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For 22 months young Norway spruces (Picea abies Karst) were separately and
simultaneously exposed to a fumigation program, which was selected after the natural
pollution values of O5 and SO,, both in clean-air areas and in industrial urban areas,
had been determined. In all fumigation experiments we observed decreases in all
histological parameters studied. Reductions in tissue areas and cell numbers of spruce
needles were antagonistic after simultaneous exposures, simulating the clean-air area;

those representing the industrial urban area were less than additive.

Discontinuous fumigation with O, separately and low constant-concentration
exposure to SO,, overlapped by occasional peak concentration of SO,, had stronger
reducing effects on vascular tissues than continuous fumigation with O; of the same

concentration or continuous fumigation with SO,, even with a higher concentration.

KEY WORDS: Forest die-back, ozone, sulphur dioxide, needle tissue alterations.
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INTRODUCTION

In the vicinity of urban and industrial areas forest trees are generally
exposed to mixtures of gaseous pollutants. As permanent measure-
ments have pointed out, clean-air areas are polluted by mixtures of
gaseous compounds t0o.! The main components of air pollutants,
which are discussed to cause forest die-back, are SO, and O,.
Numerous studies on single and combined effects of ozone and
sulphur dioxide on herbaceous plants have been published.?¢

Short-term exposures of a mixture of SO, and O; on Pinus
strobus showed synergistic effects on the chlorotic dwarf syndrome.”
Greater than additive effects of both pollutants on clonal stocks of
Pinus strobus have been reported.® More than additive effects were
also observed on sensitive clones of Populus tremuloides.’

The photosynthetic rates of Acer and Fraxinus subjected to
combinations of SO, and O, were reduced synergistically.'®
Sequential exposures to the two gases one day prior to exposure to
the mixture predisposed Pinus strobus to greater injury.!’ In two
growth studies with a hybrid poplar, the combination of SO, and
O, was found to have less than an additive effect in reducing foliar
and shoot growth.!?!3 Long-term exposures of low concentrations
of O; and SO, on Populus x euramericana and Populus maximowiczii
showed nearly additive effects on loss of dry weight.'*

In investigations on the resistance of forest trees against air
pollutants there are three points of particular importance:

1) the pollutant concentration or dose,
2) the duration of exposure, and
3) the continuity or discontinuity of the pollution process.

As the concentrations of special pollutants change constantly in
nature, experiments in fumigation chambers have to simulate the
natural process of pollution. For this reason the data, found for the
Ruhr area by the LIS* in Essen (FRG) serve as a basis for a
simulation experiment with respect to an industrial urban area
emitting pollutants. Clean-air areas, far away from emission sources,
in Northrhine-Westfalia (FRG) show other patterns of pollutant

*Landesanstalt fiir Immissions- und Bodennutzungsschutz.
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concentrations. The measuring stations of the LIS in the Egge
mountain and in the Fifel (FRG) reveal detailed information about
these patterns. It is characteristic of industrial urban areas that O; is
formed only discontinuously during the daylight period, whereas
SO, is emitted continuously.

In clean-air areas, however, relatively constant O, concentrations
are to be found, whereas there is an elevated background con-
centration of SO,, which is occasionally overlapped by peak con-
centrations. According to the survey of the forest decline in
Northrhine-Westfalia in 1986, 65-859, of the forest area are
damaged in the industrial urban areas of the Ruhr whilst only 35-
509 of the forests in the clean-air areas of the Eifel and the Egge
Mountain have suffered damage.!® Thus, fumigations either single or
combined with the main pollutants O; and SO,, containing the
natural concentrations of either an industrial urban area or a clean-
air area can give information about which effects the pollutant dose
or the sequential exposures (continuity/discontinuity) have on forest
trees.

Exemplified by Norway spruce needles (Picea abies Karst.), sep-
arately and simultaneously exposed to ozone and sulphur dioxide, it
is the objective of this part of our study to compare the histological
changes of the spruce needles quantitatively, to document ultra-
structural changes of the chloroplasts, and to find out the accumu-
lation of phenolic compounds in the vacuoles of mesophyll cells.

EXPERIMENTAL
Fumigation experiments

The fumigation chambers used in the experiment were small expo-
sition glass houses of the LIS in Essen-Kettwig, placed in the open
air and sheltered from direct sunlight. Potted young trees were
located onto a rotating stage, filled with 6 pots each, that made it
possible for all trees to get equal light qualities and quantities. The
temperature inside the exposition houses was changing, following the
temperature outside the houses. During the summer months the
inside temperature was elevated by 2-3°C; the relative humidity
decreased correspondingly.
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The exposition houses received charcoal-filtered air, The fumiga-
tions were performed with O, and SO, either separately or in combina-
tion, according to the program of Table 1. For these experiments
3-5 year old Norway spruces (Picea abies Karst.) were obtained
from a tree nursery (Hanses Koering, Miinster, FRG) and exposed
after the above mentioned program from 23/1/1984 to 18/11/1985.
All trees were potted in ED-73 (Fruhstorfer Einheitserde). The
fumigation experiments were performed by the LIS in Essen-Kettwig
(Dr. B. Prinz and Dr. G. H. M. Krause) and the histological, histo-
chemical and cytological investigations by our group at the University
of Paderborn. )

Biological methodology

Preparation of spruce needles was as follows: Sections out of the
middle of the needle of 2mm length were fixed at room temperature
for 2h in 29 glutardialdehyde,'® followed by a terminal fixation for
1h in a 1% solution of OsO,.!” Alternatively needle pieces were
fixed for 3h at room temperature in a solution of 1% OsO, and
2.5% K,Cr,0, buffered by 0.1 M phosphate.!® After a dehydration
sequence in ethanol, the fixed sections were embedded in styrene-
methacrylate.!® Slices of 1 and 0.3 ym thickness were cut with a LKB

Table 1 Experimental exposure program

No. Pollutant concentration Duration of exposure Abbreviation

Reference series
1 Charcoal-filtered air continuously R

Clean-air area

2 60+ 7ugSO,/m? continuously
+500 ug SO,/m3 2h with 14-day intervals CA (S0,)
3 1304+ 8ug Oy/m? continuously CA (03)
4 60+ 8ugSO,/m? continuously
+ 500 ugS0O,/m3 2h with 14-day intervals
+130+28ug O;/m3 continuously CA (SO,+05)
Industrial urban area
5 99+ 9ugSO,/m? continuously 1U (SO,)
6 132+24pg O,/m? 5h/day 1U (0)
7 98+ 7ugSO,/m3 continuously

+125430pug O,/m? 5h/day 1U (SO, +0,)
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Ultrotome III and a Reichert Ultracut E, respectively. The cuts were
coloured by Toluidinblue.2® Preparation for scanning electron micro-
scopy consisted of fixation, breaking in liquid nitrogen, dehydration
in ethanol, critical-point drying and coating with gold by sputtering,
In an alternative preparation semithin sections were extracted from
resin by xylene, dried, mounted and coated with gold by sputtering.

A Leitz-Orthomat was used for light microscope studies. Quanti-
tative analysis of ten microscope pictures per experimental series
were made with the aid of a digitizer tablet, connected to a
microcomputer. Electron microscopic studies were performed with a
Hitachi H 3010 scanning electron microscope.

RESULTS
Needle transverse sections

In the needle transverse section a longer vertical ray axis can be
distinguished from a shorter horizontal cambium axis. In the needles
of all the fumigation series the ray axes are reduced. The cambium
axes are less reduced. No difference can be observed in the cambium
axis of needles fumigated simultaneously with O, and SO,
simulating the clean-air area. The highest reduction of the cambium
axis we observed in needles exposed to O; and SO, simultaneously,
simulating the industrial urban area (Figure 1).

The outline of the needle transverse sections is long-rhombic in the
reference needles; under the influence of Oj it is wide-rhombic, under
the influence of SO, high-rhombic. Fumigated needles do not show
a difference in comparison to the reference needles in the case that
the fumigation simulated the clean-air area. Needles from the experi-
mental series, that simulated the industrial urban area, do not obtain
a different outline compared with reference needles, but the trans-
verse section area is distinctly smaller.

Mesophyli

The tissue areas of the needle transverse sections are reduced in all
fumigation series compared with the reference series (Figures 2 and 3).
The lowest reduction rate was observed in the combined SO,/O,
fumigation series, which simulates the clean-air area, the highest
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Figure 2 Transverse section of a vascular bundle of a secondary reference series.

reduction rate was found in the combined SO,/O; fumigation series,
that represents the industrial urban area. The transverse section
areas of needles exposed either to O; or SO, separately, in con-
centrations simulating the clean-air area, are more reduced than
those exposed simultaneously to SO, and O,. This seems to be an
antagonistic effect between both pollutants.

On the other hand, the transverse section areas of needles exposed
to continuous fumigation with SO, or discontinuous fumigation with
O, separately, which simulates the industrial urban area, show less
reducing effects than a combined fumigation with both pollutants.
This effect of a simultaneous fumigation is less than additive.

Under the influence of O, emitted continuously we observed the
highest decrease of the transverse section area and mesophyll cell
area. The intercellular spaces or the mesophyll cells occupy a certain
portion of the total transverse section area. If these portions are
compared with each other for the different fumigation series, then
the tissue changes become evident (Table 2). Influenced by Oj, the
areal percentages of the cellular mesophyll decrease whilst those of
the intercellular spaces increase compared with the data of the
reference needles. Similar changes can be observed under the in-
fluence of SO,, but the data are less striking, Combined fumigation
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Figure 3 Transverse section of a vascular bundle of a secondary needle of Norway
spruce from the SO,-exposed set, representing the clean-air area.

of O; and SO, shows values that range between those of separate
fumigations with O; and SO,. Percentage decrease in the mesophyll
cell area and percentage increase in the intercellular space area can
be seen more clearly in the secondary needles than in the primary
needles. It has to be pointed out that the secondary needles were



19: 14 18 January 2011

Downl oaded At:

O; AND SO, IMMISSION EFFECTS ON SPRUCE NEEDLES 1 195

Table 2 Percentages of tissue areas of the related needle transverse section area of
Norway spruce

Primary needles Secondary needles

Area of Area of Area of Area of

mesophyll intercellular mesophyll intercellular

cells space cells space
Reference 60+3.6 17.64+29 64+1.2 144+2.0
CA (SO, 58450 13.8+3.6 55+4.5° 20.0+4.7*
U (SOy) 56+£2.5% 19.0+3.1 53425 1944177
CA (0Oy) 53+£2.7* 17.8+34 50+2.8* 237419
IU (0,) 51453 21.9+4.5 53+7.3* 20.5+5.7*
CA (80,+03) 55+4.4° 18.5+2.7 5243.0° 220+3.0
IU (SO,+0,) 56+£2.5* 18.3+24 54+3.0° 295+2.4

P<0.02 *P<0.025 2P <0.0001 2P <0.0005

P in comparison to reference needles.

Table 3 Mesophyll cell numbers per needle transverse section area and average area
(um?) per mesophyll

Primary needles Secondary needles

Number of Average Number of Average

mesophyll area per mesophyll area per

cells mesophyll cell cells mesophyll cell
R 158415 13404240 220+ 50 17404270
CA (S0, 146 +20 11454260 1554107 1230+210°
IU (SO,) 136 +122 1080+ 80° 200+ 10 1100+ 70*
CA (0j) 1254122 850+ 140 160+ 14* 1260+ 170
IU (0,) 127412° 945+ 137* 140+20* 15404280
CA (S0,+0y) 144 +25 1190+230 200+ 25 11904230
1IU (S80,+0,) 16+ 7# 1020+ 150° 1504+ 20* 1250+ 270

*P <0.005.

exposed to the pollutants from the beginning of their growth in the
first year.

In the primary and secondary needles we observed decreases in
the average transverse section area per mesophyll cell and in
mesophyll cell numbers in all series exposed to pollutants (Table 3).
Separate fumigation with O; caused a stronger decline in mesophyll
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cell numbers than separate exposure to SO,. The smallest mesophyll
cells we observed in primary needles fumigated with Oj
continuously.

Vascular bundle tissues

The tissues of the vascular bundle in spruce needles decrease after
separate treatment with SO, or O;; SO, has a more reducing effect
than O, (Figures 2-4).

Simultaneous exposures, simulating the SO, and O; concent-
rations of an industrial urban area, cause a strong decrease in the
transverse section areas of the vascular bundle (Figure 5), whereas
the experiments simulating the pollutant concentration of clean-air
areas, do not affect the total areas of the vascular bundle (Figures 6
and 7). The areas of the vascular bundle do not decrease to the same
extent as the transverse section areas of spruce needles (Table 4).
Under the influence of SO, the percentage of the vascular bundle
area decreases more than that of the needle cross-cut. By the
fumigation with O, a stronger percentage reduction of the area of
the total needle cross-cut is obtained than that of the vascular
bundle.

N v ; L o
Figure 4 Transverse section of a vascular bundle of a secondary needle of Norway
spruce from the Oj-exposed set, representing the industrial urban area.
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Figure 5 Transverse section of a vascular bundle of a secondary needle of Norway
spruce from the set exposed to SO, + O, representing the industrial urban area.

The tissue areas of the xylem and the intact phloem are reduced in
the needles of all the fumigation series compared with the needles of
the reference trees (Figures 8 and 9, Table 5).

Spruces fumigated with an elevated background concentration of
60 ug SO,/m> and short, occasional peaks (500 ug SO,/m* for 2h
with 14-day intervals) had a stronger decline in the areas of the
xylem and the phloem than spruces fumigated with a constant SO,
concentration of 100 ug/m3. Furthermore, the numbers of tracheids,
cambial cell rows and intact sieve tubes of secondary needles were
significantly reduced.

Discontinuous fumigation with 130 ug O;/m? (5 hours daily) has a
stronger reducing effect on xylem and phloem tissue areas than
continuous fumigation of O containing the same concentration.

The numbers of tracheids, cambial cell rows, and intact sieve tubes
are significantly reduced in primary as well as secondary needles
{Figures 10 and 11). Combined fumigation with SO, and O; has an
antagonistic effect on the reduction of the xylem and phloem
transverse section and related parameters, if simulating the clean-air
area, but less than an additive effect if simulating the pollutant
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Table 4 Percentage decrease (increase) of tissue areas in comparison to those of
the reference needles of Norway spruce

Primary needles Secondary needles
Needle Vascular Needle Vascular
cross-cut bundle cross-cut bundle
Reference 353000 23000 581000 81000
+77000 um?  + 5000 um? +115000 um? + 7600 um?
CA (S0, —-19 -35 —40 —28
IU (SO, —26 —-41 -29 —11
CA (0Oy) —43 -23 -30 —-17
IU (Oy) —33 —11 -30 —12
CA (SO,+0;) —11 +12 —25 )
IU (SO,+0,) —41 —30 —42 —-35

concentration of an urban industrial area. The symptoms observed
are more similar to those caused by separate fumigation with O,
than that with SO,.

The more striking effects were observed in experiments of con-
tinuous SO, fumigation simultaneously with discontinuously emitted
O; than in those with continuous O, fumigation combined with
continuous SO, fumigation.

The reductions of the transverse section areas of xylem and
phloem can be put down to the fact that the cambium layer is less
developed. From these cambium cells the rows of xylem and phloem
cells develop.

Cytological changes of mesophyll celis

The incorporation of the total phenolic compounds into the central
vacuoles of the mesophyll cells had increased in all experimental
series fumigated separately and simultaneously with O; and SO,. On
SEM pictures the polyphenolics look like reticulated droplets
(Figure 12). With increasing amount of total phenolics the diameter
of the droplets decreases, the degree of reticulation is increased, and
the distances between the droplets become shorter (Figure 13).
Structural changes of the chloroplasts can be observed in meso-
phyll cells of all fumigated spruces. Chloroplasts of secondary
control needles are filled up with thylakoids, only single dilatations
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Table 5 Percentage decrease of vascular tissue areas in com-
parison to reference needles of Norway spruce

Primary needles Secondary needles
Xylem  Intact Xylem  Intact
phloem phloem
CA (SO, =27 -39 -39 —42
IU (SO, —19 ~31 —35 -~ 17
CA (0y) -39 —41 -31 —18
IU (0,) —49 —51 —45 —48
CA (50,+0,) —-22 -35 -30 -31
IU (SO,+0y) —40 —50 -22 —26

can be seen (Figure 14). Structural changes in chloroplasts after
simultaneous and separate fumigation with O; and SO, are dila-
tations of thylakoidal membranes and occurrence of plastoglobules.
Chloroplasts fumigated continuously with Q5 contained the highest
amount of dilated thylakoids (Figure 15).

Discontinuous exposure to O, brought about smaller dilated
thylakoids. Chloroplasts injured by SO, after intermitting peak
concentrations and an elevated background concentration were more
damaged than chloroplasts continuously exposed to higher SO,
concentrations (100 ug/m?®) (Figure16). After simultaneous fumi-
gation, simulating the clean-air area, chloroplasts contain some large
and a great number of slight dilated thylakoids. The injury pattern
of the combined SO,/O; fumigation, representing the industrial
urban area, is indicated by accumulations of plastoglobules and
dilated thylakoids too (Figure 17).

DISCUSSION OF RESULTS

Although nearly all SO,/O; interaction studies have employed
simultaneous exposures to the two pollutants, the potentiation effect
of sequential or discontinuous exposures to the pollutants has
received little attention. Pretreatment of herbaceous plants with SO,
has been shown to alter the response of plants to a succeeding
exposure to SO, and O; in combination.?! As we have demon-
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Figure 12 Scanning electron microscopic picture of a mesophyll cell of a primary
needle of Norway spruce from the reference series, showing large droplets of phenolic
compounds inside the central vacuole.
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Figure 13 Densely located small phenolic droplets out of the central vacuole of a
mesophyll cell of a primary spruce needle for the combined SO,/O; fumigation series,
simulating the industrial urban area.
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Figure 14 Scanning electron microscopic picture of a section of a mesophyll cell of a
secondary spruce needle from the reference series, showing intact chloroplasts.
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Figure 15 Close-up of some chloroplasts with strongly dilated thylakoids of a
secondary needle from the ozone series, continuously fumigated with 130 ug O; (SEM
picture).
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Figure 16 Mesophyll cell chloroplasts of a secondary spruce needle, continuously
exposed to 60ug SO,/m* and, intermittently, to peak concentrations of 500 ug
SO,/m?* for 2h with 14-day intervals. Thylakoids are dilated (SEM picture).

Figure 17 Mesophyll cell chloroplasts of a secondary spruce needle, simultaneously
fumigated with SO, and Oj, representing the industrial urbar area. Thylakoids are
dilated and to some extent vesiculated (SEM picture).
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strated, discontinuous exposure to SO, or O, (Tables 6 and 7) and
to combinations of SO, and O; (Table 8) cause greater decreases in
tissue areas and cell numbers than continuous fumigation. There are
more decreases in the tissue areas of the vascular bundle than in that
of the needle mesophyll. Imbalances of water transport via xylem
vessels and assimilate transport via phloem vessels are effects and
causes of tissue alterations. Many injuring symptoms can be related
to the deficit of water and dissolved nutrients. Ozone attacks the
cellular membrane system and supports the weathering of the cuticle
of the needle.?? Cellular membranes of leaf organs are the primary

Table 6 Summary of results; discontinuous exposure of O,
(100ug O,/m3, 5h daily) has more decreasing effects on
transverse tissue areas (a) or cell numbers (n) than continuous

exposure

Primary needles Secondary needles

— intercellular space (a)
xylem (a) xylem (a)

tracheids (n) tracheids (n)

cambial cell rows (n) cambial cell rows (n)
intact phloem (a) intact phloem (a)
sieve tubes sieve tubes

Table 7 Summary of results; discontinuous exposure of
SO, (60 ug SO,/m? constantly; 500 ug/m® for 2h with 14-day
intervals) has more decreasing effects on transverse tissue
areas (a) or cell numbers (n) of spruce needles than continuous
exposure (60 ug SO,/m? continuously)

Primary needles Secondary needles

a

— total cross-cut (a)

mesophyll cell (n) mesophyll cell (a,n)
intercell . space (a) intercell . space (a}
—* vascular bundle (a)
xylem (a) xylem (a)

— tracheids (n)

intact phloem (a) intact phloem (a)

— sieve tubes (n)

—* no changes observed.



19: 14 18 January 2011

Downl oaded At:

210 G. MASUCH et al.

Table 8 Summary of results; simultaneous exposure of
SO, + 05 simulating the industrial urban area has more
decreasing effect on transverse tissue areas (a) or cell numbers
(n) of spruce needles than that simulating the clean-air area

Primary needles Secondary needles
total cross-cut (a) total cross-cut (a)
mesophyll cells (a) mesophyll cells (a)
mesophyll cells (n) mesophyll cells (n)
intercell . space (a) intercell . space (a)
vascular bundle (a) vascular bundle (a)
(xylem (a)) —*

(tracheids) —=*

cambial zone (a) cambial zone (a)
(cambial cell rows (II)) (cambial cell rows (n))

a

intact phloem —
sieve tubes —

—>* no changes observed.

( % no significance.

site of ozone action, resulting in an increased water and ion
loss.?3: 2 Membrane damage may occur without visible injury?® and
is followed by cation efflux,?® so that essential nutrients including
anions can be leached from the needles by fog and/or rain.?’

Water deficit causes changes in metabolism of spruce needles,
which leads to an premature senescence with increasing catabolic and
decreasing anabolic metabolisms. These can be observed in starch
congestion in the chloroplasts on one side?® and decay of starch
corresponding with an increased synthesis of phenolic compounds on
the other side.?® There are some accompanying phenomena to water
deficit in leaves and needles: structural degeneration of chloro-
plasts,3° decay of chlorophylls®! and decrease in the rate of photo-
synthesis.>? Some histological changes refer to chronic water deficit:
reductions in xylem vessels and sieve tubes, originating from reduced
divisions of the cambium cells. The rate of mitosis as well as the
growth of cells can be hindered by water stress.®3 34

When the water content in a leaf is minimized and its turgor is
reduced, the downward transport of assimilates in the phloem can be
stopped.®> The translocations of assimilates out of the leaf can be
more reduced by water stress than the rate of photosynthesis.>® The
incorporation of phenolic compounds into the central vacuoles of
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the mesophyll is suited to prevent a dehydration of the spruce
needles.?’

CONCLUSIONS

The results of experiments in which young spruce trees are exposed
to SO, and O,, separately and simultaneously, show that the tissues
of needles are more affected by discontinuous fumigation, causing an
interactive air pollution pattern of O3, SO,, SO3~ and SOZ~, which
corresponds to the simulation model of an urban industrial area,
than by continuous fumigation experiments. There are indications
that the young trees have a reduced capacity for transport of water
and assimilates due to reduction of the tissues of the vascular
bundle. These changes are also observed in spruce trees of the Egge
Mountain in Northrhine-Westfalia.

It is emphasized that the changed histological and cytological
pattern can be attributed to water stress. More information is
needed about water potential, rate of photosynthesis, loss of nut-
rients by leaching, metabolic parameters, and quantitative identifi-
cation of phenolic compounds.
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