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The capacity of lichens for chemical element accu-
mulation from the environment in amounts far exceed-
ing their physiological requirements is well known. The
absence of special organs for water and gas exchange
and, consequently, an extremely low self-regulation
capacity account for the fact that the chemical compo-
sition of lichens is close to that of their environment.
On this basis, lichens are widely used as accumulative
bioindicators of environmental pollution with heavy
metals; fluorine, sulfur, and nitrogen compounds; and
radionuclides (Nash, 1996; Bargagli and Mikhailova,
2002; Byazrov, 2002, 2005).

Three main mechanisms of metal accumulation in
lichen thalli are known: (1) trapping of solid particles,
which concentrate on the surface of thalli and in inter-
cellular spaces within them; (2) extracellular binding
with exchange sites on the cell walls of symbionts;
and (3) intracellular uptake (Brown, 1987; Nash, 1996;
et al.). Despite progressive improvement of procedures
for sequential metal extraction (Brown, 1987; Bran-
quinho et al., 1999), data on relative contents of intra-
and extracellularly located ions are still scarce.

The lichen thallus is not a mere analog of an inert
trap for pollutants but an open system in which metal-
containing compounds undergo a series of transforma-
tions. Solid particles on the surface of lichens do not
remain intact: even almost insoluble particles may be
dissolved with time by precipitation and ambient
organic compounds and become involved in ion metab-
olism (Brown, 1987; Brown and Brown, 1991). Extra-
cellular binding is a passive, reversible physicochemi-

cal process, and the bound cations can be substituted by
other cations with stronger affinity for the exchange
sites or higher concentrations in the environment (Rich-
ardson and Nieboer, 1980; Brown, 1987). Extracellular
binding is often regarded as a kind of defense mecha-
nism preventing the input of toxicants into cells (Wells
et al., 1995). However, the barrier role of exchange cen-
ters should not be overestimated: for instance, there is
evidence for the possibility of cadmium transfer from
the exchange centers to the cytoplasm (Brown and
Beckett, 1985). Metals accumulated in the thallus can
be washed out by precipitation. For instance, a negative
correlation between the contents of some metals in
thalli and the amount of precipitation was revealed
(Pilegaard, 1979); data on the course of snow cover
melting were used to describe seasonal dynamics of
certain substances in thalli (Puckett, 1985). However, it
is still unclear as to how rapidly the chemical composi-
tion of lichens follows changes in the environment.

As a result of laboratory and field studies, it has
been found that lichens growing in zones of atmo-
spheric pollution and on metal-containing substrates
are tolerant of excessive metal concentrations. Søchting
and Jonsen (1978) note that undamaged thalli of

 

H. physodes

 

 grow in areas exposed to sulfur dioxide
emissions, where transplanted thalli suffer damage or
perish within several months. There are also data that
transplanted 

 

H. physodes

 

 thalli accumulate higher
metal concentrations than do aboriginal thalli (Steinnes
and Krog, 1977) and that the rate of metal input from
the ambient solution into cells in 

 

Peltigera

 

 thalli from
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polluted habitats is considerably lower than in the con-
trol (Beckett and Brown, 1984a, 1984b; Wells et al.,
1995). It is suggested that the phenomenon of tolerance
to excessive concentrations of metals is based on differ-
ent biochemical mechanisms of their detoxification,
among which the dominant role is played by reactions
of metal ion complexation with organic acids contained
in lichen thalli, with subsequent decomposition of the
resulting complexes on the thallus surface or on the
walls of mycobiont hyphae (Sarret et al., 1998; Pawlik-
Skowro ska et al., 2006).

The purpose of this study was to analyze the dynam-
ics of accumulation of heavy metals (Cu, Fe, Pb, Zn,
and Cd) and their localization in thalli of the epiphytic
lichen 

 

Hypogymnia physodes

 

 transplanted from the
background to the polluted zone, compared to those in
aboriginal thalli growing under conditions of chronic
environmental pollution.

MATERIAL AND METHODS

Studies were performed in the zone exposed to
emissions from the Middle Ural Copper Smelting Plant
located near the city of Revda, Sverdlovsk oblast (the
southern taiga subzone). The main components of
emissions are sulfur dioxide and heavy metals, mainly
Cu, Pb, Cd, Zn, and As. The plant has been in operation
for more than 60 years. Over this period, a distinct tech-
nogenic geochemical anomaly and corresponding
zones with different degrees of forest ecosystem degra-
dation have formed around it (Vorobeichik et al., 1994;
Scheidegger and Mikhailova, 2000).

The experiment was started in May 2004. Siberian
fir (

 

Abies sibirica

 

) branches (15–20 cm long) with

 

H. physodes

 

 thalli 2–3 cm in diameter (a total of 180 thalli)
were collected in a spruce–fir forest located in the back-
ground area, 30 km from the plant. In the zone of mod-
erate pollution (7 km from the plant), we selected 10 fir
trees, each with no less than 12 aboriginal 

 

H. physodes

 

thalli on the stem. The branches with transplanted thalli
were fastened vertically with plastic cords to the lower
parts of these stems (18 thalli per trunk), and 30 thalli
were used to determine the initial metal contents. Sub-
sequent samples for chemical analysis (three thalli
from each trunk) were taken from June to October
every month (transplanted lichens) or every two months
(aboriginal lichens). The last samples of aboriginal and
transplanted thalli were taken in May 2005, one year
after transplantation. No visual damage of transplanted
thalli was observed during this period.

Freshly collected thalli were placed in an airtight
glass vessel and exposed in humid air for 24 h to restore
membrane integrity. They were then cleaned of bark
and, before analysis, washed with deionized water to
remove soluble dust particles from their surface.

Three metal fractions—extracellular, intracellular,
and residual—were sequentially extracted from each

ń

 

individual thallus as described (Branquinho et al.,
1999). The extracellular fraction was extracted with
20 mM Na

 

2

 

-EDTA solution, pH 4.5 (10 ml) on a shaker.
Extraction was repeated twice, for 40 and 30 min, and
both extracts were pooled. The thalli were then dried at
80

 

°

 

C for 12 h to break plasma membranes. Thereafter,
the intracellular fraction was extracted with 10 ml of
the same solution for 2 h, also on a shaker. The residual
fraction was obtained by microwave decomposition of
the thalli in 65% HNO

 

3

 

 in a microwave oven.
Concentrations of Cu, Pb, Fe, Zn, and Cd were

determined by flame and electrothermal atomic absorp-
tion spectrometry using a Vario 6 AAS spectrophotom-
eter (Analytic Jena AG, Germany).

The data were normalized by square-root transfor-
mation and processed statistically using multivariate
one-way ANOVA and Schaeffer’s multiple comparison
procedure.

RESULTS

 

Dynamics of metal contents in aboriginal thalli.

 

The results of analysis of aboriginal thalli showed that
Pb and Cd were localized mainly extracellularly; Zn,
intracellularly; and Fe, in the residual fraction (Fig. 1).
Copper was distributed in almost equal proportions
between the extracellular and residual fractions.

For all metals, a decrease in the total content was
observed between June and October. The results of
multivariate ANOVA confirmed the statistically signif-
icant contribution of the sampling month to the variance
of metal contents in thalli (

 

λ

 

 = 0.073, F(45; 182) = 5.7;

 

p

 

 < 0.001). As follows from univariate tests (Table 1),
the intracellular fraction of metals was least subject to
seasonal fluctuations: the effect of sampling month was
significant only for Zn and Cd contents; Schaeffer’s test
confirmed only the significance of decrease in the con-
tents of Zn in May as compared to the remaining
months and of Cd in October as compared to early sum-
mer (Fig. 1).

Metal contents in the extracellular and residual frac-
tions were subject to distinct seasonal fluctuations. The
total contents of metals located mainly extracellularly
(Pb and Cd) decreased during the growing season
(mainly at the expense of the extracellular fraction) and
drastically increased in spring (

 

p

 

 < 0.05, Schaeffer’s
test). For the remaining metals (Fe, Cu, and Zn), a
decrease in total contents (mainly at the expense of the
residual fraction) was observed beginning from June .
The contents of extracellular Cu and Zn were relatively
stable; the content of extracellular iron in October was
significantly lower than in other months (

 

p

 

 < 0.05).

 

Dynamics of metal contents in transplanted
thalli.

 

 Trends in metal distribution by fractions were
the same as in aboriginal thalli (Fig. 2). The relation-
ship between sampling month and metal contents was
statistically significant (

 

λ

 

 = 0.003, F(90; 524) = 10.24;
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p

 

 < 0.001). Univariate tests indicate that almost all met-
als contribute to the significance of the multivariate test
(Table 1).

As soon as one month after transplantation, the con-
tents of Fe and Cu increased in the residual (

 

p

 

 

 

�

 

 0.001)
and extracellular (

 

p

 

 < 0.05) fractions. In the next
month, however, no further increase in their concentra-
tions was observed in the residual fraction; moreover,
in the next May, one year after transplantation, they
became significantly lower that in summer and autumn
(

 

p

 

 < 0.001). The extracellular content of Fe also
remained stable; for Cu, fluctuations with a maximum
in August were recorded. The intracellular content of
Cu increased significantly, compared to the initial
value, after two months of exposure, remained
unchanged in summer and autumn, and increased dras-
tically again (by a factor of 4.3, compared to the initial
value; 

 

p

 

 < 0.001) one year after transplantation. Intrac-

ellular Fe remained unchanged after the first month of
exposure; significant differences were revealed only
after four months.

After two months, the extra- and intracellular con-
tents of Zn in the thalli reached the maximum values
over the entire period of exposure (differences from the
initial values were significant at 

 

p

 

 < 0.01 and 0.001,
respectively), then decreased, and almost returned to
the initial values by autumn. One year after transplan-
tation, the content of extracellular Zn exceeded the ini-
tial value by a factor of only 1.6, that of intracellular Zn
was equal to the initial value, and residual Zn was five
times lower than the initial value.

For Pb and Cd, fluctuations were revealed between
May and October, but they lacked statistical signifi-
cance. Their contents increased drastically only after
one year of exposure, on account of extracellular and
intracellular fractions.

 

VI VIII X V VI VIII X V

 

VI VIII X V

 

VI VIII X V

VI VIII X V

4000

3000

2000

1000

0

150

100

50

0

300

200

100

0

5

4

3

2

1

0

 

3
2

1

3

2

1

 

500

400

300

100

0

200

 

C
on

ce
nt

ra
tio

n,

 

 µ

 

g/
g

C
on

ce
nt

ra
tio

n,

 

 µ

 

g/
g

Month

 

Fe
Pb

Cu Cd

Zn

 

Fig. 1.

 

 Dynamics of metal concentrations in aboriginal 

 

H. physodes

 

 thalli in the buffer zone. Metal fractions: (

 

1

 

) extracellular;
(

 

2

 

) intracellular; (

 

3

 

) residual.
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Comparison of metal content in aboriginal and
transplanted thalli.

 

 Throughout the experiment, metal
contents in the transplanted thalli differed significantly
from those in the aboriginal thalli (multivariate one-
way ANOVA with the thallus origin taken as a fixed fac-
tor). After one month, nearly all metals in all fractions
contributed to the significance of the test (Table 2); by
the end of the experiment, however, differences were
recorded only with respect to seven dependent vari-
ables, with some of them taking the opposite sign. Let
us consider these dynamics in more detail.

In the residual fraction, the difference in Cu, Fe, and
Zn contents between aboriginal and transplanted thalli
decreased in summer due mainly to the loss of these
metals from the aboriginal thalli rather than to their
accumulation by transplants. This difference increased
in the winter–spring period, when the loss of the resid-
ual fraction was manifested more strongly in the trans-
plants than in the aboriginal thalli. The contents of Pb
and Cd in the residual fraction of transplants rapidly
reached the levels recorded in the aboriginal thalli and,
after one year, exceed them (Table 2).

With respect to all extracellularly bound metals, dif-
ferences between the transplanted and aboriginal thalli
gradually leveled off in the course of the experiment.
In this respect, an important fact is that the spring “peak”
of Pb and Cd contents was more pronounced in the trans-
plants: compared to October, their values increased in
May by factors of 2.4 and 3.8 vs. 1.7 and 2.3 in aborigi-
nal thalli, respectively. The content of Zn and Pb in
transplants slightly exceeded those in the aboriginal
thalli by the end of the experiment.

Differences between the aboriginal and transplanted
thalli in the intracellular contents of all metals also lev-
eled off gradually. This was due mainly to gradual
metal accumulation within the cells of transplanted
thalli, since the intracellular fraction of metals in the
aboriginal thalli was relatively stable. The content of
intracellular Cd in the transplanted thalli significantly
exceeded that in the aboriginal thalli after one year of
exposure.

DISCUSSION

The results of this study show that metal accumula-
tion in the transplanted thalli is not a linear process.
Parallel analysis of aboriginal thalli indicates that the
cause of this nonlinearity lies in the dynamics of pollut-
ant input and leaching, which, in turn, depend on the
seasonal dynamics of the forest canopy, amount of pre-
cipitation, and snow cover.

Among three forms of metal occurrence in the thalli,
their contents in the residual fraction are most difficult
to interpret. Supposedly, these metals are mainly in the
form of insoluble particles located on the surface of
thalli or in the intercellular spaces (Nash, 1996; Cuny et al.,
2004). Electron microscopic studies (Mikhailova,

2005) showed that some particles on the surface of
thalli can be partially incorporated into the epicortex,
which apparently protects them from leaching by pre-
cipitation.

Seasonal changes in the contents of residual and
extracellular fractions are fairly distinct. The contents
of Fe, Cu, and Zn in the residual fraction drastically
decrease during the summer period, remain relatively
stable in autumn, and drastically decrease again after
the winter period. Assuming that a considerable amount
of the residual fraction is composed of particles incor-
porated into the epicortex and intercellular spaces of
the thallus, it may be concluded that the input of such
particles onto the thallus surface in summer is limited
(due to screening by deciduous tree crowns and the
herb–dwarf shrub layer), while their destruction or dis-
solution and subsequent removal continue. Of interest
is the fact that the loss of the residual fraction in the

 

  

 

Table 1.

 

  Results of one-way ANOVA for the dynamics of
metal contents in 

 

H. physodes

 

 thalli (the fixed factor is sam-
pling month)

Fraction Metal

F-test

aboriginal
thalli

 

df

 

 3, 75

transplanted 
thalli

 

df

 

 6, 106

Extracellular Fe 6.17** 6.04***

Pb 13.04*** 9.77***

Zn 2.05 9.06***

Cu 0.17 31.45***

Cd 5.34*** 7.13***

Intracellular Fe 0.85 5.04***

Pb 1.77 6.04***

Zn 4.58* 9.22***

Cu 2.58 15.18***

Cd 2.87* 4.61

Residual Fe 13.91*** 36.75***

Pb 1.38 2.22*

Zn 25.05*** 18.22***

Cu 19.96*** 23.52***

Cd 0.33 0.88

 

Note: Asterisks indicate that data are significant at * 

 

p

 

 < 0.05,
** 

 

p

 

 < 0.01, and *** 

 

p

 

 < 0.001.
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winter–spring period was better manifested in the trans-
planted than in the aboriginal thalli. In view of the
hypothesis that the particles gradually submerge into
the epicortex due to increased secretion of polysaccha-
rides at the place of their contact with the thallus
(Mikhailova, 2005), the proportion of incorporated par-
ticles and, hence, the resistance of the residual metal
fraction to leaching should indeed be greater in the
aboriginal thalli than in the transplants.

The contents of extracellularly bound Pb and Cd
ions show a distinct tendency to increase after the win-
ter period, indicating an abundant winter–spring input
of soluble toxicants with snowmelt and atmospheric
precipitation. A high mobility of the extracellular frac-
tion during the summer period is particularly evident in
the transplanted thalli (due to shorter intervals between
measurements). This agrees with the concept that the
amount of extracellularly bound ions mainly reflects
the current level of atmospheric fallout and can change
drastically after a single rain event or discharge of tox-
icants (Bargagli and Mikhailova, 2002).

The intracellular metal contents in the aboriginal
thalli are relatively stable in time. In the transplanted
thalli, a more or less linear process of intracellular
metal accumulation is observed (except for Zn, whose
content varies considerably). As a rule, this is preceded
by an increase in the extracellular metal contents,
which is evidence for the transfer of metals from the
exchange sites on cell walls into the cells.

Discussing the mobility of metals accumulated in
the thalli, we omit the results of analysis of water wash-
out from their surface, which reflects the composition
of water-soluble particles freely lying on it. This frac-
tion is also highly mobile, and its composition depends
strongly on the period between the last rain and the
sampling date (Byazrov, 2002).

Metal accumulation in the transplanted thalli takes
place mainly during the first two of three months of
exposure. After one year, the contents of extracellular
metals (except copper) approach the level characteristic
of aboriginal thalli or exceed it, which indicates that
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 Dynamics of metal concentrations in 

 

H. physodes

 

 thalli transplanted from the background to the buffer zone. For designa-
tions, see Fig. 1.
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equilibrium between metal input and leaching has been
achieved (Patomäki et al., 1992).

After one year, the concentrations of intracellular Fe
and Cu in transplanted thalli approach the level charac-
teristic of aboriginal thalli, and the concentration of Cd
even exceeds it. Unfortunately, the study period was
insufficient for estimating the stability of this excess.
Nevertheless, this fact is an argument in favor of the
hypothesis that stress-tolerant aboriginal thalli have
defense mechanisms against excessive metal input into
cells.

ACKNOWLEDGMENTS

The authors are grateful to E.Kh. Akhunova for
measuring metal contents in the samples.

This study was supported by the Russian Founda-
tion for Basic Research (project no. 05-04-49086).

REFERENCES

 

Bargagli, R. and Mikhailova, I., Accumulation of Inorganic
Contaminants, in 

 

Monitoring with Lichens—Monitoring
Lichens

 

, Nimis, P.L., Scheidegger, C., and Wolseley, P.A.,
Eds., The Netherlands: Kluwer, 2002, pp. 65–84.

Beckett, R.P. and Brown, D.H., The Control of Cadmium
Uptake in the Lichen Genus 

 

Peltigera, J. Exp. Bot.

 

, 1984a,
vol. 35, pp. 1071–1082.

Beckett, R.P. and Brown, D.H., The Relationship between
Cadmium Uptake and Heavy Metal Tolerance in the Lichen
Genus 

 

Peltigera, New Phytol.

 

, 1984b, vol. 97, pp. 301–311.

Branquino, C., Catarino, F., Brown, D.H., et al., Improving
the Use of Lichens As Biomonitors of Atmospheric Metal
Pollution, 

 

Sci. Tot. Environ., 

 

1999, vol. 232, pp. 67–77.

Brown, D.H., The Location of Mineral Elements in Lichens:
Implications for Metabolism, 

 

Bibl. Lichenol.

 

, 1987, vol. 25,
pp. 361–375.

Brown, D.H. and Beckett, R.P., The Role of the Cell Wall in
the Intracellular Uptake of Cations by Lichens, in 

 

Lichen
Physiology and Cell Biology

 

, Brown, D.H., Ed., New York:
Plenum, 1985, pp. 247–258.

Brown, D.H. and Brown, R.M., Mineral Cycling and
Lichens: The Physiological Basis, 

 

Lichenologist

 

, 1991,
vol.

 

 

 

23, pp. 293–307.

Byazrov, L.G., 

 

Lishainiki v ekologicheskom monitoringe

 

(Lichens in Ecological Monitoring), Moscow: Nauchnyi Mir,
2002.

Byazrov, L.G., 

 

Lishainiki – indikatory radioaktivnogo
zagryazneniya

 

 (Lichens As Indicators of Radioactive Con-
tamination), Moscow: KMK, 2005.

 

Table 2.

 

  Relative difference between metal contents in transplanted and aboriginal thalli

Fraction, metal
Month

June August October May

Extracellular

Fe 0.34*** 0.15** 0.19* 0.17

Pb 0.36*** 0.05 0.11 –0.22

Zn 0.16* 0.00 0.21 –0.33

Cu 0.65*** 0.26** 0.52*** 0.49**

Cd 0.37 0.11 0.39* 0.01

Intracellular

Fe 0.57* 0.07 0.02 0.16

Pb 0.62*** 0.62** 0.63 0.34

Zn 0.34** 0.22** 0.24** 0.23

Cu 0.71*** 0.52** 0.51*** 0.19*

Cd 0.51** 0.36 –0.42 –0.35**

Residual

Fe 0.39** 0.23** 0.33** 0.40**

Pb –0.06 –1.13 –0.33 –2.20***

Zn 0.34* 0.22 –0.09 0.64***

Cu 0.47*** 0.28** 0.42*** 0.60***

Cd 0.04 –1.29 0.03 –0.49

 

Note: Calculated by the formula (C

 

ab

 

 – C

 

tr

 

)/C

 

ab

 

; significance levels for univariate F-tests calculated using one-way ANOVA (the fixed fac-
tor is thallus origin): * 

 

p

 

 < 0.05, ** 

 

p

 

 < 0.01, and *** 

 

p

 

 < 0.001.



 

352

 

RUSSIAN JOURNAL OF ECOLOGY

 

      

 

Vol. 39

 

      

 

No. 5

 

     

 

2008

 

MIKHAILOVA, SHARUNOVA

Cuny, D., van Haluwin, S., Shirali, P., et al., Cellular Impact
of Metal Trace Elements in Terricolous Lichen 

 

Diploschistes
muscorum

 

 (Scop.) R. Sant.: Identification of Oxidative Stress
Biomarkers, 

 

Water, Air, Soil Pollut.

 

, 2004, vol. 152, pp. 55–
69.

Mikhailova, I.N., Electron-Microscopic Study of Thalli in

 

Hypogymnia physodes

 

 Growing Zones of Technogenic Pol-
lution, 

 

Griby v prirodnykh i antropogennykh ekosistemakh:
Tr. Mezhdun. konf., posvyashchennoi 100-letiyu nachala
raboty professora A.S. Bondartseva v Botanicheskom insti-
tute im.V.L. Komarova RAN

 

 (Fungi in Natural and Anthropo-
genic Ecosystems. Proc. Int. Conf. Dedicated to the 100th
Anniversary of the Beginning of Prof. A.S. Bondartsev’s
Studies at the Komarov Botanical Institute, Russian Acad-
emy of Sciences), St. Petersburg, 2005, vol. 2, pp. 6–9.

Nash, T.H., III, Nutrients, Elemental Accumulation and Min-
eral Cycling, in 

 

Lichen Biology

 

, Nash, T.H., III, Ed., Cam-
bridge: Cambridge Univ. Press, 1996, pp. 136–153.

Palomäki, V., Tynnyrinen, S., and Holopainen, T., Lichen
Transplantation in Monitoring Fluoride and Sulphur Deposi-
tion in the Surroundings of a Fertilizer Plant and a Strip Mine
at Siilinjärvi, 

 

Ann. Bot. Fenn.

 

, 1992, vol. 29, pp. 25–34.

Pawlik-Skowro ska, B., Purvis, O.W., Pirszel, J., et al., Cel-
lular Mechanisms of Cu-Tolerance in the Epilithic Lichen

 

Lecanora polytropa

 

 Growing at a Copper Mine, 

 

Lichenolo-
gist

 

, 2006, vol. 38, pp. 267–275.

Pilegaard, K., Heavy Metals in Bulk Precipitation and Trans-
planted 

 

Hypogymnia physodes

 

 and 

 

Dicranoweisia cirrata

 

 in
the Vicinity of a Danish Steelworks,

 

 Water, Air, Soil Pollut.

 

,
1979, vol. 11, pp. 77–91.

Puckett, K.J., Temporal Variation in Lichen Element Levels,
in 

 

Lichen Physiology and Cell Biology, 

 

Brown, D.H., Ed.,
New York: Plenum, 1985, pp. 211–225.
Richardson, D.H.S. and Nieboer, E., Surface Binding and
Accumulation of Metals in Lichens, in 

 

Cellular Interactions
in Symbiosis and Parasitism

 

, Pappas, P.W. and Rudolph,

 

 

 

E.D.,
Eds., Columbus, OH: Ohio State Univ. Press, 1980, pp. 75–
94.
Sarret, G., Manceau, A., Cuny, D., et al., Mechanisms of
Lichen Resistance to Metallic Pollution, Environ. Sci. Tech-
nol., 1998, vol. 32, pp. 3325–3330.
Scheidegger, C. and Mikhailova, I., Umweltforschung:
Flechten als Bioindikatoren für die Luftverschmutzung Im
Ural: Eindrücke von einem gemeinsamen Forschung-
sprojekt, in Naturwerte in Ost und West. Forschen für eine
nachhaltige Entwicklung vom Alpenbogen bis zum Ural,
Landolt, R., Ed., Birmensdorf: Eidgenossische Forschung-
sanstalt WSL, 2000, pp. 55–59.
Steinnes, E. and Krog, H., Mercury, Arsenic and Selenium
Fallout from an Industrial Complex Studied by Means of
Lichen Transplants, Oikos, 1977, vol. 28, pp. 160–164.
Vorobeichik, E.L., Sadykov, O.F., and Farafontov, M.G.,
Ekologicheskoe normirovanie tekhnogennykh zagryaznenii
nazemnykh ekosistem (Ecological Rating of Technogenic
Pollution of Terrestrial Ecosystems), Yekaterinburg: Nauch-
nyi Mir, 1994.
Wells, J.M., Brown, D.H., and Beckett, R.P., Kinetic Analy-
sis of Cd Uptake in Cd-Tolerant and Intolerant Populations of
the Moss Rhytidiadelphus squarrosus (Hedw.) Warnst and
the Lichen Peltigera membranacea (Ach.) Nyl., New Phy-
tol., 1995, vol. 129, pp. 477–486.

ń
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