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ABSTRACT

In geoecology, the nature of the effect of tectonic faults on the environment is not well studied. The influence of natural landscape-
geochemical factors on the state and properties of some components of biota of different hierarchical levels is studied at the intersection of
two tectonic faults (Velsko-Ust’yanskiy tectonic knot (TK)) in the Arkhangelsk region. Two species of shrubby lichens (Cladonia stellaris Opiz.
and Usnea subfloridana Stirt.) and woody plants (spruce — Picea abies L. and Scots pine — Pinus sylvestris L.) were chosen as test systems. The
field studies were carried out at nine test sites (in the centre, on the periphery and some distance from TK — the background reference point)
in different types of forest. The ash content of samples of the lichen Cladonia growing in the centre of the TK (1.12-1.22%) is double that in the
control area (0.56-0.58%), and for the lichen Usnea, it is seven times higher (6.82-6.99% at the centre and 0.97-1.09% in the control area). The
ash content of tree bark collected at the centre of TK (1.27-1.29%) is double that at the control site (0.56-0.76%). This indicates a significant
accumulation of metals in the vegetation in the TK zone. The accumulation of heavy metals, the low water content of plants, the influence
of geomagnetic fields and other factors provoke excessive generation of active oxygen radicals and plants have various physiological,
biochemical and morpho-biometric means of combating their adverse effects. The synergism of the cooperative protective action of lichen
matrix components on oxidative stress is expressed in terms of changes in biochemical parameters. At the centre of the TK, the lichens
contains up to 190 pg g-' of ascorbic acid, whereas in the control area it does not exceed 130 pg g~'. The content of usninic acid in the
centre is 1.5-2 times higher for the Usnea subfloridana and is 1.5 times higher for Cladonia stellaris compared to the level in the control area.
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Introduction

Natural geological processes, unlike technogenic pro-
cesses, function continuously and result in a global migra-
tion of matter into the environment, which has a negative
effect on biota. Modes and dynamics of interaction of the
lithosphere, biosphere, atmosphere and ionosphere play
a significant role in the development of the Earths crust,
primarily the tectonic faults. The features of the structure
and properties of tectonic zones determine not only deep
degassing and increased relaxation of rocks, but also the
conditions for the formation of sources of electromag-
netic signals and energy exchange between geophysical
fields of different natures, including external and inter-
nal. Currently, there is a significant amount of data, in-
dicating the presence of a strong relationship between
the processes in the Earth’s biosphere, heliogeophysical,
meteorological and lithospheric factors, primarily for
tectonic faults and their intersections, in convective heat
flow. In tectonic fault zones, the geochemical, geophys-
ical and geodynamic fields can jointly affect the biota.

The most interesting are the areas above where tecton-
ic faults intersect (TKs). TKs are complex, three-dimen-
sional bodies that extend to great depths. With the in-
crease in the number of intersecting tectonic faults in an
area the degree of fragmentation, permeability and depth
of the Earth’s crust increases and vertical highly perme-

able areas develop that over long periods of time, result
in an interaction between the crust and the mantle, and
a constant flow of fluids and gas from deep within the
crust (Kutinov et al. 2009; Kutinov and Chistova 2012)
and an inflow of mineralised waters, which contributes
to the concentration of a number of elements, includ-
ing heavy metals. TKs, with a complex conduction field,
can be sources of induced eddy currents that change the
overall picture of the geomagnetic field (a kind of natural
dipole).

The above indicates there are a number of environ-
mental factors associated with tectonic nodes, which can
have a joint effect on biological systems at different hi-
erarchical levels. It is likely that such patterns are char-
acterised by special patterns of accumulation, migration
and physical and chemical transformation of pollutants
(Caine et al. 1996; Evans et al. 1997; Caine and Forster
1999; Rawling et al. 2001; Bense et al. 2013).

Early studies show that the structure of vegetation
growing over TKs in the subarctic is different. In these
areas the soil is also polluted and there are high levels
of heavy metals in the bark of trees, ionisation effects in
the atmosphere and differences in the trees, snow cover,
clouds and rainfall in summer (Gofarov et al. 2006; Kuti-
nov etal. 2009; Kutinov and Chistova 2012). Thus, in these
areas plants are exposed to many physical and chemi-
cal effects, which may act synergistically on the plants.
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Fig. 1 Map showing the location of the sample plots (SP): 1 - in pine forests; 2 - in spruce forests; 3 — isolines of tectonic dislocation density.
1,3,5,7 - SPin the center of KF; 9 — SP at the periphery of KF; 2, 4, 6, 8 — SP outside the TK zone (control).

The primary reaction of a plant cell to a negative
effect is oxidative stress (Beschel 1957; Rydzak 1968;
Magomedova 1996; Markovskaya 2010; Brovko et al.
2016). The most important response of plants to stress
is a physiological and biochemical restructuring of their
metabolic processes. It is known that there are changes
in the activity of components of the antioxidant system
(AOS) in response to adverse environmental factors such
as drought (Zhang and Kirkham 1994), salinity (Melo-
ni et al. 2003), low temperature (Aroca et al. 2001) and
increasing concentrations of pollutants in the environ-
ment (Chapin 1991; Alscher et al. 1997; Prasad et al.
1999; Chirkova 2002; Polesskaya et al. 2004), etc. How-
ever, there are practically no studies on changes in AOS
during the ontogenetic development of lichens growing
when geological structures are violated (in the region of
TKs?).

The goal of this study is to determine how woody
plants and lichens have adapted to living in the region of
a TK in subarctic conditions in North-West Russia.

Material and Methods

Materials

The plants used in this study were two species of
shrubby lichens (Cladina stellaris Opiz. and Usnea sub-
floridana Stirt.) and two conifers (Spruce — Picea abies L.,
pine — Pinus sylvestris L.). Lichens were identified follow-
ing Golubkova et al. (1978). The sample plots (SPs) were

at permanent test sites established in 2014-2017 in the
middle taiga subzone in the district Velsko-Ust'yanskiy
TK in the Arkhangelsk region (Fig. 1).

The underlying rocks at the centre of the TK are sand-
stones, sands and siltstones of the middle Perm, and out-
side of the TK, variegated clays, sands and marls of the
same age. The covering deposits are upper quaternary
sands of lake-glacial and alluvial origin. The soils in the
centre of the TK are podzolic and illuvial-ferruginous
on quartz sands, outside the TK, they are podsolic on a
loamy noncarbonate moraine (Atlas of the Arkhangelsk
region 1976).

In total, there were nine test areas (Fig. 1, Table 1):
four in the centre of the Velsko-Ust'yanskiy TK (SP-C)
and four outside (SP-CL), two in a cowberry pine forest,
a lichen pine forest, a bilberry, pine and spruce forest in
the centre of the TK and in the control area and SP 9 - on
the periphery. SPs were selected to be as similar as possi-
ble in terms of forest characteristics. The characteristics
of forest stands are presented in Table 1.

Table 1 shows that the trees in the SPs have very simi-
lar characteristics and differ only in their location relative
to the TK (centre and outside the node - control).

In addition, in order to determine the age of the trees
30 cores samples were collected using a core sampler
from trees at a height of 1.3 m at each sample plot locat-
ed in the centre of the TK and in the control area. The
age of the forest and any damage to the wood was de-
termined using Lintab 6 and TSAP-Win (version 4.80)
(Rinn 2007).

European Journal of Environmental Sciences, Vol. 9, No. 1



Influence of tectonic faults on the biogeocenosis in a subarcticarea 7

Table 1 Key characteristics: values (means) of the sampled forests.

. . Stand Timber volume,

Sample plot Height (m) Normality composition Age (yr) (m3 ha-1)

SP1-C 17 0.8 7P:3FB 65 150
Bilberry pine forest

SP2-CL 19 0.7 8P:2F 80 180

SP3-C 12 0.6 10P 90 40
Lichen pine forest

SP4-CL 10 04 10P 100 40

SP5-C 18 0.7 8P:2B 80 220
Cowberry pine forest

SP6-CL 18 0.7 8P:2B 70 210

SP7-C 19 0.7 8F:2B:L 70 250
Bilberry spruce forest

SP8-CL 18 0.7 7F:1P:2B 80 240

Note: F - fir-tree, L - larch-tree, B - birch-tree, P - pine-tree

Scanning electron microscopy

The morphology of the samples was investigated us-
ing a ZEISS Sigma VP SEM scanning electron micro-
scope (accelerating voltage, 10 kV; detector, InLens).
A gold-palladium coating (80:20) no more than 5 nm
thick was used. It was obtained usinga QUORUM Q150T
ES magnetron sputterer.

The biochemical parameters

The biochemical parameters of the two species of li-
chens that dominate the area studied but differ in their
distribution were analysed. Of the soil growing (epi-
geous) and epiphytic lichens, Cladonia stellaris and Usnea
subfloridana, respectively, were studied. The material was
collected in the vegetative period (spring-autumn) from
the three SPs (in the centre, at the periphery, outside the
TK, which acted as the control) in pine-bilberry forests of
similar composition. Two SPs measuring 30 x 30 m were
established in each TK zone (centre, periphery) at a dis-
tance of 200 m from each other; at the centre (SP5-C) and
the periphery of the TK (15 km from the centre — SP9),
and outside the TK (50 km from the centre, the control -
SP6-C) (Fig. 1). Five to ten samples of both species of
lichen were collected from each SP. A total of 160 samples
of lichen were analysed. The composition of the vegeta-
tion in pine-bilberry forests is presented in Table 2.

Analysis

The water content in the samples was determined
gravimetrically, the content of mineral substances was
determined gravimetrically after dry ashing (500 °C). El-
emental analysis of the lichens was done using an Euro
EA-3000 element analyser (configuration [CNHS]) (Eu-
roVector, Italy). The content of heavy metals and bio-
genic elements was determined using a XRF-1800 series
waveguide X-ray fluorescence spectrometer (Shimadzu,

Japan).

Estimation of acids

The content of ascorbic acid (AA) in lichens was de-
termined spectrally using a UV-1800 spectrophotometer
(Shimadzu, Japan) and 2.6-dichlorophenolindophenol

(Tilmans paint) according to (Voskresenskaya 2006).
Optical density was measured at 515 nm. The change in
the staining intensity of the control and test sample is
proportional to the amount of AA in the plant extract.

Usnic acid (UA) was extracted using acetone and
quantified using a LCMS-2020 liquid quadrupole LCM-
mass spectrometer (Shimadzu, Japan) according to
(Brovko et al. 2017). Chromatography conditions were:
mobile phase - 0.5% aqueous solution of formic acid and
acetonitrile in a volume ratio of 30:70; column Restek Ul-
tra C18 100 mm (length) x 3 mm (diameter), fixed phase
grain size 3 pm, mobile phase flow rate 0.5 ml min-!,
sample introduction volume 5 pl. Using a standard Sig-
ma-Aldrich UA sample, calibration curves of the peak
area versus the concentration in the range from 1 pg 1!
to 0.1 mg 1! were constructed. The calibration curves

Table 2 Composition of the vegetation in pine-bilberry forests in the
district Velsky-Ust'yanskiy TK in the Arkhangelsk Region.

Location of the trial plot in relation to KF

SP 6-C (control)

SP9

SP 5-C (center)

Pine
(Pinus sylvestris L.)

Pine
(Pinus sylvestris L.)

Pine
(Pinus sylvestris L.)

Spruce Spruce Spruce

(Picea abies L.) (Picea abies L.) (Picea abies L.)

Birch Birch Birch

(Betula pendula Roth) | (Betula pendula Roth) | (Betula pendula Roth)
Cowberry Cowberry Cowberry
(Vaccinium (Vaccinium (Vaccinium
vitis-idaea L.) vitis-idaea L.) vitis-idaea L.)
Blueberry Blueberry Blueberry
(Vaccinium (Vaccinium (Vaccinium

myrtillus L.) myrtillus L.) myrtillus L.)

Green mosses

Green mosses

Green mosses

Lichens Lichens Lichens
Heather Juniper
(Calluna vulgaris L.) (Juniperus
communis L.)
Melampyrum
(Melampyrum

pratense L.)
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are linear over the concentration range recorded in this
study with a correlation coeflicient of 0.99.

Statistical analysis

All analytical measurements were performed in trip-
licate. The results of the experiments are presented in
the form of an average of the arithmetic means and their
standard error. To establish the statistical relationships
between the parameters, Student’s t-test was used at a
confidence level of P = 95%. A statistical analysis was
performed in Python (version 2.7.12, 2016) in the SkiPy
package (version 0.18.1, 2016) using the Statistica 10
software package (“StatSoft”, USA).

Results and Discussion

Vegetation is a good indicator of changes in environ-
mental conditions due to terrain features. Lichens (Cla-
donia, Usnea) are widespread throughout the Arkhan-
gelsk region, growing in both dry sandy and very wet
conditions. Due to their long life, they are continuously
subjected to stress over a long period of time and as a
consequence have evolved protective measures. There-

fore, these species are convenient models for studying the
various modes of adaptation of vegetation to growing on
these tectonic structures.

The reactions of the multilevel structural and func-
tional organisation of plants to the influence of tectonics
is mixed. The accumulation of heavy metals, the lack of
moisture and the influence of geomagnetic fields provoke
changes in the biochemical cycles of plant development,
which are manifested both at the macro and micro struc-
tural levels. Visually there is an obvious retardation of
growth, excessive branching and other morphological
abnormalities, which may indicate irreversible chang-
es in the plants due to a restructuring of their meta-
bolism.

In tectonic fault zones there are multi-stemmed trees,
the causes of which have not been fully elucidated. The
indirect evidence of these abnormalities is that they were
induced by the geological heterogeneities in the Earth’s
crust. The high frequency of “witches broom” in these
zones is not due to infections but to mutations (Korovin
et al. 2003). In forests in the Trans-Urals in areas with
tectonic faults, birch trees are highly polymorphic (Ma-
maev 1973; Makhnev 1987). An example of this is Kare-
lian birch, which results from abnormal cambial activity

Fig. 2 Micrographs of chips from core samples; (a) cleavage of the cell wall showing the typical orientation of microfibrils in the S, layer (control); (b)
the area selected in Fig. 2a highly magnified; (c) cleavage of the cell wall with a fibre orientated parallel to the fibre in the microfibril in the S, layer
(centre of the node); (d) the area selected in Fig. 2c highly magnified. Bars: (a), (c) 10 microns; (b) 100 nm; (d) 200 nm.
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and a reduction in the distribution of photosynthates by
the phloem to the xylem and increase in the distribution
to the cortex. Structural and functional deviations from
normal growth and development in plants may indicate
an increase in cell growth and differentiation, phenol me-
tabolism and respiration when under stress.

In transverse chips from the core samples, there is
sometimes an atypical orientation of the cellulose rela-
tive to the fibre axis in microfibers in the S, layer of the
cell wall (Fig. 2).

The angle can be up to 0° (this conclusion is not statis-
tically significant).

Increasing the thickness of the cell wall reduces its
permeability to toxic metabolic products and heavy met-
als, and protects the cellular components of the plants.
Woody plants actively adapt to unfavourable environ-
mental conditions by growing more slowly, as is clearly
shown by the width of their annual rings, which are nar-
rower in the centre of the TK than in the control area.

The soil in the different types of forest in the TK zone
contains significantly more of the typical lithogenous
macro- and microelements (mg g!): Si (4.8-36.5), Ca
(2.7-4.0), Al (3.4-4.9), Fe (2.2-4.3), Na (0.9-1.3), Mg
(0.4-1.1), Mn (0.23-0.31), Ti (0.1-0.6), Cu (0.05-0.06)
and Zn (0.04-0.07) than in the control areas: Si (1.8-26.1),
Al (0.8-1.83), Ca (0.7-1.57) and Na (0.7-1.0).

It is known that the elemental composition of plants is
relatively stable. However, the geochemical environment
and ecological conditions in the TK zone can result in
lichens accumulating significantly more of certain ele-
ments. The mineral composition of the lichens is corre-
lated with the mineral composition of the soil covering
the TK. The content of macro- and microelements in the
ash of lichens growing there is greater than in the control
area, which indicates that their mineral composition re-
flects the geochemical features of the landscape. Lichens
growing at the periphery and in the centre of the TK con-
tained a number of typical lithogenic elements: Si > Al >
Ca>K>Mg>Fe>Mn > Cu > Zn. The ash content of the
lichen Cladonia stellaris growing in the centre of the TK
is double (1.12-1.22%) that of the control (0.56-0.58%),

-1

200, Mg g 250 1 H9 g
150 - 200
150 -
100 4
100 -
50 4 .
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0
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SP5-C
@ Usnea subfloridana
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and for the lichen Usnea subfloridana, it is 7 times higher
in the centre of the TK (6.82-6.99%) than in the control
area (0.97-1.09%). That is, lichens growing tectonic fault
zones accumulate significant amounts of various metals.
The ash content of the bark of tress growing in the cen-
tre of the TK (1.27-1.29%) is double that of the control
(0.56-0.76%), which again reflects the lithochemical fea-
tures of the sedimentary rocks in the upper part of the
TK. The chemical elements in the soil are possibly taken
up by the roots of the trees in which it accumulates in the
wood and bark, and in lichens. In addition, the lower av-
erage monthly rainfall in summer at the centre of the TK
affects the increase in the content of mobile forms of met-
als in the upper horizon of the soil (0-20 cm), which cre-
ates extremely unfavourable conditions for plant growth.

Lichens are an integral component of most plant com-
munities. Their diversity and distribution are largely de-
termined by the ecological conditions in a region. The
high sensitivity of lichens to stress, and, accordingly, their
high rate of biochemical reactions, are due to the fact that
the metabolic equilibrium between the photobiont and
the mycobiont is easily disturbed, as evidenced by the in-
dices of biochemical reactions taking place in lichens (the
content of ascorbic acid, phenolic compounds, lichen ac-
ids and so on) (Brovko et al. 2015; Brovko et al. 2016).

It is known that ascorbic acid (AA), due to its ability
to easily donate electrons, is the leading non-enzymatic
antioxidant (Chapin 1991). In the centre and at the pe-
riphery of the TK, the content of AA in lichens is higher
(Fig. 3) than in the control area.

This activation of free radical oxidation is a nonspecif-
ic form of resistance shown by lichens when subjected to
various stressors (Chapin 1991).

Phenolic compounds (PCs) is one of the most com-
mon classes of secondary metabolites, the formation of
which is characteristic of virtually all plant cells. They
take part in a wide variety of physiological processes,
such as photosynthesis, respiration, formation of cell
walls and resistance of plants to the action of heavy met-
als (Brovko et al. 2017). In the literature, there are more
than 1000 PCs characteristic of lichens, the so-called “li-

-1

2004 HG 9

SP9 SP6-C

B Cladonia stellaris

SP5-C  SP9 SP6-C

autumn

Fig. 3 Ascorbic acid contents of the lichens Usnea subfloridana and Cladonia stellaris growing at different locations on the TK.
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Fig. 4 Usnic acid content of lichens, % of a.d.w.

chen substances” (Molnar and Farkas 2010), of which the
most commonly found is tallow and the well-known us-
nic acid (UA) (Brovko et al. 2017).

The changes in the content of acids in lichens growing
in different environments is of particular interest. Our
studies show that the content of UA, a typical secondary
metabolite of lichens (Brovko et al. 2017), in Usnea sub-
floridana and Cladonia stellaris varied depending where
they grew in the TK zone (Fig. 4).

There are seasonal fluctuations in the amount of UA,
which indicate that lichen acids actively participate in
metabolism and sometimes accumulate in the thallus in
significant amounts. An important function of these ac-
ids is regulatory. An increase in their content promotes
photosynthesis of algal cells - lichen symbionts, which
dramatically increases the amount of organic matter
needed for the symbiotic fungus. The increase in UA at
the centre of the TK by 1.5-2 times in the lichen Usnea
subfloridana and 1.5 times in the lichen Cladonia stellar-
is compared to the control, indicates the high adaptive
capacity of lichen symbionts to combat the adverse envi-
ronmental factors that these lichens are exposed to.

An important role of lichen acids is the allelopathic
interaction with other components of phytocenoses, in
particular, tree-destroying fungi. Analysis of samples of
wood to determine the number of trees infected with the
root fungus (Heterobasidion annosum Fr.) in the centre
of the TK revealed that less than half of the spruce and
none of the pines were infected compared with the con-
trol. Apparently, lichens growing on trees make them
more resistant to wood-destroying fungi (Henningsson
and Lundstrom 1970), which is due to the high fungicid-
al effect of lichen acids.

Condlusion

The results of this research show that the adverse
conditions at TK zones induce in plants biochemical
and biophysical reactions that enable them to survive in
these areas. At these sites, the structure of the cell walls

of woody plants differ in a way that reduces their per-
meability to toxic metabolic products and heavy metals.
The growth of some of the trees at the centre of the TK
was abnormal because the conditions experienced there
adversely affected the activity of their cambium. The syn-
ergism between trees and lichens provides ascorbic and
lichen acids that inhibit the oxidation of free radicals.
Thus, there are two ways of adapting to environmental
stress. One is associated with a change in the structure of
the cell walls of plants (barrier) and the other with the ac-
tivation of systems that detoxify reactive oxygen species
and free organic radicals.
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