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By Bernhard Prinz

orest damage has become a

major topic of public and sci-

entific discussion in recent

years. Significant controversy

has developed regarding the causes of

this damage. This is especially true in

West Germany (Federal Republic of

Germany), where forests are considered

in both economic and emotional terms.

The mythic bonds between man and
forest go back into ancient history.

This article first explains the differ-

ence between the novel character of re-

cent forest damage and the *‘classic”

Major hypotheses
and factors

Causes of

Forest Damage

in Europe

This article is the second in a series on the
possible relationship between forest
damage and acid rain in Europe.
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form of smoke damage. The different
forms of forest damage in Central Eu-
rope and North America are then com-
pared, and evidence for and against sey-
eral hypotheses of causation of chloro-
sis, or yellowing, of evergreen needles at
upper elevations—the most important
type of forest damage in Germany—is
discussed in detail.

History of Forest Damage

With the acceleration of industrial ex-
pansion in the 19th century, damage to
plants became more and more apparent.

In the worst cases this resulted in plant
“‘deserts” for the surroundings of highly
industrialized British cities like Man-
chester and Liverpool. In Germany at
the end of the 19th century, industries
releasing extremely high emissions of air
pollutants developed in the valleys of the
Erzgebirge, mountains now situated in
East Germany (German Democratic Re-
public). These emissions caused exten-
sive forest devastation, which in turn
stimulated much early research, espe-
cially within the forestry faculties of
Tharandt and Freiberg in East Germany.
The astonishingly well-developed state
of knowledge at that time was summa-
rized in 1907 by H. Wislicenus.'

According to his publication, acute
injury could be distinguished from
chronic (or ‘‘hidden’’) injury. In both
cases sulfur dioxide was the main cause
of damage, but other *“‘classic’’ air pol-
lutants were also involved. Coniferous
trees proved to be more sensitive to long-
lasting exposure to low pollutant con-
centrations (chronic effects), while de-
ciduous trees reacted most sensitively to
short-term high concentrations (acute
effects). There was a close correlation
between metabolic activity and sensitiv-
ity. Leaves and needles were most sensi-
tive when just reaching full develop-
ment, and whole plants suffered much
more when fumigated during the day
than when fumigated at night with the
same concentration. Coniferous trees
also proved to be much more sensitive
during summer than winter. The pre-
vailing wind determined the location
and shape of the damaged area. Within
stands, as well as within the crowns of
single trees, clear shadow effects based
on wind direction were observed. Poor
soil nutrition enhanced the effect of air
pollution. Most important for the sever-
ity of damage, however, was the water
content of soil, especially with respect to
drought conditions.

This classic type of forest decline was
named Rauchschaden (smoke damage).
Scientific proof of its causes was estab-
lished through observations of the spa-
tial and temporal relations between in-
tensity of damage and the existence of
specific sources of air pollution. A num-
ber of insightful experiments were also

11



conducted at the time. In the case of
chronic disease, clear proof was of
course lacking, so the hypotheses about
this type of damage had to be inferred
from observations in the high range of
air pollution concentrations causing
acute effects.

As early as 1911 there were attempts
to replace the Rauchschaden theory
with the assumption that acute damages
could appear only if previous acidifica-
tion of soil by deposition of sulfuric acid
(H,SO,) had taken place.” The eventual
rebuttal of this view was based on the
observation that damage also occurred
on calcareous soils, and that this dam-
age rather quickly disappeared when the
sources of air pollution disappeared.

Another striking finding of early stud-
ies was that not all kinds of forest dam-
age can be simply attributed to anthro-
pogenic environmental influences. For
example, in the first decades of this cen-
tury, extensive damage of silver fir, a
phenomenon called Tannensterben (fir
dying), occurred at the northern border
of its natural growing area. The causes
of the Tannensterben were never un-
equivocally identified, but air pollution
as a causal agent was never really dis-
cussed.’ Compared with the situation of
today, however, these early episodes of
forest damage were neither so system-
atic and widespread nor on the whole so
intensive. With good reason, then, the
recent phenomenon of extensive forest
damage is called neuartige Wald-
schiden (novel forest damage).

As a general conclusion, it can be
stated that for the classic type of forest
decline, especially in its chronic form,
only circumstantial evidence of causa-
tion by air pollutants was provided.
Nevertheless, the influence of air pollu-
tants was never doubted where their
concentrations in space and time were in
agreement with the pattern of damage.
Much later, in the Biersdorf field study
in the 1960s," the first relevant quantita-
tive relationships on a really broad scale
were produced. Disadvantageous im-
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FIGURE 1. Relation between
annual average sulfate con-
centration and radial growth
reduction for two tree species.
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pacts on trees resulting in growth reduc-
tion start at sulfur dioxide (SO,) levels of
roughly 50 micrograms per cubic meter
as an annual arithmetic mean (see Fig-
ure 1 on this page). The sigmoidal shape
of the dose-effect relationship is most
striking: low dosages cause relatively lit-
tle damage until a threshold is crossed.
Damage then increases rapidly with fur-
ther dosage increases until a dose is
reached at which essentially 100 percent
damage occurs. From the Biersdorf ex-
periments, reliable data exist that can
still be used today as a basis for the eval-
uation of sulfur dioxide-related forest
damage.

Recent Forest Damage

Any serious attempt to clarify the na-
ture and causes of forest damage must
address the following issues:

e Different symptoms on different
tree species (and even on the same tree
species) have to be clearly distinguished,
if possible, and precisely described be-
fore their causes are investigated.

e It is necessary to distinguish be-
tween long-term trends and short-term
fluctuations in the development of dam-
age (see Figure 2 on page 13). Although
air pollution is an example of a causal
factor in long-term trends, air pollution

episodes triggered by meteorological
events may be a cause of short-term
fluctuations. In each case, however,
valid statements about trends can only
be derived from appropriate time-series
analyses and not—as unfortunately is
done again and again—from a few sin-
gle observations.

e Likewise, with respect to the spatial
distribution of damage, broad-scale vari-
ation has to be distinguished from fine-
scale variation (see Figure 3 on page 13).

* A most simplified but nevertheless
complex causal scheme results when it is
recognized that air pollutants can attack
plants directly as well as indirectly via
the soil (see Figure 4 on page 14).

Summing up the previous statements,
it can be concluded that for the recent
type of forest damage, a single, predom-
inant cause may exist; but inspection of
this cause with appropriately high reso-
lution reveals that a complex interaction
of different anthropogenic and nonan-
thropogenic causes really stands behind
it. In addition, one must take into ac-
count that because of its specific pattern
of temporal development, the recent
type of forest decline reflects a chronic
process. This is associated with internal
dynamics as well as with accumulation
of toxic matter and toxic effects, to-
gether with all other complicating fac-
tors. This is again a distinction from the
classic smoke damage, where acute ef-
fects were clearly predominant.

Damage in North America

In the review attempted here, it is im-
possible to describe all the different fac-
ets of forest damage that have so far been
observed in Central Europe and North
America. It is necessary to focus on the
most typical features, leaving out of
course many aspects that may also be of
great interest.

In 1985 a review of the facts about
forest damage in North America had to
begin with the statement that, unlike the
situation in West Germany, precise data
on the development and distribution of
forest damage were missing as were data
on air pollution in the most affected
areas.’ Since then impressive efforts to
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investigate the causes of forest decline
have been undertaken. Most of these in-
vestigations are a part of the Forest Re-
sponse Program, sponsored by the Na-
tional Acid Precipitation Assessment
Program and funded by the U.S. Envi-
ronmental Protection Agency, the U.S.
Forest Service, and the National Coun-
cil of the Paper Industry for Air and
Stream Improvement.®

The most severe tree decline in North
America involves red spruce (Picea ru-
bens) growing at high-elevation sites
from New York and New England to the
southern Appalachian Mountains. Tree-
ring analyses indicate a substantial de-
crease in tree growth rate during the past
20 to 25 years, as well as a strong associ-
ation between severity of damage and
elevation, especially in northern for-
ests.” Both features are comparable to
the situation in West Germany. In south-
ern Germany, for example, the first
symptoms of growth reduction can be
traced back to the early 1960s."

The symptoms of forest damage are
rather diverse, especially if other tree
species such as the balsam fir (A bies bal-
samea) and Fraser fir (Abies fraseri) are
included. In North America the major
visible foliar symptom is loss of needles
starting from the tips of branches and
from the apex of the crown, but, unlike
the situation in West Germany, the nee-
dle loss is not accompanied by pro-
nounced chlorosis or symptoms of nu-
trient deficiency.

The ideas of the German scientist
Bernhard Ulrich® were adopted early in
the 1980s to explain the occurrence of
forest decline in North America as being
the result of soil acidification or alumi-
num toxicity caused by acid deposition. "
These assumptions were soon criticized,
however, because the mechanisms of
aluminum toxicity are inhibited by or-
ganic matter in soil, and organic matter
is prevalent at the high elevations where
forest damage is most intense.'' Fur-
thermore, except for the most sensitive
soils, leaching of nutrients does not ap-
pear to pose a threat to soil base-cation
supplies in the United States."

Other researchers suggested that the
abnormally high frequency of drought
periods in the 1960s could have caused
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FIGURE 2. Temporal development of forest decline as a result of
air pollution and other environmental factors.
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Over a short period of time, tree damage may appear to swing dramatically (as a
result of climatic conditions, for example). Only over a sufficiently long time
frame can such short-term fluctuation be readily distinguished from the un-
derlying long-term trends (as may be induced by air pollution, for example).

FIGURE 3. Spatial variation of forest decline as a result of air
pollution and other environmental factors.
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In any given segment of forest, one may observe a wide range of tree damage
induced, for example, by variations in soil and exposure. Over a large enough
space, this fine-scale variation can be distinguished from the more general
pattern, or broad-scale variation (induced by air pollution, for example).

the forest damage, or could have at least
triggered it.'* More recently the impact
of ozone as a major causal factor has
gained much attention.'* Another re-
cently discussed aspect is the suggestion
that enhanced input of nitrates (NO,)

from the past may have weakened the
trees’ resistance to frost, so that in re-
cent forest decline winter damage to fo-
liage may be the crucial factor.” S. B.
McLaughlin’s authoritative review in
1985 concluded that:
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based on field irrigation experiments and
studies of forest nutrient cycles, short-term
negative effects of acid deposition on forest
soils appear unlikely. Longer-term potential
Jor negative effects . . . has not yet been ade-
quately evaluated. . . . There are still many
postulated pathways and mechanisms for
the observed responses, including both di-
rect and indirect influences of Q,, wet and
dry deposited strong acids, and heavy met-
als, as well as climatic change. . . . However,
there is still no clear ewdence of a single
causal agent.'s

It should be added, however, that the
encouraging and promising research
now under way in the United States'’
may provide us with a much clearer pic-
ture than we have today. It seems that in
these investigations ozone, in combina-
tion with other factors, will play a signif-
icant role.

Damage in Europe

The extent and development of recent
forest damage in Europe is reviewed in
the accompanying article by S. Nilsson
and P. Duinker (see page 4)." In addi-
tion to the broad pattern of damage,
they cite several specific cases worth

highlighting.
Eastern Europe

In some subalpine areas of Poland,
Czechoslovakia, and East Germany (es-
pecially the Erzgebirge), the worst cases
of forest damage in the world appear.
The damages are solely caused by sulfur
dioxide and other primary air pollutants
and therefore have to be associated with
the classic type of forest decline. A re-
cent report, however, shows that in the
areas of Czechoslovakia that are clean-
est with respect to sulfur dioxide, a dra-
matic development of forest damage,
especially in Norway spruce stands,
took place in 1982 and 1983." There are
no obvious causes for this damage: the
concentration of sulfur dioxide was def-
initely below the threshold levels of 40 to
50 micrograms per cubic meter identi-
fied in the Biersdorf field trial. The defi-
nite deficiencies of magnesium and po-
tassium in the fir and spruce resemble
the symptoms that are to be found in
West German alpine and subalpine
forests.
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damage and their pathways.

FIGURE 4. Possible factors involved in the causation of forest
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Widespread forest damage (in 1985
about 70,000 hectares) with unclear
causality has also been reported recently
from Slovenia, Yugoslavia.” According
to needle analysis, ““dry sulphur deposi-
tion, except in the surroundings of
known local pollution sources, cannot
be a significant reason”’ for this phe-
nomenon. Many symptoms are similar
to the so-called neuartige Waldschii-
den (novel forest damage) in West Ger-
many, which is described later.

Nordic Countries

Inventories of forest damage in Swe-
den have shown that spruce trees are
suffering from needle loss primarily in
the most southern and western parts of
south Sweden, especially on dry soil in
exposed sites. Older trees are more dam-
aged than are younger trees. Early re-
ports speak of a ““remarkable coinci-
dence between the map of tree damage

and maps showing the areas of lake
acidification.”’' But five-year experi-
ments with artificial rain,” as well as re-
sults from other studies conducted in
Norway, suggest that acid deposition is
unlikely to have rapid or major effects
on soil pH in the Nordic countries.
Neither needle chlorosis nor apparent
nutrient deficiencies occurred in dam-
aged stands of Norway spruce in south
Sweden.* A slight positive correlation
between degree of needle loss and alum-
inum concentration in the needles exists
and could indeed point to the toxic in-
fluence of this element. But the content
of calcium, magnesium, manganese,
iron, zinc, and sodium in the needles
shows the same unexpected tendency—
that is, positive correlation with needle
loss—as does the aluminum content.

A more recent publication concludes
cautiously that *‘no one factor can be
singled out as the cause of damage”’ but

November 1987



that there are many coacting stress fac-
tors, such as drought, frost, wind, air-
borne pollutants (like ozone, nitrogen
oxides, acid, and ammonia), nutrient
deficiency, and metal poisoning caused
by soil acidification, as well as nitrogen
saturation.”

West Germany

Within Europe, West Germany is
among the countries most affected in re-
cent years by forest damage. All inven-
tories show the damage concentrated
mostly in southern Germany, south of
the Main River (see Figure 5 on this
page). The neighboring parts of sur-
rounding countries, especially countries
to the south like Austria, Switzerland,
and France, are also damaged.

Recent forest decline in West Ger-
many has its own politically bound his-
tory. The term Waldsterben (forest dy-
ing), which was first used to describe the
phenomenon, caused much excitement.
But this term did not reflect the complex
nature of the new phenomenon or the
fact that it involved more morbidity
than mortality of forests. Great seg-
ments of the scientific media and politi-
cal communities focused early on acid
rain as the single cause. Not until 1982
and 1983 was the discussion broad-
ened.” The narrow and at times rather
intolerant focus on acid rain and forest
death has now given way to the much
more neutral term neuartige Waldschi-
den. People have again learned to have a
broader and more differentiated view of
the phenomenon.

Some rough generalizations about the
appearance and the causal explanation
of neuartige Waldschdden in West Ger-
many follow.”

e Several different species of trees (co-
niferous and deciduous) are involved. It
appears that the silver fir (Abies alba)
first showed apparent symptoms of de-
cline in the mid-1970s, followed by the
Norway spruce (Picea abies) in 1980 in
southern Germany and elsewhere in
1982, and some deciduous species such
as common beech (Fagus sylvatica) and
oak (Quercus sp.) in 1984 and 1985.
With respect to the severity of symp-
toms and distribution of damage, Nor-
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leaves or needles lost.

SOURCE: Umweltbundesamt, Berlin, 1986.

FIGURE 5. Distribution of forests and degree of forest damage
in West Germany (all tree species), 1986.

Note: Growing districts are outlined in black. “Damage' is defined as more than 10 percent of
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way spruce seems to be the most impor-
tant. Although more severely damaged,
silver fir stands are concentrated in rela-
tively small areas, especially at higher al-
titudes of the south German subalpine
mountains, so that this type appears to
be less important overall.

® [n Norway spruce the main symp-
toms are needle chlorosis, which in-
creases with the elevation of the stand,
and thinning of the crown, which occurs
more at the lower altitudes and on the

plain.
(continued on page 32)
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_—_——
Causes of Forest Damage
(continued from page 15)

* With respect to specificity, inten-
sity, and distribution, needle chlorosis
in the higher altitudes of the subalpine
mountains seems to be the most impor-
tant type of damage. Moreover, the
greatest amount of scientific informa-
tion is available for this type of damage.

® Needle chlorosis can clearly be as-
sociated with deficiencies of nutrients in
the tree, especially deficiencies of mag-
nesium, calcium, zinc, potassium, and
manganese. The supply of other nutri-
ents, especially of nitrogen and phos-
phorus, is on the whole sufficient. At
some sites where the damage is espe-
cially severe and which are far from in-
dustrial and urban centers, even the con-
centration of sulfur is significantly lower
in yellow needles than in green needles,
reaching the range of deficiency of this
essential element. This is an important
observation for causality in implicating
leaching rather than sulfur toxicity as a
factor. Only the sun-exposed needles
turn yellow.

® Older trees are more affected by
chlorosis than are younger ones; stands
with trees of varying ages and varying
types with a rough canopy are more af-
fected than are even-aged and uniform
stands with a closed canopy.

® In relation to potential causal fac-
tors, it must be taken into account that
ozone concentrations have increased
over the last decades, especially at sites
remote from industrial and urban cen-
ters. Moreover, the concentration of ni-
trite (NO,) in rain has shown an upward
trend during recent years while the con-
centration of sulfate (SO,) has decreased,
leaving the acidity caused by this kind of
anionic substitution more or less con-
stant. It is also important to consider
that the most damaged sites at the higher
altitudes are characterized by long-last-
ing fog exposures. There are also some
indications, despite the lack of sound
time-series analyses, that forest soils
have undergone a loss of nutrients and a
decrease in buffer capacity because of
the influence of acid depositions. In re-
lation to this assumption, aluminum
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concentrations in the soil solution may
be higher now than in former times. Un-
like the situation with ozone concentra-
tions, however, there is no clear spatial
correspondence between aluminum con-
centration and the intensity of damage.

The neuartige Waldschéden
Hypothesis

Two types of damage have been dis-
tinguished in Norway spruce®®: needle
loss (Type I) and needle chlorosis (Type
IT). Needle loss is preceded by increased
nitrate leaching from the soil and a high
deposition of sulfuric acid. It results in
root damage and therefore enhanced
water stress, and preferentially affects
suppressed (understory) trees. Needle
chlorosis occurs only at moderate ranges
of soil acidification and with low depo-
sition of sulfuric acid. It results in nutri-
ent deficiency (especially of magnesium),
despite a functioning root system, and
preferentially affects dominant trees,

The most probable explanation for the
causes of the neuartige Waldschiden, es-
pecially needle chlorosis, is in the im-
pacts of ozone and acid deposition (see
Figure 6 on page 33).% Ozone affects the
trees’ energetic metabolism in a direct
way and also weakens the cell mem-
brane system so that, in combination
with acid rain and fog, the leaching of
essential nutrients is enhanced. As a fur-
ther result, the root system is affected
and the uptake of nutrients from the soil
is reduced. Soil type is an important fac-
tor in explaining the microspatial dam-
age as well as the long-term develop-
ment of damage from anthropogenic
influences.

Last but not least, climate has to be
taken into consideration as a most im-
portant triggering factor. The more or
less sudden appearance of neuartige
Waldschiden symptoms at so many sites
can only be understood if the climate
has had a strong influence on the out-
break of these symptoms. The crucial
question that remains to be answered is
how the nutrient deficiency in general,
and the magnesium deficiency in partic-
ular, can be explained. The answer to
this question, and to the phenomena re-
lated to it, will be presented step by step.

® It has been substantiated by experi-
ments that needles suffering from nutri-
ent deficiency lose chlorophyll if ex-
posed to light.” This experimentally
proven mechanism is in full agreement
with the most typical symptom—chloro-
sis—mentioned earlier.

® Magnesium concentration is high-
est in youngest and oldest needles. The
most pronounced deficiency occurs in
the previous year’s needle growth at the
time of shoot budding during May and
June.” Because of the mobility of mag-
nesium, it is transported to the parts of
the plant where it is needed most—the
new shoots. This is again in agreement
with observed symptoms of forest dam-
age. The enhanced concentration in the
older needles is due to accumulation
during their lifetime.

* No visible acute effects occur in
spruce needles fumigated with realistic
concentrations of ozone.” On the other
hand, needle chlorosis may be produced
both if the needles are fumigated for
longer than one year and if the fumiga-
tion is combined with soil nutrient defi-
ciency.” Despite the fact that the combi-
nation of ozone and depletion of nutri-
ents in the soil is detrimental in several
aspects, the type of chlorosis it induces
does not seem to be identical with the
type of light-induced chlorosis observa-
ble in the stand.

¢ Histological investigations of dam-
aged trees show that, in contrast to acute
effects of air pollutants, the main dam-
age in cases of chronic damage occurs in
the phloem and not in the mesophyll.
This type of damage can easily be repro-
duced by magnesium deficiency in soil
alone, without further interactions with
gaseous compounds.® By disturbing the
transport of assimilates (products of
photosynthesis) via the phloem, a disad-
vantageous feedback with regard to the
root system comes into action. Essen-
tially the same mechanism can be in-
duced, however, by chronic exposure to
ozone. In this case, the first relevant re-
action is a depression of photosynthe-
sis.* Subtle investigations of damaged
Norway spruce trees with the symptom
of chlorosis demonstrate that the mem-
brane system is the main target of
ozone.®
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conifer forests.

FIGURE 6. Possible impact of ozone and acid fog or rain on
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SOURCE: B. Prinz, G. H. M. Krause, and H. Stratmann, *“Waldschéden in der Bundesrepublik
Deutschiand,” LIS-Berichte no. 28 (Essen, 1982).

e Enhanced leaching of nutrients, of
cations as well as of anions, can be pro-
voked experimentally by fumigating
Norway spruce trees with ozone and
then fogging them with artificial acidic
fog.” If applied without the ozone treat-
ment, the acidity in the fog influences
only the leaching of the cations and not
of the anions.

Leaching is especially high if the trees
are predamaged—for example, taken
from a damaged natural stand—and if
the nutrient status in the soil is poor.*
This very important mode of feedback,
which accelerates the loss of nutrients, is
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in full agreement with observations in
natural stands, as in the Fichtelgebirge.”
On the other hand, the loss of nutrients
in healthy trees treated only with artifi-
cial fog (not fumigated with ozone) can
be easily compensated for with uptake
of these nutrients from soil and trans-
port within the plant.* In this case and
in contrast to fumigation experiments
with ozone, the leaching is higher on fer-
tilized than on nonfertilized soil. There-
fore, complete understanding of effec-
tive nutrient deficiency by leaching pre-
supposes an interaction between ozone,
poor nutrient status in soil, and already

existing damage caused by long-lasting
exposure of the trees to air pollution
and/or unfavorable climatic conditions.

s With respect to the influence of
soil, there are investigations that show
that the ratio of calcium or magnesium
to aluminum, rather than aluminum it-
self, affects the root system and that the
presence of aluminum in the soil so-
lution hinders the uptake of double-
charged cations.” Results, however, are
not unequivocal. It must also be consid-
ered that in some carefully executed ex-
periments, harmful effects could only
be obtained at aluminum concentra-
tions much higher than those observable
in the field.”

The most important point, however,
is that up to now no correlation at all has
been found in nature between the inten-
sity of needle chlorosis of spruce and the
aluminum content in soil or in needles,
although such correlation should be ex-
pected from many experiments.* In nat-
ural stands it is magnesium and not cal-
cium fertilization that has significantly
improved the vitality of Norway spruce
showing the symptom of chlorosis.*
This observation speaks against the pre-
dominant influence of aluminum toxic-
ity by acidification and in favor of mag-
nesium deficiency in soil as the predomi-
nant predisposing factor. The most
striking proof against the presumed tox-
icity of aluminum is the observation of a
significant difference in the content of
magnesium and calcium between the
needles of damaged and undamaged
trees in the Black Forest, but no differ-
ence at all in the roots.* Furthermore,
no difference in the content of alumi-
num was found either in the needles or
in the roots.

So within individually predisposed
trees, some toxic agent has either pre-
vented transport of calcium and magne-
sium exclusively (that is, not nitrogen,
phosphorus, or potassium) from root to
needle tissue, or subsequently these two
elements have specifically been lost by
leaching via the cuticle. Again the main
question is which of these two mecha-
nisms really exists and how it is triggered.

® The other remaining question is the
influence of climate on the development
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of forest damage. Unfortunately, al-
most no experiments about this most
important matter exist, but some spe-
cific observations may contribute to the
discussion.

Permanent observational plots in the
state of Baden-Wiirttemberg show that
observable symptoms of the decline of
silver fir developed mainly between au-
tumn 1980 and spring 1983—that is,
within a relatively short period. From
that time on, a more or less steady state
was reached. The health of the Norway
spruce worsened mainly between spring
1982 and spring 1983, with a slight im-
provement of the most damaged trees
between spring 1986 and autumn 1986.%

From radial growth studies it can be
shown that with both tree species an ini-
tial breaking down of radial growth ap-
peared in the extremely dry and warm
summer of 1976.” During this summer
ozone concentrations were also extreme
without, however, causing significant
visible symptoms. From then on, sick
trees did not recover and were further
weakened, especially in 1980 and 1982,
exhibiting for the first time chlorosis
and needle loss. This again speaks very
much in favor of a chronic, long-lasting
process.

In conjunction with a fertilizer experi-
ment, the development of damage since
1983 was very carefully observed within
a specific stand of Norway spruce in the
Eggemountains (east North Rhine-West-
phalia), where widespread damage had
occurred for the first time in autumn
1982.* The investigation revealed that
the health status of the forest improved
significantly between 1983 and 1986.
This recovery was, however, more or
less confined to the symptom of needle
loss. In this case climate seemed to be
the major factor in causing forest de-
cline. With respect to chlorosis, within
this period the health status improved
considerably only in a stand fertilized
with a combination of magnesium and
calcium. In plots where calcium had been
applied as the main fertilizer component,
the situation remained unchanged. In
contrast to chlorosis, needle loss was al-
most unaffected by fertilization.

This again provides evidence for the
chronic character of the disease, modi-
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fied by climatic influence; the over-
whelming importance of magnesium,
especially for the development of chlo-
rosis; and the minimal influence of cal-
cium as the most important base donor
in soil.

With respect to climate, the worst sit-
uation would have been expected in
1975 and 1976 (see Figure 7 on this page),
assuming that drought leads to disturb-
ance of nutrient supply by itself. (It is
notable that in 1976, the highest ozone
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concentrations ever recorded in West
Germany were also measured.) It ap-
pears, however, that even more impor-
tant than the momentarily unfavorable
conditions of 1976 was the fact that the
plants had not had enough time to re-
cover after 1976 and that therefore the
second ‘“‘climatic stress’ period from
1980 to 1983, exacerbated by the influ-
ence of air pollutants, especially ozone,
completed the damage.

A Complex Mode of Action

Many features of forest damage in
North America and Central Europe are
comparable, although some differences
of symptoms also exist. Similarities in
the development of the damage point to
the influence of the same pollutants or
the triggering effect of certain climatic
factors uniformly affecting great parts
of the Northern Hemisphere. For Cen-
tral Europe it seems most probable that
ozone, in combination with acid fog and
rain, anthropogenic and natural varia-
tions in soil conditions, and specific,
physiologically unfavorable climatic pe-
riods, represents the major factor in the
development of the most important
kind of damage: chlorosis of Norway
Spruce.

Summing up the evidence for and
against the various hypotheses on the
causes of Europe’s neuartige Wald-
schiiden, the most probable explanations
are as follows:

e The cause of the short-term ap-
pearance (and recovery) of damage in-
volves climate as a triggering or syn-
chronizing factor.

® The causes for the long-term tem-
poral development of damage involve
the upward trend of ozone concentra-
tion during the last few decades and the
continuous loss of nutrients in soil by
acid deposition.

e The causes for the spatial distribu-
tions of damage involve the increase of
ozone concentration as a daily average
with increasing altitude and the natural
differences in the nutrient supply from
soils.

In any case the development of forest
damage must be considered a long-last-
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ing chronic process; the resilience of the
plant diminishes when reacting to envi-
ronmental changes. This rather complex
mode of action may be the reason that
the whole chain of events leading to for-
est damage, including its specific symp-
toms, has not yet been produced in labo-
ratories. It may be that experiments
were executed over too short a time pe-
riod; but it may also be that they lacked
the correct, low-level mixture of nutri-
ents, especially magnesium and cal-
cium, perhaps combined with an over-
supply of nitrogen. This last aspect of
nutrient imbalance induced by nitrogen
oversupply has been discussed rather in-
tensively during recent years.* On the
other hand, investigations have shown
that even large amounts of nitrogen
overfertilization appear not to be really
harmful,® so this question remains open.

Each scientifically oriented investiga-
tion should start with observations in
nature and should, as a final proof of
the experimentally gained results, also
end there. It is extremely important to
develop and apply uniform and reliable
monitoring systems to assess the type
and degree of forest decline as well as
for the surveillance of air pollution and
other potentially influential factors like
soil and climate. In particular, the
symptomatology must be improved
considerably. In the state of North
Rhine-Westphalia, the following three
stages of investigation have proved sen-
sible:

® experiments in exposure chambers
with controlled treatments with air pol-
lutants;

® experiments in open-top chambers
within a damaged stand with applica-
tion of natural and filtered air as well as
with natural and “purified”’ rain; and

® highly sophisticated observations
with morphological, histological, physi-
ological, biochemical, and gene-engi-
neered methods in naturally exposed
trees in a damaged stand.

It is hoped that through the immense
effort now under way in Central Europe
as well as in North America, our view on
the phenomenon of neuartige Wald-
schéden will become much clearer.
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