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ABSTRACT: Two years after last application of
sulphuric acid and magnesium lime to the soil of a
Scots pine thicket growing in an unpolluted area (NW
Poland), concentrations of Ca, Mg, Mn, Cu, Zn, Fe,
Cd, Pb and Al in the pine needles of different ages
were examined. Soil acidification significantly redu-
ced Ca and Mg concentrations, and raised Al level. In
contrast, soil liming increased Ca and Mg, and lowe-
red Al and Mn concentrations. Unexpectedly, lime ap-
plication led to a significant increase in foliar Zn, Cu,
Cd and particularly Pb levels, presumably as an effect
of the lime fertiliser contamination. Except Cu and
Mg. the concentrations of which significantly decrea-
sed with needle age, the examined metals increased or
did not change their levels. The tendencies were rather
consistent across the treatments, although some site-
-to-site differences occurred, consisting in variable ra-
tes of the changes with time. Although different
accumulation rates (mainly Al and Mn) in ageing nee-
dles cannot be excluded, the variability seems to have
resulted from differences in the treatment effect dura-
tion. Thus, Al and Mn were affected for a relatively
short time, whereas Cu, Ca, Mg, Zn and Cd (limed
site) — for a longer period. Moreover, the effect of soil
acidification on Ca and Mg seems to have been slight-
ly intensified with time.
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1. INTRODUCTION

It 1s generally accepted that soil acidifi-
cation enhances mobility of ionic Al and
other trace metals (Bergkvist 1986, Nouri
and Reddy 1995, Reddy et al. 1995), lead-
ing eventually to disturbances in mineral nu-
trition of plants. These may include Ca and
Mg deficiencies due to antagonistic effect of
Al(Shortle and Smith 1988, Rengel and
Robinson 1989, Gransson and Eldhu-
set 1991) or/and leaching from the soil pro-
file (e.g. Ulrich ef al. 1980, Johnson and
Lindberg 1992), and even direct toxicity of
Al and other trace metals to plants (Cronan
et al. 1989, Lamersdorf ef al. 1991). To
mitigate the adverse effects of acidification,
so1l liming has widely been used in European
forests, sometimes combined with correction
fertilisation with Mg and other elements
(Huettl 1989, Hiittl and Zottl 1993,
Meiwes 1995). There are many reports of
improving growth, vitality and mineral nutri-
tion of the fertilised stands (e.g. Katzen-
steiner ef al. 1992, Dreyer et al. 1994,
Katzensteiner ef al. 1995). However, soil
liming may have undesirable side effects in-
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cluding deficiencies of micronutrients, such
as Mn, Zn, Cu, Fe, B (Andersson and
Persson 1988, Kabata-Pendias and
Pendias 1993, Kreuzer 1995). Moreover,
remobilisation of heavy metals from the or-
ganic soil layers may occur due to enhanced
release of organic complexing agents (Kreu-
zer 1995).

This work aimed at determining the 1in-
fluence of experimental acidification and
liming of the soil in a Scots pine thicket on fo-
liar levels of Ca, Mg and some trace metals.
Because elemental concentrations vary dur-
ing leaf lives, tendencies in concentrations of
the metals with needle age were also ana-
lysed.

2. STUDY AREA, MATERIAL
AND METHODS

The studies were carried out 1n an experi-
mentally treated Scots pine (Pinus sylvestris
L.) thicket in a relatively unpolluted region of
the country (Cztuchow Forest, NW Poland,
53°55’ N, 17°10’E) (Tarabuta 1996). The soil
was brown podzolic derived from weakly
loamy sand on loose sands of fluvioglacial
origin. It was characterised by high acidity
(pHu20=4.4-4.6) and very low effective cation
exchange capacity (CECg = 19-32 meq kg ™)
and base saturation (BS = 7-12%) (Czerwi-
nski ef al., unpublished). The examined stand
was subdivided into several plots, and the soil
was treated with various chemical sub-
stances. Three plots were selected to this
study, each one of 25 x 25 m in size. These In-

cluded:

1.“Acid” — soi1l acidification with diluted
H,SO; — 300 and 1200 kg ha”' yr' in
1986—88 and 1991, respectively,

2.“Lime” —so1l iming with burned mag-
nesium lime — 1500 and 18000 kg ha™' yr™' in
1986 and 1991, respectively,

3.“Control” — no treatment.

The untreated (control) plot served as a
reference area.

Because the experiment was primarily
designed for investigations of entomofauna
(Szujecki 1990), limited soil studies were
only performed, which did not included trace
element analyses. The soil was examined In
1991 after last application of the chemical
agents and additionally 1n 1995 (soil water

only).

Samples of live pine needles of different

age-classes (current >C, C+1, and C+2) were
taken from ten to twenty trees per plot on 8
sampling occasions from 8.Jun—31.0Oct, 1993,
1.€. 2 years after last application of the chemi-
cal agents. In the sampling year, the stand
was 16-year-old. The needle samples were
mineralised at 450° C and dissolved in ultra-
pure 3N HNO;. Concentrations of Ca, Mg
and Fe were assessed by ASA (Varian Techt-
ron), Zn, Cu, Pb and Cd — by the inverse volt-
amperometry  with  standard  addition
(DPASV, Methrom), and that of Al — color-
imetrically with chromasurol S and ascorbic
acid addition (spectrophotometer Shimadzu).
Mn concentration was determined by ionic
chromatography (Methrom) in homogenised
samples after extraction with deionised wa-
ter. The needles were not washed prior to the
analyses.

Mean metal concentrations in foliage for

each date (inmg g orug g~' dw) were calcu-
lated as means weighed by percentage contri-
bution of needles of different age-classes to
total foliage biomass estimated previously
(Tarabuta and Zero 1997). Comparisons
between the treatments and the control plot
were made using paired t-test for successive
sampling dates. The same procedure was ap-
plied to assess significance of differences
across various needle cohorts.

3. RESULTS

After application of sulphuric acid, soil
pH did not change significantly and approxi-
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mated the control level in both 1991 and
1995. However, base saturation, was as low
as 5.9% at the Acid plot, whereas at the Con-
trol 1t amounted to 10.4%. Moreover, acid ad-
dition resulted in a slightly, yet significantly
raised saturation with Al ions (90.5% vs
86.0% at the Control) (Table 1). These were
most likely reasons of significantly increased
concentration of Al in the pine needles and
substantially reduced concentrations of Ca
and Mg. Mean foliar levels of the two latter
elements amounted to 1.5 and 0.4 mg g,
whereas at the control plot the respective val-

ues were 2.1 and 0.6 mg g~' (Table 2). Acidi-

fication had little effect on concentrations of
other metals examined. A 3-fold increase in
foliar level of Pb, when compare with the
control plot, appeared to be statistically insig-

nificant (Table 2).

Although soil pH at the limed plot did
not increase significantly in 1991, it was
much higher after several years since the
treatment and amounted to 6.03, whereas at
the control plot it was only 4.74. In contrast to
soil acidification, application of magnesium
lime increased saturation with basic cations
by several times (to 57.1%) (Table 1). As a
consequence, mean foliar Mg concentration

Table 1. Some properties of the upper 15 cm soil layer. The data are means of 3 samplings made in
1991 after last application of the chemical substances. Additionally, pH in H,O values for 1995 are
given (n=8). Significance of the differences between the treatments and the control were assessed

using Student t-test for independent samples
(ns — not significant, * - P < 0.05, ** - P<0.01, *** - P <001)

Treatment  pH (H,0) pH(KCl) pH(H,0) CECg BS HS AlS
1991 1995 meq kg™’ %CECg

Control 4.23 3.61 4.74 }RSENS | TSR R Y e

Acid 3.81 ns 3.61 ns 4.61 ns 34.4 ns 597 3.6ns 90.5

Lime 4.88 ns 4.23 ns 6.02"" 29.9 ns S8 2 AR A0S

CECg - effective cation exchange capacity = meqX(Ca**, Mg**, K*, Na*, H*, AI’")
BS — base saturation = mqu(Ca“, Mg2+, K*, Na")

HS - hydrogen saturation = meq H"x100/CECg

AlS — aluminium saturation = meq Al’*x100/CECg

Table 2. Mean metal concentrations (and standard deviations) in Scots pine needles. Significant
differences between the treatments and the control according to paired t-test for successive sampling

date (n = 8) are marked with stars
* - P<0.05, ** - P<0.01, *** - P<0.001

Treatment |[Ca Mg Mn __ |[Fe Zn_ R R s
mg g~ . Mg g 3

Control GOk Al . 06 i g VS 006 W ms
(0.29) (0.08) (0.08) [(19.8) (500  (0.15  (0.01) (0.06) (8.6)

Acid 1.53%%%  0.43%%% 067  |43.2 19.1 192 006 023 36.8**
(025) @06 (©.12) 1A (15 O30 (0o ©30) 92

Lime 277%x  179%xx  044%+* (434  352%kx D 40%xx (0 09% (0.37** 2].8*
027) (0.16) (0.05 |(7.0)  (44)  (0.17)  (0.02) (022) (5.2)




66 Taida Tarabutla

was more than 3 times higher when compare
with the control plot and approximated 1.8
mg g . Foliar concentration of Ca was also
significantly raised (to 2.8 mg g ') though the
relative increase (in per cent relative to the
control level) was much less pronounced than
that for Mg (Table 2). Additionally, so1l lim-
ing resulted in significantly reduced foliar
levels of Mn and Al (Table 2). However, the
Al concentration did not fall much (from 27. 5

ug g at the Control to 21.8 pg g~ at the
limed plot) when one would take into account
more than twofold reduction of Al saturation
in the limed soi1l (86.0% to 40.5%) (Table 1).
Unexpectedly, concentrations of Zn, Cu, Cd
and particularly Pb were statistically higher
at the limed than the control plot, with the fo-
liar level of lead having been about 5 times
higher than that found at the Control (Table
2). Nevertheless, concentrations of the trace
metals remained at fairly low levels.

Because elemental concentrations 1n
needles change naturally with the needle
age-class, the treatments’ effects should be
analysed in a more detailed way. First of all, 1t
1s to find what is a general pattern of changes
in the metal concentrations with the needle
age. Secondly, it is to recognise how the pat-
tern has been modified by particular soil
treatments.

On the basis of general tendencies in
concentrations with needle age (means for

the three plots), several groups were distin-
guished among the examined metals. The
first group included metals, the concentra-
tions of which grew significantly from year to
year during entire period of the needle lives
(Ca, Mn, Al) (Table 3, Fig. 1A, B, C). Cad-
mium, Fe and Pb could also be qualified to
the group, as their concentrations signifi-
cantly increased, though during one year
only, while remained unchanged during the
other year (Table 3, Fig. 1 D, E, F). There 1s
some statistical uncertainty about Pb behav-
iour, as variability in this metal concentration
was very high, especially in the oldest nee-
dles (Table 3, Fig. 1F). Next group consisted
of Cu and Mg, both metals displaying a ten-
dency to decline their concentrations with
needle age (Table 3, Fig. 1G, H). Finally, Zn
represented a separate category, as its con-
centration decreased and then increased
reaching the same level as in current needles

(Table 3, Fig. 11).

The overall rate of increase 1n concentra-
tion of a given metal (from age C to C+2) can
be expressed as the concentration ratio be-
tween two-year-old and current needles,
whereas the decrease — as its reverse (Table
3). Thus, the factor would inform by how
many times concentration of a given element
increases or decreases during the needle
lives. It appeared that the highest rate of in-
crease was characteristic of Mn (2.9). The in-

dex was also high for Pb, Ca and Al (>2),

Table 3. Changes in mean concentrations of metals with age of pine needles. The data are means of 8
sampling occasions and three plots. Different letters denote significant differences between needle
classes according to paired t-test for consecutive sampling dates. The factors of increase/decrease were
calculated as concentration ratios of C+2 to C needles (increase — positive values) or ¢ to C+2

(decrease — negative values).

Needleageclass | Ca Mg  Mn I = O Cd Pb Al
mg g T e

38 1%4a . 115s 03a 1372 276a 2522 0058w 0118 15.0a

C+1 197b 0.84b 0.52b |48.6b 21.7b 2.05b 0.061a 0.29b 30.5b

C+2 324¢ 078 097¢ |46.8b 284a 1.66¢c 0.086b 0.30ab 38.3c

Factor of | F

increase/decrease | 2.4 =15 2.9 gl 1.0 -1.5 1S 2.9 2.1
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while lower for Cd (1.5) and Fe (1.3). The
rate of change in Zn concentration was 1.0
(1.e. no change), whereas Cu and Mg de-
creased, on average, by factor of 1.5 (Table 3).

Although the tendencies described
above were generally consistent across the
treatments, some metals changed their con-
centrations at different rates depending on the
substance added to the soil (Fig. 1). This was
most evident for Mn and Al (Fig. 1B, C). Alu-
minium increased from 19.5 1n current to
56.6 g g ' in two-year-old needles, i.e. almost
3 times, at the acidified plot, whereas from

15.7 (C) to only 25.2 pug g (C+2) at the

5.0
G
3 .
‘TU)
(@)
= 25|
=
O
©
y
2
S
3
e
O 15
-~ Control
1 ‘ | -o Acid
C C+1 C+2 @ Lime
Needle age-class

Fig. 1. Changes in concentrations of the analysed
metals with age of pine needles. Symbols represent
seasonal means (+SE), n=8. Treatment year (1991)
1s marked with the arrow.

limed plot (1.6-fold increase). The control
plot exhibited an intermediate rate of the Al
increase (Fig. 1C). It can thus be stated that
the rate of the increase in Al concentration
was the higher, the higher was the mean foliar
level of the element and the more Al-
saturated was the soil.

A similar picture was characteristic of
Mn. Manganese increased from 0.36 to
1.02-1.19 mg g at the Control and Acid
plots, and from 0.30 to 0.69 mg g at the
Lime plot (Fig. 1B). Thus, the increase in Mn
concentration was more pronounced in the
acid-treated and control plots, where foliar
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Mn was similarly high, while less pro-
nounced in the limed plot, where the mean
Mn level was lowered (Table 2). It should be
noticed that concentrations of both Al and
Mn in current needles did not differ among

the treatments, though C+2 concentrations
varied much (Fig. 1 B, C).

A similar pattern was also observed for
lead (Fig. 1F). Its concentration at the control
plot was almost unchanged regardless of nee-
dle age, whereas at the limed plot Pb level
was higher in older needles, while lower in
current ones. At the same time, Pb concentra-
tion in the youngest needles did not differ be-
tween the Control and Lime plots (Fig. 1F).
Changes 1n concentrations of the remaining
metals were not so diversified across the ex-
amined sites.

As the studies were performed two years
after the soil treatment, the changes in con-
centrations with needle age should also be
considered from the standpoint of the treat-
ment effect duration. Results of such an
analysis are presented graphically in Figure
2. The horizontal line on the graph represents
the control plot, whereas the symbols denote
differences between the treatments and the
control. Thus, negative values mean that con-
centration of a given element 1s lower in the
treated than untreated site, while the positive
ones — that the concentration is higher. Fur-
thermore, the arrows show tendencies in the
differences with time that had passed since
the last application of the chemical agents. In
this way, arrows directed towards the control
line would denote weakening of the treatment
effect, while those turning away — intensifica-
tion of the effect with time. Finally, arrows
parallel to the control line would indicate per-
sistent effects of the treatments.

In this way, the changes in Al, Mn and
Pb concentrations with needle age (Fig. 2C,
B, F) can be regarded in a sense of weakening
of the treatment effects with time. Such an
approach would suggest that the changes in
foliar levels of the metals were affected only
shortly after the treatments. As stated previ-

ously, soil acidification influenced only the
pattern of Al changes (Fig. 2C), but not Mn
nor Pb (Fig. 2B, F). Another regularity was
found for Ca and Mg. In the case of both met-
als, the effect of so1l liming tended to decline,
whereas that of soil acidification — to inten-
sify or at least to continue with time (Fig. 2A,
H). Liming effect on Cd and Zn clearly de-
clined during first year since the treatment,
and then levelled off (Fig. 2 D, I). Changes in
copper concentrations were hardly affected
by the treatment, this being confirmed by al-
most negligible tendency to decline with time
(Fig. 2G). Soil acidification had practically no
effect on changes in Cd, Zn, Cu concentrations
(Fig. 2D, G, I). Neither treatment had an effect
on changes in Fe concentration (Fig. 2E).

To sum up, 1t should be emphasised that
duration of the treatment effect may differ de-
pending on the treatment itself and the ele-
ment affected. The effect duration was
short-lasting in the case of Al, Mn and Pb,
whereas Ca, Mg and Cu concentrations seem
to have been affected over much longer time.
This was particularly true for Ca and Mg at
the acid-treated site, and for Cu at the limed
plot. The effect duration was intermediate for

Zn and Cd.

4. DISCUSSION
AND CONCLUSIONS

The results of this work have confirmed
the phenomena commonly observed in acidi-
fied environments. Although the soil pH did
not change significantly after the acid appli-
cation, base saturation, which is a good meas-
ure of soil acidification (de Vries et al.
1989, Hiittl and Schaaf 1995), was greatly
reduced, and that of Al — significantly raised.
As expected, foliar level of Al increased, and
those of Ca and Mg — decreased (Table 2)
(e.g. Oren et al. 1989, Johnson and Lind-
berg 1992). Concentrations of the latter two
metals 1n current needles (0.82 and 0.66
mg g, respectively) reached deficiency lev-
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els Johnson er al. 1992, Thelin et al.
1998).

Soil liming resulted in an increase in Mg
and Ca at simultaneous decrease in Al and
Mn, which has also been well documented in
the literature (e.g. Andersson and Pers-
son 1988, Dreyer et al. 1994, Kreutzer
1995). Magnesium concentration in current
needles (1.93 mg g ') exceeded the upper suf-
ficiency level Johnson eral. 1992, Thelin
et al. 1998). Although significant, the in-
crease 1n Ca level was not large in relation to
the exceptionally large dose of lime applied

——

H 1.5 Ak
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e de
i /m/dj
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R
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Fig. 2. Differences in metal concentrations between the
treatments and the reference plot. Concentrations at the
control plot were assumed constant (the horizontal
line). Arrows denote tendencies with time since the last
application of the chemical agents. Statistically
significant differences between the treatments and the
control are marked with stars according to paired t-test
for consecutive sampling dates

(n=8)(*-P<0.05, * - P <0.01,
*** - P <0.001)

or to the reported increase in base saturation
of the soil (cf. Tables 1 and 2).

More attention should be given to the un-
expected increase in foliar levels of Cu, Zn,
Cd and particularly Pb following soil liming
(Table 2). The only reasonable explanation of
the phenomenon seems to be lime contamina-
tion with the trace metals. Although the sub-
stances applied to the soil were not
chemically analysed, this might be the case as
lime fertilisers are often by-products of zinc
and lead works (Kabata-Pendias and
Pendias 1993). Because needles were not
washed before analysing, deposition of the
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metals on the needle surfaces cannot be ex-
cluded (Wyttenbach er al. 1985), espe-
cially during the treatment year. However,
Cu, Zn and Cd levels were also significantly
higher in younger needle generations (Figs 1
and 2), which suggests that the metals could
be taken up via roots and transported to the
leaves. Nevertheless, concentrations of the
trace elements were much lower than those
reported to have negative effects on plants
(Kabata-Pendias and Pendias 1993),
and Cu concentration remained in the range
of deficiency (Kabata-Pendias and Pen-
dias 1993, Thelin etal. 1998). On the other
hand, it should be remembered that most
trace metals tend to accumulate in the rizo-
sphere and the forest floor (Dirr and
Miinnich 1991, Goransson and Eldhu-
set 1991, Lamersdorf et al. 1991), which
may pose a threat to the plant roots and the

soi1l biota.

It appeared that most trace metals tend to
increase their concentrations with needle age,
which is particularly true for Mn and Al. The
same applies to calcium, which 1s an excep-
tion among macronutrients in that it 1s hardly
mobile, tends to precipitate as oxalates and
continues to accumulate 1n foliage
(Marschner 1997). Then, Mg and Cu tend
to decrease their concentrations during the
needle lives. Zinc was the only metal, the
concentration of which decreased, and then
increased resulting in little overall changes
(Table 3). The results presented in this work
are in a good agreement with those described
by Wyttenbach ef al. (1995) for concentra-
tions of the metals in Norway spruce needles.

Because needles become thicker and
heavier per unit of length as they age (Ta-
rabuta and Zero 1997), it can be concluded
that increasing (or constant) concentration
means increasing content of an element. This
relates certainly to such metals as Ca, Mn, Al,
Pb, Cd, Fe and probably to Zn, which would
support the common opinion of accumulation
of the trace metals 1n ageing leaves (Wyt-

tenbach et al. 1995, Marschner 1997). On
the other hand, decreasing concentrations of

Cu or Mg must not have been connected with
decreasing contents of these elements with
needle age and could result from “dilution ef-
fect”. However, there are reports on Mg
(Oren et al. 1988, Le Goaster et al.
1990/91) and Cu (Loneragan et al. 1976,
Marschner 1997) retranslocation from ma-
ture to young leaves. The two elements had
highest concentrations in current needles
(Fig. 1 G, H), i.e. those with the highest
physiological activity. As Cu and Mg are
fairly mobile within plants (Marschner
1997), their retranslocation seems to be very
likely especially that both metals were defi-
cient in the examined stands (except for Mg
at the limed plot).

The treatments differed with regard to
rates of changes in the metal concentrations
with needle age (Fig. 1). There are two possi-
ble interpretations of the phenomenon. One
of them would consist in different rates of ac-
cumulation 1n or retranslocation from ageing
needles due to differences in availability and
mobility of particular elements. This would
particularly apply to Al and Mn. In the limed
site (Lime), where mobility and availability
of the two elements is limited by higher soil
pH (Andersson and Persson 1938,
Marschner 1997), the rates of their accu-
mulation in ageing needles 1s likely to be
lower. In contrast, in the acidified site (Acid)
— the opposite should be the case. This was
confirmed by diversified rates of increase 1n
Al and Mn concentrations with the needle
age, which were much lower at the Lime than
Acid plot (Fig. 1B, C). However, the above
explanation would be satisfactory enough 1f
the chemical substances had been applied to
the soil in the year of the study. Because the
so1l was last treated in 1991 (when C+2 nee-
dles were the current ones), another interpre-
tation seems to be more reasonable, 1.e.
weakening of the treatment effects with time.
In this way, greatly diversified Al and Mn
levels in two-year-old needles could reflect
initially large differences in the metal avail-
ability (and uptake). With time, the differ-
ences have become smaller and almost
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disappeared in current needles (1.e. 2 years
after application of the chemical substances)
(Figs 1B, C and 2B, C). The same was true
for Pb at the limed plot (Figs 1F and 2F). On
the other hand, although the differences in
Ca, Mg and Cu, as well as those in Zn and Cd
concentrations tended to decline at the limed
plot, the treatment effect was still evident af-
ter two years after the lime application (Figs
] and 2). Moreover, at the acid-treated plot,
the effect on Ca and Mg displayed even a
tendency to increase with time (Fig. 2A, H).
Such a picture would suggest that duration
of the treatment effect depends on the treat-
ment type and the elements affected. In this
context, Al and Mn seem to have been af-
fected for a relatively short time (about 1-2
years), whereas Cu, Ca, Mg, Zn and Cd — for
a longer period. Moreover, the effect of soil
acidification on Ca and Mg seems to have
been slightly intensified with time.

The results obtained during one-year-
study do not allow to decide which one of
the two presented explanations reflects true
reasons of the between-site differences in
the rates of changes in the metal concentra-
tions. The effects observed could result from
either one or both factors at the same time.
Nevertheless, it 1s obvious that chemical
substances entered into an ecosystem mod-
1fy nutritional status of plants. It can be ex-
pected that even if acid substances are no
longer introduced, calcium and magnesium
can still be deficient if their depletion rates
through leaching losses from the soil exceed
inputs from weathering and atmosphere
(Johnson and Lindberg 1992). On the
other hand, although soil treatment with
magnesium lime substantially improved Mg
and Ca nutrition, a side effect of liming, 1.e.
introduction of heavy metals may occur. Re-
gardless of whether the metals are taken-up
or deposited on the plant and soil surfaces,
their presence in the environment poses a
potential threat to the ecosystem, especially
when the positive lime effect on soil pH
ceases.
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5. SUMMARY

In this work, influence of soil treatment with sul-
phuric acid and magnesium lime on foliar concentra-
tions of Ca, Mg, Mn, Cu, Zn, Fe, Cd, Pb and Al and
their changes with needle age were analysed. The stu-
dies were performed in a Scots pine thicket in NW Po-
land in 1993, i.e. two years after last application of the
chemical substances.

Soil acidification significantly increased Al and
decreased base saturation (Table 1), which was reflec-
ted by significantly increased foliar level of Al, and
decreased Mg and Ca concentrations (Table 2). In
contrast, soil liming reduced saturation with Al, and
raised that with basic cations (Table 1). As a consequ-
ence, Al concentration in needles was significantly lo-
wer, and those of Ca, and particularly Mg -
substantially higher than recorded at the untreated plot
(Table 2). Additionally, soil liming reduced foliar Mn
level. Unexpectedly, mean concentrations of Zn, Cu,
Cd, and particularly Pb in live needles significantly
increased following lime application (Table 2), which
was attributed to contamination of the fertiliser.

[t has been found that concentrations of Ca, Mn,
Al, Fe, Cd and Pb tend to increase their concentrations
with needle age, whereas those of Cu and Mg decline
with the needle age. Zn concentration decreased and
then increased, resulting in no change from current to
two-year-old needles (Table 3). On the basis of the li-
terature, the changes were attributed to accumulation
in (Ca, Mn, Al, Fe, Cd, Pb, Zn) and retranslocation
from (Cu, Mg) ageing needles.

The general pattern of changes in concentrations
of the metals with needle age was modified by the soil
treatments. This was manifest by diversified rates of
the changes (Fig. 1). The most pronounced departure
from the overall pattern was characteristic of Al, Mn
and Pb (Fig. 1). This could be attributed to differences
in availability and mobility of the elements, and hen-
ce, to different accumulation rates of the elements in
ageing needles. Alternatively, a more plausible expla-
nation was proposed, consisting in a fairly rapid we-
akening of the treatment effects. The latter possibility
implies that different treatments may affect concentra-
tions of particular elements for a shorter (Mn, Al, Pb)
or longer time (particularly Ca and Mg in the acidified
site, but also Cu, Zn, Cd, Mg, Ca in the limed stand)

(Fig. 2).
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