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Abstraet. Three-year-old  spruce (Picea abies) saplings 
were planted and cult ivated for 2 years in pots wittt 3 1 
substrate, consist ing of  a homogenized  mixture of  sand, peat  
and forest soil with a high organic content (volume ratio 
1 :1 .5 :2 ) .  This substrate was amended with 1 0 - 1 8 0  gmol  
Cd [kg soil dry weight (DW)] -1, 5 0 - 7 5 0 0  gmol  Zn (kg soil 
DW) -1 (determined with 1 M ammonium acetate extracts) or 
combinat ions of  both elements.  Annual  xy lem growth rings 
in stems of  plants treated with 50 p.mol Cd (kg soil DW) -1 or 
7500 gmol  Zn (kg soil DW) -t  were significantly narrower 
than in control  plants. Growth reductions were more pro- 
nounced in the second year  of  the experiment.  The contents 
of  Cd and Zn in stem wood and needles were posi t ively 
correlated with the substrate concentrations.  The Mg con- 
tents of  the spruce needles were inversely correlated with 
soil concentrations of  Cd and Zn. Root  development  was 
impeded at moderate  concentrations of  Cd (50 gmol  kg -1) or 
Zn (1000 gmol  kg -1) in the substrate. The adverse effects of  
potent ial ly toxic trace elements,  like Cd or Zn, on xy lem 
growth of  spruce plants are discussed with regard to possible  
growth reductions in forest trees under field conditions.  
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Introduction 

Effects of  trace metals  on growth of  cul t ivated and crop 
plants have been intensively studied (Page et al. 1972; 
Khan and Khan 1983; Dahiya  et al. 1991; Greger  and 
Bertell  1992). Much less is known, however,  about the 
effects of  toxic trace elements on xy lem growth of  tree 
species. Robitai l le  (1981) reported growth reductions of  
annual xylem rings of  Abies balsamea which were appar- 
ently related to elevated Zn levels in soil near an industrial  
smelter complex.  
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Carlson and Bazzaz (1977) found reductions in photo- 
synthesis and transpiration caused by Pb or Cd in Platanus 
occidentalis grown in soil amended with the metals.  Stem 
diameter  increments were reduced under such conditions.  

Lamoreaux and Chaney (1977) determined effects of  Cd 
on dry matter production,  height growth and relative water  
conductivi ty of  stems of  Acer saccharinum seedlings ex- 
posed to up to 178 gmol  Cd kg -1. The Cd treatment caused 
a decrease in the port ion of  newly formed xy lem tissue. 

According to such reports, high amounts of  toxic trace 
elements in the soil can impede xy lem growth of  various 
tree species. In order to f ind cri t ical  concentrations o f  Cd 
and Zn that cause detectable reductions in annual xy lem 
diameter  increments, a pot  culture exper iment  was con- 
ducted with young spruce trees. This information con- 
stitutes the basis for further physiological  exper iments  re- 
garding the effects of  trace metals on tree growth. 

Materials and methods 

Experimental conditions. Three-year-old plants of Norway spruce 
[Picea abies (L.) Karst.] were planted in soil amended with Cd, Zn or 
combinations of both. The plants had been raised from branch cuttings 
of mature trees in a tree nursery. The experiment lasted for 2 growing 
seasons. The substrate used in the experiment was a homogenized 
mixture of sand, peat and forest soil rich in organic matter (volume 
ratio 1: 1.5:2). Before planting, the substrate was divided into 
11 portions to which solutions of Cd (NO3)2 �9 4 H20 or ZnSO4 - 7H20 
were added to produce the extractable concentrations (1 M ammonium 
acetate) given in Table 1. The applied concentrations of Cd and Zn 
cover a wide range from uncontaminated soil to conditions of severe 
trace element pollution. After the contamination, the substrate was 
stored for 6 weeks to approach stable cation exchange equilibria. The 
initial pH (H20) of the mixed substrate was 4.8. After the experiment 
the pH had dropped to 3.7. During the experimental period of nearly 
2 years, substrate concentrations of Cd and Zn changed. This was 
probably due to leaching of minerals with rain water, enhanced ion 
mobility caused by the drop in soil pH and depletion by plant uptake. 
The actual concentrations of 1-M-ammonium-acetate-exchangeable Cd 
and Zn were measured before the experiment in each of the 11 portions 
of the contaminated substrate and after the experiment in two ran- 
domly chosen pots from each treatment group (Table 1). 
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Table 1. Concentrations of Zn and Cd (1 M ammonium acetate soil 
extracts) before and after 2 growing seasons in a pot culture experi- 
ment with young Norway spruce. Means of 2 samples 

Group Zn, Bmol Cd, Bmol 
(kg soil DW) a (kg soil DW) -1 

2.0 

1.5 

1.0 
Be~re  After Be~re  After 

Control 35 5 n .d .  0.36 ~ 
Cd 10 20 2 12 11 '~ II 0.5 
Cd 50 19 4 60 50 ~ 
Cd 90 14 2 89 87 .-~ 
Cd 180 13 3 181 174 ~ ~ 0 
Z n 5 0  46 13 n.d .  n .d .  o 
Zn 225 225 125 n.d.  n .d .  
Zn 1000 1060 272 n.d.  n .d .  ~ ~ 1.5 ~ Z  
Zn7500  7450 1550 n.d.  n .d .  
Cd+Zn 50+150 167 144 45 47 
Cd+Zn 90+1000 1040 334 103 75 1.0 

0.5 

n. d., not detectable 

Each treatment group consisted of 20 plants, except for the control 
with 50 saplings. The plants were potted individually in containers 
with 3 1 substrate. During the growing season they were kept outdoors 
in the garden of the institute and watered only in periods lacking in 
rainfall. In winter, between December and March, plants were moved 
to a nearby cold greenhouse to avoid excessive freezing of the pots. 

A corresponding experiment was carried out with young beech 
trees (Hagemeyer et al. 1993). 

Harvest and sample preparation. Plants were grown under the de- 
scribed experimental conditions for 2 vegetation periods (1988 and 
1989) to produce two fully developed xylem growth rings. At the end 
of the second season all plants were harvested. Slices were cut from the 
lower parts of the stems between soil surface and the lowest branches 
and were mounted with an adhesive on small sheets of glass. Care was 
taken to avoid any squeezing and deformation of the soft wood while 
cutting the material. The surfaces of such cross sections were 
smoothed with a razor blade to improve the visibility of growth rings. 
The widths of xylem rings were determined with a tree ring measuring 
device consisting of a binocular microscope, a motorized sledge for 
controlled sample positioning and a computer for on-line data col- 
lection and processing (Aniol 1983). 

In order to minimize the effects of individual variations in the 
vitality of different experimental plants at the beginning of the 
experiment, the following calculation was made: the ring widths of 
1988 and 1989 were divided by the tree ring widths of 1987 of each 
plant, which was the last year before the treatment. This procedure 
yields index values of growth ring widths. Mean values of absolute 
ring widths in the first year of treatment ranged between 6.6 _ 2.4 mm 
(n = 46, control) and 2 .2+ 1.5 mm (n = 18, 7500 ~tmol Zn kg-l) and in 
the second year between 5.9+1.9 mm (n = 46, control) and 
0.81+0.61 mm (n = 18, 180 ~mol Cd kg-1). 

In addition to stem sections for growth measurements, wood and 
needle samples of the plants were also collected for chemical analyses. 

Chemical analyses. Plant samples were oven dried at 60 ~ C for 24 h 
and wet ashed with concentrated nitric acid in pressure vessels. Con- 
centrations of exchangeable ions in soil samples were determined in 
extracts of 1 M ammonium acetate (extraction at pH 7 with a 
soil:extractant ratio of 1:10 for 2 h, following Haq et al. 1980). 
Concentrations of Cd, Zn and Mg in plants and soil samples were 
determined with atomic absorption spectrophotometry (flame and 
graphite technique). 

Assessment of root growth. The root bales of two representative plants 
of each treatment group were washed and cleaned of adhering soil. Dry 
weight was determined after drying at 60 ~ C. 
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Fig. 1. Index values of annual xylem ring widths in stems of young 
Norway spruce produced in the first and second year of treatment with 
different concentrations of Cd and Zn in the soil. Diameter increments 
are given relative to the width of the last xylem ring formed before 
treatment. Levels of significance for the difference to the control: - 
P -->0.05, * P <0.05, ** P <0.01, *** P <0.001. Means _+ SD of 
13-46 plants 

Statistics. An analysis of variance (Schefft-mst) was conducted for 
comparisons of group mean values. 

R e s u l t s  

Xylem growth 

A n n u a l  i n c r e m e n t s  o f  x y l e m  r ings  we re  r e d u c e d  in p lan t s  
g r o w n  wi th  e l eva t ed  l eve l s  o f  C d  or  Z n  in the  subs t ra te  
(Fig. 1). 

First year. T h e  re la t ive  r ing  wid ths  in  the  f i rs t  yea r  o f  
t r e a t m e n t  wi th  C d  r a n g e d  b e t w e e n  8 6 %  (10 ~tmol Cd  kg  1) 
and  5 0 %  (180  Bmol  C d  kg  -1) o f  the  cont ro l .  P l an t s  g r o w n  
wi th  Z n  had  t ree  r ing  wid ths  b e t w e e n  86% (50 p m o l  Z n  
kg  -1) and  4 0 %  (7500  Bmol  Z n  kg  - t )  o f  the  con t ro l .  C o m -  
b i n e d  app l i ca t i on  o f  C d  and  Z n  resu l t ed  in a d e c r e a s e  in  
t ree  r ing  wid ths  in  the  f irst  yea r  to 5 8 %  (50 g m o l  
C d  + 150 Bmol  Zn )  a n d  4 9 %  (90  Bmol  C d  + 1000 Bmol  Z n )  
o f  the  cont ro l .  

Second year  In  the  s e c o n d  yea r  o f  t r e a t m e n t  r e d u c t i o n s  in 
x y l e m  r ing  wid ths  we re  m o r e  p r o n o u n c e d  t han  in the  f i rs t  
s e a s o n  (Fig. 1). T h e  lowes t  C d  c o n c e n t r a t i o n  (10  Bmol  
kg  -1) d id  no t  r educe  t ree  r ing  w i d t h s  s ign i f ican t ly .  H i g h e r  
Cd  leve l s  o f  50  and  90  Bmol  kg  -1 c a u s e d  s ign i f i can t  de-  
c reases  in  d i a m e t e r  i n c r e m e n t s  to 6 5 %  a n d  36% of  the  
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Table 2. Root dry weight of 5-year-old Norway spruce saplings after 2 
seasons of treatment with Cd and Zn. Means of 2 plants 

Group Root dry weight (g) 

Control 8.92 
Cd 10 11.5 
Cd 50 4.73 
Cd 90 2.36 
Cd 180 4.7 
Zn 50 16.9 
Zn 225 12.2 
Zn 1000 7.92 
Zn 7500 1.14 
Cd+Zn 50+150 5.8 
Cd+Zn 90+1000 1.81 

control. In the highest  tested Cd concentration of  180 ~tmol 
kg-~, spruce trees produced only 16% of  the xy lem growth 
of  the control plants. Zinc in concentrations up to 
1000 ktmol kg-~ caused no significant decrease of  tree ring 
widths. In the highest  Zn treatment, relative xy lem ring 
growth was only 19% of  the control (Fig. 1). In the second 
year  combined applicat ions of  Cd and Zn reduced tree ring 
widths to 43% (50 ~tmol Cd + 150 ~tmol Zn) and 19% 
(90 ~tmol Cd + 1000 ktmol Zn) of  the control. 

Root growth 

The dry weight of  roots was also affected by  trace metals in 
the substrate. In the lowest  treatments with Cd or Zn root 
biomass  was increased (Table 2). With higher trace element  
concentrations,  however,  the dry weights were strongly 
reduced. Plants grown for 2 years in soil with 7500 ~tmol 
Zn kg -~ had only 13% of  the root dry matter  of  control 
plants. 

Concentrations of Cd and Zn in xylem 

Concentrat ions of  Cd and Zn in stem wood of  spruce plants 
at the end of  the second season are shown in Fig. 2. 
A correlat ion of  the xy lem concentrations of  both metals to 
soil levels is apparent. The concentrations of  Cd increased 
from 1.87 ~tmol (kg wood DW) -1 in control  plants to 
72.2 ~tmol (kg wood DW) -~ in spruce grown on 90 ~tmol Cd 
kg-~. The Zn concentrations ranged from 0.37 mmol  (kg 
wood DW)  -1 in the control to 4.79 mmol  (kg wood DW) -1 
in wood of  the highest  Zn treatment group. Concentrat ion 
levels in combinat ion treatments were also considerably 
increased as compared  to the control plants (Fig. 2). 

Concentrations of Cd, Zn and Mg in needles 

Cadmium and Zn concentrations in needles of  both ex- 
per imental  years are presented in Fig. 3. 

Cadmium. The needles grown in the second year  of  treat- 
ment  (1989) showed highest  Cd levels in plants grown on 
soil with 50 ~tmol Cd kg-~. Under  increased Cd stress 
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Fig. 2. Concentrations of Cd and Zn in the xylem of stems of 5-year- 
old Norway spruce after 2 seasons of treatment with Cd and Zn. 
Means _ SD of 12 plants 
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Fig. 3. Concentrations of Cd and Zn in needles of 5-year-old Norway 
spruce grown in the first and second year of treatment with Cd and Zn. 
The material was harvested and analyzed at the end of the second year 
of treatment. Means _ SD of 10-12 plants 

concentrations were lower. In the second season plants of  
the lower combinat ion treatment had more than twice the 
Cd concentration of  the control. On the other hand, Cd 
levels of  the higher combinat ion treatment were only 60% 
of  the control. 

Zinc. Concentrat ions in needles of  trees with Zn treatment 
increased in the first year  to 4.15 mmol  kg -1 in plants 
grown in 1000 ~tmol Zn kg -1 and in the second year  to 
3.58 mmol  kg -1 in the same group (Fig. 3). The needle 
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Fig. 4. Concentrations of Mg in needles of 5-year-old Norway spruce, 
grown in the first and second year of treatment with Cd and Zn in the 
soil. The material was harvested and analyzed at the end of the second 
year of treatment. Means ___ SD of 10-12 plants 

concentrations of Zn in the highest Zn application were 
even lower than in control plants in both years. Zinc con- 
tents in the lower combination treatment were not sig- 
nificantly different from the control. In the higher combi- 
nation, Zn contents were reduced to 30% of control plants 
in both years. 

Magnesium. Concentrations of Mg in younger needles 
(1989) were generally higher than in older ones (1988, 
Fig. 4). The values decreased with increasing soil levels of 
Cd or Zn. In the highest Zn treatment and the higher 
combination treatment, Mg contents at the end of the sec- 
ond season were 20% (1988, P <0.001) and 12% (1989, 
P < 0.001) of control plant levels. 

Discussion 

The results of this study indicate a negative response of 
xylem growth to the trace metals Cd and Zn in the soil. The 
elements have somewhat different effects. Cadmium re- 
duced the diameter growth substantially even at low to 
moderate concentrations (50 and 90 ~tmol kg-l). The xylem 
growth reductions in spruce trees with medium Zn treat- 
ments (225 and 1000 ~tmol kg -t) were less pronounced 
(Fig. 1). Young beech trees under comparable conditions 
showed stronger growth inhibitions when treated with Zn 
(Hagemeyer et al. 1993). Nevertheless, the highest Zn level 
caused a significant reduction in radial growth of spruce 
plants. Such differential responses to the elements may be 
related to the fact that Cd is a highly toxic trace element, 
whereas Zn functions as an essential micronutrient. 

In order to assess the significance of these results for 
tree growth in polluted areas, the experimentally applied 
trace metal levels are compared with soil concentrations 
currently found in certain industrialized regions. At a dis- 
tance of 800 m from a zinc smelter in NW Germany, Ernst 
(1972) found ammonium-acetate-extractable Cd con- 
centrations of 71 ktmol kg -1 in the soil. This value is higher 

than the second treatment group, in which spruce trees 
showed growth reductions (Fig. 1). On the same site, Ernst 
(1972) determined Zn concentrations of 1760 ~tmol kg-1, 
which are close to those of the highest Zn treatment at the 
end of the experiment (Table 1). Similar levels were also 
observed in the vicinity of Stolberg, Germany (Breckle and 
Hagemeyer 1992). Nevertheless, it should be stressed, that 
in the majority of sites the soil concentrations of Cd and Zn 
are still in the range of the control or the lowest treatment 
groups (Neite et al. 1992). 

Shifts in substrate concentrations that occurred during 
the experimental period (Table 1) are probably mainly due 
to leaching of trace metals from the pots. The observed 
depletion of trace metals in the soil was presumably en- 
hanced by a decrease in pH from 4.8 to 3.7 during the 
experiment. The acidification increased the mobility of Cd 
and Zn ions. Such effects are currently being investigated in 
further experiments. 

Needles of control plants grown in the second year of 
treatment had a sufficient supply of Mg (Fig. 4). Zrttl 
(1964) established optimal Mg concentrations at about 
45.2 mmol (kg needle DW) -1. The treatment with Cd or Zn 
caused a decline of Mg contents in needles to about 
8.23 mmol kg -t in the highest treatments in both years 
(Fig. 4). This value is below the limit of acute Mg defi- 
ciency in needles which was estimated by Nebe et al. 
(1989) at approximately 14.4 mmol kg -t. A yellowing of 
needles as a symptom of Mg deficiency (Zech and Popp 
1983; Reemtsma 1986) was observed in plants of the higher 
contamination groups. Therefore, toxic trace metals may be 
one possible cause of needle damage in spruce. 

The described results show that Cd and Zn affect various 
physiological and anatomical traits of young spruce trees at 
the same time. Growth reductions of annual xylem rings 
are, thus, probably the result of concomitant effects of the 
trace metals on different levels of the organism. 

An immediate effect of toxic concentrations of trace 
metals in the substrate is an inhibition of root growth 
(Table 2, Godbold and Kettner 1991). This will obstruct the 
uptake of water and nutrients into the plants. Uptake of Cd 
or Zn in wood tissue was reported to reduce water con- 
ductivity of the xylem (Lamoreaux and Chaney 1977). In 
stems of Phaseolus vulgaris plants treated with Cd, Barcelo 
et al. (1988) observed a substantial decrease in the size and 
number of xylem vessels. The authors assumed that Cd can 
induce water stress in such plants. 

The observed reduction of Mg content in needles of the 
treated plants (Fig. 4) was apparently caused by the trace 
elements. Magnesium deficiency in the needles can inhibit 
chlorophyll formation and consequently also the fixation of 
CO2 (Schlegel et al. 1987; Weikert et al. 1989). A high Cd 
content in the needles may also have caused damage in 
developing plastids (cf. Ghoshroy and Nadakavukaren 
1990). Furthermore, Cd reduces the transpiration of woody 
plants (Hagemeyer et al. 1986; Schlegel et al. 1987). Such 
direct and indirect effects of the trace elements can have 
caused reductions in photosynthesis and carbon assimila- 
tion. The formation of wood tissue was, therefore, pre- 
sumably hampered by a lack of organic products of pho- 
tosynthesis. As a result of the trace metal treatment, xylem 
development of Norway spruce was impeded. 
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It should be noted, however, that toxic trace metals are 
only one of many factors affecting the vitality of forest 
trees. Nonetheless, in places with a high burden, effects of 
trace metals can contribute to the causes of forest decline 
(Glatzel and Kazda 1985; Godbold and Htittermann 1985; 
Jordan et al. 1990). 

Conclusions 

The effects of the trace metals on cambial activity of trees 
can apparently be both direct and indirect. A direct effect 
on the activity of the growing meristem is conceivable 
since high trace element concentrations occurred in stem 
wood at or near the cambium (Fig. 2). Indirect effects via a 
reduction of photosynthetic carbon assimilation result in a 
lack of organic substances for xylem growth. 

Even though growth reductions observed with lower 
levels of Cd or low to moderate levels of Zn  were not 
statistically significant (Fig. 1), detectable losses of wood 
production are possible under comparable conditions in 
forests. During the long lifespan of an old tree, even small 
growth depressions of annual  rings can eventually give rise 
to appreciable losses in timber production. 

The observed growth inhibitions of plants of the com- 
bination treatments with Cd+Zn (Fig. 1) underline the need 
for further investigations into the nature of such interac- 
tions. This seems important, since under natural conditions 
generally more than one adverse factor is weakening the 
vitality of forest trees. 

Acknowledgements. The work was part of a research project funded by 
the Ministerium flir Umwelt, Raumordnung und Landwirtschaft, 
Nordrhein-Westfalen, Germany. The authors are grateful to Prof. u 
Waisel, Tel Aviv, for valuable comments on the manuscript. 

References 

Aniol RW (1983) Tree ring analysis using CATRAS. Den- 
drochronologia 1:45-53 

Barcelo J, Vazquez MD, Poschenrieder C (1988) Cadmium-induced 
structural and ultrastructural changes in the vascular system of 
bush bean stems. Bot Acta 101:254-261 

Breckle SW, Hagemeyer J (1992) Abschlul3bericht des For- 
schungsvorhabens "Untersuchungen des Einflusses von Schwer- 
metallen (insb. Cd, Zn) auf die KambiumaktiviNt mitteleuro- 
p~iischer Waldbaume (Buche, Fichte)". Forschungsberichte zum 
Forschungsprogramm des Landes Nordrhein-Westfalen "Luft- 
verunreinigungen und Waldsch~iden" Nr. 19, Dtisseldorf 

Carlson RW, Bazzaz FA (1977) Growth reduction in American syca- 
more (Platanus occidentalis L.) caused by Pb-Cd interaction. En- 
viron Pollut 12:243-253 

Dahiya SS, Goel S, Antil RS, Singh A (1991) Effect of Cd and N on 
dry matter yield and uptake of nutrients in corn. Ann Biol 7: 
205 -208 

Ernst W (1972) Zink- und Cadmiumimmissionen auf B6den und 
Pflanzen in der Umgebung einer Zinkhiitte. Ber Dtsch Bot Ges 85: 
295-300 

Ghoshroy S, Nadakavukaren MJ (1990) Influence of Cd on the ultra- 
structure of developing chloroplasts in soybean and corn. Environ 
Exp Bot 30:187-192 

Glatzel G, Kazda M (1985) Wachstum und Mineralstoffern/ihrung von 
Buche (Fagus sylvatica) und Spitzahorn (Acer platanoides) auf 
versauertem und schwermetallbelastetem Bodenmaterial aus dem 
Einsickerungsbereich von Stammabfluf3wasser in Buchenw~ildern. 
Z Pflanzenernaehr Bodenkd 148:429-438 

Godbold DL, Htittermann A (1985) Effect of zinc, cadmium and 
mercury on root elongation of Picea abies (Karst.) seedlings, and 
the significance of these metals to forest die-back. Environ Pollut 
38:375-381 

Godbold DL, Kettner C (1991) Lead influences root growth and mi- 
neral nutrition ofPicea abies seedlings. J Plant Physiol 139:95-99 

Greger M, Bertell G (1992) Effects of Ca2+ and Cd 2§ on the carbo- 
hydrate metabolism in sugar beet (Beta vulgaris). J Exp Bot 43: 
167-173 

Hagemeyer J, Kahle H, Breckle SW, Waisel Y (1986) Cadmium in 
Fagus sylvatica trees and seedlings: leaching, uptake and inter- 
connection with transpiration. Water Air Soil Pollut 29:347-359 

Hagemeyer J, Lohrmann D, Breckle SW (1993) Development of an- 
nual xylem rings and shoot growth of young beech (Fagus sylva- 
tica L.) grown in soil with various Cd and Zn levels. Water Air Soil 
Pollut 69:351-361 

Haq AU, Bates TE, Soon YK (1980) Comparison of extractants for 
plant-available Zn, Cd, Ni and Cu in contaminated soil. Soil Sci 
Soc Am Proc J 44:772-776 

Jordan DN, Wright LM, Lockaby BG (1990) Relationship between 
xylem trace metals and radial growth of Loblolly pine in rural 
Alabama. J Environ Qual 19:504-508 

Khan S, Khan NN (1983) Influence of lead and cadmitrm on the 
growth and nutrient concentration of tomato (Lycopersicu~n escu- 
lentum) and egg-plant (Solanum melongena). Plant Soil 74: 
387-394 

Lamoreaux ILl, Chaney WR (1977) Growth and water movement in 
Silver Maple seedlings affected by cadmium. J Environ Qual 6: 
201 - 204 

Nebe W, Ilgen G, Gastinger W (1989) Immissionsbedingte Ern~ih- 
rungsst6rungen in Fichtenbest~inden auf Standorten unterschiedli- 
cher Trophie. Beitr Forstwirtsch 23:17-25 

Neite H, Kazda M, PauliBen D (1992) Schwermetallgehalte in Wald- 
b6den Nordrhein-Westfalens - Klassifizierung und kartographische 
Auswertung. Z Pflanzeneruaehr Bodenk 155:217-222 

Page AL, Bingham FT, Nelson C (1972) Cadmium absorption and 
growth of various plant species as influenced by solution cadmium 
concentration. J Environ Qual 1:288-291 

Reemtsma JB (1986) Der Magnesium-Gehalt von Nadeln nieder- 
s~ichsischer Fichtenbestgnde und seine Beurteilung. Allg Forst 
Jagdztg 157:196-200 

Robitaille G (1981) Heavy-metal accumulation in the annual rings of 
balsam fir (Abies balsamea). Environ Pollut 2:193-202 

Schlegel H, Godbold DL, Hiittermann A (1987) Whole plant aspects of 
heavy metal induced changes in CO2 uptake and water relations of 
spruce (Picea abies) seedlings. Physiol Plant 69:265-270 

Weikert RM, Wedler M, Lippert M, Schramel P, Lange OL (1989) 
Photosynthetic performance, chloroplast pigments, and mineral 
content of various needle age classes of spruce (Picea abies) with 
and without the new flush: an experimental approach for analysing 
forest decline phenomena. Trees 3:161 - 172 

Zech W, Popp E (1983) Magnesiummangel, einer der Grtinde ftir das 
Fichten- und Tannensterben in NO-Bayern. Forstwiss Cbl Berlin 
102:50-55 

Z6ttl HW (1964) Waldstandort und Dtingung. Cbl Ges Forstwes 81: 
1-24 


