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Heavy-metal toxicity in soil and forest litter may be
modified by many factors, the most important of which
are acidity, the concentrations of organic matter and
clay particles, and the cation-exchange capacity (Alva

 

et al.

 

, 2000; Tyler and Olsson, 2001a, 2001b; Ladonin,
2002). Therefore, if the gross contents of metals in dif-
ferent localities are the same, their bioavailabilities and
toxicities in these localities will substantially depend
on the spatial variation in the aforementioned factors.
Thus, the gross contents of heavy metals is uninforma-
tive in terms of the prediction of their deleterious
effects on the biota. Data on the modification of pollut-
ant toxicity have mainly been obtained in laboratory
experiments, which demonstrated that the toxicity of
metals for plants, animals, and microorganisms may
vary within a range of several orders of magnitude,
depending on the values of particular modifying factors
(Kapustka 

 

et al.

 

, 1995; Redente 

 

et al.

 

, 1996). A ques-
tion arises as to whether, and to what extent, the effects
observed in laboratory experiments occur in natural
ecosystems; in other words, whether the variation
ranges of the values of modifying factors within rela-
tively small areas are sufficiently wide to considerably
affect the soil and litter toxicity.

In this study, we attempted to answer these ques-
tions. For this purpose, we studied a microscale (within
an area of about 1 ha) spatial variation in the heavy-
metal contamination, acidity, and phytotoxicity (esti-
mated by plant growth responses) of the forest litter.
Biological testing allowed us to estimate the combined
effect of the numerous and widely varying natural fac-
tors (some of which might have opposite effects) and
“automatically” detect the most important interactions.

MATERIAL AND METHODS

The substrate for biological testing was sampled
near the Middle Ural Copper-smelting Plant (the town
of Revda, Sverdlovsk oblast) located in the southern
taiga zone of the Middle Urals. The main components
of the smelter discharges were 

 

SO

 

2

 

 and suspended
polymetal particles (mainly consisting of the com-
pounds of Cu, Pb, Cd, Zn, and As). Long-term pollution
(beginning from 1940) has led to considerable acidifi-
cation of the forest litter and an increase in its metal
content (Table 1). Earlier, we described the regular pat-
terns of the technogenic transformation of forest eco-
systems in this region (Vorobeichik 

 

et al.

 

, 1994).

Forest litter was sampled in green-moss spruce–fir
forests on gray forest soils located in the background
(20 km west of the smelter), buffer (4.5 km), and impact
(1 km) zones of toxic contamination. In each zone, we
set a 

 

100 

 

×

 

 100

 

 m plot divided into 25 cells by a square
grid. The litter was sampled from 

 

15 

 

×

 

 15

 

 spots
throughout the depth of the litter at the nodes of the
grid. It was ground using a mechanical grinder and
sifted through a sieve with a mesh size of 2 mm. The
samples were kept in air-tight polyethylene packs in the
laboratory before analysis. A total of 75 litter samples
were analyzed.

The concentrations of heavy metals (Cu, Pb, Cd, and
Zn) were measured using an AAS-3 atomic absorption
spectrophotometer (Carl Zeiss) in extracts with a sub-
strate to extracting agent ratio of 1 : 10 (the duration of
extraction was one day). We used two extracting
agents: 5% 

 

HNO

 

3

 

 and 0.05 M 

 

CaCl

 

2

 

. The former agent
extracted the fraction of movable forms of metals,
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exchangeable forms of metals. Biological testing of samples from the most polluted plot has demonstrated
marked antagonism between heavy metals and acidity.
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which, in the given case, is correlated with their gross
content; and the latter agent extracts the pool of
exchangeable forms (Ladonin, 2002). The acidity of the
litter was measured in a water extract (with a litter to
distilled water ratio of 1 : 25) using an ionometer.

We used seedlings of the common dandelion
(

 

Taraxacum officinale

 

 s.l.) as a test object for the esti-
mation of toxicity. This plant is a perennial grassy poly-
carpous plant from the family Asteraceae. Common
dandelion usually reproduces via unreduced partheno-
genesis without pseudogamy (Poddubnaya-Arnol’di,
1976; Ermakova, 1990); i.e., embryos are developed
from unfertilized, unreduced ova and do not carry
paternal chromosomes. Therefore, the seed offspring of
one plant is actually a clone or pure line. The use of this
genetically homogeneous material makes it possible to
minimize the individual (genetically determined) vari-
ation. The dandelion is sensitive to heavy metals (Pozo-
lotina 

 

et al.

 

, 2000). This species was absent in natural
plant communities of the impact and buffer zones. For
experiments, we used a sample of seeds of the third
generation obtained from a common ancestor (the sec-
ond generation was grown in a greenhouse under opti-
mal conditions).

The toxicity of the forest litter was estimated using
the root test, in which the relative growth rates of seed-
lings growing on substrates with different contamina-
tion levels are measured (

 

Rasteniya

 

…,

 

 1983). Dande-
lion seeds were germinated by the roll-culture method
in jars containing a suspension of litter in distilled water
at a ratio 1 : 10 (the first experiment) or 1 : 50 (the sec-
ond experiment). Each litter sample was tested once.
The plants were cultivated for two weeks at a constant
temperature under artificial illumination. Water was
added to the jars daily to maintain the original litter
concentration. At the end of the experiment, we mea-
sured the length of the root of each seedling to an accu-

racy of 1 mm and recorded the presence and type of
necroses. We compared the lengths of the seedling
roots in experiments with litter samples from the
impact, buffer, and background (control) zones to esti-
mate the suppression of growth, which indirectly
reflected the substrate phytotoxicity. To obtain addi-
tional information, we determined the proportion of
seedlings with necroses (with the experimental jar serv-
ing as a replicate). Individual seedlings served as repli-
cates when analyzing frequency distributions; and the
group of seedlings in one jar, when performing correla-
tion and regression analyses. The sample sizes were
825, 768, and 736 seedlings for the background, buffer,
and impact zones in the first experiment and 1466,
1358, and 1301 seedlings in the second experiment,
respectively.

RESULTS AND DISCUSSION

The contamination of the forest litter close to the
source of discharges estimated by the total pool of mov-
able forms of metals was 2 times (Cd and Zn) to
50 times (Cu) higher than in the background zone; the
contamination of these zones with exchangeable forms
of metals differed even more, namely, from 6–7 times
(Cd and Zn) to 137 times (Cu) (Table 1). The contents
of exchangeable forms of metals 20 km away from the
smelter was increased by factors of 1.2, 2.1, 2.7, and 3.0
for Zn, Cd, Cu, and Pb, respectively, compared to the
mean regional background values (Vorobeichik, 2003)
and by factors of 2.4, 4.0, 4.8 and 6.0, respectively,
compared to the minimum background values. There-
fore, the background plot used in this study may be con-
sidered to be moderately contaminated, compared to
the regional background.

In the background zone, the exchangeable forms of
metals constituted a small percentage of movable

 

Table 1.  

 

Actual acidity of forest litter (pH) and contents of heavy metals (

 

µ

 

g/g) in different zones of toxic contamination (25
samples were analyzed in each zone)

Element
Toxic contamination zone

background buffer impact

pH 5.36 

 

±

 

 0.07 4.50 

 

±

 

 0.04 4.03 

 

±

 

 0.09

Movable forms

Cd 4.48 

 

±

 

 0.21 8.84 

 

±

 

 0.70 8.98 

 

±

 

 0.94

Cu 113.23 

 

±

 

 6.86 1886.62 

 

±

 

 126.78 6107.66 

 

±

 

 373.87

Pb 103.50 

 

±

 

 6.34 664.82 

 

±

 

 42.36 1438.52 

 

±

 

 62.04

Zn 356.14 

 

±

 

 18.21 475.29 

 

±

 

 34.87 662.57 

 

±

 

 71.31

Exchangeable forms

Cd 0.75 

 

±

 

 0.06 3.83 

 

±

 

 0.31 4.31 

 

±

 

 0.43

Cu 4.55 

 

±

 

 0.44 70.88 

 

±

 

 5.97 622.97 

 

±

 

 43.30

Pb 0.61 

 

±

 

 0.08 4.51 

 

±

 

 0.47 13.64 

 

±

 

 1.50

Zn 37.22 

 

±

 

 1.99 155.86 

 

±

 

 13.47 280.55 

 

±

 

 20.80
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forms, namely, 0.6, 4, 10, and 17% for Pb, Cu, Zn, and
Cd, respectively. In contaminated zones, these propor-
tions remained the same for some metals; however, the
absolute proportions of exchangeable forms, especially
those of zinc and cadmium, were increased. These pro-
portions were 0.9, 10, 42, and 48% for Pb, Cu, Zn, and
Cd, respectively, in the impact zone and 0.6, 4, 33, and
43%, respectively, in the buffer zone. The litter acidity
in the impact zone was almost 1.5 pH higher than in the
background zone.

When we pooled data for all zones into one sample,
we found strong positive correlations between the con-
tents of some elements. The linear correlation coeffi-
cients for the pairs Cu–Pb and Cd–Zn were 0.92 and
0.90, respectively; for other combinations, the correla-
tion coefficients varied from 0.43 to 0.65 (in all cases,

 

p

 

 

 

!

 

 0.001

 

). Therefore, it was correct to use the aggre-
gation index of toxic contamination to compact the
information on the contamination of the substrate:

where 

 

K

 

i

 

 is the contamination index of the 

 

i

 

th point,

 

C

 

ji

 

 is the concentration of the 

 

j

 

th element in the 

 

i

 

th
point, 

 

C

 

jf

 

 is the minimum concentration of the 

 

j

 

th ele-
ment in the background zone, and 

 

n

 

 is the number of
elements analyzed. The index is the factor by which the
average contamination with all metals is increased,
compared to the background level. This index most
strongly correlates with the concentrations of copper
and lead (the correlation coefficients are 0.94–0.99,

 

p

 

 

 

!

 

 0.001

 

), which indicates that these metals made the
greatest contribution into its variation.

The contamination indices calculated from the con-
centrations of movable and exchangeable forms close to
the contamination source were 16.6 and 48.9 times
higher than the respective background values. The varia-
tions in the contamination index and hydrogen ion con-
centration were maximum in the impact zone (Table 2).
The maximum concentration of hydrogen ions and con-
tamination indices for exchangeable and movable forms
of metals were 89.2, 9.5, and 2.5 times higher than their
respective minimum values. In the buffer and back-
ground zones, the contamination index varied less (the

Ki
1
n
---

Cij

C jf

-------,
j 1=

n

∑=

 

maximum-to-minimum ratio was 2.4–4.0), whereas the
variation in hydrogen ion concentration remained con-
siderable (the maximum-to-minimum ratio was 9.7–
17.4). The variation coefficients of toxic contamination
indices characterizing the average variations for all parts
of frequency distributions, rather than their extreme val-
ues, were maximum in the buffer zone, where they were
1.4 times higher than the minimum values in the back-
ground zone. Both absolute indices of toxic contamina-
tion and variation coefficients were higher for exchange-
able forms than for movable forms of metals. In contrast
to the toxic contamination index, the variation coefficient
of hydrogen ion concentration was maximum in the
background zone and minimum in the buffer zone; in
addition, it was substantially higher than the variation
coefficients of the indices.

The results of biological testing indicate that plant
growth responses considerably depended on the con-
tamination zone and experimental conditions (Table 3).
In the first experiment (with a more concentrated sus-
pension), the roots of the plants grown on substrates
from the impact and buffer zones were considerably
shorter than the roots of control plants. The frequency
distributions in these variants had high kurtoses and
asymmetries (even to the extent of being practically
one-sided) and narrow variation ranges (Fig. 1). Appar-
ently, the extremely high toxicity of the substrate sup-
pressed root growth at the earliest developmental stages
in most plants. The tolerance index (the ratio of the
mean length of the roots of plants grown on the tested
substrate to the control value) was 0.45 and 0.12 for the
buffer and impact zones, respectively. We observed
necrosis of root meristems in almost all (81 to 100%)
seedlings growing on the litter from the impact zone.
This proportion for the litter from the buffer zone was,
on average, 7.3% (from 0 to 51%), and only a few cases
of necrosis were observed in control seedlings (mean
frequency, 1.3%, variation range, from 0 to 17.6%).

In the second experiment (with a less concentrated
litter suspension), the root growth test indicated more
favorable conditions for plant growth: the mean root
length in the control variant (litter from the background
zone) was almost two times greater than in the first
experiment. The variation ranges were increased in all
samples due to the shift of the upper limit of distribu-

 

Table 2.  

 

Indices of forest litter contamination with heavy metals (1, movable forms; 2, exchangeable forms) and concentra-
tions of hydrogen atoms in it (

 

µ

 

g/l) in different zones of toxic contamination

Parameter

Index 1 Index 2 H

 

+

 

back-
ground buffer impact back-

ground buffer impact back-
ground buffer impact

Arithmetic mean 1.72 10.66 28.59 2.12 18.76 103.62 5.84 34.64 122.24

Minimum 1.12 5.99 20.60 1.00 10.41 19.38 1.38 8.13 3.31

Maximum 2.69 21.24 50.88 3.54 41.88 183.96 23.99 79.43 295.12

Variation coefficient, % 21.35 30.68 26.10 29.99 40.70 34.22 87.97 46.27 58.25
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tion (Table 3). The tolerance index for the impact zone
was still low (0.13); the distribution kurtosis and asym-
metry also remained high. In the experiment with forest
litter from the impact zone, even the sign of the asym-
metry coefficient was different from that in the experi-
ment with litter from the background zone, i.e., the dis-
tribution was left-sided versus a right-sided one in the
background zone. Substrates from the buffer zone sig-

nificantly suppressed root growth, compared to the sub-
strates from the background zone (Student’s 

 

t

 

 test was
4.64, 

 

p

 

 < 0.001); however, the suppression was not so
strong as in the first experiment (the tolerance index
was 0.79). In this range of metal concentrations, the
diversity of the responses of plants to the toxic effect
characteristic of the background zone was clearly visi-
ble (Fig. 1).

 

Table 3.  

 

Phytotoxicity of forest litter (mean root length; the record unit is an experimental jar) from different zones of toxic
contamination and under different conditions of biological testing

Statistical parameter

Litter-to-water ratio

1 : 10 1 : 50

background buffer impact background buffer impact

Arithmetic mean, mm 15.0 6.7 1.7 27.9 22.1 3.5

Asymmetry 1.62** 0.39 3.79** –0.92* –1.15** 4.12**

(0.03) (0.68**) (4.8**) (–0.56**) (–0.20**) (3.74**)

Kurtosis 4.53** 0.20 15.93** 0.29 0.78 18.51**

(–0.08) (–0.28) (28.37**) (–0.07) (–0.67**) (14.98**)

Minimum, mm 11.4 2.3 1.0 18.6 5.7 1.1

Maximum, mm 23.4 11.5 7.9 32.9 29.8 23.4

Variation coefficient, %:

analytical 16.5 34.3 79.1 12.9 27.4 128.6

median 11.4 22.3 33.1 11.1 13.7 55.3

 

Note: The asymmetry and kurtosis values for the experiments where a single seedling served as a replicate are shown in parentheses. The
significance of differences of asymmetry and kurtosis values from zero: * 

 

p

 

 < 0.05 and ** 

 

p

 

 < 0.01.
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Fig. 1. 

 

Frequency distribution of root length (the record unit is a seedling) in plants growing on suspensions of forest litter from the
background (bgr), buffer (buf), and impact (imp) zones. Substrate-to-water ratio: (1) 1 : 10; (2) 1 : 50.
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In an additional experiment, we used the litter from
the impact zone diluted to a substrate-to-water ratio of
1 : 100. In this case, the substrate toxicity was equally
high, and the results were almost the same as in the sec-
ond experiment.

In all experiments, the variation coefficients of root
length were the highest for litter from the impact zone.
The same relationship, i.e., an increase in variation of
traits under extreme conditions, has been observed in
various objects exposed to various factors (Bezel’ 

 

et al.

 

,
2001).

The relationship between litter contamination and
the results of biological tests over the entire gradient fit
an S-shaped logistic curve (Fig. 2). Figure 2 shows the
results of the second experiment; the results of the first
experiment were described by a similar curve. The
maximum toxicity of forest litter from the buffer zone
was comparable to the toxicity of litter from the impact
zone, and the minimum toxicity was equal to the back-
ground level. Regarding the toxic contamination index
calculated from the concentrations of movable forms of
metals, a sample from the impact zone (with high metal
concentrations) dropped out from the general pattern,
because its phytotoxicity was very low (Fig. 2a). How-
ever, the acidity of this sample was unusually low for
the impact zone (pH was 5.48 versus 3.68–4.45 for the
remaining samples). The use of the toxic contamination
index calculated from the concentrations of exchange-
able forms restored the pattern: the point that dropped
out in the previous case shifted to the cluster of points
of litter samples from the buffer zone, and a logistic
curve considerably better approximated the dose–effect
relationship (Fig. 2b). This dropping-out sample
explains the considerable differences between the ana-
lytical and median variation coefficients: the latter,
which was calculated according to Zhivotovsky (1991),
did not depend on dropping-out values (Table 3).

Analysis of the relationship between metal concen-
trations and the results of biological tests separately for
each contamination zone showed that the relationship
was practically absent for the background zone
(Table 4). In the buffer zone, phytotoxicity negatively
correlated with metal concentrations. This was espe-
cially distinct in the experiment with a less concen-
trated suspension and for exchangeable forms of met-
als. Biological testing of forest litter from the impact
zone showed both negative and positive significant cor-
relations between metal content and phytotoxicity.
However, a more detailed analysis demonstrated that
they were accounted for by the only the dropping-out
point mentioned above. If we excluded this point, most
correlation coefficients became insignificant. Similarly,
the relationship between acidity and phytotoxicity “dis-
appeared” in the variant with a less concentrated sus-
pension In the variant with a more concentrated suspen-
sion, the correlation between pH and phytotoxicity
remain significant even when the dropping-out sample
was excluded. Thus, the strong, stable relationship

between metal concentration and phytotoxicity was
found only in the buffer zone. In the background and
impact zones, this relationship was unstable and, most
probably, accidental.

Stepwise regression analysis allowed us to isolate
the main determinants of phytotoxicity (Table 5). Tak-
ing into account the strong correlation between the
explanatory variables, we used ridge regression spe-
cially developed for such analyses. In the buffer zone,
the main determinant was the content of exchangeable
forms of metals, which, in turn, depended on the con-
tent of movable forms and pH. For example, in the
buffer zone, the corrected determination coefficient
(

 

R

 

2

 

) of multiple regression (dependent variable, the
concentration of the exchangeable form; explanatory
variables, the concentration of the movable form and
pH) for the four elements studied varied from 0.68 to
0.89 (

 

F

 

2, 22

 

 = 26.15–93.65, 

 

p

 

 

 

!

 

 0.0001

 

 in all cases); in
the impact zone, 

 

R

 

2

 

 = 0.45–0.89 (F2, 21 = 10.32–91.25,
p < 0.001 (at least)). This may explain the fact that acid-
ity in combination with the concentrations of movable
forms of metals or acidity alone were the main phyto-
toxicity determinants in the impact zone. Cadmium and
zinc were the main determinants in the variants with a
more concentrated and a more diluted suspensions,
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Fig. 2. The dependence of mean root length (the record unit
is an experimental jar) on the heavy-metal content of forest
litter (the substrate-to-water ratio is 1 : 50). The contamina-
tion indices have been calculated for (a) movable and
(b) exchangeable forms of heavy metals. Zones from which
forest litter was sampled: 1, impact; 2, buffer; 3, background.
The arrow indicates the dropping-out point (see the text for
explanation). R2 is the determination coefficient when the
relationship is approximated by a logistic equation.
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respectively. This “interchangeability” was accounted
for by the fact that the concentrations of the exchange-
able forms of these elements in the buffer zone exhib-
ited an almost functional relationship (the correlation
coefficient was 0.97, p ! 0.0001). In general, the
observed relationships agreed with the modern views
on the relationship of the mobility, bioavailability, and
toxicity of heavy metals with the acidity of the medium
(Brun et al., 1998; 2001; Salam and Helmke, 1998;
Gray et al., 1999; Alva et al., 2000; Tyler and Olsson,
2001a, 2001b).

Comparison of the spatial distributions of the con-
centrations of movable forms of metals, acidity, and
phytotoxicity (interpolation was performed via kriging
in the framework of the spherical model using the
Surfer 6.04 software) confirmed the conclusions from
the results of correlation and regression analyses
(Fig. 3). As seen from Fig. 3, the biological-test
response to forest litter from the buffer zone is the result
of the variously directed effects of metals accumulated
in the litter and its acidity, with the spatial mosaics
coinciding for whole areas of the plot studied, rather

Table 4.  Pearson coefficients of linear correlation between mean root length and the concentrations of elements in different
zones of toxic contamination and under different conditions of biological testing

Element

Litter-to-water ratio

1 : 10 1: 50

background buffer impact background buffer impact

pH 0.12 –0.08 0.87*** (0.70***) –0.30 0.20 0.78*** (0.34)

Movable forms

Cu 0.01 –0.41* 0.02 (0.35) 0.20 –0.65*** –0.12 (0.01)

Cd 0.19 –0.47* 0.59** (0.49*) 0.18 –0.46* 0.45* (0.07)

Pb 0.16 –0.19 –0.42* (–0.06) 0.21 –0.54** –0.55** (–0.44*)

Zn 0.24 –0.45* 0.86*** (0.60**) –0.06 –0.47* 0.76*** (0.15)

Ind 0.18 –0.41* 0.04 (0.34) 0.17 –0.64*** –0.11 (-0.04)

Exchangeable forms

Cu –0.19 –0.38 –0.61** (–0.30) 0.13 –0.75*** –0.59** (–0.25)

Cd –0.05 –0.58** 0.29 (0.31) 0.36 –0.75*** 0.18 (0.03)

Pb –0.21 –0.16 –0.45* (–0.31) 0.29 –0.59** –0.43* (–0.26)

Zn 0.11 –0.57** 0.54** (0.35) 0.23 –0.77*** 0.45* (0.08)

Ind –0.22 –0.36 –0.57** (–0.29) 0.32 –0.75*** –0.55** (–0.26)

Note: The correlation coefficients for the impact zone calculated after the exclusion of the dropping-out point (see the text) are shown in
parentheses. Ind is the toxic contamination index. The significance of differences of the correlation coefficients from zero: * p < 0.05,
** p < 0.01, and *** p < 0.001.

Table 5.  The parameters of significant (p < 0.05) multiple linear regression equations describing the relationship between
mean root length and the contents of elements in the litter in different zones of toxic contamination

Parameter

Litter-to-water ratio

1 : 10 1 : 50

buffer impact buffer impact

Explanatory variables Cd-2 (–0.52) pH (0.63) Zn-2 (–0.57) Pb-2 (–0.30)

Pb-1 (–0.38) pH (0.27)

R2 0.27 0.41 0.58 0.19

F ratio F1, 23 = 9.78 F1, 21 = 16.49 F2, 22 = 17.54 F2, 20 = 3.50

p 0.00473 0.00056 0.00003 0.04975

Note: In the background zone, multiple regression was nonsignificant (p > 0.05). For the impact zone, the equations were calculated after
the exclusion of the dropping-out point (see the text). The figures at the symbols of elements indicate (1) movable forms and (2)
exchangeable forms. The β coefficients at the explanatory variables in the regression equations are shown in parentheses; R2 is the
corrected multiple determination coefficient.
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than for some individual points as we observed in the
impact zone. In the background zone, the spatial mosa-
ics of the parameters studied were independent.

The results obtained may be used when considering
the general patterns of the biota responses to chemical
pollution. The responses of many groups of organisms
to toxic contamination, even estimated by integral indi-
ces, is distinctly nonlinear, which is reflected in the
“classical” S-shaped dose–effect curves relating the
inflow of pollutants into the ecosystem and the func-
tioning of the biota (Vorobeichik et al., 1994). The non-
linear relationship indicates that the diversity of the
states of biota is drastically increased in the transition
zone characterized by a narrow range of toxic contam-
ination levels, so that both almost “background” and
almost “impact” variants of the state of biota may be
observed at the same level of contamination. In other
words, the transition zone exhibits a trigger effect, i.e.,
a rapid “switching” of the biota from the normal (back-

ground) to the maximally deteriorated (impact) func-
tional mode.

Undeniably, the root test that we used in this study
is an oversimplified model of the biota response to toxic
contamination. However, the observed dose–effect
relationship shows a marked trigger effect: in the buffer
zone, the phytotoxicity variation covers almost the
entire range of possible values, whereas the transition
from the background to the impact level uses only 15–
19% of the total gradient of toxic contamination.
Therefore, the spatial variation in the concentrations of
pollutants in the buffer zone determines nonlinear
responses of the biota even within relatively small
areas, which may, to a certain degree, explain the trig-
ger effect. Taking into account that we used a geneti-
cally homogeneous sample for biological testing, we
may conclude that the considerable spatial variation in
the concentrations of toxic forms of heavy metals
(which, in turn, is determined by the superposition of
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two spatial mosaics, namely, gross content and sub-
strate acidity) is the key mechanism of the trigger effect
of the biota response to toxic contamination.

Thus, the results of the analysis of the microscale
spatial variation in the forest litter contamination with
heavy metals and its phytotoxicity allow us to answer
affirmatively the questions we asked above. In the case
of moderate amounts of pollutants discharged from a
point source, a wide variation in the toxicity of forest
litter is observed even within a relatively small area.
This variation is accounted for by considerable varia-
tions in both the concentrations of the metals and sub-
strate acidity. The acidity may be considered the main
factor modifying the toxicity of forest litter. Other con-
ditions being equal, the proportion of the exchangeable
fraction of metals, which is the most available for plants
and, hence, is the main determinant of toxicity, directly
depends on acidity in the pH range studied. The wide
spatial variation in litter phytotoxicity results in a dis-
tinctly nonlinear dose–effect relationship: a relatively
small change in toxic contamination is accompanied by
the maximum variation in the responses of the biologi-
cal test.

The possibility of the modification of pollutant
effects by natural ecological factors was discovered
long ago; however, most of these data were obtained in
laboratory experiments, where fixed concentrations of
pollutants were added to the medium, and all other
parameters were strictly controlled. We used material
from natural ecosystems to demonstrate that high and
low acidity of the forest litter modified the toxicity of
heavy metals. Therefore, the phenomena that have been
observed in numerous laboratory experiments, such as
the absence of growth suppression by heavy metals at
high pH of the soil solution (Alva et al., 2000), actually
occur under natural conditions within the natural range
of pH values. These phenomena should be taken into
account when analyzing the response of the biota to
toxic contamination.
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