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Abstract. Most of the airborne Cd-polluted particles which eventually precipitate in forest regions remain 
on the surface of the tree leaves and do not penetrate into the plants' live tissues. Such pollutions can be 
removed from the leaves by cation exchange or can be washed off with water of low pH. Acid rains and 
acid soils have contributed very much to the solubilization of Cd and to its transformation into an available 
ionic form which is later absorbed by tree roots, l lSmCd uptake by young beech trees (Fagus sylvatica L.) 
seems to be positively correlated with the concentrations of the applied solutions as well as with the duration 
of the exposure. Low environmental pH increases the rate of l~SmCd uptake. High or low transpiration had 
no apparent effect on root absorption of Cd, but exposure of beech trees to a Cd(NO3) 2 solution reduced 
their rates of transpiration after very few days of treatment. 

I. Introduction 

Cadmium as well as some other heavy metals are long-range transported air pollutants 
which had been deposited for decades in the close vicinity of industrial centers. Such 
pollutants were also transported into remote rural areas and into various forest 
ecosystems. Cadmium is released from smelting industries and from wearing away of 
automobile tires, as well as from burning coal, diesel fuel and heating oil. Other sources 
of Cd pollution include sewage sludge and impurities of certain agricultural chemicals 
such as phosphate fertilizers. 

Airborne particles containing Cd are first emitted into the atmosphere and con- 
sequently are deposited on the surface of soils and plants, either as dust fallout (dry 
deposition) or as rain and snow (wet deposition). Rain waters in such sites contain 
remarkably high concentrations of Cd and other heavy metals; the average wet 
deposition of Cd in the Federal Republic of Germany reached values of 3 g ha -  1 yr - -  1 
during recent years (Nfirnberg et al., 1983). 

Metals which were deposited on the leaves of forest trees do not remain there 
continuously. Lindberg and Harriss (1981) pointed out that rain waters, on their way 
through forest canopies, are enriched with heavy metals originating from previously 
deposited particles. The acidification of rain water was repeatedly shown to be an 
important factor in the expansion of environmental pollution. 'Acid Rains' with pH 
values down to 3 (Heinrichs and Mayer, 1980) and with a high content of ions (Block 
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and Bartels, 1984) seem to play an important role in the cycling and recycling of Cd in 
various ecosystems by raising its solubility, by increasing its exchange capability (Herms 
and Br~lmmer, 1980; Lindberg and Harriss, 1981) and by increasing its availability to 
plants. 

When the role of Cd in the behavior of forest trees is investigated one must measure 
the Cd content inside the leaves rather than depend on data of total content only. This 
is especially important as we know, that not all the Cd which is deposited in a forest 
is active and only a fraction of it may enter the plants and cause toxic effects (Ernst, 
1972; Buchauer, 1973; Little, 1973). There are difficulties in determination of the 
magnitude of such an internal content of Cd and for such a pttrpose one must remove 
all the external depositions before measuring the true Cd content of the leaves. 

Various cleaning techniques had been described. Up to 80 ~ of the total Pb content 
of leaves was removed by simple rinsing with distilled water (Suchodoller, 1967; Schuck 
and Locke, 1970; Lerche and Breckle, 1974). In other cases (Buchauer, 1973; Hall et al., 
1975) the washing procedure included a mechanical treatment in order to remove the 
adhering metal particles from the leaf surface. Different chemical treatments were also 
used to clean the leaf surfaces more effectively: weak acid solutions (Keller and Preis, 
1967; Little, 1973; Lindberg and Harris s, 1981), EDTA solutions (Priebe et aL, 1981) 
or ammonium acetate solutions (Martinez et al., 1971). 

Heavy metals were repeatedly shown to accumulate in forest soils for long time 
periods and are suspected of having toxic effects in most forest plants (Bazzaz et aL, 
1974; Reiners et al., 1975; Carlson and Bazzaz, 1977; Seekamp, 1977; Foy et aL, 1978; 
Mayer, 1981; Mayer and Heinrichs, 1981; Smith, 1981; Koenies, 1982; Ulrich, 1983). 
Cadmium was shown to be readily taken up by roots of various agricultural crop plants 
and later be distributed throughout their shoots (John et aL, 1972; Haghiri, 1973, 1974; 
Petterson, 1976; Jarvis et aL, 1976). The rate of Cd uptake is influenced by various soil 
factors, such as cation exchange capacity, pH, P content, levels of fertilization, presence 
of other heavy metals, soil temperature and organic matter content (Koeppe, 1977). 

Little information about the effects of heavy metals on transpiration behavior of trees 
is available. Rolfe and Bazzaz, (1975) found no effect of Pb on either photosynthesis 
or on transpiration of Pinus taeda and Elaeagnus umbellata at tissue concentrations 
below 60 or 72 ppm (dry weight), respectively. Higher Pb concentrations lowered 
photosynthesis as well as the rates of transpiration (Bazzaz et al., 1974). No information 
on the effects of Cd on those processes in Fagus sylvatica is available. 

In the following investigation we have attempted to clarify three points: (1) In which 
fraction is Cd located on beech leaves, and what would be the best means to remove 
it from them? (2) What are the rates of uptake and distribution of Cd in young beech 
trees? (3) How does Cd affect the rate of transpiration of beech seedlings? 

2. Materials and Methods 

Being the most important decidious forest tree in central Europe Fagus sylvatica was 
selected for the present investigation. Beech seedlings were germinated and grown for 
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15 mo in sand culture under open land conditions. In July 1984 they were transferred 

into small polyethylene containers (500 mL) and irrigated with a modified Hoagland's 

solution of pH 4,6 (cf. Mohr and Schopfer, 1978, p. 244). Plants were left to adapt to 
the laboratory conditions for two weeks before experimentation started. The experi- 
ments were run in a laboratory room under the following conditions: 14 hr light (6 a.m. 
to 8 p.m.) supplied by FLUORA lamps (OSRAM) at an intensity of 5000 lux; 
temperature varied in the range of 24 to 30 ° C and relative humidity between 35 to 50 ~o. 

Whenever needed the radioactive isotope llSmCd (beta-emitter with a 1.6 MeV 

radiation energy) was used. This isotope can be measured by its Cerenkov-radiation in 
a scintillation counter. For 115mCd radio-assay the young trees were separated into 

leaves, stems and roots, dried (24 hr at 100 °C), weighed (d.w.) and put into small 
polyethylene counting vials. All plant samples were counted dry in the vials as in 
preliminary experiments we have found that the counting rates of the dry material was 
even higher than that which was counted in water. The counter (PACKARD 
TRI-CARB 300) was set to measure over the whole energy range from 0 to 2000 keV. 
Each sample was counted two or three times for 5 min. The count rates were converted 
into concentration values by counting known aliquots of the standard solution in 
identical vials. 

Absorption rate of Cd by beech roots was investigated by dipping the entire root 
system of each plant into the labelled experimental solution (400 mL) under constant 
temperature and for predetermined time periods. Those experiments were ended 
as follows: The roots of each plant were washed twice in distilled water for 1 min 

each time, then they were dipped for 30min in an exchange solution 
(5 mM Cd(NO3) 2 + 5 mM ZnSO 4 + 1 mM CaSt4)  and finally were rinsed twice again 
in distilled water, each time for 1 min. 

3. Experiments and Results 

3.1. R E M O V A L  O F  C D  F R O M  B E E C H  L E A V E S  

In the following investigation we tried to distinguish between the soluble and the 
exchangeable fractions of Cd which had been previously deposited on beech leaves, and 
to clarify the role of 'acid rain' in the turnover of Cd in beech forests. 

Leaves were collected from a large beech tree near the university. Branches were cut 
and immediately transported into the laboratory. There, the leaves were cut off and 
randomly grouped into groups of five. Several replicates of such groups were used for 
each labelling experiment. The leaves were loaded with Cd by immersion of the blades 
for 1 to 2 min in a 5 ppm Cd(NO3) 2 solution labelled with l lSmCd. The leaves were then 
left until their surface had dried out and consequently were washed twice for 1 min in 
deionized water in order to remove all the soluble Cd. Following washing the leaves were 
dipped either in different solutions containing various cations (A1 ÷ ÷ +, Ca ÷ ÷, Cd ÷ ÷ 
and K ÷) or in water with various pH levels (pH 3.5 to 9). 

Following such an exchange procedure the leaves were washed again in deionized 
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water (1 min twice) and air-dried before putting them in paper bags into the drying oven 
(100 °C). Leaf area was determined by drawing the outlines of the leaves on a paper, 
cutting the paper and weighing the leaf-shaped segments. The dry weight of each leaf 
was also determined. Subsequently each leaf was cut into small pieces and put 
individually into a polyethylene counting vial. The average counts _+ SD was then 
calculated. Results of the different treatments on the desorption of the x xsr~Cd from the 
leaf samples are given in Figures 1 and 2. Several environmental effects (cation com- 
position, pH, temperature and time) can be distinguished: 

(a) Effects of the cationic environment. A rinse with demineralized water at pH 5.5 
had only a minor effect in lowering the adsorbed fraction of Cd off the leaves. However 
a large quantity of Cd ions, probably those which were located on the leaf surfaces, were 
exchanged by the other cations of the applied experimental solutions. Such an effect 
depends very much upon the valence of the cation as well as on the pH of the solution. 
The influence of lowering the pH of the desorption solution was as strong as that of the 
presence of divalent cations. 

Exchange experiments showed that at pH 7 the exchange capability of water or of the 
K + solution was very weak. However at pH 3.5 Cd was exchanged very effectively 
(Figure 1). Temperature did not affect the exchange rates of Cd. 
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Fig. 1. The effects o fpH and of ionic composition of the desorption solution on the removal ofpreloaded 
Cd from beech leaves (Time of desorption 30 min; Ion conc. 5 mM; Temp. 25 °C). 

Average of 5 replications ( + SD). 
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(b) Washing the leaves with water at extreme pH values and the duration of such 
treatments had apparent effects (Figure 2). It was obvious that a 15 min exposure time 
was too short to excert the full effects of washing. A 30 min washing period seemed to 
be much more efficient. Similar exchange rates were obtained during 45 and 60 min 
periods. Extension of the desorption periods beyond that was found to be undesireable 
because it might cause leaching of Cd from inside the leaf cells and thus exaggerate the 
values for the exchangeable fraction (Lindberg and Harris s, 1981; Priebe et al., 1981). 

The effects of pH on Cd removal varied greatly; Cd was most efficiently removed 
from the leaves either at low (3,5) or at high (9) pH. 

3.2. C A D M I U M  U P T A K E  BY R O O T S  

The time course of Cd distribution in young beech trees was measured with 1 ppm 
Cd(NO3) 2 solution, added to the nutrient solution, and labelled with 115mCd (specific 
activity of approximately 2.5 MBq rag- 1). Results presented in Figure 3 show that 
uptake varied with time: For most treatments uptake increased gradually during the first 
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Fig.  3. T ime course  o f  C d  uptake  by various  parts of  beech  seedlings (Conc .  1 p p m  Cd ;  Temp.  25 °C ;  

pH 4.6). Average  of  4 replications.  
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Fig. 4. T h e  effects  of Cd concentration in the medium on the d i s tr ibut ion  of Cd a m o n g  v a r i o u s  parts  of 
b e e c h  seed l ings  (Time 24 h; Temp. 25 °C; pH 4.6). Average of 4 repl icat ions .  

24 hr and rose sharply afterwards. No apparent saturation was reached within the 
limitations of time mad concentrations of these experiments excluding a slow down in 
root uptake after 36 hr. The dependence of llSmCd uptake by intact seedlings on 
increasing Cd concentrations in the root media (0,2; 1 and 5 ppm) was tested over a 
period of 24 hr and replicated four times. The concentration isotherm (Figure 4) reveals 
a clear connection between the Cd concentration in the nutrient solution and the amount 
of Cd which was taken up by the young trees. No saturation was observed over the first 
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24 hr, not even at a concentration of 5 ppm Cd. Evidently uptake may still increase at 
higher concentrations of Cd, or during longer periods, unless the plants are injured. 

The contribution of metabolic processes to the uptake and distribution of Cd was 
investigated by comparing the transport rates at two temperatures (0 °C and 20 o C). 
Experiments were run with 1 ppm 115mCd for 10 hr. Results (Figure 5) show that there 

was a measurable absorption of Cd even at 0 °C, when most metabolically controlled 
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Fig. 5. The effects of temperature on the distribution of Cd among various parts of beech seedlings 
(Time 10 h; pH 4.6; conc. 1 ppm Cd). Average of 4 replications (+ SD). 

mechanisms had stopped. At 20 °C Cd was taken up at much higher ra tes .  Thus, the 
results indicate that both types of Cd uptake i.e. metabolic and nonmetabolic processes 
occur concomitantly in beech seedlings. 

The effect of pH on 115mCd uptake by beech plants was investigated under two 
transpiration conditions: Open laboratory conditions have induced high transpiration 
(H. Transp.); whereas for low transpiration conditions (L. Transp.) the plants were 
covered by a big transparent plastic bag with wet filter paper at its base. A preliminary 
test had proven that transpiration was approximately 5 times lower under L. Transp. 
conditions than under H. Transp. ones. Transpiration rates were measured by weighing 
the pots with the beech seedlings at 2 hr intervals. Six different treatments were applied 
(Table I) including H. Transp. and L. Transp., 0,2 and 1 ppm llSmCd solutions and two 
pH values (3.5 and 7). The experiments were run for 24 hr, and were triplicated. 

The effect of different pH treatments on Cd uptake was very obvious although 
accumulation rates differed very much among individual trees (Table I): lower pH 
seemed to increase the rate of Cd uptake. For example, at pH 3,5 Cd concentrations 
in the plant tops were 3 to 16 times higher than at pH 7. 

A clear effect of concentration was observed with higher absorption values obtained 
for the plants treated with the 1 ppm l lSmCd solution as compared to those subjected 
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TABLE I 

Effects of  concentration, pH and transpiration conditions on Cd uptake by various organs of beech seedlings 
(~tg g -  ~ d.w. = ppm). Time 24 h; Temp. 25 °C. Average of 3 replications ( + SD) 

Cd conc. in the Solution Leaves Stem Roots 
root-medium pH (gg g -  1 d.w.) + SD (gg g -  l d.w.) + SD (gg g -  1 d.w.) + SD 
(gg g - 1 d.w,) 

High transpiration conditions (H. Transp.) 

0.2 35 0.08 +_ 0.05 0.06 + 0.02 21.00 _+ 9.28 
1.0 3.5 1.04 _+ 1.06 0.20 _+ 0.16 61.01 _+ 29.00 

0.2 7.0 0.03 + 0.01 0.02 + 0.01 8.28 + 3.48 
1.0 7.0 0.06 _+ 0.01 0.03 _+ 0.01 48.48 + 19.18 

Low transpiration conditions (L. Transp.) 

1.0 3.5 0.78 + 0.11 0.23 + 0.14 15.86 + 6.86 
1.0 7.0 0.11 + 0.03 0.05 + 0.01 50.79 + 35.31 

to the 0.2 ppm one. The rate of transpiration had a very little effect, if at all, on the 
accumulation of Cd by these seedlings except into roots. 

Cadmium was absorbed by the plant roots, at rates which were 20 to 1400 times 
higher than those absorbed by the leaves or stems (Table I). As far as can be deduced 
from 24 hr experiments the translocation of Cd from the roots to the shoots seems to 
be a slow process, irrespective of the treatment. 

Translocation of Cd varied along the plant axis exhibiting a characteristic decline in 
Cd contents from fine roots to main roots and within the shoots from the basis of the 
stems to their tops. Upper leaves usually contained less Cd than lower ones, and 
generally the concentration of Cd in the leaves exceeded that of the stems. 

3.3. T H E  EFFECTS OF C D  ON T R ANS P IR AT ION 

The effects of time and of various concentrations of Cd on transpiration rates of young 
trees of Fag'us sylvatica L. were investigated using four concentrations of 112Cd(NO3)a 
(1, 5, 25 and 75 ppm Cd at pH 3.5). Six hydroponically grown plants were used for each 
treatment and the experiment was run for 7 days. Transpiration was measured by loss 
of weight of each pot. Evaporation from the open pots was prevented by sealing them 
in tight plastic bags. Results are presented in Figure 6. Rates of transpiration were rather 
constant during the day hours and therefore average rates were calculated. Transpiration 
rates of control trees and of the 1 ppm Cd treated ones did not differ. Treatments of 
5 ppm Cd gradually lowered the rate of transpiration of the plants, reducing it to half 
of the original value after 7 days. No visible damage symptoms appeared under such 
a treatment. Transpiration rates of seedlings which were exposed to the 25 ppm 
Cd solution were lower than the controls by some 30~o already on the first day of the 
experiment and continued to decrease sharply with time. Slight browning of the fine 
roots was observed in those plants within the first day. Some leaf injuries have appeared 
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after the third day of the experiment. The toxic effects of the 75 ppm Cd treatment 
became apparent after less than 24 hr. Transpiration rates dropped very quickly and the 
leaves curled and dried-out. It is interesting to note that the color of the dry leaves 
remained green during the rest of the experiment. The fine roots of the plants became 
brown after some 6 hr of exposure. 

3.4. DISCUSSION 

Most investigators have distinguished between various fractions in the heavy metals 
cover of leaf surfaces. Little (1973) described three such fractions: a water soluble 
fraction (washed off with deionized water), a physically attached fraction (removable 
with a 2 ~o detergent solution) and an exchangeable fraction (removable with weak acid). 
The last fraction, constituted up to 80~o of the Pb-, Zn- and Cd-cover of the leaves of 
various tree species in Britain (Little, 1973). Similar observations were made by 
Lindberg and Harriss (1981) and by Ward et al. (1974). Nevertheless, this can not be 
generalized and the size of the adherent fraction may vary with the type of pollutant 
(cf. Martinez etal., 1971). 

The results presented herein have indicated that most of the Cd, which pollutes the 
surface of beech leaves, is in the exchangeable fraction and can be readily exchanged 
by free cations of any applied solution. Non-radioactive Cd (112Cd) was of course 
expected to be the most effective exchange cation. Indeed, this was verified by the 
presented data. However, other cations, e.g. Ca and A1, with similar or higher valency 
or charge, seem also to be very effective in exchanging Cd. 

Involvement of a metabolic process in sequestering Cd into that fraction can be ruled 
out, as this process in the leaves was temperature independent. Cadmium is thus 
adhering to the leaf surface mostly by electrostatic forces. 

What do these results denote? Heavy metals can be removed from the polluted 
surface of beech leaves by an appropriate ionic environment. Such treatment is most 
efficient at low pH, because the adsorption capability of Cd is very much pH dependent 
(Herms and Br~immer, 1980). The process depends also on the time of exposure but 
even relatively short periods of 30 or 45 min seem to suffice for removal of most of the 
external Cd. This has very important environmental consequences: Cd which is attached 
to particulate matter and is initially deposited on leaf surfaces, is relatively unavailable 
to the plant and inactive in that state. Low pH rain water which passes through a forest 
canopy dissolves and mobilizes the Cd, and washes it off the leaves into the soil. In the 
soil, Cd becomes available to plant roots and is taken up at high rates. Thus, such a 
mobilization process accelerates the cycling of Cd in the Cd-affected forest ecosystems. 

Following the uptake of Cd by the roots and after it has been transported into 
metabilically active sites in the shoots, the well known toxic effects of Cd are exerted 
in due time (Ernst, 1972; Bond etal., 1976; Bewley and Stotzky, 1983). 

Cadmium content of roots is also strongly affected by their ionic environment. The 
upper humic layers of the variety of soils of beech forests in the Federal Republic of 
Germany normally contain some 1.4 to 1.7 ppm Cd. Fine roots of beech seedlings, 
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which grow in such soils, were shown to contain 1.3 tO 3.8 ppm Cd (Mayer and 

Heinrichs, 1981; Kahle and Breckle, 1985). This means that beech roots are capable 

of  accumulating Cd at concentrations above the ambient. Regarding Cd toxicity, such 

concentrations might have still remained in a tolerable range for beech forests. However, 

because of the continuous acidification of forest soils the problem of heavy metal toxicity 

is being aggravated. Depending on the local soil conditions acidification leads to higher 

solubility and to higher availability of heavy metals to the roots of forest trees. The 

accumulation of these elements in those plants, which follows such conditions, 

constitutes one of the severe consequences of acid rains. 

This conclusion is also implied by the results of our transpiration experiments: 

Transpiration of young beech trees was affected by Cd solutions after a short time of 
exposure. By itself, this would not have been a negative effect. However, as reduced 

transpiration results mostly from stomatal closure growth suppression can, thus, be 

expected. Although metal concentrations in hydroponic experiments cannot be directly 

compared with the metal concentrations of the soil solution, the presented results 

indicate that the minimal concentration of Cd for exertion of chronic-toxic effects must 

be rather low, i.e., in the range of the present-day concentrations of the acidified forest 

soils. Thus, Cd toxicity to forest trees is expected to be intensified, even at the prevailing 

low Cd concentrations, if and as long as acidification continues. 
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