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4. Interactive effects of gaseous ammonia and sulphur dio x-
ide4

                                        
4 Published as Pérez-Soba M, Van der Eerden LJM, Stulen I. 1994.  Combined effects of

gaseous ammonia and sulphur dioxide on the nitrogen metabolism of the needles of Scots
pine trees. Plant Physiology and Biochemistry 32: 539-546.

4.1. Abstract

Three-year-old seedlings of Scots
pine (Pinus sylvestris  L.) were ex-
posed for twelve weeks in co n-
trolled-environ ment chambers to
filtered air (FA), to FA suppl e-
mented with SO 2 (75 µg m-3), with
NH3 (68 or 258 µg m-3) or with
mixtures of SO 2 + NH3 (75 + 72 µg
m-3 or 75 + 265 µg m-3). The effects
of exposure of the trees to the fum i-
gation treatments on the activity of
glutamine synthetase (GS, EC
6.3.1.2) and glut amate dehydro-
genase (GDH, EC 1.4.1.2) in the
needles was studied, as well as the
needle concentra tions of soluble
protein, leaf pig ments and N, P, K,
Mg and Ca. N metabolism of Scots
pine needles was partly inhibited by
SO2 and it was stimulated by NH 3.
Twelve weeks of expo sure to NH 3

increased the activity of GS and the
concentra tions of soluble protein,
chlorophyll a (Chl a) and N, com-
pared to FA. Our results indicate that
elevated atmospheric NH 3 can be
metabolized by the needles of Scots
pine. Exposure to SO 2 resulted in a
decreased activity of GS, lower co n-
centrations of soluble protein, leaf
pigments and P and K, and an i n-
creased activity of GDH. Simulta-

neous expo sure to NH 3 + SO2 did
not cause significant interactive
effects on any of the parameters
studied. The positive effect of NH 3

on the needle concentrations of N
and Chl a and on the activity of GS
in the needles, counteracted the
negative effects of SO 2. The nutrient
balance in the needles was affected
by both gases, since NH 3 increased
the concentration of N and SO 2 de-
creased the concentrations of P and
K. A mixture of NH 3 + SO2 might
cause serious nutrient imbalance in
shoots if the soil is unable to meet
the increased demands for nutrients
in shoots.

4.2. Introduction

The deposition of atmospheric nitr o-
gen and sulphur is import ant for the
decline in vitality of forest ecosy s-
tems (Van Breemen et al., 1982;
Roelofs et al., 1985; Pfanz &
Beyschlag, 1993). Sulphur dioxide
(SO2), nitrogen oxides (NO x) and
ammonia (NH 3) are the main co n-
tributors to the acidic atmospheric
deposition in Europe, although their
contributions markedly vary between
and within countries. In the Nethe r-
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lands, deposition is particularly high
in forest ecosystems and its major
contributors are NHy (NH3 + NH4

+,
45%) and SO x (oxides of sulphur,
35%) (Erisman et al., 1987). NH 3

and SO2 are often simultaneously
deposited in the forest. Because of
the implementation of the sulphur
protocol (Anonymous, 1985) the
emissions of SO 2 are falling in
Europe. Nevertheless, it is probable
that SO2 and its combination with
NH3 had a consider able effect on
forest decline in the Netherlands and
at present in East European cou n-
tries, where SO 2 levels are still very
high. Deposition of a mixture of
atmospheric NH 3 and SO2 on the
vegetation surface is enhan ced be-
cause both gases react with each
other (Draaijers et al., 1987;
McLeod et al., 1990). The total
deposition velocities of SO 2 and
NH3 above a vegetation surface
mainly depend on the uptake by the
foliar surface (Van Hove et al.,

1992). Both SO 2 and NH3 are taken
up by the needles via their stomata
and cause direct effects on physi o-
logical and biochemical processes in
the needles (Saxe & Murali, 1989;
Van Hove et al., 1992). Much is
known of individual effects of NH 3

on forest species (Dueck et al., 1991;
Van der Eerden & Pérez-Soba, 1992;
Pérez-Soba et al., 1994a) and of SO 2

(Saxe & Murali, 1989; Van Hove et
al., 1992; Pfanz & Beyschlag, 1993).
However, little is known about the
effects of the combination NH 3 and
SO2 (Dueck et al., 1991; Van Hove
et al., 1992).

The effect of NH 3 + SO2 was
less-than-additive on CO 2 assimila-
tion at light saturation and on st o-
matal conduct ance of Populus
americana  leaves (Van Hove et al.,
1992). On the other hand, NH 3 +
SO2  proved to be more harmful than
the sum of the damage caused by
each gas separately on the frost
sensitivity of Pinus sylvestris  (Dueck
et al., 1991).

The present investigation
studies the effect of exposure of
Scots pine trees to moderate levels of
NH3 + SO2 on vitality, in particular
the N metab olism of the needles. The
effect of atmospheric NH 3 on Scots
pine needles metabolism was prev i-
ously studied by determining the
activities of glutamine syn thetase
and glutamate dehydro genase and
the composi tion of meta bolite pools
in the needles (Pérez-Soba et al.,
1994a). The combined effect of NH 3

+ SO2 is examined on the same p a-
rameters after exposure of the trees
to SO2 alone and in combination

Table 4.1. Concentrations of SO2 and
NH3 measured in the exposure chambers
for the different treatments. Mean ± SE.

Treatment Concentration (µg m-3)

 SO2 NH3

Filtered air, FA 0 1.5 ± 0.2

SO2 75 ± 2 1.6 ± 0.3

Low NH3 0 68 ± 4 

High NH3 0 258 ± 13

SO2 + Low
NH3

75 ± 2 72 ± 3 

SO2 + High
NH3

75 ± 3 265 ± 19
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with two levels of NH 3, under con-
ditions very similar to the ones used
in the prev ious experiment.

4.3. Materials and methods

Plant material and soil type
Three-year-old Scots pine seedlings
(Pinus sylvestris  L.) of a single
provenance, NL-ZS Voorsterbos-02,
were planted into nutrient-poor
acidic sandy soil in 10 l pots, half a
year before the start of the exper i-
ment. The soluble fraction of the soil
contained 42 µg g-1 NH4

+, 3 µg g-1

NO3
-, 45 µg g-1 Mg2+, 18 µg g-1 K+

and 13 µg g-1 P, at pH(CaCl 2) 4.1.
On February 20 1991, the trees were
sorted into six groups of 6 replicates
with a similar average length (23.3-
27.0 cm) of their  apical shoot. Trees
were kept outdoors until February 22
after which they were moved to a
frost-free glasshouse for acclimation
prior to transfer to controlled-
environment fumigation chambers.
The ambient temperature during the
six months outdoors was never b e-
low -10C and the temperature during
the week before transfer to the glas s-
house was 4-12 oC. The flush of new
shoots started on March 10-11.

SO2 and NH3 fumigation
The saplings were placed into co n-
trolled-environment chambers on
March 16. The climatic condi tions
were 17oC during the day (7:00-
19:00 h) and 11 oC at night (±
0.5oC). Relative humidity was 75%
during the day and 90 % at night (±
4%). Photon flux density at the u p-
per part of the top branch was 450 (±

7) µmol m -2 s-1 (PAR), supplied by
HPL-N (mercury) and SON-T
(sodium) lamps. Trees were exposed
to filtered air (FA) or to FA suppl e-
mented with SO 2 (75 µg m-3; SO2),
with NH 3 (68 or 258 µg m-3; low
NH3 or high NH 3), or with mixtures
of SO2 + NH3 (75 + 72 µg m-3 or 75
+ 265 µg m-3; SO2 + low NH 3 or SO2

+ high NH 3) for 12 weeks. Realized
concentrations are given in table 4.1.
A description of the chambers and
the SO2 and NH3 fumigation and
monitoring system is given els e-
where (Dueck et al., 1992a; Van der
Eerden & Pérez-Soba, 1992). The
concentration of NH 3 in the fumig a-
tion chambers was additionally
checked during the experiment by a
colorimetric reaction (Willems,
1988); the results agreed well with
the monitoring system with about
2.5% variation. The NH 3 concentra-
tion in the charcoal-filtered cha m-
bers was 1.5 µg m-3.

Determination of parameters in the
needles
Needles were harvested and extracts
were made from fresh needles as
described by Pérez-Soba et al.
(1994a). The concentration of sol u-
ble proteins was determined follo w-
ing Bradford (1976), using the BIO-
RAD dye reagent and bovine plasma
albumin as a protein standard. A
micro-assay was performed accor d-
ing to Pérez-Soba et al. (1994a). The
activity of glutamine synthetase (GS,
EC 6.3.1.2) was determined using
the hydroxamate synthetase assay
(O'Neal & Joy, 1973) and modified
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according to Pérez-Soba et al.
(1994a). The aminating activity of
glutamate dehydrogenase (GDH, EC
1.4.1.2) was measured according to
Pahlich & Joy (1971). Activity is
expressed as nkat mg -1 soluble pro-
tein (specific activity). Leaf pi g-
ments were extracted from fresh
needles according to Van Dijk &
Roelofs (1988) and con centrations
were calculated accord ing to
Lichtenthaler & Wellburn (1983).
The concentrations of N, P, K, Mg
and Ca in the needles were dete r-
mined as
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Figure 4.1. Changes (proportion of week 0) in (a) soluble protein concentration and (b) glutamine
synthetase and (c) glutamate dehydrogenase specific activities, in needles exposed to filtered air
(FA), low NH3 (Low N), high NH3 (High N) and SO2 (S), and to all combinations of NH3 and SO2.
Means of 4 trees. Significant differences (P<0.05) between treatments and FA are indicated by * .
Values week 0: soluble protein (mg g-1 FW) 13.7, 12.5, 11.5, 12.3, 11.3 and 11.5;  glutamine syn-
thetase (nkat mg-1 protein) 2.1, 1.6, 1.4, 2.0, 2.1 and 1.8; glutamate dehydrogenase (nkat mg-1 protein)
3.0, 3.1, 3.3, 2.6, 2.9 and 2.9.
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described by Pérez-Soba  & Van der
Eerden (1993).

Statistics
All parameters were evaluated with
analyses of variance, after which an
LSD-test was used to test pairwise
differences. Analyses were carried
out with the Genstat 5 computer
program (Version 2.2).

4.4. Results

Soluble proteins
During 12 weeks of exposure, the
soluble protein  concentration d e-
creased in all treatments (Fig. 4.1a).
The decrease was small in low and
high NH 3-fumigated trees (14 and
4%, respectively), larger in FA
(28%) and still larger in SO 2-
fumigated trees  (37%). The effect of
NH3 + SO2 on the protein concen tra-
tion did not show any significant
interactions between NH 3 and SO2.

Glutamine synthetase and gluta-
mate dehydrogenase activity
The changes in GS activity in ne e-
dles with time were not only calcu-
lated with respect to the initial a c-
tivity in each treatment (data not
shown), but also with respect to the
initial activity of individual trees
(Fig. 4.1b) in order to reduce the
large variation in GS activity b e-
tween trees (>10%) observed at the
start of the experi ment. Calculated in
this way, GS activity at week 12
increased by 135% in high NH 3, by
60% in FA, and it decreased by 20%
in SO2. The specific activity of GDH
remained rather constant during the

experimental period, e xcept in trees
exposed to SO 2 alone or SO 2 in
combination with low NH 3 (Fig.
4.1c). In these treatments, GDH
activity was increased by 20%. The
specific activities of both GS and
GDH in needles exposed to a comb i-
nation of NH 3 and SO2, did not ex-
hibit any significant interactions.

Leaf pigments
During 12 weeks of fumigation, the
concentration of Chl a in the needles
increased significantly ( P<0.001), in
all treatments except in the trees
exposed to SO2 in which the conce n-
tration of Chl a hardly changed
(Table 4.2). Exposure to high NH3

alone or in combination with SO2

resulted in increases in concentration
16 and 11% larger than in FA.

The Chl b concentration did
not change significantly during the
experimental period in any of the
treatments, except after exposure to
SO2. In the last treatment the Chl b
concentration  in needles was d e-
creased by 28% with respect to the
initial conce ntration..

The Chl a/b ratio in needles
exposed to high NH3 was signif i-
cantly higher than in FA and it did
not change significantly in any of
the other treatments (data not
shown).

The concentration of car o-
tenoids increased significantly
(P<0.001) in all treatments. The
increase was similar for trees grown
in FA and in NH3, with increases
around 50%. Exposure to SO2 alone
or SO2 in combination with low NH3
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resulted in a smaller increase ( ca.
28%).

The concentrations of leaf
pigments did not show any signif i-
cant interactions between SO2 and
NH3 fumigations.

Macronutrients
During the 12 weeks experimental
period, the N concentration of the
needles was decreased, except in
needles fumigated with high NH 3

alone, or high NH 3 in combination
with SO 2. In the last treatments the
N concentration was increased by 11
and 6% respectively, compared with
a decrease of 22% in FA (Table 4.3).
The decrease in N concentration was
not significantly influenced by SO 2

fumigation, co mpared with FA.
The concentrations of P and K

in needles were decreased signif i-
cantly in all treatments during the 12
weeks. The P concentration  was
decreased by 19% in trees exposed to

FA and in trees exposed to NH 3 or
SO2 it aggravated to approximately
30%. The K concentration  of needles
was decreased by 21% in trees e x-
posed to FA and by 40% in trees
exposed to SO 2. The concentration
of Mg also significantly decreased in
all treatments, whereas the conce n-
tration of Ca remained rather stable.
Mg and Ca concentrations were not
significantly affected by exposure of
trees to either NH 3 or SO2.

The P/N and K/N ratios  of the
needles did not change in trees
grown in FA during 12 weeks. These
ratios significantly decreased follo w-
ing exposure to NH 3 or SO2, or NH3

in combination with SO 2. The P/N
and K/N ratios decreases were
mainly caused by a disproportional
increase in needle N concentration
due to NH 3 and a disproportional
decrease in P and K concentrations
due to SO 2. The largest decrease in
both ratios was reached after exp o-

Table 4.2. Concentration of leaf pigments in needles of Pinus sylvestris exposed to filtered
air (FA), SO2, low NH3 and high NH3 and to all combinations of SO2 with NH3, for 12 weeks.
Means with the same letter are not significantly different at α = 0.05. Week 0 (n = 10) and
week 12 (n = 4).

Week Treatment Chl a Chl b Carotenoids

0 1120a 380a  205a  

12 FA 1460cd 370a  310d  

Low NH3 1510de 370a 300bcd

High NH3 1640f 300ab 305cd

SO2 1205ab  275b  260b  

SO2 + Low NH3 1340bc  300ab 265bc

SO2 + High NH3 1575e  330ab  315d 
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sure to SO 2 + high NH 3, i.e. a 30%
decrease from the initial ratios. The
Mg/N ratio did not significantly
change in all treatments, except in
needles fumigated with high NH 3

alone, or high NH 3 in combination
with SO 2. In these treatments the
Mg/N ratio was decreased by 41 and
37% respectively . The Ca/N ratio
was increased in trees grown in FA
and in trees exposed to SO 2 due to
decreases in N concentration during
the 12 weeks. The macronutrient
concentrations did not show signif i-
cant interactions between NH 3 and
SO2 fumigations.

4.5. Discussion

In the present experiment, the acti v-
ity of GS and the concentrations of
total N and Chl a in the needles were
enhanced by exposure to NH 3 fumi-
gation. These observations are in
agreement with the results of a fo r-
mer experiment, in which the impact
of NH3 on the N metabolism of
Scots pine needles was studied by
using concentrations of NH 3 and
climatic conditions very similar to
the ones used in the present study
(Pérez-Soba et al., 1994a). The small
decrease in soluble protein  concen-
tration in trees grown in NH 3, is in
agreement with the increase in sol u-
ble protein concentration found in
Scots pine forests close to fur farms,
with high emissions of gaseous NH 3

(Pietilä et al., 1991). Our results
indicate that elevated atmospheric
NH3 can be metabolized by Scots
pine trees . The needles are able to

acclimate to concentrations of NH 3

of up to 260 µg m-3, a concentration
which is much higher than those
known to occur in the Net herlands.
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The lower activity of GS and
the lower concentrations of soluble
protein,  leaf pigments  and P and K,
found in needles of trees exposed to
SO2 (when com pared to those of
needles exposed to FA) suggest that
75 µg m-3 SO2 induced significant
changes that were potentially detr i-
mental in physio logical terms . Expo-
sure to SO 2 induces a d e-
crease of pH in the chloroplastic
stroma (Pfanz & Heber, 1986), and
acidity decreases the activity of GS
(Miflin & Lea, 1977). Thus, SO 2

might decrease the activity of the
chloroplastic fraction of GS, which
explains the negative effect of SO 2

on the activity of GS observed in the
present experiment.  The SO2-
induced decrease of GS activity
might have consequences for the
formation of amino acids and hence
on the formation of proteins. We
observed a decrease in the soluble
protein concentration in the SO 2-

fumigated trees, which was also
found after exposure of spruce  and
fir to 70 µg m-3 SO2 (Bender et al.,
1986). The protein loss due to SO 2

might be caused either by a decrease
of protein synthesis, or by a stim u-
lation of protein breakdown, or by a
combination of both. Fumigation
with 900 µg m-3 SO2 for 24 and 48 h
inhibited "de novo" protein biosyn-
thesis in the chloroplast and cyt o-
plasmic fractions of Pinus banksiana
needles, measured through the inco r-
poration of [U- 14C] leucine (Khan &
Malhotra, 1983). In general, protein
degradation seems to be induced by
stress, supplying amino acid precu r-
sors for the synthesis of enzymes
(Cooke et al., 1979). Increased co n-
centrations of free amino acids  by
exposure to increasing concen-
trations of gaseous SO 2, have been
reported in conifer needles (Malhotra
& Sarkar, 1979; Kainulainen et al.,
1993).

Table 4.3. Macronutrient concentrations (mg g-1 DW) and ratios with respect to N (%N; N=100)
in needles of Pinus sylvestris exposed to filtered air (FA), SO2, low NH3 and high NH3, and to all
combinations of SO2 with NH3, for 12 weeks. Means with the same letter are not significantly
different at α = 0.05. Week 0 (n = 10) and week 12 (n = 4 )

Week Treatment Macronutrient concentrations (mg g-1

DW)
Ratios

N P K Mg Ca P/N K/N Mg/N Ca/N

0 22.8cd 1.51e 3.19d 1.90c 4.90a 6.6c 14.0
d

8.3c 21.5a

12 FA 17,7ab 1.23cd 2.52bc 1.09a 4.54a 6.9c 14.2
d

6.2bc 25.6b

Low NH3 21.3cd 1.07ab 1.95ab 1.27ab 4.38a 5.0a 9.2a 6.0bc 20.6a

High NH3 25.3ef 1.13ab 2.55c 1.24ab 4.50a 5.7b 10.1
ab

4.9a 17.8a

SO2
16.8a 1.01a 1.92a 1.20ab 5.03a 6.0b 11.4

c
7.1c 29.9c

SO2 + low NH3 20.2bc 1.17bcd 2.35abc 1.49b 5.10a 5.8b 11.6
c

7.4c 25.2b

SO2 + high
NH3

24.2de 1.11abc 2.34abc 1.26ab 4.68a 4.6a 9.7a 5.2ab 19.3a
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The significantly low conce n-
trations of leaf pigments  in needles
of trees exposed to SO 2, are in ac-
cordance with results obtained in the
laboratory for Douglas fir  shoots
after fumigation with 96 µg m-3 SO2

(Van Hove et al., 1992). In their
study SO 2 reduced leaf pigments,
maximum electron transport rate and
CO2 assimilation at light saturation .
The decrease in leaf pigments is
probably caused by the destruction
of chlorophyll by free radicals , pro-
duced during oxidation of sulfite
and/or bisulfite to sulfate (Shimazaki
et al., 1980). Aqueous SO 2 damaged
the structure of isolated chloroplasts
from pine needles (Malhotra, 1976).
Net photosynthesis  and transpiration
in Picea abies  shoots were reduced
by acute doses of SO 2, which con-
sisted of single 4-h day exposures
ranging from  1 300 to 8 900 µg m-3

SO2, followed by single 3-h night
exposures ranging from 1 600 to 10
600 µg m-3 SO2 (Saxe & Murali,
1989). Reduction in photosynthetic
capacity of P. abies  has also been
found in the field. The maximum
photosynthetic capacity (A 2500) in
needles of P. abies , growing in
highly SO 2-polluted forest sites with
a maximum monthly mean conce n-
tration of 130 µg m-3 SO2, was line-
arly decreased with increasing needle
age; the photosynthetic capacity was
inversely correlated with the total
sulphur content of the needles (Pfanz
& Beyschlag, 1993).

The loss of P and K induced
by SO2 in our trial, might be due to a
detoxification mechanism of SO 2 in

the needle cells. The gaseous SO 2

absorbed by the needles, is dissoc i-
ated once inside the cell and it is
detoxified by reduc tion and subse-
quent incorpor ation into amino acids
and other organic comp ounds. Non
reduced SO 2 is oxidized to sulphuric
acid and dissociated into sulphate
and protons. Sulphate ions  are trans-
ported into the vacuoles of the
mesophyll cells (Kaiser et al., 1989),
inducing a transport of cations from
the cytoplasm to the vacuoles to
restore the ion balance. As cons e-
quence, cytoplasm is deprived of
cations. To prevent cytoplasmic
acidification  protons are transported
to the root system and consequently
released into the soil in exchange for
cations (Ca, Mg or K), causing soil
acidification  (Kaupenjohann et al.,
1988). The loss of cations from the
cytoplasm of the needle cells will
not be compensated if the soil is
deficient in cations, which event will
lead to cation deficiency (Slovik et
al., 1993). A decrease in P and K
foliar concentrations is associated
with ageing processes and thus it
might also indicate an accelerated
senescence  due to gaseous SO 2.

In the present experiment
exposure to SO 2 enhanced the acti v-
ity of GDH.  The increase in GDH
activity has been earlier observed in
herbaceous plants fumigated with
very high concentrations of SO 2

(270 - 1 335 µg m-3) for a few days
(Wellburn et al., 1976; Jäger &
Klein, 1977) and in conifers, fum i-
gated with 70 µg m-3 SO2 (which is
similar to the concentration that we
used) for a long-term period of one
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year (Bender et al., 1986). They
observed a reduction of the conce n-
trations of glucose  and sucrose  in the
needles. This correlation between
GDH activity and free sugar concen-
tration agrees with the catabolic role
of GDH (Robinson et al., 1991),
which activity is induced during
carbon limitation, in order to supply
carbohydrates for optimal functio n-
ing of the tricarboxylic acid cycle.

The combined fumigation
with NH 3 and SO2 had additive
rather than synergistic effects. The
positive effect of NH 3 on the conce n-
trations of soluble proteins and Chl
a and on the activity of GS in the
needles, was counteracted by the
negative effects of SO 2, all together
resulting in a not significant diffe r-
ence from the effects found in FA.
The few reports regarding to simu l-
taneous exposure to both gases
showed different effects. Exposure
of P. americana  leaves to 64 µg m-3

NH3 and 45 µg m-3 SO2 for 7 weeks
showed no interactive effect on net
CO2 assimilation at light saturation
and on stomatal conductance (Van
Hove et al., 1991). The effect of the
combination of 53 µg m-3 NH3 + 92
µg m-3 SO2 in open-top chambers for
9 months on survival of Calluna
vulgaris  was more-than-additive
(Dueck, 1990). Scots pine  seedlings
exposed to 53 µg m-3 NH3 + 92 µg
m-3 SO2 in open-top chambers from
December to May, also showed a
more-than-additive effect on N co n-
centration in the needles and on
predisposition to frost injury at -
10oC (Dueck et al., 1991). These last

two experiments took partly place
during the winter months (October-
March), when trees are more sens i-
tive and when concentra tions of
NH4

+ and SO4
2- on the needle surface

are higher than in the  summer, ind e-
pendent of the ambient air concentra-
tions (Draaijers et al., 1987). The
interaction between NH 3 and SO2

appears to depend on their conce n-
trations at the needle surface and
their solubility in water increases
with decreasing temperature (Willix,
1976). Therefore, the simultaneous
occurrence of NH 3 and SO2 is likely
to have stronger impact in winter.
The effect of six days exposure to
355 µg m-3 NH3 + 1 335 µg m-3 SO2

was synergistic on the GDH activity
of two-week-old peas  (Wellburn et
al., 1976), but the concen trations of
SO2 were about twenty times higher
than in our experiment and the e x-
posed plants were very young herba-
ceous seedlings, com pared to the
three-year-old trees in our study.

The nutrient balance  of the
needles might be seriously affected
by NH3 + SO2 fumigation, since NH 3

increases the foliar N concentration
(Van der Eerden & Pérez-Soba,
1992) and SO 2 induces decreases in
P and K concentra tions. In our ex-
periment, the single or combined
exposures to both gases caused a
decrease in K/N and P/N ratios. The
decrease in K/N ratio was particular-
ly important, since at the start of the
experiment the K/N ratio was a l-
ready below 25, a level con sidered to
be deficient for tree growth (Van den
Burg, 1990). A low K/N ratio is
considered to be an indica tion for
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increased sensitiv ity to fungal di s-
eases (De Kam et al., 1991). The
alteration of the nutrient balance
might become critical if the soil is
poor in nutrients, as is common in
coniferous forests. Under such
conditions the roots will be unable
to supply sufficient amounts of n u-
trients to the shoots.
 In our experiment, simultan e-
ous exposure of P. sylvestris  to NH3

and SO2 for 12 weeks during spring
had an additive effect on most of the
parameters studied. Single exposure
to NH3 resulted in a greater increase
of GS activity and Chl a concentra-
tion, and in a smaller decrease of the
soluble protein concentration in
relation to FA. These effects cou n-
teracted the negative effects due to
SO2. Exposure to 75 µg m-3 SO2

(Dutch standard for air quality;
Anonymous, 1986b) markedly d e-
creased the concentrations of soluble
proteins, leaf pigments and P and K;
it reduced the activity of GS and it
enhanced the activity of GDH. These
effects happened prior to develo p-
ment of visual injury symptoms.
NH3 induced an increase in N conce-
ntration, which in combination with
the decrease in K concentration due
to SO2 led to serious deficiency in
the K/N ratio. Thus, the simultan e-
ous occurrence of both gases in fo r-
est ecosystems might cause a nutrient
imbalance in the needles. The results
presented in this paper might well
apply to conditions occurring in the
Netherlands during the past decades
and to other countries at present,
where SO 2 concentra tions are high in

combination with increasing NH 3

concentrations.


