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Abstract—Natural recovery of forest ecosystems after the termination of impacts caused by emissions from
large industrial enterprises gives a clue to their sustainability mechanisms. However, the lack of data on dif-
ferent ecosystem components, natural zones, and emission sources makes it impossible to identify general
patterns of restorative successions. This paper examines the distribution and abundance dynamics of macrol-
ichens growing on birch trunks in the southern taiga forests of the Middle Urals affected for many years by
emissions from the Middle Ural Copper Smelter. Two periods were compared: (1) period of intense emissions
(1995–1997); and (2) period of almost ceased emissions (2014–2016). In the interval between the two studied
periods, technogenic boundaries of all studied lichen species distribution have shifted closer to the smelter,
and the abundance of most species increased in all pollution zones, including the slightly polluted and back-
ground zones. However, the frequency and abundance of the species still go down as the distance to the
smelter decreases. The explerent species Tuckermanopsis sepincola demonstrates the opposite response: it dis-
appears from background and slightly polluted areas reaching maximum abundance in the extremely severe
pollution zone.
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INTRODUCTION

The reduction of emissions from industrial enter-
prises provides a unique opportunity to identify natu-
ral recovery patterns in ecosystems disturbed by long-
time toxic impact. Epiphytic lichen communities are
one of the most vulnerable ecosystem components,
and their recovery to the background state can take a
long time (1). Success of lichen recolonization of for-
merly polluted areas depends on many factors, both
external and internal. The external factors include the
decrease rate of toxic load (i.e., concentration of con-
taminants in the air and bark of phorophytes) and the
microclimate restoration rate in habitats determined
by the dynamics of the tree and grass–dwarf-shrub lay-
ers. The internal factors include species characteristics
determining their ability to colonize previously dis-
turbed habitats (e.g., diaspore dispersion radius and
thalli growth rate).

Active colonizers predominate among the species
inhabiting formerly contaminated areas, while their
toxitolerance is not of high importance (2–4). It has
been suggested that species with a vegetative reproduc-
tion have advantages in the colonization of formerly
disturbed areas since residual concentrations of metals
in the substrate adversely affect the formation of sexual

spores (5). In some cases, tolerant species (e.g.,
Lecanora conizaeoides Nyl. ex Cromb.) extinct or their
frequency decreases after a decrease in the pollution
level (6). The possible reasons for this phenomenon
include physiological requirements of the species in
sulfur compounds and, to a lesser extent, an increased
competition with more sensitive species (6).

Very few studies examine the recovery dynamics of
the lichen cover in the vicinity of large industrial
enterprises (7); therefore, it is important to accumu-
late data for various emission sources, natural zones,
and species differing in life forms and ecological strat-
egies.

Objective—To analyze changes in the frequency
and abundance of the most common macrolichen
species in the impact area of a major copper smelter in
the Middle Urals after reduction of its emissions. A
large amount of data on the state of epiphytic lichen
communities has been collected for this enterprise
during the period of intense emissions (1990–1996)
(8–10). Several signs indicating the recovery of epi-
phytic lichen communities in fir–spruce forests were
documented as early as in the first decade after the
beginning of emission reduction: (1) colonization of
the former “lichen desert” in the immediate vicinity of
the smelter; and (2) an increase in species richness in
335
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the rest of the contaminated area (3, 4). For better
understanding of the recovery dynamics patterns,
studies encompassing larger areas, including other
forest types and phorophyte species, are required.

Two hypotheses have been tested: (1) a decrease in
the contamination level initiates a shift of the techno-
genic boundaries of macrolichen distribution and
affects their frequency and abundance; and (2) the
way and intensity of these processes depend on the
species’ life strategy and their abundance in mature
communities.

MATERIALS AND METHODS

The study was conducted in the vicinity of the Mid-
dle Ural Copper Smelter (MUCS) located near the
town of Revda, Sverdlovsk oblast. The boundary
between two natural regions (low mountains of the
Middle Urals and the eastern foothills of the Urals)
passes some 10 km east of the city (11). Dark conifer-
ous forests predominate to the west of this boundary;
while light coniferous forests, to the east.

The copper smelter has been operating since 1940.
The main emission ingredients are sulfur oxides and
dust particles with heavy metals (Cu, Fe, Cd, Zn, Pb,
etc.) and metalloids (As) sorbed on them. In 1980,
plant emissions amounted to 225000 t per year. The
emission reduction began in the late 1980s—early
1990s. In 1995–1998, emissions amounted to 71000–
96000 t per year; while in 2010, to some 3000–5000 t
per year (12). Descriptions of the study area, including
its degradation degree, and recovery dynamics of some
studied objects, are available in earlier studies (12–14).

The first mapping of epiphytic lichen communities
was performed in 1995–1997 (i.e., in the period of
intense MUCS emissions) (10). Overall, 208 sampling
plots 25 × 25 m in size were established within the
study area some 40 × 50 km in size with the smelter
located in its center. Sampling plots were selected
based on the following criteria: (1) absence of strong
local anthropogenic disturbances and recent (less than
5 years) fires; (2) the distance to the nearest motorway
must be at least 100 m; (3) the age of the predominant
tree species must be at least 60 years; and (4) the pro-
portion of birch in the forest stand must be at least
20%. Lichen communities on ten birch (Betula pubes-
cens Ehrh. or B. pendula Roth) trunks were described
on each sampling plot. To standardize the data, trunks
with no signs of pathology, more than 25 cm in diam-
eter, and inclined by no more than 5° were selected for
descriptions. A complete list of lichen species was pro-
duced for each trunk, and the abundance of each spe-
cies was estimated using an extendable grid 50 cm high
and half the trunk girth wide (15). The grid was super-
posed on the side of the trunk with the maximum
lichen coverage at two levels: at the base of the trunk
and at a height of 1–1.5 m. The abundance at each
level was estimated as the number of grid cells (from 0
RUSSI
to 10) where the species was present. An abundance
value of 0.1 was assigned to species growing outside of
the grid. For subsequent analysis, the abundance val-
ues at two heights were added together and expressed
as a percentage of the maximum possible value (i.e., of
20).

In 2014–2016, the second mapping of lichen com-
munities was performed on 110 sampling plots using
the same methodology. Distances between sampling
plots used in the first and in the second mappings did
not exceed 100–200 m. The main criterion used to
select sampling plots for the second mapping was uni-
form coverage of the study area. Of the plots surveyed
during the period of intense emissions, only those
described again in the course of the second mapping
were included in the analysis.

In total, 18 macrolichen species with foliose, squa-
mulose–fruticose, and fruticose thalli were registered
birch trunks; out of them, 9 species were selected for
analysis (Table 1). The eligibility criterion was as fol-
lows: the species must be present on more than ten
sampling plots at least in one of the observation peri-
ods. The following species were not included in the
analysis: Bryoria nadvornikiana (Gyeln.) Brodo et
D. Hawksw., Cladonia botrytes (K.G. Hagen) Willd.,
Hypogymnia tubulosa (Schaer.) Hav., Imshaugia aleur-
ites (Ach.) S.L.F. Mey., Melanohalea olivacea (L.)
O. Blanco, A. Crespo, Divakar, Essl., D. Hawksw. &
Lumbsch, Parmeliopsis hyperopta (Ach.) Vain., Physcia
stellaris (L.) Nyl., Platismatia glauca (L.) W.L. Culb. &
C.F. Culb., and Usnea subfloridana Stirton.

The study area was zoned based on the contamina-
tion degree (i.e., concentration of acid-soluble forms
of metals (Cu, Zn, Cd, and Pb) in the forest litter in
1995–1997). Sampling and chemical analysis tech-
niques have been described in more detail in earlier
studies (16). Data on the metal content have been con-
solidated into the contamination index:

where Ki is the contamination index on the ith sam-
pling plot, Сji is the concentration of the jth element
on the ith sampling plot, Cjf is the concentration of the
jth element in the background area, and n is the num-
ber of elements. The index shows how much the
regional background contamination level is exceeded
on average for all four metals. The contamination level
in the Sysert district, Sverdlovsk oblast (100 km south-
east of the MUCS) was taken as the regional back-
ground level. For zoning purposes, the entire data set
was broken down into five gradations ensuring similar
numbers of sampling plots (SPs) within each zone:
(1) extremely severe contamination zone (Ki > 40,
22 SPs), (2) severe contamination zone (Ki = 17–40,
21 SPs), (3) moderate contamination zone (Ki = 7–17,
23 SPs), (4) low contamination zone (Ki = 4–7,
26 SPs), and (5) background zone (Ki < 4, 18 SPs). A
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Table 1. Distribution of lichen species: (I) in 1995–1997; and (II) in 2014–2016

1MaxKi is the maximum contamination index value registered in habitats where the species was found.

Species Max

Proportion of colonized 
SPs, %

Proportion of the colonized 
map area, %

I II I II

Tolerant
Cladonia coniocraea (Flörke) Spreng. 54.8 87.3 92.7 97.3 98.8
C. fimbriata (L.) Fr 54.8 41.8 47.3 47.8 56.5
Vulpicida pinastri (Scop.) J.-E. Mattsson & M.J. Lai. 52.0 76.4 84.6 91.5 94.6
Tuckermanopsis sepincola (Ehrh.) Hale 45.4 45.5 14.6 48.5 5.4
Hypogymnia physodes (L.) Nyl. 45.3 68.2 88.2 87.0 97.1

Sensitive
Cladonia cenotea (Ach.) Schaer. 31.8 44.6 60.0 62.5 77.8
Parmeliopsis ambigua (Wulfen) Nyl. 28.2 19.1 23.6 30.8 36.7
Parmelia sulcata Taylor 27.9 10.9 29.1 14.5 32.4

Very sensitive
Evernia mesomorpha Nyl. 12.9 20.9 24.6 32.1 28.0

1
iK
map of the study area with plotted zone boundaries is
shown in Fig. 1.

Statistical analysis was performed using the Statis-
tica 8 software. Differences between contamination
zones and observation periods were assessed using a
two-way repeated measures ANOVA; sampling plot
was used as a counting unit. Tukey’s test was used for
multiple comparisons. The significance of differences
in frequencies between zones was assessed using
Fisher’s exact test.

Maps showing contamination zones and the distri-
bution of species were produced in QGIS 3.16.5. The
coordinate system is MSK 66, zone 1. The inverse
square method (ISM) was used for interpolation. The
total area presented in the map is 1734.26 km2. Distri-
bution areas of the species were computed exclusive of
water areas of 11 large reservoirs (50.4 km2 in total),
the towns of Revda and Pervouralsk, and the MUCS
premises (76.8 km2 in total).

RESULTS

Ranking Lichen Species Based on Their Toxitolerance

Analysis of the species’ distribution during the
period of intense emissions (1995–1997) made it pos-
sible to distinguish three groups based on degrees of
their toxitolerance (Table 1). Tolerant species were
registered in all impact zones, including the extremely
severe contamination zone (maximum Ki values in
their habitats exceed 40). Sensitive species not regis-
tered in the extremely severe contamination zone
(maximum Ki values in their habitats range from 27 to
32). The group of very sensitive species consists of the
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2
only species absent in the extremely severe and severe
contamination zones (Evernia mesomorpha).

Tolerant Species

Four species of this group, out of the five, repro-
duce mainly by vegetative diaspores (soredia); and
only one (Tuckermanopsis sepincola), by sexual spores.
These two subgroups will be examined separately.

The most common species are Cladonia coni-
ocraea, Hypogymnia physodes, and Vulpicida pinastri
(Table 1, Fig. 2). During the period of intense emis-
sions, all of them were registered on more than 80% of
the study area, except for the immediate vicinity of the
smelter and several “pockets” located northeast of it.
Cladonia fimbriata (Table 1, Fig. 2) was registered on a
smaller area (some 50%), mainly in the western part of
the region.

Despite the presence of species belonging to this
group in all contamination zones, the pollution
impact on them was more or less clearly pronounced
during the period of intense emissions: the less the dis-
tance to the smelter, the lower the proportion of SPs pop-
ulated by them and their abundance (Fig. 3, Table 2).
The reaction intensity differs in different species: for
C. coniocraea, the proportion of colonized SPs and
abundance decrease only in the extremely severe con-
tamination zone; while for H. physodes, the gradient
can be divided into two parts: (1) extremely severe,
severe, and moderate contamination zones where the
H. physodes abundance sharply decreases; and (2) low
and background contamination zones. These two
parts differ from each other both in the H. physodes
abundance and proportion of SPs colonized; while
within the parts, differences between the zones are not
022
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Fig. 1. Map of the study area showing boundaries of contamination zones (explanations are provided in the text).
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significant. The abundance of V. pinastri and C. fimbri-
ata differs significantly only between the extremes of
the contamination gradient.

The decrease in emissions initiated a shift of toler-
ant soredial species boundaries closer to the copper
smelter (Fig. 2), and their distribution areas increased
accordingly (Table 1). In the second observation
period, the proportion of SPs colonized by these species
is higher compared to the first observation period in all
impact zones, especially in the extremely severe and
severe contamination zones (Fig. 3). The relationship
between the species abundance and the observation
period is statistically significant for all species of this
group, except for C. fimbriata (Table 2). The abun-
dance of three species (C. coniocraea, H. physodes, and
V. pinastri) has significantly increased in the back-
ground zone as well (Fig. 3). However, the contamina-
RUSSI
tion impact still persists in the second observation
period: the abundance of C. coniocraea remains sig-
nificantly different from the background level only in
the extremely severe contamination zone; while the
abundance of H. physodes and V. pinastri in the mod-
erate contamination zone reached the level typical for
the low contamination zone, but in both zones, it is
still significantly different from the background level.

The situation with T. sepincola is fundamentally
different. During the period of intense emissions, this
species was widespread on 45.5% of the study area,
mainly in its eastern part (Fig. 4). The maximum pro-
portion of colonized SPs and the highest abundance
were registered not in the background zone, but in the
extremely severe contamination zone (Fig. 5). After
the decrease in emissions, its distribution area
decreased to 5.4%: the species is now registered only in
AN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2022
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Fig. 2. Distribution areas of soredial lichen species: (a) in 1995–1997; and (b) in 2014–2016. Here and in Figs. 4 and 6, lichen
distribution areas are shown in green.
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the immediate vicinity of the smelter and in several

“enclaves” east of it. Accordingly, the maximum pro-

portion of SPs colonized shifted to the extremely

severe contamination zone, and the maximum abun-
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2
dance of the species (comparable to the values regis-

tered in 1995–1997 in the severe and moderate con-

tamination zones) is also registered there. In the sec-

ond period, the proportion of SPs colonized sharply
022
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Fig. 3. (a) Proportion of SPs colonized; and (b) abundance of tolerant lichen species in 1995–1997 (gray filling) and in 2014–
2016 (no filling). Here and in Figs. 5 and 7, median values and interquartile ranges are shown.

*differences between observation periods are statistically significant.
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decreased in the severe and moderate contamination

zones, and the species was not found in the back-

ground and low contamination zones.
RUSSI
Sensitive Species

Cladonia cenotea is the most widespread and abun-
dant species in this group (Fig. 6). After the decrease
AN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2022
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Table 2. Results of the two-way repeated measures ANOVA performed to assess differences in the abundance of lichen spe-
cies between contamination zones and observation periods

Fisher’s exact test results are provided. Significance levels: (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001.

Species
Source of variance

zone (df = 4) period (df = 1) zone × period (df = 4)

Cladonia cenotea 9.1*** 38.2*** 5.1**

C. coniocraea 17.0*** 393.0*** 16.3***

C. fimbriata 3.2* 0.8 1.7

Evernia mesomorpha 8.8*** 0.1 2.9*

Hypogymnia physodes 31.7*** 59.7*** 11.0***

Parmelia sulcata 6.9*** 0.3 0.1

Parmeliopsis ambigua 1.4 4.0* 1.0

Tuckermanopsis sepincola 2.7* 15.7*** 0.0

Vulpicida pinastri 14.7*** 34.7*** 4.1**
in emissions, the proportion of the area colonized by it
increased by 15% (Table 1), but the species is still
absent in a large area surrounding the smelter and in
several SPs in the background and low contamination
zones. In the second period, the species was registered
in the extremely severe contamination zone; however,
its abundance there is extremely low (Fig. 7). By the
second period, the proportion of colonized SPs in the
moderate contamination zone increased significantly,
and the species abundance there and in the low con-
tamination zone does not differ from the background
values.

During the period of intense emissions, P. sulcata
and P. ambigua were sporadically registered in zones
with low to high contamination degrees (Table 1);
their abundance was extremely low in all zones and
significantly differ from the background. In the period
of intense emissions, the species were found mainly in
the background zone (Fig. 6); after the decrease in
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2

Fig. 4. Tuckermanopsis sepincola distribution a

(a)
emissions, they have advanced towards the smelter not

as a continuous wave, but in separate enclaves. As a

result, the total distribution area of these species has

increased (Table 1). After the reduction of emissions,

P. sulcata advanced to the extremely severe contami-

nation zone, but its abundance in polluted areas did not

change significantly (the effect of the observation period

is not statistically significant) (Table 2). In 2014–2016,

P. ambigua was not registered even in the severe con-

tamination zone (in 1995–1997, there was only a sin-

gle discovery of the species in this zone); in other

words, the P. ambigua distribution area has increased

mainly due to its higher proportion of colonized SPs

in the moderate contamination zone. The P. ambigua

abundance in contaminated areas remains extremely

low and still differs significantly from the back-

ground.
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Fig. 5. (a) Proportion of SPs colonized by Tuckermanopsis sepincola; and (b) its abundance.

*differences between observation periods are statistically significant.
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Highly Sensitive Species

After the decrease in emissions, E. mesomorpha
advanced closer to the smelter up to the severe con-
tamination zone but was not found in some parts of
the background and low contamination zones; as a
result, its distribution area slightly (by 4%) decreased
(Table 1, Fig. 6). Changes in the species abundance
and proportion of colonized SPs after the decrease in
emissions are not significant (Fig. 7). Multiple com-
parisons only indicate that its abundance in all zones
still differ from the background values.

DISCUSSION

A comparison of the two consecutive mappings of
epiphytic macrolichen distribution in the area affected
by long-time atmospheric contamination indicates
that the emissions reduction initiated the lichen colo-
nization of formerly contaminated territories. This
confirms the earlier conclusions drawn based on the
monitoring data collected on permanent SPs in fir–
spruce forests of the region (3, 4). Eight analyzed mac-
rolichen species, out of the nine, have expanded their
distribution areas within the study area. It must be
noted though that the species’ distribution boundaries
plotted on the maps cannot be considered absolute
since they have been determined based on data col-
lected for the only substrate: birch trunks. For
instance, C. coniocraea does not occur on birch trunks
in the immediate vicinity of the smelter; however,
according to our observations, it occurs on deadwood
and bare soil.

In addition to the shift of distribution boundaries
closer to the emission source, an increase in the pop-
ulation in the proportion of colonized SPs is observed
in the study area for most of the studied species; for six
species, out of the nine, a significant increase in abun-
dance is noted. However, contamination still affects
the distribution and abundance of all studied species.
RUSSI
This is manifested, firstly, in the existence of species-

specific “deserts” of various sizes around the emission

source: even the most common and one of the most

tolerant species, C. coniocraea, is absent on birch

trunks in several SPs in the immediate vicinity of the

smelter; secondly, the proportion of SPs colonized and

abundance of species are reduced in polluted areas. In

extreme manifestations of this phenomenon, the param-

eter values decrease either only in the extremely severe

contamination zone (e.g., C. coniocraea), or, quite the

opposite, over the entire gradient, except for the back-

ground zone (e.g., P. sulcata, P. ambigua, and E. meso-

morpha).

As is known, developmental rates of vegetative dia-

spores are very low: for instance, the development of

H. physodes from soredia to simple lobes in the study

area takes 16 months, while lobe branching starts after

29 months. The thalli size at this age does not exceed

0.5 mm (17). Therefore, it is impossible to expect the

abundance of lichens to reach the background values

over the decade that has passed since the decrease in

emissions. However, the colonization of contami-

nated areas in itself can be an indicator of their suc-

cessful expansion. It was found that in the course of

postpyrogenic successions of lichen communities, the

success of colonization is largely determined by the

number of diaspores in the environment (18). This

also applies to the recolonization of formerly contam-

inated areas: species that are abundant in adjacent bio-

topes and feature a high dispersal potential colonize

such areas most successfully (3). Results of this study

confirm this pattern: the most common and abundant

species advance towards the emission source as a con-

tinuous wave. Less common species form enclaves in

the course of their advancement; apparently, such

enclaves are confined to sites featuring optimal condi-

tions for these species. The abundance of such species

in recolonized areas is extremely low.
AN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2022
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Fig. 6. Distribution areas of sensitive and highly sensitive species: (a) in 1995–1997; and (b) in 2014–2016.
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As noted above, toxitolerance of species cannot be

considered a factor determining the colonization suc-

cess (2, 4). A very sensitive species, E. mesomorpha,

has colonized the severe contamination zone in the
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2
first decade after the decrease in emissions and was

also registered in the fir–spruce forest within the same

zone (4). Currently, E. mesomorpha does not differ

from less sensitive species (P. sulcata and P. ambigua)
022
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Fig. 7. (a) Proportion of colonized SPs; and (b) abundance of sensitive and highly sensitive species in 1995–1997 (gray filling)
and in 2014–2016 (no filling).

*differences between observation periods are statistically significant.
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in terms of the ratio between its abundance in back-

ground and contaminated areas. In other words, there

are no grounds to state that the spread of this species
RUSSI
over the polluted area is hindered by its high sensitivity

to toxicants. Our data confirm that lichens recolonize

former lichen deserts after a decrease in emissions at a
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fairly high rate. For instance, it was shown for an
industrial enterprise in Sudbury (Canada) that the
lichen desert decreases by 80% in 6 years after the
reduction of emissions and disappears in 18 years. The
area of the zone with a small (<10) number of lichen
species has decreased as early as in the first decade (2).

One of the most interesting findings of this study is
the response of T. sepincola to the decrease in emis-
sions that is different from all other studied species.
Despite its widespread occurrence during the period
of intense emissions, T. sepincola was not abundant in
the background and low contamination zones. This is
determined by its life strategy: in birch forests,
T. sepincola is an explerent species colonizing young
birch trunks. In the course of subsequent microsuc-
cessions, it is replaced by violent species, primarily
C. coniocraea and H. physodes (19). The peak fre-
quency of the species in the severe contamination
zone during the period of intense emissions can be
explained by the lowering of interspecific competition
combined with the optimal microclimate higher inso-
lation in sparse forest stands). The confinement of the
species to light habitats is illustrated well by its occur-
rence mainly in the eastern part of the region where
pine–birch and birch forests predominate; by contrast,
the western part of the region is predominated by dark
coniferous forests (11).

After the decrease in emissions, T. sepincola
“squeezes up” against the smelter: its occurrence and
abundance reach the maximum in the extremely
severe contamination zone, but the species virtually
disappears in slightly disturbed and background areas.
The reasons for increased population density in the
close proximity the copper smelter are obvious: a
decrease in toxic load combined with a favorable
microclimate and the absence of interspecific compe-
tition.

T. sepincola findings on fir trunks in fir–spruce for-
ests near the smelter (i.e., in habitats that are highly
unusual for the species (3)) are of special interest: they
indicate that the conditions in formerly contaminated
areas are optimal for the development of this species.
A similar phenomenon was demonstrated in the study
area for the explerent species Hypocenomyce carado-
censis (Leight. ex Nyl.) P. James & Gotth. Schneid. in
fir–spruce forests: after the decrease in emissions, its
abundance increased sharply in polluted habitats and
exceeded the background values due to the absence of
interspecific competition (4).

With regards to the reasons for the lowering of
T. sepincola abundance in slightly contaminated and
background areas, two factors should be taken into
account: (1) competitive exclusion caused by a signif-
icant increase in the abundance of the main competi-
tors (i.e., H. physodes and C. coniocraea); and (2) changes
in the microclimate of local habitats that became more
shaded. Slightly contaminated sites where the species
has survived after the decrease in emissions are located
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 5  2
in the eastern part of the region (i.e., in lighter habi-
tats). Interestingly, T. sepincola and highly tolerant
species Lecanora conizaeoides and Scoliciosporum
chlorococcum (Graewe ex Stenh.) Vězda (that thrive in
polluted habitats and extinct and/or reduce their
abundance after the removal of the stress) feature
somewhat similar reactions to the decrease in emis-
sions. However, the mechanisms behind these reac-
tions are different since T. sepincola does not differ
from its competitors in terms of toxitolerance (i.e., the
maximum tolerated contamination levels are similar
in these species). Furthermore, despite the high abun-
dance of the species in polluted habitats, morphologi-
cal signs indicating damages caused by toxicants were
noted on its thalli during the period of intense emis-
sions (19). The colonization of the most contaminated
zones by T. sepincola does not support the opinion that
soredial species are more successful than species with
sexual reproduction (5).

CONCLUSIONS

The initial hypotheses tested in this study have
been confirmed. During the first decade after a sharp
decrease in emissions from the copper smelter, tech-
nogenic distribution boundaries of most of the studied
epiphytic lichen species have shifted closer to the
plant, and their population density and abundance in
the contaminated area increased. Species predomi-
nant in mature lichen communities in the background
area (C. coniocraea and H. physodes) demonstrate the
most pronounced positive abundance dynamics. The
explerent species T. sepincola demonstrates the oppo-
site response to the decrease in emissions since its
development success largely depends on interspecific
competition during the formation of lichen communi-
ties. Therefore, forecasts of lichen recovery rates after
the termination of disturbing impacts must take into
account their ecological strategies.

Further observations are required to draw reliable
conclusions about recovery patterns of rare and minor
lichen species. It is important to analyze the resto-
ration of lichen communities and other components of
forest ecosystems (primarily the tree and grass–dwarf-
shrub layers) in an integrated manner. It is quite prob-
able that changes in the light and hydrothermal
regimes under the forest canopy are the key factors
that significantly affect the recolonization of formerly
contaminated areas by rare epiphytic lichen species.
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