol mol ™! at 25°C. Calculation of
the NH, compensation point on the basis of the apoplas-
tic concentration of NH,™ and pH in the same plants
gave a value of 5.8 * 1.2 nmol mol™", i.e. not signifi-
cantly different from the measured NH; compensation
point. However, determination of NH; compensation
points by exposing plants to a well-defined atmospheric
NH; concentration at increasing temperatures may be
erroneous if concentrations of aqueous NH; and NH, "
in the apoplast are not constant in the applied range of
temperatures. NH; emissions in the present experiment
were stable over a period of 3 h at a leaf temperature of
35°C (data not shown).

The high sensitivity of plant-atmosphere NH; exchange
to leaf temperature makes information about the tempera-
ture very important when data on NH; compensation
points are reported. Even small errors in determination of
the leaf temperature may result in significant errors. As an
example, the NH, compensation point in high-N B. napus,
which was 7.7 nmol NH; mol™ " air at 25°C, an absolute
temperature deviation of only =1.0°C would result in an
error of 21%. Thus, determination of NH; compensation
points under field conditions may be problematic because
of large diurnal temperature variations (Sutton et al., 1995;
Husted et al., 1996).

Several investigations have shown a disagreement be-
tween the theoretical and experimentally determined ratio
of stomatal conductance to NH; and H,O transport, and
the reason for this remains to be resolved (van Hove, 1989;
Husted and Schjoerring, 1995a; Husted et al., 1996). The
new information obtained from the present study is that
the ratio between leaf conductances for NH; and H,O
depends on the N status of the plants, with a relatively
higher H,O conductance in low-N plants, a similar conduc-
tance in medium-N plants, and a much higher relative NH,
conductance in high-N plants (Fig. 5). The varying ratio
between H,0O and NH; conductances may be due to dif-
ferences in the diffusion path length of the two gases, with
NH, absorption or emission occurring in different depths
of the stomatal cavity, depending on the N status of the
plant.

Apoplastic pH values were independent of the plant N
status and plant ontogeny. The mean pH was 5.70 + 0.10,
which is consistent with the apoplastic pH values varying
between 5.0 and 6.5 in most plant species (Grignon and
Sentenac, 1991). Several experiments have shown that apo-
plastic pH is dependent on the N form and N concentration
supplied to the roots. Nitrate nutrition leads to higher
apoplastic pH compared with NH, ¥, and in contrast to the
present study, several experiments have shown increasing

pH values with increasing NO; ™ concentration in the root
medium (Hoffmann et al., 1992; Kosegarten and Englisch,
1994; Dannel et al., 1995).

Apoplastic NH, ™ concentrations in B. napus ranged from
0.3 to 2.0 mM and were dependent on the N concentration
in the growth medium and on the growth stage. Except for
a previous study by Husted and Schjoerring (1995b), only
one experiment has been reported in which apoplastic
NH," was measured in leaves. Miithling and Sattelmacher
(1995) measured apoplastic NH,™ in intact leaves of Vicia
faba and found no detectable amounts of NH," in the leaf
apoplast, presumably because of a very efficient NH,™"
assimilation in this species.

In vegetative growth stages a good agreement was ob-
served between measured and predicted NH; compensa-
tion points, whereas during anthesis and senescence, sev-
eral cases of discrepancy were observed (Table I). NH;
compensation points were determined as mean values for
the whole plant, and obviously the spatial variation among
leaves increased considerably during plant ontogeny, mak-
ing it difficult to sample representative leaves when many
had started senescence. In a previous study we demon-
strated that the natural variation in apoplastic NH, " con-
centration between leaves and the resulting NH; compen-
sation point may be considerable even during vegetative
growth (Husted and Schjoerring, 1995b).

Received March 6, 1996; accepted May 24, 1996.
Copyright Clearance Center: 0032-0889/96/112/0067 /08.

LITERATURE CITED

Atkins PW (1990) Physical Chemistry, Ed 4. Oxford University
Press, Oxford, UK, pp 249-252

Bobbink R, Heil GW, Raessen MBAG (1992) Atmospheric depo-
sition and canopy exchange processes in heathland ecosystems.
Environ Pollut 75: 29-37

Burkhardt J, Eiden R (1994) Thin water films on coniferous nee-
dles. Atmos Environ 28: 2001-2017

Cosgrove DJ, Cleland RE (1983) Solutes in the free space of
growing tissues. Plant Physiol 72: 326-331

Dabney SM, Bouldin DR (1990) Apparent deposition velocity and
compensation point of ammonia inferred from gradient mea-
surements above and through alfalfa. Atmos Environ 24A: 2655~
2666

Dannel F, Pfeffer H, Marschner H (1995) Isolation of apoplas-
mic fluid from sunflower leaves and its use for studies on
influence of nitrogen supply on apoplasmic pH. J Plant
Physiol 146: 273-278

Dentener FJ, Crutzen PJ (1994) A three dimensional model of the
global ammonia cycle. ] Atmos Chem 19: 331-369

Erisman JW, Wyers GP (1993) Continuous measurements of sur-
face exchange of SO, and NHj: implications for their possible
interaction in the deposition process. Atmos Environ 27A: 1937-
1949

Farquhar GD, Firth PM, Wetselaar R, Weir B (1980) On the
gaseous exchange of ammonia between leaves and the environ-
ment. Determination of the ammonia compensation point. Plant
Physiol 66: 710-714

Farquhar GD, Wetselaar R, Weir B (1983) Gaseous nitrogen losses
from plants. In JR Freney, JR Simpson, eds, Gaseous Loss of
Nitrogen from Plant-Soil Systems. Developments in Plant and
Soil Sciences, Vol 9. Matinus Nijhoff/Dr W Junk, The Hague, pp
159-180

Grignon C, Sentenac H (1991) pH and ionic conditions in the
apoplast. Annu Rev Plant Physiol Mol Biol 42: 103-128



74 Husted and Schjoerring

Hoffmann B, Planker R, Mengel K (1992) Measurements of pH in
the apoplast of sunflower leaves by means of fluorescence.
Physiol Plant 84: 146-153

Husted S, Mattsson M, Schjoerring JK (1996) Determination of
NH, compensation points in two cultivars of Hordeum vulgare L.:
influence of plant developmental stage. Plant Cell Environ (in
press)

Husted S, Schjoerring JK (1995a) A computer controlled system
for studying ammonia exchange, photosynthesis and transpira-
tion of plant canopies growing under controlled environmental
conditions. Plant Cell Environ 18: 1070-1077

Husted S, Schjoerring JK (1995b) Apoplastic pH and ammonium
concentration in leaves of Brassica napus L. Plant Physiol 109:
1453-1460

Kesselmeier J, Merk L, Bliefernicht M, Helas G (1993) Trace gas
exchange between terrestrial plants and the atmosphere: carbon
dioxide, carbonyl sulfide and ammonia under the rule of compen-
sation points. In J Slanina, G Angeletti, S Beilke, eds, General
Assessment of Biogenic Emissions and Deposition of Nitrogen
Compounds, Sulfur Compounds and Oxidants in Europe, CEC Air
Pollution Research Report 47. E. Guyot SA, Brussels, pp 71-80

Kosegarten H, Englisch G (1994) Effect of various nitrogen forms
on the pH in leaf apoplast and on iron chlorosis of Glycine max
L. Z Pflanzenernahr Bodenkd 157: 401405

Langford AO, Fehsenfeld FC (1992) Natural vegetation as a
source or sink for atmospheric ammonia: a case study. Science
255: 581-583

Mattsson M, Schjoerring JK (1996) Ammonia emission from
young barley plants: influence of N source, light/dark cycles
and inhibition of glutamine synthetase. ] Exp Bot 297: 477484

Morgan JA, Parton W] (1989) Characteristics of ammonia volatil-
ization from spring wheat. Crop Sci 29: 726-731

Plant Physiol. Vol. 112, 1996

Mithling KH, Sattelmacher B (1995) Apoplastic ion concentration
of intact leaves of field bean (Vicia faba) as influenced by ammo-
nium and nitrate nutrition. J Plant Physiol 147: 81-86

Schjoerring JK, Kyllingsbaek A, Mortensen JV, Byskov-
Nielsen S (1993) Field investigations of ammonia exchange
between barley plants and the atmosphere. I. Concentration
profiles and flux densities of ammonia. Plant Cell Environ 16:
161-167

Speer M, Kaiser WM (1991) Jon relations of symplastic and apo-
plastic space in leaves from Spinacia oleracea L. and Pisum sativum
L. under salinity. Plant Physiol 97: 990-997

Stumm W, Morgan JJ (1981) Aquatic Chemistry, Ed 2. Wiley
Interscience, New York, pp 68-78

Stutte CA, da Silva PRF (1981) Nitrogen volatilization from rice
leaves. L. Effects of genotype and air temperature. Crop Sci 21:
596600

Sutton MA, Moncrieff JB, Fowler D (1992) Deposition of atmo-
spheric ammonia to moorlands. Environ Pollut 75: 15-24

Sutton MA, Schjoerring JK, Wyers GP (1995) Plant-atmosphere
exchange of ammonia. Philos Trans R Soc Lond-A Math Phys Sci
351: 261-278

van Hove LWA (1989) The mechanism of NH; and SO, uptake
by leaves and its physiological effects. PhD thesis. Wagenin-
gen Agricultural University, Wageningen, The Netherlands,
pp 97-131

Wyers GP, Otjes RP, Slanina J (1993) A continuous-flow de-
nuder for the measurement of ambient concentrations and
surface-exchange fluxes of ammonia. Atmos Environ 27A:
2085-2090

Yamulki S, Harrison RM, Goulding KWT (1996) Ammonia sur-
face-exchange above an agricultural field in southeast England.
Atmos Environ 30: 109-118



