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Abstract—The long-term (2001, 2010, and 2023) dynamics of the structure of epiphytic lichen communities
on birch trunks were analyzed following the reduction of emissions from the Karabash Copper Smelter (Che-
lyabinsk oblast, Russia). A survey conducted in 2023, 7 years after emissions nearly ceased, revealed an
increase in lichen species diversity in the background and buffer zones, partly due to the emergence of highly
pollution-sensitive species. At the same time, the communities of the impact area are in an impoverished
state, dominated by toxic-tolerant species, whose abundance remained unchanged throughout the study
period. The consistent increase in similarity between the buffer and background zones suggests that recovery
has begun, though at the time of the study, it was confined to the less polluted areas.
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INTRODUCTION

Reducing or stopping emissions from industrial
enterprises initiates restoration processes in ecosys-
tems that have been under long-term toxic influence.
This provides an opportunity to study the patterns of
recolonization in disturbed habitats. A comparative
analysis of the rates of restoration of various ecosystem
components in different habitats and natural zones is
important. To date, extremely slow rates of restoration
of communities of higher vascular plants have been
demonstrated [1—4]. The reason for the significant
time lag is the long-term persistence of high concen-
trations of metals in the soil and forest litter [5, 6].
Groups of organisms not directly linked to the pool of
toxicants in the soil undergo the first stages of recolo-
nization faster, as shown for epiphytic and epixylic
lichens and epixylic mosses [7, 8]. However, subse-
quent stages of restoration of these groups take signifi-
cantly longer: in the vicinity of the copper-nickel plant
in Sudbury (Canada), where the longest-term studies
to date have been conducted, restoration of the species
richness of lichens to background levels was recorded
only 40 years after the cessation of emissions [9]. To
verify the obtained patterns, further information is
necessary.

Objective—To analyze the dynamics of the compo-
sition and structure of epiphytic lichen communities

under conditions of changing emissions from a large
copper smelter in the Southern Urals. The Karabash
Copper Smelter (KCS), which has been operating
since 1910, has long been one of the largest sources of
industrial pollution not only in Russia but also in the
world, and so has repeatedly attracted the attention of
environmentalists [10—12]. To study the spatial distri-
bution of metals and identify their sources in the
region, lichen transplantation methodology was used
[13—15]. This makes the area convenient for compara-
tive analysis of the spatiotemporal dynamics of ecosys-
tem components due to the dynamics of atmospheric
pollution.

Our work is based on the results of three surveys of
epiphytic lichen communities conducted at the same
sites during periods of high, declining, and almost
completely ceased emissions. This study tested the fol-
lowing hypotheses: (1) a reduction in the toxic load
initiates the restoration of epiphytic lichen communi-
ties; (2) the rate of restoration depends on the initial
degree of disturbance of the area.

RESEARCH AREA

The KCS is located within the city of Karabash
(Chelyabinsk oblast, 90 km northwest of Chelyabinsk,
55°27° N, 60°12’" E), on the eastern macroslope of the
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Table 1. The number of trees examined and their diameter in different load zones

Background Buffer Impact
Indicators
2001 2010 2023 2001 2010 2023 2001 2010 2023
Number of trees 20 30 30 20 40 40 20 20 20
Trunk diameter, cm:
Mean = SD 29t 4 28 £3 32+3 275 25+4 29t 4 25+4 24 + 4 29t 4
Range 23-37 22-33 26—41 13—40 19-38 21—-40 20—-34 20—-32 24—41

Southern Urals, in the subzone of pre-forest-steppe
birch-pine forests. The climate of the region is moder-
ately continental, the average annual precipitation is
523 mm, the average annual temperature is 0.1°C, the
average temperature of the warmest month (July) is
5.7°C, and the coldest (January) is —16.3°C [16].

The main components of KCS emissions are sulfur
dioxide and metal-containing dust (Cu, Pb, Zn, Cd,
Fe, Hg, and As). During the period of maximum
emissions (1960—1970), their level reached 210000—
290000 tons per year. In the late 1980s, emissions
dropped to 15000—160000 t/year, after which produc-
tion was suspended in 1990 until 1997. In 2000—2002,
emissions were about 100000 t/year, in the mid-2000s—
30000—40000 t/year, in 2010—13000—14000 t/year,
and after 2015—5000—6000 t/year [17, 18]. The his-
tory of production and pollution is described in detail
in [17].

MATERIALS AND METHODS

The first survey of epiphytic lichen communities
was conducted in 2001 on 12 sample plots located
along transects north and south of KCS. In 2010,
9 permanent marked sample plots were established:
4 plots at a distance of 5, 11, 18, and 32 km from KCS
in the northern direction and 5 plots at a distance of 4,
9, 12, 26 and 27 km from KCS in the southern direc-
tion (Fig. 1). In 2023, they were re-described. Of the
12 plots surveyed in 2001, 7 were included in the anal-
ysis, coinciding in location with the permanent plots
(the difference in their location does not exceed 50—
100 m). The plots are grouped into three pollution
zones (background, buffer, and impact) according to
the content of metals in the forest litter and the state of
the vegetation cover [18].

Sample plots were established in birch forests. In
the background area, the grass-shrub layer was domi-
nated by Preridium latiusculum (Desv.) Hieron. ex
Fries, Calamagrostis arundinacea (L.) Roth, Vaccinium
myrtillus L., Rubus saxatilis L., and Carex spp. The buf-
fer zone was dominated by Fragaria vesca L., C. arun-
dinacea, R. saxatilis, Vaccinium vitis-idaea L., Brachy-
podium pinnatum (L.) Beauv., Lathyrus vernus (L.)
Bernh., Galium boreale L., Veronica chamaedrys L.,
and P, latiusculum. In the impact zone, 90% of the sur-
face is almost devoid of vegetation, with isolated
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occurrences of C. arundinacea, Agrostis capillaris L.,
Deschampsia cespitosa (L.) P. Beauv., Festuca rubra L.,
and V vitis-idaea [18, 19].

Within each sample plot, descriptions of epiphytic
lichen communities were made on ten birch trunks
(Betula pendula Roth). The characteristics of the
examined trees are given in Table 1. The diameter of
the trunks examined in 2001 and 2010 in the impact
zone was smaller than in the background and buffer
zones, which is consistent with the younger age of the
stands in this area: according to data from 2009 [16],
the average age of the stands in the impact zone was
45—69 years, while in the buffer and background zones
it was 63—78 and 68—74, respectively. On each trunk,
the species composition of lichens was determined,
and the frequency of species was assessed using a slid-
ing grid [20] on the side of maximum lichen develop-
ment at two levels, at the base of the trunk and at a
height of 1—1.5 m. Frequency at each level was
assessed as the number of grid cells (from 0 to 10) in
which the species was encountered. For further analy-
sis, the frequency values at two heights were summed
up and expressed as a percentage of the maximum
possible (i.e. of 20). The choice of the method for
accounting for abundance is based on the results of a
study [21], which revealed a higher informative value
of metrics based on accounting for frequency using a
grid compared to accounting for projective cover using
a palette.

Based on the obtained data, the average number of
species on the trunk and the sum of the frequency val-
ues of all lichen species were calculated. The same
metrics were calculated for macrolichens (i.e., species
with foliose, fruticose, and squamulose forms of thalli,
see Table 2), for which the probability of discrepancies
in field identification by different researchers who per-
formed descriptions of communities in different years
is minimal.

For the calculated metrics, an analysis of differ-
ences between pollution zones and observation peri-
ods was performed (two-way ANOVA, accounting
unit — tree) and multiple comparisons were carried
out using Tukey test. The significance of differences in
the species composition of communities in different
pollution zones was assessed using the ANOSIM
(Analysis of Similarities) test; the SIMPER procedure
was used to identify the species that contribute most to
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Fig. 1. Layout of sample plots within load zones: I — impact, II — buffer, and 111 — background.

community differences. Visualization of the dynamics
of differences in species composition was performed
using the non-metric multidimensional scaling
(NMDS), the Bray—Curtis index was used as a dis-
tance measure. The analysis was performed using the
Statistica 7 and Past 4.17 packages.

The nomenclature of lichens is given in accordance
with the ITALIC 8.0 information system [22].

RUSSIAN JOURNAL OF ECOLOGY Vol.56 No.6

RESULTS

In total, 45 species of epiphytic lichens were identi-
fied on birch trunks in the KCS area for three periods
(Table 2), of which 8 were recorded only once. The
group Lepraria spp. includes Lepraria elobata Tons-
berg, L. jackii Tensberg, and small unidentified speci-
mens. The number of species detected in the back-
ground and buffer zones increased from 2001 to 2023.
In 2010 and 2023, in both zones Bryoria nadvorniki-

2025



MIKHAILOVA et al.

522

- — - + + - ++ ++ - Yoy ('s10d) sHvoind 7

— + — + — - - — - quoqey] (1IUqoY) Suaosauiniul DIOUPIIT

— — — + — — — — — "312qsu ] 2 NN pLafiinpgns vimadop

- — - - + - ++ + - "ABH ("1ovydS) vsongn [ | W
- - ++ | sttt | bt | | Rt | b | Rt AN (1) saposdyd viuwdSoddy | N
- — - w++ ++ - s+ |+ - AS104D) " (‘1T X0 "YOV) SHD[DIs 20duiouad0ddfy |
- - - s+ |+t - »+++ ++ - Sroqsue] vjjisnd

— - - ++ ++ — ++ ++ — ‘31aqsuo]. 2 surddo)) vjodLI0qiv DIPIISN]

- - - wH++ ++ - sttt |+ +++ ‘IAN vy diowiosaul v1uiAg | N
- — ++ ++ - - + — - 1RYS 124D | N
- - —~ - - - ++ ++ - “wyoH vl 1) | N
- - - +++ ++ ++ ++ ++ ++ 1A (1) peorquat/ 1D | N
- - - x+++ - + ++ + - wyjoH (1) vousp 10 | W
++ +++ ++ +H++ |ttt | | b | AR | Rt "Sualdsg (BUQ[A) pav4o01uod 1D | W
- ++ - - ++++ - + ++++ - "Suaidg (Jrowrwos) vavydodopys 1y | W
- — - + ++ + ottt |+ - “IRYRS (oY) vatouad 1D | N
- — - ++ — + + — - "PIIIAA (UaSeH DY) sopd10q vuopnl) | W
- — - - ++ - — — - “qIIH (UOV) SYDIYILY DI2YIOUIDYD

- - + ++ ++ - ++ ++ ++ YoV ("yIyg) vjoourdas oLy | N
_ — — — — — + — — "JON o Maiavyos g

- - - - -~ - —~ - + PPN (1) Stutiofiosip vijjong

- — - ++ ++ - ++ + - ‘MSYMEH " % 0poIg (IU[PAD) puppyiuioappu viiodig | N
— — - — — - — + - "proyos 2@ surddo) (‘WiyoH) vivpound vaulpupuly

£20¢ 010C 100T €20 oroc 100¢ €20¢ 010¢C 100¢
joeduwur png punoi3yoeq sadA],

Apnjs JO 18K pue dUO0Z prO|

Spor1dd UONBAIdSqO JUAIQMIP Surmp sauoz uonnjod JUAIYIP Ul SAI0dds UdYII[ JO 9OUALINII( * d[qeL

2025

No. 6

RUSSIAN JOURNAL OF ECOLOGY  Vol. 56



523

LONG-TERM DYNAMICS OF EPIPHYTIC LICHEN COMMUNITIES

‘SuUQUDIfoIdRW—IA (SO0 > d “159) 10BXd
S I0USL]) €707 PUB 00T U99M1Aq SOIUAIYIP JUBDIJIUTIS—, :$9109dS JO 90Udsqe—Usep (%001 —SL—(++++) ‘%6 PL—ST—(++-+) ‘UL JO 9%GT>—(++) QBUIS—(4) :punoj sordads

L L 6 (> 8¢ S1 pe 0€ 0z [eroL
+ - - s +++ ++ + s+ - - [epwiL], % AgsyIpuog ('JAN) s1sU200pv4Dd DI0SdOJAY | N
- - - +++ +++ e e e e e e 17 (N % Uossne|N "g-'f (‘doos) rysvuid vpiording | N
- - - ¥ - - - - - "quds "L (‘WnS) pwonf vjjajoif
- - + ++ + - ++ ++ ++ uouns vuvpliojfqns vausy | W
+++ +++ +++ +++ +++ +++ ++ ++ +++ sowref g 7% sutddo) (1q) vsonxaj/sisdoyjadp.]
+4++ | A+ | A | A | A | A | A | A | BPZRA ("YUQIS X IMIBID)) UINID0040]YD Uini0ds01d1]00g
— — — — — — + - — IoupRyeH (‘urep) pioydodos Dioudfg
- — — — + — — — ++ sowef ‘g 2 surddo) (1opeiyos) vsoudyn g
+++ ++ +++ ++ ++ +++ wt - +++ sowref °d 2 sutddoD (Yov) vajpuid vjj21yudID]d
— - — — — — — + + “ds pruoosdyg | N
- - - + + - + ++ + ploury (o) vidosadfy | W
- - - ++ ++ - ++ ++ ++ TAN (UQJInpp) pnSiquiv sisdoyjauiind | N
- - - +++ +++ +++ | A+t | | Iojke], vypojns vijauiind | N
— — — - — S+ + + — ‘1's vuisvad "y
++ - - +++ ++ +++ +++ ++ +++ ‘IPSH (1) vIDL8IUIP DUDII
‘yosquing 2 MsymMeH " 1SSH
- - - ++ ++ ++ ++ +++ +++ ‘IedeAl( ‘odsaI) (v ‘oouelq “Q (") paovaijo apyouvjap | N
++ dnry 29 19[pues (Awre]) vjnpiqos vixyouvPp| | N
- - - w+++ ++ - *++ + - "dds prpada]
- - - n — - — - + 1 YL (1Z0V) Hopupjdu voploaT
- + + +++ +++ 4+ | Attt | A | Iquez (‘peryos) vusivs “1
£20¢ 010¢ 100C £¢0¢ 010T 100C €¢0¢ 010¢ 100C
joedwir Iopnqg punoigyoeq sadA],

Apnjs Jo 18K puk dUOZ peO]

(‘puo)) -z 3lqeL

2025

No. 6

RUSSIAN JOURNAL OF ECOLOGY  Vol. 56



524

MIKHAILOVA et al.

Table 3. Results of ANOVA for the parameters of epiphytic lichen communities in different pollution zones and observation

periods
Source of variability
Indicator
zone (df =2) period (df = 2) zone X period (df = 4)

Full list of species:

number of species on the trunk 199.46 44.67 10.12

sum of frequency values 181.00 14.71 8.78
Macrolichens:

number of species on the trunk 269.43 20.44 8.33

sum of frequency values 200.64 19.09 5.19

F-ratio, p < 0.001 in all cases.

ana, Hypogymnia tubulosa, and Fuscidea arboricola
were registered, which were not found in 2001. These
species are considered to be highly sensitive to atmo-
spheric pollution in the Urals [23]. Evernia mesomor-
pha, a highly sensitive species that in 2001 was noted
only in the background area, was recorded in the buf-
fer zone in 2010 and 2023. In the background area, the
richness of facultative epiphytes of the genus Cladonia
increased from two to seven species.

16 - @) 2001 yr.
02010 yr.
14 - 02023 yr.
12 +
10
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6 L
4L
3 2r
=
20
° (b)
3 12 - T
E
Z 10 -
8 L
6 i Q
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. o

Buffer
Load zones

Background Impact

Fig. 2. Dynamics of the average number of lichen species
on a trunk: (a) full list of species, (b) macrolichens. The
median, first quartile, third quartile, minimum and maxi-
mum values are shown.
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In the impact area, the total number of species has
remained virtually unchanged from 2001 to 2023:
communities are composed predominantly of
Cladonia coniocraea, Placynthiella icmalea, Scolicios-
porum chlorococcum and Trapeliopsis flexuosa, typical
for impact areas of the Urals [7, 20]. In 2001, small (2—
3 mm) thalli of pollution-sensitive species including
Hypogymnia physodes (on two trunks), and Usnea sub-
floridana and Cetraria sepincola (both single) were
noted, but they were not detected in subsequent obser-
vation periods.

Both studied factors, “pollution zone” and “obser-
vation period,” have a significant impact on the aver-
age number of species on the trunk, both when taking
into account all species and only macrolichens (Table 3,
Fig. 2). The decrease in the average number of species
on a trunk as one approaches the emission source per-
sists in all periods, with all pollution zones differing in
pairs in 2001 and 2010, and no significant differences
between the background and buffer zones in 2023. The
significance of the “observation period” factor is due
to the dynamics of the communities of the background
and buffer zones, where the number of species on the
trunk in 2023 increased significantly compared to pre-
vious periods, while in the impact zone this metric
remained at the same level over all periods. The visu-
ally noticeable, although statistically insignificant,
“dip” in the diagram in the background and buffer
zones in 2010 is mainly due to a drop in occurrence on
trunks Placynthiella icmalea: in 2001, the species was
noted in the background zone on 35% of trunks, in
2010 it was absent from the list of species, and in 2023
it was noted only once. In the buffer zone, the fre-
quency of this species on trunks also falls from 60% in
2001 to 15% in 2010 and 7.5% in 2023.

The analysis of the sum of frequency values of both
the full list of species and macrolichens also demon-
strated a significant influence of the factors “pollution
zone” and “observation period” on this metric (see
Table 3 and Fig. 3). In the impact zone, the frequency
of macrolichens in all observation periods is close to
zero, and the sum of the frequency of the full list of
species is significantly lower (p < 0.001) than in other

No. 6 2025
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load zones. No significant differences were found
between the observation periods in the impact area.

In the buffer zone, the sum of frequency values of
macrolichens is significantly (p < 0.001) lower than
the background level in all study periods, whereas for
the sum of the frequencies of the full list of species, the
decrease compared to the background zone is signifi-
cant only in 2010 (see Fig. 3). In the background area
from 2001 to 2023, there has been a consistent increase
in the lichen frequency, both when taking into account
all species and only macrolichens. In the buffer zone,
the sum of frequency values in 2023 exceeds the figures
for 2001 and 2010, but in 2010 there is a small “dip,”
followed by a sharp increase in figures by 2023 (both
according to the full list of species and only macroli-
chens).

Not only the persistence but also the increasing dif-
ferences in the species composition of communities
along the pollution gradient are confirmed by the
results of ANOSIM (R = 0.53 in 2001 and 2010, 0.61
in 2023, p <€ 0.001). Since the impact zone communi-
ties did not undergo changes in any of the analyzed
parameters during the observation period, we will pay
attention to the dynamics of differences between the
communities of the buffer and background zones. In
2001, equality of the sum of occurrences of the full list
of species in the background and buffer zones was
achieved due to crustose forms, which accounted for
25.9% of the sum of frequency values in the buffer
zone compared to 16.8% in the background area. The
SIMPER test showed the highest contribution
(24.4%) of Scoliciosporum chlorococcum in the signifi-
cance of differences in communities: the frequency of
the species was 87% in the buffer zone and only 37% in
the background zone. Over subsequent periods, the
frequency of the species in the background and buffer
zones was almost equal and amounted to 73.5% and
80.5%, respectively, in 2010, and 79.5% and 91% in
2023. In all observation periods, a significant contri-
bution (SIMPER, 18.4%, 24.4%, and 24.1% in 2001,
2010, and 2023, respectively) to the dissimilarity of
communities was made by the difference in the abun-
dance of the dominant species Hypogymnia physodes:
The frequency of the species increased in both zones,
but at the same time, 2.5—3-fold differences between
the zones remained. A significant contribution to the
dissimilarity of communities was also made by Parme-
lia sulcata (from 7.5% to 11.2% in different years),
Lecanora saligna (12.8—20.8%), Vulpicida pinastri (6—
11.5%), the abundance of which in the background
zone exceeded the buffer values during all observation
periods. Thus, the differences between the back-
ground and buffer zones are due not so much to differ-
ences in species composition as to differences in the
abundance of the same species.

The described changes are clearly demonstrated by
the NMDS ordination diagram of communities of
load zones and survey periods (Fig. 4). The correlation
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Fig. 3. Dynamics of the sum of lichen frequency values:
(a) full list of species, (b) macrolichens. For designations
see Fig. 2.

of the x-axis with the pollution level is 0.94; accord-
ingly, the communities of the impact zone are located
in the region of positive values and are maximally iso-
lated from the communities of the buffer and back-
ground zones. A gradual “convergence” of the com-
munities of the buffer and background zones is clearly
visible.

The lack of dynamics in the degree of similarity
between communities in the impact and background
areas is indicative: the Bray—Curtis index is the same
in all three periods (0.30—0.31). At the same time, the
similarity of communities in the buffer and back-
ground areas increases: the Bray—Curtis index
increased from 0.57 in 2001 to 0.68 in 2023.

Thus, in the period from 2001 to 2023, an increase
in the number of lichen species and their abundance
was observed on the birch trunks of the background
and buffer areas in the vicinity of the KCS, while in the
impact area the lichen communities remained
unchanged.

DISCUSSION OF RESULTS

The dynamics of epiphytic lichen communities in
natural conditions is determined by a complex of fac-
tors, among which the age of the stand and the specific
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Fig. 4. NMDS ordination of communities from three pol-
lution zones over three survey periods: [—impact, I[I—buf-
fer, and I11—background.

phorophyte are of primary importance. Numerous
studies [24—26] have shown an increase in the number
of lichen species (including due to the appearance of
rare species — indicators of old-growth forests) as the
age of the forest stand increases and a typical forest
microclimate is formed. The leading role of age
and/or diameter of a tree in the dynamics of species
richness and structure of epiphytic communities has
also been shown by many authors [25, 27—29]. An
increase in the age of the substrate and its surface area
increases the probability of colonization by lichen dia-
spores. As the tree ages, the bark becomes more fis-
sured, providing an increase in the number of potential
microhabitats [30]. The destruction of the bark in the
basal part can explain the increase in the diversity of
facultative epiphytes of the genus Cladonia, which
move to the base of the trunks from the soil and rotting
wood. The increase in the number of species during
epiphyte succession is also determined by the insignif-
icance of interspecific competition: it is not the
replacement of some species by others that is charac-
teristic, but the addition of species to the community
[31]. Thus, the dynamics of lichen communities
observed by us in undisturbed and slightly disturbed
birch forests of the study area match the expected pat-
terns of microsuccessions in epiphytic communities.

In the impact area, despite a sharp decrease in the
toxic load, an increase in the age of the tree stand and
the size of the trees examined, no significant changes
in the species richness and structure of lichen commu-
nities were recorded. The only thing that attracts
attention is the fact that small specimens of
H. physodes and U. subfloridana were registered in
2001 and subsequently disappeared from the commu-
nity. Production was stopped in 1990—1997; a time
interval of 6—7 years after the cessation of emissions
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(complete or almost complete) is indicated in the lit-
erature as sufficient for the beginning of the recoloni-
zation of lichen deserts near non-ferrous metallurgy
plants [32, 33]. The recolonization that began during
the plant’s downtime was likely stopped by the
resumption of KCS operations in 1997. However, in
2023, 7 years after emissions had almost completely
ceased, no signs of recolonization were recorded in the
same sample plots.

The results provide data for comparative analysis of
the duration of lag periods after which the first signs of
recolonization of disturbed areas appear. The dynam-
ics of recovery of epiphytic communities was studied
in detail in the area of the Middle Ural Copper Smelter
(MUCS), located near the city of Revda (Sverdlovsk
oblast), an enterprise similar to KCS in composition,
volume, and dynamics of emissions (except for the
interruption of KCS operations in 1990—1997). As in
the KCS region, the near-total cessation of MUCS
emissions was preceded by a 10-year period of gradual
decline. In the immediate vicinity of MUCS (1—2 km)
in spruce-fir forests, small (4—5 mm) thalli
H. physodes were registered 4 years after the almost
complete cessation of emissions [7]. Considering the
low rates of development of diaspores and juvenile
thalli in spruce-fir forests [34], it should be assumed
that the colonization occurred at the stage of decreas-
ing emissions. During detailed mapping of the state of
epiphytic communities in birch forests in the MUCS
area 5—6 years after the cessation of emissions
H. physodes thalli were recorded in 51% of the sample
plots in the territory of the former “lichen desert” [32],
which indicates a high spatial mosaic of the recoloni-
zation process. Differences in the rates of recoloniza-
tion of different habitats within the same stress zone in
the MUCS region have also been shown for some spe-
cies of higher plants [35].

Studies of vascular plants in the KCS area in 1997
did not reveal any signs of recovery in the sparsely veg-
etated birch forests of the impact zone, but in the
mixed-herb birch forests of the background and
slightly polluted zones, an increase in the number of
species and phytomass was recorded [11]. In the
MUCS region, positive shifts in the condition of
higher vascular plants during the first 10 years after the
almost complete cessation of emissions were also
noted mainly in the buffer zone [35]. The observed
shift of the lichen community parameters in the KCS
buffer zone to the background level (in particular, the
appearance of species highly sensitive to pollution)
can also be considered as an initial sign of the recovery
process. It is possible that the appearance of previously
unrecorded highly sensitive species in the communi-
ties of the background area is also due to the almost
complete cessation of emissions. Many emission com-
ponents have a significant dispersion radius: this
applies primarily to gaseous pollutants (SO,, HF,
NOy) [36]. However, long-distance transport of
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small-sized solid particles has also been recorded: on
thalli H. physodes in 2001, at a distance of 30 km from
KCS, small (<4 um) predominantly Zn-containing
spherical particles were discovered [37]. An increase in
the abundance of lichen species in the background
area after the almost complete cessation of emissions
was also noted in the MUCS region [32].

Thus, the reduction of industrial emissions to a
negligible level leads to a decrease in the regional
background level of pollution, which in turn contrib-
utes to the natural dynamics of communities in back-
ground areas.

CONCLUSIONS

Our research confirmed the tested hypotheses.
Cessation of the toxic load initiates the process of res-
toration of lichen communities in the former contam-
inated areas. The rate of recolonization is determined
by many factors, among which the degree of initial dis-
turbance of the habitat predominates. In the KCS
area, 7 years after the almost complete cessation of
emissions, recovery was recorded only in the slightly
polluted area. The increased similarity of buffer zone
communities with background ones is due to the
establishment of sensitive species and an increase in
the abundance of species typical of slightly disturbed
and undisturbed habitats. Lichen communities of the
impact area are still impoverished. Further research is
needed to refine estimates of the time lag between the
cessation of toxic load and the onset of recolonization
of the highly contaminated area.

ACKNOWLEDGEMENTS

The authors express their deep gratitude to
V.N. Udachin, S.S. Sokolova, and E.E. Artemenko for
assistance in organizing and conducting field work during
different periods of research and E.L. Vorobeychik and
anonymous reviewers for valuable advice during the prepa-
ration of the manuscript.

AUTHOR CONTRIBUTION

I.N. Mikhailova — planning of work, collection of field
material, and identification of lichens in 2001 and 2023,
processing of material, generalization of results, and writing
of the article; O.W. Purvis — planning of work, collection of
field material, and identification of lichens in 2001;
1.V. Frolov — collection of field material and identification
of lichens in 2010.

FUNDING

Data collection in 2001 was carried out with the finan-
cial support of the Royal Society of London, and in 2010
with the support of the Russian Foundation for Basic
Research (project No. 08_04 91766 _AF). Data collection
in 2023, interpretation of results, and preparation of the

RUSSIAN JOURNAL OF ECOLOGY Vol.56 No.6

527

manuscript were carried out within the state assignment of
the Institute of Plant and Animal Ecology of the Ural

Branch of the Russian Academy of Sciences
(no. 122021000076—9).
ETHICS APPROVAL

AND CONSENT TO PARTICIPATE

This work does not contain any studies involving human
and animal subjects.

CONFLICT OF INTEREST

The authors of this work declare that they have no con-
flict of interest.

REFERENCES

1. Gunn, J., Keller, W., Negusanti, J., et al., Ecosystem
recovery after emission reductions: Sudbury, Canada,
Water, Air, Soil Pollut., 1995, vol. 85, no. 3, pp. 1783—
1788.

2. Chernen'kova, T.V., Kabirov, R.R., and Basova, E.V.,
Restorative successions of northern taiga spruce forests
under reduction of aerotechnogenic load, Lesovedenie,
2011, no. 6, pp. 49—66.

3. Yarmishko, V.T., Gorshkov, V.V., Lyanguzova, 1.V.,
and Bakkal, I.Yu., Environmental monitoring of forest
ecosystems of the Kola Peninsula under conditions of
environmental pollution, Reg. Ekol., 2011, vol. 31,
nos. 1-2, pp. 21-29.

4. Vorobeichik, E.L., Trubina, M.R., Khantemirova, E.V.,
and Bergman, 1., E. Long-term dynamic of forest veg-
etation after reduction of copper smelter emissions,
Russ. J. Ecol., 2014, vol. 45, no. 6, pp. 498—507.
https://doi.org/10.1134/S1067413614060150

5. Koptsik, G.N., Koptsik, S. V., Smirnova, L.E., et al.,
The response of forest ecosystems to reduction in in-
dustrial atmospheric emission in the Kola Subarctic,
Zh. Obshch. Biol., 2016, vol. 77, no. 2, pp. 145—163.

6. Vorobeichik, E.L. and Kaigorodova, S.Yu., Long-term
dynamics of heavy metals in the upper horizons of soils
in the region of a copper smelter impacts during the pe-
riod of reduced emission, Furasian Soil Sci., 2017,
vol. 50, no. 8, pp. 977—990.
https://doi.org/10.1134/S1064229317080130

7. Mikhailova, I.N., Initial stages of recovery of epiphytic
lichen communities after reduction of emissions from a
copper smelter, Russ. J. Ecol., 2017, vol. 48, no. 4,
pp. 277-281.
https://doi.org/10.1134/S1067413617030110

8. Trubina, M.R., Mikhailova, I.N., and Dyachenko, A.P.,
Dynamics of communities of cryptogamic organisms
on dead wood after reduction of the emissions from a
copper smelter, Russ. J. Ecol., 2022, vol. 53, no. 6,
pp. 37—447.
https://doi.org/10.1134/S1067413622060169

9. Schram, L.J., Wagner, C., McMullin, R.T., and
Anand, M., Lichen communities along a pollution gra-

dient 40 years after decommissioning of a Cu—Ni
smelter, Environ. Sci. Pollut. Res., 2015, vol. 22, no. 12,

2025



528

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

MIKHAILOVA et al.

pp. 9323-9331.
https://doi.org/10.1007/s11356-015-4088-4

Kompleksnaya ekologicheskaya otsenka tekhnogennogo
vozdeistviya na ekosistemy yuzhnoi taiga (Complex Eco-
logical Estimation of Anthropogenic Impact on South
Taiga Ecosystems), Stepanova, A.M., Ed., Moscow:
TSEPL, 1992.

Chernen'kova, T.V., Kabirov, R.R., Mekhanikova, E.V.,
et al., Demutation of vegetation after the shutdown of a
copper smelter, Lesovedenie, 2001, no. 6, pp. 31-37.

Kalabin, G.V. and Moiseenko, T.I., Ecodynamics of
anthropogenic mining provinces: From degradation to
rehabilitation, Dokl. Earth Sci., 2011, vol. 437, pp. 432—
436.

Purvis, O.W., Chimonides, P.J., Jones, G.C., et al., Li-
chen biomonitoring near Karabash Smelter Town, Ural
Mountains, Russia, one of the most polluted areas in
the world, Proc. R. Soc. B, 2004, vol. 271, no. 1536,
pp. 221-226.

Spiro, B., Weiss, D.J., Purvis, O.W.,, et al., Lead iso-
topes in lichen transplants around a Cu smelter in Rus-
sia determined by MC-ICP-MS reveal transient re-
cords of multiple sources, Environ. Sci. Technol., 2004,
vol. 38, Iss. 24, pp. 6522—6528.
https://doi.org/10.1021/es049277f

Williamson, B.J., Purvis, O.W., Mikhailova, I.N.,
et al., The lichen transplant methodology in the source
apportionment of metal deposition around a copper
smelter in the former mining town of Karabash, Russia,
Environ. Monit. Assess., 2008, vol. 141, pp. 227—236.
https://doi.org/10.1007/s10661-007-9890-0

Usol'tsev, V.A., Vorobeichik, E.L., and Bergman, L.E.,
Biologicheskaya produktivnost’ lesov Urala v usloviyakh
tekhnogennogo zagryazneniya: issledovanie sistemy svya-
zei i zakonomernostei (Biological Productivity of Ural
Forests under Conditions of Technogenic Pollution: a
Study of the System of Relationships and Patterns),
Ekaterinburg: Ural. Gos. Lesotekh. Univ., 2012.

Kozlov, M.V., Zvereva, E.L., and Zverev, V.E., Impacts
of Point Polluters on Terrestrial Biota: Comparative Anal-
ysis of 18 Contaminated Areas, Dordrecht: Springer,
2009.

Smorkalov, I. and Vorobeichik, E., Does long-term in-
dustrial pollution affect the fine and coarse root mass in
forests? Preliminary investigation of two copper smelter
contaminated areas, Water, Air, Soil Pollut., 2022,
vol. 233, no. 2, p. 55.

https://doi.org/10.1007 /s11270-022-05512-0

Mikryukov, V.S. and Dulya, O.V., Contamination in-
duced transformation of bacterial and fungal commu-
nities in spruce — fir and birch forest litter, App. Soil
FEcol., 2017, vol. 114, pp. 111—122.
https://doi.org/10.1016/j.apsoil.2017.03.003

Herzig, R. and Urech, M., Flechten als Bioindikatoren.
Integriertes Biologisches Messsystem der Luftver-
schmutzung fiir das Schweizer Mittelland, Bibliotheca
Lichenol., 1991, vol. 43, pp. 1-283.

Mikhailova, 1.N., Mikryukov, V.S., and Frolov, 1.V.,
State of epiphytic lichen communities under anthropo-
genic impact: Effect of abundance assessment methods
on the informativity of indices, Russ. J. Ecol., 2015,

RUSSIAN JOURNAL OF ECOLOGY  Vol. 56

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

vol. 46, no. 6, pp. 531-536.
https://doi.org/10.1134/S1067413615060119

Nimis, P.L., Conti, M., and Martellos, S., ITALIC 8.0,
the information system on Italian lichens, 2025.
https://italic.units.it/index.php

Mikhailova, I.N., Dynamics of epiphytic lichen com-
munities in the initial period after reduction of emis-
sions from a copper smelter, Russ. J. Ecol., 2020, vol. 51,
no. 1, pp. 38—45. https://doi.org/ 67413620010075
https://doi.org/10.1134/S10

Rose, F., Lichenological indicators of age and environ-
mental continuity in woodlands, Lichenology, 1976,
vol. 8, pp. 279—-307.

Fritz, O., Brunet, J., and Caldiz, M., Interacting effects
of tree characteristics on the occurrence of rare epi-
phytes in a Swedish boreal forest, Bryologist, 2009,
vol. 112, pp. 488—505.
https://doi.org/10.1639/0007-2745-112.3.488

Brunialti, G., Frati, L., Aleffi, M., et al., Lichens and
bryophytes as indicators of old-growth features in Med-
iterranean forests, Plant Biosyst., 2010, vol. 144, no. 1,
pp. 221-233.
https://doi.org/10.1080/11263500903560959

Mikhailova, I.N., Epiphytic lichenosynusia of the for-
ests of the Middle Urals under conditions of aerotech-
nogenic pollution, Cand. Sci. (Biol.) Dissertation, Ekat-
erinburg, 1996.

Johansson, P., Rydin, H., and Thor, G., Tree age rela-
tionships with epiphytic lichen diversity and lichen life
history traits on ash in southern Sweden, Ecoscience,
2007, vol. 14, no. 1, pp. 81-91.
https://doi.org/10.2980/1195—6860(2007)14[81: TAR-
WEL]2.0.CO;2

Lie, M.H., Arup, U., Grytnes, J.A., and Ohlson, M.,
The importance of host tree age, size and growth rate as
determinants of epiphytic lichen diversity in boreal
spruce forests, Biodiversity Conserv., 2009, vol. 18,
pp. 3579—3596.

https://doi.org/10.1007 /s10531—009—9661—z

Ranius, T., Johansson, P., Berg, N., and Niklasson, M.,
The influence of tree age and microhabitat quality on
the occurrence of crustose lichens associated with old
oaks, J. Veg. Sci., 2008, vol. 19, pp. 653—662.
https://doi.org/10.3170/2008—8—18433

Lawrey, J.D., Biotic interactions in lichen community
Development: a review, Lichenologist, 1991, vol. 23,
no. 3, pp. 205-214.

Mikhailova, I.N., Dynamics of distribution boundaries
of epiphytic macrolichens after reduction of emissions
from a copper smelter, Russ. J. Ecol., 2022, vol. 53,
no. 5, pp. 335—346.
https://doi.org/10.1134/S1067413622050083

Beckett, P.J., Lichens: sensitive indicators of improving
air quality, in Restoration and Recovery of an Industrial
Region, Gunn, J.M., Ed., New York: Springer, 1995,
pp. 81-92.

Mikhailova, 1. and Mikryukov, V., Lichen recovery in a
formerly polluted area: the importance of bark proper-
ties for soredia survival, Lichenologist, 2024, vol. 56,
no. 4, pp. 175—182.
https://doi.org/10.1017/S0024282924000173

No. 6 2025



LONG-TERM DYNAMICS OF EPIPHYTIC LICHEN COMMUNITIES 529

35. Trubina, M.R. and Nesterkova, D.V., Role of environ- tionment of particulate matter on Hypogymnia physodes

mental heterogeneity in the species distribution of vas- lichen transplants around the Cu smelter and former

cular plants in periods of high and low emissions from inine t f Karabash. South Urals. Russia. Sci. To-
copper smelter, Contemp. Probl. Ecol., 2024, vol. 17, mining town o Rarabasi, SOuth ra’s, Russid, Jci. fo

pp. 137149 tal Environ., 2004, vol. 322, nos. 13, pp. 139—154.
https://doi.org/10.1134/51995425524010141
36. Vasilenko, V.N., Nazarov, N.M., and Fridman, Sh.O., Publisher’s Note. Pleiades Publishing remains

Monitoring zagryazneniya snezhnogo pokrova (Monitor-  pe\ytra] with regard to jurisdictional claims in
ing Snow Cover Pollution), Leningrad: Gidrometeoiz-

dat. 1985. published maps and institutional affiliations.
37. Williamson, B.J., Mikhailova, I., Purvis, O.W., and Al tools may have been used in the translation or
Udachin, V., SEM-EDX analysis in the source appor-  editing of this article.

RUSSIAN JOURNAL OF ECOLOGY Vol.56 No.6 2025



	INTRODUCTION
	RESEARCH AREA
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION OF RESULTS
	CONCLUSIONS
	REFERENCES

