Biol. Stud. 2024; 18(2): 139-156 e doi: https://doi.org/10.30970/sbi.1802.766 Qﬁ

www.http://publications.Inu.edu.ua/journals/index.php/biology

UDC: 582.32:581.527.7+631.484

WATER EXCHANGE OF THE FOREST ECOSYSTEMS EPIGEIC BRYOPHYTES
DEPENDING ON CHANGES OF THE STRUCTURAL AND FUNCTIONAL
ORGANIZATION OF THEIR TURFS AND THE INFLUENCE OF THE LOCAL
GROWTH ENVIRONMENTAL CONDITIONS

Oksana Lobachevska ©, Lyudmyla Karpinets ©®
Institute of Ecology of the Carpathians NAS, 4 Kozelnytska St., Lviv 79026, Ukraine

Lobachevska, O., & Karpinets, L. (2024). Water exchange of the forest ecosystems epigeic
bryophytes depending on changes of the structural and functional organization of their turfs and
the influence of local growth environmental conditions. Studia Biologica, 18(2), 139-156.
doi:10.30970/sbi.1802.766

Background. Moss cover plays a decisive role in increasing soil moisture in forest
ecosystems. Bryophytes with high water content can significantly reduce water evapora-
tion from the soil surface and retain it for an extended time. Under the influence of envi-
ronmental conditions, mosses change the shape and organization of moss turfs thus
regulating the efficiency of moisture absorption and retaining. Therefore, it is essential
to establish the differences in the water exchange strategy of epigeic dominant moss
species depending on the environmental conditions in reserved and anthropogenically
disturbed forest ecosystems.

Materials and Methods. The research was carried out using the dominant epigeic,
typical forest moss species Plagiomnium cuspidatum (Hedw.) T. J. Kop. and P. ellipticum
(Brid.) T. J. Kop. from experimental plots of forest ecosystems, which differed in water
and temperature regimes and light intensity. We determined the peculiarities of the influ-
ence of adaptations of moss turf morphological structure, individual plant’s physiologi-
cal functional traits, and their metabolic osmoprotective changes based on the leading
indicators of their water exchange (coefficients of water retention, water recovery, and
drought resistance).

Results. It was established that humidity and light intensity in forest ecosystems
changed the shape and organization of moss turfs, i.e., the height of individual shoots
in the turf and the density and size of leaves. The predominance of the generative or
vegetative type of moss reproduction led to significant changes in the morphology of
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shoots, physiological functional traits of plants, and the density of the turf structure,
which was regulated due to the increase in airstream turbulence and wind penetration,
absorption and evaporation of water. The hydration of moss tissues was maintained
due to the rise in the total carbohydrate content as well as the soluble fraction content
primarily in the vegetative shoots.

Conclusions. Mosses adapted to variable microclimatic conditions of forest eco-
systems due to endohydricity and water retention mechanisms in external capillary
spaces, i.e., changes in height, shape, and density of turfs, shoot morphology, various
ratios of fertile to sterile plants, and their physiological functional traits. The internal
regulation of water potential of cells was ensured by an increased concentration of
osmoprotectors (carbohydrates, primarily their soluble fraction).

Keywords: water retention, water recovery, drought resistance, moss Plagiomnium
cuspidatum, P. ellipticum, turf structure, osmoprotectors

INTRODUCTION

Since forest ecosystems have suffered from drought in recent years (Eldridge et al.,
2020b; Senf et al., 2020), while mosses are increasingly threatened by global warming
(He et al., 2016), it is of utmost importance to investigate the hydrologic impact they
have on their habitats. Furthermore, the reduction of bryophyte diversity changes eco-
system structure and function, nutrient cycling, and carbon balance. Climate change is
now recognized as one of the biggest threats to nature and biodiversity and the main
driver of ecosystem change and degradation, which will probably result in potentially
irreversible changes in various habitats (Hooper et al., 2012; Eldridge et al., 2020a;
Senf et al., 2020).

Bryophytes are harbingers of changes and indicators of conditions in forest eco-
systems, not only based on changes in their genus and species affiliation but also in the
ecological and biomorphological structure and indicators of metabolic processes, which
may indicate specific mechanisms of adaptation of the organism in unstable environ-
mental conditions (Mdiller et al., 2016). Poikilohydric bryophytes are a group of plants
sensitive to the influence of habitat conditions, which shows indicators different from
vascular plants for early prediction of changes in the natural environment.

Moss cover plays a defining role in soil moisture gain in forest ecosystems since
the rate of its evaporation is lower with bryophytes than with grasses, and they can
retain a large amount of water during wet periods (levinsh et al., 2020; Ah-Peng et al.,
2017). Primarily during evaporation, a considerable amount of moisture is transported
from bryophytes to the soil surface. Furthermore, mosses with high water content can
significantly reduce evaporation from the soil surface since they often retain water for
long periods (Qishi, 2018).

Usually, most bryophytes grow not as individual plants but in groups, demonstrat-
ing clonal or colonial life forms (Bates, 1998; Glime, 2019). Supposedly, the growth and
morphology of individual plants in life forms are genetically determined. In that case,
their structural organization results from natural selection under certain environmental
conditions. It shows considerable plasticity under the influence of changes in ecological
factors and the strategy of plant life-cycle (Bates, 1998; Rossi et al., 2001). The develop-
ment of life forms provided poikilohydric bryophytes with numerous advatages for exis-
tence on land: it compensated for the lack of specialized anatomical structures, which
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are typical for vascular plants, and provided essential functions, i.e., the mechanical
stability of turf structure, water transport, and retention. Depending on the type of water
transport, there are two types of bryophytes: ectohydric and endohydric. It is essential to
note that both methods of water movement frequently occur in the same plant. Internal
transport accounts for s of plant conductance and prevails only when the moisture
content is not less than 90 % (Glime, 2019; Proctor, 2008). Nevertheless, most mosses
are ectohydric plants characterized by external water transport through capillaries on
the shoot surface. Such mosses usually have thin, non-waxy cuticles and can absorb
water with the entire surface (Glime, 2019). Typical endohydric mosses are mainly cha-
racterized by internal water transport through conducting tissues since surfaces with
waterproof cuticles reduce their ability to absorb water through leaves (Proctor, 2008). It
is vital for mosses to maintain moisture inside the turf and on the plant’s surface as long
as possible (Vitt et al., 2014). Depending on moisture conditions, mosses can adapt to
environmental changes, altering the shape and organization of moss turfs for sufficient
water supply. The shape of moss turf significantly affects its moisture content when
interacting with wind, contributing to a more efficient catching of water droplets and
their distribution to neighboring shoots (Thielen et al., 2021). Water loss control strate-
gies of mosses can be expressed at different morphological and anatomical structural
levels, from the cellular to the community level (Rice & Schneider, 2004; Glime, 2019).
However, much research is still needed to understand the importance of different levels
and their role in controlling water loss rates in mosses, i.e., the structural characteris-
tics of life forms, surface area to volume ratio, the influence of shoots’ location on the
degree of capillary integration (Rice, 2012), or the forms’ surface roughness, arrange-
ment of leaves and presence of wax coating and hyaline cells in them. It is also essen-
tial to determine the specificity of the community level (Kiirschner, 2004; Zotz & Kahler,
2007). The study of the relationship of these features provides insights into bryophytes’
water exchange strategy and enables assessment of the function of mosses in the water
balance of forest ecosystems, i.e., precipitation interception and reduction of soil water
evaporation (Rice & Schneider, 2004; Rice, 2012; Oishi, 2018; Glime, 2019).

Considering this, the study aimed to understand the adaptive features of the mor-
phological structure of turfs and physio-biochemical reactions of dominant epigeic spe-
cies of mesophytic Plagiomnium cuspidatum (Hedw.) T. J. Kop. and hydrophytic P. ellip-
ticum (Brid.) T. J. Kop. mosses and reveal the differences in their water exchange indi-
ces under the influence of the ecological conditions in reserved and anthropogenically
disturbed forest ecosystems.

MATERIALS AND METHODS

The research objects were epigeic species of bryophytes from experimental sites
that differed in water and temperature regimes and light intensity (Lobachevska et al.,
2023). The experimental sites were in Roztochchya Biosphere Reserve — an area of
the complete conservancy of old-growth beech forests of the Vereshchytsia Nature
Conservancy research department (air temperature above the moss turf: +24.0 °C
to +26.3 °C, turf temperature: +20.0 °C to + 23.0 °C, air humidity: 32 %, light inten-
sity: 30,000 to 50,000 lux) on the territory of the 40-year-old felling of the Stradchiv
Educational Production Forestry Plant (air temperature above the moss turf: +36.0 °C
to +39.0 °C, turf temperature: +30.0 °C to +33.0 °C, air humidity: 22 %, light intensity:
80,000 to 100,000 lux) and the stationary recreation area “Vereshchytsia” of the Yavoriv
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National Nature Park (air temperature: +23 °C to +27 °C, turf temperature: +19 °C to
+22.5 °C, air humidity: 28 %, light intensity: 90,000 to 100,000 lux).

The names of moss species are presented according to the latest sources (Hodgetts
et al., 2020 and Virchenko & Nyporko, 2022).

Morphometric analysis of plants: measuring of the shoots’ length, the size of
the leaves, and their number on the stem were performed on the motorized micro-
scope Axio Imager M1 (Carl Zeiss) using the software Carl Zeiss AxioVision 4.6 and
UTHSCSA Image Tool 3.0i and the stereo binocular Stemi 2000-C (Carl Zeiss) with
a photo attachment and a “Nikon” digital camera.

The biomass in same-size samples of bryophyte cover was determined
according to the method by B. Van Tooren and co-authors (Van Tooren et al., 1990).
Bryophytes, including the brown section, were separated from the soil particles and
washed with water. The dry mass of the sample was calculated after drying for 48 hours
at a temperature of 70 °C.

Moss samples were weighed before and after drying in a cabinet dryer for
48 hours at a temperature of 70 °C to determine the dry mass of shoots. Field water
capacity in samples was calculated as fresh weight minus dry weight divided by dry
weight and expressed as a percentage. Temperatures of air, moss turf, and the sub-
strate’s 0—3 cm top layer were measured with mercury thermometers. The light intensity
in experimental sites was determined using a lux meter U116.

Determination of the hydration of the moss gametophyte and the soil under
them was conducted according to generally accepted methods. Indicators of water
retention coefficient (Cwr,) were determined after drying shoots for 24 hours at room
temperature, water recovery coefficient (Cwr,) — after saturation with water for 24 hours
at room temperature, and drought resistance coefficient (Cdr) — by weighing and calcu-
lation methods (Polchyna, 1991).

_ shoot mass after druing 100
mass of fresh shoots

Cwr, %

_mass of shoot after saturation with water
mass of fresh shoots

-100 %

Cwr,

_Cwr, -Cwr,
100

The samples immersed in distilled water for 24 hours were taken out, soaked with
a paper towel for 15 seconds, and weighed to calculate the water recovery coefficients.

The phenol-sulfate method was applied to determine the total and soluble carbo-
hydrate contents (Sadasivam & Manickam, 2007). In order to study the total content of
carbohydrates, 1 mL of 2.5 N hydrochloric acid solution was added to 100 mg of plant
material and then extracted in a boiling water bath for 3 hours. The homogenate was
cooled, and the addition of Na,CO, neutralized the acid until the reaction stopped. The
homogenate was centrifuged for 15 min at 4000 rpm, and the supernatant was used to
determine the total carbohydrate content.

In order to determine soluble carbohydrates, 100 mg of plant material was homoge-
nized in 10 mL of distilled water, transferred to test tubes, and extracted for 10—15 min in
a boiling water bath. After extraction, the homogenate was centrifuged (15 min, 4000 g),

Cdr
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and the supernatant was used to determine the sugar content. Then 1 mL of filtrate was
taken, 1 mL of 5 % phenol solution, and 5 mL of concentrated sulfuric acid (the density
1.84 g/mL) were added. The mixture was thoroughly mixed, and the optical density was
measured after 10 min with the Specord 210 Plus spectrophotometer at a wavelength of
490 nm. Distilled water was added to the blank solution instead of the plant extract. The
sugar content was determined according to the calibration curve made for sucrose and
expressed in mg-g~' of dry weight. The experiments were carried out in threefold repeti-
tion. The Excel and Statistica programs were used to guarantee statistical processing of
the obtained results. The significance of difference between the variants was evaluated
according to the Student’s criterion (*p <0.05 and **p <0.01).

RESULTS AND DISCUSSION

Based on the results of the systematic analysis of the bryoflora of forest ecosystems
(reserved and with different degrees of disturbance), it was determined that in the old-
growth beech forests of the Vereshchytsia tract, dioecious epigeic endohydric species
of the family Polytrichaceae Schwagr. are mainly dominant, with life forms of high or low
loose turf and genus Plagiomnium T. J. Kop. with life forms of loose or dense turf with
creeping branches (Lobachevska et al., 2023). In case of Plagiomnium species, inter-
nal water transport is carried out in the central conducting strand with well-developed
hydroids, leptoids, and even pseudo-strands of the leaf trace (Glime, 2019). Usually the
moss conducting central strand has species differences, in particular, in P. undulatum
(Hedw.) T. J. Kop., it occupies up to 2/3 of the stem diameter. It is known that mosses
of the families Polytrichaceae and Mniaceae Schwagr. can transport dissolved matter
16 or even 50-100 times faster than the forest moss Pleurozium schreberi (Willd. ex
Brid.) Mitt. (Sokotowska et al., 2017). Endohydric mosses typically have surfaces with
watertight cell walls that reduce water absorption. The cell walls of some moss species
do not contain lignin, like in vascular plants, but waxy-lake polyphenolic components.
Such coating provides only low resistance to water diffusion, similar to the mesophyll
of vascular plants, which may be considerably more important for repelling water and
increasing CO, diffusion (Raven, 2003; Wang & Bader, 2018).

Many bryophyte species formed morphological structures and architecture of
shoots in the turf that improve water supply, absorption, storage, and/or limitation of
water loss from branches and leaf surfaces (Rice & Schneider, 2004; Rice, 2012). It
was found that the change of moss turf capillarity of the forest ecosystems’ dominant
species Plagiomnium cuspidatum and P. ellipticum is conditioned by numerous leaves
on the shoots and rhizoid tomentum along the stem, particularly thick at its base. In
addition to the branched rhizoids (macronemata) at the base of shoots, the axillary
macronema was found situated mainly around the beginning of branches or dormant
buds and rhizoid formations (micronemata) from brownish threads almost without
branching that arise from the outer layer of the stem bark and are situated on its entire
surface (Fig. 1B3). Rhizoids are considered to play an insignificant role in water absorp-
tion by bryophytes but they do prevent moisture loss. However, it is worth noting that
rhizoids can contribute to water transport along the stem with the help of the capillary
action phenomenon. Thus, for endohydric species Polytrichaceae (Polytrichum formo-
sum Hedw. and Atrichum undulatum (Hedw.) P. Beauv.), it was established that internal
water conductivity helps to avoid drying only when the rhizoids can absorb water from
the substrate (Wang & Bader, 2018).
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It was noted that the dominant endohydric mosses of forest ecosystems actively
reproduce both generatively and vegetatively. In contrast to Polytrichaceae mosses,
which form a large number of sporogoniums and underground rhizomes (Lobachevska
et al., 2018), Plagiomnium representatives, in addition to underground clonal connec-
tions from plagiotropic basitonic innovations between bases of the orthotropic shoots,
are characterized by above-ground creeping shoots with characteristic macro- and
micronema (Fig. 1A2, B2).

A

Fig. 1. The shoots of the epigeic dominant mosses Plagiomnium cuspidatum (A) and P. ellipticum (B): 1 —
fertile shoots with macronema at stem base; 2 — orthotropic sterile shoots with the long creeping
stems; 3 — the turf with relatively smooth surface; 4 — micronema from the outer layer of the stem bark

Due to the rapid growth of the orthotropic shoots, the long sterile stems form,
which descend to the substrate under their weight and, having attached to the latter
by rhizoids, rise again, continuing the growth. The so-called “stepping growth form” is
formed, contributing to the rapid expansion of moss on the substrate and its settlement
in optimal local growth conditions (Lobachevska et al., 1986).

It was found that depending on the predominance of the generative or vegetative
type of reproduction in the dominant species of the Plagiomnium mosses, the morpho-
logical structure of turfs and physiological functional traits of plants change. In mostly

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2024 « Tom 18 / N2 2 e C. 139-156



WATER EXCHANGE OF THE FOREST ECOSYSTEMS EPIGEIC BRYOPHYTES DEPENDING ON CHANGES OF THE STRUCTURAL... 145

loose turfs of the bisexual mesophytic moss P. cuspidatum, fertile shoots are erect
(2.2to 4 cm high), densely leafed, with rosette-like leaves clustered at the top (Fig. 1A7).
Leaves are distantly spaced on sterile stems (3.4 to 8.3 cm), erect or arcuately bent
down, or lying with a rhizoid fascicle at the top; the leaves are flattened on the ends of
the shoots. (Fig. 1A2). All leaves are broad and far decurrent.

The shoots of the dioecious hygrophytic moss P. ellipticum with thick rhizoid tomen-
tum form significantly dense turfs with evenly leafed erect (3.2 to 4.0 cm) fertile shoots
and sterile erect or lying (5.1 to 8.4 cm) shoots and all-round distantly placed short
decurrent leaves (Fig. 1B).

Cells that are moving downward the base angles of the decurrent leaves by more
or less wide (P. cuspidatum) or narrow (P. ellipticum) strip along the stem is a manifes-
tation of adaptation that promotes ectohydric transport of water and dissolved nutrients
from the upper part of the leaf plate with a waxy coating to its base and guarantees more
effective absorption of those.

The results of the analysis of the moss turf sexual structure evidence that at the
territory of old-growth forests in the loose low turfs of the bisexual moss R. cuspidatum
fertile shoots predominate (up to 77 %), while the number of fertile shoots considerably
decreased in the areas that underwent felling and recreational loads.

The number of sterile shoots fundamentally increased (up to 91 %) with significant
moisture deficiency in the soil. There were no male plants identified in the samples of
the dioecious moss P. ellipticum in all areas of forest ecosystems; the sterile shoots
were usually found in the turf. The the largest number of female plants and turfs with
sporogonia was found on the territory of the old-growth beech (Fig. 2).

A B

45 13

Share of shoots in the turf (%)
Share of shoots in turf (%)

reserve felling recreation reserve felling recreation

[J with sporogonia M fertile [ sterile

Fig. 2. Analysis of the sexual structure of the moss turfs Plagiomnium cuspidatum (A) and P. ellipticum (B)
from the forest ecosystems of Ukrainian Roztochchya

In the shaded, humid conditions of old-growth forests, the unequal height of the
fertile and sterile shoots in the turf of the Plagiomnium mosses increased the roughness
of its surface, which could significantly affect the regulation of moisture content and the
activity of photosynthesis due to the increase of the evaporation intensity as a result of
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the stimulation of airflow turbulence and wind penetration. While the humid upper leaves
of the shoots were photosynthetically active, the lower leaves received low lighting, but
were still thoroughly involved in photosynthesis during dry periods. Under dry conditions,
leaves of P. cuspidatum and P. ellipticum were firmly curled, facilitating more light to enter
deeper into the humid inner part of moss turf and increasing CO, absorption.

Consequently, changes in the shoot morphology and the density of moss turf struc-
ture in the vertical plane played a dual role — they regulated the airflow turbulence and
intensified the interception of light in humid conditions. When the tops of the shoots
dried up, the water loss rate of lower shoots, which became more photosynthetically
active, decreased.

It was determined that in the Plagiomnium turfs, depending on ecological condi-
tions, primarily on humidity and light intensity, the height of the individual shoots in the
turf, the density and size of leaves, and their density (by biomass) change primarily due
to the lying creeping shoots (Table 1). On the anthropogenically disturbed sites, a signifi-
cant increase occurred in the length of the sterile shoots of P. cuspidatum (1.8-2 times)
and P. ellipticum (1.4—1.5 times), compared to the old-growth site, whereas the length of
fertile shoots significantly increased (1.4—1.5 times) only in the case of P. cuspidatum. It
was noted that for both types of mosses, the slight increase of the indicators of leaves
frequency and sizes and the biomass of turfs was a manifestation of adaptation to high
levels of solar radiation and a decrease of the local growth humidity (Table 1).

Table 1. The morphometric indicators of the sterile and fertile shoots and their density
in turfs Plagiomnium cuspidatum and P. ellipticum, depending on local growth

conditions
The number of Leave sizes (mm)
The
The length leaves per 1 cm .
Local growth OfT gr?(?ot of shoots  of length in the the lenath  the width b(;(f)m?_fsss
(cm) middle part of eleng ewl (mglom?)
shoot (pcs) 9
Plagiomnium cuspidatum
Reserved Sterile 39+05 124 +£1.0 36+0.1 21%0.2 426 + 31
beech forests  Fertile 25+0.3 11.0+ 1.1 6.1+£0.2 39%0.2 R
. Sterile 7.7 £0.6* 155+ 1.1* 3.8+03 29+0.3*
+
Felingarea  cotie  38:02%  143:12°  60£01 41:02 —>0*24
Recreation Sterile 7.1+£0.7* 15.1+0.8* 3.2+0.1** 2.8+0.2* 530 4 4.0%
area Fertile 3.4 +0.3* 14.1 £1.0* 58+02 4.0+0.3 T
Plagiomnium ellipticum
Reserved Sterile 54+0.3 127+14 39+02 28+0.2 521415
beech forests  Female 3.3+0.1 15.0+1.2 64+02 4.1+0.3 o
Sterile 7.9+0.5% 145+1.3 23+0.3* 2.0+0.2*
Felli 479+ 1.8*
elingarea o ale  38£02°  150:19 32£02% 21+02% /018
i teril 7.4 +0.4* .0+1.5* 45+02* 32+0.2
Recreation Sterile 0 8.0 5 5+0 8 0 511433

area Female 3.6+0.1* 9.2+23" 51+03" 4.0x0.3

Comments: the difference between samples of the same species of moss compared to the indicators in
the condition of the complete conservancy, is statistically significant at *p <0.05; ** at p <0.01.
Sterile and fertile shoots of monoicous moss Plagiomnium cuspidatum. Sterile and female
shoots of dioecious moss P. ellipticum
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The studies of the sensitivity to dehydration in mosses with different water relations
(1 aquatic Fontinalis antipyretica Hedw. and 3 terrestrial Pleurochaete squarrosa (Brid.)
Lindb., Tortella tortuosa (Hedw.) Limpr., Campylopus pyriformis (Schultz) Brid.) proved
that shoot morphology and life form can be the defining features in the adaptation of
bryophytes to habitats precisely due to control of the dehydration rate and induction of
tolerance mechanisms to desiccation (Cruz de Carvalho et al., 2019).

Thus, mosses formed the loosest turfs in the most humid local growth with increased
roughness due to the different heights of the fertile and sterile shoots. Such life forms
are likely to be more efficient for obtaining nutrients from the environment, facilitating
CQO, diffusion into the chloroplasts, and the ability to compete for space with other plant
organisms (Bates, 1998). In the case of moisture deficiency, turfs with relatively smooth
surfaces were formed due to the predominance of sterile shoots, limiting airflow turbu-
lence and significant wind penetration (Fig. 1A3). Under such conditions, an essen-
tial factor of influence on the indicators of water retention is the turf capillary spaces,
which are usually highly diverse and quite complex and, therefore, difficult to quantify
(Rice, 2012). Enhancing the sterile shoot length, density, and sizes of leaves due to
increased light intensity and temperature possibly improves water retention by moss
turfs in anthropogenically disturbed forest areas. It is believed that capillary spaces
between shoots and leaves, compared to solely between shoots, may be more relevant
for water retention (Voortman et al., 2013; Thielen et al., 2021).

Mosses can adapt to changes in the environment, altering the shape and organi-
zation of the turf depending on the moisture conditions. The above was observed in
Polytrichum alpestre, an endohydric moss, which shows a looser structure of turfs and
their increased roughness in humid habitats (Zajgczkowska et al., 2017).

Thus, mosses showed the ability to adapt to variable microclimatic conditions of the
environment due to the different ratios of fertile and sterile shoots, changing the height,
shape, and density of turfs depending primarily on the water regime, temperature, and
light intensity.

In reserved areas, the Cdr were higher for P. cuspidatum compared to P. ellipticum;
in particular, higher indicators for both mosses were determined for vegetative shoots;
the Cdr of female plants differed more significantly. The Cwr, and Cwr, for sterile shoots
of monoecious species of R. cuspidatum moss were higher compared to fertile shoots,
which were determined to contain 1.4 times more moisture. It was established that in
female plants of the dioecious moss P. ellipticum from the old-growth forest, the relative
moisture content (1.9-2.1 times) and Cwr, were higher than in sterile plants and the
water deficiency indicators differed insignificantly. However, for sterile plants, Cwr, were
1.2 times higher than for female plants (Table 2).

For forest ecosystems with different degrees of disturbance, the territory of stationary
recreation and the 40-year-old felling, an increase in the air and moss turf temperature
and light intensity indicators caused a significant reduction of the environment humidity
(by 4-10 %). In separate humid (27.8 %) parts of the recreation area, the moisture-loving
moss P, ellipticum was found more often in the turfs where sterile shoots predominated. It
was found that in these areas, female and sterile shoots differed insignificantly according
to the following indicators: moisture content, water deficit, Cwr,. The same indicator of
water deficit (75.3 %) was determined in the lower parts of shoots of both types; however,
as it turned out, they differed by higher Cwr, in the upper part of sterile shoots, which
caused slightly higher Cdr of the latter compared to Cdr for female plants (Table 2, 3).
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Table 2. Changes in water exchange indicators of the Plagiomnium cuspidatum and
P. ellipticum depending on humidity conditions in forest ecosystems

The coefficients (%)
The
Local L moisture LR
type of deficiency of walter of water of dlrought
growth samol content 0 retention recovery resistance
ple 0 (%)
(%) (Cwr,) (Cwr,) (Cdr)
Plagiomnium cuspidatum
Sterile 10.7+03 769+12 895+1.3 433.7+157 388.1+125
Reserved

Fertile 15.0+03 76.6+1.3 849+13 4275+13.3 363.2+10.1

Soll 41.3+6.3

Sterile 9.4 +03* 722+14* 006+15 364.7+21.0¢ 330.3+15.4"
Felling area  Fertile 9.8+04*™ 75715 90.2+14* 363.8%14.3" 328.1£10.0*

Soll 9.4 £ 3.2**

Sterile  11.5+x0.2* 719x1.4* 885+15 4149+231 3672137

beech forests

aRr‘Z‘;’eat”” Ferle 14.1+0.3* 759+1.3 859412 3559#15.7* 305.7 % 14.6*
Soil 3.5+ 2.1%
Plagiomnium ellipticum
Sterile  131+04 752+37 86915 4044+93 351.4+11.3
Reserved

Female 25717 76230 74320 4200+80 312.7x9.1

Soil 27220

Sterile  53+0.3* 76931 94.7+21* 4329%105 409.8+13.1*
Felingarea Female 10.4+1.1** 77.8+3.3 89.6+23" 449.9+9.2* 402.8+12.5"
Soil 19.7 £1.3%
Sterile  7.2+04* 77.7+33 928+1.7° 4487 #13.1* 416.4 +12.0*
Female 7.9x0.5" 769+34 0921+24* 433.0+13.0 398.8+13.2**
Soil 17.8 £1.5*

beech forests

Recreation
area

Comments: the difference between samples of the same species of moss and the soil below it, compared
to the indicators in the condition of the complete conservancy, is statistically significant at
*p <0.05; ** at p <0.01

The drought-resistant moss P. cuspidatum was more often found on the territory
of the felling, in the turfs of which almost the same number of fertile and vegetative
shoots was detected (Fig. 2A). In conditions of moisture lack, higher indicators of water
deficit were noted for fertile shoots, especially in the lower part of the shoots (Table 3).
The highest indicators of Cwr,, over 90 %, were determined for fertile and sterile moss
shoots, and indicators of Cdr were almost the same: 328.0 % and 330.3 %. Apparently,
in conditions of the significant lack of moisture in the moss turf of P. cuspidatum the
differences between the physiological functional traits of plants were leveled, which
contributed to the implementation of the strategy of “social organization” of bryophytes,
namely facilitation (positive interaction) (Mishler, 2001; Glime, 2019), which ensured the
mutual preservation of water reserves as a result of a more or less equable distribution
of water between the shoots. In order to change the surface area of heat exchange and
reduce water loss, bryophyte turfs become similar in size and structure, thus improving
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control over the surface layer properties and evaporation (Glime, 2019). The analysis
of the water deficiency and water recovery ability indicators in different parts of shoots
shows significant adaptive differences between turfs of the mesophytic P. cuspidatum
and the hygrophytic P. ellipticum mosses (Table 3).

Table 3. Variability of water deficit indicators and water recovery ability in different parts of
shoots of Plagiomnium cuspidatum and P. ellipticum

Type . - o Coefficient of water
Ecosystem areas of shoots Stem parts Moisture deficiency (%) recovery (Cwr,) (%)
Plagiomnium cuspidatum
) upper 749+1.0 398.3+11.5
Sterile
Reserved beech lower 76.1£0.8 418.6 £9.0
forests ) upper 73.0+£0.9 3702+ 11.2
Fertile
lower 70.1+£0.7 3346+9.3
) upper 70.5+1.1* 338.9 + 12.3*
Sterile
. lower 73.4 £0.8* 375.5£9.0*
Felling area
. upper 71.3+£1.2 348.2 £ 10.3
Fertile
lower 74.1+0.9" 386.8 + 10.0*
) upper 70.4 + 0.9* 365.2+13.0
Sterile
. lower 73.0 £ 0.9* 390.1 £ 9.1
Recreation area
. upper 70.0 £0.8* 371.3+£12.7
Fertile
lower 73.0+£1.0 391.0 £ 10.5**
Plagiomnium ellipticum
) upper 73.76 £ 0.8 340.2+10.2
Sterile
Reserved beech lower 77.0+£0.9 371.6 £9.1
forests upper 76.6 £0.9 349.0+£ 125
Female
lower 77.0+0.8 3911127
) upper 789 +1.1* 486.5 £ 13.3**
Sterile .
. lower 76.1+1.1 411.1+9.3
Felling area
upper 79.0+0.9 469.4 £ 13.7**
Female
lower 755+1.0 409.0 £ 12.30
) upper 79.9 £ 0.9** 496.1 £ 14.2**
Sterile
. lower 75.3+0.9 404.4 £ 9.0*
Recreation area
upper 789+1.2 473.9 £ 13.9**
Female
lower 75.3+0.8 403.5+12.0

Comments: the difference between samples of the same species moss, compared to the indicators in the
condition of the complete conservancy, is statistically significant at * p <0.05; ** at p <0.01

On the territory of the old-growth forest, significantly higher indicators were estab-
lished for the upper parts of fertile plants and lower parts of sterile shoots in the P. cus-
pidatum turfs, and, compared to anthropogenically disturbed forest areas, where higher
indicators of water deficiency in the lower parts of both types of shoots for P. cuspidatum
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have been established. In case of P. ellipticum, on the contrary, higher indicators of
water deficit and the coefficient of water recovery were noted in the disturbed areas,
compared to the old-growth forest, namely in the upper parts of both sterile and fer-
tile plants. The detected differences in the water content can be explained primarily
by differences in the morphology of the turfs of the studied mosses and their different
requirements for habitat humidity. The R. cuspidatum turfs with a rougher surface and
area in contact with air, on the one hand, intercept water better, but, on the other hand,
use it with less effort and, therefore, having lost the capillary action force they cannot
accumulate it at the base of shoots. With a high density of sterile shoots, P. ellipticum
retains water longer inside turfs. In addition to the capillarity of each stem, water dis-
tributes between adjacent shoots, forming an additional level in the capillary system of
turf moss. However, hygrophytic moss has no adaptations limiting water consumption,
whereas it prefers humid soil conditions and high air humidity. Therefore, adaptive rela-
tions between habitats, water relations, and the morphology of moss turfs increased
indicators of moisture deficiency and Cwr, of moss plants in the upper part of shoots.
Bryophytes usually maintain constant endohydric water content, absorbing water from
the external capillary spaces if necessary. This is more important for the plant’s general
functioning than for internal functioning, whereas cell functions remain unchangeable at
almost zero water potentials (Coelho et al., 2023; Jauregui-Lazo et al., 2023).

The results of analysis of the water exchange indicators of Plagiomnium cuspida-
tum’s and P. ellipticum’s shoots show that indicators of water deficit were related to the
water-retaining ability of plants, which is the primary indicator of drought resistance and
plays a leading role in the regulation of water exchange of dominant epigeic mosses.

Water-retaining forces caused mainly by the content of the osmotically active sub-
stances in cells and the ability of the colloids to swell play an essential role in regulating
water exchange in mosses.

Structural and soluble carbohydrates accumulate at the metabolic level to prevent
cell membranes’ disintegration, increase intracellular osmolarity, and compensate for
water loss.

It was found that in moss samples from anthropogenically disturbed forest eco-
systems, apparently in response to high light intensity and moisture deficiency, the
total content of carbohydrates and their soluble fraction significantly increases (Fig. 3).
It is known that the accumulation of carbohydrates ensures the internal regulation of
water potential and promotes active water absorption by plants (Zufiga Gonzalez et al.,
2016). It was found that in the studied Plagiomnium mosses from all localities, more
carbohydrates accumulated in vegetative than in fertile shoots (Fig. 3). In old-growth
forests, the total content of carbohydrates in sterile P. cuspidatum shoots was 3.9 times
higher, and in P. ellipticum, soluble sugars were 3.4 times higher than in fertile shoots. If
female plants of P. ellipticum were determined to have a higher percentage (more than
70.82 %) of soluble sugars from the total content of the carbohydrates in all studied
areas, for P. cuspidatum a higher percentage (68.78 %) was found only in the area of
old-growth forests. The lower the substrate’s moisture level and the higher the tempera-
ture regime of local growth were recorded, the higher the indicators of total carbohy-
drate content in plants were determined.

The maximum amount of carbohydrates in the sterile shoots of P. cuspidatum and
P. ellipticum accumulated in localities on the territory of felling. The highest content of
soluble sugars in female plants and in sterile was detected for P. ellipticum from the
recreation area (Fig. 3).
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Adaptive morpho-physiological responses of mosses from anthropogenically
disturbed areas show two mechanisms for the simultaneous effects of drought and
high-temperature stress. Mechanisms of avoidance are mainly morphological adaptive
changes that ensure a reduction of water use, in particular, an increase in the number
of macro- and microneme rhizoids, waxy coating on the decurrent leaves, and their
twisting for reduction of evaporation. The signs of tolerance include maintenance of
tissue hydration due to cellular and biochemical modifications, mainly resulting from an
increase in the content of osmotically active substances. Resistant species of mosses
are characterized by high concentrations of sucrose, which, functioning as the main
osmoprotectant, can replace proline as in Arabidopsis thaliana (L.) Heynh. plants under
drought conditions and high-temperature stress (Zuiiga Gonzalez et al., 2016; Kiriziy
& Stasik, 2022).
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Fig. 3. The total content of carbohydrates and the content of their soluble fraction in the shoots of Plagiomnium
cuspidatum and P. ellipticum depending on the conditions of local growth of forest ecosystems
Comments: * p<0.05; ** at p<0.01

Therefore, an increase in the concentration of osmoprotective compounds testifies
to the resistance of mosses to abiotic stresses due to the provision of tissue hydration
and maintenance of cellular turgor, protection of protein structures, and stabilization of
cell membranes as the cells dehydrate.

CONCLUSIONS

In the turfs of Plagiomnium cuspidatum and P. ellipticum, depending on ecological
conditions, primarily humidity and light intensity, both the length of shoots, the frequency
and size of leaves, and their density (in terms of biomass) changed mainly due to sterile
creeping shoots.

On the territory of the old-growth forests, fertile shoots prevailed in moss turfs. In
contrast, in areas that experienced felling and recreational loads, the number of fertile
shoots decreased significantly; with a significant moisture deficit in the soil, the number of
sterile shoots reached 91 %. In the wettest local growth, mosses formed the loosest turfs
with increased roughness due to different heights of fertile and sterile shoots; with lack
of moisture and in conditions of high light intensity, mosses formed turfs with relatively
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smooth surfaces mainly from sterile lying shoots which limited airflow turbulence and
moisture evaporation.

The results of the analysis of water deficiency indicators and water-recovery ability
in different parts of shoots indicate significant adaptive differences in turfs of mesophytic
and hygrophytic mosses. In anthropogenically disturbed forest areas, higher indicators
were found for P. ellipticum in the upper part of both sterile and fertile plants and for
P. cuspidatum — in the lower parts of both shoots.

It was established that water deficit indicators were related to the water-retention
ability of plants, which is the primary indicator of drought resistance and plays a leading
role in regulating the water exchange of dominant epigeic mosses.

Therefore, mosses adapted to the changing microclimatic conditions of forest eco-
systems due to endohydricity and morphological adaptive mechanisms of water-retention
in the external capillary space: change of height, shape, and density of turfs, the mor-
phology of shoots, different ratios of fertile to sterile plants and their physiological func-
tional traits. The internal regulation of cell water potential was provided by an increased
osmoprotectant concentration (carbohydrates, primarily their soluble fraction).

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest. The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed as
a potential conflict of interest.

Animal Rights. This article does not contain any studies with animal subjects per-
formed by any of the authors.

AUTHOR CONTRIBUTIONS

Conceptualization, [O.L.]; methodology, [O.L.; L.K.]; investigation, [O.L.; L.K.]; data
analysis, [O.L.; L.K.]; writing — original draft preparation, [O.L.; L.K.]; writing — review and
editing, [O.L.; L.K.]; visualization, [O.L.; L.K.]; supervision, [O.L.]; project administration,
[O.L.]; funding acquisition, [-].

All authors have read and agreed to the published version of the manuscript.

REFERENCES

Ah-Peng, C., Cardoso, A. W., Flores, O., West, A., Wilding, N., Strasberg, D., & Hedderson, T. A. J.
(2017). The role of epiphytic bryophytes in interception, storage, and the regulated release of
atmospheric moisture in a tropical montane cloud forest. Journal of Hydrology, 548, 665—673.
doi:10.1016/j.jhydrol.2017.03.043
Crossref @ Google Scholar

Bates, J. W. (1998). Is “life-form” a useful concept in bryophyte ecology? Oikos, 82(2), 223-237.
doi:10.2307/3546962
Crossref @ Google Scholar

Coelho, M. C. M., Gabriel, R., & Ah-Peng, C. (2023). Characterizing and quantifying water content
in 14 Species of bryophytes present in Azorean Native Vegetation. Diversity, 15(2), 295.
doi:10.3390/d 15020295
Crossref @ Google Scholar

Cruz de Carvalho, R., Mauricio, A., Pereira, M. F., Marques da Silva, J., & Branquinho, C. (2019).
All for one: the role of colony morphology in bryophyte desiccation tolerance. Frontiers in
Plant Science, 10, 1360. doi:10.3389/fpls.2019.01360
Crossref @« PubMed e PMC e Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2024 « Tom 18 / N2 2 e C. 139-156


https://doi.org/10.1016/j.jhydrol.2017.03.043
https://scholar.google.com.ua/scholar_lookup?title=The+role+of+epiphytic+bryophytes+in+interception,+storage,+and+the+regulated+release+of+atmospheric+moisture+in+a+tropical+montane+cloud+forest&hl=uk&authuser=2
https://doi.org/10.2307/3546962
https://scholar.google.com/scholar_lookup?hl=en&volume=82&publication_year=1998&pages=223-237&journal=Oikos&author=JW+Bates&title=Is+%E2%80%98life%E2%80%90form%E2%80%99+a+useful+concept+in+bryophyte+ecology%3F
https://doi.org/10.3390/d15020295
https://scholar.google.com.ua/scholar_lookup?title=Characterizing+and+Quantifying+Water+Content+in+14+Species+of+Bryophytes+Present+in+Azorean+Native+Vegetation&btnG=
https://doi.org/10.3389/fpls.2019.01360
https://pubmed.ncbi.nlm.nih.gov/31798599/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6874231/
https://scholar.google.com.ua/scholar_lookup?title=All+for+one%3A+the+role+of+colony+morphology+in+bryophyte+desiccation+tolerance&btnG=

WATER EXCHANGE OF THE FOREST ECOSYSTEMS EPIGEIC BRYOPHYTES DEPENDING ON CHANGES OF THE STRUCTURAL... 1 53

Eldridge, D. J., Delgado-Baquerizo, M., Quero, J. L., Ochoa, V., Gozalo, B., Garcia-Palacios, ...
Maestre, F. T. (2020a). Surface indicators are correlated with soil multifunctionality in global
drylands. Journal of Applied Ecology, 57(2), 424—435. doi:10.1111/1365-2664.13540
Crossref @ Google Scholar

Eldridge, D. J., Reed, S., Travers, S. K., Bowker, M. A., Maestre, F. T, Ding, J., ... Zhao, Y. (2020b).
The pervasive and multifaceted influence of biocrusts on water in the world’s drylands. Global
Change Biology, 26(10), 6003—-6014. doi:10.1111/gcb.15232
Crossref @ PubMed e Google Scholar

Glime, J. M. (2019). Bryophyte ecology. Vol. 1. Physiological ecology. Michigan Technological
University and the International Association of Bryologists. Retrieved from http://digitalcommons.
mtu.edu/bryophyte-ecology1

He, X., He, K. S., & Hyvdnen, J. (2016). Will bryophytes survive in a warming world? Perspectives
in Plant Ecology, Evolution and Systematics, 19, 49-60. doi:10.1016/j.ppees.2016.02.005
Crossref @ Google Scholar

Hodgetts, N. G., Séderstrom, L., Blockeel, T. L., Caspari, S., Ignatov, M. S., Konstantinova, N.A,, ...
& Porley, R. D. (2020). An annotated checklist of bryophytes of Europe, Macaronesia and
Cyprus. Journal of Bryology, 42(1), 1-116. doi:10.1080/03736687.2019.1694329
Crossref @ Google Scholar

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A., Matulich, K. L.,
Gonzalez, A., Duffy, J. E., Gamfeldt, L., & O’Connor, M. I. (2012). A global synthesis reveals
biodiversity loss as a major driver of ecosystem change. Nature, 486(7401), 105—108.
doi:10.1038/nature 11118
Crossref @ PubMed e Google Scholar

levinsh, G., Gaile, L., Elferts, D., & Liepina, L. (2020). Relationship between functional traits,
functional types, and habitat in boreonemoral bryophytes. Proceedings of the Latvian
Academy of Sciences. Section B: Natural, Exact and Applied Sciences, 74(3), 196-205.
doi:10.2478/prolas-2020-0031
Crossref @ Google Scholar

Jauregui-Lazo, J., Wilson, M., & Mishler, B. D. (2023). The dynamics of external water conduction
in the dryland moss Syntrichia. AoB Plants, 15(3), 1-11. doi:10.1093/aobpla/plad025
Crossref @ PubMed e PMC e Google Scholar

Kiriziy, D. A., & Stasik, O. O. (2022). Effects of drought and high temperature on physiological
and biochemical processes, and productivity of plants nanochelates. Fiziologia Rastenij
i Genetika, 54(2), 95—-122. doi:10.15407/frg2022.02.095 (In Ukrainian)

Crossref @ Google Scholar

Kurschner, H. (2004). Life strategies and adaptations in bryophytes from the Near and Middle
East. Turkish Journal of Botany, 28(1), 73-84.

Google Scholar

Lobachevska, O. V., Ulychna, K. O., & Demkiv O. T. (1986). Features of restoration and vegetative
reproduction of Plagiomnium undulatum (Hedw.) Kop. (Mniaceae, Bryopsida). Ukrainskyi
botanichnyi zhurnal, 43(3), 30-34. (In Ukrainian)

Google Scholar

Lobachevska, O., Sokhanchak, R., & Beshley, S. (2018). Structural and functional organization of
moss turfs in technogenically transformed territories of the Chervonograd mining and industrial
area. Visnyk of Lviv University. Series Biology, 79, 86-94. doi:10.30970/vlubs.2018.79.09
(In Ukrainian)

Crossref @ Google Scholar

Lobachevska, O. V., Rabyk, I. V., & Karpinets, L. |. (2023). Epigeic bryophytes of the forest
ecosystems, peculiarities of their water exchange and productivity depending on the ecological
locality conditions. Chornomorski Botanical Journal, 19(2), 187—199. doi:10.32999/ksu1990-
553X/2023-19-2-3 (In Ukrainian)

Crossref @ Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) ¢ Bionoriuni Ctygii / Studia Biologica ¢ 2024 ¢ Tom 18 / N2 2 e C. 139-156


https://doi.org/10.1111/1365-2664.13540
https://scholar.google.com.ua/scholar_lookup?title=Surface+indicators+are+correlated+with+soil+multifunctionality+in+global+drylands&btnG=
https://doi.org/10.1111/gcb.15232
https://pubmed.ncbi.nlm.nih.gov/32729653/
https://scholar.google.com.ua/scholar_lookup?title=The+pervasive+and+multifaceted+influence+of+biocrusts+on+water+in+the+world%E2%80%99s+drylands&btnG=
http://digitalcommons.mtu.edu/bryophyte-ecology1
http://digitalcommons.mtu.edu/bryophyte-ecology1
https://doi.org/10.1016/j.ppees.2016.02.005
https://scholar.google.com.ua/scholar_lookup?title=Will+bryophytes+survive+in+a+warming+world%3F&btnG=
https://doi.org/10.1080/03736687.2019.1694329
https://scholar.google.com.ua/scholar_lookup?title=
https://doi.org/10.1038/nature11118
https://pubmed.ncbi.nlm.nih.gov/22678289/
https://scholar.google.com.ua/scholar_lookup?title=A+global+synthesis+reveals+biodiversity+loss+as+a+major+driver+of+ecosystem+change&btnG=
https://www.researchgate.net/journal/Proceedings-of-the-Latvian-Academy-of-Sciences-Section-B-Natural-Exact-and-Applied-Sciences-2255-890X
https://www.researchgate.net/journal/Proceedings-of-the-Latvian-Academy-of-Sciences-Section-B-Natural-Exact-and-Applied-Sciences-2255-890X
http://dx.doi.org/10.2478/prolas-2020-0031
https://doi.org/10.2478/prolas-2020-0031
https://scholar.google.com.ua/scholar_lookup?title=Relationship+between+functional+traits%2C+functional+types%2C+and+habitat+in+boreonemoral+bryophytes&btnG=
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10244898/
https://doi.org/10.1093%2Faobpla%2Fplad025
https://doi.org/10.1093/aobpla/plad025
https://pubmed.ncbi.nlm.nih.gov/37292250/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10244898/
https://scholar.google.com.ua/scholar_lookup?title=The+dynamics+of+external+water+conduction+in+the+dryland+moss+Syntrichia&btnG=
https://doi.org/10.15407/frg2022.02.095
https://scholar.google.com.ua/scholar_lookup?title=Effects+of+drought+and+high+temperature+on+physiological+and+biochemical+processes%2C+and+productivity+of+plants+nanochelates&btnG=
https://scholar.google.com.ua/scholar_lookup?title=K%C3%BCrschner%2C+H.+%282004%29.+Life+strategies+and+adaptations+in+bryophytes+from+the+Near+and+Middle+East&btnG=
https://scholar.google.com.ua/scholar?cluster=2587877261712695225&hl=uk&as_sdt=0,5
https://doi.org/10.30970/vlubs.2018.79.09
https://scholar.google.com.ua/scholar_lookup?title=%D0%A1%D1%82%D1%80%D1%83%D0%BA%D1%82%D1%83%D1%80%D0%BD%D0%BE-%D1%84%D1%83%D0%BD%D0%BA%D1%86%D1%96%D0%BE%D0%BD%D0%B0%D0%BB%D1%8C%D0%BD%D0%B0+%D0%BE%D1%80%D0%B3%D0%B0%D0%BD%D1%96%D0%B7%D0%B0%D1%86%D1%96%D1%8F+%D0%BC%D0%BE%D1%85%D0%BE%D0%B2%D0%B8%D1%85+%D0%B4%D0%B5%D1%80%D0%BD%D0%B8%D0%BD+%D0%BD%D0%B0+%D1%82%D0%B5%D1%85%D0%BD%D0%BE%D0%B3%D0%B5%D0%BD%D0%BD%D0%BE+%D0%B7%D0%BC%D1%96%D0%BD%D0%B5%D0%BD%D0%B8%D1%85+%D1%82%D0%B5%D1%80%D0%B8%D1%82%D0%BE%D1%80%D1%96%D1%8F%D1%85+%D0%A7%D0%B5%D1%80%D0%B2%D0%BE%D0%BD%D0%BE%D0%B3%D1%80%D0%B0%D0%B4%D1%81%D1%8C%D0%BA%D0%BE%D0%B3%D0%BE+%D0%B3%D1%96%D1%80%D0%BD%D0%B8%D1%87%D0%BE%D0%BF%D1%80%D0%BE%D0%BC%D0%B8%D1%81%D0%BB%D0%BE%D0%B2%D0%BE%D0%B3%D0%BE+%D1%80%D0%B0%D0%B9%D0%BE%D0%BD%D1%83&btnG=
https://doi.org/10.32999/ksu1990-553X/2023-19-2-3
https://scholar.google.com.ua/scholar_lookup?title=%D0%95%D0%BF%D1%96%D0%B3%D0%B5%D0%B9%D0%BD%D1%96+%D0%BC%D0%BE%D1%85%D0%BE%D0%BF%D0%BE%D0%B4%D1%96%D0%B1%D0%BD%D1%96+%D0%BB%D1%96%D1%81%D0%BE%D0%B2%D0%B8%D1%85+%D0%B5%D0%BA%D0%BE%D1%81%D0%B8%D1%81%D1%82%D0%B5%D0%BC%2C+%D0%BE%D1%81%D0%BE%D0%B1%D0%BB%D0%B8%D0%B2%D0%BE%D1%81%D1%82%D1%96+%D1%97%D1%85+%D0%B2%D0%BE%D0%B4%D0%BD%D0%BE%D0%B3%D0%BE+%D0%BE%D0%B1%D0%BC%D1%96%D0%BD%D1%83+%D1%82%D0%B0+%D0%BF%D1%80%D0%BE%D0%B4%D1%83%D0%BA%D1%82%D0%B8%D0%B2%D0%BD%D0%BE%D1%81%D1%82%D1%96+%D0%B7%D0%B0%D0%BB%D0%B5%D0%B6%D0%BD%D0%BE+%D0%B2%D1%96%D0%B4+%D0%B5%D0%BA%D0%BE%D0%BB%D0%BE%D0%B3%D1%96%D1%87%D0%BD%D0%B8%D1%85+%D1%83%D0%BC%D0%BE%D0%B2+%D0%BC%D1%96%D1%81%D1%86%D0%B5%D0%B2%D0%B8%D1%80%D0%BE%D1%81%D1%82%D0%B0%D0%BD%D1%8C&btnG=

154 Oksana Lobachevska, Lyudmyla Karpinets

Mishler, B. D. (2001). The biology of bryophytes — bryophytes aren’t just small tracheophytes.
American Journal of Botany, 88(11), 2129-2131. doi.org/10.2307/3558438
Crossref @ Google Scholar

Muller, S. J., Gutle, D. D., Jacquot, J.-P., & Reski, R. (2016). Can mosses serve as model
organisms for forest research? Annals of Forest Science, 73(1), 135-146. doi:10.1007/
$13595-015-0468-7
Crossref @ Google Scholar

Oishi, Y. (2018). Evaluation of the water-storage capacity of bryophytes along an altitudinal
gradient from temperate forests to the alpine zone. Forests, 9(7), 433. doi:10.3390/f9070433
Crossref @ Google Scholar

Polchyna, S. M. (1991). Metodychni rekomendatsii do laboratornykh i praktychnykh robit
z gruntoznavstva [Methodical recommendations for laboratory and practical works in soil
science]. Chernivtsi: ChDU. (In Ukrainian)

Proctor, M. C. F. (2008). Physiological ecology. In B. Goffinet & A. J. Shaw (Eds.), Bryophyte Biology
(pp- 237—-268). Cambridge: Cambridge University Press. doi:10.1017/cbo9780511754807.007
Crossref @ Google Scholar

Raven, J. A. (2003). Long-distance transport in non-vascular plants. Plant, Cell & Environment,
26(1), 73-85. doi:10.1046/j.1365-3040.2003.00920.x
Crossref ® Google Scholar

Rice, S. K. (2012). The cost of capillary integration for bryophyte canopy water and carbon
dynamics. Lindbergia, 35, 53—-62.

Google Scholar

Rice, S. K., & Schneider, N. (2004). Cushion size, surface roughness, and the control of water
balance and carbon flux in the cushion moss Leucobryum glaucum (Leucobryaceae).
American Journal of Botany, 91(8), 1164-1172. doi:10.3732/ajb.91.8.1164
Crossref @ PubMed e Google Scholar

Rossi, S. E., Callaghan, T. V., Sonesson, M., & Sheffieldi, E. (2001). Variation and control of
growth-form in the moss Hylocomium splendens. Journal of Bryology, 23(4), 283—-292.
doi:10.1179/jbr.2001.23.4.283
Crossref @ Google Scholar

Sadasivam, S., & Manickam, A. (2007). Biochemical methods. New Delhi: New Age International.
Google Scholar

Senf, C., Buras, A.,, Zang, C. S., Rammig, A., & Seidl, R. (2020). Excess forest mortality is
consistently linked to drought across Europe. Nature Communications, 11(1), 6200.
doi:10.1038/s41467-020-19924-1
Crossref @ PubMed ¢ PMC e Google Scholar

Sokotowska, K., Turzanska, M., & Nilsson, M.-C. (2017). Symplasmic and apoplasmic transport
inside feather moss stems of Pleurozium schreberi and Hylocomium splendens. Annals of
Botany, 120(5), 805-817. doi:10.1093/aob/mcx102
Crossref @ PubMed ¢ PMC e Google Scholar

Thielen, S. M., Gall, C., Ebner, M., Nebel, M., Scholten, T., & Seitz, S. (2021). Water’s path from
moss to soil: a multi-methodological study on water absorption and evaporation of soil-moss
combinations. Journal of Hydrology and Hydromechanics, 69(4), 421-435. doi:10.2478/johh-
2021-0021
Crossref @ Google Scholar

van Tooren, B. F., Odé, B., During, H. J., & Bobbink, R. (1990). Regeneration of species richness
in the bryophyte layer of Dutch chalk grasslands. Lindbergia, 16(5), 153—160.

Google Scholar

Virchenko, V. M., & Nyporko, S. O. (2022). Prodromus of sporen plants of Ukraine: bryophytes.
Kyiv: Naukova dumka. (In Ukrainian)

Google Scholar

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2024 « Tom 18 / N2 2 e C. 139-156


https://doi.org/10.2307/3558438
https://scholar.google.com.ua/scholar_lookup?title=The+biology+of+bryophytes+%E2%80%93+bryophytes+aren%E2%80%99t+just+small+tracheophytes&btnG=
https://doi.org/10.1007/s13595-015-0468-7
https://scholar.google.com.ua/scholar_lookup?title=Can+mosses+serve+as+model+organisms+for+forest+research%3F&btnG=
https://doi.org/10.3390/f9070433
https://scholar.google.com.ua/scholar_lookup?title=Evaluation+of+the+Water-Storage+Capacity+of+Bryophytes+along+an+Altitudinal+Gradient+from+Temperate+Forests+to+the+Alpine+Zone&btnG=
https://doi.org/10.1017/CBO9780511754807.007
https://scholar.google.com/scholar?cluster=11664017832188661010&hl=uk&as_sdt=2005&sciodt=0,5
https://onlinelibrary.wiley.com/authored-by/RAVEN/J.+A.
https://doi.org/10.1046/j.1365-3040.2003.00920.x
https://doi.org/10.1046/j.1365-3040.2003.00920.x
https://scholar.google.com.ua/scholar_lookup?title=Long-distance+transport+in+non-vascular+plantsy&btnG=
https://scholar.google.com.ua/scholar_lookup?title=The+cost+of+capillary+integration+for+bryophyte+canopy+water+and+carbon+dynamics&btnG=
https://doi.org/10.3732/ajb.91.8.1164
https://pubmed.ncbi.nlm.nih.gov/21653472/
https://scholar.google.com.ua/scholar_lookup?title=Cushion+size%2C+surface+roughness%2C+and+the+control+of+water+balance+and+carbon+flux+in+the+cushion+moss+Leucobryum+glaucum+%28Leucobryaceae%29&btnG=
https://doi.org/10.1179/jbr.2001.23.4.283
https://scholar.google.com.ua/scholar_lookup?title=Variation+and+control+of+growth-form+in+the+moss+Hylocomium+splendens&btnG=
https://scholar.google.com/scholar_lookup?&title=Biochemical%20Methods&pages=193-194&publication_year=1996&author=Sadasivam%2CS&author=Manickam%2CA
https://www.researchgate.net/journal/Nature-Communications-2041-1723
https://doi.org/10.1038/s41467-020-19924-1
https://pubmed.ncbi.nlm.nih.gov/33273460/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7713373/
https://scholar.google.com.ua/scholar_lookup?title=Excess+forest+mortality+is+consistently+linked+to+drought+across+Europe&hl=uk&authuser=2
https://pubmed.ncbi.nlm.nih.gov/?term=Soko%C5%82owska%20K%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Turza%C5%84ska%20M%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Nilsson%20MC%5BAuthor%5D
https://doi.org/10.1093%2Faob%2Fmcx102
https://doi.org/10.1093/aob/mcx102
https://pubmed.ncbi.nlm.nih.gov/29028868/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5691860/
https://scholar.google.com.ua/scholar_lookup?title=Symplasmic+and+apoplasmic+transport+inside+feather+moss+stems+of+Pleurozium+schreberi+and+Hylocomium+splendens&btnG=
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=6ht2284AAAAJ&citation_for_view=6ht2284AAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=6ht2284AAAAJ&citation_for_view=6ht2284AAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=6ht2284AAAAJ&citation_for_view=6ht2284AAAAJ:u5HHmVD_uO8C
https://doi.org/10.2478/johh-2021-0021
https://doi.org/10.2478/johh-2021-0021
https://doi.org/10.2478/johh-2021-0021
https://scholar.google.com.ua/scholar_lookup?title=Water%E2%80%99s+path+from+moss+to+soil%3A+a+multi-methodological+study+on+water+absorption+and+evaporation+of+soil-moss+combinations&btnG=
https://scholar.google.com.ua/scholar_lookup?title=Regeneration+of+species+richness+in+the+bryophyte+layer+of+Dutch+chalk+grasslands&btnG=
https://scholar.google.com.ua/scholar_lookup?title=Prodromus+of+sporen+plants+of+Ukraine%3A+bryophytes&btnG=

WATER EXCHANGE OF THE FOREST ECOSYSTEMS EPIGEIC BRYOPHYTES DEPENDING ON CHANGES OF THE STRUCTURAL... 1 55

Vitt, D. H., Crandall-Stotler, B., & Wood, A. J. (2014). Bryophytes: survival in a dry world through
tolerance and avoidance. In N. Rajakaruna, R. S. Boyd, & T. B. Harris (Eds.), Plant ecology
and evolution in harsh environments (pp. 267-295). New York: Nova Science Publishers.
Google Scholar

Voortman, B. R., Bartholomeus, R. P., van Bodegom, P. M., Gooren, H., vander Zee, S.E.A. T. M.,
& Witte, J.-P. M. (2013). Unsaturated hydraulic properties of xerophilous mosses: towards
implementation of moss covered soils in hydrological models. Hydrological Processes,
28(26), 6251-6264. doi:10.1002/hyp.10111
Crossref @ Google Scholar

Wang, Z., & Bader, M. Y. (2018). Associations between shoot-level water relations and
photosynthetic responses to water and light in 12 moss species. AoB Plants, 10(3).
doi:10.1093/aobpla/ply034
Crossref @ Google Scholar

Zajgczkowska, U., Grabowska, K., Kokot, G., & Kruk, M. (2017). On the benefits of living in clumps:
a case study on Polytrichastrum formosum. Plant Biology, 19(2), 156—164. doi:10.1111/
plb.12532
Crossref @ PubMed e Google Scholar

Zotz, G., & Kahler, H. (2007). A moss “canopy” — small-scale differences in microclimate and
physiological traits in Tortula ruralis. Flora — Morphology, Distribution, Functional Ecology of
Plants, 202(8), 661-666. doi:10.1016/j.flora.2007.05.002
Crossref @ Google Scholar

Zuniga-Gonzalez, P., Zuhiga, G. E., Pizarro, M., & Casanova-Katny,A. (2016). Soluble carbohydrate
content variation in Sanionia uncinata and Polytrichastrum alpinum, two Antarctic mosses
with contrasting desiccation capacities. Biological Research, 49(1). doi:10.1186/s40659-015-
0058-z
Crossref @ PubMed ¢ PMC e Google Scholar

BOAHWUW OBMIH ENIFTEAHUX MOXONOAIEHUX NNICOBUX EKOCUCTEM
3AJIEXHO BIfj 3MIH CTPYKTYPHO-®YHKLIOHATIbHOT OPFAHI3ALIT IXHIX
AOEPHWHOK | BMNUBY EKONOTNYHUX YMOB MICLEBUPOCTAHb

OkcaHa Jlobayeeckka, JloOmuna KapniHeyb
IHecmumym ekonoeii Kapnam HAH YkpaiHu, eyn. KosenbHuubka, 4, Jlbeie 79026, YkpaiHa

BcTyn. MoxoBun nokprB 6epe B1u3HadanbHy y4acTb Yy 36ifbLLIEHHI BONOrOCTi IPYHTY
B nicoBux ekocmuctemax. MoxonogibHi 3 BUCOKMM BMICTOM BOAU MOXYTb Habarato 3MeH-
LUyBaTX BUMapOBYBaHHS BOAM 3 MOBEPXHi I'PYHTY 1 yTPUMYBATK ii MPOTSAroM TpMBarnoro
yacy. lig BNAYMBOM YMOB HaBKOSIMLUHLOIO CEPEAOBMLLA MOXU 3MIiHIOWTE (hopmy Ta
opraHiszauito MOXoBUX OEPHUH ANS e(PEKTUBHOrO NOrMIUHAHHA N YTPUMYBAHHSA BOJSIOTU.
Tomy BaXknMBO 3’sicyBaTy BiAMIHHOCTI CTpaTerii BOOHOro 06MiHy eniremHnx 4OMiHaHTHUX
BUAIB MOXIB 3aMneXHO Big €KOMOriYHNUX YMOB Y 3anoBigHUX | aHTPONOreHHO MopyLUEHUX
nicoBMX eKocucTemax.

MaTepianu Ta metoau. [locnigKeHHs 34iMCHIOBaNM 3 BUKOPUCTAHHAM eniremHmnx
Buais Plagiomnium cuspidatum i P. ellipticum i3 gocnigHux AinsHOK NiCOBUX €KOCUCTEM,
LLIO BiAPi3HANMCSA 32 BOAHUM | TeMnepaTypHUM PEXNUMaMU 1 iIHTEHCUBHICTIO OCBITINEHHS.
BuaHauyanu ocobnvBoCTi BNMBY NPUCTOCYBaHb MOPMOMOrYHOI CTPYKTYPU MOXOBUX
OEPHMHOK, Pi3ionoriyHnx OyHKLiOHaNbHUX O3HAK OKPEMMX POCIMH Ta iXHiX meTabo-
NiYHNX OCMOMNPOTEKTOPHMX 3MiH HA OCHOBHI NMOKa3HMKIB BOQHOIO OOMiHYy (koedilieHTn
BOAOYTPMMAaHHS!, BOAOBIAHOBIEHHS Ta NMOCYXOCTINKOCTI).
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Pesynbratn. BcTaHOBNEHO, WO 3anexHo Bifd BOMOroCTi M iHTEHCUBHOCTI OCBIT-
NeHHSA B NICOBUX eKocucTemax 3MiHtoBanacs popma Ta opraHisauiss MOXOBUX AEPHUH:
BMCOTa OKPEMMX MAroHiB y AEPHUHI, YacToTa i po3Mipu NUCTKIB. [epeBaxkaHHs reHepa-
TUBHOIO YN BEreTaTUBHOMO TUMY PO3MHOXEHHS MOXiB 3yMOBMOBaso iCTOTHI 3MiHM MOp-
doonorii naroHiB, gisionoriyHMx OyHKLiOHanbHMX O3HAK POCHNH i LWiNBHOCTI CTPYKTYpU
OEPHUHOK, L0 peryntoBasno 3aBasky 30inbleHHI0 TypOyneHTHOCTI NOBITPSHOIO NOTOKY
i MPOHWKHEHHIO BITPY B IXHO cepenuHy MOrfIMHaHHA Ta BMMApPOBYBaHHSA BOAM.
BuaHayeHo, L0 OOBOAHEHICTb TKAHMH MOXIB MiIOTPUMYETLCA 3aBOSKA 30iNbLUEHHIO
3aranbHOro BMICTY BYrEBOAIB i BMICTY IXHbOI pO34MHHOI (bpaKLuii, Hacamnepenq y Bere-
TaTUBHWX MaroHax.

BucHoBKK. MOxu npucTocoByBanucsa 40 MIiHAMBUX MIKPOKAIMaTUYHUX YMOB fico-
BUX €KOCUCTEM 3aBASKM €HOOTNAPUYHOCTI 1 MexaHiamam BOL4OYTPUMYBaHHS B 30BHiLL-
HbOMY KaninsapHOMY MPOCTOPI: 3MiHi BUCOTU, POPMM Ta LWiNbHOCTI 4EPHMHOK, MOPd0SIo-
ril NaroHiB, pi3HOMY CMiBBIAHOLLEHHIO PEPTUNBHNX | CTEPUITBHUX POCINH Ta TXHIX i3i-
OMNOriYHNX PYHKLiOHANbHUX 03HAK. BHYTPILLHIO perynsuito BOAHOrO NoTeHuiany KnituH
3abe3neyvyBano 30iNbLUEeHHs] KOHLEHTpPaLii OCMONpPOTEKTOpPIB (BYrMeBOAiB, HAacamnepes
TXHBOI PO34YMHHOI dopakuii).

Knro4oei cnnoga: BOOOYTPUMaHHS, BOOOBIAHOBMNEHHS, MOCYXOCTINKICTD,
Plagiomnium cuspidatum, P. ellipticum, CTpykTypa MOXOBOI
OEPHMHKN, OCMOMPOTEKTOPY
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