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Abstract: Environmental pollution is one of the most important problems in urban environment. Mosses are good indicators
of air pollution. In Estonia, heavy metals have been measured from Pleurozium schreberi and Hylocomium splendens, which
do not grow in areas of Tallinn with a higher pollution load. In the present study, Cu, Fe and Cd were measured from five
moss species growing in contaminated as well less polluted areas of Tallinn. Based on stationary and street pollution source
inventory and air pollution dispersion modelling, the long-term average concentrations of fine particles (PM, ) and nitrogen
oxides (NOx) in air were estimated. The work revealed that it is possible to find a moss species that is common in Tallinn
and grows in both polluted and less polluted areas — Syntrichia ruralis, which is the most suitable species for bioindication
based on this work. Moss species Ceratodon purpureus accumulated the most Cd, Cu, and Fe, then Brachythecium
rutabulum! Sciuro-hypnum curtum, and Rhytidiadelphus squarrosus the least. Statistically significant higher Fe concentrations
were in the Syntrichia ruralis, compared to the Sciuro-hypnum curtum and Rhytidiadelphus squarrosus. The Syntrichia ruralis
also had significantly higher Cd content compared to the Brachythecium rutabulum/Sciuro-hypnum curtum. The results of
the GLM analysis showed that the content of various heavy metals depends on the moss species and the degree of fine particles
in the environment, and it didn't depend on whether the moss grows on the soil or a hard substrate such as concrete, stone
or asphalt.

Kokkuvote: Sammal Syntrichia ruralis kui sobiv indikaatorliik 6hu kvaliteedi hindamiseks linnalistes asulates Tallinna niitel

Ohusaaste on tésiseks probleemiks paljudes linnades, sh Tallinn, kuid otsem66tmiste kaudu on kiillalt vihe infot 6husaaste
kohta linna erinevates piirkondades. Eestis on méodetud raskmetalle palusamblast (Pleurozium schreberi) ja laanikust
(Hylocomium splendens), mida aga Tallinnas suurema saastekoormusega aladel ei kasva. Kiesolevas uuringus méédeti Cu, Fe
ja Cd sisaldusi viiest samblaliigist saastatud ja vihemsaastatud Tallinna piirkondadest. Lihtudes paiksete 6husaasteallikate ja
linnatinavate heitkogustest ja kasutades 6husaaste hajumismudelit, hinnati peenosakeste (PM, ) ja limmastikoksiidide (NOx)
pikaajalisi keskmisi kontsentratsioone linnadhus. T66s selgus, et on voimalik leida samblaliike, mis on Tallinnas levinud ja
kasvavad nii saastatud kui ka vihem saastatud piirkondades, nt harilik karvkeerik (Syntrichia ruralis), mis on kiesoleva t66
pohjal bioindikatsiooniks koige sobivam liik. T66 tulemuste pohjal sisaldas kéige enam Cd, Cu ja Fe harilik punaharjak
(Ceratodon purpureus), seejirel harilik karvkeerik, harilik lithikupar/lame oravulmik (Brachythecium rutabulum! Sciuro-hypnum
curtum) jakoige vihem niidukiharik (Rbytidiadelphus squarrosus). Statistiliselt olulised korgemad Fe sisaldused olid karvkeerikus,
vorreldes oravulmiku ja niidukiharikuga. Harilikus karvkeerikus oli ka oluliselt kérgem Cd sisaldus vérreldes
lithikupra/oravulmikuga. GLM analiiiisi tulemused niitasid, et erinevate raskmetallide sisaldus s6ltub samblaliigist ja peente
osakeste mairast keskkonnas ja ei ole oluline, kas sammal kasvab mullal voi kéval substraadil nagu betoon, kivi voi asfalt.
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INTRODUCTION tion (Farkas, 1990; Marmor & Randlane, 2007;
Das et al., 2020). In urban areas, the main
lichenobiota grow on trees. As epiphytic lichens
are the most sensitive among all the ecological
groups of lichens (Das et al., 2020), then in big
cities, most of its territory may be a lichen desert
without any epiphytic lichens (Farkas, 1990).

Bryophytes have been used as a significant
biological monitoring system for heavy metal
pollution since 1968 (Tremper et al., 2004).
Another group of organisms often used for
bioindication is lichens but usually through
species mapping and indicator species registra-


https://doi.org/10.12697/fce.2024.61.03

26 Folia Cryptog. Estonica

Moss biomonitoring seems to be more popular
because it causes fewer technical and analytical
problems than lichens and tree bark (Szczepan-
iak & Biziuk, 2003).

Bryophytes have no roots and cuticula like
vascular plants (Glime, 2021). Pollutants accu-
mulate both within and among cells of bryophytes.
The extracellular fraction reflects current
pollution levels in the environment, whereas the
intracellular fraction is more constant and test-
ifies to the average pollution load that is present
in the environment (Vanderpoorten & Goffinet,
2009). Metals from the atmosphere can reach
the surface of terrestrial bryophytes in a solution
(precipitation) or in the form of dry deposition
which may later dissolve or be washed away.
Even though terrestrial bryophytes take most
of the substances from the atmosphere, soil
contributes significantly to the heavy metal
contents. This is particularly discernible during
the rainy seasons or snowmelt periods when
many substances from the soil can be transported
in the form of solutes, wetting the plant. The
bioavailability and mobility of heavy metals in
soil are strongly correlated to its acidity, the
amount of organic matter, and the chemical
composition (Stankovi¢, 2018).

Most bryophyte species are sensitive to envir-
onmental pollution and do not occur in contam-
inated areas — e.g., 87% of the British and Irish
moss species have no tolerance for heavy metals
(Hill et al., 2007). Many bryophytes have become
extinct from urban and industrial environments
because of their sensitivity to polluted air
(Leblanc & Rao, 1974). At the same time, those
species that tolerate pollution can concentrate
heavy metals in large amounts greatly surpassing
the absorbing capacity of vascular plants and
expressing the past and present air quality
(Govindapyari, 2010). Accumulated heavy
metals can have an impact on bryophyte
physiology (Kaur et al., 2010). Species diversity
varies not only with the distance from a source
of pollution but also with the type of habitat
(Gilbert, 1968). According to Leblanc and Rao
(1974), the order of increasing sensitivity is from
terricolous to saxicolous and corticolous species
— species growing on trees appear to be far more
sensitive than those on other substrata, and
the shady and alkaline niches are the most
preferred by bryophytes in the city ecosystem.

The tolerance of mosses to polluted air depends
to a greater extent on the ratio of metals taken
up than on the absolute metal level. There is a
marked difference in the tolerance levels of
bryophytes for individual metals and a combin-
ation of cations. The reproductive potential of a
species determines its degree of success in a
polluted environment. The survival of Bryum
argenteum, Ceratodon purpureus, Funaria
hygrometrica and Marchantia polymorpha lies
in their high reproductive capacity and fast
subsequent growth. These species produce
spores or gemmae on a very large scale (Govind-
apyari, 2010).

The ability of mosses to accumulate heavy metals
depends upon the total leaf surface and the
number of thin-walled parenchymatous cells
(Govindapyari, 2010). The species have different
growth rates and ages of green parts (Pakarinen
& Rinne, 1979). There is a wide variation in
metal accumulation from species to species
(Folkeson 1979; Berg & Steinnes, 1997; Zech-
meister, 1998; Govindapyari, 2010). Nevertheless,
fluctuations in the annual increment of one
species can be enormous between different
habitats having different climatic and moisture
conditions (Pakarinen & Rinne, 1979; Zech-
meister, 1998). Stankovic et al. (2018) have
pointed out that various species are often used
together to get comparable information about
HM pollution in different places, although their
ability to collect heavy metals is different.

The preferred biomonitors are those that are
able to accumulate pollutants, be available
throughout the year, are easy to capture and
identify, and are cosmopolitan in distribution
(Govindapyari, 2010). If we want information on
both contaminated and less polluted areas and
we want to compare the results with natural
areas, we need to choose a species that is
sufficiently well represented in all the mentioned
places. Previous studies and comparative data
from other regions may also be useful. In Esto-
nia, periodic moss heavy metal content studies
are carried out within the framework of the
international program ICP Vegetation, using
Pleurozium schreberi and Hylocomium splendens
(Harmens et al., 2015; Liiv & Kosta, 2017). Due
to the relatively low pollution tolerance of these
species, they can only be sampled from areas
with cleaner air around the city, and therefore



do not give an overview of the actual situation
of pollution in the city.

The aims of this study are: a) to find the
bryophyte species that are common in Tallinn
and grow both in more and less polluted areas
and to assess which bryophyte species is the
most suitable for bioindication in Tallinn; b) to
compare the concentrations of heavy metals in
bryophyte species with different tolerances of
heavy metals; and c) to find out, which environ-
mental parameters affect the contents of heavy
metals in bryophytes the most.

MATERIAL AND METHODS

Sampling sites and sample collection

The study site selection was based on the existing
moss species data about Tallinn (eElurikkus,
2017). Accordingly, we selected five species that
were studied in nine contaminated and nine
less polluted sites in different regions of Tallinn,
and at a control site in a rural area Janeda
(Fig. 1). As the main source of pollution in
Tallinn is traffic (Pindus et al., 2016), the
sampling sites were divided into two zones
according to the traffic load: A — areas were
located near (up to 5 m) heavy traffic streets
(multiple lanes in one direction) and/or cross-
ings; B — areas were located away from heavy
traffic streets (at least 100 m). The selected five
species were Ceratodon purpureus, Syntrichia
ruralis, Sciuro-hypnum curtum, Brachythecium
rutabulum and Rhytidiadelphus squarrosus.
Sciuro-hypnum curtum and Brachythecium
rutabulum are considered together in some ana-
lyses since they are systematically close species
(formerly in one genus Brachythecium). Nomen-
clature of bryophytes is according to Vellak et
al. (2015).

The fieldwork was carried out in April 2018
during six days. Bryophyte species within a
radius of 5 m were recorded and samples of
selected five species were collected if the amount
was sufficient for analyses. At each site, samples
of a species were collected from at least three
different locations. Altogether 49 bryophyte
samples from 15 sites and 22 soil samples from
13 sites were collected. Soil samples were
collected at a depth of 2-4 cm and air-dried.
Living parts of moss were washed with ultrapure
water, air-dried and lyophilised. All samples
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were stored at room temperature. Iron (Fe),
copper (Cu) and cadmium (Cd) contents were
measured from bryophytes by flame and graphite
atomic absorption spectroscopy (AAS).

Chemicals and reagents

All reagents used were of the highest purity
available and all solutions were prepared in
ultrapure water, with a resistivity of 18.2 MQ
obtained from a Milli-Q system Millipore (Bed-
ford, USA). The 1000 mg/1 single metal stock
solutions for iron (Fe), copper (Cu) and cadmium
(Cd) (Atomic Spectroscopy Standard Solutions)
were obtained from Honeywell Fluka™. Calib-
ration solutions in the range of 2-10 ng mL™!
for cadmium and mercury and 0.1-1.0 ug mL™!
for copper and iron were prepared daily by se-
quential dilution of the stock ones. The reduction
solution for cold vapour AAS analysis was
prepared at 25% (m/v) SnCl,-2H,0 (Merck,
Germany) in 20% HCI (v/v) (Merck, Germany).
Nitric acid 68% (m/v) Suprapur from Merck and
35% (m/v) H,0, from Fluka were employed for
the digestion of samples. The applicability of the
method to real samples was demonstrated by
the analysis of CRM testing material LGC6187
“Trace elements in river sediment” (LGC stand-
ards).

Atomic absorption spectrometry (AAS) analysis

AAS metal analysis was carried out according
to the overall procedure described in ISO stand-
ard EN 14084:2003 (Foodstuffs - Determination
of trace elements - Determination of lead,
cadmium, zinc, copper, and iron by atomic
absorption spectrometry (AAS) after microwave
digestion). Moss and soil samples were mi-
crowave digested using Microwave GO (SN:
81801381) equipment according to ISO standard
procedures EN 13805:2002 (Foodsuffs - Determ-
ination of trace elements - Pressure digestion)
and EN 13804:2002 (Foodsuffs - Determination
of trace elements - Performance criteria and
general considerations). For that, about 0.2 g
of solid sample was weighed and 5 ml of nitric
acid and 1 ml of hydrogen peroxide were added
to the microwave bomb. The bomb was sealed
and heated according to the program Organic
A: ramp 20 min to 180 °C, hold 10 min, cooling
10 min. Digested samples were diluted to 50 ml
and subjected for AAS analysis according to the
procedure described in ISO standard. The
determination of Fe and Cu contents was
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Fig. 1. Study sites.



performed using a flame (AASF) atomic absorp-
tion spectrometer (SpectrAA 220F, Varian). Cd
concentration was measured by using graphite-
AAS (SpectrAA 220Z, Varian). Argon 4.0 was
used in AASG and air-acetylene flame for the
AASF method. The spectrometers were calibrated
by means of calibrations solutions prepared by
diluting stock solutions (1000 mg/l). The
absorption lines 248.3 nm (iron), 324.8 nm
(copper) and 228.8 nm (cadmium) were used.
Liquid samples were subjected for analysis and
the corresponding absorbance values were
measured to obtain the respective concentrations
of the metals. For each sample, two replicated
measurements were carried out and the results
given in this work are the averaged concentra-
tions.

Modelled PM, and NO_

The long-term average concentrations of the air
pollutants fine particulate matter (PM,,) and
nitrogen oxides (NO ) in Tallinn were modelled
with AEROPOL 5.3 model (Kaasik et al., 2017).
The meteorological data set was based on
observations (2015-2018) from the Tallinn-
Harku Meteorological Station of the Estonian
Weather Service. The street emissions were
based on the traffic low modelling made by AS
Stratum for urban planning purposes, the
reference year 2017. The domestic heating
emissions were included (based on expected
energy consumption in locally heated urban
areas), but these were found to be of minor
importance, according to modelling results.
Although wood and coal heating emissions are
often a reason for high concentrations of partic-
ulate matter in certain urban areas, this appears
not to be the case of this study, as most of the
samples were taken near major traffic streets
in areas of district heating and some of them,
in contrary, originate from relatively clean sites.

In the urban domain of Tallinn, the concentra-
tions of PM,; and NO_ in the air were modelled
with 50 m grid resolution. The concentration in
a certain sampling point was calculated as a
distance-weighted average of the four nearest
grid points. In the central part of the city (3 km
by 3 km) the concentrations were modelled with
10 m grid resolution and the concentration in
the nearest grid point was taken as the proxy
for the sampling point. Before the application
to certain sampling points, the concentrations
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in the entire grid were validated against three
monitoring stations in the urban domain (one
of these in the central part), and regression
against measured values was applied to correct
systematic discrepancies.

The concentrations of NO_and PM,; outside of
Tallinn were estimated as the annual average
of rural background concentration measured in
the nearest rural air pollution monitoring station
Lahemaa (the rural background concentrations
vary within a narrow range on the territory of
Estonia: 1.8-2.1 pg/m?® of NO_ and 3.9-4.5
ng/m? of PM, ) plus the dispersion of emissions
from major roads nearby.

Data processing

To find out which factors influence the content
of heavy metal in moss, the General Linear Model
(GLM) analysis was performed using the
CANOCO 5 program (ter Braak & Smilauer,
2012). The effects of the following factors were
studied: five moss species, substrata, modelled
NO, and PM,,. Differences between groups were
evaluated by one-way ANOVA. For multiple
comparisons, the Tukey-Kramer post-hoc test
was performed. The homogeneity of variances
was tested with Bartlett's test. Welch's ANOVA
was used in the case of the heteroscedasticity
of this data (McDonald, 2014).

RESULTS

Bryophyte species in Tallinn and species
suitable for bioindication

A total of 28 species of bryophytes were found
on the 19 sites. The most common of these were
Ceratodon purpureus, Syntrichia ruralis, Pty-
chostomum spp. and Sciuro-hypnum curtum,
which were found in 19, 17, 15 and 14 study
areas, respectively. The most common species
on concrete structures were Ceratodon pur-
pureus, Syntrichia ruralis and Bryum argenteum.
Sciuro-hypnum curtum and Rhytidiadelphus
squarrosus grew mainly on the soil. On the
asphalt grew Ceratodon purpureus, Pty-
chostomum spp and Syntrichia ruralis. Several
bryophyte species, which were less common on
the sites, grew on trees of some sites, such as
the Pylaisia polyantha, Orthotrichum speciosum,
Sanionia uncinata and Amblystegium spp. On
the stones, for example, grew Syntrichia ruralis,
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Fig. 2. Cu content in bryophytes by species and sites. A — near multi-lane heavy traffic streets
and crossings (up to 5 m); B — far from heavy traffic streets (at least 100 m) and K — control area.
Syn rur — Syntrichia ruralis, Bra rut — Brachythecium rutabulum, Rhy squ — Rhytidiadelphus
squarrosus, Sci cur — Sciuro-hypnum curtum, and Cer pur — Ceratodon purpureus. Abbreviations for
sites: End — Endla, Kri — Kristiine, Las — Lasnamaée, Lii — Liivalaia, P4a — Paaskula, Sop — Sopruse,
Vab - Vabaduse véljak, Ois — Oismée, Bek — Bekkeri, Bot — Botaanikaaed, Kes — Keskhaigla, Mer —
Merivélja, Nom — Némme, Roc — Rocca al Mare, Jan — Janeda.

Brachythecium spp and Schistidium apocarpum.
In the areas with the highest pollution load
(Nordic Hotel Forum, Joée, Pronksi), only the
Ceratodon purpureus and Bryum species oc-
curred. On the trees nearby there did not grow
mosses.

Our results show that it is possible to find moss
species that are common in Tallinn and grow
in both polluted and less polluted areas. Accord-
ing to our study, the species most suitable for
bioindication is Syntrichia ruralis, which was
found at almost all research sites, only in some
of the most polluted research sites in the city
centre did not grow.

Heavy metals in different bryophyte species
The highest Fe content was measured in
Ceratodon purpureus (3522 pg/g) near a multi-
lane heavy-traffic street Liivalaia and the lowest

in Brachythecium rutabulum (128 pg/g) in the
control area in Janeda. Relatively low Fe con-
centrations were in Rhytidiadelphus squarrosus
in the study areas of Oisméie, Botaanikaaed,
Keskhaigla and Nomme. As the result of the
ANOVA analysis, the difference in the mean iron
content of Syntrichia ruralis (M = 2485 ng/g,
SD = 408) and Sciuro-hypnum curtum (M =1356
pg/g, SD = 265) in the A-areas is statistically
significant (F (1,9) =28.13, p < 0.001). Fe content
in Syntrichia ruralis, Sciuro-hypnum curtum and
Rhytidiadelphus squarrosus were compared in
areas B, where the iron content of Syntrichia
ruralis was significantly higher (M =1437 ng/g,
SD = 636) than that of Rhytidiadelphus squar-
rosus (M = 505 pg/g, SD = 219) and Sciuro-
hypnum curtum (M = 743 png/g, SD = 299), being
statistically significant (ANOVA, F (2,14) = 7.44,
p = 0.006).
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Fe, F (7,30) = 12.17, p < 0.001

Cd, F (7,30) = 2.19, p = 0.063

Cu, F (7, 28) = 6.74, p < 0.001

b SE T  pT) b SE T  p(T) b SE T p(T)
Intercept 116 319 0.4 0719 0.131 0.051 2.6 0.015 -61.49 22.6 -2.7 0.011
SpeBra  -316 301 -1.1 0.302 -0.026 0.048 -0.6 0.586 2898 21.18 14 0.182
Spe.Rhy -793 288 -2.8 0.01 -0.091 0.046 -2 0.054 1229 205 0.6 0.554
Spe.Sci 772 267 -29 0.007 -0.035 0.042 -0.8 0.414 -8.17 1867 0.4 0.665
Spe.Cer 186 329 0.6  0.577 0.104 0052 2  0.055 9.28 2305 04 0.69
Subsoil 144 249 -0.6  0.566 0.047 0.039 1.2  0.245 1031 17.47 0.6 0.56
NO_ 13 22 06 0567 0.002 0.003 0.6 0.548 004 151 0 0981
PM 119 43 28 0.1 -0.003 0.007 -0.4 0.698 9.06 3.01 3  0.005

10

Table 1. GLM analysis — factors influence Fe, Cd and Cu content in moss species. Statistically
significant results are marked in bold. Spe — species: Bra — Brachythecium rutabulum, Rhy —
Rhytidiadelphus squarrosus, Sci— Sciuro-hypnum curtum, and Cer — Ceratodon purpureus. NO_ -
the modelled indicator of nitrogen oxides (ug/m?® and PM, - the modelled indicator of fine particles
below 10pg (particulate matter, ug/m?3). Sub — substrata: soil and hard substrata (concrete, stone,

asphalt).

The highest Cd content was measured in Nomme
(Sciuro-hypnum curtum), in Liivalaia (Ceratodon
purpureus) and in Sopruse (Ceratodon pur-
pureus), respectively 0.37, 0.37 and 0.34 ng/g.
The lowest Cd content was measured in Janeda
(Brachythecium rutabulum, 0.04 pg/g) and
Oisméde and Lasnamée (Rhytidiadelphus
squarrosus). According to ANOVA analysis, the
Cd content of Syntrichia ruralis in A areas was
significantly higher (M = 0.165 pg/g, SD = 0.058)
than that of Sciuro-hypnum curtum/
Brachythecium rutabulum (M = 0.101 pg/g, SD =
0.034), being statistically significant (F (1,10) =
5.35, p =0.043). Cd content differences between
species in B areas were not statistically signi-
ficant.

The highest Cu content was measured in Sopruse
(Brachythecium rutabulum, 173 pg/g) and in
Vabaduse square (Sciuro-hypnum curtum, 150
ng/g and Syntrichia ruralis, 149 ng/g). The
lowest Cu content was measured in Janeda
(Syntrichia ruralis, 3 ng/g and Brachythecium
rutabulum, 5 pg/g) and Oismae (Rhytidiadelphus
squarrosus, 7 pg/g) (Fig 2). The higher figures
of Cu content were near the crossings of major
multi-lane streets — Sopruse, Vabaduse square
and Kristiine. The mean Cu content in Syntrichia
ruralis (M = 90 pg/g, SD = 49) in areas A was
higher than in Sciuro-hypnum curtum (M = 75
pg/g, SD = 65), but this difference is not

statistically significant. There are also no
significant differences in areas B between
Syntrichia ruralis (M = 15 ng/g, SD = 5), Sciuro-
hypnum curtum (M = 13 pg/g, SD = 2) and
Rhytidiadelphus squarrosus (M = 10 pg/g, SD =
2).

Environmental factors affecting the content
of heavy metals

The results of the GLM analysis (Table 1) show
that the content of Fe in mosses is significantly
influenced by the moss species and environ-
mental pollution — in species Sciuro-hypnum
curtum and Rhytidiadelphus squarrosus, the Fe
content was significantly lower than in other
species, and in an environment contaminated
by fine particles, the content of Fe in moss was
significantly higher. In the case of Cd, the GLM
analysis did not show any significant influence
factors among the studied — the moss species
Ceratodon purpureus and Rhytidiadelphus
squarrosus were borderline insignificant, with
higher levels of Cd in Ceratodon purpureus and
rather lower Cd concentrations in Rhytidiadel-
phus squarrosus. GLM results for Cu showed a
significant effect of PM,, on metal content in
mosses being significantly higher in PM -
contaminated environments.
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DISCUSSION

Bryophyte species in Tallinn and species
suitable for bioindication

The moss Ceratodon purpureus and some Bryum
species were also related to higher levels of
environmental pollution by other researchers
(Gilbert, 1968; Kohler, 2006). Naszradi et al.
(2007) found Syntrichia ruralis (Tortula ruralis)
to be a suitable moss for indication of heavy
metal pollution due to its resistant nature against
stress factors, inc. heavy metals. This species
is rather tall among mosses, it is relatively easy
to recognize and grows on various substrates,
soils, concrete walls, and asphalt. Syntrichia
ruralis tolerates a wide range of soil and mois-
ture conditions and likes lighted habitat. Syn-
trichia ruralis is one of the eight selected species
by Mallen-Cooper et al. (2023) that are abundant
in ecosystems in temperate to arctic regions and
play major functional roles. The moss Ceratodon
purpureus is a species that is frequent and often
abundant on substrates with moderate or high
concentrations of heavy metals, sometimes
occurring as dominants over large areas, but is
also frequent in other habitats (Hill et al., 2007).
Although Ceratodon purpureus grew even at the
most polluted research sites in our study, samples
of this species are difficult to collect because its
shoots are shallow, and it is difficult to obtain
a sufficient amount for analysis. Brachythecium
species and Sciuro-hypnum curtum are very
similar, so there may be problems with the
differentiation of species, and also Brachythecium
species and Sciuro-hypnum curtum are more
associated with soil surfaces that are not found
everywhere in cities. Rhytidiadelphus squarrosus
is not found in many polluted areas, and the
distribution of this species is also limited by the
lack of suitable habitats in the city.

Heavy metals in different bryophyte species

Comparing Fe content results of this work with
a study carried out in 1994 (Mé&kinen & Liiv,
1996), where Pleurozium schreberi's maximum
1140 pg/g Fe was measured on the outskirts
of Tallinn, here it is comparable to the maximum
result of this study Rhytidiadelphus squarrosus
in Lasnamée — both species are pleurocarps.
However, the highest iron content in our work
from Ceratodon purpureus is far behind the iron
content of the 90s in northeastern Estonia from
Pleurozium schreberi — 8840 pg/g (Makinen &

Liiv, 1996). In the Liiv and Késta (2017) study,
where the areas were selected that were at least
300 m from the trunk road and at least 100 m
from the smaller road, the average of Pleurozium
schreberiand Hylocomium splendens Fe collected
from the surroundings of Tallinn is 291 pg/g
and the Estonian average is 208 pg/g. As in the
present study, Fe content was higher in the city
centre than elsewhere in Tallinn at the M&kinen
and Liiv (1996) study peat moss balls, which
were placed in the city for 2.5 months.

The Estonian average Cd content in Pleurozium
schreberi and Hylocomium splendens is
0.11 pg/g and the average for the vicinity of
Tallinn is 0.13 pg/g (Liiv & Kosta, 2017). In the
mid-1990s in Tallinn, for example in Paaskila,
Pelgulinna, Kloostrimetsa and Muuga, the Cd
content was higher than the Estonian average
of that time (0.2 pg/g), but lower compared to
other European countries. Cd levels were
particularly high (0.7 pg/g per month) in Helsinki
in 1981 in moss balls near a garbage incinera-
tion plant (Mékinen & Liiv, 1996).

In 1994, the maximum copper concentration in
the samples of Pleurozium schreberi on the
outskirts of Tallinn was 38.2 pg/g. The highest
concentrations of Cu were determined in peat
moss balls kept in the city for 2.5 months, which
were exhibited in the passenger port area
(Makinen & Liiv, 1996).

The heavy metal content of acrocarp species
Ceratodon purpureus and Syntrichia ruralis
tended to be higher than in pleurocarps (Bra-
chythecium rutabulum, Sciuro-hypnum curtum,
Rhytidiadelphus squarrosus) in the case of 3
investigated metals — Fe, Cd and Cu. Our results
are opposite to Govindapyari's (2010) findings
that among mosses the profusely branched and
ramifying pleurocarps and the densely packed
acrocarps are more efficient entrappers and
absorbers of metal particles than the un-
branched and erect acrocarps. Folkeson (1979)
studied heavy metal concentrations (inc. Fe, Cu
and Cd) of two acrocarps and three pleurocarps
and the concentrations varied decidedly between
species (especially for iron) — one acrocarp and
one pleurocarp species had a much higher Fe
concentration than the other studied species.
The differences between species are better
explained by the differences in the growth rate
and morphology of the species and the variability



in the age of the green part (Pakarinen & Rinne,
1979; Govindapyari, 2010).

Environmental factors affecting the content
of heavy metals

The results of the GLM analysis give the conclu-
sion that the content of various heavy metals
depends on the degree of fine particles in the
environment and moss species, and it does not
matter whether the moss grows on the soil or a
hard substrate such as concrete, stone or
asphalt. Stankovi¢ et al. (2018) have pointed
out that moss species are often used together
in the works, although their ability to collect
heavy metals is different. Folkeson (1979)
developed calibration factors between five moss
species he studied, and he also does not advise
the use of different monitoring species in a
deposition survey without interspecies calibra-
tion.

ACKNOWLEDGEMENTS

The authors thank Tarmo Sulger from AS
Stratum for providing the street-wise traffic flow
data for air pollution modelling. The rural and
urban air quality monitoring data for background
levels and model validation in air pollution dis-
persion modelling were obtained from public
sources provided by the Estonian Environmental
Research Centre. This research is partly funded
by Estonian Ministry of Education and Science,
research grant PRG1726.

REFERENCES

Berg, T. & Steinnes, E. 1997. Use of mosses (Hylocomium
splendens and Pleurozium schreberi) as biomon-
itors of heavy metal deposition: from relative to
absolute deposition values. Environmental Pollu-
tion98(1): 61-71. https:/ /doi.org/10.1016/S0269-
7491(97)00103-6

Das, K., Goel, N., Baweja, P., Rani, A. S. & Uniyal, P.
L. 2020. Lichens as bioindicators and biomonit-
oring agents. Environment & We: an International
Journal of Science & Technology 15: 131-144.
Retrieved from http://www.sedindia.in/ewijst/
issues/voll5/ewijst1502052019029.pdf

eElurikkus. 2017. https:/ /elurikkus.ee/. [Accessed:
21.12.2017].

Farkas, E. 1990. Lichen mapping in the Budapest
agglomeration area (Hungary). Stuttgarter Beitréige
Naturkunde Serie A [Biologie] 456_A: 59-65. Re-

33

trieved from https:/ /www.zobodat.at/publikation_
volumes.php?id=44117

Folkeson, L. 1979. Interspecies calibration of heavy-
metal concentrations in nine mosses and lichens:
Applicability to deposition measurements. Water,
Air, & Soil Pollution 11: 253-260. https:/ /doi.org/
10.1007/BF00286637

Gilbert, O. L. 1968. Bryophytes as indicators of air
pollution in the Tyne Valley. New Phytologist 67:
15-30. https://doi.org/10.1111/j.1469-8137.
1968.tb05450.x

Glime, J. 2021. Bryophyte Ecology. https:/ /digitalcom-
mons.mtu.edu/oabooks/4. [Accessed: 26.05.
2022].

Govindapyari, H., Leleeka, M., Nivedita, M. & Uniyal,
P. 2010. Bryophytes: indicators and monitoring
agents of pollution. NeBio: an international journal
of environment and biodiversity 2(1): 35-41.

Harmens H., Mills G., Hayes F., Norris D. A. & Sharps
K. 2015. Twenty-eight years of ICP vegetation: an
overview of its activities. Annali di Botanica 5:
31-43. https:/ /doi.org/10.4462 /annbotrm-13064

Hill, M. O., Preston, C. D., Bosanquet, S. D. & Roy,
D. B. 2007. BRYOATT: Attributes of British and
Irish Mosses, Liverworts and Hornworts. Centre
for Ecology and Hydrology, Huntingdon. 88 pp.

Kaasik, M., Geertsema, G. & Scheele, R. 2017. Valid-
ation of Gaussian plume model AEROPOL against
Cabauw field experiment. International Journal
of Environment and Pollution 62(2-4): 369-384.
https://doi.org/10.1504 /IJEP.2017.089420

Kaur, S., Rao, A. & Kumar, S.S. 2010. Studies on the
effect of heavy metals on the growth of some
bryophytes (mosses). International Journal of
Pharmaceutical Sciences Review and Research 5
(3): 102-107. Retrieved from https://globalre-
searchonline.net/journalcontents/volumeSis-
sue3/Article-018.pdf

Koéhler, M. 2006. Long-term vegetation research on
two extensive green roofs in Berlin. Urban Habitats
4(1): 3-26.

Leblanc, F. & Rao, D. N. 1974. A review of the literature
on byophytes with respect to air pollution. Bulletin
de la Société Botanique de France 121 (sup2):
237-255. https://doi.org/10.1080/00378941.
1974.10839310

Liiv, S. & Kosta, H. 2017. Eesti riikliku keskkonnaseire
véliséhu allprogrammi seiret66 raskmetallide
sadenemise bioindikatsiooniline hindamine. 2016.
aasta aruanne. Cd, Cr, Cu, Fe, Ni, Pb, V, Zn, N,
As, Hg, Al ja Ti sisaldus samblas. Tallinna
Botaanikaaed, Tallinn. (in Estonian).

Mallen-Cooper, M., Rodriguez-Caballero, E., Eldridge,
D.J., Weber, B., Budel, B., Hohne, H. & Cornwell,
W. K. 2023. Towards an understanding of future
range shifts in lichens and mosses under climate
change. Journal of Biogeography 50: 406-417.
https://doi.org/10.1111/jbi.14542

Marmor, L. & Randlane, T. 2007. Effects of road traffic
on bark pH and epiphytic lichens in Tallinn. Folia


https://doi.org/10.1016/S0269-7491(97)00103-6
https://doi.org/10.1016/S0269-7491(97)00103-6
http://www.sedindia.in/ewijst/issues/vol15/ewijst1502052019029.pdf
http://www.sedindia.in/ewijst/issues/vol15/ewijst1502052019029.pdf
https://elurikkus.ee/
https://www.zobodat.at/publikation_volumes.php?id=44117
https://www.zobodat.at/publikation_volumes.php?id=44117
https://doi.org/10.1007/BF00286637
https://doi.org/10.1007/BF00286637
https://doi.org/10.1111/j.1469-8137.1968.tb05450.x
https://doi.org/10.1111/j.1469-8137.1968.tb05450.x
https://digitalcommons.mtu.edu/oabooks/4
https://digitalcommons.mtu.edu/oabooks/4
https://doi.org/10.4462/annbotrm-13064
https://doi.org/10.1504/IJEP.2017.089420
https://globalresearchonline.net/journalcontents/volume5issue3/Article-018.pdf
https://globalresearchonline.net/journalcontents/volume5issue3/Article-018.pdf
https://globalresearchonline.net/journalcontents/volume5issue3/Article-018.pdf
https://doi.org/10.1080/00378941.1974.10839310
https://doi.org/10.1080/00378941.1974.10839310
https://doi.org/10.1111/jbi.14542

34 Folia Cryptog. Estonica

Cryptogamica Estonica 43: 23-37. Retrieved from
https://ojs.utlib.ee/index.php/FCE/article/view/
13752

McDonald, J. H. 2014. Handbook of Biological Statistics
(3rd ed). Sparky House Publishing, Baltimore,
Maryland. 299 pp.

Meyer, M., Schréder, W., Pesch, R., Steinnes E. &
Uggerud H. T. 2015. Multivariate association of
regional factors with heavy metal concentrations
in moss and natural surface soil sampled across
Norway between 1990 and 2010. Journal of Soils
and Sediments 15: 410-422. https://doi.org/
10.1007/s11368-014-0999-9

Mékinen, A. & Liiv, S. 1996. Tallinna 6hu seisundi
hindamine bioindikatsiooni meetodil. In: Eensaar,
A. & Sander, H. (eds). Inimméju Tallinna Keskkon-
nale I1I: 81-90. Tallinna Botaanikaaed, Tallinn.
(in Estonian).

Naszradi, T., Badacsonyi, A., Keresztényi, I., Podar,
D., Csintalan, Z. & Tuba, Z. 2007. Comparison
of two metal surveys by moss Tortula ruralis in
Budapest, Hungary. Environmental Monitoring
and Assessment 134: 279-285. https://doi.org/
10.1007/s10661-007-9617-2

Pakarinen, P. & Rinne, R. J. K. 1979. Growth rates
and heavy metal concentrations of five moss
species in paludified spruce forests. Lindbergia
5(2): 77-83. http:/ /www.jstor.org/stable/20-
149331

Pindus, M., Orru, H., Maasikmets, M., Kaasik, M. &
R.J. 2016. Association between health symptoms
and particulate matter from traffic and residential
heating — results from RHINE III in Tartu. The
Open Respiratory Medicine Journal 10: 58-69.
https://doi.org/10.2174/1874306401610010058

Szczepaniak, K. & Biziuk, M. 2003. Aspects of the
biomonitoring studies using mosses and lichens
as indicators of metal pollution. Environmental
Research 93(3): 221-230. https://doi.org/10.
1016/s0013-9351(03)00141-5

Stankovié, J. D., Sabovljevi¢, A., D. & Sabovljevi¢, M.
S. 2018. Bryophytes and heavy metals: A review.
Acta Botanica Croatica 77(2): 109-118. https://
doi.org/10.2478 /botcro-2018-0014

Zechmeister, H. G. 1998. Annual growth of four
pleurocarpous moss species and their applicability
for biomonitoring heavy metals. Environmental
Monitoring and Assessment 52: 441-451. https:/
/doi.org/10.1023/A:1005843032625

ter Braak, C. J. F. & Smilauer, P. 2012. Canoco Ref-
erence Manual and User’s Guide: Software for
Ordination (version 5.0). Microcomputer Power,
Ithaca, USA. 496 pp.

Tremper, A. H., Burton, A. S. & Higgs, D. E. 2004.
Field and laboratory expousures of two moss
species to low metal pollution. Journal of Atmo-
spheric Chemistry 49: 111-120. https://doi.org/
10.1007/s10874-004-1218-7

Vanderpoorten, A. & Goffinet, B. 2009. Introduction
to Bryophytes. Cambridge University Press, New

York. 303 pp. https://doi.org/10.1017/CBO
9780511626838

Vellak, K., Ingerpuu, N., Leis, M. & Ehrlich, L. 2015.
Annotated checklist of Estonian bryophytes. Folia
Cryptogamica Estonica 52: 109-127. https:/ /doi.
org/10.12697 /fce.2015.52.14


https://ojs.utlib.ee/index.php/FCE/article/view/13752
https://ojs.utlib.ee/index.php/FCE/article/view/13752
https://doi.org/10.1007/s11368-014-0999-9
https://doi.org/10.1007/s11368-014-0999-9
https://doi.org/10.1007/s10661-007-9617-2
https://doi.org/10.1007/s10661-007-9617-2
http://www.jstor.org/stable/20149331
http://www.jstor.org/stable/20149331
https://doi.org/10.2174/1874306401610010058
https://doi.org/10.1016/s0013-9351(03)00141-5
https://doi.org/10.1016/s0013-9351(03)00141-5
https://doi.org/10.2478/botcro-2018-0014
https://doi.org/10.2478/botcro-2018-0014
https://doi.org/10.1023/A:1005843032625
https://doi.org/10.1023/A:1005843032625
https://doi.org/10.1007/s10874-004-1218-7
https://doi.org/10.1007/s10874-004-1218-7
https://doi.org/10.1017/CBO9780511626838
https://doi.org/10.1017/CBO9780511626838
https://doi.org/10.12697/fce.2015.52.14
https://doi.org/10.12697/fce.2015.52.14

