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Background. Individual (morphological) and group parameters (the number of
male and female individuals, their sex ratio, and the range of sex ratio displacement)
are an important indicator of sexual differentiation of Rhodiola rosea L. populations. To
date, indicators of these parameters in natural plant populations have not been studied
sufficiently. Therefore, for the analysis of the state of the populations of the species, it is
important to study the parameters of their sexual differentiation and the main trends of
changes that affect the ability to recover in high-mountain conditions.

Methods. In order to obtain data, conventional stationary and route-based research
methods were used. To record individuals of different sexes, long-term monitoring plots
were used, which were laid in the characteristic habitats of the species’ populations
in 2000-2022. The ratio of male and female individuals is determined based on their
quantitative distribution per unit area. The sexual potential index that determines the
proportion of females and their participation in generative reproduction was used.

Results. The main differences in the morphological and quantitative parameters of
male and female individuals in high-mountain conditions were determined. It was found
that a characteristic feature during long-term research is a decrease in the number of
generative individuals of both male and female sexes. In the studied populations, there
is a shift in the sex ratio towards males (73 %) and this trend has been maintained over
the last dozen of years. Therefore, the number of females compared to males is very
small, which affects the sexual potential of populations.

Conclusions. The ratio of male and female individuals, the range of its displace-
ment and potential participation in the realization of sexual potential in R. rosea was
determined. The present study showed that the general trend in the populations of the
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species is a decrease in the number of female individuals. Male biased sex ratio has an
impact on sexual potential and ability to generative reproduction.

Keywords: Rhodiola rosea L., dioecious, individual and group parameters, sex
ratio, prospects for recover

INTRODUCTION

In recent years, the high mountain areas of the Ukrainian Carpathians have under-
gone significant transformations as a result of the action of abiotic and biotic factors,
which increasingly affect the populations of many rare and endemic plant species.
Therefore, there are changes in the structural organization of their populations and
their adaptive features (Grabherr et al., 2010; Czortek et al., 2018; Kyyak et al., 2018,
2022). The study of these changes is especially relevant in mountain conditions with
a view to determining various possibilities for recovery of populations (Pauli et al., 2003;
Ramming et al., 2010; Johnstone, 2021). According to previous research, the most vul-
nerable are species with the narrow ecological amplitude, which are confined to the
high-mountain zone of the Ukrainian Carpathians (Didukh, 2009b; Stoyko, 2012). The
different response of populations to changing habitat conditions prompts the study of
the basic parameters of their structural organization (Grime, 1979; Walther et al., 2005;
Dmytrakh, 2019, 2021).

Rhodiola rosea L. is a circumpolar, arctic-alpine relict species, of the ice age
included in the Red Data Book of Ukraine (Didukh, 2009a) with the status of “vulnerable”
among the plant species that require further study of the current state of populations. In
the Ukrainian Carpathians, it occurs only in the high-mountain zone. It occupies isola-
ted habitations on the tops and slopes of glacial caldera. This species gives prefe-
rence to wet and cool living conditions, and thus it is cold-loving and highly specialized
(Malinovskyi, 1980; Lovelius & Stoyko, 1990). In the past, R. rosea was a fairly common
species in the high-mountain zone of the Ukrainian Carpathians (Zapatowicz, 1889;
Deyl, 1935; Bradis & Zapjatova, 1954). Today, populations of the species are repre-
sented only by small isolated and fragmented groups of individuals.

Rhodiola rosea is a dioecious species, the populations of which are represented by
male and female individuals (Fig. 1). Considering this, an important indicator of popu-
lations is the sexual differentiation of individuals, and their sex ratio in particular (Delf,
1999; Delf & Wolf, 2005).

According to the current assumption, the sex ratio of populations of dioecious plant
species at the initial stage of the life cycle should consist of an equal number of individu-
als of the male and female sexes as a result of the selection action of the genetically
determined primary ratio of 1:1 (Hardy, 2002). Both sexes have the same probability in
reproduction processes. However, populations of dioecious species most often show
a shift from a balanced sex ratio of 1:1 (Delf, 1999; Bisang & Hedenas, 2005; Field
et al., 2013 a,b). The reasons for the shift in the sex ratio in natural plant populations
are still an understudied problem. It is known that the sex ratio is influenced not only by
genetic, but also by environmental factors. It was noted that variations in sex ratio shifts
are associated with species adaptive strategies to habitat conditions (Munné-Bosch,
2015; Stehlik & Barrett, 2006; Timerman & Barrett, 2019). The sex ratio of the offspring
is one of the important factors of the quality of the offspring and the occurrence of seed
renewal (Stehlik et al., 2008).
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Fig. 1. Rhodiola rosea L.: 1 — male individuals; 2 — female individuals

Generative reproduction is important in the sexual differentiation of populations
and their ability to recover (Falinska, 2021; Tsaryk et al., 2004; Dmytrakh, 2010). Plants
form new reproductive organs every growing season, and this leads to the expression
of the sexes. In this regard, the quantitative concept of gender and the probability of
realizing sexual potential was introduced (Lloyd, 1979, 1980 a,b; Lloyd & Bawa, 1984).
The share of genetic information that is transmitted to the next generation through male
and female structures is estimated by the contribution of female individuals that affect
the future prospects of seed offspring.

To characterize the sexual differentiation of R. rosea populations, it is important
to obtain data on the number of male and female individuals and the range of shifts in
their sex ratio during different years of vegetation (2000-2022). Therefore, this paper
analyzes the changes in the sexual differentiation of populations of the species under
study based on individual (morphometric) and group parameters. The share of female
individuals is important in determining their sexual potential, which has an impact on the
ability to generative reproduction and the seed renewal.

MATERIALS AND METHODS

Rhodiola rosea is a perennial, herbaceous, polycarpic plant of the Crassulaceae
family. The main localities of the species are concentrated in the alpine and subalpine
belts of the high-mountain zone (1600—2000 m a. s. |.). A characteristic feature of the
species is the inclusion in open rock and meadow communities on the tops of ridges
with rock outcrops, in refugia of glacial caldera and basins (Malinovskyi, 1980). Rock
communities (terraces and ledges of rock) have a heterogeneous and mosaic character
with open vegetation and occupy small areas. Meadows communities are formed on
moist upper areas and hollows with outcrops of stone fragments.

The collection of material was carried out in the plant communities of Saxifrage
paniculata-Festuca supina, Luzuletum alpigo-pilosae, Festucetum pictae herbosum,
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Festucetum pictae luzuloidosum, Festucetum supinae herbosum, Luzuletum alpigo-
pilosa-Rolytririchum saxangulare-Gnaphalium supinum on the mountains of Breskul,
Hoverla, Petros, Rebra, Turkul, Shpytsy, Brebeneskul, Menchul (1730-1980 m a. s. I.)
in the Chornohora mountain range.

To obtain data on the sexual differentiation of R. rosea populations and their repro-
ductive parameters, conventional stationary and route-based research methods were
applied. The used methods aimed at studying the parameters of sexual differentiation
of populations at the individual and group levels (Zlobin et al., 2013). The sexual status
of male and female individuals was assessed based on a set of individual morphologi-
cal features in the generative state (structure and size of flowers and shoots). Individual
morphometric parameters of individuals of different sexes were obtained on the basis of
a representative selection of 25 individuals in the localities of rocky and meadow com-
munities during 2006, 2011, 2020 and 2022 years.

To record male and female individuals long-term, multi-year studies were applied
during the years 2000-2022 at monitoring sites in species-specific plant communities.
The location of the experimental plots was chosen in view of the heterogeneity of the
population distribution of the species in order to obtain adequate variation in the data
(Greig-Smith, 1992). Individuals were counted on 10 (15) permanent experimental plots,
taking into account their sex distribution. The experimental plots had a size of (0.5)
1 x (10) 20 m, divided into squares of 0.5 x 0.5 or 1 x 1 m (Harper, 1977; Zlobin, 2009).

The Excel and Statistica programs were used the guarantee statistical processing
of the obtained results. All experimental data reported are mean * standard deviation
(SD). Statistical significance of differences between samples was assessed using one-
way ANOVA with Turkey post-hoc analysis. Statistical significance (p < 0.05) of the
results was established by comparing the studied mean values of the sample and cont-
rol mean values.

As an integral indicator, the proportion of females was determined by the sexual
potential index, calculated by the formula: 1 = >g% / > (g% + gd), where g? is the num-
ber of females; g — number of males. Similarly, indicators of the sexual potential of the
number of generative shoots and flowers in inflorescences were calculated. If the value
goes to zero, then the individuals transmit their genetic information through the male
gender and, conversely, if the value goes to 1, then the individuals transmit the genetic
information through the female gender.

RESULTS AND DISCUSSION

Individual and group parameters. Long-term studies showed that individuals of
the male and female sexes in of rocky and meadow habitats are distinguished by individ-
ual morphological (height of generative shoots, thickness and annual growth of the rhi-
zome) and group parameters (number of individuals, number of generative and vegeta-
tive shoots, number of flowers, etc.). On the basis of the conducted research, differences
in the parameters of individuals from rocky and meadow localities were found (Table 1).

In the localities of rock communities, individual and group parameters of both male
and female individuals are significantly smaller than in meadows. In particular, the num-
ber of males in the localities of rock communities is 2.9, while the number of males in
meadows is 3.2. A similar situation is observed in females. Individuals have a smaller
number of generative and vegetative shoots, the number of flowers in inflorescences
and the power of rhizome development (thickness, annual growth).
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Greater values of the size of generative and vegetative structures are observed in
individuals of meadow localities, which are confined to places with a better structure
of the substrate, where the outflow of surface water is delayed and deposited silt resi-
dues are concentrated. Thus, based on the influence of limiting factors (microclimate,
substrate structure, moisture regime, etc.), different life forms of individuals are formed.

Table. 1. Individual and group parameters of Rhodiola rosea in different types of habitats
(Z- male individuals; 9— female individuals), (M +m),n=5

Rocky habitats Meadow habitats
Parameters
3 ? ) ?
Number of individuals / m? 29+04% 1.2+0.3* 32+05 1.7+04
Number of generative individuals / m? 19+01* 06+0.02% 22+0.3 1.2+0.3
Number of generative shoots 26+0.3% 15+0.2* 3.0+£0.3 25+0.3
Number of flower on generative shoots 19.3 £ 1.5 127+1.2% 21.0+15 185%+14
Number of vegetative shoots 55+04%  42+0.3% 6.5+0.5 58+04
Height of generative shoots (cm) 9.2+0.5% 14.0+09%* 17115 250+1.9
Rhizome thickness (cm) 0.6 £0.02** 0.7 +0.03* 0.7+0.03 0.8+0.04
Annual rhizome growth (cm) 0.6 £0.03** 0.5+0.02%* 0.7+ 0.03 0.6+0.02

Note: * — the difference between the parameters of male and female individuals is statistically significant
at p < 0.05; # — the difference between the parameters of individuals of different sexes in rocky and
meadow (control) localities is statistically significant at p < 0.05

Morphological variability is also characteristic of individuals of different sexes. In
males, there is a greater number of generative individuals, vegetative and generative
shoots and flowers. However, females compared to males have larger generative shoot
sizes and rhizome thickness, but the annual growth of the rhizome is somewhat smaller
than that of males.

Sex ratio of generative individuals.The sex ratio in R. rosea populations reflects a
different trend of changes in the number of generative individuals of the male and female
sexes during 2000-2022 years. Long-term studies have shown a significant decrease in
the number of generative individuals of both the male and female sexes (Table 2).

The number of generative individuals decreased in males from 2.8 (in 2000-2009
years) to 1.9 (in 2011-2022 years), and in females, from 1.3 to 0.4, respectively.
Changes are also relevant to the number of generative shoots. In males, their number is
from 4.1 to0 2.3, and in females — from 2.8 to 0.9. The difference in the number of flowers
on the generative shoot is somewhat smaller.

In the localities of both rocky and meadow habitats, there is a significant pre-
dominance of males (73 % on average). Compared to the previous years of research,
changes concern females, whose number decreased from 31.7 % (in 2000—2009 years)
to 17.4 % (in 2011-2022 years). The main trends of changes in the sex ratio during
2000-2022 years in rocky and meadow locations are presented in Fig. 2.

The obtained data prove the tendency for a shift towards male individuals has been
a characteristic feature of the populations of the species during the recent decades.
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The uneven distribution of individuals of different sexes determines their unequal repro-
ductive positions and different ability to realize their sexual potential. In particular, this
applies to females, whose number has decreased by 1.5 times.

Table 2. Changes in generative parameters in Rhodiola rosea populations and their sex
ratio during 2000-2022 years in rocky and meadow locations (Z — male individuals;
Q — female individuals), (M £ m), n =10

Number of generative Number of generative ~ Number of flowers on the

Year individuals, m? shoot generative shoots
3 ? 3 ? 3 ?
2000 29+04 1.3+0.2* 45+03 3.0+£03* 182+14 140%1.2*
2001 3.0+£05 15+03* 48+04 3.1+03* 185+15 136+1.2*
2003 2.7+ 04 14+03* 43+03 29+03* 180+14 143+1.3*
2006 25+0.3 11+ 0.2* 35+03 25+02* 174+14 142+13*
2009 2704 1.1+02* 36+03 23+x02* 19015 145+1.3*
(23‘(‘)’83%%9) 28+04 13+02 41+03 28+03° 82+14 41+13*
2011 23+01 0.6+0.03%* 28+03 1.5+x02% 165+1.2 11.3+1.2*
2015 20+01 05+0.03* 24+0.2 09+0.04* 16.8+1.3 12.0x1.2*
2017 1.7+0.3 04%0.02% 20+£02 0.7+0.03% 172+13 12.8+1.3*
2020 20+01 04+0.02% 23+02 08+0.03* 17.6+14 129+1.3*
2022 1.5+0.3 0.3%0.01"* 20+02 0.7+0.03* 17.0+1.3 11.5+1.2*
Average

(2011-2022) 19+£04% 04+002 23+02 09003 170+13 121+13

Note: * - the difference between the parameters of male and female individuals is statistically significant at
p < 0.05; # — the difference between the parameters of male and female individuals in different years
is statistically significant at p < 0.05
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Fig. 2. The number of male (1) and female (2) generative individuals per m? of Rhodiola rosea during 2000 —
2022 years. * — the difference between the parameters of female individuals compared to the control
(2001) is statistically significant at p < 0.05; # — the difference between the parameters of male indi-
viduals compared to the control (2001) is statistically significant at p < 0.05
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The small number of females indicates that the index of sexual potential is quite
low and was 0.32 in 2000-2009 years and 0.19 in 2011-2022 years. In particular,
a significant decrease in this indicator is observed in the last period of research. A simi-
lar situation also applies to the number of generative shoots (from 0.40 to 0.27). The
least prominent changes are in the number of flowers on a generative shoot (from 0.43
to 0.41) (Table 3).

Table 3. Index of sexual potential of female individuals Rhodiola rosea

Index of sexual potential

Year
generative individuals  generative shoots flowers
2000 0.32 0.40 0.43
2001 0.33 0.39 0.42
2003 0.34 0.40 0.44
2006 0.31 0.41 0.45
2009 0.30 0.39 0.43
Average (2000-2009) 0.32 0.40 0.43
2011 0.29 0.35 0.41
2015 0.20 0.27 0.42
2017 0.19 0.26 0.42
2020 0.17 0.25 0.43
2022 0.16 0.24 0.40
Average (2011-2022) 0.19 0.27 0.41

Indicators of the sexual potential of females in different growing seasons (2000—
2022 years) and at different levels of the organization of the generative sphere are
presented in Fig. 3.

05
0.45
04 -

e
0.25 \\\‘\.\l>.<r

0.2
0.15 T,

0.1
0.05

Index of sexual potential of female individuals

2000 2001 2003 2006 2009 2011 2015 2017 2020 2022
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Fig. 3. Sexual potential of female individuals at different levels of organization of generative structures: gene-
rative individuals (7); generative shoot (2); flowers on a generative shoot (3)
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Female individuals at different levels of generative structures (individuals, shoots,
flowers) make a differential contribution to the realization of sexual potential during pol-
lination and seed dispersal. The subsequent reduction in the number of females affects
the sexual potential, and therefore, reduces the likelihood of a potential contribution to
generative reproduction and, as a result, the prospect of seed recovery.

CONCLUSIONS

It was established that individual (morphometric) and group parameters are impor-
tant indicators of changes in the sexual differentiation of populations of R. rosea, in
particular, male bias of sex ratio and potential participation in the realization the sexual
potential of females. The dependence of morphological and quantitative parameters
in individuals of different sexes on habitat conditions was revealed. Long-term stud-
ies have shown that the sex ratio of individuals in populations had a different range of
distribution during 2000—-2022. It was established that the general trend is a decrease
in the number of generative individuals and a shift in their sex ratio towards male indi-
viduals. Their number ranges from 68.3 % to 82.6 %. The number of females compared
to males in the last research period (in 20011-2022) was small (17.4 %). This affects the
realization of their sexual potential and the ability to generative reproduction. Therefore,
the sex ratio of individuals and, in particular, the number of female individuals is an
important indicator of changes in the sexual differentiation of R. rosea populations and
their ability to recover in high-mountain conditions.
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CTATEBA OU®EPEHUIALIA NONYNSALUIA RHODIOLA ROSEA L.
Y BUCOKOTIP’l YKPAIHCbKUX KAPMAT

Pocmucnaea mumpax
IHcmumym ekonoeii Kapnam HAH YkpaiHu, syn. KosenbHuubka, 4, Jlbeie 79026, YkpaiHa

BcTtyn. BaxnuBuM noka3HuMKOM cTaTeBol AudepeHuiauii nonynsauin Rhodiola
rosea L. € iHguBigyanbHi (MopdbonoriyHi) Ta rpynoBi napameTpu (KinbkicTb 0COBMH
YOMOBIYOI 1 XIHOYOT CTaTew, iXHE cTaTeBe CMiBBIAHOLLEHHS i Aiana3oH NOro 3MiLLeHHS).
[MokasHWKM unx napamMeTpiB y NPUPOAHMX NONYNALISX POCMANH e HeAOCTaTHbO BUBYEHI.
BigTak, ons xapakTepucCTUKM CTaHy nonynsauin R. rosea BaXnMBUM € LOCHILKEHHS
napameTpiB IXHbOI cTaTeBol AudepeHLiaLii Ta OCHOBHUX TEHAEHLLA 3MiH, SIKi BNnuBa-
tOTb Ha TXHI0 34aTHICTb 4O BiAHOBMNEHHSI B yMOBaxX BUCOKOrIp’s.

Metoaun. 3 MeTOH OTPMMAaHHS [AHUX BUKOPUCTAHO 3aranbHOMPUIAHATI cTauio-
HapHi 1 MapLUpyTHi MeToau gocrnigxeHb. [Ans obniky ocobuH pi3HOI cTaTi 3acTocoBaHO
GaraTopiyHi MOHITOPUHIOBI OiNAHKM, SKi 3aknafeHi B xapakTepHUX Anst Nonynsauin Buay
ocenuwiax Bucokorip’s y 2000-2022 pp. CniBBigHOLEHHS 0COBMH YOMOBIYOi N XKiHO-
Yoi cTaTel BM3HAYEHO Ha OCHOBI IXHBOIO KifbKICHOTO PO3MoAifny Ha O4MHULO MIIOLL.
3acTocoBaHO iHOEKC cTaTeBoOro noTeHuiany, Sk BU3Ha4Yae 4YacTKy OCOOMH >KiHOYOi
cTaTi Ta IXHI0 y4acTb Y reHepaTUBHOMY PO3MHOXEHHI.

Pe3ynbratun. Bu3HadeHO OCHOBHi PO30iKHOCTI Yy MOPGOMETPUYHUX i KiFTbKICHUX
napameTpax 0COOMH YOMOBIYOI 1 XIHOYOI CTaTen y pi3HUX YMOBaX CEpedoBULLIA iCHY-
BaHHs. BusABneHo, WO XapakTepHOI O3HaKOK BNpOoAOBX BaraTopiyHMX AocrigXeHb
€ 3MEHLUEHHSI YMCENbHOCTI reHepaTUBHUX OCOBMH SIK YOMOBIYOI, TaK i XXiHOYOi CTaTeln.
Y nonynsiuisix Bugy CnocTepiratoTb 3MiLLEHHS CTaTeBOro ChiBBigHOLEHHS B Bik 0COBUH
yomnogiyoi cTaTi (73 %), i Taka TeHOeHUid YTPUMYETbCA BMPOAOBXK OCTaHHIX AecATU-
niTb. BigTak, YacTtka 0CoBUH XiHOYOI cTaTi, MOPIBHAHO 3 0COBMHaMM YOroBIYOI cTaTi,
€ He3Ha4yHoH, LLI0 Ma€ BMNJIMB HA CTAaTEBUIN NOTEHLian Nonynsuin i NepCnekTUBM iXHbOro
HaCiHHEBOIO NMOHOBIMEHHS.
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156 Rostyslava Dmytrakh

BUCHOBKW. YCTaHOBMEHO, WO BaXXNUBUMMU MOKa3HMKaMu 3MiH y cTaTeBin gunde-
peHUiauii nonynsauin R. rosea € cniBBigHOLWEHHS 0COOMH YOMOBIYOI 1 XIHOYOI cTaTen,
Jianas3oH MOro 3MmilleHHsA Ta MOTeHUiNHa yvacTb y peanisauii ctateBoro noteHuiany.
lMpoBeneHi [OCMIoKEHHA BCTAHOBWMW, LLO 3arafibHOK TEHAEHLUIE € 3MEHLUEHHS
KifTbKOCTi reHepaTUBHMUX OCOBWH i, 30KpemMa, 0COBUH XiHOYOI cTaTi. 3Ha4YHE 3MilLEeHHS
y CTaTeBOMY CMiBBiAHOLUEHHI OCOBUH BNMBAE Ha CTaTEBMIA MOTEHLian NONynsauin i iXHI0
30aTHICTb 0 reHepaTMBHOIO PO3MHOXEHHS.

Knrovoei crioga: Rhodiola rosea L., OBOOOMHICTb, iHAMBIQyanbHi Ta rpynosi
napameTpu, CTaTeBe CMiBBigHOLLEHHS, NEPCMNEKTMB BiHOBMEHHSI
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