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Abstract. Radial distribution patterns of Cd and Zn in stems of Scots pine trees (Pinus sylvestris 
L.) were investigated 12 years after a soil pollution event. The trees were growing on experimental 
plots near Krak6w, southern Poland, which had been contaminated with heavy-metal-containing 
dust in 1980/81. The element distributions were examined for visible signals of the pollution event. 
Distributions of Cd and Zn in trees on contaminated plots showed elevated concentrations but were 
not uniform in shape. Only 2 of the 12 examined trees on plots with elevated Cd levels had highest Cd 
concentrations in xylem rings produced/~t the time of the pollution event. None of the sampled trees 
from the Zn plots had highest Zn concentrations in xylem rings which corresponded to the time of the 
pollution event. In the majority of sampled trees, concentrations of Cd and Zn decreased markedly in 
rings produced after the application of Cd and Zn dusts. In trees on contaminated plots concentrations 
of Cd and Zn were generally higher in sapwood than in heartwood. A sharp decline of both elements 
across the sapwood-heartwood boundary was observed. The distribution patterns of Cd and Zn are 
discussed with respect to endogenous physiological processes in stem wood. The element patterns 
observed in the wood of individual trees did not correspond to the known timing of pollution inputs 
to respective forest stands. 
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1. Introduction 

Element concentrations in tree rings have been used to monitor trace element pol- 
lution levels in the past (Burton, 1985; Hagemeyer, 1993). The method was named 
dendroanalysis (Gilboy et al., 1976). In this procedure element concentrations in 
annual growth rings of trees are determined. Concentrations are plotted against a 
time axis showing the years of wood growth. The resulting patterns are then used 
as pollution chronologies. In some studies the results were taken as evidence for 
the applicability of dendroanalytical biomonitoring (Stewart et aL, 1991; Yanosky 
and Vroblesky, 1992; Ferretti et al., 1993). Other investigations challenged the 
usefulness of this method (Zayed et al., 1992; Okada et al., 1993; Hagemeyer et 
al., 1992, 1994). 

The basic requirements of dendroanalytical biomonitoring can be listed as fol- 
lows: (1) The investigated elements should be absorbed by the trees in a constant 
proportion to their environmental abundance. (2) Absorbed elements should be 
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incorporated mainly, if not exclusively, into currently growing wood tissue. If also 
some of the older rings are involved, it should be known into how many and which 
rings the elements are deposited. (3) Incorporated amounts of trace elements should 
stay in those tings where, they were first deposited; a subsequent remobilization 
and radial transport must not occur. (4) Trees sharing the same environment should 
show similar element distributions in their stems. (5) Radial distribution patterns 
of elements in tree stems should be stable for long periods of time. 

These conditions are difficult to check in mature living tree stems. Therefore, 
an indirect approach was followed to test the reliability of dendroanalytical results. 
Distribution patterns of Cd and Zn in stems of pine trees growing on a site with 
a documented pollution history were determined. These trees came from former 
experimental plots in southern Poland, which had been artificially polluted in the 
years 1980/81 by soil application of metal-enriched dusts derived from industrial 
processes (Greszta, 1988). The radial distribution patterns of Cd and Zn were 
examined for signals which might correspond to the external pollution event. At 
the same time possible effects of endogenous physiological processes, e.g. the 
sapwood-heartwood conversion, on the observed radial distribution patterns of Cd 
and Zn were also investigated. 

2. Materials and Methods 

2.1. THE FIELD EXPERIMENT 

In 1980, a 40-year-old pine forest in southern Poland, 25 km northeast of Krak6w, 
was chosen for a field experiment to study the recovery of the forest ecosystem 
after a strong trace element pollution impact (Greszta et al., 1987; Greszta, 1988). 
Between August 1980 and June 1981 30 plots (area 240 m 2) were contaminated with 
a variety of dusts collected from the electrofilters of several industrial complexes. In 
addition, 9 untreated control plots were established. The dusts contained a variety 
of major and trace elements, including Cd and Zn. The applied amounts on the 
investigated plots ranged up to 12.7 kg Cd/plot and 212.7 kg Zn/plot (Table I). 

2.2. COLLECTION OF STEM WOOD AND SOIL SAMPLES 

In August 1992, pine trees on 5 selected experimental plots were sampled to 
investigate radial distribution patterns of Cd and Zn in the stems (Table I). On each 
of the investigated plots 3 trees (aged >50 years) were sampled. Cores (5 mm 
diameter) were obtained at stem heights of 1.1-1.3 m using an increment corer. 
All samples were taken from the north face of the trees. Four parallel wood cores 
were obtained from each sampled trunk, all in a vertical line with approximately 
2 cm distance between the cores. The cores were instantly frozen in liquid nitrogen 
to avoid lateral movements of elements in the wood. The outer bark was removed 
prior to coring to prevent sample contamination by surface particles. The corer 
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TABLE I 
Dust sources and applied amounts of Cd and Zn per plot on the investigated 
experimental plots in a pine tree forest near Krak6w, Poland 

Plot Dust source Dust quantity Cd Zn 
(t km -2 ) (kg plot - l )  (kg plot -1) 

Control . . . .  

Cdl000 Cd smelter 1000 6.34 3.37 

Cd2000 Cd smelter 2000 12.70 6.75 

Zn2000 Zn smelter 2000 2.65 85.10 

Zn5000 Zn smelter 5000 6.62 212.70 

was cleaned in ethanol before each sampling. Holes in the stems were sealed with 
tightly fitting wood plugs and wax to minimize damage to the living trees. 

Soil samples were collected at 1 m distance from the stem base of each investi- 
gated tree. Soil material from 4 different directions around the stems was mixed in 
bulk samples. Undecomposed surface litter was removed before the soil samples 
were collected. Two different soil layers were analyzed (0-~ cm and 18-22 cm 
depth). 

2.3. SAMPLE PREPARATION AND CHEMICAL ANALYSES 

Wood cores were freeze-dried, then oven-dried to constant weight at 105 °C. 
In most cases, single annual growth increments were cut from the cores with a 
scalpel. Synchronous sections of 3 parallel wood cores from each tree were bulked 
to increase the amount of material for the analyses. Therefore, the majority of data 
refer to single annual rings. Only in those cases where annual growth increments 
were too narrow to yield sufficient material for analysis, 2 or 3 adjacent rings were 
combined. This can be seen from the distance between data points in the figures. 
Wood samples were wet ashed under pressure with concentrated HNO3 (2 mL) in 
teflon vessels. 

Individual locations of sapwood-heartwood transitions were determined by an 
investigation of starch content of the wood tissue. Small chips of the cores were 
stained with iodine in potassium iodide solution to test for the presence of starch 
grains, which are assumed to only occur in sapwood. The stained wood chips were 
examined with a binocular microscope. 

Soil samples were air dried prior to the extraction with 1 M ammonium acetate 
(soil:extractant ratio 1:4, 2 hr stirred). Soil pH was determined in water with a 
soil:water ratio of 1:5 after 8 hr shaking. 

Concentrations of Cd in wood samples were determined by atomic absorp- 
tion spectrophotometry using a graphite furnace (Perkin-Elmer 5100) and a Pd- 
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TABLE II 
Concentrations of Cd and Zn in soils (1M ammonium acetate extracts) of 
investigated plots and pH (H20) values. Means 5: SD of 3 samples 

Plot Depth Cd Zn pH 
(cm) (mg kg- 1) (mg kg- 1) 

Control 0--4 0.835:0.41 21.90+4.81 4.24-0.4 
18-22 0 .035:0.02 1.905:0.7.1 4.55:0.2 

Cdl000 0-4 170.20:t:74.10 33.505:16.20 4.45:0.1 
18-22 11.805:2.00 5.07-t-2.12 4.45:0.1 

Cd2000 0-4 214.905:73.10 144.705:125.30 4.0±0.3 
18-22 21.205:12.30 8.735:6.27 4.55:0.1 

Zn2000 0--4 74.605:8.13 38855:872  6.15:0.4 
18-22 2.22-t-0.45 14.505:5.80 4.55:0.1 

Zn5000 0--4 115.105:31.20 8 0 6 9 ± 7 0 0  6.35:0.1 
18-22 5.87±1.14 33.305:0.75 4.6±0.1 

Mg(NO3)2 matrix modifier. Zinc concentrations in wood were measured by flame 
AAS (Perkin-Elmer 380). Soil,concentrations of Cd and Zn were also determined 
by flame AAS (Varian AA-20B). The quality of analytical results was repeatedly 
checked with standard reference material (BCR No. 62, Olive leaves). The obtained 
results were in good accordance with certified values (Cd 100%, Zn 100.6% of 
certificate). 

3. Results 

3.1. SOIL SAMPLES 

Cadmium concentrations in the different soil layers on contaminated plots were 
markedly elevated when compared to the control (Table II). The Zn concentrations 
on plots Cdl000 and Cd2000 showed only a slight increase in both soil layers, 
whereas on plots Zn2000 and Zn5000 they were strongly increased. In all cases 
concentrations of Cd and Zn were lower in lower soil layers. 

The pH values in the lower soil layer were similar on all plots (Table II). On the 
control as well as on Cdl000 and Cd2000 pH values of the upper soil layer were 
slightly lower than in the lower soil layer. In contrast, the pH values in the upper 
soil layer on Zn2000 and Zn5000 were much higher. 
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Fig. 1. Radial distributions of Cd and Zn in stems of 3 Scots pine trees on a control plot. Thehatched 
area marks the transition between sapwood and heartwood. 

3.2.  W O O D  SAMPLES 

In control trees similar radial distribution patterns were obtained for Cd and for 
Zn (Figure 1). Cadmium concentrations increased steadily from the outermost 
rings towards the pith, with comparable absolute values in all trees. The'sapwood; 
heartwood boundary had no visible effect on the distribution patterns. Concentra- 
tions of Zn increased only in the heartwood. The values in sapwood and in the 
transition zone ranged between 5 and 15 mg (kg DW) -1 . 
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Fig. 2. Radial distributions of Cd in sterns of 3 Scots pine trees on the Cdl000 plot. The hatched 
area marks the transition between sapwood and heartwood. The broken vertical line denotes the 
contamination event. 

On contaminated plots Cd concentrations in stems of trees were much high- 
er and exhibited different radial distribution patterns (Figures 2, 3). In two trees 
maximum values occurred in rings formed during the time of contamination. The 
other distribution patterns showed only minor peaks, slightly increasing concen- 
trations or no signals at all in these rings. Nevertheless common features can be 
described (Figures 2-5): In tree-rings formed after the contamination event, Cd 
concentrations decreased towards the outermost rings in most of the investigated 
trees. Similarly from the sapwood-heartwood transition zone towards the pith Cd 
concentrations decreased and approached values of control trees. Near the transi- 
tion zone small peaks or even maximum levels of Cd were found. In the xylem 
between the sapwood-heartwood transition zone and the rings formed during the 
contamination event the distribution patterns are variable, indicating individual 
reactions of each tree. 

For Zn none of the investigated trees showed maximum values in xylem rings 
formed during the time of the contamination event (Figures 4, 5). Similar radial 
distribution patterns as described for Cd were also found for Zn in stems of trees on 
plots Zn2000 and Zn5000 (Figures 4, 5). Concentrations were much higher than in 
control trees. In all trees highest Zn concentrations were detected just outside the 
sapwood-heartwood transition. Radial distribution patterns of Zn concentrations in 
trees on plots Cdl000 and Cd2000 did not differ markedly from the control (data 
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Fig. 3. Radial distributions of Cd in stems o¢" 3 Scots pine trees on the Cd2000 plot. The hatched 
area marks the transition between sapwood and heartwood. The broken vertical line denotes the 
contamination event. 

not presented), although soil levels of Zn were somewhat increased when compared 
to the control plots (Table II). 

4. Discussion 

Radial distribution patterns of Cd and Zn in stems of investigated pine trees showed 
no clear and uniform relation to the pollution history of their environment. The 
strong increase in soil Cd and Zn levels in 1980/8 ! (Table II) was not reflected in 
elevated concentrations of these elements in the corresponding annual xylem rings. 
Although the sampled trees did not show visible symptoms of damage, like reduced 
crown density or needle losses, one may assume that the strong pollution impact 
harmed the trees. It may be reasonably assumed, that the roots were adversely 
affected by the contamination. Therefore, alterations in the physiology of these 
trees must be considered when interpreting the above results. 

Concentrations of Cd and Zn in stem wood were higher in trees growing on con- 
taminated plots. The trees had absorbed large quantities of the toxic trace elements. 
This indicates that they still had a considerable capacity for mineral uptake. Several 
trees showed reduced concentrations of Cd and Zn in xylem rings grown after the 
pollution event (Figures 4, 5). This may be attributed to damage to feeding roots 
in the upper soil layers. In this case, the large amounts of metals found in older 
stem parts were absorbed either by other, undamaged roots or were taken up later 
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Fig. 4. Radial distributions of Cd and Zn in stems of 2 Scots pine trees on the Zn2000 plot. The 
hatched area marks the transition between sapwood and heartwood. The broken vertical line denotes 
the contamination event. 
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after roots had recovered. This indicates that the elements were not predominantly 
incorporated into currently growing annual rings, but also occurred in older parts 
of the stems. Hence this basic requirement of dendroanalytical biomonitoring is 
not fulfilled in the investigated trees. 

Pine trees growing on the same plot and therefore sharing the same pollution 
history, displayed different radial distribution patterns of Cd (Figures 2, 3). Some 
of these patterns may contain useful information about the pollution event by 
displaying peak Cd concentrations in rings grown at the time of contamination 
(Figure 3). However, other trees show quite different.patterns. Without additional 
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information about historical trends in pollution it is not safe to use a small number 
ofrandomly selected individuals within a group of pine trees for biomonitoring. 

From the data it is not clear which type of signal one can expect to indicate 
a pollution event. It may be a peak in trace element concentrations in a certain 
annual ring, which corresponds with the time of pollution, as shown by a tree 
on plot Cd2000 (Figure 3). On the other hand, the starting point of increasing 
concentrations may also mark the pollution event (Figure 2). Such information 
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about the sites and ways of trace element deposition in wood is essential for a 
correct dendroanalytical interpretation of element distributions. 

The distributions of Cd and Zn in stems of pine trees may not merely reflect the 
pollution history of the environment. The physiological factors which may influence 
radial patterns deserve careful consideration. Elevated concentrations of Cd and Zn 
were usually found in the sapwood (Figures 2-5). In the heartwood, concentrations 
were comparable to those of the controls (Figure 1). The steep decline of element 
concentrations across the sapwood-heartwood transition suggests, that this bound- 
ary may function as a barrier to unrestricted Cd and Zn movement. This can be 
explained by various phenomena: A substantial radial movement of elements may 
be possible in stem wood of pine trees. The radial translocation passes through the 
rays, which cease to function at the sapwood-heartwood boundary (Ziegler, 1968; 
Sauter, 1982). Thus, mobile elements may accumulate just outside the boundary in 
the sapwood. This may explain, why highest Zn concentrations were found before 
the sapwood-heartwood transition in several trees (Figures 4, 5). Marked effects of 
the sapwood-heartwood boundaries on element distributions were also described in 
a variety of tree species (Brownridge, 1984; Hagemeyer and Breckle, 1986; Okada 
et al., 1993). It was suggested, that trees translocate toxic waste into inner parts of 
the stems, where these substances are deposited in the dead heartwood (Stewart, 
1966). However, the sampled trees on dust-treated plots did not show pronounced 
accumulations of Cd or Zn in the heartwood (Figures 2-5). Only control trees had 
highest levels of these elements near the stem center (Figure 1). 

Another explanation for the element distributions may be found in the fact, 
that water transport in coniferous wood is not confined to the outermost rings, but 
passes through inner rings of the sapwood as well (Cermak et al., 1992). The xylem 
sap, which transports minerals from the roots upwards to the leaves can therefore 
supply inner rings of the sapwood directly with Cd or Zn. In this way, the broad 
peaks of these elements in the sapwood of some pine trees may indicate the vast 
extension of water conducting xylem in the stems. 

Since the above data only give a static picture of Cd and Zn distributions at the 
time of sampling, it is not possible to distinguish between the contributions of radial 
and axial transport processes in the xylem. However, both processes can hamper 
the use of radial distributions for biomonitoring. They reduce the time-resolution 
of dendroanalytical pollution chronologies. 

Element distributions can also be affected by the cation exchange capacity of the 
xylem. Stems of trees were compared to ion exchange columns with fixed negative 
charges in xylem vessel walls (Shear and Faust, 1970; McGrath and Robson, 1984). 
Elements like Cd or Zn are transported in xylem sap mainly as complexes with 
mobile organic molecules. The fixed charges in vessel walls compete with the 
mobile compounds for cations, e.g. Cd 2+ or Zn 2+. Also the different ions compete 
for binding sites and can be released in exchange against stronger binding ions. 
This type of incorporation can be temporary. In wood of Picea rubens Momoshima 
and Bondietti (1990) found increasing numbers of binding sites from the cambium 
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towards the stem center. If this is true for Pinus sylvestris, the steady increase of Cd 
and Zn in control trees may result from a higher binding capacity of the wood at the 
stem center (Figure 1). However, it is not known, which fraction of the analyzed 
elements is bound to fixed charges and what quantity is irreversibly incorporated. 
Therefore, the stability of the described distribution patterns is unknown. Radial 
distributions of Cd, Zn, Pb and Ni in stems of Fagus sylvatica trees showed 
substantial seasonal variations (Hagemeyer et al., 1992, 1994). Such changes would 
render the patterns useless for biomonitoring. 

Another approach to evaluate dendroanalytical data was suggested by Gilboy 
et al. (1979). A centripetal transport of elements in wood towards the sapwood- 
heartwood boundary can result in a deposition before that boundary. Assuming 
that heartwood is formed with a regular yearly rate, Gilboy et al. (1979) suggested 
that a time-shifted pollution record may be found in heartwood. The time-shift 
should be approximately equal to the number of annual rings in the sapwood. 
With the presented data this assumption cannot be checked, since most of the 
pine trees did not have enough heartwood rings. Nevertheless in those trees with a 
sufficient heartwood portion no uniform signals in element concentration patterns 
were observed (Figures 2, 4). 

The distributions of Cd and Zn are probably the result of several processes 
affecting the incorporation of elements into wood tissue at the same time. They 
may indicate the spatial distributions of water transport capacity and cation binding 
capacity in the xylem. 

The pollution impact on the forest ecosystem was extreme, particularly on the 
highly polluted plots (Greszta, 1988). Thus, it is not clear whether the examined 
trees on such plots reacted in the same way as pine trees under less severe, but 
long lasting stress. Nevertheless, the observed radial distributions of Cd and Zn in 
stems of pine trees grown under the described conditions cannot serve as pollution 
chronologies. Endogenous processes, like the sapwood-heartwood conversion or 
binding and transport processes in wood should be considered as possible causes 
for element distributions. 
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