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TIIVISTELMA: HAPPAMAN SUMUTUKSEN VAIKUTUS KALIUMIN PUUTTEESTA KARSIVIEN MANNYN
TAIMIEN YHTEYTTAMISEEN

Silva Fennica 26(3)

Nygren, P. & Hari, P. 1992. Effect of foliar application with acid mist on the
photosynthesis of potassium-deficient Scots pine seedlings. Tiivistelmi:
Happaman sumutuksen vaikutus kaliumin puutteesta kirsivien mannyn taimien
yhteyttimiseen. Silva Fennica 26(3): 133-144.

The interactive effects of potassium deficit and foliar application with acid
water (pH 5.5, 4.5, 4.0, 3.5, 3.0 given consecutively) on the CO, exchange rate
of Pinus sylvestris L. seedlings was investigated in field conditions. No reduc-
tion of the CO, exchange rate was observed in the seedlings supplied with
sufficient potassium. Only the seedling having the lowest needle K concentra-
tion (2.4 mgg™') had an apparently low CO, exchange rate before the applica-
tions with acid water. The CO, exchange rate of most of the seedlings with low
needle K concentration (3.9—6.0 mgg™') decreased after the acid water applica-
tion. The threshold acidity for the reduction varied between pH 4.0 and 3.0
depending on the needle K concentration. The reduction was more apparent at
high irradiance. It was concluded that acid precipitation disturbs the CO,
exchange only in conditions of mineral nutrient deficit.

Kaliumin puutteesta kirsivien miannyn (Pinus sylvestris L.) taimien hiilidioksi-
din vaihtonopeuden vastetta neulasien sumutukseen happamalla vedelld (pH
5,5, 4,5, 4,0, 3,5, 3,0 annettuna alenevassa sarjassa) tutkittiin kenttikokeissa.
Kastelu ei vaikuttanaut CO,-vaihtonopeuteen taimissa, joiden neulasten kali-
umpitoisuus oli korkea. Ennen sumutusta CO,-vaihtonopeus oli selvisti alhai-
nen vain taimella, jonka neulasten kaliumkonsentraatio oli pienin (2,4 mgg).
Happamalla vedelld sumuttamisen jilkeen CO,-vaihtonopeus laski suurim-
malla osasta taimia, joiden neulasten kaliumpitoisuus oli alhainen (3,9-6,0
mgg™). Kynnyshappamuus vaihteli vililld pH 4,0 ja 3,0, riippuen neulasten
kaliumkonsentraatiosta. Lasku oli selvinti voimakkaan irradianssin oloissa.
Tulosten perusteella péiteltiin, ettd hapan sade vaikuttaa CO,-vaihtoon ainoas-
taan, jos puu kirsii samalla mineraaliravinteiden puutteesta.

Keywords: potassium concentration, acid deposition, Pinus sylvestris, seed-
lings, photosynthesis.
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1 Introduction

Many photosynthetic reactions are dependent
on the acidity of mesophyll cell sap. These in-
clude the enzymatic reactions in Ribulose-1,5-
bisphosphate carboxylation, which have a rath-
er low H* concentration optima (Wraight 1982)
and the functioning of the photosynthetic elec-
tron transport chain (Wild 1987). It therefore
seems obvious that if the hydrogen ion concen-
tration of the mesophyll cell sap increases, e.g.
as a possible result of acid rain, then disturbanc-
es would occur in photosynthesis.

In greenhouse conditions, only very acid wa-
ter has caused changes in photosynthesis. Simu-
lated acid rain of pH 2.0 stimulated oxygen
evolution in the bean (Phaseolus vulgaris L.)
(Ferenbaugh 1976), but reduced the CO, ex-
change rate in Platanus occidentalis L. (Neu-
feld et al. 1985). In the latter study, the CO,
exchange rate of three other North American
deciduous tree species remained unaffected. In
field conditions, the three months of foliar ap-
plications with dilute sulphuric acid of pH 3.0
reduced the photosynthetic rate in Scots pine
(Pinus sylvestris L.) seedlings by 10-30 %
(Katainen and Kellomaki 1981).

No changes of CO, exchange have been ob-
served in the Norway spruce (Picea abies (L.)
Karst.) devoid of visible injuries in the damaged
forest areas of Germany, while visibly damaged
trees showed clearly reduced CO, exchange rates
(Beyschlag et al. 1987, Schulze et al. 1987,
Wild 1987, Lange et al. 1989). The same pat-
tern also applies to the photosynthetic capacity
(Lange et al. 1987, Oren and Zimmermann
1989). Generally, the trees with a reduced CO,
exchange rate suffered from magnesium deficit
(Beyschlag et al. 1987, Lange et al. 1987, Lange
et al. 1989). In the Eastern United States the
calcium deficient Red Spruce (Picea rubens
Sarg.) saplings were found to have elevated dark
respiration rate and, following that, a reduced
net CO, exchange rate (McLaughlin et al. 1991).
In the case of visibly injured trees, the reduction
of CO, exchange rate may be simply caused by
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the loss of photosynthetic tissue (cf. Neufeld et
al. 1985), or the excessive leaching of enzymes
and enzyme activating ions (cf. Tukey 1970,
Klemm 1989).

In an earlier paper (Nygren et al. 1987), we
postulated the hypothesis that the cation ex-
change reactions between hydrogen and potas-
sium ions, commonly observed in the forest
canopies (Parker 1983, Ulrich 1983, Miller
1984), regulate the acidity of the mesophyll cell
sap. The exchange reactions are supposed to
take place on the leaf surfaces, or in the stomata
prior to H* ions entering into the cell sap. The
H* ions can then be transferred through the mem-
branes by cation exchange to the vascular tissue
to be transported to the roots where they may be
used for nutrient uptake by cation exchange and
the K* ions transferred to the leaf surface may
then be lost via leaching (cf. Miller 1985, Klemm
1989). Thus, there would be a continuous K*
flow from the roots to the leaves and a H* flow
from the leaves to the roots.

In natural conditions these flows may form
part of an internal cation circulation in the forest
(Miller 1985). However, if the rain water H*
load is excessive the balance between the H*
and K* ions may be disturbed, and if the tree
suffers simultaneously of potassium deficit, the
H* cations may penetrate to the mesophyll cell
sap because of the lack of the stabilizing mecha-
nism. So, the trees well supplied with potassium
would tolerate better the external hydrogen ion
load caused by the acid precipitation, while the
metabolism of the trees having a poor potassi-
um status would be disturbed.

The aim of the present article is to present the
results of a series of experiments on the interac-
tive effects of potassium deficit and foliar appli-
cation with acid water on photosynthesis of Scots
pine seedlings and to discuss the results in the
light of the hypothesis presented above. Refer-
ences will be made also to the study about the
needle ultrastructure carried out with the same
plant material (Holopainen and Nygren 1989).
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2 Material and methods

2.1 Material

Two experiments were planned to test the pre-
sented hypothesis. In the summer of 1986, a
preliminary experiment was carried out, and in
summer 1987 a more complete experiment was
realized. Both of the experiments were carried
out in Southern Finland at the Forestry Field
Station of the University of Helsinki, (61° 51'
N, 24° 17"E, 160 m asl.).

The plant material used in both years was
two-year-old nursery grown plus seed stand
Scots pine seedlings, which were transplanted
to 8 | plastic containers filled with 0.5-1.5 mm
grain quartz sand. The nutrients were supplied
for the seedlings by means of the watering solu-
tion, which potassium concentration was varied
to create different needle K concentrations. The
needle K concentrations were then treated as a
continuous variable, and no attempt was made
to classify according to the K level of the water-
ing solution.

The basic nutrient solution used contained the
main nutrients in optimal ratios for Scots pine,
as presented by Ingestad (1979). The concentra-
tions were 100 mgl! for nitrogen, 14 mgl-' for
phosphorus, 6 mgl for calcium, 6 mgl for
magnesium and 45 mgl™' for potassium, with
the necessary micro nutrients added by means
of Hoegland’s micro nutrient solution. The acid-
ity of the nutrient solution was regulated to pH
4.7-4.9 by the addition of sulphuric acid.

2.2 Experiments

On 31 May 1986, four seedlings were trans-
planted to the quartz sand culture. The potassi-
um concentrations of the four different watering
solutions were 45 mgl-', 18 mgl-!, 9 mgl-! and 0
mgl-'. The seedlings were watered daily with
250 ml of nutrient solution. The nutrient solu-
tion was allowed to drain through holes in the
bottom of the containers.

The seedlings were grown in the field until 25
August, when the carbon dioxide exchange
measurements began. During the growing peri-
od, the quartz sand was protected from rainfall,
but the shoots were subjected to the normal H*
load of the rain. The rainfall during the growing
period was 226 mm. The rainfall weighted mean
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H* concentration of the rain water was 3.56 -
10° moll™" , corresponding to pH 4.4. The pH
range of the rain water was 3.9-5.3.

The CO, exchange measurements in the field
were carried out between 25 August and 17
September. The current-year shoots were in-
serted into trap-type plexiglass chambers, which
closed automatically when the chamber came
up for measurement. Each chamber was closed
for 100 sec.. The measuring system contained
five chambers, which were measured in se-
quence. Four chambers were used for measur-
ing the CO, exchange rate of the test seedlings
and one was used to measure the reference CO,
concentration of the ambient air. The interval
between CO, measurements was 16 min. 40
sec. for each seedling.

From the closed chamber the gas was fed to
an infrared gas analyzer (Hartman & Braun,
URAS 1) for CO, concentration analysis. The
CO, concentration of the chamber air was re-
corded prior to the opening of the chamber by a
data logger (Nokia Ltd., PP 6404), which served
as the central unit of the data acquisition sys-
tem. The irradiance and ambient air tempera-
ture were recorded simultaneously. A pyranom-
eter sensor (Li-Cor Inc., LI-200SB) placed above
the seedlings was used for irradiance measure-
ments and a copper-constantan thermocouple
was used for temperature measurements. The
data logger measurements were stored on the
minicomputer (Digital Equipment Corp., PDP
11/34) of the Forestry Field Station. A detailed
description of the measuring system has been
presented by Korpilahti (1988).

During the measuring period, the seedlings
were sprayed ten times with distiled water acid-
ified by the addition of sulphuric acid. A manu-
al atomizer was used for the sprayings. Each
application consisted of 100 ml of water with
pH values of 5.5 (26 and 27 Aug.), 4.5 (29 and
30 Aug.),4.0 (6 and 7 Sep.), 3.5 (9 and 10 Sep.)
and 3.0 (12 and 13 Sep.). During the measuring
period, also the shoots of the seedlings were
protected from natural rainfall.

After the experiment, the needle area of the
shoot inserted to the chamber was determined
using the modified Tiren’s equation. The main
nutrient contents of the needles were analyzed
using Kjelldahl’s method for nitrogen, the mo-
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lybdenum blue method for phosphorus, an atom
absorption spectrophotometer for calcium and
magnesium and a flame photometer for potassi-
um.

In 1987, forty seedlings were transplanted to
quartz sand on 7 May. The four potassium con-
centrations of watering solutions were 45 mgl',
20 mgl! , 10 mgl! and 5 mgl-'. The watering
followed the same procedure as in 1986.

The seedlings were grown in the greenhouse
of the Forestry Field Station until 17 June, when
they were transferred outside. The seedlings were
protected from the rainfall during the growing
period, and dry surface depositions were washed
off weekly by spraying each seedling with 100
ml of deionized water. The field measurements
of CO, exchange began on 26 July. A seedling
from each treatment was randomly selected for
these measurements. The rest of the seedlings
were used for the study of the needle ultrastruc-
ture which was published separately (Holopain-
en and Nygren 1989).

The seedlings used for CO, exchange meas-
urements were typical representatives of the
group of forty plants, in which no differences in
the seedling quality indicators were found be-
tween the K levels of watering solution, except
in the height of current-year main shoot which
was significantly smaller in the seedlings which
received 5 mgl™! K compared to those which
received 45 mgl™! (P = 0.05 in Tukey’s studen-
tized range test; Holopainen and Nygren 1989).

The field measurements of CO, exchange were
carried out between 26 July and 25 August us-
ing the same measuring apparatus as in 1986. In
1987, the measuring interval for each seedling
was 13 min. 20 sec. The seedlings were sprayed
with distiled water, acidified as in 1986. Each
application consisted of 100 ml of water with
pH values of 4.5 (28-31 July), 4.0 (3-7 Aug.),
3.5 (10-13 Aug.) and 3.0 (17-20 Aug.). After
the experiment, the needle area of the shoot
inserted to the chamber was measured and the
concentrations of the main nutrients were ana-
lyzed as in 1986.

2.3 Data analysis
To separate the treatment effects from the natu-

ral fluctuation of the CO, exchange rate caused
by environmental factors, a modelling technique
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was applied for the analysis of the field data. A
dynamic model describing the irradiance and
temperature response of the CO, exchange rate
was derived from the data measured at the be-
ginning of the spraying period. Since the de-
pendence of the CO, exchange rate on environ-
mental factors remains quite constant during a
growing season (Hari et al. 1981, Korpilahti
1988), it was assumed that the same model
should fit during the whole measuring period,
and that any systematic deviations from the mod-
el reflect the disturbances caused by the acid
spray.

The model structure presented by Korpilahti
(1988) was applied for the modelling. Let I(x,t)
denote the irradiance at place x at the moment
of time t and T(t) the ambient air temperature at
the moment of time t, f1(I(x,t)) the response of
the photosynthetic rate to irradiance, f,(T(t)) the
response of the photosynthetic rate to tempera-
ture, and r(T(t)) the response of the respiration
rate to temperature. The CO, exchange rate at
place x at moment t, p(x.t), is the difference
between the photosynthetic rate and the respira-
tion rate (Korpilahti 1988):

p(x,t) = f1(I(x,1) - £(T(1)) — r(T(1)) (1)

A Michaelis-Menten type function was applied
for the irradiance response of photosynthetic
rate, a saturating function for the effect of tem-
perature on photosynthetic rate and an exponen-
tial function for the effect of temperature on
respiration rate (Korpilahti 1988). Thus:

fid(x,0) = (P, - I(x,1) / (I(x,t) + ) (2)
£,(T(t)) = 1 —exp(-a, - (T(t) — ay)) (3)
1(T(t)) = ¢, - exp(c,- (T(t) —c3)) - 1 4)

where the parameter values were a, = 0.32 °C-!,
a, (minimum temperature of gas exchange) =
-5 °C, ¢, = 0.036 °C'and c; (equal to a, ) =
-5 °C. The parameters P, (rate of light saturated
photosynthesis), a (irradiance in which half of
the maximum photosynthetic rate is reached)
and c, (specific dark respiration rate at 15 °C)
were specific to each seedling (Korpilahti 1988).
The parameter estimation was carried out using
a modified steepest descent iteration procedure
to minimize the residual sum of squares.

Pekka Nygren & Pertti Hari

3 Results

3.1 Nutrient concentrations of the needles
and the CO, exchange model

Table 1 presents the concentrations of the main
nutrients in the needles of the seedlings used in
the field experiments of CO, exchange after the
spraying period in 1986 and 1987. The nutrient
concentrations were slightly lower in 1986, when
the seedlings had been exposed to rainfall dur-
ing the growing period, than in 1987. The nee-
dles with low K concentration had also appar-
ently low Ca concentration. However, the cor-
relation was weak and statistically insignificant
(Pearson r = 0.61, P = 0.11). The potassium
treatment did not affect the concentrations of
the other main nutrients except in the seedling
without K in the watering solution, which had
rather low nitrogen and phosphorus concentra-
tions compared to the other seedlings. None of
the seedlings presented visible symptoms of any
nutrient deficiencies.

The K concentrations of the seedlings wa-
tered with the solutions of 45 and 20 mgl-' of K
in 1987 were quite high, close to the concentra-
tions presented as optimal nutrient supply for
Scots pine by Ingestad (1979). The needle K
concentrations of the 1986 seedlings subjected
to the K treatments of 45 and 18 mgl' and the
1987 seedling watered with 10 mgl-! K solution
were about the order observed in natural condi-
tions (van Goor 1978, Lehtonen et al. 1976)
whereas the concentrations of the seedlings wa-

tered with the solutions of 9 and 5 mgl-! of K
were somewhat low and the K concentration of
the seedling watered without K addition was
remarkably low. The seedlings will subsequent-
ly be referred to with the letter K followed by
the needle K concentration and, if necessary,
the experiment year.

In 1986, the parameters of the CO, exchange
model (eqs. 1-4) were estimated from the data
measured on 26 August, which was the first day
of spraying with pH 5.5 water. In 1987, the
parameters were estimated from the data meas-
ured on 31 July, which was the last day of
spraying with pH 4.5 water. This day was se-
lected because of a leakage in the control seed-
ling (K11.3) chamber noticed and repaired on
30 July, five days after the beginning of the
study. The parameter values are presented in
Table 2 with the proportion of variance ex-
plained by the model on the parameter estima-
tion day.

The values of the parameter Pm, the rate of
the light saturated photosynthesis, were of the
same order in all seedlings, except in seedling
K2.4 which had a very low P, value, and the P,
value for seedling K4.8 was quite high. Most of
the P,, values were lower than those reported by
Korpilahti (1988) for natural conditions, the lat-
ter being 3.7-3.9 umolm=s'. However, since
there were no systematic changes following the
K treatment, it seems justifiable to conclude
that the K deficit itself did not affect photosyn-

Table 1. Concentrations of the main nutrients (mgg' of dry mass of
needles) in the needles of the seedlings used in the CO, exchange

measurements.

Potassium concentration
of watering solution
(mglD N

Nutrient concentration

1986 45 19.29
18 22.60

9 19.07

0 13.15

1987 45 23.04
20 22.54

10 26.03

5 26.40

(mgg™
P Ca Mg K
1.67 0.73 0.88 6.9
1.56 0.70 0.94 6.0
1.66 041 0.81 39
1.16  0.31 0.72 2.4
257 072 1.60 11.3
206 044 1.22 9.4
220 044 1.31 6.0
206 046 1.48 48

Silva Fennica 26(3)
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Table 2. Values of the parameters of the CO, ex-
change model (egs. 2—4) specific to each seedling
in the field experiments and the proportion of
explained variance R? for the day of parameter
estimation.

Needle K concentration Parameter value

(mgg™D P a c R2

11.3 33 195 032 0.89
9.4 4.2 175 038 0.86
6.9 2.6 190 0.21 0.94
6.0/86 3.1 200 0.23 0.94
6.0/87 38 170 032 091
4.8 5.0 165 044 090
39 2.8 170 023 094
24 1.6 205 0.14 095

Py = rate of light saturated photosynthesis (umolm=2s-1)

a = irradiance in which half of the light saturated photosynthetic
rate is reached (Wm2)

¢ = dark respiration rate at 15 °C (umolm—2s1)

thesis. The low P, value for seedling K2.4 is an
exception, but since the concentrations of the
other main nutrients in the needles were also
lower than in other seedlings, the disturbances
in the CO, exchange may reflect a more com-
plex set of nutrient imbalances than only the K
deficit. The values of parameter c,, dark respira-
tion rate at 15 °C, approximately followed the
changes of the value of P,. The values were
about the same order as those reported by Kor-
pilahti (1988) for natural conditions.

The fit of the model to the data is presented in
Fig. 1 by showing the daily course of the meas-
ured CO, exchange rate and the prediction cal-
culated using the presented model for seedlings
K6.9, K3.9 and K6.0/87 during the day when
the parameter estimation was carried out. The
proportion of the variance explained by the mod-
el was quite high for each seedling, varying
between 86 and 95 %.

3.2 The effect of acid water

The compatibility between the measured and
predicted CO, exchange rate during the measur-
ing period was examined using the daily means
of the model residual. The daily mean residuals
are presented in Fig. 2 as a function of the
acidity of the spraying water for each seedling.
Typical variance of the residuals can be ob-
served in Figs. 1, 3 and 4. The mean residual for
the seedlings watered with 45 mgl- K solution
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02 exchange rate [umol/m2/s]
3 o
K6.9

4 6 8 10 12 14 16 18 20
K6.0/87

4 6 8 10 12 14 16 18 20

Time of day

Fig. 1. Daily course of measured (thick line) and
predicted (thin line) CO, exchange rates of the
seedlings K6.9 (top) and K3.9 (middle) on 26
August 1986, and of seedling K6.0/87 (bottom)
on 31 July 1987, the day used for parameter
estimation.

in both years (K6.9 and K11.3) remained quite
close to zero during the whole measuring peri-
ods.

The mean residuals of seedlings K6.0/86 and
K3.9 were negative almost throughout the meas-
uring period. The deviation from the prediction
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Fig. 2. The daily mean residual (umolm-s~') of the CO, exchange model (egs.
1-4) as a function of the acidity of the spray water applied on the same day
(®). The values for the rest days (M) have been marked between the pH
values of the spray water applied before and after the rest period.

was a little larger in seedling K3.9 than in K6.0/
86 beginning with pH 4.0. The mean residuals
of seedling K6.0/87 were initially close to zero
but became clearly negative at pH 3.0. The ab-
solute mean residuals of seedling K2.4 were
quite small but negative throughout the measur-
ing period. In seedling K2.4, the residual values
relative to the measured CO, exchange rate were
about the same order as in seedling K6.0/86.

Silva Fennica 26(3)

The CO, exchange rates did not recover during
the rest days between the sprayings (Fig. 2).
The interpretation of the data is complicated
by the behaviour of the mean residual of seed-
lings K9.4 and K4.8 (1987). The mean residuals
of the former show a clear decrease as function
of increasing acidity of the spray water, espe-
cially at pH 3.0, although the K concentration in
the needles of this seedling was very high. How-
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02 exchange rate [mol/m2/s]

3
K6.9

4 6 8 10 12 14 16 18 20
K3.9

4 6 8 10 12 14 16 18 20
K6.0/87

4 6 8 10 12 14 16 18 20
Time of day

Fig. 3. The daily course of measured (thick line) and
predicted (thin line) CO, exchange rate of the
seedlings K6.9 (top) and K3.9 (middle) on 13
September 1986, and of the seedling K6.0/87 on
19 August 1987. The spray water applied for all
the seedlings was pH 3.0.
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C02 exchange rate [umol/m2/s]

3
2
k 3 *
1 i *
¢ K6.9
0

0 100 200 300 400 500 600 700

0 100 200 300 400 500 600 700
Irradiance [W/m2]

Fig. 4. The response of the CO, exchange rate to
irradiance of seedlings K6.9 (top) and K3.9 (mid-
dle) on 13 September 1986, and of the seedling
K6.0/87 (bottom) on 19 August 1987. The spray
water applied for all the seedlings was pH 3.0.
The respective predicted (eqs. 1-4) response
curves are also presented.
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ever, it should be noted that the Ca concentra-
tion of the needles of this seedling was quite
low (0.44 mgg'), which may have disturbed its
metabolism or mesophyll sap buffering capaci-
ty. On the other hand, the mean residuals of
seedling K4.8 were strongly positive through-
out the measuring period, although the K con-
centration in its needles fell between that of
seedlings K6.0/86 and K6.0/87, and seedlings
K3.9 and K2.4. Also the variance of the mean
residuals of this seedling is quite large com-
pared to the variance of the other seedlings,
which may reflect an undetected measuring er-
TOr.

The daily course of measured and predicted
CO, exchange rate of seedlings K6.9, K3.9 and
K6.0/87 near to the termination of the spraying
period is shown in Fig. 3. The model derived at
the beginning of the measuring period still fit-
ted the measured data for seedling K6.9. The
pattern of the predicted daily course of the CO,
exchange rate was quite similar to the measured
one for seedlings K3.9 and K6.0/87, but there
was a difference in magnitude. The deviation

was greater for seedling K3.9 than for seedling
K6.0/87. The deviation seemed to be smaller
during the dim morning and evening hours than
at midday. This dependence on irradiance is
better observed in Fig. 4, where the measured
and predicted CO, exchange rates are plotted
against the irradiance measured at the same time.

The reduction in the CO, exchange rate of
seedlings K3.9 and K6.0/87 most likely reflects
the disturbance of photosynthesis caused by the
acid water. These disturbances are also the most
likely explanation for the behaviour of the mean
residuals as a function of the acidity of the spray
water in seedlings K6.0/86 and K2.4, and may
also explain the reduction of the residuals in the
seedling K9.4 at pH 3.0. However, the results of
this seedling reflect more likely the effect of Ca
deficit together with acid mist application, rath-
er than the initially expected K deficit/acid wa-
ter interaction. If not biased by measuring er-
rors, the results of the seedling K4.8 may reflect
genetic differences in the resistance to the H*
load of the spraying water and/or potassium
deficit.

4 Discussion

The few studies about the effects of acid precip-
itation on photosynthesis (e.g. Ferenbaugh 1976,
Katainen and Kelloméki 1981, Neufeld et al.
1985) suggest that photosynthesis is very resist-
ant to acid precipitation. This is in accordance
with the field observations, that atmospheric
pollution does not directly affect the photosyn-
thesis of Norway spruce in the damaged forest
areas in Germany, but indirect effects, via nutri-
ent deficiencies, cause the observed disturbanc-
es (Beyschlag et al. 1987, Lange et al. 1987,
Lange et al. 1989). The experiments presented
in this paper are also in accordance with the
German observations, since the CO, exchange
rate was clearly affected by the acid spraying
water only in the potassium deficient seedlings.

A phenomenon commonly observed in the
studies in which disturbances in the photosyn-
thetic rate have been noted is that the transpira-
tion rate has remained unaffected (e.g. Bey-
schlag et al. 1987, Schulze et al. 1987, Lange et
al. 1989). This indicates that the stomata oper-
ate normally, and that the disturbances in photo-
synthesis are most likely of metabolic nature.
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Such a metabolic response is supported by field
observations in the forest decline areas of Ger-
many. Wild (1987) reported a heavy reduction
in the photosynthetic electron transport rate in
damaged Norway spruces. The chlorophyll con-
tent of the needles of visibly injured Norway
spruces has been observed to be low when com-
pared to the healthy looking trees (Beyschlag et
al. 1987, Lange et al. 1987, Wild 1987). This
low chlorophyll concentration correlated with
the magnesium deficit in the needles (Lange et
al. 1989).

In the present experiments, the photosynthet-
ic response to irradiance in the potassium defi-
cient seedlings was affected after spraying with
acid water. This phenomenon is most observa-
ble at high irradiance (e.g. Fig. 4), which may
reflect disturbances in one or more of the photo-
synthetic light reactions. This reaction may be
the electron transport chain as observed by Wild
(1987), or the functioning of proton or electron
translocating membranes as suggested by Evans
(1984).

The potassium deficit has been observed to
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cause a decrease of the Ribulose-1,5-bisphos-
phate carboxylate activity in alfalfa (Medicago
sativa L.) (Peoples and Koch 1979). If the same
kind of effect also exists in Scots pine, the po-
tassium deficit itself might have disturbed the
photosynthesis. For the seedlings used in this
study disturbances caused by the K deficit seem
quite unlikely, since the differences in the CO,
exchange rate observed before the spraying pe-
riod did not follow the needle K concentrations.
Only in the seedling K2.4 a highly reduced CO,
exchange rate was observed even at the begin-
ning of the spraying period, but this seedling
had also quite low needle nitrogen, phosphorus
and calcium concentrations.

The potassium deficit alone did not cause ul-
trastructural disturbances in the chloroplasts of
Scots pine seedlings treated as in the 1987 field
experiment, but induced vacuole deformations,
which indicate osmotic imbalances of the cells.
The acid water treatment caused protrusions in
the chloroplasts facing the cell wall in the seed-
lings with high needle K concentration, but the
thylakoids appeared undisturbed. In the seed-
lings with low needle K concentration the appli-
cation with acid water caused lipid structures
inside the chloroplasts, increased density of the
chloroplast stroma and disintegration of chloro-
plast envelope accompanied with deterioration
of cytoplasm. (Holopainen and Nygren 1989.)

These findings about the needle ultrastructure
are in accordance with the results of the meas-
urements of the CO, exchange rate presented
here. The first appearance of the ultrastructural
damages adjacent to the cell wall, especially at
the plasma membrane, also partly supports our
hypothesis about the regulation mechanism of
the external H* ion load by cation exchange
with K* ions: the cell walls form the most likely
route for the transfer of the protons from the
stomata to the vascular tissue, since the resist-
ance to flow in the cell walls is much lower than
across the protoplasts (Kramer and Kozlowski
1979). If the tree is well supplied with potassi-
um, the excessive H+ load slightly damages the
cell organelles next to the transfer route, but the
protons do not enter to the mesophyll cell sap in
high quantities. If the tree suffers from potassi-
um deficit, there is not enough K* ions to keep
the proton flow in the cell wall and the protons
penetrate to the cell sap damaging its ultrastruc-
ture and disturbing the normal biochemical ac-
tivity, including photosynthesis.

The data about the well K supplied but slight-
ly Ca deficient seedling K9.4 suggest that also
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the needle Ca concentration plays some role in
the regulation of the CO, exchange, but the
effective mechanism remains unknown. No in-
creased dark respiration, as observed by
McLaughlin et al. (1991) in Red Spruce, was
observed in this study, since the respiration rates
were close to those observed in natural condi-
tions in Scots pine (Korpilahti 1988). While the
role Ca cannot be further discussed in the light
of our data, these observations leave open the
possibility that all main base cations, K*, Ca?*
and Mg* (e.g. Lange et al. 1989) are needed for
a complete regulation of the photosynthetic and/
or respiratory metabolism in acid deposition con-
ditions.

It should be noted that our results as such are
not extrapolable to the natural conditions. Since
the intention of the experiments was to test the
existence of the interaction of potassium deficit
and external proton load on the photosynthesis,
the factors disturbing the phenomenon were tried
to eliminate. Thus, the rainfall chemistry was
not simulated, but pure sulphuric acid diluted to
distiled water was used. However, the cations in
the rain water may smooth the effects of the
acids. Furthermore, the spray was quite misty
forming a water film on the needle surface which
stimulates the penetration of the protons into
the mesophyll (Miller 1984). On the other hand,
the amount of water applied was quite small,
the total spraying being the order of 10-15 % of
the summer rainfall at our study site.

Taking into account the restrictions present-
ed, it can be concluded that the present experi-
ments support the hypothesis that the acid pre-
cipitation of measured field proton concentra-
tions alone has only a minor effect on photosyn-
thesis, but the interactive effect with mineral
nutrient deficits may be severe. This interactive
effect has been found earlier in connection with
the magnesium deficit, which most likely af-
fects photosynthesis via reduced needle chloro-
phyll concentrations (Beyschlag et al. 1987,
Lange et al. 1987, Lange et al. 1989), and in
connection with calcium deficit, which increased
the dark respiration rate (McLaughlin et al.
1991). As far as we know, the present experi-
ments were the first in which the potassium
deficit was investigated from this point of view.
These disturbances occurred in healthy looking
seedling, but obviously the needle ultrastructure
was already injured (cf. Holopainen and Ny-
gren 1989).

Pekka Nygren & Pertti Hari

Acknowledgements: We thank Mr. Toivo Pohja for
his assistance in the realization of the experimental
work, Mr. Kimmo Hinninen for his help in comput-
ing and Drs. Eeva Korpilahti, Toini Holopainen and

Eero Nikinmaa for valuable discussions and com-
ments on the manuscript. The study was financed by
the Finnish Acidification Project (HAPRO) and the
Academy of Finland.

References

Beyschlag, W., Wedler, M., Lange, O.L. & Heber, U.
1987. Einfluss einer Magnesiumdiingung auf
Photosynthese und Transpiration von Fichten an
einem Magnesiummangelstandort im Fichtel-
gebirge. Allgemeine Forstzeitschrift 27-29/1987:
738-741.

Evans, L.C. 1984. Acidic precipitation effects on
terrestrial vegetation. Annual Review of Phyto-
patology 22: 397-420.

Ferenbaugh, R.W. 1976. Effects of simulated acid
rain on Phaseolus vulgaris L. (Fabaceae). Ameri-
can Journal of Botany 63: 283-288.

Goor, C.P. van. 1978. The comparability of results of
chemical analysis of leaf samples. Final report,
TUFRO Working Party 3. Dorschkamp Research
Institute for Forestry and Landscape Planning,
Netherlands, Report 138.

Hari, P., Hallman, E., Salminen, R. & Vapaavuori, E.
1981. Evaluation of factors controlling net pho-
tosynthetic rate in Scots pine seedlings under
field conditions without water stress. Oecologia
(Berl) 48: 186-189.

Holopainen, T. & Nygren, P. 1989. Effects of potas-
sium deficiency and simulated acid rain, alone
and in combination, on the ultrastructure of Scots
pine needles. Canadian Journal of Forest Research
19: 1402-1411.

Ingestad, T. 1979. Mineral nutrient requirements of
Pinus silvestris and Picea abies seedlings.
Physiologia Plantarum 45: 373-380.

Katainen, H.-S. & Kellomiki, S. 1981. Happaman
veden vaikutus minnyn taimiin. Summary: Ef-
fect of foliar application of dilute sulphuric acid
on Scots pine seedlings. Silva Fennica 15: 267—
284.

Klemm, O. 1989. Leaching and uptake of ions through
above-ground Norway spruce tree parts. In:
Schulze, E.-D., Lange, O.L. & Oren, R. (eds.).
Forest decline and air pollution. Ecological stud-
ies 77. Springer-Verlag, Berlin. p. 210-237.

Korpilahti, E. 1988. Photosynthetic production of
Scots pine in the natural environment. Acta
Forestalia Fennica 202.

Kramer, P.J. & Kozlowski, T.T. 1979. Physiology of
woody plants. Academic Press, New York.

Lange, O.L., Zellner, H., Gebel, J., Schramel, P.,
Kostner, B. & Czygan, F.-C. 1987. Photosyn-
thetic capacity, chloroplast pigments, and min-
eral content of the previous year’s spruce needles
with and without the new flush: Analysis of the
forest-decline phenomenon of needle bleaching.
Oecologia (Berl) 73: 351-357.

Silva Fennica 26(3)

— , Heber, U., Schulze, E.-D. & Ziegler, H. 1989.
Atmospheric pollutants and plant metabolism. In:
Schulze, E.-D., Lange, O.L. & Oren, R. (eds.).
Forest decline and air pollution. Ecological stud-
ies 77. Springer-Verlag, Berlin. p. 238-273.

McLaughlin, S.B., Andersen, C.P., Hanson, P.J.,
Tjoelker, M.G. & Roy, W.K. 1991. Increased
dark respiration and calcium deficiency of red
spruce in relation to acidic deposition at high-
elevation southern Appalachian Mountain sites.
Canadian Journal of Forest Research 21: 1234—
1244.

Lehtonen, 1., Westman, C.J. & Kellomiki, S. 1976.
Ravinteiden kierto erddssdé miénnikossd: L
kasvillisuuden ja maaperén ravinnepitoisuuksien
vaihtelu kasvukauden aikana. Summary: Nutri-
ent cycle in a pine stand: I. Seasonal variation in
nutrient content of vegetation and soil. Silva Fen-
nica 10: 182-197.

Miller, H.G. 1984. Deposition-plant-soil interactions.
Philosophical Transactions of the Royal Society
of London B 305: 339-352.

— 1985. Acid flux and the influence of vegetation.
In: Symposium on the effect of air pollution on
forest and water ecosystems, Helsinki, April 23—
24, 1985. The Foundation for Research of Natu-
ral Resources in Finland, Helsinki. p. 37-46.

Neufeld, H.S., Jernstedt, J.A. & Haines, B.L. 1985.
Direct foliar effects of simulated acid rain: L.
Damage, growth and gas exchange. New
Phytologist 99: 389-405.

Nygren, P., Hari, P. & Korpilahti, E. 1987. The inter-
active effect of potassium deficit and acid water
on photosynthesis of Scots pine seedlings. In:
Perry, R., Harrison, R.M., Bell, J.N.B. & Lester,
J.N. (eds.). Acid rain: Scientific and technical
advances. Publications Division, Selper Ltd., Lon-
don. p. 580-587.

Oren, R. & Zimmermann, R. 1989. CO, assimilation
and carbon balance of healthy and declining Nor-
way spruce stands. In: Schulze, E.-D., Lange,
O.L. & Oren, R. (eds.). Forest decline and air
pollution. Ecological studies 77. Springer-Ver-
lag, Berlin. p. 352-369.

Parker, G.G. 1983. Throughfall and stemflow in the
forest nutrient cycle. Advances in Ecological Re-
search 13: 57-120.

Peoples, T.R. & Koch, D.W. 1979. Role of potas-
sium in carbon dioxide assimilation in Medicago
sativa L. Plant physiol. 63: 878-881.

Schulze, E.-D., Oren, R. & Zimmermann, R. 1987.
Die Wirkung von Immissionen auf 30 jihrige

143



Fichten in mittleren Hohenlagen des Fichtel-
gebirges auf Phyllit. Allgemeine Forstzeitschrift
27-29/1987: 725-730.

Tiren, J. 1926. Om barrytans storlek hos tallbestind.
Meddelanden fran statens skogsforsék anstalt 23:
295-336.

Tukey, H.B. 1970. The leaching of substances from
plants. Annual Review of Plant Physiology 21:
305-324.

Ulrich, B. 1983. Interaction of forest canopies with
atmospheric constituents: SO,, alkali and earth
alkali cations and chloride. In: Ulrich, B. &
Pankrath, J. (eds.). Effects of accumulation of air

144

pollutants in forest ecosystems. D. Reidel Pub-
lishing Company, Dordrecht. p. 33—45.

Wild, A. 1987. Physiologische und cytomorpho-
logische Characterisierung von immission-
belasteten Fichten. Allgemeine Forstzeitschrift
27-29/1987: 734-737.

Wraight, C.A. 1982. Current attitudes in photosyn-
thesis research. In: Photosynthesis: Energy con-
version by plants and bacteria, Vol. 1. Ed.
Govindjee. Academic Press, New York. p. 17—
61.

Total of 28 references

Pekka Nygren & Pertti Hari



