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The influence of air pollution on forest die-back in Central Europe is not clarified 
satisfactorily. Both the ‘acidification-theory’ and the ‘ozone-theory’ as well cannot 
satisfactorily explain the die-back to its full extent. Some researchers try to link 
damage patterns to occurrence of fog and ground-based clouds, but laboratory 
experiments have failed to show serious effects of fog water on trees caused by acidic 
compounds. The role of reactive compounds such as H,O,, has been overlooked so 
far. 

In this work, the effect of hydrogenperoxide-containing fog on young trees is 
studied. Young spruces and beeches were exposed for three hours per day to acidic 
fog with concentrations of 1-5ppm H,O,. After six weeks, serious effects on the 
internal structure of leaves and needles of H,O,-exposed trees were found. The 
observed symptoms point towards a decreased resistance to drought and a decreased 
ability to transport assimilates, which in turn may lead to insufficient nourishment of 
root elements. 

KEY WORDS: Forest die-back, hydrogenperoxide, oxidants, fog, intercepted 
clouds, acid rain. 
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184 G. MASUCH ET AL. 

I NTRO D U CTlO N 

The causes of the forest die-back in the central part of Europe are 
not yet clear. The original theory in which deposition of acid and 
subsequent acidification of the soil is considered to be the principal 
cause, is now doubted by many scientists for a number of reasons: 

- Forest die-back has started at fairly remote locations (Black 
Forest, Bayerischer Wald). The total deposition of acid at these 
locations is certainly less than encountered near areas with high 
emissions, both in Germany and The Netherlands. This is parti- 
cularly the case if the large contribution of dry deposition in these 
areas is considered. 

-Forest die-back also occurs at locations where the soil contains 
sufficient calciumcarbonate to neutralize deposited acid (the Jura, 
Kalkalpen, Schwabische Alb, etc.). 

It could be argued that the interception of cloud water by forests 
situated on the German “Mittelgebirge” is an extra source (of about 
40%) of acidic wet deposition, but it is doubtful whether these areas 
come near the total load of 6000 equivalents of H +  per year per 
hectare which is calculated for the central part of the Netherlands by 
some investigators.’ Yet the general condition of the forests in The 
Netherlands is much better than in the mentioned German areas. 

So it was not surprising that another hypothesis for the forest die- 
back is favoured by Arndt,2 P r i n ~ , ~  Rehf~ess ,~  Zottl,5 and co- 
workers. They proposed that ozone affects the cell membranes, 
followed by leaching of nutrients (calcium and magnesium ions) and 
small proteins under the influence of acidic precipitation (including 
intercepted cloud water), 

-Although not many data are available, the small number of long 
term ozone measurements which have been reported suggest a 
clear increase of the atmospheric ozone concentration over the 
last 20 years,6, while emissions of acid-precursors in western 
Europe have decreased during the same period.8 

- At high elevations mean ozone concentrations generally are 
higher than those found in valleys and plains. Main causes are 
stratospheric input and ozone scavenging by low altitude nitro- 

This hypothesis has a number of strong points: 
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EFFECTS OF H,O, ON YOUNG TREES 

TABLE I 
Comparison of ozone concentrations in the Black Forest and The 

Netherlands (microgr/m3) 
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Schauinsland 
Maximum of Black Forest FRG The Netherlands 

1-Hourly mean 380 430 
24-Hourly mean 240 200 

genoxide sources. This gradient in ozone concentration could 
explain why forest die-back tends to start at higher elevations. 

Strong arguments can be raised against this hypothesis: 

- Ozone levels in the north-western part of The Netherlands are 
higher than those encountered at e.g. Schau-ins-Land (Table I),9 
one of the severely affected regions in the Black Forest. No tree 
damage is observed in this part of The Netherlands.'' In the 
eastern and south-eastern part of this country forest die-back 
occurs, but the mean ozone concentrations are clearly lower than 
in the north-western part. Peak levels (95 percentiles of hourly 
mean values) are of the same order in both parts." 

-Ozone gradients do not show large spatial differences. Forest die- 
back however occurs, at least at the initial stages, very locally. 
Affected trees and healthy ones are found in the same areas. This 
phenomenon cannot be explained easily by local differences in 
ozone concentrations. The same argument is valid regarding the 
acidification hypothesis. No sharp gradients are observed in the 
total deposition of acid in remote areas, where most of the acid is 
deposited by rain. 

Of course, one can find other explanations for the observed 
difference in the degree of damage in The Netherlands and Germany 
and the altitude effect, such as relative humidity during ozone 
exposure3 or temperature. 

However, atmospheric research has shown that as far as air- 
pollution is concerned, there is more in the air than just SO, and 
NO,, more in rain, fog and clouds than just H', and there are more 
photo-oxidants than ozone. More general recent investigations of 
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186 G. MASUCH ET AL. 

rain, fog and dew have revealed that the atmospheric liquid phase 
frequently contains concentrations in the ppm range of reactive 
species.” ~ l4 H ydrogenperoxide is only one of those. Another is 
sulfite, a component known for its phytotoxicity. One reason that 
these components were not taken into account might be that many 
chemists, and even more biologists, have not been aware of the 
presence of these species. Either they did not have the analytical 
facility, or the component was removed by reactions before analysis 
took place. So there is enough reason to be unsatisfied with todays’ 
theories dealing with forest die-back. 

The general observation that isolated trees are heavily affected, 
points to dry deposition of easily deposited species such as gases 
with high deposition rates (e.g. ammonia), hypermicrone sulfate or 
nitrate particles or the interception of cloud water. Particle and 
precursor concentrations however are not very high at locations 
such as the Black Forest area. Yet, trees are frequently exposed to 
fog or clouds. The frequency of fog occurrence is 5 times higher at 
elevations of about 700 meters than at the coastal plains. The 
occurrence of fog shows an increase above 350 to 400 meters. The 
frequency is about 120 days per year at 60 meters and goes up to 
more than 200 days per year at locations over 800.15,16 Fog is not 
uniformly distributed, and the interception of droplets particularly is 
of importance at inhomogeneities such as edges, clearings and 
isolated or high trees. 

These observations have led to the suggestion that forest die-back 
is strongly connected to the fact that many trees are in frequent 
contact with fog or cloud water. One explanation could be that these 
trees are more often exposed to acidic water than those that are only 
wetted by rainfall. Fog and cloud water are more polluted than 
rainwater12, and evaporation effects may lead to even higher 
concentrations of pollutants.18 However, effects of acidic fog on 
plants were not clear at pH values above 3.19-25 These low values 
do occur in German  forest^,'^,^^ but not enough data are available 
to determine typical values. In some fog exposure experiments, it is 
not clear whether precautions were made to prevent partial evapora- 
tion of the fog. In others, leaves were not always completely wetted. 
These problems make it difficult to extrapolate the experimental 
results to the situation in the German forests. The role of dissolved 
oxidants in fog- or cloud water has not been taken into account, 
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EFFECTS OF H,O, ON YOUNG TREES 187 

mainly because the ozone concentration in water is very low, due to 
its poor solubility in water. No other dissolved oxidants were 
investigated in relation to tree damage. 

Hydrogenperoxide was mentioned in a more general discussion on 
damaging photooxidants present in the atmosphere,26 but up till 
now, it has not been allotted an important role in the forest die- 
back, and no effect studies involving H,O, have been reported. 
Measurements of H,O, have only been performed in studies of 
sulfur oxidation rates in clouds. They indicated concentrations of 0.1 
to ever 5ppm.27-32 These reports prompted ECN and the Univer- 
sity of Paderborn to investigate the effects of H,O, containing acidic 
fog on  tree^.^^,^^ If such an effect would exist, it could give a good 
explanation for the forest die-back, in view of what has been 
discussed so far. Gasphase concentrations of H,O, in the ambient 
air are low. Some initial measurements indicate concentrations of 
0.03 to a few ppb, so the effect of gaseous H,O, in the ambient air 
would probably be negligible. 

EXPERIMENTAL 

Apparatus 

Exposure chambers The fog chambers used in the experiment were 
l m 3  glass boxes, placed in the open air and sheltered from direct 
sunlight. They were ventilated at a rate of 20m3/hr with unfiltered 
air (Figure I). Conducting experiments in which fog is involved, 
requires preconditioning of the air for temperature and humidity. 
Humidification is important, since air of 20°C and 50% RH can take 
up about 9g/m3 of water vapour before reaching saturation. 
Spraying artificial fog in unsaturated air leads to more or less 
complete drying of the droplets as typical liquid water concen- 
trations used in our experiments were about 2g/m3. At the same 
time, preconditioning of temperature is needed to minimize heat 
fluxes between the fog chambers and the surrounding air, since 
minor temperature changes have drastic effects on relative humidity. 
Therefore, the air was passed through a pipe filled with 0.8 cm 
Raschig rings. During fog exposure, water was poured over the rings. 
This water was kept at the temperature of the open air by means of 
a microcomputer controlled thermostatic bath. Due to evaporation 
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188 G. MASUCH E T A L  

FIGURE 1 Schematic drawing of set-up as used to expose trees to fog. A = blower, 
B = humidifier, C =glass boxes, D =thermostatic bath, E = spray liquid container, 
F = peristaltic pump, G =nebulizer, H = Pt 100 temperature sensor, J = minicomputer 
including interfacing, K =pressurized air. 

of water the temperature of the air is lowered when entering the 
humidifier. But given a long contact time, the air is humidified 
completely and it attains the water temperature (which in turn 
equals the open air temperature). 

Fog generation and sampling Fog was created by a nebulizer 
consisting of two steel capillaries (hypodermic needles) arranged 
perpendic~larly.~’ Pressurized air at 4 atm blown through one 
needle, nebulizes the water which was pumped through the second 
needle by means of a peristaltic pump at a rate of a few ml/min. 
Stock solutions were stored in a polyethylene bottle and a glass 
bottle in the case of the H,O, solution. The bottles were kept in a 
shelter together with the pumps, microcomputer and humidifier. The 
HzO, was added to the spray solution at a point a few centimeters 
from the nebulizer. This was done by mixing two liquid flows. One 
solution contained artificial fog water without HzOz, the second 
artificial fog water with H,O, in a concentration of 1180 micro- 
moles/liter. By mixing these flows in a 9:l ratio, we obtained the 
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EFFECTS OF H,O, ON YOUNG TREES 189 

desired concentration of 11 8 micromoles/liter. We have chosen this 
configuration because a concentrated H 2 0 2  solution has a greater 
stability both in the stock solution and in the tubing leading to the 
nebulizer. We used silicone tubes of 0.2cm ID for the stock solution 
and 0.1 cm ID for the H,O, containing solution. The length of both 
tubes was about 5 meters. Partial evaporation of water from the 
droplets will cause the composition of fog water to deviate from the 
composition of the sprayed solution. To see if this was the case in our 
experiment, fog was sampled from the boxes using small glass cyclones. 
These cyclones had a modified Stairmand design.36 The performance 
of this type of cyclones is calculated using the Barth theory.37 The 
inner diameter of the cyclone is 4cm, and the calculated 50% cut-off 
diameter at a flow of 50l/min is 4 micrometers. 

Analytical methodology 

Two methods were employed to measure H 2 0 2  in water samples; an 
adapted version of the luminol method, as reported by K O ~ , ~ ~  and 
an electrochemical method developed by ECN. The first method 
differs from the original description given by Kok at two points. The 
sample is pumped through a column filled with cation exchanger or 
a mixed bed exchanger to get rid of the heavy metals which interfere 
in the luminol method. No loss of H,02 by interaction of the ion- 
exchange materials was observed. The layout as a flow injection 
analysis method was chosen because it ensures good sample 
throughput and sensitivity. The selectivity of the method has been 
enhanced by the use of catalase as a specific enzyme for H20,. The 
sample is first injected without catalase. Next it is mixed with 
catalase resulting in a catalase concentration of 4ppm in the sample. 
After a reaction time of 30 seconds to remove all H,O,, it is injected 
again. The difference of the two signals is due to the contribution of 
H 2 0 2  only. The method gives a good check on the presence of other 
(organic) compounds that can induce chemoluminescence. They 
cause a background signal to remain after addition of the catalase. 
For the amperometric determination of H 2 0 2  a platinum working 
electrode at a potential of 250 mV versus a silver/silverchloride 
reference electrode is used. This method is quite sensitive, but it is 
not very selective. We use it in the same fashion as described for the 
luminol method (Figure 2). The sample is pumped through a column 
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190 G. MASUCH ET AL. 

HASTE HASTE 

HASTE 

ELECTRONICS 

FIGURE 2 Schematic drawing of set-up for H,O,-analysis 

filled with cation exchanger to avoid interference by heavy metals. 
The sample is injected, first without catalase, and a second time after 
mixing with catalase, again after a reaction time of 30 seconds. The 
difference in signal again is attributed to the H,O,. This method can 
also be used as a screening test for other oxidants after mixing with 
a sulfite solution followed by injection. 

Both methods described have a detection limit of 1 ,ugr/l. The 
reproducibility is typically 5% or better at a concentration level of 
50 pgr/l H,O,. For precipitation and fog samples, both methods 
generally agree within 10%. 

Biological methodology 

Preparation of beech leaves was as follows: Leaf sections of 
2 x 2mm2 were fixed at room temperature for two hours in glutar- 
d i a l d e h ~ d e , ~ ~  followed by a terminal fixation for 1 hour in a 1% 
solution of OSO,.~O After a dehydration sequence in ethanol, the 
fixed sections were embedded in styrene-m~thacrylate~~ or E p ~ n . ~ ’  
Slices of 1 and 0.3 micrometer thickness were cut with a LKB- 
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EFFECTS OF H,O, ON YOUNG TREES 

TABLE I1 
Composition of fog water before spraying 

(micromol/l) 

191 

Experiment Reference 
box 1 box 2 

Na+ 
K +  
Mgz+ 
Ca2 + 

NH: 
H+ 
so:- 
NO; 
c1- 
H2OZ 

743 
45 
90 
77 

359 
99 

375 
106 
785 
118 

743 
45 
90 
77 

359 
99 

375 
106 
785 

Ultrotome I11 
coloured by 

and a Reichert Ultracut E respectively. The cuts were 
To l~ id inb lue .~~  Preparation for scanning electron 

microscopy consisted of fixation, breaking in liquid- nitrogen, 
dehydration in ethanol, critical-point drying, and coating with gold 
by sputtering. 

The spruce needles were fixed for three hours at room temperature 
in a solution of 1% OsO, and 2.5% K,Cr,O, buffered by 0.1 molar 
phosphate.,, The needles were then embedded in styrene- 
methacry1ate4l or Epon4, After fixation the embedded needles were 
cut into 1 micrometer slices for light microscopy studies. Preparation 
of needles for electron microscopy was done in the same way as 
described for the leaves. 

A Leitz-Orthomat was used for light microscope studies. Quan- 
titative analysis of the microscope pictures were made with the aid of 
a digitizer tablet, connected to a microcomputer. Electron micro- 
scopic studies were performed with a Hitachi H3010 scanning 
electron microscope. 

Experimental procedure 

The composition of the fog water before spraying is listed in table 11. 
Note that only one of the boxes received water containing H,O,. To 
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192 G. MASUCH ET AL 

isolate a peroxide effect, both boxes received the same fog water with 
regard to all other components. 

To check whether the fog water was contaminated by metals 
leaching from the hypodermic needle of the nebulizer, we sampled 
the fog immediately after spraying by impaction on a polyethylene 
substrate. 

At irregular time intervals, the performance of the humidification 
section and nebulizer was tested by comparing the composition of 
the fog water before spraying with the water sampled by the 
cyclones. The liquid water content of the fog generated is estimated 
by the amount of water sampled in small glass cyclones. The liquid 
water content can only be estimated because of the unknown 
sampling efficiency of the inlet for large water drops. 

Three year old Norway spruce trees (Picea abies) were taken from 
a spruce forest in the Egge Mountains in Germany in July 1984. The 
trees remained in their original soil, Gault-Sandstone. Three year 
old beech trees were taken from a Melico-Fagetum in the Egge 
Mountains and cultivated in the original soil that had developed 
from shell-lime. Three spruce trees and five beeches were placed in 
each box. Fog generation started every morning at 6 and lasted for 
three hours. Relative humidity slowly decreased after the fog gener- 
ation was stopped. After the water that remained in the humidifier 
had evaporated, the relative humidity equaled that of the outdoor 
air. The experiments lasted about six weeks. After treatment, the 
trees were transported to the University of Paderborn, where the 
leaves and needles were fixed. Then, two sets of neeedles and leaves 
were prepared for evaluation, one set from each box. A set of needles 
was composed as follows: from each of the three spruces in a box 
three first year needles and three second year needles were taken, so 
a total of eighteen needles per box. From several transverse sections 
of every needle, two were taken to be analysed. A set of leaves 
consisted of one young and one grown-up leaf of each of the five 
beeches in a box, so ten leaves per box were examined. From every 
leaf, four sections were taken for further preparation and analysis. 
The results were subjected to statistical analysis with the Student 
t-test, to determine whether the two sets of needles showed significant 
differences for the variables measured (cell number, cell area, etc.). 

The leaves and needles were analysed for dry weight, the number 
of various cells and stomata, surface area of needle transverse 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



EFFECTS OF H,O, ON YOUNG TREES 193 

sections and cells, as well as the presence of chloroplasts and tannins 
(in the case of needles). 

RESULTS 

Fog water analysis and size distribution 

The size distribution of the fog droplets as measured by a foreward 
scattering optical probe is given in Figure 3. The mass median 
diameter was about 25 micrometers. 

The fog water sample obtained by direct impaction of the spray- 
jet contained no detectable amounts of Fe and Cr while con- 
centrations of Mn and Ni were at the ppb level. 

Composition of spray liquid and a typical fog water sample are 
compared in Figure 4. Hydrogenperoxide concentrations in the spray 
solution are given in Figure 5. Although the H,O, concentration 

I 

u 
\ m 
E 

diameter D urn 
FIGURE 3 Volume distribution of output of nebulizer used. 
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194 G. MASUCH ET AL. 

FIGURE 4 Typical concentration ratio of components, sampled fog water/spray 
liquid. 

DAY 
FIGURE 5 
The rise of concentration is a result of renewal of the liquid. 

H,O, concentration in spray liquid (in container) as function of time. 

was meant to be constant during the entire experiment, there was a 
decrease during the first weeks, caused by a decay of H 2 0 2  in the 
bottle which contained the stock solution. In the second half of the 
experiment, this problem was overcome by frequent replacing of the 
liquid and cooling of the glass bottle. 
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EFFECTS OF H,O, ON YOUNG TREES 195 

Effects on plants 

Norway spruce Some of the variables studied (i.e. cell numbers or 
areas) showed a decrease, others an increase for the plants exposed 
to H,O,. Also, the changes were not always observed in both 
primary and secondary needles. In the primary needles, we observed 
a significant (i.e. P<O.O5) decrease in cell number in the epidermis, 
the mesophyll and the endodermis (Figures 6 and 7). In the 
secondary needles, only a decrease of the number of hypodermal 
cells was observed. Other changes in cell numbers outside the 
vascular bundle were not significant (Tables I11 and IV). Significant 
decrease of cell area of the mesophyll was observed in both primary 
and secondary needles of H,O,-treated plants, whereas the area of 
the intercellular spaces increased. The area of the vascular bundle 
decreased significantly in the primary needles only (Table V and VI). 
In the vascular bundle of both primary and secondary needles of 
H,O,-treated plants, we observed strong deformation of the phloem 

FIGURE 6 Transverse section of a primary needle of a Norway spurce from the 
reference box. 
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196 G. MASUCH ET AL. 

FIGURE 7 Transverse section of a primary needle taken from a H,O,-exposed 
Norway spruce. It shows a reduction of the vascular bundle, an increase of the 
intercellular spaces, and more tannins in the vacuoles. 

elements. In addition to this deformation, primary needles also 
showed a 50% reduction of the number of xylem cells. The adjoining 
Strasburger cells are hypertrophied (Figures 8 and 9). The transverse 
section area of primary needles decreased under the influence of 
H,O,. The number of stomata increased 30% for primary, and 22% 
for secondary needles (Table VII). The surface density of the contact 
area between mesophyll cells and the intercellular space gives an 
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TABLE I11 
Average number of cells in a transverse section of primary needles of Norway 

spruce 

Mesophyll 
Epidermis Sclerenchyma c in hypodermis Endodermis 

Ref 80 rt 4.9 18.3 k 3.4 S3.6k 6.1 11.7 k 0.8 
H,O, 67.9 k 7.0 16.4k 10.6 48.8 k 4.5 9.8 k 1.2 
P < 0.001 0.52 < 0.02 < 0.001 

TABLE IV 
Average number of cells in a transverse section of secondary needles of Norway 

spruce 

Mesophyll 
Epidermis Sclerenchyma c in hypodermis Endodermis 

Ref 72.6 k 11.9 25.0*1l.l 52.8 f 6.6 11.5 k 1.3 
H,O, 75.8 k 9.8 14.0 k 6.8 51.7 f 5.8 11.5k1.3 
P 0.47 0.008 0.67 1 

TABLE V 
Changes in tissue area of primary needles of Norway spruce as seen in transverse 

sections (% transverse section area) 

Mesophyll Cell area of Intercellsp. Area of the 
area mesophyll area of mes. vascular bundle 

Ref 75.5 f 1.0 55.0k4.8 20.0 f 4.5 4.0 f 0.5 
H202 75.5 & 1.9 44.0 f 6.3 31.0+ 6.9 3.0k0.7 
P 0.96 < 0.001 <0.01 < 0.002 

TABLE VI 
Changes in tissue area of secondary needles of Norway spruce as seen in transverse 

sections (% of transverse section area) 

Mesophyll Cell area of 1ntercell.sp. Area of the 
area mesophyll area of mes. vascular bundle 

Ref 75.1*0.7 57.5 + 2.4 17.6k2.6 3.2 * 0.3 
H,O, 74.5 + 2.0 48.2 + 5.4 26.2 k 4.3 3.5k0.4 
P 0.33 < 0.001 < 0.001 i 0.075 
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198 G. MASUCH ET AL 

FIGURE 8 
spruce from the reference box. 

Transverse section of a vascular bundle of a primary needle of Norway 

FIGURE 9 
spruce from the H,O,-exposed set. Note the strong reduction of xylem and phloem. 

Transverse section of a vascular bundle of a primary needle of Norway 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



EFFECTS OF H,O, ON YOUNG TREES 

TABLE VII 
Transverse section area ( x  1000pm2) and number of stomata per 

700 pm stomata1 row in needles of Norway spruce 

199 

Section area Number of stomata 

Primary Secondary Primary Secondary 

Ref 187f 13 I44 f 29 4.0 k0.4 4.5k0.5 
H,O, I26 f 27 I37 k 32 5.2k0.7 5.5k0.8 
P < 0.001 0.58 <0.001 <0.001 

TABLE VIII 
Surface density (pm2/pm3) of needles of Norway spruce 

Primary needles Secondary needles 

Ref 26.6k2.3 32.0 f 3.4 
HzO, 31.1 kS.9 36.0 k4 . l  
P t0.001 0.036 

indication for gas exchange. Under the influence of H,O, the surface 
density has increased in both primary and secondary needles, the 
effect being stronger in the primary needles (Table VIII). The values 
given in the table are the mean values and standard deviations of 
cell numbers or surfaces. A summary of results is found in Table IX. 
We also observed a tremendous amount of tannins in the vacuoles of 
the mesophyll cells of the H,O,-treated trees (Figures 10, 11 and 12), 
and the chloroplasts showed a considerable increase in starch grains. 

Beeches The effect of H,O, on leaves of beeches is dependent on 
the age of the leaves. Especially, it seems to be of importance 
whether the plants were exposed before or after tissues started to 
develop into their ultimate form. 

The young leaves were still growing at the beginning of the 
experiment. At the moment they were taken for analysis, their 
average leaf area was 374mm2. The dry weight of H,O,-exposed 
leaves was 0.054 mgr/mm2 versus 0.058 mgr/mm2 for the reference 
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200 G. MASUCH ET AL. 

TABLE IX 
Summary of results for spruce needles; changes in H,O,- 

exposed plants 

Primary 
needle 

Secondary 
needle 

Dry weight 
Water content 
Crossection area 
Mesophyll cell 

tissue 
Interc. space 

(mesophyll) 
Stomata density 
Number of cells 
per section of: 

Epidermis 
Sclerenchyma 
Mesophyll 
Endodermis 

Xylem cells 
Phloem cells 

Surface density 

Area of: 

decreased 
increased 
decreased 

decreased 

increased 
increased 

decreased 

decreased 
decreased 

decreased 
decreased 
increased 

~ 

decreased 
increased 
- 

decreased 

increased 
increased 

- 

decreased 
- 

__ 

a - 

- 

increased 

’- denotes: no changes observed. 

leaves. The water content showed a more clear effect; 47% for the 
exposed, 62% for the reference leaves. 

The leaf structure of both sets of plants show a development 
typical for trees growing in the shade; there is one layer of palisade 
mesophyll, the spongy mesophyll is rich in intercellular spaces 
(Figure 13), and the stomata density at the lower surface of the 
leaves is only 116 per mm’. 

The H,O,-exposed leaves show histological and cytological 
changes. Shrunken cells are more abundant in all types of tissue, 
individual palisade and spongy mesophyll cells are collapsed (Figure 
14). The palisade cells in the reference plants are uniformly dis- 
tributed, have a slightly conical shape, and look turgescent (Figure 
15). The H,O,-exposed leaves show a rather stocky structure. There 
is little sideways contact between individual palisade cells, which 
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FIGURE 10 Scanning electon microscopic picture of a section of a primary needle 
from the reference series, showing mesophyll cells. Numerous chloroplasts fill the 
periphere cytoplasm. The central vacuoles are free of any substance. 

FIGURE 11 Scanning electon microscopic picture of a section of primary needle 
from the H,O, series, showing mesophyll cells. The central vacuoles are filled with 
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FIGURE 12 Close-up of a single mesophyll cell of a H,O,-exposed Norway spruce. 
The central vacuole is filled with tannins, chloroplasts are found in the periphere 
cytoplasm. 

FIGURE 13 Transverse section of a young leaf of Red beech from the reference 
box. The palisade mesophyll consists of one cell layer, the spongy mesophyll is rich of 
intercellular spaces (indicated length scale is 10 micrometer). 
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FIGURE 14 Transverse section of a young leaf exposed to H,O,-containing acidic 
fog. The leaf thickness is reduced, shrunken cells are more abundant in all types of 
tissue (indicated length scale is 10 micrometer). 

FIGURE 15 Transverse section of a mature leaf of Red beech from the reference 
boy. The palisade cells are turgescent, and rejuvinate going into the direction of the 
spongy mesophyll. 
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204 G. MASUCH ET AL. 

FIGURE 16 
fog. The palisade cells are less turgescent and rejuvinate hardly. 

Transverse section of a mature leaf exposed to H,O,-containing acidic 

reduces the transport of water. The cells are less uniformly dis- 
tributed, and rejuvinate hardly in the direction of the spongy 
mesophyll. The number of palisade cells per 100 micrometer of 
section width is significantly lower in the H 2 0 2  exposed leaves: 
7.5 f 0.8 versus 8.7 1.2 ( p  = 0.002). The spongy mesophyll is more 
compact in the case of the H202-exposed leaves (Figure 16). 

All types of tissue in the H202-exposed leaves have a reduced 
thickness (Table X), although the percentual decrease is not constant. 
Consequently, the leaf thickness is also reduced: 55.8 'r 2.6 versus 
63.4 A 1.3 micrometer ( p  <0.001). 

The area of most of the tissue types when measured over 100 
micrometer section width has significantly decreased. The reduction 
amounts 12% for the upper epidermis, 22% for the lower epidermis, 
12% for the intercellular spaces and 16% for the palisade mesophyll. 
Only the area of the spongy mesophyll shows an increase of 13%. 
Therefore, there is no difference in the total mesophyll area, only the 
partitioning has changed at the cost of palisade mesophyll. The 
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EFFECTS OF H,O, ON YOUNG TREES 

TABLE X 
Changes in tissue thickness of young Red beech leaves as seen in transverse 

sections (in micrometers) 

205 

Upper Palisade Spongy Lower 
epidermis mesophyll mesophyll epidermis 

Ref 6.7 f. 0.4 22.0 & 1.0 27.5 2.0 6.8 f 0.7 
H202 6.3 & 0.6 19.5 *0.6 23.2 If: 1.9 6.2 f. 0.5 
P 0.003 < 0.001 <0.001 0.003 

absolute area of the intercellular spaces in the spongy mesophyll has 
decreased, but the contribution of these intercellular spaces relative 
to the area of the transverse section has not changed. Also, the ratio 
internal/external surface area has not changed for the total meso- 
phyll. The net effect for the plant is a relative increase of internal 
surface area under influence of H,O,. 

The stomata density at the lower surface of the leaf is 116+ 12 per 
mm2 for the reference plants; for the H,O,-exposed plants, it is 
140+ 14 (P=O.O3). 

The size of the stomata was not different. The ratios of length and 
width of both stomacells and apertures were the same for both series 
of plants. The stomata therefore were in the same stage of 
development. 

In the median vein of the leaf the xylem is surrounded by phloem. 
The vascular bundles of the large veins are enclosed by a scleren- 
chyma bundle-sheath (Figure 17). The relative portions of xylem and 
phloem change under influence of H,O, in favour of the xylem 
(Table XI). The sclerenchyma bundle-sheath is enlarged (Table XII, 
Figure 18). 

In the case of the grown-up leaves the situation is somewhat 
different. The mean area of the leaves was 1060mm’. There was no 
considerable growth of these leaves during the experiment. Parameters 
such as dry weight, water content, number of stomata, leaf thickness 
and thickness of several tissue types did not change. There was a 
tendency for the upper epidermis and the intercellular space area to 
decrease when expressed as area per 100 micrometer transverse 
section area. The internal surface area and the ratio internal/external 
surface area decreased under the influence of H,O, (Table XIII). 
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206 G. MASUCH ET AL. 

FIGURE 17 
plant. 

Transverse section of the median vein of a young leaf of a reference 

TABLE XI 
Comparison of the relative areas of xylem and 
phloem in the vascular bundle in young Red 

beech leaves (% of bundle area) 

Xylem Phloem 

Ref 63+1 37+ 1 
H2OZ 68*4 30*3 
P < 0.001 0.008 

TABLE XI1 

Comparison of the tissue areas of the vascular bundle of young beech 
leaves per 100 micrometer section width (prn’) 

Vascular Xylem 
Sclerenchyma bundle-sheath bundle Phloem 

Ref 2917 * 357 2289*520 1430k322 858*205 
HZO, 3579* 151 2836k446 1922i-236 857*191 
P 0.005 0.11 0.02 1 
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EFFECTS OF H,O, ON YOUNG TREES 207 

FIGURE 18 Transverse section of the median vein of a H,O,-exposed young leaf. 

Changes in the vascular bundle of grown-up H,O,-exposed beech 
leaves are much the same as for the young leaves, but not significant 
(0.09 < P < 0.3 1 depending on parameter involved). 

Table XIV gives an overview of observed changes. 

DISCUSSION OF RESULTS 

Observed effects on plants 

Norway spruce Since the primary needles were still developing at 
the time they were exposed to the fog, they are probably more 
susceptible to H,O, compared to the secondary needles. The pri- 
mary needles showed a deformation of cells and a reduced amount 
of certain types of cells. This reduction was not found, except for the 
hypodermal cells, in secondary needles. Primary and secondary 
needles show deformation of the existing cells, most clearly in the 
phloem. The Strasburger cells, adjoining the sieve tubes of the 
phloem, are hypertrophied. Collapse of phloem cells and hyper- 
trophy of Strasburger cells are also observed in needles of dying 
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TABLE XI11 
Internal surface area of grown-up Red beech leaves as seen in 

100 micrometer transverse sections 

Internal surface Internal/external 
area (pm’) surface area 

Ref 732 58 3.7k0.3 
H,O, 674 & 63 3.4k0.3 
P < 0.05 < 0.005 

TABLE XIV 
Summary of results for Red beech leaves; changes observed in H,O,- 

exposed leaves 

Leaf area 
Leaf thickness 

Upper epidermis 
Palisade mesoph. 
Spongy mesoph. 
Lower epidermis 

Water content 
Int. surf. area 
Tissue area per 100 
pm section width: 

Upper epidermis 
Palisade mesoph 
Spongy mesoph. 
Interc. space 
Lower epidermis 

Transverse area of: 
Vascular bundle 
Xylem 
Phloem 
Scl. bundle sh. 

Young 
leaf 

Grown-up 
leaf 

decreased 
decreased 
decreased 
decreased 
decreased 
decreased 
decreased 
increased 

decreased 
decreased 
increased 
decreased 
decreased 

(increased) 
increased 

(decreased) 
increased 

(decreased) 
- 

- 

- 

- 

- 

- 

decreased 

(decreased) 
- 

~ 

(decreased) 
(decreased) 

(increased) 
(increased) 
- 

( ) denotes: no significance. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



EFFECTS OF H,O, ON YOUNG TREES 209 

spruce trees in the south of the Black Forest, and the effect is 
discussed to have more connection to SO,-pollution than to ozone 
exposure.45 Spruces, exposed to 292 micrograms S0,/m3 for two 
months showed the collapse of phloem cells and hypertrophy of 
Strasburger cells. Spruces treated with ozone (194 microgram/m3), 
showed reduced amounts of sieve tubes (though they were not 
collapsed), while Strasburger cells were also h y p e r t r ~ p h i e d . ~ ~  Since 
SO, concentrations in the Black Forest are low9 it is likely that the 
collapse found there will have other causes. The observed high starch 
content may be caused by the fact that collapsed phloem cells can 
no longer transport assimilation products out of the needle.45 This 
in turn can lead to a decay of the root system. 

The observed increase in tannins was also found in spruces from 
polluted areas of Finland.47 Tannins are polyhydroxyphenolic com- 
pounds with high molecular weight, and represent a substantial 
portion of the carbon reserves of the leaf.48 Increase in tannins was 
also observed in the mesophyll cells after SO, exposure.46 Produc- 
tion of tannins increases the plant’s resistance to t r an~p i ra t ion .~~  The 
observed high tannin and starch grain content in the H,O,-treated 
needles in our experiment, differs from earlier observations where 
high concentrations of both products did not occur at the same 
time.” 

The plants in our experiment showed an increased stomata 
density. This is one of the symptoms of w a t e r - ~ t r e s s . ~ ~ , ~ ~  Also, the 
observed increase of the internal surface area is an indication of 
water-stress. The plant increases its ability for gas exchange in 
periods of less stress. Also the high starch grain content may be 
connected with water-shortage; hydrolysis of starch will not take 
p l a ~ e . ’ ~ , ’ ~  A possible cause of the water-stress may be the observed 
50% reduction of xylem 

Beeches Young beech leaves that were still growing during fog 
exposure show serious effects of H,O,. Grown-up leaves show less, 
insignificant changes. These changes, however, show the same trend 
as in the case of the young leaves. The lower degree of damage can 
be attributed to the higher resistance of mature leaves for 
pollution. 

The following symptoms that we observed in young leaves 
exposed to H,O, lead to the conclusion that these leaves were in a 
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210 G. MASUCH ET AL. 

situation of water-stress: 

-the decrease of water content, 
-the increased stomata density, 
-the large fraction of xylem in the vascular bundle, 
- shrunken cells in the palisade tissue, 
- a higher content of fine oildrops in the upper epidermis. 

In mature leaves water-stress is less clear in tissue changes than in 
reduced water content, plasmolysis of the cells of the palisade 
mesophyll and the presence of oildrops in the cells of the upper 
epidermis and the spongy and palisade mesophyll. The presence of 
oildrops can be regarded as xeromorphic adaption of the leaves. In 
this respect, the oildrops have the same function as the tannins in 
the spruce needles. 

The following symptoms also point towards a decreased rate of 
photosynthesis of the young leaves: 

- the somewhat reduced specific weight, 
-the reduced leaf thickness, 
-the reduced leaf surface, 
-less palisade cells, 
-the reduced fraction of palisade cells in the mesophyll 
-the reduced fraction of phloem in the vascular bundle. 

The reduction in phloem and the partially collapsed sieve tubes 
reduce the transport of assimilates. A hold-up of these products 
reduces the rate of photosynthe~is.~~ The hypertrophied Strasburger 
cells indicate an increased loading with assimilates. 

Exposure f aci I ity 

The set-up chosen for this type of experiments was found to give a 
good and reproducible fog. The fact that the liquid water content is 
not exactly known, is not very important as long as one does not try 
to copy natural fog water deposition rates. Very little is known 
about this rate, and there will be a large natural variation, depend- 
ing on liquid water content, wind speed, turbulence and position of 
needles and leaves within the canopy. 
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EFFECTS OF H,O, ON YOUNG TREES 21 1 

Adding a new component to the list of pollutants which are 
possibly responsible for forest die-back, requires a discussion why 
the component has become active in the last decade. The emissions 
of NOx in the Federal Republic of Germany have increased in the 
last decades, hydrocarbon emissions remained constant. This may be 
in favour of an increased production of oxidants (including ozone). 
The emissions of SO, have decreased since 1970.4,59 These decreased 
emissions probably have resulted in a decreased consumption of 
those oxidants that are rapidly scavenged by SO,, such as H,O, in 
the liquid phase. So, all arguments concerning the temporal develop- 
ment that are in favour of a role of ozone, also apply to H,O,, with 
an additional argument being the decrease of SO, emissions. 

CONCLUSIONS 

The first results of experiments in which young spruce and beech 
trees are exposed to H,O,-containing acidic fog show that the 
internal structures of needles of Norway Spruce and of leaves of Red 
Beeches are affected by H,O,-containing acidic fog. There are 
indications that the plants have a reduced capacity for transport of 
water and assimilation products due to major changes in the 
vascular bundle. These changes are also observed in spruce trees in 
the Black Forest. Macroscale visible effects have not been observed 
after six weeks of exposure. 

Hydrogenperoxide cannot be ruled out as an important factor in 
the forest die-back, although more refined experiments will be 
needed to give more information about to what extent H,O, affects 
trees. Also, more information is needed about the occurrence of 
H,O,-containing fog in the affected regions. Furthermore, it is 
desirable to extend the examination of H,O,-exposed plants to 
determine if growth rate, evaporation, and photosynthesis are af- 
fected and to see if leaching occurs. 
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