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Abstract⎯Analysis has been made of changes in the species composition and abundance of epiphytic lichens
on fir trees during the first decade after a sharp reduction of emissions from a large copper smelter in the Mid-
dle Urals. The results show that lichens have recolonized the area of the former lichen desert and that the
abundance of lichen species in the impact and buffer zones has increased. However, a fairly long time is
required before lichen communities in the vicinity of the smelter can recover to the background state, since
species highly sensitive to pollution still occur only in the background area.
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Reduction of industrial emissions in the past few
decades has provided a unique possibility to study the
initial stages of recovery of natural ecosystems dam-
aged by the long-term impact of toxic pollutants. Epi-
phytic lichens are one of the most vulnerable compo-
nents of terrestrial biota that sensitively responds both
to direct toxic impact and to its consequences for eco-
systems, particularly fragmentation of habitats and
changes in their microclimate due to degradation of
tree stand and ground vegetation layer [1]. Taking into
account certain biological features of lichens, such as
slow rates of growth and development and low effi-
ciency of colonization of new substrates, it is unlikely
that their community will recover within a short time
after the removal of toxic load. Moreover, no pool of
lichen vegetative diaspores exists in polluted areas: it
has been shown that nondeveloping soredia die and
disappear from the substrate within a few months [2].

Most studies on the recovery of lichen communi-
ties have been performed in urban environments [3–8,
etc.], where it is fairly difficult to identify the leading
factor determining the dynamics of lichen communi-
ties. Areas around point polluters are more promising
in this respect, but studies on the recovery of lichens in
regions exposed to the impact of large industrial emis-
sion sources are very few [9, 10]. To gain an insight
into the pattern of recovery of lichen communities, it
is necessary to further accumulate relevant informa-
tion on different natural zones and types of industries.

The purpose of this study was to analyze the
dynamics of species composition and frequency of
epiphytic lichens on trunks of Siberian fir trees (Abies

sibirica Ledeb.) during the first decade after a sharp
reduction of emissions from a large copper smelter in
the Middle Urals. The test hypothesis was that this
period should give rise to recolonization of “lichen
desert” by species with a high colonization potential
but tolerant of residual pollution.

MATERIAL AND METHODS
The Middle Urals Copper Smelter (MUCS) is

located in the suburbs of Revda, Sverdlovsk oblast.
The main toxic components of emissions from this
source are sulfur dioxide and heavy metals. The
amount of emissions reached 140000 t per year in the
late 1980s but was then reduced to 71000–96000 t in
1995–1998, 24000–34000 t in 2003–2008, and
3000–5000 t in 2010–2013 [11]. Studies performed in
1990 to 1997 revealed distinct concentric zones with
different degrees of damage to forest ecosystems
around the MUCS [12], including damage to epi-
phytic lichen communities [13–15]. Analysis of the
dynamics of forest vegetation during the first decade
after the reduction of emissions has shown that it is
still heavily suppressed in the immediate vicinity of the
MUCS: trees continue to die off, and the ground veg-
etation layer does not recover [11]. Data on the distri-
bution of moles (sensitive indicators of pollution) in
this region are also indicative of an adverse environ-
ment [16]. This is largely explained by the persistence
of high concentrations of heavy metals in the upper
soil horizons [17].

The data used as a starting point for this study were
collected in 1990 to 1992 in the course of analysis of
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epiphytic lichen successions on the trunks of fir trees
in three zones with different pollution levels [14]:
impact (4 km west of the MUCS), buffer (7 km), and
background (30 km). A total of 190 trees over 40 years
of age were included in analysis. The area within a
radius of 1–2 km from the MUCS was surveyed by the
route method during the same period.

In 2014 and 2015, we surveyed permanent test plots
located at distances of 1–2 km from the MUCS (seven
plots) and at 4, 7, and 30 km from it (five plots each).
To estimate the abundance of lichens, five fir trees
were examined in each plot. In addition, 50 more trees
were examined to reveal lichen flora at each of the
above distances. All species found on the trunks at a
height of up 2 m were recorded. The abundance of
macrospecies was evaluated in terms of frequency, i.e.,
the proportion of colonized trees. The significance of
differences in frequency during different periods was
estimated by Fisher’s exact test. Similarity in species
composition was evaluated using the PAST 3.12 soft-
ware package.

RESULTS AND DISCUSSION
A total of 21 lichen species were found on fir trunks

over the study period (Table 1). In 1990–1992, the
area in the immediate vicinity of the MUCS was a
“lichen desert” where only highly tolerant Scolicios-
porum chlorococcum and epixylic Placynthiella uligi-
nosa were recorded, with the latter sporadically
spreading from decaying wood to bare soil surface
and tree bases.

By 2014, this zone was colonized by pollution-tol-
erant Cladonia coniocraea and Hypocenomyce carado-
censis and also by medium-sensitive Hypogymnia
physodes and, to a lesser extent, Vulpicida pinastri. All
these species were previously recorded in the impact
zone (4 km from the MUCS), from where they have
probably spread after the removal of toxic load. In
addition, С. coniocraea can spread to the trunks from
other substrates within the former lichen desert, since
it sporadically occurs on decaying wood in polluted
areas.

Experiments on cultivation of soredia showed that
the thalli of H. physodes in the study region grow

Table 1. Dynamics of species composition of epiphytic lichens on fir trunks

Periods: (I) 1990–1992, (II) 2014–2015. Plus and minus signs indicate the presence or absence of a particular species (here and in Table 2).

Species

Distance from MUCS (km), period

1–2 4 7 30

I II I II I II I II

Bryoria nadvornikiana (Gyelnik) Brodo & D. Hawksw. – – – – – – + +
Chaenotheca ferruginea (Turner ex Sm.) Mig. – – + + + + + +
Cladonia coniocraea (Flörke) Spreng. – + + + + + + +
C. fimbriata (L.) Fr. – – – + – – + +
Evernia mesomorpha. Nyl. – – – – – – + +
Fuscidea arboricola Coppins & Tonsberg. – – – – – – + +
F. pusilla Tønsberg – – – – – – + +
Hypocenomyce caradocensis (Leight. ex Nyl.) P. James & Gotth. Schneid. – + + + + + + +
H. scalaris (Ach. ex Lilj.) M. Choisy. – – – – – – + +
Hypogymnia physodes (L.) Nyl. – + + + + + + +
Lecidea nylanderi (Anzi) Th. Fr. – – – – – – + +
Lecanora sp. – – – – + – + +
Lepraria elobata Tønsberg – – – – – + + +
Micarea denigrata (Fr.) Hedl. – – – + – + + +
Parmelia sulcata Taylor – – – – – – + +
Parmeliopsis ambigua (Wulfen) Nyl. – – – – – – + +
Placynthiella uliginosa (Schrader) Coppins & P. James + + – + – – – –
Scoliciosporum chlorococcum (Graewe ex Stenh.) Vězda + + + + + + + +
Tuckermannopsis sepincola (Ehrh.) Hale + – – – – – –
Usnea subfloridana Stirton – – – – – – + +
Vulpicida pinastri (Scop.) J.-E. Mattsson & M.J. Lai – + + + + + + +
Number of species 2 7 6 9 7 8 19 19
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extremely slowly: the size of thalli at 29 months after
inoculation did not exceed 0.5 mm [2]. This fact sug-
gests that recolonization of the area near the MUCs
began within a short time after the reduction of emis-
sions, since the size of H. physodes and V. pinastri thalli
found in 2014 reached 4–5 mm.

The set of the above pioneering species of demuta-
tional succession generally corresponds to the initial
stages of succession on fir stems described in 1990–
1992 for the impact and buffer areas [14]. A distinctive
feature of demutational succession, compared to nat-
ural succession, is that there is no definite sequence in
the colonization of trees by these species. Natural succes-
sions strictly follow the scheme C. coniocraea → H. cara-
docensis → H. physodes, because they are conditioned
by age-related changes in trees, particularly debranch-
ing of the lower part of the trunk and structural mod-
ification of the bark [14]. In contrast, any of these
lichens may be a pioneer species in demutational suc-
cession occurring simultaneously on trunks of different
ages; i.e., some trunks may be colonized by H. physodes
or H. caradocensis alone. Typical climax communities
of nonpolluted fir–spruce forests characterized by the
presence and high abundance of Caliciales lichens
(mainly Chaenotheca ferruginea) [14] were occasion-
ally found in 2014 and 2015 at a distance of 4–7 km
from the MUCS but not in the former lichen desert.

A noteworthy fact is that Tuckermannopsis sepin-
cola was found in 2014 on a fir tree in the former lichen
desert. This lichen in the study region is a pioneering
species on birch trunks and only sporadically occurs
on the branches (but not trunks) of fir trees in
thinned-out stands. Its frequency in the period of
heavy emissions from the MUCS was the highest in
polluted areas, which was explained by alleviation of
intraspecific competition in epiphytic lichen commu-
nities [18]. The appearance of T. sepincola on fir trunks
confirms that the microclimate of fir–spruce forests

near the MUCS has changed: a decrease in air humidity
combined with better insolation due to suppression of
the tree stand and ground vegetation layer conform to
ecological preferences of this species.

The species composition of lichens at 4 and 7 km
from the MUCS did not change significantly between
the two observation periods, but a significant increase
in frequency was noted for the majority of macroli-
chens (Table.2). The low frequency of V. pinastri in the
background area in 2014–2015 is probably explained
by habitat patchiness reflected in the pattern of species
distribution.

Species highly sensitive to pollution (Bryoria nad-
vornikiana, Evernia mesomorpha, Usnea subfloridana)
still occur only in the background area. This may be
due to an insufficient distance of diaspore dispersal,
residual pollution load exceeding tolerance thresholds
of adult thalli and/or their early developmental stages,
or ecotopic conditions unfavorable for the species,
mainly low air humidity.

The processes described above are reflected in the
increase of species richness in polluted areas (Table 1)
and in the clustering of test plots with respect to simi-
larity in the species composition of lichens (figure):
the former lichen desert has approached the impact–
buffer cluster after the removal of pollution load,
whereas previously it was completely isolated from it.

The recovery rates of the lichen communities are
generally similar to those in the vicinity of copper–
nickel smelter in Sudbury, Canada, where the recolo-
nization of lichen desert started 6 years after reduction
of emissions [9]. The desert disappeared by the end of
the second decade, but the abundance of lichens
increased with the distance from the polluter [9]. The
recovery of epiphytic communities completed only
40 years after decommissioning of the smelter [10].
There was no strict relationship between the sensitivity
of species and the rate of their recovery: some sensitive

Table 2. Dynamics of the frequency of macrolichens on fir trunks (proportion of colonized trees, %)

* Differences between observation periods are significant at p < 0.05 (Fisher’s exact test).

Species

Distance from MUCS (km), period

1–2 4 7 30

I II I II I II I II

Cladonia coniocraea – 68.6 64.4 96.0* 67.9 100.0* 100.0 100.0
C. fimbriata – – 1.4 – – – 3.2 4.0
Evernia mesomorpha – – – – – – 9.4 4.0
Hypogymnia physodes – 45.0 13.7 48.0* 22.6 52.0* 100.0 100.0
Parmeliopsis ambigua – – – – – – – 8.0
Tuckermannopsis sepincola – 2.9 – – – – – –
Usnea subfloridana – – – – – – 1.6 –
Vulpicida pinastri – 8.6 1.4 8.0* 1.9 – 32.8 8.0*
Number of trees 30 35 73 25 53 25 64 25



338

RUSSIAN JOURNAL OF ECOLOGY  Vol. 48  No. 4  2017

MIKHAILOVA

species such as Usnea hirta and E. mesomorpha proved
to colonize this area earlier than it could be expected
[9]. In our case, the former desert was colonized not
only by pollution-tolerant species but also by medium-
sensitive H. physodes. Its high colonizing potential was
also noted in studies on postpyrogenic successions
[19]. Since colonization success largely depends on
the numbers of propagules in the environment [20],
disturbed territories are colonized primarily by lichen
species that are most widespread in the surrounding
biotopes.

CONCLUSIONS
The results presented above confirm the initial

hypothesis: the recovery of epiphytic lichen commu-
nities around a large copper smelter started within the
first decade after the reduction of emissions. The area
of the former lichen desert is being colonized by highly
and moderately tolerant species, and the abundance of
lichen species in the impact and buffer areas is increas-
ing. Obviously, a fairly long time is required before
lichen communities in the vicinity of the smelter can
recover to the background state, provided that not only
pollution is completely prevented but also the micro-
climate typical of undisturbed forests is restored.
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