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environment, as reflected upon the phenomenon of accelerated 
experimental 'aging'. Its concept is based upon the very old 
obse/-vation that during the process of aging, a considerable shift 
of minerals exists from 'hard' structures towards 'soft' tissues, 
resulting in an increased vulnerability of brittle bones and teeth 
as well as in growing pathological incrustations of arteries, 
periarticular tissues and the crystalline lens of the eye by calcium 
salts (after previous degenerative changes), in some relation with 
the phenomenon of 'natural' aging. The 'Progeria-like syn- 
drome' observed by Hans Selye in rats and studied in detail by 
Tuchweber, Selye and his coworkers, may gain importance, in 
view of future ecologic studies. Some theoretical and practical 
aspects of the proposed environmental 'G-G' test are initiated. 
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Introduction 

The forest decline which has become evident in many 
parts of  Central Europe is of  a complex nature 42. It can- 
not be attributed to a single stress factor, but must be 
related to the interaction of  a number of  stress factors of  
abiotic and/or biotic origin. 
In order to elucidate the relationship between different 
stress factors and forest decline, Manion 19 has developed 
a concept which describes forest decline. He also men- 
tions one characteristic phenomenon of  forest decline, 
which is the lack of  agreement between various research- 
ers about the 'cause' of  the decline and the importance of  
the specific stress factors involved. Each investigation 
attempts to find the 'cause'. 
To explain processes of  complex origin such as forest 
decline, Manion distinguishes between three groups of  
stresses; predisposing, inciting and contributing stresses. 
Predisposing stresses are long-term factors which are rel- 
atively static, or unchanging, such as climate, soil type, 
the genetic potential, the age of  the tree and the long-term 
effects of  air pollutants. The last point covers, in our 
opinion, the chronic effects of  low concentrations of  gas- 
eous pollutants as well as those of  long-lasting proton 
input into forest soils from the atmosphere or f rom inter- 
nal production. This aspect will be discussed later. Pre- 
disposing factors put a permanent stress on the plant and 
weaken it in such a way that other factors can become 
effective. 

The second group of  stresses is called 'incitant'. These 
stresses are short in duration and may be abiotic or biotic 
in nature. Examples of  incitants are insect defoliators, 
frost, drought, salt spray, and the short-term effects of  
high concentrations of  air pollutants. They generally pro- 
duce a drastic injury. The plant attempts to recover but 
has difficulties because of  the presence of  the predis- 
posing stress. We think that the soil acidification pushes 
arising within the soil from favorable climatic conditions 
have to be added here. This factor will also be discussed 
later. 
The third group of  stresses, called 'contributing',  finally 
begin to appear. Bark beetles, cancer fungi, root  and sap 
rot fungi, viruses and mycoplasms produce noticeable 
symptoms and signs on the weakened host. These orga- 
nisms are persistent and are often blamed for the condi- 
tion of  the hosts. 
The concept given by Manion provides a framework to 
cover all hypotheses on forest dieback produced so far. 

Soil acidification as a predisposing stress 

The acidification of  a soil may act as a predisposing stress 
for the plant in a general way by causing a reduction in 
nutrient availability and/or by production of  toxic ions in 
the soil solution leading to decreased root  growth and ion 
uptake. For  some elements (e.g. Ca and Mg) shortage 
and toxicity in the soil are interrelated and could be 
enhanced by each other 39. Predisposing stress has been 
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characterized as a relatively constant factor effective over 
a long period. Because acidification of forest soils is long- 
lasting, resulting in detrimental changes in the chemical 
state of the soil, it has to be considered as a predisposing 
stress. Before discussing the processes that cause the in- 
put of protons in forest soils, the mechanisms, conse- 
quences and the predisposing nature of soil acidification 
should be discussed briefly. 
The acidification of forest soils has been demonstrated by 
a number o f  investigations 6'9'54. It is caused by the fact 
that the rate of proton input is higher than the rate of 
proton consumption by the buffering processes in the 
soil. The buffer mechanisms of soils, their rates and ca- 
pacities are described by Ulrich 45'47 in detail. 
In soils free of lime the weathering of silicates with its 
associated release of basic cations like Ca, Mg, Na and K 
is the only process that buffers protons without the pro- 
duction of cation acids. Cation acids like Al-ions are 
potential toxins to roots and decomposers. The rate of 
silicate weathering, and the factors determining it, are not 
well known. The figures available for the rate of basic 
cation release and the corresponding proton consump- 
tion range from 0,2 to 2 keq -ha -1. a -12,i4.26,27,45 In many 
soils, e.g. those in mountainous regions derived from 
sedimentary rocks with loess cover and the sandy soils of 
the flat plains, the rate of silicate weathering could be 
estimated to be less than 1 keq- ha -1. a -I. 
If the rate of proton buffering by silicate weathering falls 
short of the rate of increase of proton load, protons are 
buffered by reacting with the clay mineral lattice and 
monomeric or polymeric Al-ions are released. Thus the 
exchangeable cations, mainly Ca and Mg are displaced 
(exchange buffer range47). The displaced basic cations are 
leached, the soil becomes impoverished and the nutrient 
supply becomes limited (predisposing stress). As the store 
of exchangeable basic cations gets exhausted (base satu- 
ration < 10%, pH < 4.2), the Al-ions released during 
the buffering reaction appear in the soil solution in in- 
creasing concentrations, thus forming a permanent stress 
for the root system and the ion uptake 9,13,39. 
Under conditions of Al-saturated exchange sites, the con- 
centration of A1 in the soil solution depends mainly on 
the sulfate concentration, because sulfate is the most 
dominant anion. This favors the formation of Al-hy- 
droxo_sulfates21, 34. Under the conditions of constant pro- 
ton load, the acid (H +, A13+) concentration in the soil 
solution causes root damage continuously, even to acid- 
tolerant tree species 32, with the consequence of an in- 
creased consumption of assimilates 5~ and finally a re- 
duced wood increment. These conditions reduce the vital- 
ity of the plants and thus create a predisposing stress. The 
diminished saturation of the exchange sites by bases re- 
sults in a loss of the ability of the soil to buffer short term 
acidification pushes (by the exchange of H + against Ca 
and Mg) without releasing potential toxins (Al-ions) into 
the soil solution. 

Before the importance of acidification pushes as inciting 
factors is pointed out, the most significant processes that 
lead to the input of protons in forest soils should be 
discussed briefly. 

Causes of acidification of forest soils 

The proton input by dissociation of the weak carbonic 
acid only plays a role as long as the pH value is > 5. The 
input of strong acids into forest soils arises mainly from 
three processes: The deposition of acidity from the at- 
mosphere, the accumulation or removal of biomass in or 
from the system, and the process called 'humus-disinte- 
gration'. A detailed description of these processes is 
available in reports by Ulrich 46, Ulrich and Matzne? ~ 
Matzner and Ulrich 24 and v. Breemen et al. 5 and only a 
short overview will be given here. 
The rate of deposition of total acidity (H + + cation acids: 
NH4, V3 Fe, 1/3 A1, V2 Mn) are given for different stands 
in North-West Germany in the table. 
The rates of deposition of total acidity represent maxi- 
mum values with respect to the load of acidity affecting 
the system; if the deposited nitrate is taken up by orga- 
nisms, this results in an equivalent consumption of pro- 
tons. The deposition of nitrate is about the same as that 
of NH4. If nitrate and ammonium originating from depo- 
sition are taken up at equal rates, the production of 
protons during ammonium uptake is balanced by the 
consumption of protons during nitrate uptake. Under 
these conditions the deposition of protons and cation 
acids (other than NH4) is the only input of acidity from 
the atmosphere. The rates of proton deposition therefore 
represent only minimum values for the load of acidity. 
The rates of deposition of acidity need to be compared 
with the rates of proton buffering by silicate weathering 
for soils free of lime, as stated above. The rate of proton 
buffering by silicate weathering is estimated to be in the 
range of 0.2-1 keq �9 ha -~- a -~ for most forest soils for a 
soil depth of about 1 m. As the input of acidity occurs 
mostly at the soil surface, that is in a limited volume, the 
rates of silicate weathering will only exceptionally be high 
enough to keep the whole of the soil within the silicate 
buffer range 47. Consequently, under the present load of 
acidity, soil acidification leading to buffering of protons 
through the release of A1 or Fe (A1/Fe buffer range) can 
be expected in most forest ecosystems of Central Europe. 
During their passage through the forest canopy the pro- 
tons resulting from atmospheric deposition are buffered 
to a significant extent by ion exchange on the leaf and 
bark surfaces of the trees. The rates of this process are 
given in the table, and the mechanism is described in 
detail by Ulrich 48'49 and Matzner and Ulrich 24. The pro- 
cess of buffering on the stand surfaces leads finally to an 
equivalent proton production during ion uptake in the 
soil. Consequently the buffering action of the stands does 
not reduce the load of acidity that affects the soil, but 

Rates of deposition of total acidity and rates of proton buffering by the stand (keq. h a  1 . a -1) 

Location G6ttingen Solling Heide Hamburg 
Time 1981/82 1969-1981 1980/81 1981/82 
Species Beech Beech Spruce Oak Pine Birch/Beech Beech Oak/Beech Pine 

Total acid deposition 1.6 3.2 5.4 1.6 2.3 2.7 2.0 1.9 3.6 
H + -Deposition 1.0 2.0 4.0 1.0 1.3 2.0 1.3 1.2 2.5 
H+-Buffering by the stand 0.5 0.6 0.9 0.5 0.3 1.1 0.6 0.4 0.5 
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results in a direct load of acidity in the soil surrounding 
the roots. The volume of soil close to the roots is very 
limited and will acidify rather quickly by this process. 
The proton load of the soil close to the roots is enlarged 
by the proton production resulting from ion uptake by 
the plants. Plants often take up more cations than anions 
(especially under conditions of reduced nitrification 
which are found in acid soils). In order to keep electro- 
neutrality in the soil and within the plant, a proton flux 
from the root into the soil is required. (Under steady state 
conditions, this flux will be balanced by an equal proton 
consumption during the decomposition of organic 
matter). 
The acidification of the soil close to the roots has been 
clearly demonstrated for agricultural crops. Schaller and 
Fischer 4~ and Marschner and R6mfeld 2~ report pH gra- 
dients of more than 2 units in the rhizosphere when 
compared with the surrounding soil matrix. Comparable 
pH gradients are to be expected in slightly acidified forest 
soils, but investigations are still lacking. 
However, the chemical analysis of tree roots indicates 
that the concentration of A137 and heavy metals z5 is 
usually independent of the chemical status of the soil 
matrix. This leads to the conclusion that the pH values of 
the soil surrounding roots is low continuously or for 
specific periods, caused by the production of protons in 
the rhizosphere by ion uptake and buffering of the 
stands. 

The proton production caused by ion uptake in a stand is 
a significant factor when evaluating the spatial distribu- 
tion of the processes acting within the soil. The proton 
load of the whole soil is only less affected by ion uptake 
and the associated proton turnover because the proton 
turnover caused by mineralization of organic matter, 
which behaves in an opposite manner to the one resulting 
from ion uptake, has to be taken into account ~3. A net 
proton load of the soil will result during the accumulation 
of biomass in the system or when biomass is removed 
from the system. Under such conditions, the production 
of protons by ion uptake is no longer balanced by the 
consumption of equivalent amounts during mineral- 
ization. The proton load of the soil as a result of this 
discoupling of the ion cycle increases as the nutrient con- 
tent of the accumulated (or removed) biomass increases. 
It is rather low in the case of wood (0.2-0.6 keq- ha -~. a -1) 
but could reach high values when litter is accumulated or 
removed (1-2 keq) 46. That is why the intensified use of 
biomass in forest ecosystems could result in a proton load 
of the soil that exceeds the rate of silicate weathering and 
thereby induces soil acidification up to the level of A1/Fe- 
buffering. 
Furthermore, the production of very high amounts of 
protons within the soil is possible by a process called 
'humus disintegration '43'46'48. Forest ecosystems, which 
are nearly untouched by man's activity, with soils staying 
in the silicate or carbonate-buffer range, have a relatively 
high C and N storage in the soil which is distributed 
throughout the whole rooting zone. The storage of or- 
ganic bound N in the soil represents a potential acid. If 
the N is nitrified (HNO3-production) and the nitrate is 
not taken up by roots or organisms but is leached from 
the soil, the soil is subjected to a load of protons amount- 
ing to 1 keq H § per 14 kg of nitrogen leached. An N-stor- 

age of 10 000 kg/ha would produce 714 keq H + if the N is 
nitrified and lost from the system by leaching. 
Most forest soils, at the present time, have small reserves 
of organic N in the mineral soil and significant amounts 
of acidity (exchangeable A1) suggesting that the processes 
of the mineralization of organic N and C (humus disinte- 
gration) and the connected production of acidity are re- 
sponsible for the acidification of these soils. This may 
have occurred long before significant proton inputs from 
deposition of air pollutants were involved. Soil acidi- 
fication due to humus disintegration which is induced by 
biomass utilization or, today, by acid deposition, may 
continue for decades or even centuries. 
Current humus disintegration can be recognized by the 
fact that the nitrate loss from the system in seepage water 
is higher than the nitrogen input by deposition. These 
conditions were found, for example, in a beech forest on 
limestone near G6ttingen where appropriate measure- 
ments were carried out 28. 
Humus disintegration seems to be caused by the acceler- 
ated degradation of high polymeric humic substances as 
well as by a decrease in the formation of new stable humic 
substances. Crawford 7 pointed out that the degradation 
of high polymeric phenolics by fungi shows a maximum 
at pH 4-4.5. When the pH of the soil shifts from the 
silicate buffer range (pH > 5) to the A1 buffer range (pH 
< 4.2) the rate of degradation of high polymeric humic 
substances will increase. The A1 ions released during soil 
acidification will form complexes with organic ligands. 
Thus the polymerization of the ligands to new stable 
humic substances is restricted. 
During the phase of humus disintegration opposing pro- 
cesses could occur simultaneously in soils. Though the 
soil is strongly acidified, the toxicity level is generally low 
because most of the A1 is complexed with organic sub- 
stances. The nutrient supply is high (high concentrations 
of nitrate and of displaced cations in the soil solution). 
The decomposer chain may be complete, including the 
presence of earthworms. Because of the ample supply of 
nutrients the production of biomass may be higher than 
expected and furthermore a ground vegetation may occur 
which indicates a nitrogen surplus. 
Humus disintegration often starts in deeper soil layers, as 
indicated by a decrease of the pH with increasing soil 
depth. A direct proof of the process is possible by soil 
chemical analysis (nitrate concentration in the equili- 
brium soil solution from deeper soil layers) and by long- 
term measurement of the total nitrogen balance of the 
system. 

Acidification pushes as inciting stresses 

The ion cycle within forest ecosystems can be condensed 
to two main processes: 'Mineralization' and 'ion uptake'. 
As stated above, both processes may be connected with 
proton turnover depending on the cation/anion balance 
of the process. If the rate of one of these processes exceeds 
that of the other, net production or consumption of pro- 
tons may occur in the soil. The production of protons 
during mineralization is expected when organic N is ni- 
trified (HNO3 production). If the rate of nitrification 
exceeds the rate of nitrate uptake, protons are produced 
in the soil causing an 'acidification push'. The acidi- 
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fication push comes to an end as the nitrate is taken up by 
plants and microorganisms. Acidification pushes could 
therefore be characterized as seasonal processes related 
to discouplings of the ion cycle. 
As it is a microbiai process, the rate of  nitrification is 
influenced by soil temperature. Normally, the mean soil 
temperature is far from the optimum for nitrification and 
a significant increase of nitrification is expected in warm 
years with higher soil temperature. That is why the acidi- 
fication pushes are linked with warm years. 
The effect of seasonal acidification pushes on soil organ- 
isms and plant roots depends on the ability of the soil to 
buffer the increasing amount of protons. At this point the 
interrelationships among acidification pushes, deposition 
of acidity, humus-disintegration and the accumulation of 
biomass becomes obvious, because the buffering capacity 
of the soil is being continuously stressed and slowly ex- 
hausted by the last named processes. A well-buffered soil 
with high base saturation is able to buffer acidification 
pushes by exchanging H + against Ca and Mg, without the 
occurrence of toxic ions like H, A1, Fe and Mn in the soil 
solution. After the soil has lost this ability, acidification 
pushes will more and more lead to toxic conditions in the 
soil. 
Forest decline is generally characterized by a significant 
increase of the forest damage following warm and dry 
years. This phenomenon was first recognized in the case 
of the decline of Abies in the southern part of Germany, 
but also became evident in autumn and winter 1982 in 
many damaged spruce stands 4~. A reduction in the supply 
of water to trees in the warm and dry years certainly 
represents an additional inciting stress that may result on 
its own in a drastic injury to plants. The drought stress is 
increased if an acidification push has led to root damage, 
limiting the absorption power of the plant organs respon- 
sible for water uptake. 

Fine roots: living and dead 
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The effect of a seasonal acidification push on the dynamic of the fine roots 
of spruce trees in the Solling region. 

The hypothesis of the occurrence and effect of acidi- 
fication pushes was studied in the years 1981 and 1982 in 
different forest ecosystems 22. Only the results derived 
from a 100-year-old spruce stand in the Solling region 
will be discussed at this point, because data on the dy- 
namics of the fine roots are also available for this stand. 
The results of the measurements are presented in the 
figure; it shows the nitrate concentrations and the pH of 
the soil solution from the uppermost 10 cm soil depth. 
The data on the fine root biomass stem from 0-5 cm 
depth. 
Already during the cool and wet season of the year 1981 
the increasing nitrate concentrations (nitrifica- 
tion > nitrate uptake) caused a decrease of the pH of the 
soil solution in May. The pH value increased in autumn 
1981 as a consequence of nitrate uptake (proton con- 
sumption). Again in May the nitrate concentrations of 
the soil solution increased in 1982 accompanied by a 
decrease in pH. The favorable climatic conditions in 1982 
resulted in an accelerated rate of nitrification which far 
exceeded the rate of nitrate uptake. This acidification 
push resulted in a drastic decrease of the pH of the soil 
solution to a level of 3.28 in September 1982. The close 
relationship between the nitrate concentrations and pH 
(the H + and the nitrate concentrations fluctuate in 
equivalent amounts 22) indicates that the upper soil of this 
stand no longer possesses any fast-reacting buffer charac- 
teristics. This is also evident from the only slight increase 
of the Al-concentration during 198222. 
From experiments with spruce seedlings 3~ it is known that 
roots are damaged by H + toxicity when the pH of the soil 
solution is less than 3.5. That is why the acidification 
push in 1982 would be expected to result in a tremendous 
stress on the roots of the horizon considered. 
The dynamics of the biomass of the living fine roots 
followed the changes in solution chemistry. The amount 
of living roots was reduced in May 1981 as the pH of the 
soil solution dropped and recovered as the pH increased. 
Again in May 1982, the root biomass was reduced 
slightly, but as a consequence of the acidification push 
and the increased toxicity the root biomass dropped in 
October 1982 to the lowest value recorded during the 
investigation. 
The data clearly show the occurrence of inciting stress to 
the root system arising from a seasonal acidification push 
in this stand, and emphasize the importance of the chemi- 
cal soil conditions for the resilience of the ecosystem. 

Soil chemical parameters as criteria for evaluating the 
implication of the soil in forest decline 

Summing up the aspects mentioned above, one can con- 
clude that the chemical stress acting in the soil changes in 
time and space. Spatial patterns arise from vertical chem- 
ical gradients within the soil profile as well as from gra- 
dients close to roots, around stems of trees receiving 
substantial amounts of acid stem flow ~2'47 and in the case 
of a disproportionate distribution of lime (e.g. in form of 
stones) in the soil. Temporal patterns have been shown to 
arise from seasonal acidification pushes and deacidifica- 
tion phases. These temporal and spatial patterns make it 
difficult to prove the involvement of the soil conditions in 
the decline of a specific forest stand. 
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The research approach of following these temporal and 
spatial patterns requires the direct measurement of eco- 
system processes operative in the soil by following the 
chemistry of the soil solution 22, root dynamics 32, and the 
pH of the soil close to the roots 4~ The methods to realize 
this approach have been developed during the last years. 
The research needs long-term field measurements and is 
therefore very expensive. The difficulties of evaluating 
the implication of soil-induced root injury for forest de- 
cline has led to the neglect of this predisposing stress. The 
present situation is that the processes have been de- 
scribed, and the methods to analyze the processes have 
been developed but are not yet in widespread use. 
As a rule, one is therefore confronted with the problem of 
evaluating the involvement of the soil without following 
the processes in detail. One is then forced to draw conclu- 
sions from a 'snapshot' of the chain of events; soil acidi- 
fication - acidification push - root damage by toxicity. 
The interpretation of such 'snapshots' will always be 
rather insecure and can neither prove nor disprove the 
chain of events. 
The following soil chemical parameters could be used to 
evaluate the stress resulting from the chemical soil condi- 
tions: The base saturation of the exchangeable cations, 
the Ca/H and the Ca/A1 ratios in the soil solution, and, as 
easily measurable parameters, the pH in water and in salt 
suspension. Rost-Siebert 39 pointed out that the ratio of 
Ca/H and Ca/A1 in the soil solution gives more precise 
information on the risk on Al-toxicity than does the H- 
and Al-concentration alone. Root elongation decreases 
and root injury increases with decreasing Ca/H and Ca/ 
A1 ratios. Damage to spruce roots is likely if the molar 
ratio of Ca/A1 in the soil solution is less than 1, where A1 
is assumed to be present as AP + ions. At values less than 
0.1 severe damage to the existing fine roots can be ex- 
pected. As the species of A1 (monomeric, polymeric) in 
the soil solution strongly depend on the pH 33, these ratios 
can only be reached at pH values less than 4.2. 
The pH of the soil solution measured in KC1 indicates the 
pH value that may be found in the soil following a strong 
acidification push. The pH (KC1) also reflects thebase  
saturation of the exchange sites. The higher the base 
saturation the lower is the risk of toxic conditions during 
acidification pushes. Base cation saturation degrees of 
more than 1 5 % should normally guarantee the buffering 
of acidification pushes without reaching toxic levels of 
Ap 8 . 

Contradictory findings like high base saturation and low 
pH indicate a present disequilibrium which might origi- 
nate from a strong acidification push at the time of mea- 
surement. Nitrate analysis of the equilibrium soil solu- 
tion could be used to elucidate these processes. 
To sum up, the chemical state of the soil implies the risk 
of soil borne toxicity to tree roots when the pH (KC1) is 
less than 4.2 (possibility of toxic conditions during acidi- 
fication pushes, low base saturation) and when the molar 
Ca/A1 ratio of the soil solution is less than 1. 
Plant roots can be considered as cation exchangers 8. That 
is why the risk of root damage due to unfavorable soil 
conditions will also depend on the buffer capacity of the 
root. The buffer capacity of the root is characterized by 
the same parameters as the exchange buffer system of the 
soil; the higher the base saturation (Ca/A1 ratio), the 

higher is the buffer capacity and the lower is the risk of 
root damage by soil borne toxicity. 

Discussion 

Soil acidification has been shown to act as a predisposing 
stress, and acidification pushes as an inciting stress for 
many forest stands in Central Europe. However, this 
does not mean that the effects of other stress factors 
involved in forest decline can be neglected. The existing 
differences in site conditions, in biotic and abiotic stresses 
including direct effects of gaseous air pollutants and of 
airborne acidity, and the differing tree responses will 
result in a broad pattern of effects, where the importance 
of particular stresses will vary. 
The discussion of the importance of the chemical status 
of the soil with respect to forest decline has given rise to 
much controversy. According to Rehfuess 36, Zrt t l  and 
Mies 56, and Zech and Popp 53, the contribution of soil 
factors to forest decline is associated with the loss of Ca 
and Mg from the soil by leaching, causing a reduction in 
the supply of these elements to forests; the toxic effects 
arising from soil acidification (mainly Al-toxicity) are 
assumed to be improbable. Zrt tP 5 denies the influence of 
Al-toxicity in forest decline. The origin of the widespread 
symptoms of Mg-deficiency, which they blame for the 
forest decline, has been attributed to the increased leach- 
ing of this element and of Ca and Zn from the needle 
tissue, caused by the direct attack of gases and acid drop- 
lets. 
In recent investigations~3'39 toxic effects of A1 to tree roots 
have been demonstrated under chemical conditions com- 
parable to those found in the field. These and other 
investigations 9 have shown that the presence of AP + in the 
soil solution inhibits the uptake of Ca and of Mg. The 
observed deficiency of Ca and Mg could also be ex- 
plained by the effect of A1 on the roots. Bauch and 
Schr6der 3 report from cellular analysis of fine roots of 
damaged and healthy fir and spruce trees that Mg and Ca 
deficiency in roots is always associated with fine root 
damage. The observation of Mg and Ca deficiency in fine 
roots emphasizes the reduced ability of the root system to 
take up Ca and Mg. The leaching of Ca and Mg from 
leaves is a constant process, which is generated by the 
acidity deposited on the leaves 44,49. This leaching becomes 
a serious problem to the tree if the uptake of these ele- 
ments becomes limited by Al-saturation in the apoplast 
of the root or by root injury in an acid soil. 
Root damage is a widespread symptom in damaged 
stands 3'4,37,43. There are two alternative cause/effect rela- 
tionships which could explain the root damage. One is 
acid toxicity, as discussed above. Sch/itt et al? 3 and Went- 
ze152 as well as Prinz et al. 35, Mohr 3~ and Lichtenthaler TM 

see the primary cause of the decline in the direct action of 
air pollutants on the leaves of the plant; the observed root 
damage is explained by a reduced supply of assimilates to 
the root system. However, as far as we know, no experi- 
mental data on that are available from damaged stands. 
The reduction of root growth by long-lasting fumigation 
of spruce seedling with 260 gg SOJm 3 air was shown by 
Keller ~5 and was attributed to the deficiency of assimi- 
lates. But the concentrations used in his experiment were 
5-10 times higher than those found in remote forest 
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areas. Furthexanore, it is not clear whether the root dam- 
age induced by deficiency of assimilates corresponds 
morphologically with that found in damaged forests. 
Root dieback does not only occur in damaged mature 
stands but is also often found in tree seedlings. The defi- 
ciency of assimilates as a primary cause of the necrotic 
root dieback of tree seedlings is rather improbable, espe- 
cially as the root damage disappears after liming, and 
because the root damage is already obvious before the 
cotyledons appear TM 3o. In such cases, soil borne toxicity 
should be responsible for the root damage. 
If  the hypothesis is valid that the root damage is induced 
by deficiency of assimilates, one would expect a reduction 
of the fine root biomass ahead of the reduction of the 
wood increment. However, our investigationr ~ (in con- 
nection with Athari 1) have shown that this is not the case; 
irrespective of the reduction of the wood increment the 
trees maintain a fine root biomass of around 3000 kg/ha. 
Only trees with needle losses above 50% showed a re- 
duced fine root biomass. This is not unexpected; it shows 
that the allocation of photosynthates to a growing (re- 
generating) root system is preferred. This conclusion is in 
agreement with earlier observations that under adverse 
site conditions the wood increment is reduced in favor of 
root growth l~ 16,17,29 The reduction of photosynthesis pro- 
duced by needle losses and eventually by a reduced effi- 
ciency of the photosynthetic process, caused by direct 
action of air pollutants, is a serious stress to the tree. It is, 
however, not the only one, but is accompanied by the 
stress caused by soil acidity and acidification pushes. 
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Introduction 

Although there is much disagreement about the causes of 
the 'disease', there is one point about which almost all 
authors publishing on it are in full agreement: the forests 
in Germany are in danger of dying of a 'new' disease, 
which is spreading rather dramatically 47. In addition, 
there is disagreement about the scientific approach which 
should be used to evaluate the factors (causal agents, 
combination of stresses, etc.) which may be responsible 
for the observed dieback in German forests. 
The approach taken by Ulrich 45 is the analytical one laid 
down by Popper 4~ According to Popper, the pathway to 
scientific knowledge consists of three main steps. The 
first is the establishment of a hypothesis, based on mea- 
surements and observations. In the second step, one at- 
tempts to falsify this initial hypothesis with subsequent 
measurements and observations. In the last and decisive 
step the hypothesis becomes an accepted theory, if all 
attempts fail to falsify it. The same approach was used by 
Mohr earlier in describing how biological sciences ac- 
quire scientific knowledge 37. 
Since we are dealing with a rapidly progressing disease, it 
might also be appropriate to apply Koch's postulates. In 
his classical paper of 1884, he elaborated the following 
requirements for the proof of the cause of an infectious 
disease 32: 
1) The infecting agent must be present in all patients 
showing symptoms of the disease. 
2) The infecting agent must be isolated from the patient. 
3) It must produce the disease under controlled condi- 
tions in the laboratory. 

Applying these well-established criteria to the disease in 
the German forests, and using new information from 
plant physiology, biochemistry, and clinical diagnostics, 
the following conclusions are evident2~ : before any infec- 
tious factor, agent, substance, substance combination, 
etc. can be considered seriously as a possible main cause 
of the forest dieback, the following minimal requirements 
must be met. 
1) It must be shown to be present in wide areas in Ger- 
many and elsewhere where forest dieback has been ob- 
served. 
2) Controlled exposure of trees to the suspected causal 
agent under conditions and in amounts occurring in the 
forest must reproduce the observed symptoms. 
3) An elimination of this factor in the forest must be 
accompanied by a relief of the symptoms. 
4) In laboratory experiments, criteria should be estab- 
lished for a diagnosis of this factor which should be as 
precise and specific as technically feasible. 
5) The action of the factor should be demonstrated in the 
declining forests on the basis of the established differ- 
ential diagnosis. 
6) The mechanism of action of the substance should be 
elucidated and the observed symptoms should be ex- 
plainable on the basis of the proposed mechanism. 
7) If  a primary role is to be assumed, the specificity of 
action of the factor in question must be demonstrated. In 
addition, it must be possible to exclude other possible 
factors as major causes of the disease. 
It is apparent, however, that the effects of the causal 
factors may not be as simple as those, for example, of 
virulent bacteria such as Vibrio cholerae or Mycotobacter 


