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Diversity of secondary lichen metabolites was studied in epiphytic lichens on six
phorophytes—spruce, pine, birch, alder, aspen and poplar in the Middle Urals of Russia.
Atranorin, usnic, fumarprotocetraric acid, zeorin, and gyrophoric acid were found in 31,
24, 23, 18, and 14 species, respectively, of 237 taxa collected. Seventy-seven species
(i.e., 32% of total species documented) contained no secondary metabolites. Spectra of
secondary metabolites of fruticose and foliose lichens varied on different phorophytes,
while in crustose species the strong dependence on the tree species was not detected.
This is different to the pH dependence of saxicolous lichens where crustose lichens
were more susceptible to the rock chemistry. The results of Canonical Correspondence
Analysis reveal the affinity of species containing depsides, depsidones or usnic acid
to acidic substrata and those lacking secondary metabolites or containing terpenes
and antraquinones to the pH-neutral bark. We suppose that phenolic compounds and
flavonoids, as chemical constituents of bark, may interact with lichen symbioses and
elements in phellem, and similarly to the lichen acids shape the affinity of species to
the substrata.

Keywords: substrate ecology, phorophyte, flavonoids, terpenes, Middle Urals, CCA analysis

INTRODUCTION

Lichens contain from 800 (Elix and Stocker-Wörgötter, 2008) to 1,050 (Stocker-Wörgötter, 2008;
Goga et al., 2018) secondary metabolites, or lichen acids, that belong to various groups, including
aliphatic acids, antraquinones, phenolic compounds, quinones, pulvinic acid derivatives, steroids,
terpenes, and xanthones (Elix, 2014). Some secondary lichen metabolites act as photoprotectors
(Legouin et al., 2017; Phinney et al., 2019; Beckett et al., 2021), or cause an ability of species to
withstand high temperatures or a prolonged drought (Asplund et al., 2017; Lutsak et al., 2017),
others act as allelopathic agents (Giordano et al., 1997), or may alter a permeability of the cell
membrane of phycobionts (Lawrey, 1986).

Secondary lichen metabolites play an important role in interaction of lichens with their
substrates Hauck and Jürgens, 2008; Hauck et al., 2010). The property as weaker or stronger acids
enables lichen substances shape preferences of species to the substrate pH (Bačkor et al., 1997;
Hauck and Jürgens, 2008). This action of usnic acid is based on its activity as a protonophore
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that aids penetration of hydrogen ions to plasmalemma and
acidification of protoplasts (Hauck et al., 2009b), the feature
that made this metabolite a widely known antimicrobial,
antitumor and anti-inflammatory agent (Antonenko et al., 2019).
Lichen acids with a lower constant of dissociation such as
fumarprotocetraric, perlatolic, or thamnolic may impart lichens
a higher acidity tolerance (Hauck et al., 2009a). These chemical
properties of secondary lichen metabolites result in differential
selection of substrates by lichens containing different lichen
acids. Crustose species that specialize in siliceous rock substrates
produce more lichen substances than those on calcareous
substrates (Spier and Aptroot, 2005) and the abundance of species
containing particular chemical constituents depends on the rocky
substrate (Paukov et al., 2019). Variation of secondary chemistry
is found between species of the same genus growing on different
rocks (Favero-Longo et al., 2015).

Rock and bark offer lichens a different set of conditions.
Lichens on most rock types interact with substantially higher
concentrations of metals (Purvis and Halls, 1996; Favero-Longo
et al., 2004). Unpolluted bark has a lower amount of elements
(Purvis et al., 2005) but contains variable organic compounds
produced by a tree species and is more susceptible to changes
caused by airborne pollutants (van Dobben et al., 2001). Both
bark and rocks in natural conditions vary from more acidic to
neutral or basic, however, bark has lower minimal values and
higher variation rates compared to rocks (Skye, 1968; Paukov
et al., 2019).

The working hypothesis was that there is an interaction of
secondary metabolites in lichens and bark that results in different
species composition and abundance of epiphytes on a variety
of phorophytes. The aims of the paper were: (1) To evaluate
if epiphytic lichens producing different secondary metabolites
have distinct affinities to substrates with different pH and (2)
to evaluate if organic chemical constituents of phorophyte bark
affect the species diversity of epiphytic lichens. We estimated
lichen diversity and the variability of secondary metabolites on six
different tree species ranging from acid to neutral bark, Siberian
spruce (Picea obovata Ledeb.), Scotch pine (Pinus sylvestris L.),
common birch (Betula pendula Roth), speckled alder [Alnus
incana (L.) Moench], European aspen (Populus tremula L.), and
balsam poplar (Populus balsamifera L.) in protected regions of the
southern part of Sverdlovsk region (Middle Ural, Russia) and the
abundance of lichens in relation to their secondary chemistry on
these phorophytes.

MATERIALS AND METHODS

Study Area
Epiphytic lichens were collected in Pripyshminskiye Bory, Olenyi
Ruchyi (Paukov, 2003; Paukov and Teptina, 2013) and Reka
Chusovaya (57◦16′N, 59◦17′E) national parks, and in the vicinity
of Dvurechensk settlement (Figure 1). These territories are
situated far from sources of atmospheric pollution that prevented
possible contamination of the bark by airborne pollutants. The
territory of Pripyshminskiye Bory national park belongs to West
Siberian plain, hemiboreal small-leaved forests zone. Olenyi

FIGURE 1 | Study area and sampling localities. Modified from maps at
d-maps.com. (1) Pripyshminskiye Bory national park, (2) Olenyi Ruchyi
national park, (3) Reka Chusovaya national park, (4) Dvurechensk settlement.

Ruchyi and Reka Chusovaya national parks and Dvurechensk
belong to the mountain taiga zone. The territory is covered
by coniferous forests dominated by Scotch pine and Siberian
spruce and secondary forest vegetation with birch and aspen. The
climate of the territory is moderately continental, with a cold
winter and a warm summer. Average annual temperature varies
from –0.7 to+ 1.3◦C (Ogureeva et al., 2018).

Field Survey
The biodiversity of lichens in the protected territories of Middle
Urals was studied by a route method (Vassiliyeva, 1959). The
routes were defined using vegetation maps so as to visit various
forest stands dominated by different phorophytes. Within every
stand thorough collecting of epiphytic lichens was undertaken
within 10 × 10 m plots. A list of species was compiled for
every phorophyte, which was used for comparison the diversity
of secondary metabolites of lichens. The most species-rich
phorophytes were then selected for recording epiphytic lichen
groupings. Epiphytes of pine, birch and poplar were recorded
near Dvurechensk settlement (56◦36′N, 61◦02′E) (Figure 1). The
main type of vegetation near Dvurechensk is pine forests with
domination of Vaccinium myrtillus L. and Pteridium pinetorum
C.N. Page and R.R. Mill. Birch stands are distributed along
rivers or as a secondary vegetation after logging. Poplar is an
alien species that was widely used in townships of the region
some 50–100 years ago. Now it is losing its popularity but
remains a very common tree in older parts of settlements. For
the characterization of epiphytes on this phorophyte we used
poplars in a village of Klyuchi (56◦37′N, 61◦03′E), 3 km NE
from Dvurechensk. Lichens of aspen, spruce, and the rest of
birch trees was described in Reka Chusovaya nature park where
the dominated vegetation types are spruce forests intermixed
with aspen and birch stands as a secondary vegetation. Vertical
trees of every phorophyte species with the breast height diameter
not less than 40 cm were selected. Epiphyte lichen groupings
on alder were not described as this phorophyte has mostly
slanted trunks. Thirty trees of poplar, 50—of spruce, 90—of both
aspen and birch, and 100—of pine were studied. Every tree was
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photographed with a superposed 10 × 10 cm quadrate mesh
subdivided into 100 1 × 1 cm squares twice, at the base, and at
the height of 1.3 m. We followed the approach of preferential
sampling (Pennino et al., 2019), describing the most species-rich
lichen assemblages and avoiding trees devoid of lichens at either
height above the ground. The total number of quadrats used
in this study is 720. Bark samples from every tree species were
collected together with lichens from the photographed quadrats
on the height of 1.3 m to the depth of 2–3 mm. Ten samples for
each phorophyte were arbitrarily selected for the determination
of pH, and five samples for the determination of phenolic
compounds, terpenes, and flavonoids. Care was taken to select
the bark populated by lichens as it differs from bare bark in an
elevated levels of phenolic compounds (Latkowska et al., 2015).

For determination of species most crustose lichens (genera
Lecanora, Lepraria, and others) and foliose-fruticose lichens
known for their variable chemistry (Bryoria, Usnea) were studied
chromatographically. Specimens of taxa known for their constant
chemistry were periodically checked to approve the absence
of chemosyndromes in the studied region. Selected thalli of
species photographed during the registration of the cover of
lichen groupings were taken for the control determination of the
composition of secondary metabolites in a laboratory.

Analytical Procedures
Secondary lichen products were analyzed using WinTab
software (Lafferty et al., 2021) by applying standard thin-
layer chromatography techniques (Culberson and Kristinsson,
1970; Orange et al., 2001) in solvent systems A (toluene:1,4-
dioxane:acetic acid, 180:45:5), B (hexane:diethyl ether:formic
acid, 140:72:18) and C (toluene:acetic acid, 170:30). For rapid
data sorting and operation an electronic table was created
where collected species were arranged in rows and phorophytes
together with secondary lichen metabolites were arranged in
columns. The presence of a species on a particular phorophyte
was marked as “1.” Similarly, the presence of a particular
metabolite in a lichen species was marked by “1.”

The determination of pH of water extraction was performed
following the protocol of Kricke (2002) with some modifications.
For this, 2 g of powdered bark samples were poured into 20 mL
of distilled water and left for 24 h with periodical shaking. The
pH was measured after precipitation of particles with a pH
meter (Anion 4100, Novosibirsk, Russia) in ten repetitions for
every phorophyte.

Bark chemistry was analyzed using thin layer chromatography
(Wagner et al., 1984; Ermoshin et al., 2021) in a solvent
system toluene:ethyl acetate:formic acid, 30:18:2. One hundred
milligrams of bark of six tree species in 3 repeats each were
extracted in 1 mL acetone and 14 mkL of every extract was
applied on a chromatographic plate. Quercetin, gallic, salycilic,
and ferulic acid solutions (4 mkg in every spot) were used as a
reference. Plates were developed in 2% solutions of aluminum
chloride, iron chloride, and phosphotungstic acid in ethanol
(Sorescu et al., 2018; Shaikh and Patil, 2020). For a quantitative
analysis of chemical constituents 120 mg of bark were poured
into 1.5 mL of ethanol and extracted at 55◦C in an ultrasound
chamber (Grad 80–35, Proton LLC, Moscow, Russia) for 35 min.

The extract was centrifuged and the extraction from the same
bark sample was repeated three times. Supernatants taken from
the same bark sample were united and topped to the volume of
6 mL so as to 1 mL corresponded the extract from 20 mg of
bark. A total content of phenolic compounds was determined
photometrically (Infinite M200pro photometer, Tecan, Grödig,
Austria) using Folin-Ciocalteu reagent with addition of a
sodium carbonate. The concentration of phenolic compounds
in solutions was expressed in relation to gallic acid. Flavonoids
were determined photometrically after addition of an aluminum
chloride solution and the concentration was expressed in relation
to rutin (Larayetan et al., 2019).

Statistical Analyses
Matrices of (a) metabolite occurrence with respect to lichen
species, (b) pH and organic compounds in bark of phorophytes,
(c) cover of species with different metabolites on every
10 × 10 cm plot were assembled as Microsoft Excel electronic
tables. To avoid the influence of species-specific patterns in
the distribution of lichens, depending on the parameters of
microhabitats, the cover of species containing the same lichen
metabolite was summed in every description within 10 × 10 cm
plot. If a species contained several lichen metabolites, its cover
was counted correspondingly several times for every lichen acid
in a thallus. The abundance of lichens containing different
secondary metabolites in relation to the content of organic
compounds and the pH of bark was analyzed as raw data in
CANOCO 5.0 (Šmilauer and Lepš, 2002). The analyses were
separately performed for crustose and foliose-fruticose species
for comparison. The response data had a gradient of 7.8
and 6.3 SD units long, respectively, so unimodal constrained
ordination (CCA) was used. Organic compounds contained in
a one phorophyte species only were not included into the CCA
analysis. Differences in percentage of species containing various
metabolites were analyzed using χ2 criterion and differences
of bark pH were estimated using a Mann-Whitney U-test in
Statistica 13.0 (Statsoft, Tulsa, United States). Cluster analysis was
performed by a single-linkage method in the PAST 3.18 package
(Hammer et al., 2001). The data on secondary chemistry and
abundance of epiphytic lichens were compared with similar data
on saxicolous species (Paukov et al., 2019).

RESULTS

Species and Secondary Metabolite
Diversity
During the general inventory 237 lichen species were found
inhabiting tree bark in the protected territories of Middle
Urals. The species recorded contained 76 lichen metabolites. Of
them, six groups of metabolites represented a half of the total
diversity: Nine of them belonged to β-orcinol depsidones, eight—
to β-orcinol depsides, and eight to pulvinic acid derivatives.
The groups of aliphatic acids and orcinol depsidones were both
represented by seven metabolites.

Thirty-five secondary lichen metabolites were found in only
one species, 21 were present in 5 or more, and six—in 10 or
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more epiphytic species. The most common among them was
atranorin, which was found in 31 species (Table 1). Usnic,
fumarprotocetraric acid, zeorin, and gyrophoric acid were
found in 24, 23, 18, and 14 species, respectively. Seventy-seven
species (i.e., 32% of total species documented) contained
no secondary metabolites. Divaricatic, fumarprotocetraric,
lecanoric, squamatic and usnic acids are contained in a
larger amount of species compared to saxicolous lichens
with the same metabolites, and in the saxicolous group
antraquinones, gyrophoric, lobaric, norstictic, psoromic, and
stictic acids were contained in a relatively larger amount of
species compared to epiphytes.

Foliose lichens were the most chemically diverse and
contained 32 metabolites in 52 species (ratio 0.62), while fruticose
lichens had 21 metabolites in 39 taxa (ratio 0.54), and 144 crustose
species contained 55 lichen acids (ratio 0.38). Three, 35, and 40
percent of crustose, foliose and fruticose species, respectively,
contained no secondary metabolites. Epiphytes are more diverse
in lichen metabolites compared to saxicolous species. The latter
had metabolite to species ratios of 0.30 for foliose, 0.44 for
fruticose, and 0.16 for crustose taxa.

Secondary Metabolite Diversity on
Different Phorophytes
The most species-rich substrate was aspen (88 species) followed
by birch, alder, spruce and pine (Table 2). The diversity of
secondary metabolites did not correlate with the species diversity
on a particular tree species but, unlike in the group of saxicolous
lichens, the metabolite to species ratio on different phorophytes
in epiphytes gradually decreased from spruce to aspen. Similarly,
the average number of metabolites in a lichen species decreased

TABLE 1 | The quantity of epiphytic and saxicolous lichen species containing the
most frequently recorded secondary metabolites.

Metabolites Epiphytic lichens Saxicolous lichens

(237 species) (543 species)

Number of
species

Percent of
total

Number of
species

Percent of
total

Atranorin 31 13.1 73 13.4

Usnic acid 24 10.1 42 7.7

Fumarprotocetraric acid 23 9.7 21 3.9

Zeorin 18 7.6 37 6.8

Gyrophoric acid 14 5.9 41 7.6

Norstictic acid 10 4.2 36 6.6

Lecanoric acid 9 3.8 14 2.6

Anthraquinones 6 2.5 35 6.4

Squamatic acid 6 2.5 10 1.8

Divaricatic acid 6 2.5 5 0.9

Stictic acid 5 2.1 32 5.9

Xanthones 4 1.7 10 1.8

Lobaric acid 1 0.4 11 2.0

Psoromic acid 1 0.4 10 1.8

Data on saxicolous lichens are according to Paukov et al. (2019).

in the same direction, the phenomenon that was previously noted
also in the group of saxicolous lichens.

The proportion of crustose species without lichen acids on
different phorophytes varies but the variability is statistically
insignificant (χ2 = 6.8, p = 0.2) (Figure 2A). Lecanoric and
vulpinic acids were more common in crustose lichens on conifers
and birch (p < 0.05). The only metabolite that increased its
percentage in species on aspen was anthraquinone (parietin). No
particular trend was seen for other major metabolites, however,
zeorin was slightly more abundant in lichens on alder and aspen.
This is different to the chemistry of saxicolous crustose lichens
where the proportion of species without lichen acids was five
times higher on limestone compared to that on quartzite.

Within foliose and fruticose lichens there were 26 percent
of species on aspen that contained no secondary metabolites
and as low as 1 or 2 percent on coniferous trees (Figure 2B).
Species with anthraquinone were the most diverse on aspen
(χ2 = 21.9, p = 0.0005) and species with usnic acid were more
abundant on conifers and birch (χ2 = 12.05, p = 0.034). Other
species that were significantly confined to spruce, pine and
birch contained thamnolic, barbatic (χ2 = 18.2, p = 0.002 and
11.2, p = 0.05, respectively), fumarprotocetraric and divaricatic
acid, but the dependence of the two latter on the phorophyte
species was insignificant. The substrate-dependent variation
of secondary metabolites was more pronounced in epiphytic
foliose and fruticose compared to saxicolous species as the only
statistically supported difference in the latter group was found for
species lacking secondary metabolites. Generally, the secondary
chemistry of epiphytic foliose and fruticose species is more
dependent on the phorophyte as opposed to saxicolous lichens
where this dependence is more pronounced in crustose species.

The taxonomic structure of epiphytic lichen groupings is
dependent on the species of phorophyte. In crustose lichens the
most pronounced differences are found in Caliciaceae family,
which is more diverse on conifers, and Ramalinaceae, which
is more diverse on deciduous trees (Figure 3A). In both
families species growing on pine and spruce contain secondary
metabolites and the most taxa found on alder and aspen are
lacking “lichen acids.” The taxonomic structure of epiphytic
foliose-fruticose species is more simple compared to that of
crustose species but the differences between epiphytes of five
phorophytes are also visible (Figure 3B). Fruticose Ramalinaceae
unlike crustose species belonging this family contain secondary
metabolites and found on conifers only. Physciaceae are diverse
on aspen and represented by species containing atranorin, zeorin
or no lichen substances. As opposed to Physciaceae, Parmeliaceae
family, which is rich in secondary metabolites, is more diverse on
conifers and birch.

Chemical Properties of Bark
Bark of phorophytes varied in chemical composition and pH of
water extracts. Thirty-six metabolites belonging to flavonoids,
phenolic compounds, quinones, and terpenes were detected
chromatographically in acetone extracts. Fifteen of them were
found in bark of two or more tree species, and 21 metabolites
contained in one species of phorophyte only. Poplar and
aspen contained the highest diversity of flavonoids (6 and 7,
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TABLE 2 | Species and secondary metabolite diversity on different phorophytes.

Measured feature Spruce Pine Birch Alder Aspen

Total number of species 57 55 85 69 88

Number of secondary metabolites 44 41 45 36 41

Metabolite to species ratio 0.77 0.75 0.53 0.52 0.47

Average number of metabolites in one species 1.68 ± 0.18A 1.62 ± 0.15A 1.58 ± 0.12A 1.31 ± 0.16A 1.14 ± 0.13B

Values in the last row marked by the same letter are statistically insignificant at p = 0.05.

FIGURE 2 | Percentage of lichen species containing major secondary metabolites on different phorophytes. (A) Crustose species, (B) foliose and fruticose species.

respectively) (Table 3). Poplar also contained four phenolic
compounds followed by pine with three metabolites. Terpenes
are the most diverse in birch with eight compounds followed by
alder with six metabolites. The chemical composition of bark of
studied phorophytes has a low similarity even regarding species
belonging to the same family. Pine and spruce have the most
similar chemistry (Figure 4).

Flavonoids had their highest content in poplar and aspen
(44.11–61.86 mg/g) and were the least abundant in alder and
birch (1.87–3.51 mg/g) (Table 4). Phenols had the highest
concentration in bark of alder (61.06 mg/g); were in a range

44.16–49.24 mg/g in spruce, aspen, and poplar, and had the lowest
content in pine and birch (25.21 and 30.62 mg/g, respectively).
Bark pH gradually rises from 3.68 in spruce to 6.52 in aspen.

Secondary Metabolites and Chemistry of
Bark
Canonical correspondence analysis (CCA) on relationships
between metabolites and the chemical composition of bark
showed similar results for crustose and foliose-fruticose species
(Figure 5). In both analyses, pH of bark, phenols, flavonoids and
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FIGURE 3 | Taxonomic structure of lichen assemblages on five phorophytes. (A) Crustose species, (B) foliose and fruticose species.

TABLE 3 | Diversity of studied groups of metabolites in bark of phorophytes.

Group of metabolites Spruce Pine Birch Alder Poplar Aspen

Flavonoids 3 3 2 1 6 7
Phenols 2 3 2 1 4 1
Quinones 0 1 0 0 0 1
Terpenes 3 5 8 6 3 5

two terpenes had high loading on the first axis (63.9% of variance
for foliose-fruticose and 34.8% for crustose species) and the
second axis (14.7 and 21.7%, for foliose-fruticose and crustose,
respectively) reflects a loading of a combination of terpenes as
well as flavonoid quercetin with salycilic acid for foliose-fruticose
lichens, and phenols with flavonoids for crustose species. The
forward-selection procedure implemented in Canoco showed a

low impact of the position of lichen groupings (tree base or 1.3
m) compared to other recorded factors.

In the CCA, in crustose lichens the species lacking secondary
metabolites or with anthraquinones had the highest cover on
substrates with higher pH, and content flavonoids and phenols
(Figure 5A). A moderate affinity to the substrates with the
same characteristics was displayed by species containing stictic,
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FIGURE 4 | Similarity dendrogram of chemical composition of bark of five
phorophytes based on the Sørensen’s coefficient of similarity.

roccellic acids and gangaleoidin, which are more common
on aspen compared to poplar. Atranorin, barbatic, divaricatic,
fumarprotocetraric, jackinic, and to a lesser extent gyrophoric,
lecanoric, usnic acids, and zeorin were associated mostly with
conifers and birch with a relatively low pH and a higher
content of terpenes.

In foliose-fruticose species, like in the group of crustose
lichens, species without secondary metabolites, containing
antraquinone parietin, and to a lesser extent β-orcinol depsidone
salacinic acid were the most abundant on Populus balsamifera
and P. tremula, on substrates with a higher pH and containing
higher concentrations of phenolic compounds and flavonoids
(Figure 5B). Species containing divaricatic, fumarprotocetraric,
norstictic, physodalic, and usnic acid had an affinity to substrates
with a low pH and a low concentration of flavonoids and phenolic
compounds but containing higher concentrations of terpenes.
Fruticose species containing barbatic and squamatic acids were
limited to birch and spruce. An aboveground height of lichen
groupings performed a little or no effect on the secondary
chemistry both for crustose and foliose lichens and was not
shown on the graphs.

Generally, both crustose and foliose-fruticose species
containing a variety of metabolites were more abundant on
substrates with a lower pH, a lower concentration of flavonoids
and phenolic compounds and a higher content of terpenes.
In both morphological groups only species without secondary
metabolites and containing antraquinones are generally confined
to a “rich” bark. The former fact is also true for saxicolous species
where taxa without “lichen acids” are more abundant on basic
substrates and their abundance correlated better with the amount
of calcium and strontium, not the pH itself (Paukov et al., 2019).

DISCUSSION

The paper continues our research into the dependence of
secondary chemistry of saxicolous lichens on the chemistry of
their substrates. Both saxicolous lichens and epiphytes are similar

in the relationship of their secondary chemistry to the properties
of the substrate. Species growing on rock and bark with a low pH
have a more diverse chemistry compared to species on neutral
or weakly alkalic substrates that is evident both in metabolite to
species ratio and an average number of metabolites in one species.
Unlike saxicolous lichens, the dependence of the composition
of secondary metabolites on the substrate pH in epiphytes is
better visible in foliose-fruticose rather than crustose lichens.
A relative amount of species containing gyrophoric, lecanoric,
vulpinic acid and antraquinones were dependent on the pH of
bark in crustose lichens. In foliose-fruticose species the same
was true for species containing no metabolites or usnic acid, and
antraquinones. Some metabolites were found in species growing
mainly on a particular tree species.

Rocky substrate and bark are different in their chemical
properties. The pH values of different kinds of rocks are close to
neutral and have a narrower range (6.16 ± 0.06 to 8.18 ± 0.08)
compared to that of bark which is more acidic in most
phorophytes (3.68± 0.10 to 6.52± 0.15). Further, the substantial
difference between two types of substrates is in the content of
metals and transition elements, which is generally much higher in
neutral of slightly basic ultramafic rocks compared to unpolluted
bark (Bates and Brown, 1981; Rajakaruna et al., 2012; Parzych
et al., 2017). Third, bark as opposed to rocky substrates, contains
a multitude of secondary metabolites of a non-lichen origin,
but are similar to secondary lichen substances, namely terpenes,
flavonoids and phenolic compounds.

No rocks with such a low pH were found in the region. The
marked shift in pH of bark and rocky substrates causes a rise in a
percentage of some metabolites in lichens on a conifer bark. The
higher proportion of species containing usnic, thamnolic, and
fumarprotocetraric acids (the latter, however, insignificantly) in
foliose-fruticose species, vulpinic and lecanoric acids in crustose
species on acid bark proves the ability of these components to
impart the acidity tolerance to lichens (Hauck and Jürgens, 2008;
Hauck et al., 2009a,b). However, provided that pH levels in rock
and bark generally do not intersect, the similar tendencies of
changes in metabolite spectra in both substrate groups implies
that other factors, not only pH, affect the distribution of species
containing different metabolites. Additionally, bark with similar
pH (aspen and poplar vs. quartzite and granite) has a much
higher proportion of species without secondary metabolites.

Lichen secondary metabolites with a high affinity to metals
may seemingly play a controversial role. On the one hand, they
may chelate elements thus protecting lichens from an excess of
toxic metals and preventing them from absorption to the apoplast
(Purvis et al., 1987, 1990; Hauck and Huneck, 2007). On the other
hand, lichen acids prevent lichens from deficiency of elements
(Hauck et al., 2009c). Metabolites that may prevent lichens
from excessive metals are those, which are more abundant in
saxicolous lichen compared to epiphytes. In our study norstictic,
psoromic and stictic acids are components of a higher share of
saxicolous lichens. Norstistic and psoromic acids have a high
affinity to copper and iron (Purvis et al., 1987) and stictic acid
may have similar effect in respect to other metals. Bark pH affects
the accumulation rate of metals in lichens (Asplund et al., 2015),
and a higher proportion of barbatic, thamnolic and vulpinic
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TABLE 4 | pH of samples and a content of phenolic compounds and flavonoids (mg/g) in bark of studied phorophytes.

Measured feature Spruce Pine Birch Alder Poplar Aspen

pH 3.68 ± 0.10A 3.85 ± 0.04A 4.50 ± 0.17B 5.10 ± 0.10C 6.48 ± 0.08D 6.52 ± 0.15D

Flavonoids 7.22 ± 0.58A 10.26 ± 1.48B 3.51 ± 0.64C 1.87 ± 0.54C 44.11 ± 4.90D 61.86 ± 0.20E

Phenols 44.16 ± 3.03A 25.21 ± 1.91B 30.62 ± 1.07B 61.06 ± 2.89C 49.24 ± 0.90A 48.53 ± 1.22A

Values in rows marked by the same letter are statistically insignificant at p = 0.05.

FIGURE 5 | Canonical correspondence analysis (CCA) ordination plot showing the cover of lichens containing different secondary metabolites in relation to
phorophytes and their chemical properties. (A) Crustose species, (B) foliose and fruticose species. Bark metabolites found in several phorophytes are shown.

acid-containing species on acid bark in our research may also
prove the contribution of these metabolites into accumulation
of elements. This property of secondary metabolites may have a
crucial role for lichens growing on bark compared to most types
of rocks as phellem of phorophytes contains lower concentrations
of minerals and an ability of “lichen acids” to chelate them at low
pH helps lichens attract elements.

The third difference of bark compared to rocks is a presence of
organic compounds of a plant origin. As it is shown in the CCA
analysis both epiphytic crustose and foliose-fruticose species
lacking secondary metabolites and containing antraquinones
are more abundant on bark with a higher pH and containing
higher concentrations of flavonoids and phenolic compounds.
Species containing most of major metabolites are common on
a conifer and birch bark with a lower pH and containing
more terpenes. Many phenolic compounds and flavonoids are
chemically similar to many lichen metabolites in having hydroxyl
groups which bear a high affinity to metals, iron and copper
(Přemysl et al., 2011; Říha et al., 2014), likewise the group of
secondary lichen metabolites. The complex formation is the most
active at higher pH (Mira et al., 2002), at the levels, which
were found in alder, poplar, and aspen. Higher pH conditions
reduce the availability of Fe, Cu (Lucas and Davis, 1961) and
a complex formation may increase a bioavailability of these
elements. Phenolic compounds have a similar effect as chelators
of transition metals and have an ability to quenching of free
radical reactions (Foti, 2007; Kulbat, 2016). Thus, the presence
of phenols and flavonoids in bark can be a substitution for

lichen metabolites such as melanins, lecanoric, and usnic acid
(Solhaug and Gauslaa, 1996; Luo et al., 2009; Prokopiev et al.,
2018) in prevention thalli from a damage from reactive oxygen
species under high UV-B levels. A close contact of crustose
epiphytes with their substrates and a variability in an amount
of phenols and flavonoids in bark may be a reason for a lower
dependence of a secondary chemistry of crustose species on
bark pH. Terpenes are used by plants in many ways, including
physiological regulation and defense responses (Tholl, 2015).
Eighteen species of epiphytic lichens contained terpene zeorin,
and fourteen compounds were additionally found in bark. Both
in crustose and foliose-fruticose groups species containing zeorin
were the least abundant on birch as the most terpene-rich
substrate. In lichens zeorin acts as an antiherbivorous substance
(Nimis and Skert, 2006; Asplund and Gauslaa, 2010) and
other terpenes contained in bark may have a similar protective
action on thalli.

Our results show that the secondary chemistry of saxicolous
and epiphytic lichens reflects differences of substrate pH
in a similar way but the variability of metabolites and
distribution of species is refined by a different set of additional
parameters, such as metal availability and a presence of
organic compounds in bark. This is not the only factor
determining distribution of lichens on phorophytes as far as other
functional traits like photobiont type, ascomata type and asexual
reproduction of mycobionts affect the affinity of lichens to tree
species (Łubek et al., 2021). Studies using genera with a variable
chemistry and their distribution on different species of trees as
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well as direct application of bark metabolites on lichens will give
additional confirmation on the effect of lichen chemistry as one of
the important traits in the selection of substrate by lichen species.
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