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l. I NTRODUCT! ON

1. The environment is being subjected to a variety of stresses and

conti nuous change in the physical and chem cal characteristics of

our at nosphere. VWile sonme of the stressors and changes are due to natura
processes, many of themare the result of collective human behavi our. Fromthe
interrelations between natural and anthropogenic stress factors it can be seen
that in practice it is not always possible and easy to distinguish triggering,
acconpanying and inciting factors, acting together on a certain forest stand.

2. Forest decline is a conplex disorder: it is not a disease, although

di sease organisns are often involved. The forest decline process originates
fromnultiple stresses acting sequentially, concurrently, synergistically, or
curmul atively on a forest stand and results in progressive |oss of tree vigour.
Mortality is common, although affected trees nmay recover subsequent to the
removal of the inciting stresses.
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3. However, one common feature of stress inpact is the uneconom c use of
nutrients, energy, and water, |leading to alterations of storage patterns in
trees, soils and on the ecosystemlevel. In trees, the stress-activated repair

and adaptation nmechanisms |lead to altered allocation of nutrients and energy.
Branchi ng anomal i es and | oss of needle and | eaf biomass are the consequence of
changed resource partitioning on the tree level. Inpacts on the el enent
budgets are detectable in nutrient ratios in assimlation organs of plants; in
soils often a net |l oss of elenents is detectable, and on the ecosystem | evel
devi ations froma steady state can be seen in tine series of matter bal ances.

4, Under st andi ng how ecosystens are changi ng and how t hese changes wil |
alter the biological conponents and the regul ative functions of forest
ecosystenms is a major concern. Two nmain questions arise fromthis:

(a) I's our know edge of the inmpacts of the various stresses on conpl ex
forest ecosystens sufficient for the understanding of the main interactions in
forests; and

(b) What degree of certainty is necessary to take action?

5. Thi s docunent presents a short version of the report *Cause-effect-
interrelations in Forest Condition” el aborated for ICP Forests and providing a
conprehensive literature study of the current state of know edge in various
ecol ogi cal disciplines. The full report contains the conplete |ist of
references not included in this short version.

. ATMOSPHERI C | NPUT TO FOREST ECOSYSTEMS

A. lntroduction

6. Air pollution has been shown to danage vegetation including forest trees
directly on | eaf surfaces and via stomata and cuticul a uptake. |nportant
gaseous pollutants are ozone (Q), sul phur dioxide (SQ), nitrogen dioxide
(NQ), nitric acid vapour (HNQ), and fluorides. Indirect inpact of air

pol lution occurs via acidifying and eutrophying effects on the forest
ecosystem However, there are differences in sensitivity of various ecosystem
types, so that critical |oads have been defined for the indirect inpacts of
acidification by S and N deposition, as well as for eutrophication by N
deposition. For direct effects critical |levels of pollutant concentration in
the at nosphere were defined. Both approaches aimat the identification of
critical thresholds for the protection of ecosystens.

7. To find exposure-effect relationships it is inportant to quantify air

pol lution input to the ecosystens via neasurenents and/or nodelling of air
pol l uti on concentrati ons and deposition. One of the npbst inportant issues for

| CP Forests is to study the possible contribution of air pollution, especially
| ong-range transported air pollution, to the damage to forest ecosystens.
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B. Pat hways
8. The maj or part of the atnospheric input reaches the forest soil via
precipitation, litterfall or washoff by rain. Precipitation is enhanced at
hi gh el evated sites. On isolated hill tops, trace substance concentrations are

al so slightly higher, leading to 3-7 tines higher wet deposition rates,
conpared to sites in low altitudes. In cloudwater (fog) the trace substance
concentrations are 2-10 tinmes higher than in rain water, which were deposited
very efficiently onto vegetation. In central Europe, cloud events increase
with hei ght above sea level up to approximately 2000 m Dry deposition

consi sts of particulate and gas deposition. Sone gaseous pollutants ( SO,
NH,) can be taken up directly by the | eaves, a contribution to the total | oad
which is often neglected in the case of S and especially N, as recent findings
show. However, the magnitude of gas deposition strongly depends on surface

wet ness, especially for SQ and NH.

C. Air pollution data necessary for I CP Forests

9. A quantitative, process-oriented description of atnospheric input to
forest ecosystens depends on know edge on: (i) the deposition processes; (ii)
the structure of the forest (tree species and height, leaf area distribution,
surface roughness); (iii) the mcroclimte (frequency of cloud cover
precipitation, wind speed distribution); and (iv) the concentration of trace
substances. Since this information is difficult to obtain for |arger areas,
experimental nonitoring of throughfall in forest canopies is an accepted
approach for the estimation of the input. However, this nethod cannot be used
for quantifying deposition of substances with substantial internal cycling, so
that neasured throughfall rates - not corrected for canopy exchange - are
generally not good estimates of total deposition (especially for N, K Ca,

M) .

10. Anot her nmethod is the use of deposition/transport nodels. Long-range
transport nodels (LRT) can provide atnospheric concentration |evels over
Europe, if source and sink strengths, neteorol ogy data, and residence tines of
t he substances are known. The EMEP nodel can provide air concentrations and
deposition of pollutants on a regional scale (150 km x150 km grid) using

em ssion data, neteorol ogical conditions and chem cal transformtion
processes. Advanced nodels (e.g. EDACS) use inferential techniques to describe
deposition processes, but a |lot of aggregation and averagi ng of deposition
paranmeters nust be perfornmed.

D. Present |levels and |oads of air pollution

11. The average deposition range, given in table 1, for the period 1986-1996
is based for acid deposition on data published by EC and UNECE in the report
“Ten years of monitoring forest condition in Europe” (1997) and for N on
throughfall neasurenments plus estimted canopy uptake rates. They shoul d be
taken as rough estimates. The actual |oads on specific forest sites depend
strongly on tree species, growmh paraneters, elevation and distance to |ocal
em ssi on sources.
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Table 1. Deposition range (1986-1996) of N and total acid deposition for
di fferent regions in Europe

Total N in kg N halyr Total acid in knol/halyr
Scandi navi a 10 - 40 1- 4
Central Europe 40 - >60 4 - >6
West ern Europe <10 - 40 <1 - 4
Eastern Europe 40 - >60 2 - >6
Sout her n Eur ope <10 - 20 <1l - 2
12. Background | evel s of ozone have increased about 3 tines over the 20th

century, fromabout 20 pgm? in the 1890s to about 60 pgm?3 over large areas in
Europe today. Also, over large areas in Europe episodes with enhanced O
concentrations occur frequently each sumrer. The critical levels for crops and
forests in the formof accumul ated exposure of @ over the threshold 40 ppb
(AOT 40) are exceeded in nost European regions each year. Future |evels depend
on the reduction of anthropogenic nitrogen oxide and volatile organics

em ssi ons.

13. The conposition of sul phur (S@, SO) in the atnosphere and thus the
deposition rates are affected by |ong-range transport, especially in

Scandi navi a, where | ocal sources are conparably small. S concentration and
deposition in Europe showed a 2-6 fold increase fromthe beginning of the
century until the 1970s, and rates have been declining since. The |ocation of
the deposition nmaxi ma shifted fromthe major industrialized areas of north-
western Europe in 1900 to the industrialized areas of the border region

bet ween Ger many, Pol and and Czechosl ovakia in the 1980s. Total yearly
deposition in western and northern Europe has now reached the rates of 1950,
which is still 3-fold that of the period 1880-1900 and still exceeds the
critical loads. Nitrogen em ssions have remani ned at a high |level since the
1980s, areas with high N depositions are nostly Ny dom nat ed.

14. Base cation deposition is an inportant factor in the cal cul ati on of
critical laods for acidity. Base cation deposition derives froma nunber of
nat ural and ant hr opogeni c sources (sea salt, fires, volcanoes, soil erosion,

i ndustrial em ssions). The source strength of these sources is difficult to
determ ne and consequently also the ampbunt of deposition. The base cation
deposition is not constant in tinme. There has been a decrease over many parts
of western Europe since the 1970s when dust control techniques were

i npl enrented. During the | atest decade a new decreasing trend has been seen due
to em ssion reductions in eastern Europe. At present, the base cation
deposition is not well mapped over Europe, but wet deposition data from EMEP
show the significant gradient from southern Europe to the north, which is

mai nly due to Saharan dust deposition.
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[11. EFFECTS ON PLANTS
A. Conifers
1. Introduction
15. Numer ous exposure experinments have shown the damagi ng effects of gaseous

pollutants (Q, SO, NQ, NH, but also acid rain/mst) on forest trees. For
forest trees danmge threshol ds have been derived @critical |evels). However,
due to different experinental designs (dose, duration & frequency of exposure,
pl ant material, soil type, chanmber type, etc.) different reactions on each
scal e have been described. The variability in the pattern of biochem cal and
physi ol ogi cal reaction increases with the increasing |level of conplexity, i.e.
fromthe cellular level to the whole tree. Especially with subacute
concentrations of pollutants linear effects are not to be expected. Nunerous
mechani snms (buffer, filter, detoxification and repair) are able to avoid
visi bl e damage, and in situ interactions with site and clinmatic conditions
nmodi fy possible effects of air pollutants. The few | ong-term exposure studies
(> one year) clearly show inpacts of chronic subacute pollutant |evels,
simlar to those observed at natural sites. These studies also show that the
effects of one or nore pollutants can be increased or inpeded by the genetic
di sposition, the physiological state, the stage of developnment, and by abiotic
site factors.

2. Ozone
16. Ozone is al most exclusively taken up via the stomata and the Qnol ecul e
affect primarily the mesophyll, the cell walls, as well as the plasm

menbr anes. The primary damagi ng effect of Q seenms to be based on di sturbances
of menbrane integrity. The secondary damagi ng effect of @ may be caused by
processes related to the synthesis and allocation of storage conponents.
Especially in cases of chronic exposure of forest trees to anmbient QOlevels,
secondary effects are mainly to be expected. Chlorophyll content,
photosynthetic rate, and C allocation are often affected by © net

phot osynthesis is generally negatively affected in several tree species after
short-term Q exposure. Data fromlong-term studies (> one season) are scarce
but it seems evident that Q influences photosynthesis also negatively. It
coul d be shown that chronic exposure of spruces to subacute ©concentrations
results in a permanent inpairnent of stomatal regulation, resulting in

i ncreased transpiration rates.

17. Exposure to Q reduces partitioning of carbohydrates to roots and inpair
phl oem transport. At many sites, spruce trees with synptoms of "nontane
yel l owi ng" al ready display signs of visible phloemcollapse and repair
processes are enforced. In the long term growth reductions of roots reduce
wat er transport and lead to water deficiency. This may be conpensated for by
absci ssion of transpiring | eaves or needles. There is great evidence for the
contribution of Q to premature needl e sheddi ng, causing and accel erating
needl e chlorosis (6premature senescence). After |ong-term exposure to Q
growt h reductions are detected and decreases of frost tolerance. From vari ous
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synptoms it is known that they were nore pronounced under nutrient deficiency
condi ti ons.

3. Nitrogen oxide and ammpni a

18. Fol i ar uptake occurs as NO, NQ and NH;,, while roots take up N as NH' and
NO,; now al so the uptake of organic N (glycine) byP. sylvestris and P. abies
could be verified. The N uptake by needl es can be considerable (20-50% .
However, high concentrations of NQ are phytotoxic, whereas exposure to high
acute NH, concentration |eads to norphol ogi cal damage

19. Nitrogen is - traditionally - the nost limting element for the growth
of forests. A sustained increased growh of forests can only be realized if
the increased N supply is balanced by the supply of other nutrients such as
Ca, My, K, P and micronutrients. Along a European (deposition-) transection
significant changes in nutrient contents and dry wei ghts of spruce needl es
were observed; the ratio between nutrient content and dry wei ght indicates
that N was i nmmediately used for growh. This indicates a high cation demand at
sites with high N loads. In Sweden, especially the K/'N ratio decreased between
1985 and 1994. The enhanced growth during the |ast decades |leads to the
conclusion that fertilizer effects, due to increased N deposition
overconpensate for potential growh reductions. The highest increases of
growth could be found mainly at sites with nediumor poor nutrient supply,

whi ch seens to indicate that increased N deposition triggered this

devel opnment. Al ong a European transection a significant relationship between N
content of young needl es and stemwmod producti on was observed. Mostly,

N-i nduced growth is conmbined with enhanced shoot growth, i.e. shoot/root ratio
i s enhanced, and often the height growth. For Norway spruce high N supply is
acconpani ed by decreasing root branching density and by reduction of
nycorrhizae. Al this enhances the risk of snow break, storm damage, and water
stress. An unbal anced N nutrition frequently leads to a decreased resistance
to pests (insects, fungi). Several field studies indicate a connection of
fungal infection with the N content and increased NNK ratio of |eaves or

needl es. However, in the case of conifer decline synptoms, fungal infection
seens to play a mnor role

4. Sul phur dioxide and acid rain

20. The needl e surface is covered by the thin, waxy cuticle, which has many
protective and regulatory effects; its integrity is therefore essential for
trees. Trees are able to conmpensate for the inpact of tenporary non-toxic SO
concentrations via reductive and oxidative detoxification nechanisms. Acid
rain increases foliar |eaching, which results in reductions of foliar nutrient
concentration and gromh unless the loss is conpensated by enhanced uptake of
nutrients. Chronic exposure of conifers to anbient subacute SOconcentrations
| eads to accumul ation of S@* in the cell vacuole as non-toxic salt deposits
(with Ca?*, K, M**). This effect is of npst inportance at forest sites poor in
My and K supply, since the additional cation demand cannot be net.
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5. Synerqgistic reactions
21. Synergistic reactions were found in exposingP. strobus to a conbi nation
of SO, and Q,, i.e. the conbination of both pollutants results in an

enhancenent of the individual effects. Accel erated senescence is a
characteristic effect for Q as well as for SQ treatnent. Synergistic effects
have been found also in nearly all studies concerning S and NO. The exposure
to SO increased the susceptibility of Norway spruce to frost. Accordingly,
winter frost events in spruce plantations in the ore nountains exposed to
acute SO, concentration resulted in the die-back of whole spruce plantations.

22. Additionally, studies with acid fogs showed that a direct relationship
exi sts between the ampunt of S in the |eaves and the ability of a tree to
withstand frost. An increase in foliar S content of 0.1% caused a 2. EC decline
in frost hardiness. In highly polluted areas in southern Poland the reaction
of trees to drought is nmuch nmore pronounced than in | esser polluted regions in
the north, i.e. the sensitivity to drought is enhanced by air pollution. It is
concl uded that the recuperation process actually occurring in the north
eastern parts of central Europe could have been caused by interactions of
favourabl e weat her conditions and reduced air pollution since the early 1990s.
Trees affected by pollutants and/or low in K and My supply, are predisposed to
secondary attack by insects and diseases. High infection rates withArm Il aria
ostoyae were found at roots of Norway spruce after S@fum gation, and enhanced
susceptibility of forests to insect attacks as reaction to high SOQdoses were
reported.

B. Oak and beech

1. Introduction

23. The European beech (Fagus sylvatica L.) and the various oak (Quercus)
speci es are economically and ecologically the nost inportant broadl eaved
forest trees in Europe. During the past 3 decades, occurrence of severe oak
damage has been recorded in several European countries (Russian Federation,
Romani a, Yugosl avi a, Pol and, Slovakia, Czech Republic, Hungary, Austria,
Germany, Netherl ands, Sweden, United Ki ngdom Belgium France, Italy, Spain
Portugal). The synptons of oak damage were: reductions in growth; crown

thi nning due to abnormally increased twi g abscission and di e-back of buds;
di scoloration or yellowi ng of the |eaves; decreased |eaf size; remaining

| eaves arranged in tufts at the end of the shoots; epicormc shoots; slinme
flux at the trunks; partial necroses of bark and canmbium The various synptons
do not necessarily occur synchronously and vary in their extent.

24, Damage to beech has been reported mainly fromthe western parts of Europe
(especially from Germany, Switzerland, Italy, France, United Kingdom.

However, the beech in eastern Europe is affected as well. Besides growth
reductions, the main synptons are alterations in the branching pattern and
shoot norphol ogy, small, curled and yell owed | eaves concentrated at the end of
the shoots, and, ultimtely, crown die-back. Conpared to oak, damage showed a

| esser regional extension and a |esser intensity.
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2. Abiotic factors
(a) Air pollutants
(i) Cak
25. In long-term SQ fum gation experinents with oak seedlings, different

results have been obtained. InQ robur, SO funmigation with concentrations
even above anbient levels did not affect photosynthesis, and physiol ogica
mechani sns were capable of neutralizing the acid. In contrast, fum gation of
Q cerris and Q pubescens with sinmlar SQ concentrations resulted in
decreased photosynthesis and water use efficiency and, inQ cerris, in
reduced foliar dry weight. The results are in accordance with the genera
classification of Q petraea and Q robur as SO-tolerant in contrast to Q
ilex, which was rated as SQ-sensitive. In a study in the Danubi an region,
direct effects of SQ and NGO on the vigour of oak stands could be excl uded.

26. Direct effects of NH have only been reported fromsites adjacent to NH
sources. However, in alnost every oak stand of central and northern Europe
the cal cul ated N deposition reached or exceeded the critical |oad for

deci duous forests (15-20 kg ha! yr-'). Mstly, the throughfall fluxes of

NO, + NH,” exceeded a threshold of 15 kg N ha! yr-!, thereby increasing the risk
of NO; | eaching fromthe soil. In a vast nunmber of investigations, N
deposition led to neasurable effects on the trees. In the majority of the

i nvestigated stands in Germany as well as in parts of Slovakia and Austria,
the foliar N concentrations were above the normal |evel, which was partly
conbined with [ ow contents of P, My and/or K, |eading to increased N el enent
ratios. In northeastern France the nutrient devel opnent was studied in the
annual rings of Q robur. Between 1938 and 1967 the N concentrations

i ncreased, whereas those of P, K and My decreased. The Danubi an study
reveal ed that, in Q robur, the foliar P and K concentrati ons decreased and
the VP and NVK ratios increased with increasing crown thinning. In

nort hwestern Germany, the crown density of Q robur correlated with the foliar
My concentrati ons.

27. In northeastern Germany, the |eaves of damaged oaks had | ow
concentrations of Ca and My. However, close correlations between the nutrient
status and the vigour of the investigated oaks could not be detected.
Significant |osses of Ca and My from oak stands, triggered by air pollution,
have been established, inter alia, in Hungary, Austria, and Gernmany. However,
no indications were found that soil chem cal stress acts as a causal factor of
the current oak damage, but a continuing N input is regarded as a risk to
ecosystem stability due to | oss of base cations and an aggravati on of
nutritional inbalances.

28. Studies on the effects of ozone on oaks are scarce. Long-term exposure of
Q robur seedlings to field-relevant Q levels did not cause neasurable
reductions of CQ uptake. However, reductions in shoot and root biomass of Q
robur seedlings were found after a 2-year exposure to an @dom nated m xture
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of air pollutants (field-relevant concentrations). Thus far, unanbi guous

evidence for Q as a main cause of the reported oak damage is still m ssing.
(ii) Beech
29. F. sylvaticais less tolerant to SQ. Long-term fum gati on of young

beeches with SQ (single or with NQ and/or Q) resulted in: decreased foliar
concentrations of Ca, My, chlorophyll and proteins; reduced foliar buffer
capacity; deformation and discoloration of |eaves, premature senescence, and
reduced dry wei ghts of roots/shoots. A conbined fum gation often aggravated
the effects. The inpacts on growh as well as an increased | eaf feeding
preference by the beech weevil Rhynchaenus fagi were al so found when the

pl ants were exposed to non-filtered anbient air and conpared to trees supplied
with filtered air.

30. The deposition of Nto al nost every beech stand considered (central and
northern Europe) reached or exceeded the critical |oad. Generally, in Germany
and Switzerl and, beech trees exhibit high or very high foliar concentrations
of N and often low contents of P and My. However, close correlations with
crown conditions were not found. Wth increased Ng supply, the degree of fine
root mycorrhization, and the concentration of |iving mycorrhizae in the humc
| ayer were decreased, but so far, correlations with tree damage were not

det ect ed.

31. Fumi gation with ozone in field-relevant concentrations caused growth
reducti ons and a decrease in chlorophyll concentrations, and affected CO
assimlation, and water use efficiency. Exposure of beech seedlings to O
dom nated m xtures of air pollutants with anmbi ent concentrations for up to
three years showed a decrease in shoot and, esp. fine root biomass; enhanced
| eaf chlorosis; premature leaf fall; and increased susceptibility to winter
frost. However, the opinion on Q inmpact differ in Europe. In Austria and
Switzerl and, sonme authors do not expect @to represent a dom nating stress
factor, but in central Europe, the critical level of @for forests is exceeded
wi despread. In the United Kingdom Q is supposed, together with |ong-term
effects of drought, to contribute to damage to the beech. For Germany, it is
al so hypothesized that Q renders the beech nore susceptible to other stress
factors.

(b) Site factors and climatic extrenes

(i) Cak

32. Especially in Q robur, close correlations were found between soil water
relations and tree health. In the Netherlands, northwestern Germany, France
and the Danubi an regi on, oak damage was found to be increased at hydronorphic
sites with fluctuating water tables. At those sites, the rooting is inpaired,
leading to nore severe drought stress in dry periods. Cenerally, drought is
consi dered to be one of the main factors for the outbreak of damage to oak
during the past decades. This has been explicitly stated for Romania, Pol and,
t he Danubi an region, Italy, France, the United Kingdom and Portugal. Q robur
was nore severely affected by sumrer droughts (France). Physiologically, the
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susceptibility to drought stress decreases in the sequenceQ robur
Q petraea; Q pubescens; Q ilex and Q suber, which fits the natural habitats
of these species well.

33. Severe winter frost is regarded as one of the causal factors of oak
decline in eastern and central Europe and in southern Sweden and nmay have had
a synchroni zing effect on the occurrence of decline in the eighties. In
northern Germany, up to 20% of the danaged oaks exhibited stem bark necrosis
whi ch, presumably, was caused by three consecutive cold winters in the md-
eighties. OCaks with low C/ N ratios in the bark show decreased frost

resi stance. In southern Sweden, frost danage to roots is seen as the initial
cause of oak decline. In the past two decades, climatic extrenes seemto have
occurred nore frequently in continental regions. This may explain the fact
that, during this period, the first reports on oak decline came fromthe
eastern parts of Europe.

(ii) Beech

34. In the United Kingdom the crown condition of the beech was worse on
poorly drained, acidic soils. Healthy trees grew in soils with higher contents
of base cations and low Al/Ca ratios. In beech forests on acidic sites in
northern Germany, premature yell owi ng was acconpani ed by deficiencies of K and
My. In France, damage to beech was found mainly at sites with | ow water
reserves and on hydronorphic soils. At sites with intermttent water supply,
wet periods can induce root rot by Phytophthora species, which nmakes the trees
nmore susceptible to drought. This can cause a |ong-termreduction of vigour or
even acute decline. Drought is seen as the main climatic factor having caused
damage to the beech in the United Kingdom Germany and Italy, probably
aggravated by Q. In these cases, long-termstress or severe stress events in
the past, leading to chronic destabilization of the whole tree, rather than
acute stress is stated to be the cause for the observed decli ne.

3. Biotic factors

(a) lnsects

35. Vari ous studi es brought evidence that, nainly in eastern and centra
Europe, defoliation by insects played a predonminant role in the outbreaks of
oak decline. Defoliation in 2 or nore consecutive years rather than one
defoliation event is thought to be a primary causal factor. The npst inportant
i nsects are Operophthera brumata, Tortrix viridanaand, except in cooler
regions, Lymantria di spar. Repeated defoliation can lead to a | ack of |atewood
formati on, which can inmpair water transport to the shoot. Additionally, severe
defoliation can result in a reduced root formation, which also renders the
tree nore susceptible to drought. For northwestern Germany, it is hypothesized
that root danmage due to waterlogging in 2 consecutive years was the

predi sposing factor for the recent decline of Q robur, after severe
defoliation by insects. The bark beetleAgrilus biguttatus Fabr. was found to
be one of the earliest and nost inportant secondary organi smns.
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36. Beech trees with increased foliar NNP ratio were nore susceptible to
attack by the [ eaf aphid Phyllaphis fagi, but |eaf-eating insects do not seem
to play a decisive role in the beech damge conpl ex. From CGermany and
Switzerland, inpairment of tree vigour resulting from bark necrosis caused by
beech scal e (Cryptococcus fagi suga) has been reported. The inpact of the
insect on the tree is intensified by a mild winter and high spring
tenperatures and aggravated by drought stress in early sumrer.

(b) Fungi and m cro-organi sns

37. Fungi of the genus Phytophthora, which cause root rot, were frequently
di scussed in the context of oak decline. In the Mediterranean region,P.
cinnamom is, in combination with drought, considered responsible for the
decline of Q suber and Q ilex. Phytophthora species were also isolated from
oak stands in warner regions of central and eastern Europe, but it is doubted
that they are of mmjor inportance for oak decline in central Europe. In this
region it is nmore likely that oaks nmust be predi sposed by other factors (i.e.
excess N, inmpaired water supply, climatic extremes) to be severely danmged by
Phyt opht hora. Predisposition by soil or climatic factors is also a
prerequisite for the damage resulting from col oni zati on by the various
Arm |l aria species. Recently, evidence was provided that, in central Europe,
Phyt opht hora is virulent especially in weakly acidic soils. In easternand
sout hern Europe, Biscogni auxia nediterranea, which causes stem canker, has
been associated with severe damage mainly of Q cerris and Q frainetto,
probably due to predi sposing drought stress.

38. I nvestigations on the mycorrhiza of declining oaks are scarce. In a
Pol i sh study, Q robur with nmore severe synptons of decline showed | ower
mycorrhizal colonization In severely defoliated stands |located in the Czech
Republic, the percentage of active nycorrhizal root tips was negatively
correlated with the degree of defoliation. However, the role of nycorrhiza in
the oak decline conplex is far from bei ng understood. Some authors gave
evidence for the participation of mycoplasma-I1ike organisnms, but this could
not be confirmed by others.

39. In central Europe, Phytophthora species were detected in roots of
declining beech trees and are thought, in conbination with abiotic factors, to
cause severe damage. Beech decline in Sicily was attributed toBi scogni auxi a
nummul ari a, which causes stem canker in trees predi sposed by drought stress.
Damage to shoots caused by Nectria ditissimais increased by high foliar NNK
ratios. In a Czech and a British study, trees with poor crown condition showed
significantly reduced fractions of |ive nycorrhizal roots. For the Czech
stands, an inpairment of the mycorrhiza by air pollution is assuned.

4. Silvicultural practices

40. In central Europe, no evidence for a significant contribution of

m smanagenment to the actual oak damage has been found. In France, however, the
expansi on of Q robur into unsuitable sites may have rendered this species
nmore susceptible to stress and thus contributed to the damage in the past
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decades. In southern Europe, inproper tending and overexploitation were found
to be inportant predisposing factors for damage to the oak. In the area of the
former Soviet Union, overmaturity of coppices predi sposed oak to stress caused
by climtic extremes and pat hogens.

V. EFFECTS ON SO LS

A. |l ntroduction

41. Soils play an essential role in the water and el ement cycle of forests.
O prom nent inportance are the functions of soils for the whol e ecosystem
the regulation of nutrient cycles and the filtering and buffering capacity is
of great inportance and, for exanple, indispensable for clean drinking water.
Therefore, damage of soils and inpairnment of soil functions is always conbi ned
with an inpairment of the whole ecosystem

B. Soil degradation in Europe

42. All processes in soils depend strongly on the acid/base-status. The
ability to maintain a certain pH range, the buffer capacity, is extrenely

i mportant. An indication of soil acidification can be a decrease in soil pH
i ndicating the actual acidity, which is, however, partly influenced by
seasonal processes. For the assessnent of soil acidification processes the
measur enent of capacity factors is nore reliable. Acidification nmeans an
increase in the exchange acidity (M cations: H, A%, Fe?, M?) and a
reduction in exchangeabl e “bases” (M cations: Na', K, Ca?>, M?).

43. Recently enhanced soil acidification has been proven by resanpling forest
soils at intervals of several years or even decades. Long-term chem ca

changes of forest soils have been reported fromnorthern and central Europe
since the early 80s. In Sweden several studies revealed |ong-term pH decreases
in forest soils. Conparisons of sites in southern Sweden, receiving an
estimated wet deposition of 0.45-0.55 knmol H ha! (1985), with a site in north-
central Sweden with an esti mated deposition of 0.20-0.25 knol Hha'! showed
clear differences in the pH of the subsoil, which were explained by the
difference in the deposition | oad. Sonetinmes even m neral ogi cal changes were
reported, which nmay counteract a conplete reversibility of the current soi
acidification. In Scotland, soil sanples from 1949/50, resanpled in 1987,
showed decreases in pH, base cations, base saturation and cation exchange
capacity, whereas extractable Al increased.

44. These changes are seen as a result of biomass accunul ati on, natura
pedogeni ¢ processes and atnospheric pollution effects. At Rothanstead (United
Ki ngdon), it was possible to conpare pH values of soils over a period of 100
years. Under grassland, the pHpg in the hunus |ayer dropped from5.7 (1863) to
5.1 (1984), under deci duous woodl and from®6.0 (0-23 cm and 7.0 (46-69 cn
around 1900 to 4.0 and 5.7, respectively, in the 1980s. In Germany studies in
different regions were carried out dealing with this question, show ng al ways
consi stent soil pH decreases or reductions in base cation contents
(Westphalia, Hanmburg, Berlin, Solling area in Lower Saxony, Black Forest,
Bavaria). Data show a significantly greater base cation | oss under conifers,
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conmpared to broadl eaved trees, which is the result of the higher deposition

| oad due to the greater aerosol-trapping capacity in the evergreen canopy.

Si gnificant pH decrease in forest soils has been reported fromvarious sites
in Austria, but also fromthe southern Swiss Alps (due to the atnospheric
depositions from M Il an). Wereas soil acidification phenonmena are neasured al
over northern and central Europe, simlar results from southern Europe are

m ssi ng.

45. Even if acid deposition decreases, recovering fromsoil acidification
beconmes difficult when the portion of exchangeable bases in soils reaches a

| evel where the selectivity for base cations is very |low. This aggravates the
reversibility by natural processes.

46. Reduced buffering capacity of acidified soils can result in transport of
acidity to ground and surface water. Fresh water acidification has been
observed in many parts of Europe within the past 20 years. In Scandi navi a

| arge-scal e acidification of |akes took place between 1950 and 1980.

47. Apart from obvi ous decreases in pH or base cation | osses, various
indirect effects in soils can give hints on actual or already passed soi
acidification processes:

(a) A survey of beech stenflow areas in Europe (sites in Spain, Italy,
Greece, Hungary) showed that the phenonenon of trunk base acidification could
not be detected in Southern Europe, |leading to the conclusion that the
phenomenon seens to be restricted to central European regions affected by
hi gher pollution | oads;

(b) Between pH 5.0-4.0 M oxides - if available - are dissolved and
often excess Mh is found in soil and | eaves/needl es. Unusually high M
contents were found in sites in Germany, e.g. the northern Black Forest, the
Eifel area, and in Hesse, often correlated with tree damage. Sinmilar findings
were reported from southern Sweden for beech, where high M concentrations
were correlated with low My and Ca contents in the | eaves. High M
concentrations in needles/|leaves thus indicate acid soil conditions;

(c) Di screpanci es between chem cal soil data (pH, C/ N ratio) and those
expected fromprofile norphology were identified in some European regions.
They indicate an obviously great inpact of external influences. |In Baden-
Wirttenmberg (Germany), the results of the soil survey show that in Ahorizons
Wi t hout podzolizing features, where pH was expected to be around 5.0, the
nmeasured val ues were <4.2; at the same time the C/ Nratio of the hunus |ayers
has decreased considerably in the past decades. The general tendency of C/'N
ratios to | evel out can also be seen in other regions in Europe;

(d) Soil fauna influences the physical soil structure to a |large
extent, e.g. by creating pore systens, producing clay-hunus conpl exes, and
deconposing organic material. Normally a great variety of species can be
found, but acidification Ieads to a reduction in species abundance and anount
of individuals. Reduced macropore volune due to reduced bioturbation was
identified for upper mineral soil layers of the Solling area, Cermany;
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(e) The species conmposition of herb |layers in forests show an increase
in the number of acidophilic plants, but also nitrophilic vegetation,
i ndi cating acidification and eutrophication.

1. Soil degradation resulting fromhistorical |and use

48. Bei ng the only energy source available in the past, the excessive
consunpti on of wood for snelters, glass production, mning or as construction
material led to large clear-felled areas in Europe. Often the original beech
forest was successively replaced by spruces. Many European forests have
experienced dramatic changes due to nutrient depletion resulting from
excessive biomass harvesting in the past. In sone European regions litter
raking was practised until the 1950s and pasture in forests is still conmmon
practice. The essential difference between nutrient depletion due to
historical land use is that historic nutrient depletion includes N (it is a
“har noni ¢c” pauperization), whereas the present-day pollution is conbined with
high N input, leading to nutritional disorders.

2. Interactions between plant and soi

49. Acidification / eutrophication of soils my lead to disturbance of tree
nutrition in different ways: (i) the rooting system and nycorrhizae can be
impaired; (ii) nutritional elements can becone deficient; (iii) the supply of

nutrients can be inbal anced; (iv) toxic concentrations of elenents can occur;
and (v) a spatial decoupling of demand and supply can lead to nutrient | osses.

50. In soils, pH and the concentration of other elenents strongly affect the
toxicity of metal ions, e.g. Al. Below a pH of 4.2 and ca. 20% base
saturation, Al* is present in soil solution, which is potentially toxic to
fine roots, and Al restricts the uptake of Ca and My. Therefore, the CalAl
ratio in soil solution can be used as indicator for acid stress. As a
consequence, the rooting systemof trees on many sites has become shal |l ower
over the past decades. This leads to a further decrease in spatia
availability of nutrients and water.

51. The risk of My, Ca and K deficiency increases at sites with high N
deposition. Especially excess NH" inhibits uptake of K and the NH/K ratio is
used to assess the risk of nutrient inbalances. The risk of high N
concentrations is highest in very acid upper soil layers, which reduce the
capacity for nitrification. These soil conditions are wi despread in central
Europe. As NH* is preferred by nost forest trees, root density increases in
the upper horizons, leading to a flat rooting system unbal anced tree
nutrition and increased drought susceptibility. Both acidification and N
excess thus |lead to the sane phenonena destabilizing forest ecosystens.
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C. Effects of nitrogen
1. Introduction
52. The N input to the soil fromthroughfall in many European experi nmental

sites is up to 60 kg N. The NQ fraction of the input is alnpost below 15 kg N

i ndicating that high input sites are dom nated by Nginput. There is evidence
that elevated N input increases N concentrations in foliage and litter, which
increase the input to the soil and accelerate the internal N cycling. Nitrogen
availability in the soil thus increases both directly from deposition input
and by stinulation of N mineralization.

2. Nitrogen retention and nitrate | eaching

53. Forest soils may have a high potential for N retention. However,
conpi l ati ons of input-output budgets have shown that above a threshold of sone
10 kg N hatyr-tin throughfall NQ |eaching (>5 kg N hatyr-!) occurred at many
sites, and retention decreased with increasing proportion of NQin deposition.
Detail ed process studies and experinents (N addition or N rempval) at sites
within the NI TREX (Nitrogen saturation experinments) network showed that
variability in NQ |leaching could be explained by differences in ‘N status’.
Recent anal yses suggest that forest floor C/ Nratio is a good indicator for N
status at |least for coniferous forests and a relationship between C/ N ratio
and NGO, | eaching is found. Currently, forest floor C/Nratios my be used to
assess risk for NQ | eaching using >30, 25 to 30, and <25 to separate | ow,
noderate, and high NQ | eaching risk, respectively.
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Fi gure 1. Nitrate | eaching versus C/ Nratio at 31 tenperate forest sites in

Europe (Gundersen et al., 1998a)

54, In the European Forest soil inventory approximtely 40% of the sites had
forest floor C/ N ratios below 25. An inportant nmechani sm behind the shift of
the bal ance between retention and | eaching seens to be the onset of
nitrification at forest floor C/ N ratios around 24-27 or possibly a disruption
of NO, i mmobilization at low C/ N ratios. Declines in C/Nratio over tinme have
been observed and lower C/ N ratios coincide with areas of elevated N
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deposition. The acidification potential from N input and N accumul ation is
rel eased when NQ is | eached. One kmol H is produced for each 14 kg
NO,- N halyr-! | eached, and base cations and/or Al will be |leached with the NO
The build-up of NQ fromnitrification is largely regulated by climtic
fluctuation, so that in N-saturated acid soils episodic events with Al
concentration well above toxic limts may occur.

3. Effects on trees

55. Decline synptons in European forests have often been connected to
nutrient deficiencies. Nutritional inbalances have been docunmented near |oca
sources of NH. It may be discussed if these effects are mainly related to
direct uptake of especially NH/NH, in the canopy or if they are related to
increased N availability in the soil. Experinents reveal that these effects
mai nly occur through the soil

56. Possi bl e mechani snms involved in the effects of excess N availability in
soils on tree nutrition may be a combination of (i) nutrient |osses due to NO
| eaching and acidification; (ii) inpairnment of root growh; and (iii) ion
conpetition in root uptake (NH vs. My, Ca, K). Deficiencies of Mg or K are
reported fromseveral sites. Fine root bionmass in coniferous stands decreased
over the deposition gradient of the NITREX sites and with increasing N
availability. Roof experiments have indicated inmprovenents in root growth
already after a few years of reduced N inputs.

57. Cbservations of increased tree growh in European forests over the past
decades may be viewed as a contradiction to the potential negative effect of
increased N input, although this is only one of several reasons that may
explain this response. The question is if European forest can still respond to
N. It was shown that there is a threshold for gromh response of conifers at
ca. 1.4-1.6% N in the needles, which correspond to the |level where excess Nis
accunul ated in the needl es as arginine. Above the sanme threshold increased NO
| eachi ng was found; the sane sites have forest floor C/N ratios bel ow 25-28.

If these thresholds for N saturation are extrapolated to the whole of Europe
by use of the ICP Forest soil inventory, sonme 40% of the forest wll|l appear
N-saturated at least if N deposition exceeds 10 kg N ha'yr-*.

4, Effects on soil biology

58. A decline in the nunmber of nycorrhizal species on roots was observed in a
N pol lution gradient; other studies show the negative effect of N on
mycorrhizal fruit body production. O her changes in the mcrobial comunity

may occur. Certainly, the above-nentioned increase in nitrification rate at
organic layer C/Nratios below 24-27 is related to responses of the mcrobia
communi ty, which need further clarification
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D. I npact of heavy nmetals on forest ecosystens

1. Introduction

59. Quantifying the effects of pollutants is conplicated, since responses to
pol lution vary with plant species and genotype, the responses neasured and the
devel opnental stages, further the dosage, types and conbi nati ons of

pol l utants, environmental reginmes, and interactions of pollutants w th plant
di seases and insects. Effects caused by the exposure of organisms to heavy
met al deposition may be related either to current deposition rates or to
accunul ated anmounts in the ecosystem sone effects certainly being related to
both. Metal uptake by plants plays the key role in the entry of netals to
terrestrial food chains, because vegetation is foraged by herbivores or by
detritivores. When plants accunul ate nmetals, these netals can be ingested by
animal s thus creating the potential for toxic effects at higher trophic

| evel s.

2. Mechanisns of toxicity and protection

60. Metal toxicity seems to be ascribable to interactions with enzynes,
structural changes of cell menbranes and P allocation. Thus, toxic netal
concentrations in plants may be expressed rather indirectly in physiol ogical
dysfunctions affecting for instance root growth, transpiration as well as gain
and all ocation of carbon. Organisns exposed to elevated netal |evels may react
avoi ding netal stress or by devel oping tol erance by various means, conprising
(i) excluding heavy netals from uptake via active changes in rhizosphere

chem stry; (ii) binding of netals at the inner surfaces of nycorrhizae and
root cell walls; (iii) detoxification by special chelating agents or by
carbonic acid conpl exes; (iv) occludation in external hyphae of nycorrhizae or
in the root apoplast; and (v) distribution via xylem or maybe even phl oem
transport to storage |ocations and/or to excretion. Direct adsorption of
deposited heavy netals to | eaves/needles is negligible for Cd, low for Zn and
strong for Pb.

3. Heavy netals in the soi

61. The pl ant-avail abl e pool of netals consists of (i) metal ions in soi
solution; and (ii) metal ions bound on charged soil colloids, i.e. the
exchange conmpl ex. The portion of plant-avail able heavy netal s depends upon
soil conditions such as (i) pH, (ii) redox potential, and (iii) anpunt and
type of clays and organic matter. In general, availability of netals in soi

i ncreases with decreasing pH Since only metals in their ionic formare taken
up by plants, the speciation between ionic and conplexed forms is crucial for
toxi col ogi cal risk assessnents.

4, Risk assessnment and threshol ds

62. The |l owest reported effect |evel was reached at: 20Fg L' Cd,

20-30 Fg L' Cu, 100-200 Fg L* Pb and 200-300 Fg L' Zn. Toxic Pb concentrations
(- 20 Fg L'Y) have been exceeded in soil solutions of both humus and upper

m neral soils in central European spruce forests (Solling, Harz Mbuntains),
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whi ch are know to be severely affected by | ong-range transported depositions.
However, it has to be taken into account that in soil solution Pb, |like Cr and
Cu, is to a great extent present as netal-organic conplex, known to be |ess
toxic. Zn (650 Fg L) and Cd (112 Fg L'') threshold concentrations have not
been reached in field studies so far. Field data of soil solution
concentrations for Hg and CHHg are | acking, so that toxicity thresholds

[2 Fg Hg LY 0.2 Fg MeHg L!] are not assessable. On average, at equinol ar
concentrations, the relative toxicity of metals in culture solution decreases
inthe order: CHHg > Hg > Cd > Cu > Pb > Zn. |In conparison to spruce
threshol d studies for beech (Fagus sylvatica L.) indicate mnor susceptibility
to heavy netals.

5. Mycorrhizae

63. As the roots of nost plants are alnost entirely nycorrhizal and
mycorrhizae are the primary absorbing organs, possible effects of nycorrhizae
on plant growth and nmetal tolerance is a question of increasing concern.
Mycorrhizal capacity for nmetal uptake or exclusion and tolerance to netals
vary greatly between species and even between strains of the sane species and
the nmetal considered. Heavy netals may exhibit effects on mycorrhizal fung
and on the interaction between fungi and plants, |leading to nutrient
deficiencies and other problems such as root di sease and drought stress.
Mycorrhizal fungi may be sensitive to increased | evels of heavy netals. High
| evel s of netals sonetines, but not always, decrease the |evel of mnycorrhiza
infection in plant, which in turn may or may not enhance nmetal uptake in the
roots. Many studies confirmthat sonme mycorrhizal fungi have a | arge capacity
for protecting host plants from excessive netal uptake; some authors found
that nycorrhizae enhance netal uptake at |ow soil netal |evels, but protect

pl ants from excess uptake at high | evels.

64. It has been suggested that nmetal exclusion activity is generally stronger
in mycorrhizal types which develop | arge fungal bionmass than those which do
not. Consequently, VA-nycorrhizae-form ng herbaceous plants and deci duous
trees would generally be nore sensitive to metal contani nation than conifers
and their nore netal -tol erant ectonycorrhi zae. However, it could not be

excl uded that heavy netal pollution poses a selective force even on the
ectonycorrhizae, |eading to decreases in species diversity. This may in turn

i npair ecosystemelasticity.

65. The effects of heavy netals vary greatly between different types of
mycorrhizae. Mycorrhizal infection my even be inhibited at soi
concentrations of 45 ng Zn kg! and 19-34 ng Cu kg!. To a certain extent
nycorrhiza and root surfaces are capable of discrimnating toxic netals (Cd,
Cr, Pb), whereas essential elenents such as Zn and Cu are often favoured. If
metals are taken up by trees they are largely stored in roots and stenms. Sone
woody plants may accunul ate metal s wi thout exhibiting toxic effects. Such
accunul ators i ncl ude Sanbucus, Vacciniumspp., and Populus trenula, a plant
that is foraged by noose and deer.
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6. Soil nicro-organisns _and related processes

66. The deconposer communities play a crucial role within the natura
nutrient cycles of forests, and they are strongly exposed to accumul ated heavy
nmetals in the top soils. This is the case for the so-called ,organophile heavy
metal s* Cr, Pb, Hg and slightly less for Cu, which is nostly bound to | ow-

nol ecul ar substances. Processes that mght be affected are (i) litter
deconmposition; (ii) Cand N mneralization; and (iii) enzyne activity.

However, it is difficult to estimate toxicity levels for mcrobially nediated
processes and deconposer conmunities, due to differing soil properties and

met hodol ogi cal di screpancies in the studies. Statistically significant
activity depressions (20-40% were neasured when the heavy neta

concentrations were 2-10 times higher than baseline sanples, with the N
transformati on being the nobst susceptible process.

67. Adverse effects on soil-biological processes can be expected - according
to the LOEL-concept (LOCEL = | owest concentration for neasurabl e adverse
effects) - at concentrations of (in kg hunus dry weight): 20 ng Cu, >30 ng Cr
3.5 nmy Cd, 0.75 ng Hg, 500 ng Pb. Although adverse effects on m crobes are
more difficult to assess, depressions certainly reflect changes in the
functioning of deconposer biocenosis.

7. Soil nesof auna

68. Three main biological factors control nmetal accumulation in different
groups of terrestrial invertebrates: (i) the diet; (ii) the structure and
physi ol ogy of the digestive system and (iii) the nechanisnms by which netals
are stored. Consistently, it was found that Cd and Pb | evels are a function of
nouri sh- physi ol ogi cal attributes of each individual species rather than of the
position within the foodweb al one. \Whereas Pb |levels in animl sanples are
often bel ow those of their estimted diets, Cd was enriched by severa

speci es. However, a common effect of netal contam nation in soil animl groups
is a decrease in species diversity.

8. The European view

69. In 1998 for the first time heavy netal data on the European Level |

Moni toring Network are available for the soil solid phase. The findings can be
summarized as follows: the majority of plots having an organic layer with high
Pb or Zn concentrations is found in the region with the highest deposition

| oad. Soils which accurmulate > 100 ng kg! of Pb in the organic |ayer are
commonly observed in central Europe. However, critical concentrations of Pb,
Zn, and Cd are exceeded in less than 1% of the plots for which val ues have
been reported. Exceedances of critical organic |ayer concentrations of Cr and
especially Cu have been reported nore frequently, in 9% and 19% of the plots,
respectively.

70. In general, very little is known so far about hunus and soil solution
concentrations. Maybe in future results fromintensive nmonitoring sites within
the franmework of the European level Il programe will nmanage to cl ose these

gaps.



