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Lichen as biomonitor of atmospheric
elemental composition from Potter
Peninsula, 25 de Mayo (King George)
Island, Antarctica

Lichens are powerful biomonitor of airborne pollution around point sources or long range transport
because they are perennial allowing bioindication at long period. The element concentrations in foliose
and fruticose lichen species from Potter Peninsula located in 25 de Mayo (King George) Island is reported.
The coefficient of the variation for most of the elements was up to 50% except for as and Br, K and

Se. The Principal Component Analysis showed differences among sampling sites according to human
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Introduction

Lichenized fungi (lichens) are well known as biomonitor
organisms used to evaluate the air quality. The lack of a wax
cuticle and stomata allows to nutrients and contaminants to be
absorbed over the whole surface. The absorbed elements can be
taken from the dry and wet deposition and by short and long-
range transport [1-3]. Likewise, they can extract elements
from the melt-water such as Al, Co, Cr, Pb, Mn, Ni and REE
especially for Antarctic ecosystems [4].

The lichens reported data are mainly about global
pollutants such as Pb, Cd, Zn, Cu, Cr and Hg [5-7]. The use
of new materials of technologic application (nanoparticles),
plus the increment of industrial and population development,
and the effects of global warming could improve the transport,
deposition and availability of pollutants. On the other hand, the
increase of global temperature is heterogeneous and it occurs
more rapidly in Antarctic and Arctic Continents [5]. Actually,

activities respect to the special protected areas. Aluminium, Cr, Hg, Pb and Se concentrations are linked
local waste burning, global inputs, and the melt-water processes, while Br and Se were associated with
marine biogenic cycle. This information could be a valuable tool for future atmospheric studies.

it will need to extend the knowledge about the background
levels of more elements as control tools due to those are being
released to the environment [8]. For this reason, to expand
the knowledge about the elements present in Polar Regions
represents a safeguard for the future.

The Antarctic Protocol provided strict environmental
management and protection guidelines, and established
the obligation to clean-up abandoned work sites. Also,
establishes principles for planning and conducting of all
Antarctic activities. However, the local impacts due to the
increasing of human presence seem inevitable [1]. In the 2008
Antarctic Treaty Consultative Meeting, some of these areas
have been designated as Antarctic Specially Protected Areas
(ASPA; https://www.ats.aq/e/ep.htm) with the purpose to
preserve these environments due to their high sensitivity to
disturbances. Element determination, concentration levels and
potential toxicity, in key species are very important in order
to understand and to elucidate the impact on the Antarctic
terrestrial ecosystem.

Species of the genus Usnea has a wide distribution around
the world including Antarctica and they have frequently used
as bioindicator of presence of elements and compounds [1].
The element contents in lichens from Antarctica are widely
reported in the literature, in particular several works reported
the elemental composition in lichens from 25 de Mayo (King
George) Island, South Shetland Islands, Antarctica [2,9,10].
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However, the information about more elements and their
concentrations in Antarctic lichens is still insufficient [11].

During three Antarctic summer campaigns, lichens
sampling in Potter Peninsula located in 25 de Mayo (King
George) Island were made with the aim to evaluate the effects
of human presence in the area and the coastline ecosystems.
In the present work the concentration of 27 elements in
lichens of the third last campaign are reported in order to
identify the elements associated with the anthropic source or
biogeochemical process. Those results were compared with our
previous data.

Materials and Methods
Study area

The Potter Peninsula is placed at the southernmost end
of 25 de Mayo (King George) Island, South Shetland Islands,
Antarctica, extending its area from 58°35’ to 58°41’ W and from
62°13.9’ to 62°15.7° S (Figure 1), where the Carlini Argentine
Scientific Station is located. The ice-free area encompasses
approximately 6 km?, bordered by the Warszawa Icefield to the
NE, the Bransfield Strait to the SE, the Maxwell Bay to the SW
and Potter Cove to the NW. On the coastline, an area specially
protected (width ca. 500 m) is defined as ASPA-132 according
to the current regulation [12]. The morphology of Potter
Peninsula is characterized by a glacial landscape with steep
cliffs in parts of the along the coast and in the interior, the
countryside flat hilly stand out a protruding andesitic columns
named Tres Hermanos hill (196 m). The geology is dominated
by Tertiary effusive basalt-andesite and related pyroclastic
rocks. The climate conditions are characteristic of marine
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Figure 1: Sampling sites in Potter Peninsula, 25 de Mayo (King George) Island,
South Shetland Islands, Antarctica. S1: Carlini Station; S2: heliport, S3, S4 near to

the Tres Hermanos hill and S5 close to Warszawa Icefield; S6, S7 and S8 in ASPA-
132 (showed in pattern).

Antarctic weather (average annual temperature of 2.8°C);
snowfall and scarce rainfall in summer; and strong winds
predominant from the southwest sector [13]. The development
of Antarctic terrestrial biotic communities is mainly limited
by the freshwater availability, low temperatures and limited
photoperiod [1]. Therefore, few groups of organisms can colonize
or survive in this area; most of them are lichens and bryophytes
that grow on the ice-free coastal areas (rocks and soil) during
summer [14]. The ASPA-132, protected area is characterized as
a wilderness representative area with high biological diversity
and richness, which includes penguin colonies, elephant seals
and sea lions, and skuas and petrels in the elevated zone, as
well as dominant lichens in rocky formations of the highest
sites and close to the beach (Figure 1).

Sampling of lichens and soil

Saxicolous and terricolous lichens were collected during
austral summer since 2011 to 2014, at eight different sites of
Potter Peninsula (Figure 1). The sampled material was based on
the availability of access and the possibility to evaluate anthropic
impact [10]. According to the different human activities, three
sites were considered: Carlini Station (S1), heliport (S2) and
water dam (S4); intermediate points to the east (S3) close to
the Tres Hermanos hill, and (S5) at the southeast of Carlini
Station close to Warszawa Icefield. Finally, other three zones
(S6, S7 and S8) located within the ASPA-132, are the farthest
at 2.5 to 3.7 km away from to the human settlement (Figure 1).

Lichens were collected by random walk method and surface
soils were taken at 2 to 3 cm deep nearby of the lichens. For the
collection, plastic spoons, latex gloves and titanium and Teflon
devices were used. All the collected material was kept in sterile
polyethylene bags frozen at -20°C until processed.

Prior to the elemental analysis, a fraction of lichen
specimens were separated for identification. The destined thalli
for analysis were cleaned under stereo dissecting microscope at
room temperature (22°C). Afterwards, thalli were washed two
times with ASTM water grade 1 (American Society for Testing
and Materials) and dried in a laminar flow hood. Each sample
was made up at least by 10 dried thalli that were ground and
homogenate. In SUPRASIL AN® quartz ampoule 130 to 180 mg
of each set were weighted and sealed for irradiation while 50 to
100 mg samples of the soil were placed in plastic contain.

Lichen identification

The study was based on the fresh material deposited in
Centro Atomico Bariloche collected by the authors, and on
desiccated selected material from BCRU herbarium to compare.
Specimens were examined and identified using a stereo
dissecting microscope (Olympus SZ30) and a light microscope
(Leitz Laborlux 11). Anatomical features were studied on hand-
cut sections mounted in water and in lactophenol cotton
blue; 10% potassium hydroxide (10% KOH) or 1% Lugol’s
Iodine solution directly and after a KOH pre-treatment. All
measurements were made in water [15,16]. Secondary lichens
compounds were identified by High Performance Thin-Layer
Chromatography (HPTLC) [17].
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Elemental analysis

The elemental concentrations were determined by
Instrumental Neutron Activation Analysis (INAA). The samples
were irradiated in the RA-6 research nuclear reactor, Centro
Atémico Bariloche, Argentina (¢th=1.5x1013 n.cm-2.s-1;
$epi=6x1011 n.cm-2.s-1).

Three gamma ray spectra, with different decay times,
were collected using an intrinsic HPGe detector 30% relative
efficiency and a 4096 channel analyser, whereas the spectra
were analysed by using the GAMANAL routine included in
the GANAAS package, distributed by International Atomic
Energy Agency (IAEA). The elemental concentrations were
determined using the absolute parametric method. Analytical
errors were computed as the propagation of the uncertainties
associated with the nuclear parameters, and the efficiency
of the gamma ray detection system. The IAEA 336 Lichen
Reference Material was analysed together with the samples, for
analytical quality control (QC) showing good agreement with
the recommended certified values. The QC analysis is reported
in the Supplementary Data, Table 1.

The measured elements were: antimony (Sb), arsenic (As),
barium (Ba), bromine (Br), caesium (Cs), calcium (Ca), cobalt
(Co), chromium (Cr), hafnium (Hf), iron (Fe), mercury (Hg),
potassium (K), rubidium (Rb), selenium (Se), scandium (Sc),
silver (Ag), sodium (Na), strontium (Sr), tantalum (Ta) thorium
(Th), uranium (U), zinc (Zn), and the Rare Earth Elements
(REE) like lanthanum (La), samarium (Sm) and terbium (Tb).

Aluminium (Al) and lead (Pb) were analysed in lichens
samples by acid digestion with 6mL of 70% HNO3, 0.2mL of 60%
HF and 1mL of 30% H202 and the soils with a 67% solution of
HNO3: H202 (10:1, v/v), and 1mL HF. The completed digestions
were made in a microwave digestion system (Milestone Ethos
D) (EPA 3052) and the measurements were made by Atomic
Absorption Spectrometry with Graphite Furnaces (GF-AAS)
(Perkin Elmer PinAcle 900 Atomic Absorption Spectrometer).
Precision of analysis was estimated by the coefficient of
variation of four replicates and was found to be within 10%
for all elements. The limit of detection to the equipment was 5
pg/L and the LQ was 0.0125 pg/g.

Data analysis

The statistical analysis was performed with XLSTAT
program (Copyright 1995-2009, Addinsoft). When the

Table 1: Species, habitus and collecting sites at potter peninsula, Antartica.

Genus/Species mm

Parmeliaceae Usnea antarctria Fruticose 1,2,3,6,7,8
Parmeliaceae Usnea aurantiacoatra UAA Fruticose 4,5
Parmeliaceae Himantormia lugubris HAA Fruticose 3
Parmeliaceae Physconia muscigena P Foliose 6

. Rhizoplaca Foliose-
Parmeliaceae . P R

aspidophora squamulose

. Sphaerophorus .

Parmeliaceae P P S Foliose 6
globosus

concentration of an element was below the detection limit,
one third of this value was used for statistical analysis and
descriptive purposes. Data were analysed using a multivariate
statistical method. Principal Component Analysis (PCA) using
the elements contents as quantitative variables was applied.
The considered significance level in statistical tests was o
<0.05.

Agglomerative Hierarchical Clustering (AHC) based
on Spearman correlation coefficient over the element
concentrations in the lichens was used in order to evaluate
comparatively the elemental composition in each sites (S1-S8)
with respect to the lichen habitus (e.g. foliose vs. fruticose).
The dendrogram was based on Similitude Index with average
link method.

A lithophile element (e.g. REE) was used as geochemical
tracers (GT) for the discrimination of the elements
associated with geological particulate material (PM) from
the soil entrapped in the thalli. They are used to quantify the
contribution of detrital compounds associated with the PM
to the overall composition of the thalli for differentiating the
possible sources of contribution of elements. This was made by
using correlation matrix and linear regressions based on the
Pearson test.

Likewise, we calculated other environmental indexes such
as the Enrichment Factor (EF) and the Load Pollution Index
(PLI). The EF allows the comparison of the sample with the
composition of the substratum [18]. This factor was estimated
for all lichen samples and each element (X) discriminated by
collection site, according to:

([X]/[Sm])yq
([x]/[sm]),,

The concentration of element (X) and samarium (SM) with
subscript “liq” designates the lichen sample and “sub” for
the soil content in sample of the same sites [19]. The EF(x)
values greater than 1 indicates that the element in the lichen is
enriched compared to the substrate. In this work, an element
was considered enriched when EF(x) values were greater than
or equal to [5].

EF(x) =

Pollution Load Index (PLI) was used to assess the
environmental quality of the area, and it represent one specific
site. The formula used by [20], takes into account the load of
all elements given by:

CF, :[X]qu

[ X ]comrol

PLI =/(CF1xCF2xCF3x...CFn)

CF,_ is the ratio between the concentration of X element in
the lichen and the concentration of the same element in the
control site. Control was defined as site with base element
concentration level for the study area. Pollution Load Index
values less than 1 indicated that the elements in the area are close
to the background concentrations and PLI > 1 indicate different
deterioration degrees to the environmental quality [21].
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Results
Species evaluation

Specimens collected in Potter Peninsula are shown on Table
1 according to the taxonomic location, habitus and collection
sites of each species. These were identified as: Himantormia
lugubris (Hue) I. M. Lamb; Physconia muscigena (Ach.)
Poelt; Rhizoplaca aspidophora (Vain.) Red6n; Sphaerophorus
globosus (Huds.) Vain; Usnea antarctica Du Rietz and Usnea
aurantiacoatra (Jacq.) Bory.

The dendrogram (Figure 2) shows the results of applying
AHC strategy to data. In this figure the R. aspidophora sample
(8R), of foliose habitus, presents the lower similarity of the
assemblies and two main clusters. The cluster 1 include: U.
antarctica samples (1U, 2U, 3U, 6U, 7U, 8U), U. aurantiacoatra
(4UAA, 5UAA) and H. lugubris (3H), all of them of fruticose
habitus. Cluster 2 comprises P. muscigena (6P) and S. globosus
(6S) both from the same site but different habit, foliose and
fruticose respectively. The major similitude aggrupation
observed were related with the habitus more than the sampling
site.

Spatial evaluation

Principal Component Analysis (PCA): The elemental
concentrations of the Usnea species thalli are shown in
Supplementary Data, Table 2, and the PCA results in Figure 3.
The observations are scattered by the elements according to
the sampling sites. The total explained variation in the biplot
was 61.07% by component 1 and 2. The observations S1, S4 and
S5 were grouped by a greater contribution of Al and S2 was
scatter by the effect of Cr, Fe and Rb, while the observation less
explained was S3. On the other hand, S8 was separated from
the rest of observations by the influence of elements like As, Br
and Ag and finally, S6 and S7 were grouped by Sr contribution.

Enrichment factor (EF): Antimony, Sc, Hf, La, Ta, Tb and
Th correlated significantly with the GT (Sm) which belongs to
the lanthanides group. This relationship was not significant for

Table2: Enrichment factors (EF) of U. antartica and U. aurantiacoatra in sampling
sites.

| st st | 52 3 sa  s5 S5 ST s3
440

Al 3059 93 1555 370 - 4761 1365
Br 22 49 32 2.8 1.6 569 288 14
Ca 1.7 1.7 1.4 2.6 1.5 8.9 7.2 13
Cr 1.7 0.50 050 020 0.0 0.40 2.6 0.40
Pb 11 4.4 3.8 4.9 3 - 17 3.5
Hg 6.4 4.8 3.6 29 2.1 9.8 23 10
K 3.1 1.6 3 1.1 1.4 6.9 7.4 4.5
Se 5.7 5.80 6.8 9.3 6.7 123 150 18
Ag 070 0.80 0.40 0.4 0.50 3.9 4.4 0.30
Sr 060 030 070 070 0.40 4.2 4.1 2.7
u 0.80 040 020 0.20 0.90 1.1 1.1 2
Zn 2 1.1 0.78 0.20 0.50 29 3.3 1
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Figure 2: Dendrogram of species association based on the Similarity Index
with average link method. The numbers that precede the letters represents the

collection sites, (H: H. lugubris, P: P. muscigena, R: R. aspidophora, S: S. globosus,
U: U. antarctica, UAA: U. aurantiacoatra.
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Figure 3: PCA biplots of lichen samples correspond to sampling sites S1 to S8

from Potter Peninsula, 25 de Mayo (King George) Island, South Shetland Islands,
Antarctica.

Al, As, Ba, Br, Ca, Cs, Zn, Co, Cr, Sr, Fe, Hg, Ag, Pb, K, Rb, Se,
Na and U (p >0.05), most of them belong to the transition and
alkaline metals groups.

The EF(x) values of non-lithophile elements by sampling
sites are presented on Table 2, in general, the S6, S7 and S8
were the sites with the highest EF values for Br, Ca and Hg.
However, Al and Se were enriched in all sites. In adition, Br
presented high EF in S2 and S3, and it was observed in S1 by
Pb and Hg.

Polution Load Index (PLI): The site used as control for PLI
calculus was S7. The choice was due to the fact that this site
presented the lowest concentrations for the most elements
(Supplementary Data, Table 2). Figure 4 shows the PLI values,
being S2 the more deteriorated site with PLI to 3.47, followed by
S8 (PLI: 2.26) that also presented a high level of deterioration;
the lowest PLI (1.07) was for S6 site.

Discussion

Lichens accumulate elements, some of them environmental
pollutants, for a long period, in excess of 100 years due to their
longevity [22]. The relation between the growth form and
the accumulation capacity has been reported as a factor that
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Figure 4: PLI values according sampling site. The site 7 was taken as the control
site.

affects the element accumulation patterns in lichens [23,24].
The results in Supplementary Data, Table 2 showed for the
mostly elements, e.g.: Sb, As, Ba, Cs, Co, Hf, Fe, La, Rb, Sc
and Sm, major concentrations in foliose than fruticose form,
while for Br, Ca, Hg and Ag were similar in both habitus taking
account the average, standard deviations and median of the
concentrations. Our results are agree with some authors whose
suggested that foliose form has the highest exposed surface to
the atmosphere and this related to higher ability to incorporate
elements [25].

The dendrogram Figure 2 showed high similarity index
(0.964) for homogenous grouping to the family Parmeliaceae
with respect to the other clades belong to the family Physciaceae.
This may be a coincidence. The criteria on the lichen family
taxa somewhat ambiguous and depends on the authors. Genus
Usnea and Himantormia are classified within the Parmelaceae
family which is very diverse and including two foliose and
fruticose habitus (Thgorsten et al. 2012). In other hand, genus
Usnea is also classified in the Usneasea family excluding the
genus Himantormia [26].

The dendrogram nest the lichens of for their habitus in spite
of the fruticose S. globosus is an exception, which is grouped
together with the foliose P. muscigena; unlike the other fruticose
species, S. globosus, was found in association with bryophytes
(mostly mosses). The growing condition in high humid
microenvironments could make to the elements more available
for the lichens [27]. Environmental changes have considerable
influences on physico-chemical process such us pH, redox
potential or oxygen diffusion rates [27]. The nutrients and
elements can be leached and extracted from the colonized rock,
roughened by molten water that flows downward and can seep
into the cushions of lichens and mosses. Those processes could
explain the high concentration of some elements in S. globosus
and the ensemble showed in Figure 2 with fruticose lichens. In
addition [28], found in mosses samples from dry and barren
Antarctic terrestrial ecosystems, that raw concentrations of
elements often reflect the biogeochemical nature of soils and
rocks rather than atmospheric input, generally Al, Fe, Cr, and
other lithophile elements.

The PCA of the Usnea sp., showed clearly a distinction of
sampling sites, the sites near to Carlini Station (S1 to S5) had
a major contribution of elements, which could related to the
human activities like was shown in previous studies at the 25

de Mayo (King George) Island [1,2]. The reported results in this
work together with our data from the two previous sampling
campaigns showed the same trends about the element effects
on antrophic and ASPA area [10]. A great variation in the
element concentrations was observed in all champagnes, the
coefficient of variation lower than 50% was found for as and
Br, K and Se (Supplementary Data, Table 2).

The ACP-graphic in Figure 3 includes Al and Pb contents
producing the spread of sampling sites in slightly different way
to presented by [10], where S2 is in other different quadrant
that S1, S4 and Ss.

The burning of waste as plastics, paper, batteries, and
fuel oils, is most important activity that releases ashes with
elements to the environment and gases as Hg directly into the
atmosphere. Aluminium, Ba and Ca are some of the contained
elements in the ash matrix while other as Cu, Pb, Sb, Se and
Zn are deposited on surface. In the other hand, the element
concentrations likes Mn, Fe and Cu in the effluents coming
directly from the glacier underside where extremely higher
than those derived ice free areas at the bottom of the Tres
Hermanos hill, emphasize the relevance of leaching process
followed by thaw waters [29]. These are in agreement with
[30], whose inform several heavy metals concentrations
as Pb, Cd, Fe and Cr in surface sediments from Potter Cove.
This authors suggest that most of the metals found in Potter
Cove constitute a redistribution of autochthonous materials
within the ecosystem, and its can be considered to be present
at natural background levels in surface sediments. Those
informed processes in the literature, have not doubt that they
contributed to dispersing elements in the study areas.

The site S4, is a place close to Tres Hermanos hill, was used
like garbage dump until 1998 when the Madrid Protocol (1991)
cameinto operation and remediation works were carried out [31].
The S2 samples correspond to the heliport area and they had a
major lithophile element contributions as Ba, Hf, Fe, La, Sm, Sc
and Th, which may be associated with the resuspensions of the
surrounding sediments; Pb and, an important Cr contribution
observed in S2 could also came from the emplacement of the
fuel cisterns. This site and S4, moreover could be influenced
by the water from Tres Hermanos hill, while S1 and S5 are
affected by the melt water come from the Icefield [29,30]. The
sites far away from the human settlement (S6, S7 and S8) were
separated from those close to Carlini Station (S1 to S5) by the
greatest contribution of Br, biological elements such as Se,
Zn, K and pollutants as Hg, Ag and as. These sampling sites
are included in the ASPA-132 where there are several marine
mammal settlements and seabird colonies of penguins, skuas
and seagulls. The bioconcentration of pollutants elements
and detoxification process in mammals and sea birds from
Arctic and Antarctic area have been known base on excrement,
guano and feathers analysis among others [32-36]. These
authors proposed process sea-land bio-transport of chemical
pollutants as As, Hg, Se and Ag.

The PCA results were in agreement to the EF (Table 2) where
the higher values were in S6 and S7 for Al, Br and Se following
by Hg and Pb. Bromine and Se were enriched in all sites and
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campaigns which can be able to biogenic marine cycles,
while the other elements could be indicate anthropogenic
impact [3,10,18,37]. Nevertheless, [4], found increased level
of elements such as Al, Cr, Pb and other REEs, in water and
glacier meltwater from 25 de Mayo (King George) Island.
This represents a significant impact on the biogeochemistry
of coastal seawater in Antarctica and it could explain the high
Al and Se EF values in all studied sites and the Pb EF in S7.
Moreover, biomethylation is known as an important chemical
process in the ocean, which can lead to volatile compounds of
heavy metals, likes Cd, Hg, Pb, Ti and halogens as Br. Some
results reported by [38], demonstrate that the bacteria and
microalgae from the polar ocean are potential sources for
the production of methylated heavy metals. These take place
principally in the pack-ice section, whereas in the polar ocean
under the closed ice sheet and the shore of the Antarctic
Peninsula, methylated heavy metals diminish. Despite of the
stability of the compounds in seawater is different, there are no
doubts that they play an important role in the biogeochemical
cycle of this regions like suggested by high EF values in pristine
sites (S6 to S8).

The PLI values could be considered as contradictory to
the EF. This is because S2 was the most deteriorate site,
although in general, the EF values for this site were low. The
PLI is a standardized method for the comparison of different
geographical areas which take account all the elements, and
indicates the background level when PLI is equal to 1 [39]. When
it value increases, this indicates different pollution degree in
the environment, whereas the EF values is particular for each
element and considered soil. These explain the differences
interpretations about both indexes in each area, in particular,
PLI in Siand S2, and EF in S1, due to the high concentrations
in the soil, for example, Cr and Pb by accidental fuel oil spills
(Supplementary Data, Table 3).

The elemental contents in S8 showed a homogeneous
contribution including As, Br, Ag and biological elements
(Supplementary Data, Table 2). In this site, the important
biological activities related with animal colonies and
biogeochemical cycle, were the reasons, which justified the
designation as second deteriorated area by the high PLI.

Conclusion

Based on three sampling campaigns, the area close to the
Carlini Station (S1 to S5) is enrichment of different elements
respect to the sites far away from it, which includes in the
ASPA-132 (S6 to S8). The most important remarks are:

The presence of the pollutants elements related to
anthropogenic sources as the local waste burning (Al, Sb, Cr,
Pb, Hg, and Se), soil resuspensions (e.g.: lithofile elements)
and, fuel spills (Pb and Cr) also, the global inputs (Cr, Pb and
Hg).

The natural pollutants and the process like soil leaching
and melt water from glacier (Al, Cr and Pb) and biogeochemical
process (Br, Se, Hg, Zn, Fe, Tl) are identified as an influence in
the elements contents of the Antarctic lichens. Furthermore,
the results of our work support the idea that the marine biogenic

cycle and sea-land bio-transport are the main processes that
would affect the coastlines environments.
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