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Abstract

One-year-old seedlings of silver birch (Betula pendula Roth.) were grown in pots filled with a soil
substrate that originated from an area polluted by a phosphate fertiliser factory and characterised by a high
soil Al level and low Ca/Al ratio or with a substrate from an area regarded as free from toxic pollution. In
addition the effect of fertilisation with a mixture of nutrients was evaluated. Birch seedlings grew slowest in
the unfertilised polluted substrate. In the unfertilised polluted substrate seedlings were characterised by high
biomass allocation to roots (60% vs. 30 to 40% in control or fertilised substrate), lower diversity of ec-
tomycorrhizae and the lowest rate of root and substrate microbial respiration. Roots of seedlings grown in
the polluted soil were characterised by a significantly higher level of phenolic compounds. Fertilisation of
plants grown in the polluted soil accelerated their growth, and lowered RWR (g root g plant) and increased
biomass allocated to foliage. Our results indicate that elimination of air pollution does not decrease the toxic
effect of a polluted soil. Fertilisation may improve the condition of seedlings growing in polluted soil,
however it was not able to eliminate entirely the adverse effect of soil pollution.
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I ntroduction

Environmental pollution decreases the growth rate of
trees and shrubs, and may even result in the decline of
whole forest stands. To a large extent this may be due to
soil pollution, which has a negative effect on the develop-
ment of root systems, especially in long-lived organisms,
such as trees. Acid precipitation - caused by emissions of
sulphur dioxide and nitrogen oxides - is the major reason
for considerable acidification of soils in many areas of
Poland [29]. In recent years in Poland and other eastern
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and central European countries, an increase in acidity of
rainwater and wet deposition is observed as a result of
a decrease in dust alkaline components through introduc-
tion of more efficient dust removal and insufficient desul-
phurization in flue gases of power and heating plants
[32, 37].

Toxic ions of aluminium, zinc, copper, lead, cadmium
and other metals are often accumulated in the degraded
soils of industrial regions. Toxic ions inhibit root develop-
ment and at higher concentrations lead to root necrosis
or death [3, 33, 47]. Aluminium is widespread in the



484

Bojarczuk K. et al.

Earth's crust, and its availability to plants increases
with decreasing pH of the soil [4, 17, 51]. The biological
activity of aluminium (its solubility and exchangeability)
is related not only to the acidity of soil solutions, but also
to the concentration of ions of calcium, magnesium and
phosphorus, as well as the composition of the organic
fraction of the soil [8, 33]. Excessive concentrations of
aluminium ions in the soil not only inhibit the uptake of
Ca, Mg, P and some other nutrients by plants from the
soil [1, 15], but also block their transport inside plants
and utilisation in metabolic processes [5, 13, 42]. This
results in an unfavourable decrease in the Ca/Al ratio
and Mg content of plants [18, 38]. Consequently, plant
growth and development is inhibited due to adverse ef-
fect of high Al concentration on important physiological
processes, such as photosynthesis [40] and respiration
[21, 30].

Little information is available on the mechanisms of
tree defence against the influence of industrial pollution.
Many studies show that deciduous trees are less sensitive
to environmental pollution than conifers [6, 57]. Never-
theless, it has been found that some broad-leaved trees,
such as birch (formerly regarded as relatively tolerant),
exhibit growth decline in industrial regions. The toxic in-
fluence of metal ions on plants can be most effectively
limited by reducing industrial air pollution. However,
even if imissions are greatly reduced, the toxic com-
pounds accumulated in the soil may exert a negative im-
pact on root system development for many years [29].

The sensitivity of plants to pollution depends largely
on their general condition. Fertilisation (for example,
with nitrogen and phosphorus compounds) of birch trees
growing in poor soils in industrial sites has greatly im-
proved their condition [12]. A positive role in the protec-
tion of plants against the effects of toxic metals may be
played by soil microorganisms, mycorrhizal fungi and
fungi antagonistic to pathogens [9]. In degraded sails,
microbial activity decreases and the composition of the
soil microflora changes [46]. High concentrations of toxic
metal ions (e.g. auminium) are usually negatively corre-
lated with mycorrhizal colonisation [44, 54].

In our previous studies we found significant differen-
ces in growth, survival, CO, exchange and pollutant accu-
mulation in trees grown in the vicinity of a phosphate
fertiliser factory (PFF) and in control area [35, 36, 40].
However, one limitation of these studies was related to
potential site and soil fertility differences among sites.
The aim of this study was to analyse the influence of
polluted soil from a control and industrial site near the
PFF on the physiology and growth of birch seedlings.
Identification of factors limiting the growth and develop-
ment of plants in polluted areas may contribute to a bet-
ter understanding of the mechanisms of plant sensitivity
to toxic compounds and may help to formulate guidelines
for reforestation of degraded areas.

Material and M ethods

One-year-old silver birch seedlings of the comparable
size (root length 10 cm, shoot length 12 cm, diameter of
root collar 2.0-2.5 mm) were selected for the experiment.
Seedlings were obtained from the Agricultural University

- Arboretum Zielonka nursery. In the middle of May the
seedlings were planted in pots (17 cm diameter, 13 cm
height) filled with an unpolluted soil substrate from the
experimental forest Zwierzyniec (52°15' N and 17°04' E)
or with a polluted soil collected 2 km from the Poznan
Phosphate Fertiliser Factory in Lubon, PFF (52°15'10"
N and 16°50'31" E). Fertiliser production began there in
1917 and since then the emission of toxic pollutants
(mainly SO,, NOy, HF) gradually increased through the
1980s. In the 1990s the amount of emitted pollutants de-
creased considerably due to the termination of sulphuric
acid and granulated superphosphate production [23].

The substrate was collected from the top 20 cm of soil
after removal of litter. Four substrate treatments were
introduced:

(2) unpolluted soil without fertilisation (C exy);

(2) unpolluted soil with fertilisation (Cieerr);

(3) polluted soil without fertilisation (P.qexr);

(4) polluted soil with fertilisation (Pueexr)-

Birch seedlings in C.err and P Were fertilised twice
aweek with a nutrient solution (N-NH,4 - 2.3%, N-NOs -
0.7%, K - 2.0%, Cu- 70 mg I'*, Fe - 400 mg I'*, Mn -
150 mg 1Y, Mo - 20 mg I'*, Zn - 150 mg I'!) at a
concentration of 15 ml nutrient solution in 11 of water.
In addition to fertilisation, all pots were watered to ex-
cess. The experiment was established in a greenhouse in
two randomised complete blocks with three replications
of 12 plants each for each of four soil treatments.

Growth Analysis

Destructive harvests were conducted at intervals of
about seven days. We harvested plants seventeen times.
At each harvest we randomly chose four plants from each
treatment (i.e. two plants per block) for an analysis of
seedling growth dynamics. At harvest, the medium was
washed from roots with distilled water, and individual
plants were separated into leaves, stem, and root. All
parts were oven-dried (65°C) and dry masses were deter-
mined. These data were used to determine root (RWR),
foliage (LWR) and stem (StWR) mass fractions.

The area of leaves, area and length of roots were
measured using image analysis systems WhinSeedle and
WinRhizo (Regent Instruments Inc., Quebec, Canada).

Estimation of Dehydrogenase Activity in Substrate

Three samples of the substrate in each treatment were
collected three times (June 8, July 20, and September 23)
for measurements of the respiratory activity of soil micro-
organisms. Dehydrogenase activity (DHA) was measured
in 10 g soil samples by the tetrazolic method described by
Thalmann [53] and modified by Rossel [43]. Soil samples
were incubated in 5 ml of 0.5 M Tris buffer, pH 8.0,
containing 1% 2,3,5-triphenyltetrazolium chloride
(TTC), as an electron acceptor, for 24 hours at 30°C in
darkness. Suitable reference samples (1/soil + Tris buf-
fer, 2/ TTC + Tris buffer) were analysed to eliminate the
influence of non-enzymatic absorbance. The 2,3,5-
triphenyltetrazolium formazan (TTF) resulting from the
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enzymatic reaction was extracted with 25 ml of
96% ethanol and measured spectrophotometrically at
480 nm. Enzyme activity was expressed as nmol of TTF
g" dry soil 24 h™.

Characterisation of Ectomycorrhizal
Morphotypes

At the end of the experiment (in early October) roots
were characterised according to numbers and mor-
phologica types. Ectomycorrhizal morphotypes were dis-
tinguished on the basis of shape, colour and surface tex-
ture, and different morphotypes were analysed separately
using previously described methods [26].

Gas Exchange M easurements

In the period of intensive growth of birch seedlings
(August), the rates of light-saturated net photosynthesis
(Amax) in leaves and dark respiration (RS) of fine roots
(<2 mm in diameter) were measured. Gas exchange was
measured with portable photosynthesis systems (LCA-3,
Analytical Development Corporation, Hoddesdon, Eng-
land) used in the differential mode. The system was calib-
rated against known CO, standards. Net photosynthesis
was measured according to a previously described proto-
col [39] on intact leaves under field conditions using the
Parkinson leaf chamber PLC-B. Measurements of net
photosynthesis were taken on a sunny day between 900
and 1300 h [photosynthetic photon flux density (PPFD)
1321 + 39 pmol m>s". During the measurements, air
temperature was 27.6°C (x+ 0.4°C), ambient relative hu-
midity average 64%, and ambient CO, concentration av-
eraged 402 (+ 0.2) mol mol™. Measurements of A Were
taken on five randomly chosen plants per treatment (one
leaf per plant).

Dark respiration rates were measured on detached
fine roots (<2 mm) between 900 and 1300 h using LCA-3
systems and the Parkinson leaf chamber PLC-C. Evalu-
ation of RS rates recorded after ca. 5 to 7 minutes when
A CO,; reached a constant level. During the measure-
ments, air temperature was 22°C (x 0.1°C), and ambient
CO, concentration averaged 398 (+ 1.3) mol mol™
Measurements of RS were obtained from the same plant
used for A measurements (five plants per treatment).

Total Phenols

The content of total soluble phenols (TPh) was deter-
mined in 0.25 g of foliage and 0.1 g in roots after double
extraction for 15 and 10 min in boiling 95 and 80%
ethanol, respectively. The analyses were performed using
the spectrophotometric method described by Johnson
and Shaal [20] and modified by Singleton and Rossi [48]
using the Folin-Ciocalteu phenol reagent. All samples
were taken at the same time as the gas exchange
measurements. The content of total phenols was ex-
pressed in umol of chlorogenic acid per gram of dry mass.
TPh was measured on foliage or roots of three randomly
chosen plants per treatment.

Substrate, Foliage and Root Element
Concentrations

At the end of the experiment (October) we measured
concentrations of soluble forms of macro- and micronut-
rients and pollutants in the substrate (N-NH,4, N-NOs, K,
Ca, Mg, Na, Fe, Mn, Zn, Cu, Cd, and Al). Macronut-
rients were analysed in an extract of 0.03 N acetic acid,
and micronutrients and pollutants in a modified Lindsey
extract. After extraction, N-NH, and N-NO; were as-
sayed with ion-selective-electrodes; K, Ca and Na with
flame photometry; chlorides and sulphates nephelometri-
caly; Mg, Fe, Mn, Zn, Cu and Cd with atomic absorption
spectroscopy (AAS); and Al calorimetrically with
aluminon. At the end of the experiment (in October)
concentrations of selected elements were also measured
in roots and leaves: total N by the micro-Kjeldahl
method; K, Ca, S, Mg, Fe, Mn, Zn, Cd and Al by the
same methods as described for the substrate. Data for
substrate are averaged for each treatment from two com-
bined samples and those for foliage from three randomly
chosen plants per treatment.

Statistical Analyses

For all variables, statistical differences among treat-
ments and sampling dates were anaysed using analysis of
variance (GLM procedures). Relationships between the
sampling day and studied traits were made using correla-
tion and regression analyses. For presentation, both cor-
relation and regression are used but we do not assume
that direct causal relations are involved. All statistical
analyses were conducted with JMP software (version
3.2.2, SAS Institute, Cary, NC, USA).

Results

Substrate had great effects on dry mass growth and
proportional biomass partitioning of silver birch seed-
lings. At the end of the experiment plants grown on pol-
luted substrate (P.;) showed significantly lower root,
aboveground and total plant mass than those grown on
the control substrate C. .« (Fig. 1 A, B, Call p<
0.0001). Fertilisation significantly improved seedling
growth on both substrates (Fig. 1). However, fertilisation
did not eliminate differences in growth among seedlings
cultivated on polluted vs. control substrate (Fig. 1 and 2).
The only exception was root dry mass that did not differ
among Cirrr and Pirr treatments at the end of the
experiment (Fig. 1A; p = 0.81). These results suggest
that other limitations besides substrate fertility constrain
plant growth in polluted soils.

The greatest growth differences among treatments
were found in proportional biomass partitioning and in
root growth and morphology. Seedlings grown on pol-
luted substrate showed significantly higher RWR and
lower LWR through the course of the growing season
(Fig. 3). From mid July to the end of August plants on
C.irerr Substrate alocated ca. 30% of biomass above
ground (Fig. 3). At the same time, plants grown on
C.rerr and Pyqrr allocated 40% and those on Py
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of plants in Prx treatment was much lower (ca. 20%) _§
and reached its highest value already in late June. A 9-
Significant differences among treatments were found
in root length and projected root area (Fig. 4; treatment, 0 ) ! ! 1

seedling age and the interaction of treatment x age were
significant at p < 0.009). The steepest and almost linear
increase of root area was observed for both Pger and
P.rerr treatments (Fig. 4). Noticeable increase in root

Table 1. Enzymatic activity of dehydrogenase in the soil substra-
tes. Crerr - unfertilized control substrate; Cuqrr - fertilized
control substrate; P - unfertilized poluted substrate; Pygerr

- fertilized polluted substrate. Data are the means of three ana
lyses + standard deviation.

Enzymatic activity (nmol TTF-g*' d.m.-24 h)
Treatment oy, yun 20th July | 23rd September
Corerr | 9284082 | 2416%213 | 29934345
Corerr | 1193063 | 2948+819 | 3272838
Poerr | 242025 8.30 + 1.63 8.90 + 0.67
Porerr | 264%031 | 13.07+£3.18 | 8.86%0.75

140 160 180 200 220 240 260 280 300
Day of year

Fig. 2. Seasonal variation of root, aboveground and total mass
silver birch {Betula pendula) seedlings grown on four substrates.
Symbolsasin Fig. 1.

length and area of seedlings in C gy and C,per treatment
began in mid-June and did not differ between these
treatments until early August (Fig. 4).

There were distinct differences in seasonal changes of
leaf arearroot area ratio among treatments (Fig. 4). The
highest values of that ratio were observed in early July in
the C,mwr treatment, when leaf area was > 15 fold higher
than that of roots. The seasonal pattern of leaf area:root
area ratio was very similar in seedlings grown in Cpxy
and P, treatment, whereas for plantsin Peg, it
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ferences in proportional biomass allocation to roots (RWR),
stem (SIWR) and foliage (LWR) of silver birch (Betula pendula)
seedlings. Symbolsasin Fig. 1.

steadily declined from 5 in mid-June to 1 in early Sep-
tember (Fig. 4).

The highest respiratory activity of soil microorganisms
was recorded in the unpolluted substrate with fertiliz-
ation (Cirerr) and the lowest in the polluted substrates,
especially in samples collected in July and September
(Table 1). In the unpolluted substrate (C.rerr and C.
rert) the activity of dehydrogenase was markedly in-
creased by fertilisation on all three sampling dates,
whereas in the polluted substrate (P-rerr @and Pirerr)

microbial respiration increased only in July, i.e. in the
period of the most intensive growth.

At the end of the experiment, the state of mycorrhizae
on birch seedlings was assessed in all treatments. Con-
siderable differences in both the numbers and diversity of
mycorrhizae between treatments were detected. Seed-
lings grown in control substrates (C gerr and Ciperr) Were
the most strongly colonised by mycorrhizal fungi (about
100%). Only a handful of non-mycorrhizal roots were
observed in those plants. Eight morphotypes of my-
corrhizae were distinguished (Table 2). Morphotypes |1
and V were found on roots of birch seedlingsin al treat-

Fig. 4. Effect of substrate type and fertilisation on root area,
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Table 2. Description of ectomycorrhizal (EM) morphotypes distin-
guished on roots of Betula pendula seedlings. Substrate: 1 — control
without fertilization; 2 — control + fertilization; 3 — polluted with-
out fertilization; 4 — polluted + fertilization.

Type Morphological features Substrate
EM
I Light brown; branching monopodial pinnate
or unbranched; smooth and shiny; emanating
hyphae and rhizomorphs not observed 1,3

IT | Light brown to brown; mostly unbranched,
occasionally irregular branching; tips bent;
matt; occasionally white emanating
hyphae 1,2,3 4
1T | Light brown to brown; thin branching
irregular; tips bent; smooth and shiny;
abundant white, woolly emanating hyphae

1,2,3, 4

IV | Light silver to grey; long, thin; mostly
unbranched; bent; occasionally white
emanating hyphae; white sclerotia present 1

V | Coal black; mostly unbranched; tips straight;
grainy and shiny; black hyphae stiffly

radiating from mantle (Cenococcum) 1,2,3,4

V1 | Black; mostly unbranched; tips straight;
black, woolly emanating hyphae 1

VII | Brown; thin; mostly unbranched; straight;
smooth and matt; no emanating hyphae 1

VIII | Brown; thick; short; monopodial pinnate; tips
straight; matt; few short emanating hyphae 1

merits (polluted and unpolluted, fertilised and unfer-
tilised). Unfertilised plants were characterised by
a greater diversity of mycorrhizae than fertilised plants.
On unfertilised seedlings grown in the unpolluted sub-
strate (C.x;) al eight morphotypes were found, whereas
in the other treatments only 3-4 morphotypes were
present (Table 2).

2504
| ] foliage (+Fert)
foliagalg-Fert}
= t1 root i+ ert)
' 200 root (-Fert)
©
£
= 1504
L]
2
Q 1004
£
Q.
o
o 504
-

Control Polluted

Substrate

Fig. 5. Tota concentration of soluble phenolic compounds (TPh,
+ SE) in roots and leaves of silver birch {Betula pendula) seed-
lings grown in unpolluted (Control) and polluted soil with fer-
tilisation (+Fert) or without fertilisation (-Fert).

In the case of soil pollution, roots are more strongly
affected by toxic compounds in the substrate than are
other parts of the plant. This was confirmed by compari-
ng the concentrations of free phenolic compounds in
birch seedlings grown in the control and polluted substra-
tes. In roots of birch grown in the polluted substrate, the
level of total phenols (TPh) was significantly higher than
in birch grown in the unpolluted substrate, but in leaves
no significant effect of the polluted soil on TPh level was
observed (Fig. 5). The influence of soil pollution on TPh
level was statistically significant in roots and not signifi-
cant in leaves, irrespective of whether fertilisation was
applied. In contrast to the effect of pollution, fertilisation
caused a decrease in TPh level in both roots and leaves
(Fig. 5, Table 3).

Table 3. Andydsof variance of totd phenol (TPh) concentration
in different organs of Betula pendula seedlings grown on control
and polluted substrate. See Figure 5 for TPh vaues.

Source of variation DF :;2 :;Z F ratio P>F
Organ (O) 1 415917 | 49.57 | <0.0001
Substrate (S) 1 5189.1 | 6.18 0.024
OxS 1 5277.7 6.29 0.023
Fertilisation (F) 1 4962.3 591 0.027
FxO 1 128.3 0.15 0.70
SxF 1 369.0 0.44 0.52
OxSxF 1 62.4 0.07 0.79
Error 16 13425.9

Total 23

The rate of light-saturated net photosynthesis
(Amax) Wwas significantly affected by source of
substrate (p = 0.02) but only marginally by fertilisation
(p = 0.13). On average Ana Of plants grown on the
control substrate was higher by 31% than those grown
on the polluted substrate (210 vs. 160 nmol g's?,
respectively; Fig. 6).

In contrast to the response of A, both source of
substrate (p = 0.01) and fertilisation (p < 0.0001) signifi-
cantly affected the rate of root respiration (RS; Fig. 6).
On average, root RS of plants grown on the polluted
substrate was 29% lower than those grown on the con-
trol substrate (8 vs. 6 nmol g's?, respectively). Much
higher differences in root RS can be attributed to fer-
tilisation. Root RS of fertilised plants was higher by al-
most 3-fold in comparison with rates of unfertilised
plants (Fig. 6).

Birch seedlings grew better in the soil substrate from
the control area, especialy if fertilisation was applied
(Cieerr)- The unpolluted substrate (Crrr and  Cipgrr)
contained higher concentrations of assimilable nutrients
(N-NOg, K, Ca, Mg, Fe, Mn) than the polluted substrate
(Prerr @nd  Piggrr)- Aluminium  concentration in the
polluted substrate was three times higher at the begin-
ning and two times higher at the end of the experiment
than in the unpolluted substrate (Table 4). The Ca/Al
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ratio was higher in the unpolluted soil than in the pol-
luted soil (Table 4). Leaves and roots of birch seedlings
grown in polluted substrates contained more aluminium
than those grown in unpolluted substrates (Table 5).

Table 4. Concentration of macro- and micronutrients and pollu-
tants in polluted and unpolluted substrates (assimilable forms in
mg per 1000 g of soil dry weight). The analysis was performed at
the end of the experiment (October).
Substrates: C.xr - Unfertilized control substrate; C, ey - fertilized
control substrate; P - unfertilized polluted substrate; P,eexr -
fertilized polluted substrate.

Nutrients Substrate
and
Pollutants C-rerr C+rerr P-gerr P+eerr
N-NH, 54 1.3 4.1 1.4
N-NO, 8.7 20.8 2.1 28
K 53.8 113.6 21.4 58.0
Ca 245 266 131 170
Mg 34.9 48.4 31.8 338
Na 194.9 179.4 160.1 158.8
Fe 571 53.8 30.4 359
Zn 2.68 3.36 2.07 3.45
Mn 17.5 17.5 49 6.9
Cu 0.38 0.5 0.24 0.44
Cd 0.01 0.007 0.02 0.01
Al 17.7 19.1 340 335
Ca/Al 13.8 13.9 38 51

Table 5. Concentration of macro- and micronutrients in birch seedlings after 5 months of culture in unpolluted and polluted substrates.
N, K, Ca, Mg, Na (% d.m.); Fe, Zn, Mn, Cu, Cd and Al in ppm (wt./wt. dry mass). Substrates. C_xr - unfertilized control substrate;
C.err - fertilized control substrate; Py - unfertilized polluted substrate; P.qr - fertilized polluted substrate. Data are the means of three
analyses + standard deviation.

Leaves Roots
Elemem C'FERT C+FERT I‘:l"F‘E,RT P+FERT C'FF.RT C+FERT l:"FEi'\'.T P+ FERT

N 2.06+0.02 3.27+£0.02 1.76+0.02 2.6£0.07 0.76 £0.01 1.65+0.03 0.82+0.03 1.361£0.01
K 2.38+0.02 2.2+0.06 1.68+0.03 2.24+0.15 0.29+0.03 0.32+0.02 0.26+0.0 0.26+0.02
Ca 1.3£0.02 0.8+0.0 0.7+0.01 0.6+0.03 0.32+0.01 0.33+0.02 0.13+0.01 0.19+0.01
Mg 0.7+£0.01 0.48+0.0 0.58+0.0 0.55+0.01 0.17+0.01 02+0.02 0.19+£0.0 0.23+0.01
Na 0.077+£0.01 0.066+0.01 0.073£0.0 0.14+0.03 0.237+£0.01 | 0226001 | 0.276+0.01 0.346+0.01
Fe 204.3+10.32 | 158.7+14.67 97.3+3.87 100.4+9.61 584.3+3.14 | 553.3+18.71 502.2+4.46 505.3+6.43
Zn 254.9+103 197.3+442 219.3+2.71 175.9+5.89 151.0+£4.60 | 135.8+22.06 | 141.7+3.86 | 163.0+24.90
Mn 379.0+£1.76 | 364.0+095 | 366.0+6.52 | 359.0£3.99 | 151.0+11.25 | 136.0+34.21 | 142.0+£5.47 163.0+0.86
Cu 11.6+0.32 12.1£0.36 10.4+0.79 10.9£1.21 17.2+1.03 17.9+4.1 11.6+0.32 17.4+0.15
Cd 0.74+0.20 0.82+0.15 0.52+0.09 0.11+0.05 1.99+0.41 1.14+0.4 0.62+0.09 0.11+0.01
Al 234.0£2.52 | 287.0+£12.12 | 312.0+1.00 401.0+£15.7 | 2559.0+43.09 | 2590.0+21.6 | 2849.0+47.26 | 2746.0+30.02
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Discussion

Polluted soil substrate has profound effects on the
growth and physiology of silver birch seedlings. Plants
grown on polluted substrate were characterised by lower
seedling dry mass and higher below ground biomass al-
location accompanied by lower leaf to root area ratios
(Figs. 1, 3 and 4). Our data indicated that growth and
development of silver birch, which is generaly regarded
as a species less sensitive to industrial pollution among
broad-leaved trees [6, 11, 56] could be significantly
limited by soil contamination frequently observed in the
vicinity of point sources of air pollutants.

On the basis of many studies it was found that the
sensitivity of plants to the influence of toxic ions in the
soil depends on soil type, and particularly on soil pH
and concentration of nutrients [1, 16, 24, 41]. It was also
shown that fertilisation of trees planted in degraded
habitats may improve their general condition and lower
their sensitivity to industrial pollution [18, 24]. The re-
sults of the fertilisation treatment in this study indicated
that even when an optimal range of soil nutrient con-
centrations are supplied and air pollution is excluded,
pollutants accumulated in soil can significantly affect
even aless susceptible tree species such as silver birch.

Intensive growth, especially of aboveground parts,
was observed in fertilised seedlings grown in the unpol-
luted soil (Figs. 1-4). Fertilisation also significantly ac-
celerated plant growth in the polluted soil, and had
a particularly favourable influence on the biomass par-
titioning reflected in lower RWR and increased LWR
(Fig. 3).

In our experiment the slowest growth increase in bi-
omass (dry mass of the whole plant and of aboveground
parts) and the highest root weight ratios were observed
in unfertilised seedlings grown in the polluted soil. The
slow growth of the plants was most likely due to the low
concentration of nutrients and the high concentration of
aluminium, as compared with the unpolluted soil. The
uptake of aluminium ions by plants may be blocked by
increased concentrations of calcium and phosphorus
ions, which compete for uptake sites at the root surface.
This in effect reduces the toxicity of aluminium, es-
pecially at low soil concentrations [8, 10, 28, 49]. The
polluted soil was characterised by low concentrations of
calcium and potassium (Tab. 4). Toxic ions present in
the substrate may adversely affect plants by damaging
root cells, which leads to an inhibition of the transport
of water and nutrients. Moreover, shortages of calcium
and potassium ions contribute to reduced membrane
permeability and to leakage of some cations from the
cytosol [28, 31, 50]. The polluted substrate also had
a lower Ca/Al ratio than the control substrate, which
was probably areason for the lower rate of plant growth
and lower rates of photosynthesis and root respiration
(Fig. 6).

Our results also indicate that slow plant growth in
a polluted soil could be linked to lower microbial activ-
ity, as evidence from reduction of the respiratory activ-
ity of soil microorganisms. Many studies have shown
that in degraded soils, microbial activity decreases and
the composition of the soil microflora changes [14, 27,
45, 46, 55].

In fertilised soil an increased activity of soil microflora
was recorded, especially in July, when the growth of seed-
lings was the most intensive. Fertilisation did not affect
the number of formed mycorrhizae, but had a significant
effect on diversity, particularly in the unpolluted soil. The
majority of fungi forming ectomycorrhizal symbioses with
trees are characterised by sensitivity to excessive concen-
trations of inorganic nitrogen in the soil, which may re-
sult in a reduced number of mycorrhizae [9, 12, 19, 44].
However, some species of mycorrhizal fungi tolerate
higher concentrations of nitrogen [25, 34]. In this study
the reduction of some mycorrhizal morphotypes on roots
of fertilised seedlings was probably a result of the un-
favourable influence of inorganic compounds introduced
into the substrate. This is consistent with research indica
ting that strains of mycorrhizal fungi vary in sensitivity to
fertilisation, which may be reflected in the absence of
some mycorrhizal morphotypes on roots of fertilised
seedlings [9, 12, 44]. Similar findings were observed in
seedlings of Q. rubra grown in soil from an urban area,
polluted with high levels of nitrogen and heavy metals,
which had seven ectomycorrhizal morphotypes, whereas
seedlings grown in an unpolluted soil developed 10 ec-
tomycorrhizal morphotypes [2].

Concentrations of some secondary metabolites, such
as phenolic compounds or enzymes, are often analysed as
indicators of plant reactions to stress factors, such as soil
pollution with toxic ions [7, 21, 52]. Toxic aluminium
compounds in the substrate result in changes in the con-
centration of phenolic compounds in leaves and roots,
and altered respiration rates [22]. In our study birch
seedlings grown in the polluted soil contained significantly
higher concentrations of total phenols in roots than
seedlings grown in the unpolluted soil, but no significant
effect of soil pollution on TPh levels in leaves was ob-
served.

In summary, results of our study indicate that toxic
substances in the soil indirectly exert a significant nega-
tive influence on the growth and development of birch
seedlings. This effect may be observed even after a con-
siderable reduction in the emission of toxic-gases at
a polluted site. Our results confirm earlier observations
that in many cases a reduction in air pollution does not
result in an immediate improvement of the environmental
situation in regions where soils are degraded.
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