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Epiphytic lichens as indicators of
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Industrial activities are important sources of atmospheric pollution worldwide. The elemental content
in lichens was measured and analyzed with respect to the dominant wind direction and distance from
pollution sources. In direction of the dominant winds, the content of Fe decreased with distance from
the pollution source, which was a steel works situated in the flat country. Otherwise, in direction of
the dominant winds, the content of Mn increased depending on the circumferences of trees found at
various distances from the pollution sources. Older trees represented valuable indicators of elemental
bioaccumulation over time. It was confirmed that geomorphology of the studied areas, dominant wind
direction and older trees played an important role in the elemental bioaccumulation in lichens along
the spatial gradient. Therefore, epiphytic lichens are regarded as valuable indicators in monitoring of
environmental pollution in the study area.
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Introduction

Lichens are valuable biomonitors of atmospher-
ic pollution (Giordani 2007; Riddell & al. 2011;
Stamenkovi¢ & al. 2013a). Atmospheric pollution is
widely responsible for human mortality (Cislaghi &
Nimis 1997; Farkas & al. 2001); therefore, measure-
ments of the improvement in air quality are need-
ed (Estrabou & al. 2011). Application of lichens as
monitors and indicators is potentially due to their
capacity to accumulate chemical compounds and
to their sensitivity to environmental stress (Frati &
Brunialti 2006; Loppi & Frati 2006). Epiphytic li-
chens are important bioaccumulators because ele-
mental concentrations in the lichen thalli reflect the
concentration of pollutants in the environment (van
Dobben & al. 2001). Furthermore, lichens accumu-
late pollutants in amounts that exceed their phys-
iological needs; therefore, these organisms act as

accumulators of air pollutants (Sujetoviené 2010).
Lichens have been used on a different spatial scale
to monitor atmospheric pollution and are not ex-
pensive as tools (Ite & al. 2014).

Industrial and urban areas are subject to anthro-
pogenic pressure. Thus, different methods of as-
sessing environmental quality have been developed,
such as the lichen diversity value (Frati & Bruni-
alti 2006; Svoboda 2007), index of lichen diversi-
ty (Loppi & Frati 2006), index of atmospheric pu-
rity (Gombert & al. 2004), and Verein Deutscher
Ingeniure (Hierschlager & Turk 2012). It is well
known that the Xanthorion community has greater
resistance to air pollution in rural areas. Thus spe-
cies that belong to that community are used in bi-
omonitoring studies (Loppi & Frati 2006). In the
transition zone between steel factories and forested
areas, forests play a crucial role in reducing the at-
mospheric pollution (State & al. 2010).
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The aim of this study was to assess atmospheric
pollution as a consequence of industrial activities in
the direction of and opposite to the dominant wind.
The objectives of the study were: (i) to assess at-
mospheric pollution up to 90 km from a pollution
source in direction of the dominant wind and up
to 90 km from the same pollution source in direc-
tion opposite to that of the dominant wind (the spa-
tial gradient of 90 km has been represented by spa-
tial fragments of 30 km each); (ii) to assess metal
concentrations detected in the central and periph-
eral parts of the lichen thalli according to the spatial
gradient and direction of the dominant wind; and
(iii) to assess the change in relationships between
the metal concentrations in the central and periph-
eral parts of the lichen thalli with the distance from
pollution sources, distance from roadways, altitude,
and tree circumference. This study maintained the
following hypothesis: along the distance gradient
from the pollution sources, the lichens in direction
opposite to the dominant wind would have lower
concentrations of atmospheric pollutants in com-
parison to the enhanced concentrations of atmos-
pheric pollutants in lichens in direction of the dom-
inant wind.

Material and methods

Epiphytic lichen species were used to assess atmos-
pheric pollution along a distance gradient from in-
dustrial pollution sources. Locations of the investigat-
ed pollution sources in Romania, geomorphological
characterization of sites, dominant wind directions,
mean wind speed, supposed pollutants, and the num-
ber of total sites are presented in Table 1. Seven sites
were selected for the pollution sources of Galati Steel
Works (GLSW), Isalnita Power Station (IPS) and
Oltchim works (OW) , while six sites were selected for
Cernavoda Nuclear Power Plant (CNPP) and Cuprom
Refiney (CR), because of the Black Sea in the case of
CNPP and the northern border of Romania in the
case of CR (Fig. 1). In the case of Copsa Micd Works
(CMW), the distance gradient was partially overlap-
ping with the distance gradient of OW; therefore, only
five sites were selected (Fig. 1).

The pollution sources were represented by dif-
ferent industrial units situated in lowland (flatland
and hilly zones) and highland (mountain zones) ar-
eas (Table 1). In the case of OW and CR, data were
collected along a spatial gradient only in direction of
the dominant wind (Fig. 1).Field data were collected

FIg. 1. The locations of the
investigated pollution sources
- CMW-Copsa Micid Works,
CNPP-Cernavodéd Nuclear
Power Plant, CR-Cuprom Re-
finery, GLSW-Galati Steel
Works, IPS-Isalnita Power
Station, and OW-Oltchim
Works - are presented by
red pictograms. The yellow
points show direction of the
dominant wind, while the
black points show direction
opposite from the dominant
wind (Sources: Google Earth
Pro V 9.3.105.0; (2009); Ro-
mania; 48°27'24"N; 12°50'30"E;
Eye; alt.: 702 m; Google Data
SIO, NOAA, U.S. Navy, NGA,
GEBCO GeoBasis-DE/BKG
(2009) Landsat/Copernicus;
http://www.earth.google.com
[February 02, 2020]. The map
was based on information from
Vespremeanu-Stroe & al. 2012.



Phytol. Balcan. 26(1) « Sofia « 2020 19
Table 1. Pollution sources and their locations in Romania: information on geomorphological characteristics, winds, released
pollutants and number of studied sites.
Abbreviation Pollution Locationin Geomorphological  Prevailing Average Supposed Number
of pollutions source Romania  characterization wind wind speed pollutants of total
source of sites directions! (m/s)2 sites
CMW Copsa Micd Works  Sibiu County highland South, northeast 1.70 Heavy metals? 5
CNPP Cernavodd Nuclear ~ Constanta lowland West 3.30 Heavy metals, radioactive 6
Power Plant County elements® >
CR Cuprom Refinery Maramures lowland Northwest, south 1.59 Heavy metals3, nonferrous 6
County elements®
GLSW Galati Steel Works ~ Galati County lowland Northeast 4.26 Heavy metals’ 7
IPS Isalnita Power Station Dolj County lowland Northwest 2.63 S0,,NO,, CO, dust®, heavy 7
metals’
ow Oltchim Works ~ Valcea County lowland Northwest, south 224 Heavy metals, organic 7
compounds® 10
Total number of sites 38

Legend: numbers in superscript represent the reference sources for the prevailing wind direction, average wind speed, and supposed
pollutants (1-Bélteanu & al. 2006; 2-Vespremeanu-Stroe & al. 2012; 3-Alpopi & Colesca 2010; 4-Tudorache & Marin 2013; 5-Magnusson
& al. 2004; 6-Oros & al. 2011; 7- Ene & al. 2010; 8-Racoceanu 2011; 9-Mladin & al. 2010; 10-Florescu & al. 2011).

along a spatial gradient both in direction of the dom-

inant wind and in opposite direction from the dom-

inant wind in the case of CMW, CNPP, GLSW, and

IPS (Fig. 1). The general pattern of sampling was as

follows:
» Site 1: 90 km off the pollution sources in di-

rection of the dominant wind.

Site 2: 60 km off the pollution sources in di-

rection of the dominant wind.

Site 3: 30 km off the pollution sources in di-

rection of the dominant wind.

Site 4: within 1 km of the pollution sources in

direction of the dominant wind.

Site 5: 30 km off the pollution sources in op-

posite direction from the dominant wind di-

rection.

Site 6: 60 km off the pollution sources in op-

posite direction from the dominant wind di-

rection.

Site 7: 90 km off the pollution sources in op-

posite direction from the dominant wind di-

rection.

Distances between the sampling sites were repre-
sented by spatial segments of 30 km each. The dis-
tance around each pollution source was 1 km. In
the case of GLSW and IPS, sampling was performed
from the pollution source up to 90 km in direction
of the dominant wind, and from the same pollu-
tion source up to 90 km in opposite direction from
the dominant wind (Fig. 1). In the case of OW, sam-
pling was performed from the pollution source up

>

to 90 km towards the northern part of the country,
and from OW up to 90 km towards the southeast of
the country, only in direction of the dominant wind.
Similarly, for CR sampling was performed from CR
up to 90 km towards the northeast of the country and
up to 60 km towards the north of Romania (along
this spatial gradient the sampling was limited by the
northern border of Romania), only in direction of
the dominant wind (Fig. 1). For the other two pol-
lution sources, CNPP and CMW, sampling was per-
formed from the two of them up to 90 km in opposite
direction from the dominant wind, while in direc-
tion of the dominant wind, sampling was performed
up to 60 km for CNPP (limited by the Black Sea) and
up to 30 km for CMW, due to overlapping of the spa-
tial gradient of CMW and OW (Fig. 1).

A total of 38 sites were sampled (Table 1). With-
in each site, three replicates (situated approximate-
ly 1 km from each other) were selected; each repli-
cate was represented by one tree so that three trees
per site were sampled. A total of 114 trees were sam-
pled, and five lichen species were identified as fol-
lows: Physcia adscendens (Fr.) H. Olivier, Xantho-
ria parietina (L.) Beltr., Flavoparmelia caperata (L.)
Hale, Cladonia pyxidata (L.) Hoffm., and Cladon-
ia glauca Florke (Tables 2-5). In respect to pollution
sources, the sites were selected to cover a large part
of Romania’s territory (Table 1; Fig. 1).

The following data were recorded for each pollu-
tion source: distance from the main pollution source,
distance from roadways, altitude, and circumferences
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of the host trees. The tree circumferences were used
to assess the accumulation time of metals.

The sizes of collected lichen thalli were approxi-
mately 3.5-4 cm (3.5 cm in the central parts with ap-
othecia, and 0.5 cm in the peripheral parts without
apothecia).

The lichen samples were cleaned of impurities,
and the thalli were divided into central and periph-
eral parts. The samples were ground with pestle in a
porcelain mortar into fine powder. Chemical anal-
ysis of the metals was performed by a X-ray fluo-
rescence system (XRF Rigaku ZSX100e, Supermini
Model). Approximately 5 g of the powdered material
of each sample was used for XRF analysis. A quanti-
tative assessment of metals in mg kg-! was obtained
by calculating the percentage of mass in dry weight
of the analyzed samples.

The Shapiro-Wilk (W) test indicated abnormally
distributed dataset (p < 0.05) (Hammer & al. 2001).
Thus, the Kendall rank order correlation coefficient
(1) was used to identify the significant relationships
among the response variables (the content of metals
accumulated in central and peripheral parts of X. pa-
rietina) and environmental variables (Dytham 2011).
The statistical test was carried out with PAST soft-
ware (Hammer & al. 2001).

Results and discussion

A significant negative relationship was obtained be-
tween the accumulation of Fe in the central part
of the X. parietina thallus and the distance from
the pollution source in direction of the dominant
winds (t=-0.46; p=0.04). The main pollution
source in that case was the Galati Steel Works sit-
uated in a plain with no depressions and at a low-
er altitude in Southeast Romania. Thus, the dom-
inant winds made an important contribution to
the dispersion of atmospheric pollutants. The ob-
tained result was contrary to the hypothesis of this
study. Presumably, lower Fe concentrations in the
older parts of X. parietina in direction of the dom-
inant winds should be attributed to geomorpholo-
gy of the studied area. Thus, the Romanian Plain,
which is an open geomorphological lowland area,
helped dispersion of the air masses and induced air
cleaning. Observations have shown that X. pariet-
ina accumulated higher concentrations of Fe than

Hypogymnia physodes (L.) Nyl. and Parmelia sulca-
ta Taylor (Parzych & al. 2016) and, therefore, was
suitable for monitoring of that element (Parzych &
al. 2016). As in the present study, industrial activi-
ties were responsible for the heavy metal pollution
in the study of Parzych & al. (2016). Studies car-
ried out in the field in the southeastern part of Ser-
bia indicated that higher concentrations of Fe accu-
mulated in the central parts of F. caperata (Mitrovi¢
& al. 2012). Within this study, no significant rela-
tionships were obtained with regard to elemental
accumulation in the peripheral and central parts
of F. caperata. Otherwise, Fe, as a sedimentary el-
ement, could be released into the atmosphere by
roadway erosion, vehicular traffic (Stamenkovi¢ &
al. 2013b) and military operations (Rosamilia & al.
2004). In the southern part of Poland, Fe emissions
were released into the atmosphere by metallurgical
plants, domestic heating and car traffic (Kapusta &
al. 2004). The average values of Fe accumulated in
the central and peripheral parts of X. parietina were
well presented in the case of Galati Steel Works, as
compared to the other elements from all pollution
sources (Table 2). Similarly, P. adscendens accumu-
lated considerably more Fe against the other ele-
ments (Table 4).

In terms of Mn accumulation from the Galati
Steel Works, another significant result was obtained
in the positive relationship between the central parts
of X. parietina and the tree circumferences in di-
rection of the dominant winds (t=0.65; p=0.002).
The increase of distance from the pollution sourc-
es was closely related to the decrease in the element
concentrations in the lichen thalli (Rosamilia & al.
2004). The old trees offered an adequate substratum
for high cover of the lichen species, which played an
important role in the accumulation of atmospheric
pollutants due to the long exposure time. Another
pollution source that released heavy elements was
the vehicular traffic responsible for the higher ac-
cumulation of Cr, Cu, Fe, and Pb in lichens (Lop-
pi & Frati 2006).

Otherwise, such elements as Fe and Mn are es-
sential in the metabolic activities and are found nor-
mally in the living organisms (Ite & al. 2014). Indus-
trial pollution sources in Romania are responsible
for high concentrations of pollutants in the atmos-
phere, especially those caused actively by the metal-
lurgical and mining activities in the course of three
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Table 2. The elements content [mg kg™! dry weight] in the central and peripheral parts of the Xanthoria parietina thalli along the
spatial gradient of each pollution source (only the samples with measured elements are given).

Pollution source

Copsa Micd Works
Elements Ce?;:ilslr);;rts Perl&l;[ei—rg]l)}; arts Number of site T:I?llil::ie(;f (lfgl) DWD ((I:VFIri(;nD))
Al 0.85% 1.14* 3 1 30 OPDW 0.75
Fe 13.05* 5.66% 3 1 30 OPDW 0.75
Cernavoda Nuclear Power Plant (CNPP)
Al 1.34* 1.51* 2 1 60 DDW 3.91*
1.41* 0.25* 3 1 30 DDW 1.84*
1.23* 1.18* 5 1 30 OPDW 0.41*
1.15* 1.89% 6 1 60 OPDW 1.10%
Fe 20.37* 17.32% 2 1 60 DDW 391%
21.37* 18.30* 3 1 30 DDW 1.84*
19.77* 22.86* 5 1 30 OPDW 0.41*
27.71% 27.81% 6 1 60 OPDW 1.10*
Mn 0.60* 0.43* 2 1 60 DDW 3.91*
0.85% 0.55% 3 1 30 DDW 1.84*
0.92* 0.84* 6 1 60 OPDW 1.10*
Cuprom Refinery (CR)
Al 1.05%0.13 1.06x0.11 1 1 90 DDW 0.73%0.007
1.53* 1.04* 6 1 60 DDW 2.10%
Fe 11.40+2.93 9.47+3.40 1 1 90 DDW 0.73%0.007
10.72* 6.42% 6 1 60 DDW 2.10%
Galati Steel Works (GLSW)
Al 0.69+0.65 1.09+0.50 1 2 90 DDW 0.67+0.22
1.84* 2.06* 2 1 60 DDW 0.51*
1.50* 1.09* 3 1 30 DDW 2.20%
0.71* 0.89% 4 1 0.7 DDW 2.38%
0.76x0.07 1.04%0.29 5 2 30 OPDW 0.71£0.08
1.22% 0.74* 6 1 60 OPDW 1.76*
0.66+0.10 0.83%0.21 7 2 90 OPDW 0.92+0.67
Cr 1.73* 1.47* 2 1 90 DDW 0.83*
0.80* 1.65* 3 1 60 DDW 0.51*
0.49% 0.87* 4 1 0.7 DDW 2.38%
Zn 1.00+0.07 0.90+0.50 1 2 90 DDW 0.67£0.22
1.25+0.18 1.09+0.66 2 3 60 DDW 0.61£0.18
2.34+0.63 1.74+0.01 3 2 30 DDW 1.98+0.30
1.22% 1.18* 4 1 0.7 DDW 2.38%
1.50£0.39 1.78+0.64 5 3 30 OPDW 0.65%0.11
0.87* 0.84* 7 1 90 OPDW 0.45%
Fe 30.17+2.21 31.42+3.50 1 2 90 DDW 0.67+0.22
35.03+5.05 28.87+8.34 2 3 60 DDW 0.61£0.18
38.69+2.82 32.43149.36 3 3 30 DDW 2.3340.51
38.64+7.44 36.51+6.70 4 3 0.7 DDW 2.11+0.31
33.48+3.62 36.44+4.10 5 2 30 OPDW 0.65%0.16
24.32+7.28 25.91+2.64 6 2 60 OPDW 2.28+0.74
33.93+3.86 27.28+3.28 7 3 90 OPDW 0.84%0.49
Mn 0.67* 0.65% 1 1 90 DDW 0.51*
0.56+0.39 0.59+0.22 2 3 60 DDW 0.61+0.18
1.44+0.13 1.18+0.24 3 3 30 DDW 2.3340.51
1.15* 1.35* 4 1 0.7 DDW 2.20%
0.97* 1.18* 5 1 30 OPDW 0.65%
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Table 2. Continuation.

Pollution source
Galati Steel Works (GLSW)
Elements sy TIPS Numberofsite oot of o DWD )

1.15% 1.42% 6 1 60 OPDW 1.76*

1.49+0.84 1.38+0.49 7 2 90 OPDW 1.03%0.51
Ag 2.37% 4.48* 1 1 90 DDW 0.83*
9.54* 7.28* 2 1 60 DDW 0.51%
12.98% 8.73% 3 1 30 DDW 2.85%
7.64* 4.12* 4 1 0.7 DDW 2.20*

12.83+6.71 9.36+1.51 5 2 30 OPDW 0.59+0.07
5.99* 12.84* 7 1 90 OPDW 0.67*

Isalnita Power Station (IPS)

Al 1.4610.14 1.14+0.28 3 2 30 DDW 1.3320.12
1.39% 0.29% 4 1 0.3 DDW 2.86*
1.81* 2.34% 5 1 30 OPDW 2.25%

Fe 21.92+12.34 18.83+6.46 3 3 30 DDW 1.350.08
32.37% 19.72* 4 1 0.3 DDW 2.86*
13.94* 10.74* 5 1 30 OPDW 2.25%

Mn 1.51+0.94 1.28+1.29 3 2 30 DDW 1.40+0.02
0.69* 0.49* 5 1 30 OPDW 2.25*

Ag 10.94+4.85 7.48+0.47 3 2 30 DDW 1.31£0.09
5.15* 7.93* 4 1 0.3 DDW 2.86&

Legend: *data are insufficient for calculation of univariate statistics (mean and standard deviation); M-mean; SD-standard deviation;
SG-spatial gradient; DWD-dominant wind direction; CT- circumference of trees; OPDW-in the opposite direction from dominant wind;
DDW-in the direction of dominant wind.

Table 3. Elements content [mg kg™l dry weight] in the central and peripheral parts of the Flavoparmelia caperata thalli along the spatial
gradient of each pollution source (only samples with measured elements are given).

Pollution sources

Oltchim Works (OW)
Elements s ey mamber  rephestes (ko) WD pis5D)
Al 0.47%0.28 0.41£0.02 3 2 30 DDW 1.18%0.16
1.24* 0.99% 6 1 60 DDW 0.60%
0.33* 0.69% 7 1 90 DDW 1.50*
Fe 4.07+1.45 4.69+0.76 3 2 30 DDW 1.18+0.16
15.6* 12.37* 6 1 60 DDW 0.60*
2.80* 4.21* 7 1 90 DDW 1.50*

Legend: see Table 1 and Table 2.

Table 4. Elements content [mg kg'! dry weight] in Physcia adscendens thalli unsplit into central and peripheral parts (only samples
with measured elements are given).

Pollution sources
Galati Steel Works (GLSW)

Elements ((:1(\)’111-!_f grll)t)s nusr::l(:er lj::lll)lllilzzie(;f (l?nsl) DWD ((I:VII‘ i(Sn];))
Al 1.25* 1 1 90 DDW 0.83*
1.41%+1.69 2 2 60 DDW 0.67%0.22
Zn 1.08+0.31 1 2 90 DDW 0.67£0.22
1.12* 2 1 60 DDW 0.83*
2.19% 5 1 30 OPDW 0.54*
Cr 1.51* 1 1 90 DDW 0.83*
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Table 2. Continuation.

Pollution sources
Galati Steel Works (GLSW)
Elements ?K’Ilittglll)t)s nuslglier lj:;?ilzzie(;f (l?nsl) wD &ig%))
1.06* 3 1 60 DDW 0.51*
Fe 23.69+4.41 1 2 90 DDW 0.67£0.22
26.07+3.29 3 2 60 DDW 0.67£0.22
26.61% 7 1 90 OPDW 0.54*
Mn 1.06+0.19 1 1 90 DDW 0.67+0.22
0.76* 2 1 60 DDW 0.83*
Ag 3.23+0.76 3 2 60 DDW 0.67+0.22

Legend: see Table 1 and Table 2.

centuries (Barték & Rusu 2004). Biomonitoring by
lichens is necessary for prediction of environmental
quality closely related to human health (Frati & Bru-
nialti 2006).

A particular case within this study was the Copsa
Mica Works, where terricolous lichens, such as C.
pyxidata and C. glauca, accumulated more Pb, Fe and
Zn as compared to the other elements (Table 5).

No significant results have been obtained for any
other relationship between the elements and select-
ed variables.

Table 5. Elements content [mg kg™! dry weight] in the
terricolous lichen species collected near Copsa Mica Works
(CMW)

Elements Cladonia glauca Cladonia pyxidata
Pb 38.58* 22.60*

Ni NA 0.46*

Al 3.14* 3.78*

Zn 16.59* 15.23%

Cu 1.28% 0.78*

Fe 32.46% 31.06%

Mn 0.65* NA

Legend: *only raw data were presented; NA - not available data
Conclusions

The major conclusion was that old trees with large
circumferences (0.51-2.85 m) play an important role
in the colonization and longevity of lichens. Since a
significant positive correlation was found between
the Mn content in the central parts of X. parietina
and tree circumferences in direction of the domi-
nant winds, it could be maintained that lichens on
the old trees serve as good indicators of a high de-
gree of Mn contamination in the case of Galati Steel
Works. Furthermore, lichens are small in size and,

therefore, could not be used to mitigate atmospheric
pollution, but they can be used successfully as indi-
cators of that pollution.

Since a lower content of Fe was measured at a
greater distance from the Galati Steel Works, especial-
ly in lowland areas (Romanian Plain, South Romania)
in direction of the prevailing wind, it could be con-
cluded that the winds had a mitigating effect on at-
mospheric pollution.

Xanthoria parietina is a valuable indicator of ele-
ments and thus could be used in biomonitoring of the
investigated sites.
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