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5. Interactive effects of gaseous ammonia and elevated ca r-
bon dioxide5

                                        
5 Published as Pérez-Soba M, Van der Eerden LJM, Stulen I, Kuiper PJC. 1994.  Gase-

ous ammonia counteracts the response of Scots pine needles to elevated atmospheric car-
bon dioxide. New Phytologist 128: 307-313.

5.1. Abstract

Four-year-old saplings of Scots pine
(Pinus sylvestris  L.) were exposed
for eight weeks in controlled-
environment chambers to charcoal-
filtered air (FA), FA supplemented
with 650 µl l-1 CO2, FA supple-
mented with 100 µg m-3 NH3 and FA
+ CO2 + NH3. Elevated CO 2 induced
a significant increase in the conce n-
trations of NH 4

+ and NO3
- in the soil

solution, while expo sure to NH 3

enhanced the soil NH 4
+ con-

centration. Elevated CO 2 signifi-
cantly increased needle biomass and
area, and decreased specific leaf area
(SLA) and N concen tration in the
needles. The activity of peroxidase
(POD) was decreased, while the
activities of glutamine synthetase
(GS) and glutamate dehydrogenase
(GDH) were only slightly affected.
Gaseous NH 3 enhanced the concen-
tration of N, soluble proteins and the
GS activity in the needles, while it
decreased the POD and GDH activ i-
ties. The effects of elevated CO 2 +
NH3 on needle biomass production,
N metabolism and POD activity
were smaller than the effects of si n-
gle exposures to elevated CO 2 or
NH3, suggesting that elevated CO 2

and NH3 counteract each other and

disturb needle physiol ogy. The po s-
sible mechanisms under lying the
negative interactions of elevated CO 2

and NH3 are discussed. The expected
stimulation of biomass produc tion
by elevated CO 2 may be reduced in
the presence of atmospheric NH 3.

5.2. Introduction

Environmental scenarios predict that
during the next century forest ec o-
systems will be exposed to an a t-
mosphere with a rising concentration
of CO2, up to twice the present co n-
centration at the end of the XXI
century (Anonymous, 1993). In
addition, efflux of CO 2 from the
forest soil may increase the CO 2

concentration in understorey veget a-
tion and in young forests (Bazzaz &
Williams, 1991). Response of forests
to rising atmos pheric CO 2 has re-
cently been reviewed by Jarvis
(1989) and it is thought to depend at
least in part on carbon-nitrogen i n-
teractions (Norby et al., 1986a). In
the Netherlands and other North
European countries high levels of
gaseous NH 3 deposition are found in
forests (Fowler et al., 1989). Ho w-
ever, the response of forest ecosy s-
tems to a combination of increased
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supply of atmospheric C and N has
been scarcely stu died.

Conifers are C 3 plants and
elevated CO 2 therefore will probably
enhance their C content and stimu-
late growth (Dahlman, 1993), at the
same time increasing the demand for
N. Nitrogen limitation, which r e-
stricts the stimulation of dry matter
production by elevated CO 2

(Goudriaan & De Ruiter, 1983), may
be alleviated by the simultaneous
uptake and a ssimilation of at-
mospheric NH 3. Gaseous NH 3 is
absorbed by leaves (Van Hove et al.,
1992) and metabolized (Grundmann
et al., 1993), contribut ing up to 79%
of the total N content of the plant in
Lolium perenne  at concentrations of
NH3 ranging from 709-1266 µg m-3

NH3 (Whitehead & Lockyer, 1987;
Wollenweber & Raven, 1993).
Gaseous NH 3 stimulates needle bi o-
mass production and net CO 2 assimi-
lation rate (Van Hove et al., 1992;
Van der Eerden & Pérez-Soba,
1992). It also enhances N metab o-
lism, increasing the activity of gl u-

tamine synthetase (GS, EC 6.3.1.2),
and the concentrations of soluble
proteins, free amino acids and leaf
pigments in needles (Pérez-Soba et
al., 1994a). Hence, the combination
of elevated CO 2 + NH3 presumably
mayhave additive effects on growth
and N metabolism. On the other
hand, the effects of NH 3 may be
reduced by an elevated CO 2-induced
decrease in stomatal conductance
(Williams et al., 1986; Evans et al.,
1993). Nitrogen metab olism may  be
also affected by elevated CO 2 be-
cause it reduces the rate of photo-
respiration (Bazzaz, 1990) and thus
the rate of NH 3 release in photoresp i-
ration.

Based on the above observ a-
tions, we hypothesized that locally
increased levels of atmospheric NH 3

could enhance the growth response
to a rising global atmospheric CO 2

concentration. To test this hypoth e-
sis, Scots pine saplings were exposed
to NH3 and/or elevated levels of CO 2

for a period of 8 weeks, after which
the single and combined effects of
these components on growth and N
metabolism were measured. The
activities of peroxidase (POD, EC
1.11.1.7) and glutamate dehydrog e-
nase (GDH, EC 1.4.1.2) were a s-
sessed, since changes in their activ i-
ties are considered an early indic a-
tion for air pollution stress (Jäger,
1982). In addition, some soil p a-
rameters were analysed in order to
estimate possible changes induced by
elevated CO 2 on soil composition,
previously reported by Norby et al.
(1987). Experiments on response of
P. sylvestris  to a combined exposure

Table 5.1. Concentrations of CO2 (µl l-1)
and NH3 (µg m-3) measured in the con-
trolled-environment chambers for the dif-
ferent exposure treatments. Mean ± SE.

Treatment Concentration

CO2 NH3

Filtered air 350 ± 25 1.3 ± 0.2

Elevated CO2 650 ± 25 1.5 ± 0.3

NH3 350 ± 25 100 ± 15

Elevated CO2+NH3 650 ± 25 100 ± 15
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of elevated CO 2 and NH3, may help
to predict how conifer forests will
react to elevated concentra tions of
atmospheric CO 2, in the presence of
increased concentrations of atmo s-
pheric NH 3.

5.3. Materials and methods

Plant material and soil type
Three-year-old saplings of Scots
pine (Pinus sylvestris  L.) of a single
provenance NL-ZS Voorsterbos-02
were potted in October 1990 in 10 l
pots (ca. 10 kg soil), containing
nutrient-poor acidic sandy soil with
a pH(CaCl 2) of 3.8. In April 1991,
three months before the start of the
experiment, every pot received an
extra layer of soil ( ca.. 1 l) with
pH(CaCl 2) 5.4, to compensate for the
soil-volume decrease in the pr e-
treatment period. In addition, a slow-
release fertilizer (15 g of 16:8:12:2
N-P-K-Mg) was added to the soil
surface to avoid nutrient deficiencies
during the experiment. Trees were
irrigated twice a week with tap water
on the soil surface, from the begi n-
ning of May. Prior to fumigation,
the trees were sorted into 4 groups of
5 replicates with a similar average
apical shoot length (25.2-27.5 cm).
Soil core samples (Ø 5 cm) from
four, randomly chosen pots were
taken in order to analyse the initial
chemical composition of the soil
solution.

CO2 and NH3 fumigations
The saplings were placed into co n-
trolled-environment chambers on

June 19. Temperature was 20 oC
during the day (6:00-19:00 h) and
15oC at night (± 0.5 oC). Relative
humidity of the air was 75% during
the day and 90% at night (± 3%).
Photon flux density at the upper
branch was 450 (±8) µmol m -2 s-1

(PAR), supplied by HPL-N
(mercury) and SON-T (sodium)
lamps. Average wind velocity was
0.8 m s -1. The trees were exposed to
the following atmospheric cond i-
tions: (1) charcoal-filtered air (FA);
(2) FA supplemented with extra CO 2

to provide 650 µl l-1; (3) FA sup-
plemented with 100 µg m-3 NH3; (4)
the combination of (2) and (3). Rea l-
ized atmospheric concentrations are
given in table 5.1. Fumigations
lasted 8 weeks. A description of the
chambers, the fumigations and the
measurement of NH 3 in the fumig a-
tion chambers is given by Dueck et
al. (1992a) and Van der Eerden &
Pérez-Soba (1992). The concentr a-
tion of CO 2 in the chambers was
monitored with a computer-
controlled infrared gas analyzer
(Kipp 3300), calibrated against a
standard (750 µl l-1). Saplings were
irrigated 3 times per week with tap
water to field capa city.

Determination of needle parameters
Harvests were done under conditions
of a soil at field capacity. At the end
of the experiment, current-year and
one-year-old needles were separately
harvested, after which the fresh
weight and projected area (measured
with a Delta-T leaf area meter) were
measured. A mean ratio of 1:2.25
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(Dueck, pers. commun.) was used to
convert projected to actual needle
area. The specific leaf area (SLA )
was calculated by dividing the actual
area by the biomass of the needles.
After oven-drying the needles at
75oC for 24 h, they were weighed
and finely ground for N analysis.
Nitrogen concentration was mea s-
ured as NO 2 following combustion
in oxygen and helium at 1000 oC, by
gas chromatography with a Carlo
Erba Elemental An alyzer.

Peroxidase  activity was d e-
termined immediately after harves t.
Needles were quickly frozen in li q-
uid nitrogen and kept at -80 o C until
extraction. To prepare the extract,
needles were ground in liquid nitr o-
gen to a very fine powder, from
which 0.1 g was weighed into a
reaction tube previously cooled in
liquid nitrogen, and 5 ml of a 0.1 M
K-phosphate buffer, pH 7.0, was
added. Samples were mixed with the
aid of a Vortex tube mixer, 3 times
for 1 s at maximum speed. Samples
were then filtered through a layer of
Miracloth and kept in ice. Then 1.0
ml of needle extract, 1.3 ml of 0.1 M
K-phosphate buffer pH 7 and 0.5 ml
of 150 mM guaiacol were added into
a 3 ml cuvette. After mixing 3 times
with a Vortex, 0.2 ml of 0.6 % H 2O2

was added, mixed again with a Vo r-
tex, and light absorbance was read at
470 nm with a Uvicon spectroph o-
tometer during 10 min.

One-year-old needles ( ca. 10
pairs per tree) were harvested from
trees per chamber, before and at the
end of the fumigation and soluble
protein concentration and GS and

GDH activities were determined
(Pérez-Soba et al., 1994a).

Determination of soil parameters
The concentration of total N in the
soil was measured as NO 2 following
combustion in oxygen and helium at
1000oC, by gas chromatography
with a Carlo Erba Elemental An a-
lyzer. The concentration of NH 4

+

was measured electrochemically with
a Graphic Controls ammonia ele c-
trode, PHI 43700, described by La u-
rens et al. (1989). The concentration
of NO3

- was analyzed in a copper-
cadmium reductor cell, after redu c-
tion to nitrite at pH 7.5, according to
Bran & Lübbe Traacs 800 method,
US 824-87T (Maarssen, The Nethe r-
lands). The concentration of K was
determined by flame spectroph o-
tometry, and the concentration of
Mg using a Technicon Auto An a-
lyzer.

 Statistics
All parameters were evaluated by
analysis of variance, followed by an
LSD-test for tes ting pairwise diffe r-
ences. Analysis were carried out with
a Genstat 5 computer program
(Version 2.2).

5.4. Results

Needles
Eight weeks of exposure to elevated
CO2 concentration increased the
biomass of one-year-old and current-
year needles relative to the FA by 53
and 88%, respec tively (Fig. 5.1a).
The dry weight  percentage of the
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needles was also increased by 8 and
19%, respectively (Fig. 5.1b). A m-
monia did not significantly affect
needle biomass and dry weight pe r-
centage. Elevated CO 2 + NH3

strongly reduced the stimulating
effects of elevated CO 2 on these
parameters in both one-year and
current-year needles; from an extra
53 and 88% (see above) to an extra 9
and 38%, respe ctively.

Elevated CO 2 increased needle
biomass relative to actual needle area
in current-year needles, resulting in a
significant reduction (22%) of SLA
(Fig. 5.1c). Elevated CO 2 did not
change significantly SLA in one-
year-old needles. Exposure to NH 3

significantly increased SLA by 32%
in one-year-old needles and had
hardly any effect (6%) in current-
year needles. Elevated CO 2 + NH3

Figure 5.1.  Changes in (a) needle biomass, (b) DW percentage, (c) SLA, and (d) N concentration in
needles of Pinus sylvestris exposed for 8 weeks to elevated CO2 (open bars), NH3 (shaded bars) and
elevated CO2 + NH3 (closed bars). Values are relative to the filtered air (FA) exposure. n = 5. Significant
changes between fumigation treatments and FA are indicated by * (P<0.05) and ** (P<0.01). Mean val-
ues (± SD) in FA, for one-year-old and current-year needles: needle biomass (g DW), 30.9 ± 6.1 and 40.2
± 9.4; DW (% FW), 40.8 ± 1.8 and 33.8 ± 1.2; SLA (cm2 g-1 DW), 3.1 ± 0.65 and 4.0 ± 1.2 ; N concentra-
tion (mg g-1 DW) 16.0 ± 4.0 and 13.1 ± 3.2.
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lessened the negative effects of el e-
vated CO 2 on SLA in current-year
needles, from 22 to 4%.

The N concentration in cu r-
rent-year needles was decreased by
23% in the presence of elevated CO 2,
while it was increased by 23% in the
presence of NH 3 (Fig. 5.1d). The
decrease in N concentration after
exposure to elevated CO 2 was more
than compensated for by a higher
needle biomass (Fig. 5.1a), resulting
in an increased N content.

The activity of POD in cu r-
rent-year needles was significantly
lower (P<0.05) in the exposures to
elevated CO 2 or to NH 3 than in the
FA (Fig. 5.2).  Surprisingly, a si g-
nificant interac tion (P<0.01) be-
tween elevated CO 2 and NH3 was
observed with respect to POD acti v-
ity, which was decreased much less
in the combined elevated CO 2 + NH3

treatment than in trees exposed to
elevated CO 2 and NH3 separately.
The activity of POD in trees exposed
to elevated CO 2 + NH3 was close to
that of the FA trees.

The soluble protein  concen-
tration, expressed as percentage
change of FA, was significantly
increased in needles exposed to NH 3,
singly and in combination with el e-

Figure 5.2.  Change in POD activity in needles of Pinus sylvestris exposed for 8 weeks to
elevated CO2 (open bars), NH3 (shaded bars) and elevated CO2 + NH3 (closed bars). Values
are relative to the filtered air (FA) exposure. n = 5. Significant changes between fumigation
treatments and FA are indicated by * (P<0.05). Mean values (± SD) of POD activity (units g-1

FW) in FA, for one-year-old and current-year needles: 5.62 ± 2.4 and 1.30 ± 0.4.



Interactive effects of gaseous ammonia and elevated carbon dioxide     53

vated CO 2 (Fig. 5.4a). Elevated CO 2

did not affect soluble protein co n-
centration to a large e xtent.

The specific activity of GS in
needles was decreased (although not
significantly at P<0.05) by 17%
after exposure to elevated CO 2,
while it was signifi cantly increased
by 25% after exposure to NH 3 alone
(Fig. 5.4b). The stimulating effect of
NH3 on GS disappeared in the co m-
bined treatment of elevated CO 2 and
NH3.

The specific activity of GDH
in needles was reduced by 57%
(P<0.05) after exposure to NH 3. In
trees exposed to elevated CO 2 +
NH3, a decrease of only 20% was
found, similar to that observed in
trees exposed to elevated CO 2 alone.
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Figure 5.3.  Changes in (a) soluble protein concentration, (b) glutamine synthetase specific activity,
and (c) glutamate dehydrogenase specific activity in one-year-old needles of Pinus sylvestris exposed
for 8 weeks to elevated CO2 (open bars), NH3 (shaded bars) and elevated CO2 + NH3 (closed bars).
Changes are relative to the change in filtered air (FA) exposure. n = 3. Significant changes between
fumigation treatments and FA are indicated by * (P<0.05). Mean (± SD) values at week 0 for trees in
FA, elevated CO2, NH3 and elevated CO2 + NH3: soluble protein (mg g-1 FW), 7.91 ± 0.92, 8.62 ±
1.32, 8.42 ± 0.90 and 7.51 ± 1.09; GS activity (µmol h-1  mg-1 protein), 10.17 ± 2.25, 16.66 ± 1.99,
8.39 ± 1.71 and 9.04 ± 1.42; GDH activity (µmol h-1  mg-1 protein), 9.00 ± 1.44, 12.48 ± 2.80, 9.70 ±
1.52 and 7.49 ± 0.69. Mean (± SD) values at week 8 for trees placed in FA: soluble protein, 5.05 ±
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Soil
The concentrations of NH 4

+-N and
NO3

--N in the soil solution under
elevated CO 2 were increased,  being
respectively 500 and 144% higher
than those in the FA (Table 5.2).
However, the sum of these concen-
trations repre sented only 2.2% of the
total N concentration in the soil.
Exposure to NH 3 also increased the
concentration of NH 4

+-N, which was
about 5 times higher than that in the
FA; this concentration contributed
only 1.2% of the total N concentr a-
tion. The exposure to elevated CO 2 +
NH3 caused a smaller increase in the
NH4

+ concentra tion than the i ncrease
caused by each gas separa tely, al-
though this was not significant. 

The concentra tion of soil K
was increased by elevated CO 2, al-
though this was only signifi cant in
the combined exposure of elevated
CO2  and NH 3.

The pH and the concentrations
of N and Mg in the soil solution
were not sig nificantly affected by

exposure to elevated CO 2 and/or
NH3.

5.5. Discussion

Effect of elevated CO2
Eight weeks of exposure of Scots
pine saplings to 650 µl l-1 CO2 en-
hanced needle biomass , which is a
common response in C 3 tree species
(Higginbotham et al., 1985; Cam-
pagna & Margolis, 1989). Enhanced
needle biomass was the result of an
increase in the dry weight  percentage
of the needles as well as the needle
area. The increase in needle biomass
was larger than the increase in needle
area, which resulted in a reduction of
SLA, as is also reported for annual
species (Garbutt et al., 1990; Den
Hertog et al., 1993). The N conce n-
tration in current-year needles was
significantly reduced, which could
be due to: (1) reduced transport of N
from roots to shoots (Stulen et al.,
1993), (2) a decrease in Rubisco

Table 5.2. pH and concentration of total N (mg g-1 DW), NH4
+, NO3

-, K and Mg (µg g-1

DW) in the pot-soil of Pinus sylvestris exposed to filtered air (FA), FA with 650 µl l-1 CO2,
FA with 100 µg m-3 NH3, and FA + CO2 + NH3. Means (n = 4) with same letter are not
significantly different at α = 0.05.

Week of exposure Treatment pH N NH4
+ NO3

- K Mg

    0 5.2a 2.4a 4.0a 4.1a 62.7b 61.7a

    8 Filtered air 4.7a 2.6a 6.5a 5.4a 40.9a 57.6a

Elevated CO2 4.8a 2.4a 39.2b 13.2b 51.8ab 66.6a

NH3 4.8a 3.0a 34.5b 4.8a 43.2a 62.3a

Elevated CO2 + NH3 4.9a 3.0a 29.5b 14.4b 67.8b 68.0a
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protein (Rowland-Bamford et al.,
1991) and (3) an increased size of
the tree resulting from accelerated
growth (Coleman et al., 1993). In
our experiment, the decrease in N
concentra tion in current-year needles
on a DW basis (23% reduction), was
smaller and statistically not signif i-
cant on a FW basis (13% reduction).
The reduction in N concentra tion at
elevated CO 2 on a DW basis was
probably overesti mated due to the
accumulation of non-structural ca r-
bohydrates  (mainly starch ) in the
pine needles, as was also found in
the leaves of other plant species
grown in enriched CO 2 atmosphere
(Rowland-Bamford et al., 1990;
Wong, 1990)). The decrease in the
concentra tion of foliar N upon exp o-
sure to elevated CO 2 and the increase
in total amount of N (39% in pine
needles) has been also observed in
other C3 tree species (Overdieck,
1993).

In our study, the concentration
of NH4

+-N and NO 3
--N in the soil

solution of the trees grown under
elevated CO 2 was strongly enhanced
(500 and 144%, respectively). This
enhancement was possibly the result
of an enhanced mineralization  of N
from soil organic matter, due to
stimulation of the microbial activity
by extra supply of carbon substrate
from the roots in the trees under
elevated CO 2. Lekkerkerk et al.
(1990) observed that the input of
easily decomposable root-derived
material

(soluble root exudates, mucilage and
dead parts of roots) in the soil was
higher when wheat  plants were e x-
posed to 700 µl l-1 CO2, than in
plants exposed to 350 µl l-1 CO2.

Effect of NH3
The biomass of current-year needles
was not significantly increased by 8
weeks of exposure to 100 µg m-3

NH3, which differs from the obse r-
vation of a significant increase in the
current-year needle biomass  in a
former experiment (Van der Eerden
& Pérez-Soba, 1992). The exper i-
ments had different exposure times:
March-June (developing needles
with a large need for N) in the 1992
experiment and June-August (mature
needles) in the present experi ment.
The N concentration  in current-year
needles was significantly enhanced
in both experi ments, which suggests
that the uptake of gaseous NH 3 by
the current-year needles and the
translocation  from the one-year old
to the current-year needles continue
after the current-year needles have
matured. Current-year needle bi o-
mass in trees exposed to NH 3 was
60% of that in the trees exposed to
elevated CO 2. This difference b e-
tween the two treatments was mainly
caused by the lower dry weight  per-
centage of the needles in trees e x-
posed to NH 3, probably indicating a
lower accumulation of starch . After
8 weeks, the activity of GS and the
concentration of soluble proteins in
one-year-old needles  had increased
during exposure to NH 3 compared
with trees in FA, which agrees with
the former experiments (Pérez-Soba
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et al., 1994a,b). These experiments
show that the N metab olism in one-
year-old needles of Scots pine is
stimulated by high concentra tions of
NH3 during spring and summer. The
increase in soluble protein conce n-
tration was the main cause of a d e-
crease in GDH specific activity after
exposure to NH 3.

In the soil solution of the
NH3-fumigated trees, an increase in
the NH4

+-N concentra tion was mea s-
ured. This might be due to: (1) NH 3

deposition on the soil, (2) a reduced
uptake of soil NH 4

+ by the roots
induced by NH 3 fumigation  (Pérez-
Soba & Van der Eerden, 1993) and
(3) stimulated decomposition of soil
organic matter by microbial biomass,
since the supply of substrate was
increased by the higher needle bi o-
mass. The present data do not permit
an evaluation of these po ssibilities.

Effect of elevated CO2 + NH3
The effects of elevated CO 2 on the
biomass and N metab olism of Scots
pine needles clearly differed in the
absence and presence of NH 3. In the
presence of NH 3 the response for
needle biomass  and dry weight
percentage of current-year needles
was approximately 50% lower than
in the absence of NH 3. This
reduction by elevated CO 2 + NH3

was also observed in Fagus sylvatica
and in Trifolium subterraneum  cv.
"Geralton" during the same
fumigation (Van der Eerden et al.,
1993a). This effect of elevated CO 2

in the presence of NH 3 might be the
result of a change in carbon
allocation  patterns, since a relative

decrease in needle biomass and an
increase in fine root biomass were
measured in Scots pine trees after
exposure to 700 µl l-1 CO2 + 40 µg
m-3 NH3, compared with 700 µl l-1

CO2 without NH 3 (Chapter 6). The
negative effect of elevated CO 2 +
NH3 on needle biomass caused an
increase of SLA, since needle area
was similar in presence and absence
of CO2.

The activation of POD and
GDH is con sidered unspecific and to
present a fast response to air poll u-
tion stress  (Keller, 1974; Wellburn
et al., 1981; Jäger, 1982). The pres-
ent results in which POD and GDH
activities under single expo sures to
elevated CO 2 and NH3 were lower
than in the FA, do not indicate stress
response of Scots pine to elevated
CO2 or to NH 3. The POD activity in
elevated CO 2 + NH3 trees was de-
creased less than in trees exposed to
elevated CO 2 or NH3 alone and did
not differ signifi cantly from that in
FA. An increase in POD activity
indicates accelerated senescence (Pell
& Steffen, 1991), suggesting that
trees exposed to elevated CO 2 + NH3

as well as FA aged quicker than trees
exposed to elevated CO 2 or NH3

alone. Elevated levels of CO 2 can
cause a reduction in the compens a-
tion photon flux density, which in
turn may delay leaf senescence
(Eamus & Jarvis, 1989). Also, leaf
abscission was greater at 360 µl l-1

CO2 than at elevated CO 2 (670 µl l-1)
in saplings of Quercus alba  (Norby
et al., 1986b). A much higher POD
activity observed in one-year-old
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than in current-year needles, is very
common (Keller, 1974).

Both the N concentration  and
GS activity in needles exposed to
elevated CO 2 + NH3 were signif i-
cantly lower than those of needles
exposed to NH 3 alone. Gaseous NH 3

is taken up through the stomata (Van
Hove et al., 1992) and elevated CO 2

may reduce stomatal conductance
(Williams et al., 1986; Evans et al.,
1993). Thus, the reduction in the
concentrations might be explained
by a decreased uptake of gaseous
NH3 in the presence of elevated CO 2.

Final remarks
The positive effects of elevated CO 2

on the needle biomass of Scots pine
indicated that this tree species b e-
haves similarly to most other C 3 tree
species. Exposure to gaseous NH 3

resulted in a stimulation of N m e-
tabolism (increases in GS activity, N
concentration and soluble protein
concentration in the needles), which
indicated acclimation  of the needles
to relatively high concentrations of
atmospheric NH 3 during the summer.
This acclimation was also observed
in experiments during spring. The
exposure to the combination of el e-
vated CO 2 with gaseous NH 3 nega-
tively affected needle biomass, when
compared with a single exposure to
elevated CO 2.


