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Abstract 

The beech (Fagus sylvatica L.) is the dominant tree in Middle Europe under many different ecological 
conditions. But like other tree species, it is suffering in the last ten years increasingly by air pollutants 
including heavy metals which have been deposited and accumulated for decades in many forest soils. 
Increasingly mobilized by acidification processes, these metals may have toxic effects on trees. 

In autecological studies (dose-response-experiments) effects of root-applied Pb and Cd on various 
growth parameters, on uptake of mineral nutrients and on transpiration of young beech trees were 
evaluated, and 'critical' concentrations (threshold levels) could be established. Significant leaf area re- 
duction was found with 6 ppm Pb (0.3 ppm Cd) in the leaves (DW), but biomass reduction only with 
18 ppm Pb (3.6 ppm Cd). Root elongation rates of seedlings were significantly reduced with 44 ppm 
plant-available Pb in the soil by about 30~o, but only with 24 ppm Pb when combined with 2 ppm Cd, 
exhibiting synergistic effects. After treatments with 20 ppm Pb and 1 ppm Cd in sand culture, a con- 
siderable decrease in the contents of K, Ca, Mg, Fe, Mn, and Zn in roots and leaves of saplings was 
coincident with high (roots) and moderate (leaves) accumulation of Pb and Cd. A 20 ~o reduction of 
transpiration rates was measured in ten-year-old beech trees after three months of exposure to a for- 
est soil containing 2.5 ppm plant-available Cd. 

The data indicate that present-day concentrations mainly of Pb, but not yet of Cd, in acidified Eu- 
ropean forest soils are sufficiently high to affect germination, growth and mineral nutrition of natural 
rejuvenation of beech. 

Introduction 

Beech (Fagus sylvatica L.) is the major tree spe- 
cies in Middle Europe. It has a vast distribution 

area from Southern Sweden to Turkey, and from 
Poland to Spain (see Fig. 1). In the SE of Europe 
there are transitions to Fagus orientalis by inter- 
mediate forms, which sometimes are called Fagus 
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Fig. 1. Distribution ofFagus sylvatica L. in Europe and Western Asia (Walter & Straka 1970). 

moesiaca. Whereas in the north beech forests are 
in the lowlands they are montane in the south (in 
the mediterranean) and in some mountains they 
form even the treeline (Krummholz) as e.g. in the 
Apennins in Italy or in Montseny in NE-Spain. 
So the potential natural vegetation in most of 
Middle Europe is made up of a mosaic of beech 
forest types. Especially in Germany beech forests 
are widely found despite the fact that many for- 
ests have been replaced by spruce. But in the last 
years more and more mixed forests are the new 
goal in forestry. 

Various dieback phenomena were observed in 
European forests since the end of the 1970ies, 
starting with conifers. General surveys were given 

by SchOtt & Cowling (1985), Rehfuess (1987), 
Rebele (1988), FBW (1989) and recently by 
BMELF (1991). During the 1980ies also decid- 
uous tress were concerned, including Fagus 
sylvatica, but the symptoms just as e.g. leaf loss, 
leaf injuries (chlorosis, necrosis) reported by 
FBW (1989), or crown degeneration (Roloff 
1985), deficiency symptoms (Glavac 1987), etc. 
often were not clearly related to immissions. The 
annual records of damage percentages were more 
variable for beech than for all other tree species. 
Longterm changes, as e.g. the synchronized pro- 
duction of beech nuts, have to be taken into ac- 
count, too. 

Soil acidification processes in forest ecosys- 



terns are accelerated by acidic immissions (Ulrich 
1986; Wittig 1986; Bredemeier etal. 1990) and 
seem to be the keyrole in spruce damage (Ulrich 
etal. 1984). They are also the main factor for 
development of heavy metal stress because solu- 
bility of toxic heavy metals increases and thus 
also the availability to plant roots (Mayer 1981; 
Brammer & Herms 1985). 

Heavy metals are present in low concentra- 
tions in many rocks and soils. Some of them are 
essential elements for physiological functions, as 
e.g. Fe, Cu, Zn or Mn. But Pb and Cd are just 
toxic elements, and never it has been shown es- 
sentiality in any organism. Both metals belong to 
long range transported air pollutants which have 
been accumulated in the upper soil horizons of 
forest ecosystems for decades (Mayer 1981; Wit- 
tig & Neite 1989) and which have a strong affinity 
to organic soil substances (KOnig etal.  1986). 
Thus, they are normally strongly bound at soil 
particles (humus or clay) or are very insoluble (as 
e.g. as phosphates). But they must be regarded as 
potentially dangerous (Lamersdorf 1989). 

Yet by lowered input rates, as it was achieved 
by the 'Benzin-Blei-Gesetze' (lowered lead in gas- 
oline) in Germany, accumulation of Pb in soil is 
still going on and the effect of heavy metals on 
vegetation becomes more severe from year to year. 

Our studies were undertaken to show or to 
clarify the effects of Pb and Cd on various growth 
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parameters and mineral nutrition of young beech 
trees. Many parameters can be affected by heavy 
metals (Fig. 2). Their toxicity for tree species re- 
vealed by effects on leaf development, root 
growth, root architecture or on ecophysiological 
functions e.g. on transpiration in beech, is dis- 
cussed. 

Material and methods 

Seedlings and saplings, germinated from seeds of 
similar proveniences or young trees of beech (up 
to 10 years old) were exposed to increasing con- 
centrations of Pb and Cd in short and long term 
experiments. Cultivation was done either in pots 
with sand or soil culture, or in root growth obser- 
vation chambers with homogenized soil ('Braun- 
erde', upper mineral layer of forest soil [Ah], pH 
(H20) 3.6, Teutoburger Wald east of Bielefeld), 
enriched with Pb(NO3)2 or with Cd(NO3)2 or 
both. Various growth parameters of the roots were 
continuously observed using transparent plastic 
coats on the lower side of the observation cham- 
bers to record root increments (Bertels etal.  
1989). In pot experiments growth of beech sap- 
lings on various contaminated soil types was 
compared (Buschmann etal. 1991; ROder & 
Breckle 1989). The sand culture experiment with 
nutrient solution was carried out over three veg- 

toxic h e a v y  metals:  Cd Pb ltg T1 Ni Cr Co; Zn Cu Mn (Al) 
beech: growth - mineral  nu t r i t ion  

e f fec t s  on 

germinat ion 
seedl ings  
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adu l t  t rees  

biomass increment  
stem growth 

leaf  formation 
root  growth 

wood formation 
(cambial ac t iv i ty )  
f lower ing / f ru i t ing  

p h o t o s y n t h e s i s  
t r a n s p i r a t i o n  

minera l  n u t r i t i o n  
second ,  m e t a b o l i s m  

etc.  

Fig. 2. Schematic diagram showing main parameters of tree species influenced by heavy metals. 



46 

etation periods. At different times of the year Pb 
and Cd were applied to the roots as nitrates in 
water solution, singly or in combinations and at 
two pH levels (pH 3, pH 5). Biomass production, 
stem diameter, shoot growth and leaf develop- 
ment was investigated (Kahle 1988). Under hy- 
droponic conditions (Hagemeyer et al. 1986) or in 
pots with Cd-contaminated soil transpiration of 
beech was measured by loss of weight and by 
Licor steady state porometer (Ahrend et al. 1989). 

Total heavy metal content in soil and plant 
material was analyzed after digestion with HNO 3 
under high pressure in Teflon containers by 
Atomic absorption spectroscopy (PE 5100) with 
flame technique or graphit furnace. Plant avail- 
able fraction in soil substrate was defined as the 
NH4-acetate-extractable fraction. This fraction is 
used for comparisons. 

Results 

Root growth: Root elongation rates and root bi- 
omass of beech seedlings were significantly re- 
duced at soil concentrations of 44 ppm Pb or 
7 ppm Cd by about 30~o after 2 months of expo- 
sure. The root growth rates are given in Table 1 
for the primary root under Pb, and in Table 2 
under Cd-stress. 

The architecture of the root system is changed 
to a more branched and more dense, more com- 
pact root system with a much higher proportion 
of secondary and tertiary laterals. Formation of 
root hairs is strongly inhibited, as is shown in 
Table 3. In rhizotron experiments concentrations 
of heavy metals significantly affected root growth. 

Table 1. Growth of primary root in beech seedlings in the root 
observation chamber in homogenized soil enriched with Pb 
(NH4-acetate extractable fraction) within the 13th and the 
37th day after germination. X: days after germination; Y: root 
length in mm (Noack & Breckle 1989). 

3 ppm Pb :Y=  10.97 X -  13.12 
10 ppm Pb :Y= 12.09 X -  27.24 
2 4 p p m P b : Y =  6 .87X+ 8.69 
4 4 p p m P b : Y =  6 .85X+ 1.10 

2 8 3 p p m P b : Y =  0.25X+29.54 

R 2= 0.992 
R 2= 0.998 
R 2= 0.998 
R 2= 0.996 
R 2= 0.884 

Table2. Growth of primary root in beech seedlings in the root 
observation chamber in homogenized soil enriched with Cd 
(NHa-acetate extractable fraction) within the 12th and the 
45th day after germination. (X, Y see Table 1). (Bertels et aL 

1989). 

0,05 ppm Cd :Y=  9.6 X -  12.0 R2 = 0.999 
1 ppm Cd:Y=8.7  X -  4.1 RE = 0.999 
3 ppm Cd:Y=8.7  X+  23.0 R2 = 0.995 
7 ppm Cd :Y=  8.0 X+  12.3 R2= 0.994 

21 ppm C d : Y =  1.6 X+  32.2 R2 = 0.957 

Root growth was proven to be a rather sensitive 
stress parameter. 

The treatments with combined Pb and Cd 
stress sometimes revealed synergistic reactions: 
e.g. 24 ppm Pb, when singly applied did not sig- 
nificantly reduce root growth, neither did 2 ppm 
Cd. But with combined application of the same 
concentration levels (see Fig. 3) of Pb and Cd the 
root elongation is significantly inhibited (Bertels 
et al. 1989). 

Another experiment showed that reduced elon- 
gation rates of primary roots of'beech seedlings 
were found to be more than compensated when 
growing from a high (if 50 ppm Pb is not ex- 
ceeded) into a lower Pb contaminated soil hori- 
zon. Progressing into soil layers with the lowest 
Pb contamination (same as in control chambers) 
these roots grew even faster than those of control 
plants, as can be seen in Figure 4, at the variant 
No. 3, where the roots in the rhizotron even grew 
faster when reaching a similar low contaminated 
soil horizon (10 ppm in the middle horizon of 

Table 3. Root hair density (%) of Fagus seedlings grown in 
soil with increasing ammonium-acetate-extractable Pb con- 
centrations in mg-kg-1 (Noack & Breckle 1989; Breckle 
1991). 

Density of root hairs Pb (mg' kg-  1) 

3 10 24 44 280 

High density 85 
Medium density 15 
Low density 0 
No root hairs 0 

96 80 24 0 
4 16 36 0 
0 4 37 0 
0 0 3 100 
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Fig. 3. Length of primary roots (cm) of beech seedlings (Fagus sylvatica) after 45 days growth in rhizotrons with Pb and Cd 
contaminated soil (6 + 0 = control: 6 ppm Pb and 0.06 ppm Cd, NH4-Ac-extractable fraction). 
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Fig 4. Course of root growth (length of primary root in cm) 
within 110 days. Kon = control plants with roots growing in 
soil with 3 ppm Pb (extractable fraction) in all 3 horizons of 
the rhizotron with a total depth of 80 cm. Var 2 = plant roots 
growing in 3 horizons with increasing Pb-availability (upper 
horizon 3 ppm, middle horizon 10 ppm, lower horizon 50 ppm 
Pb). Var 3 = plant roots growing in 3 horizons with decreas- 
ing Pb-availability (upper horizon 50 ppm Pb, middle horizon 
10 ppm, lower horizon 3 ppm Pb). [] = time, respectively 
root-length, when root reaches next horizon. (Weisser et al. 
1992). 

Var. 2 and 3 for comparison) (Weisser etal. 
1992). 

Effects on different growth parameters caused 
by 20 ppm Pb and 1 ppm Cd, applied separately 
and in combination in sand culture experiments, 
are compared for pH 3 and pH 5 conditions in 
the substrate (Table 4). At these application lev- 
els shoot elongation did not differ significantly 
from that of the control plants for both pH lev- 
els. Concerning the other parameters (except leaf 
area at pH 3) the combined treatments led to 
higher growth depressions than the separately ap- 
plied metals at both pH levels (Table 4). 

In the pH 3 experiment dry weights of stems 
and roots ranged between only 54 and 38 ~o of the 
controls, showing a highly significant and severe 
decrease ofbiomass production (Table 4). At this 
pH level stem diameter and leaf area were signif- 
icantly reduced by the single as well as by the 
combined treatments (Table 4). 

At pH 5 conditions in most cases growth de- 
pressions were lower than at pH 3 in the sub- 
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Table 4. Decrease of some growth parameters (in % of con- 
trol plants) of three years old beech sampling after treatment 
with 20 ppm Pb, 1 ppm Cd and 20 + 1 ( = 20 ppm Pb + 1 ppm 
Cd) in sand culture with pH 3 and pH 5 conditions. (Signif- 
icance levels [t-test, mean values ]: *: 5 %; **: 1% ; ***: 0.1%). 

Growth parameter Treatment pH 3 pH 5 
(ppm) 

Shoot elongation 

% % 

Pb 20 95 ( - ) 104 ( - ) 
Cd 1 108(-) 98(-) 
20+1 99(-) 99(-) 

Stem diameter Pb 20 77 (**) 92 ( - ) 
Cd 1 88(*) 9 0 ( - )  
20 + 1 75 (**) 79 (**) 

Dry weight of stems Pb 20 44 (***) 97 ( - ) 
Cd 1 54 (***) 82 ( - ) 
20 + 1 41 (***) 52 (***) 

Dry weight of roots Pb 20 40 (***) 114 ( - ) 
Cd 1 49 (***) 81 (*) 
20 + 1 38 (***) 53 (***) 

Leaf area Pb 20 65 (**) 92 ( - ) 
Cd 1 88 (*) 85 (*) 
20 + 1 86 (*) 66 (**) 

strate. Compared to the control plants this de- 
crease was significant concerning the combined 
treatments, but mostly not concerning the corre- 
spondent levels of the singly applied metals (Ta- 
ble 4). Stem diameter, dry weights of stems and 
roots, and leaf area were reduced synergistically 
at pH 5 in the medium (Table 4) (Kahle & Breckle 
1989). 

Fig. 5 shows the progressive decrease of leaf 
area of beech saplings with increasing Pb, Cd and 
Pb + Cd concentrations in the rhizosphere at 
pH 3. Effects of the singly applied metals were 
rather severe. Leaf area reduction induced by 
combined metal stress was in a similar range 
(Fig. 5), showing subadditive or antagonistic ef- 
fects in this case (Kahle 1988). 

Transpiration of young beech trees (10 years 
old), growing in a Cd-contaminated forest soil, 
was checked during the vegetation period by Ahr- 
end et  al. (1989). The variability in the individual 
trees was very high. Nevertheless it was shown, 
that with increasing Cd-stress transpiration rates 
go down. Already about 2 ppm Cd (plant avail- 
able fraction) in soil were significantly effective 
(see Fig. 6). 

Table 5. Mineral contents (m: average concentrations % or ppm of dry matter) in the roots of one year old beech seedlings after 
treatments with Pb, Cd and Pb + Cd (sand culture, pH 3 conditions) over 6 months. [significance levels: t-test, mean values: (5% 
(*), 1% (**), 0,1% (***); all Pb- and Cd- values are significantly different (***) from the control]. 

Treatment K Ca Mg Mn Pb Cd 
Pb + Cd ppm ~ % ppm ppm ppm ppm 

0 1,10 0,30 2126 76 2,1 1,0 

20 + 0 0,97 0,22** 1650" 71 667 
10 + 0 0,81" 0,14"** 1556"* 60 4200 
500 + 0 0,77* 0,11"** 1317"** 30** 20100 

1500 + 0 0,67** 0,18"** 1178"** 24*** 25200 

0 + 1 1,05 0,19'** 1625" 55 144 
0 + 5 0,77** 0,16"** 1541"* 46* 367 
0 + 25 0,74** 0,17"** 1514"* 34** 1240 
0 + 75 0,55*** 0,12"** 1240"** 20*** 3630 

20 + 1 0,92 0,20** 1526"* 50* 626 194 
100 + 5 0,86 0,13"** 1352"** 42** 3400 400 
100 + 25 0,62** 0,21" 1486"* 34** 1490 1060 
500 + 5 0,73** 0,09*** 1371'** 23*** 19900 194 
500 + 25 0,53** 0,11"** 1269"** 19"** 20700 212 

1500 + 75 0,55*** 0,08"** 1260"** 14"** 28400 300 
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Fig. 5. Reduction of leaf area of beech grown under heavy 
metal stress: Average leaf area (cm 2) of a single leaf of two- 
year-old beech seedlings grown in sand-culture (pH: 3.5). 

As an example for the stomate-behaviour a 
daily course of the transpiration rates is shown in 
Figure 7. The tress were growing in pots placed 
in shade, but in the afternoon about 2 h of direct 
sunshine cause closure of stomates. The recovery 
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(opening of stomates) in the late afternoon is es- 
pecially interesting, because here even with rela- 
tively low Cd-stress recovery is significantly 
slower than in control-plants. 

Pb and Cd stress also affected the vegetation 
time of young beech trees. In spring, leaf bud 
opening was delayed, and autumnal colouring and 
wilting appeared earlier than in control plants. 
Even applications of only 20 ppm Pb and 1 ppm 
Cd resulted in a shortening of the vegetation pe- 
riod between 3 and 10 days (Kahle 1988). 

The uptake of mineral cations by beech is also 
influenced by heavy metal stress. With increasing 
applications of Pb and Cd the concentrations of 
K, Ca, Mg and Mn in the roots of the seedlings 
decreased progressively (Table 5). This decrease 
of mineral elements was paralleled by a high ac- 
cumulation of Pb and Cd in the roots. 

The leaves contained less than 1 ~o of the heavy 
metal content of the roots. Nutrient element lev- 
els in mature leaves were less affected by Pb and 
Cd when applied via the root in summer or fall 
after leaf development. Only the concentration of 
K was distinctly reduced compared to control 
plants. 

Treatments with Pb and Cd during leaf devel- 
opment in spring, however, resulted in very low 
leaf concentrations of K, Ca, Mg, Fe, Zn and Mn, 
reduced by almost 50~o (Table 6). 

Based on these results, leaf margin necrosis 
and chlorotic yellowing of the beech leaves, 
mainly induced by Pb applications, could be de- 
tected as symptoms of (multiple) element defi- 
ciency, primarily of K and Mg (Kahle 1988). Sim- 
ilar leaf symptoms and element deficiencies could 
be observed in beech seedlings after 100 days of 

Table 6. Mean concentrations of mineral elements and heavy metals in the leaves of three-year-old beech saplings (ppm: mg.kg 1 
dry matter) after application of 20 ppm Pb, 1 ppm Cd or 20 + 1 (ppm Pb + Cd) in substrate (sand culture, from Kahle 1988). 

Treatment Pb Cd K Ca Mg Fe Zn Mn 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0 3,9 0,23 9180 5900 1380 343 49,2 134,6 
20 Pb 13,5 - 3950 2300 1304 156 21,0 68,8 

1Cd - 0,98 2470 2900 1279 167 25,8 60,8 
20 + 1 (Pb + Cd) 9,1 0,63 1250 2700 1028 158 23,3 54,9 
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rect sunshine on leaves (Ahrend et al. 1989). 



growth in Pb and Cd contaminated forest soil 
(ROder & Breckle 1989). These results show that 
some of the ion ratios of essential nutrients in the 
various organs of beech are altered by heavy metal 
stress. 

Discussion 

Present levels of Pb and Cd in beech forest soils 
and in some organs of beech seedlings are shown 
in Table 7. 

Similar data are reported from various forest 
stands in Europe (Wittig & Neite 1989) and from 
Northrhine-Westfalia (Neite & Wittig 1989). 
These data indicate two important facts. First: 
presentday concentrations of Pb in the upper ho- 
rizons of forest soils are in the same magnitude 
as those causing significant effects in young beech 
in culture experiments. Second: the concentra- 
tions of Pb also in leaves of beech are in such a 
similar range. 

Leaf concentrations of Pb and Cd in beech 
seedlings and saplings as well as from adult trees 
under field conditions can serve as a comparable 
measure for heavy metal stress. Leaf concentra- 

Table 7. Present-day concentrations of Pb and Cd in soils 
(total fraction; mg. kg-  1 dry matter) and in seedlings of beech 
from forest stands in Northrhine-Westfalia (Germany) (Kahle 
1986). 

Haardt Essen Bielefeld 

Cadmium Cd 
Seedlings leaves 0.48 

stems 1.20 
fine roots 3.48 

Soil OL 0.9 
OV 1.7 
OH/AH 0.65 
B/C 0.1 

Lead Pb 
Seedlings leaves 9.2 

fine roots 59.7 
Soil O L 99.6 

O v 256.9 
OH/AH 399.2 
B/C 31.3 

11.9 
129.9 
295.0 
727.7 
681.5 

37.7 

0.35 0.25 
0.55 0.44 
3.80 1.31 
1.0 0.7 
1.4 1.3 
0.9 0.5 
0.35 0.7 

12.0 
65.6 
86.5 

278.1 
471.4 

23.5 
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tions of more than 6 ppm Pb (0.3 ppm Cd) went 
parallel with significantly decreased leaf areas in 
the experiments. The productivity, however, was 
only adversily affected by 18 ppm Pb (3.6 ppm 
Cd) or more in leaves. Comparable values from 
leaves from the field (Soiling) are: 20 ppm Pb, 
0.7 ppm Cd. The shortening of the vegetation pe- 
riod certainly affects total carbohydrate gain and 
carbon allocation during the year. But there is no 
decrease in wood formation known (Breckle et al. 

1990; Hagemeyer & Breckle 1991). Treering for- 
mation even seems to be somewhat enhanced in 
the last decades, which is explained by an in- 
creased N-input, thus overlaying a possible heavy 
metal stress. 

With respect to Cd the occurring forest soil 
concentrations are (except in the vicinity of some 
mining areas, as in the Harz or Eifel, or in East 
Germany) in most cases lower than those in cul- 
ture experiments causing significant damage ef- 
fects. 

Many studies show that the ammonium- 
acetate-extractable fractions correspond better 
with effects on plants than the total amount of 
heavy metal content in soils. The ammoniumac- 
etate extractable metal concentrations in the ex- 
perimental soil of our studies amounted to about 
10-20~o (Pb) and about 30~o (Cd) of the total 
contents. But the so-called 'plant available frac- 
tion' of a heavy metal element in soil depends on 
many factors like organic substances, pH, phos- 
phate, humus-status (Br~immer & Herms 1985). 
The 'availability' varies with extraction media and 
procedures, but also with soil type, e.g. there are 
rather large differences between cadmium con- 
taminated humus soils and mineral soils in their 
effects on growth and nutrient uptake by roots of 
beech (Buschmann etal .  1991). Cd uptake by 
young beech trees is four times higher when grown 
on contaminated mineral soil than on humic soil 
although showing the same NH4-acetate extract- 
able Cd content. Thus, NH4-acetate extraction 
does not represent the plant available fraction for 
beech in general. 

Deficiencies of nutrient cations in the leaves of 
mature beech trees often were reported from acid- 
ified stands (Glavac 1987). Our data show that 
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they may not only be caused by leaching effects 
or poor soils, but also by effects of Pb (and Cd) 
in the rhizosphere. Disturbance of uptake mech- 
anisms as well as ion competition with nutrient 
cations during absorption by roots of beech may 
be involved (Kahle 1988), also shown for Pb in 
birch by Schlote (1989). This can be explained by 
the strong poisoning effects of both heavy metals 
due to their affinity to S-bonds e.g. in enzymes. 

Almost unknown are the effects to roots with 
mycorrhiza, which normally is a common feature 
for adult beech trees. In spruce some mycorrhizae 
are not correlated with tolerance levels, thus not 
inducing enhanced protection against heavy metal 
stress, as Jentschke et al. (1991) have shown. 

In general, beech is a plant with a wide phys- 
iological amplitude, but, nevertheless the toler- 
ance to other environmental factors might be 
changed in a way not known at present. 

Conclusions 

Leaf concentrations (may) represent a suitable 
parameter for assessment of heavy metal toxicity 
by comparison of field data with effective levels in 
dose-response-experiments. Present-day concen- 
trations of Pb in acid beech forest soils must be 
regarded as 'critical' for root growth and vitality 
of beech seedlings, and thus may affect natural 
rejuvenation of beech. Combined effects with 
other heavy metals as e.g. Cd reduce toxicity lev- 
els. Root elongation and root architecture of 
beech saplings proved to be a sensitive parame- 
ter for heavy metal stress. Mineral nutrition of 
beech can be significantly affected by Pb and/or 
Cd effects in the rhizosphere. Pb is still to be 
regarded as an important ecotoxic element with 
chronic or latent toxicity effects. It is not possi- 
ble to elucidate its role in forests with adult trees. 
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