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Abstract: When working with rare plant species, applying morphometric techniques is one of the
main ways to obtain a representative data set on plant individuals and the state of particular popula-
tions growing in different ecological conditions and experiencing different degrees of anthropogenic
load. Zygophyllum pinnatum, an understudied species growing on the territory of the Republic of
Bashkortostan, the Orenburg region, and the Republic of Kazakhstan, is referred as a rare species.
The purpose of the work is to study morphometric parameters and reveal the vitality structure of
the Z. pinnatum coenopopulations in two regions of the Russian Federation (the Republic of Bashko-
rtostan and Orenburg region) and in the north-west of the Republic of Kazakhstan (the Aktobe
Region). Applying standard morphometric techniques, we analyzed the state of 16 coenopopulations
of the species. Judging by most morphometric parameters, the leadership belongs to the individu-
als from the “Troitsk Cretaceous Mountains” coenopopulation located in the Sol-Iletsky District of
Orenburg oblast, where, apparently, the most optimal plant conditions are formed (the absence of
human impact and low projective cover of the grass stand to have a favorable effect). The minimum
values for most parameters are recorded in the coenopopulations located on the territory of the
Republic of Kazakhstan, resulting from arid growing conditions. The variability of most characters is
within the normal range of the species response (Cv—5.0—44.6%). The discriminant function analysis
revealed the morphostructural similarity of individuals from most coenopopulations. Regarding
vitality, eight coenopopulations are prosperous, and another eight are depressed. The condition of
the species coenopopulations is stable; however, the species is not provided with proper protection
measures. Therefore, further monitoring of its habitats and improvement of environmental measures
are necessary.

Keywords: coenopopulation; Republic of Bashkortostan; Orenburg oblast; Republic of Kazakhstan;
variability; vitality

1. Introduction

Mountain territories are special ecosystems characterized by high biological diversity
and a concentration of rare and endemic plant species [1]. Rare montane plants are most
susceptible to the threat of loss of floristic diversity, as small range sizes, low population
numbers, and narrow ecological niches make them particularly sensitive to changes in
environmental factors and anthropogenic stress [2-6]. Therefore, rare mountain plants are
important objects of study and protection at the regional and global levels [1,7,8].

The range boundaries of many Asian plant species, which are often represented by
isolated and fragmented localities, run through the territory of the Southern Urals. In these
disjunctive fragments of the ranges, populations of rare species are in borderline, often
stressful, conditions and have peculiar internal organization, structure, morphology, and
other biological features. Any human impacts (from environmental pollution to grazing,
recreation, and deforestation) have an extremely negative effect on such borderline popula-
tions, as they lead to a further reduction of the ranges, up to their complete disappearance.
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Therefore, identification research and the study of rare species biological diversity in bor-
derline conditions are urgent and top priority environmental tasks. Knowing the species
biology and the structure of coenopopulations (CP), it is possible to predict the course of
their development and their response to adverse environmental influences. In this regard,
an urgent task is to conduct the habitat inventory, assess the state of coenopopulations
in specific habitats, and study the biology of rare species, which makes it possible to
understand the reasons for their rarity [9,10].

One of the main ways to obtain a representative data set on plant individuals and
the state of specific populations growing in different parts of the ecocoenotic range and
experiencing various degrees of anthropogenic load is through the use of morphometric
techniques [11]. Relying on them, one can obtain valuable information about the state of
rare plant species and assess the bioecological characteristics of individuals and populations
in a comparative aspect on an objective basis [12-19].

The object of the study is Zygophyllum pinnatum Cham., a representative of the Zygo-
phyllaceae family. The Latin name of the species is given according to the international
nomenclature of the World Checklist of Vascular Plants [20]. This is an understudied
Eastern European, Western, and Central Asian mountain-steppe species. Its range covers
the Trans-Volga region, the south of Western Siberia, Central Asia (the Aral-Caspian region,
the Balkhash region, the Karakum Desert, the Tian Shan, and the Pamir-Alay), and the
northeast of Iran. It is a xerophyte growing on gypsum outcrops and loamy slopes, less
often on alkali soils [21-23]. It is on the Red Book lists of the Republic of Bashkortostan [24],
Orenburg [25], and Chelyabinsk [26] regions, as well as other regions of Russia. The
Southern Urals are the northmost range border of the species; therefore, the studies on the
biology of this rare plant are topical in comparison with the coenopopulations from the
main species range. The purpose of this study is to identify the features of the morpho-
logical variability of Z. pinnatum in the CP of two regions of the Russian Federation (the
Republic of Bashkortostan and Orenburg region) and in the northwest of the Republic of
Kazakhstan (the Aktobe region).

2. Materials and Methods

Zygophyllum pinnatum is a perennial dwarf subshrub, 10-20 cm tall, with numerous,
partly upright stems forming a sod. The caudex is multicipital and ligneous. The leaves
are paripinnate, petiolate, with 812 small oval leaflets. The flowers are found in leaf axils
and 2-3 pcs. per pedicel, upright while flowering, drooping while bearing fruit. Petals are
1.5 times longer than the calyx, obovate, obtuse at the apex, and orange in color. The fruit
is a large, round-oval capsule with wide membranous wings. It blooms in May-June, bears
fruit in July—August, and reproduces with seeds [21].

The studies of the species populations were carried out in 2015-2019 on the territory of
the Russian Federation in the Cis-Urals of the Republic of Bashkortostan (RB, 3 administra-
tive districts), Orenburg region (OR, 5 districts); on the Sub-Ural plateau of the Republic of
Kazakhstan (RK) in the Aktobe region (AR, 2 districts). Within the study areas from north
to south, we laid a transect stretching for 570 km from the central Cis-Urals of the Republic
of Bashkortostan (Karmaskalinsky District) to the chalk mountains of the Terektitau area,
Oiyl District, the Aktobe region, and the Republic of Kazakhstan. A total of 16 CPs of the
species were studied. The names of coenopopulations were given according to the nearest
settlement or geographical object.

An individual in a middle-aged generative state was taken as a counting unit, as is
customary in methodological works within the population-ontogenetic approach [10,27,28].
The study of morphometry in natural conditions was carried out according to the method
designed by V.N. Golubev [29] and was based on 25 middle-aged generative individuals
from each of all sixteen Z. pinnatum populations. A total of 400 individuals were used in
the analysis. The entire perennial axis of the plant from the substrate surface was taken
for a generative shoot. The measurements were taken in the phases of flowering and the
beginning of fructification since the species flowering period is long and the plants feature
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both flowers and fruits at the same time. We considered the following parameters: number
of generative shoots per 1 plant, pcs.-Ngs; generative shoot height, cm-h; shoot diameter,
cm-d; number of leaves per one generative shoot, pcs.—Nlv; leaf length, cm-Llv; leaf width,
cm-Slv; number of leaflets, pcs.—NIf; leaflet length, cm-LIf; leaflet width, cm—Slf; shrub
diameter, cm—db; number of fruits per one shoot, pcs.—Nfr; fruit length, cm-Lfr; fruit width,
cm-Sfr.

The multivariate analysis was performed using the Statistica 6.0 program (StatSoft
Inc., Round Rock, Texas, USA) [30,31]. The phenotypic distance (the Mahalanobis distance)
was calculated within the linear discriminant analysis. In the cluster analysis, the Euclidean
distance was used as a distance between the samples in the morphological features complex;
a dendrogram was constructed using single-linkage clustering [32].

The technique for assessing the vitality composition was based on the differentiation
of plants of a similar ontogenetic state into vitality classes. The factor analysis, which
allowed identifying a determining set of characters, was preliminarily carried out. The
vitality spectra were compiled, and the coenopopulation quality index and vitality types
were determined [10].

The static analysis was carried out in MS Excel 2010 using the Statistica 6.0 statistical
software package; the coefficient of variation and variability range were assessed [33].

3. Results

The localization of the studied CPs is presented in Figure 1, their brief descriptions are
given in Table 1. Is found in various types of petrophytic and calciphytic steppes of the
Festuco-Brometea Br.-Bl. et Tx. ex So6 1947 class, up to calciphytic, suffruticulose commu-
nities within the desert communities of the Anabasietea cretaceae Golovanov in Golovanov
et al., 2021 class. In the northern part of the gradient, the predominant vegetation type is
the Agropyron pectinatum community of the order Helictotricho-Stipetalia Toman 1969,
the Festuco-Brometea class. Such coenoses encompass stony steppes characterized by a
high frequency of petrophytes: Allium rubens Schrad. ex Willd., Hedysarum grandiflorum
Pall., Koeleria sclerophylla P.A. Smirn., Onosma simplicissima L., in combination with true
steppe species: Agropyron pectinatum (M. Bieb.) P. Beauv., Artemisia marschalliana Spreng.,
Stipa capillata L., Stipa lessingiana Trin. and Rupr., etc.
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Figure 1. Localities of the studied cenopopulations of Zygophyllum pinnatum Cham. (figures specify
serial numbers of coenopopulations).
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Table 1. Characteristics of the investigated habitats of Zygophyllum pinnatum Cham.

Chalk outcrops.

N CP/District Longitude Latitude Locality, Habitat Total Cover, % Average Height Aspect in Community
Herbs, sm Degrees
Republic of Bashkortostan
Karlaman cav 2.3 km NW of the village Antonovka. S Community A
ariaman cave 54.288917 56.169169 Geological monument of nature 50 30 ommunity Agropyron
(Karmaskalinsky) P p (45) pectinatum
Karlaman cave”. Gypsum outcrops.
Ismagilovo Right bank of the river Uzen 1 km NE of S Community Agropyron
(Karmaskalinsky) >4.176699 55.962933 the village Ismagilovo. Gypsum outcrops. >0 35-45 (30-40) pectinatum
Raznomovka Right bank of the river Tugustemir, 1 km E Communit
(Kuyur aZiKsk ) 52.487257 55.854005 W of the village Raznomoyka. 35 35 (35-40) Guvsophila 1 Zs fris
yuE Y Gypsum outcrops. ypsop P
. . Association
?{uldyba'evo 51.859208 56.635879 ‘ Right bank of the river Assel near the 55 25 S Elytrigietum
(Zianchurinsky) village Yuldybaevo. Limestone sandstones. 5) i
pruiniferae
Orenburg region
Association
Verblyudka 800 m SE of the village Kovylovka. SE -
(Saraktashsky) 52005277 56.641949 Limestone sandstones. 40-55 2540 (20-45) Elytt.’lg.tetum
pruiniferae
C}&isrggkox:ky 5 km NW of the village Chesnokovka. SW ASSOiCIat;?I} O'noasniuto
etaceous 51.69217 54.024500 Landscape monument of nature 60-35 25-35 stmp ictssimae
Mountains " . ., (25-30) Anthemietum
Chesnokovsky white mountains”. .
(Perevolotsky) trotzkianae
gy s e
Peschanka 51.27422 54.17627 2 km NW of village Peschanoye. Clay. 3040 25-45 .
(15-30) Stipetum
(Sol-Iletsky) lessinei
essingianae
Association Onosmato
Itchashkan 2 Chalk hill at the confluence of the SW simplicissimae—
(Akbulaksky) 51.22816 55.56187 Itchashkan and Tytas rivers. 60-75 20 (10) Anthemietum
trotzkianae
. . Association Onosmato
Ttchashkan 1 Right bank of t.he river Itchashkan, 7 km N SW simplicissimae—
(Akbulaksky) 51.195615 55.567145 of the village Novopavlovka. 50-60 10-15 (5-15) Anthemietum

trotzkianae
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Table 1. Cont.

Average Height Aspectin

N CP/District Longitude Latitude Locality, Habitat Total Cover, % Community
Herbs, sm Degrees
Lugovsko 1 km E of the village of Lugovskoy. S Association Elytrigio
10 (Kuvgn d ksi ) 51.18416 56.92783 Landscape complex monument of nature 60-75 20-25 (10) pruiniferae-Stipetum
YRSy “Kzyladyr karst field”. Gypsum outcrops. sareptanae
g;)eli;oc\e/zl:l}; 2 km N of Pokrovka. Landscape SW Asssi(zftﬁgsgsszzato
11 . 51.09733 55.71650 monument of nature “Pokrovsky 40-70 20-30 P .
Mountains - (15-30) Anthemietum
(Akbulaksky) Cretaceous Mountains”. Chalk outcrops. trotzkianae
Verkhnechebendinsky 10 km W of village Troitsk. Botanical and Association Athemido
Cretaceous landscape monument of nature S trotzkianae—
12 Mountains 5068136 5447448 “Verkhnechebendinsky Cretaceous 2 10-20 5) Artemisietum
(Sol-Iletsky) Mountains”. Chalk outcrops. salsoloidis
. 7 km SW of the village Troitsk. Botanical Association Athemido
Troitsk Cretaceous and landscape monument of nature S trotzkianae—
13 Mountains 1 50.65000 54.53000 P P ., 20-30 10-20 ..
(Sol-Tletsky) Trinity Cretaceous Mountains”. (10-15) Artemisietum
Chalk outcrops. salsoloidis
. 12 km SW of the village Troitsk. Botanical Association
Troitsk Cretaceous and landscape monument of nature S Nanophytono
14 Mountains 2 50.64254 54.46276 o andscap at 15-20 10-20 Nenopry”
(Sol-Tletsky) Trinity Cretaceous Mountains”. (10-15) erinacei—Jurinetum
Chalk outcrops. kirghisori
Republic of Kazakhstan
Association Athemido
Zhantalap 15 km NE of the village Zhantalap. S trotzkianae—
15 (Hobdinsky) 50.40968 5604748 Chalk outcrops. 30-40 10-15 (10) Artemisietum
salsoloidis
Association Athemido
16  Terectitau (Uilsky) 49.43052 54.58327 38 km N of the village Uil. Chalk outcrops 10-30 5-15 (;EO) ;:‘;5;"1’5‘::;87;

salsoloidis
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In the south of RB and in OR, Z. pinnatum grows as part of the syntaxa within the classes
Festuco-Brometea and Anabasietea cretaceae. Such associations as Athemido trotzkianae—
Artemisietum salsoloidis Golovanov et al., 2021 (class Anabasietea cretaceae) refer to the
most common types of communities, which are the communities of cretaceous massifs with
exposure to the south and the west on rubbly, less erodible substrates with the presence
of fine soil, widespread within the Sub-Ural Plateau [33]. Onosmato simplicissimae—
Anthemietum trotzkianae Golovanov et al., 2021 (class Anabasietea cretaceae) are the
communities of cretaceous outcrops of the Sub-Ural Plateau’s northern part and the Ob-
shchy Syrt, transitional on a latitudinal gradient from the communities of the Anabasietea
cretaceae class to petrophytic steppes of the Festuco-Brometea class, characteristic of the
southern Cis-Urals [34]. Such community coenoses are characterized by the presence of
species typical for the cretaceous outcrops of the region (Alyssum tortuosum Waldst. and
Kit. ex Willd., Anthemis trotzkiana Claus, Atraphaxis decipiens Jaub. and Spach, Hedysarum
tscherkassovae Knjasev, Matthiola fragrans Bunge, Psephellus marschallianus (Spreng.) K. Koch,
etc.). Common petrophytes (Hedysarum grandiflorum Pall., H. razoumowianum Fisch. and
Helm ex DC., Onosma simplicissima L., Scabiosa isetensis L., etc.) become more frequent in
the associations at the northern boundary of the class communities.

Zygophyllum pinnatum is less common in the coenoses of the Elytrigion pruiniferae
Korolyuk et al., 2022 alliance, comprising xeropetrophytic vegetation of the Southern Urals
steppe zone [35]. These are such associations as: Elytrigietum pruiniferae Lebedeva in
Korolyuk et al., 2022 (the central association of the alliance, encompassing xeropetrophytic
coenoses of the hillocky and low-mountain massifs of OR and the south of RB) and Elytrigio
pruiniferae—Stipetum sareptanae Golovanov in Korolyuk et al., 2022 (coenoses associated
with hillocky massifs located to the south of the latitudinal segment of the Ural River, as
well as the Southern Urals foothills). The above-mentioned communities are characterized
by the presence of xerophytes: Allium tulipifolium Ledeb., Alyssum turkestanicum Regel &
Schmalh., Ferula tatarica Fisch. ex Spreng, Linaria odora (M. Bieb.) Fisch., Poa bulbosa L.,
Pseudoroegneria geniculata (Trin.) A. Love, Thymus guberlinensis Tljin, Tulipa sylvestris L., etc.

In the Republic of Kazakhstan, the species was recorded only in the communities of the
Anabasietea cretaceae class (association Athemido trotzkianae—Artemisietum salsoloidis).

Table 2 presents the results of studying the plant’s morphometric parameters in sixteen
Z. pinnatum coenopopulations. The study revealed that the individuals from CP 13, which
is located on the southern slope of the “Troitsk Cretaceous Mountains” natural monument
in the Sol-Iletsky District of OR, surpass the individuals from other CPs in most indicators.
Apparently, the most favorable conditions for plant growth are formed there (ecological,
thermal, and humidity optimums). Additionally, the absence of human impact and low
projective cover of the grass stand have a favorable effect. Also, CPs 2 and 3, located at
gypsum outcrops in the northern part of the study area, feature high parameter values.
The minimum values for most parameters are recorded for CPs 15 and 16, located on the
territory of the RK, as well as for CP 14 (OR). These CPs occupy rubbly slopes of chalk hills
with exposure to the south and west, featuring sparse desertificated plant communities.
In this case, extreme arid growing conditions adversely affect the habitus of plants. The
above-mentioned factors are associated with the largest number of generative shoots, which
is also observed in CPs 2, 3, and 13, while the smallest number is observed in CPs 15 and
16. The generative shoot height parameter varies from 6.9 cm (CP 15) to 18.3 (CP 13). The
largest number of leaves is recorded in CPs 2 and 13, the smallest in CPs 7, 16, and 14.
The number of leaflets parameter varies from 6.8 in CP 13 to 11.7 in CP 5. According to
such characters as the length and width of leaf and leaflet, no significant differences among
coenopopulations were revealed; only in CPs 2 and 13, these characters are slightly higher,
while in the southernmost CPs 14-16, they are lower. The maximum values for the number
of fruits were recorded in CP 16, which is probably due to the high reproductive response
in arid climate conditions. According to the coefficient of variation variability range, most
characters have a normal degree of variability (Cv—5.0-44.6%). Wide and significant
variation was revealed for the number of generative shoots (Cv—48.1-78.4%) and the
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number of fruits (Cv—55.2% and 66.0%). Increased character variability in plants in a CP
is observed in cases of significant differentiation of individuals in terms of morphological
structure. It is interpreted as a manifestation of phenotypic plasticity and the ability of a
plant to adapt to environmental conditions.

To assess the intra- and interpopulation variability of Z. pinnatum under the influence
of external factors, a discriminant function analysis was carried out, which showed that
the Wilks A values are very low (at p < 0.000), which indicates an overall high statistical
significance of the obtained results. Turning to discriminant function analysis, one can not
only assess the significance of interpopulation polymorphism and estimate the “distances”
between populations but also designate those characters from among the considered
that primarily determine interpopulation differences. The maximum contribution to the
differentiation of groups is made by the diameter of the shrub (F = 27.93913), and the
minimum contribution is made by the leaflet width (3.58747). The average distances of
each individual from the center of the population to which it belongs are calculated. It was
revealed that CP 5 has the maximum morphostructural diversity (30.49 £ 1.754), and CP
14 has the minimum (7.97 & 0.710). Low phenotypic similarity was revealed between CP
13 and CPs 4, 5, 11, and 16 (80.559-87.533), and high phenotypic similarity was revealed
between CPs 1-5, 1-6, 1-10, 4-5, 7-8, 7-15, and 12-15 (7.331-10.838).

The values of squared Mahalanobis distances between coenopopulations are calcu-
lated. The discriminant function analysis makes it possible to reveal both cases of almost
complete phenotypic overlap among individuals from locally different populations as well
as the differences among individuals in the structure of vegetative and generative organs.
The maximum distance was revealed between CP 13 and CPs 4, 5, 11, 16 (80.559-87.533),
and the smallest—between CP 1 and CPs 5, 6, 10, CPs 4-5, 7-8, 12-15 (7.331-10.838). The
higher the phenotypic similarity of individuals between coenopopulations, the smaller the
distance between them. It is possible that these CPs were once fragmented from a single
population into isolated loci.

Figure 2 presents the visualization of the discriminant model, where the individuals
of all 16 studied Z. pinnatum coenopopulations are displayed in the space of the first and
second canonical roots. It can be seen that in most coenopopulations, plant individuals are
homotypic in morphological structure, which is not entirely expected. The species grows in
different thermal and humidity conditions, while individuals are phenotypically similar
to each other. It is possible that the specific soil conditions in which the species grows
(screes and outcrops of carbonate and gypsum rocks characterized by dry, mobile, and
meager substrate) largely neutralize the influence of the climatic factor. High variations are
observed only in the number of fruits and generative shoots. CP 12 and some individuals
from CPs 3, 7, 8, 10, and 16 stay away from the general massif and occupy their own area;
the overlap among them is insignificant. These individuals have minimum or maximum
indicators in some morphometric parameters, which detach them from the CP to which
they belong. In general, based on the discriminant function analysis, we established that
the studied Z. pinnatum coenopopulations significantly differ from each other at a Wilks A
of 0.010 and p = 0.000.
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Table 2. Intrapopulation variability of morphometric parameters Zygophyllum pinnatum Cham.
N CP Average Values of Morphometric Parameters
Ngs h d Nlv Llv Slv NI1f L1f Sif db Nfr Lfr Sfr

1 135+093 1234+053 02+001 1024033 44+012 15+003 106+£022 07£0.02 02+001 2534+065 214+011 24£006 1.840.03
Cv,% 345 21.7 17.2 16.3 13.9 11.2 10.5 13.2 20.8 12.9 24.8 13.1 8.5

2 268+114 156+04 02+£001 146+067 54+£014 214008 11.0+020 114004 03+£002 192+£057 23+£014 214004 1.6+0.03
Cv,% 25.1 12.7 20.8 22.8 13.1 20.3 9.2 18.6 31.6 14.9 29.8 9.7 11.0

3 268+1.14 149+034 02+001 108+020 6.2+1.62 1.8 £0.06 9.2+£0.23 1.2+ 0.05 03+001 291+£060 25+£0.13 1.8 +£0.02 1.3 £0.02
Cv,% 213 11.5 13.8 9.3 11.8 15.6 12.6 21.1 16.1 10.3 259 5.0 7.3

4 40+040 109+045 02+£000 113+054 38+014 134006 11.3+020 074+004 02+£001 139+£056 14+£010 224009 1.9+£0.07
Cy,% 50.5 209 5.1 239 18.4 22.8 8.7 26.7 29.8 20.1 36.0 21.3 18.0

5 13.8 £1.07 1244037 02+001 11.14+040 45+013 14+£005 11.7£015 07£0.03 024001 2194+103 204016 22£0.05 1.740.02
Cv,% 39.0 15.0 18.6 18.0 14.5 18.1 6.4 20.7 13.3 23.5 38.7 12.3 6.1

6 178 +134 140£040 02=£0.01 103+£025 45=£0.11 14+004 103+025 0.6+0.01 03+001 298+£097 32+£017 2.0+0.03 1.4 +0.02
Cv,% 37.7 14.1 14.4 12.1 12.2 14.1 12.1 11.7 19.1 16.3 25.6 8.5 7.6

7 120+063 1044+034 02+001 90+£020 36+009 13+£004 90+020 06£0.02 03+001 21.0+042 294018 13+£0.03 1.040.05
Cy,% 26.4 16.3 14.4 10.9 12.1 14.1 10.9 18.0 12.2 9.9 31.1 12.0 23.7

8 230+3.60 105+£056 02+£0.01 100+028 34+£019 13+004 86=£018 074003 02+£001 229+£129 50+£065 174006 1.2+0.04
Cv,% 78.4 26.6 15.8 13.9 27.1 13.6 10.5 20.2 24.1 28.3 66.0 16.8 14.5

9 216 +£182 149+047 02+£000 11.0+029 42=+0.09 1.3 £0.04 7.8 £0.16 0.9 £0.04 02+001 231+£030 3.0+£0.18 1.9 +£0.05 1.4 +0.02
Cv,% 44.6 14.0 10.7 11.2 10.1 15.0 10.2 23.1 20.1 23.1 30.0 14.0 8.4

10 193 +186 1494+051 02+001 11.04+033 47+019 14£005 100£028 09+£0.04 03+002 2944080 25+016 22+£0.05 174004
Cy,% 48.1 17.3 20.6 14.9 20.1 18.1 14.1 21.3 349 13.6 33.2 11.7 13.3

11 158 +1.07 1014041 02+001 11.64+039 31+006 1.0£0.02 100£028 06=£0.03 024001 1574055 32+025 16=+£0.06 1440.03
Cyv,% 34.0 20.4 14.4 16.6 9.4 10.8 141 19.7 254 17.4 38.1 12.1 17.3

12 11.8+056 9.0+017 02=£0.00 101+£031 32+£0.10 1.3 £0.05 7.7 £0.19 0.7 £0.03 03+001 224+£075 13+£0.09 1.9 +£0.03 1.5 £ 0.04
Cv,% 23.7 9.5 10.7 15.1 15.8 17.5 12.3 24.0 14.4 16.9 35.8 9.0 11.6
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Table 2. Cont.
nCP Average Values of Morphometric Parameters
Ngs h d Nlv Llv Slv NI1f L1f Sif db Nfr Lfr Sfr
13 31.11.78 18.3 0.59 02+001 1214028 43+006 22+006 68+020 14+004 04+001 3734+065 34+024 22+£005 154003
Cv,% 28.7 16.0 20.8 11.7 74 14.5 14.7 14.2 19.2 8.7 35.3 11.0 10.9
14 174+112 83+£021 01+001 95+034 25+008 11£006 78+013 06=£0.02 02+001 1674048 284018 14+£0.03 164006
Cyv,% 322 12.5 20.8 18.0 15.3 24.7 8.5 20.5 31.1 14.3 32.6 9.7 18.6
15 92+057 100+£026 02+£000 109+031 29+£009 10+003 82+038 054002 02+£000 197+068 1.8+015 174004 1.2+£0.04
Cv,% 31.0 13.0 8.7 14.2 14.9 16.4 23.1 20.0 9.8 17.2 40.5 11.0 15.8
16 81+080 69+022 024+001 92+040 284+009 13£007 76+022 07+£003 044002 1404+057 594065 20£0.07 174006
Cv,% 49.2 16.0 14.5 215 16.0 25.2 14.6 234 22.0 20.2 55.2 17.2 19.3

Note: Coenopopulation (CP) numbers are as described in Sections 3 and 4. An explanation of the designations of morphometric parameters is given in Section 2.
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Figure 2. The results of a discriminant analysis of coenopopulations of Zygophyllum pinnatum Cham.
by the totality of morphometric characters in the space of the first and second canonical roots
(1-16 population numbers).

In order to establish the way the character groups of the vegetative and generative
spheres of Z. pinnatum plants correlate with each other, we carried out a canonical correla-
tion analysis (Figure 3). The results of the analysis revealed that the canonical correlation
coefficient R between vegetative and generative structures equals 0.723 and is 100% statis-
tically significant (p = 0.000). It demonstrates that the development of generative organs
largely depends on the development of vegetative structures, which is quite explicable since
the maximum development of vegetative organs allows the generative sphere of plants to
develop successfully. Strong positive correlations are observed between the leaf width and
length, the leaflet width and length, the fruit width and length, as well as between the leaf
length and the generative shoot height. An extensive number of strong positive correlations
were found in CPs 2, 7, and 10. These coenopopulations are located in gypsified areas of
petrophytic steppes, where the species are exposed to quite favorable growing conditions.
Most CPs feature mean correlations between the characters. CPs 11 and 12 are characterized
by very few correlations. The lowest correlation coefficients are typical for populations
growing in dry cretaceous habitats in OR. With the deterioration of habitat conditions, the
mean correlation degree may decrease, which may be indicative of an adaptive reaction
of plants.

The cluster analysis based on the mean values of the plants morphometric parameters
resulted in the construction of a dendrogram reflecting the differences between the Z. pin-
natum samples (Figure 4). When using the single linkage method, the studied populations,
at a distance of 12.7, were divided into two clusters, one of which is clearly represented
by CP 4, located on a slight slope with lime-sandstone outcrops exposed to a limited
anthropogenic load. The second cluster, at a distance of 10.8, encompasses the rest of
the populations, including a singled-out CP 12, which is characterized by the minimum
morphometric values for a number of parameters. The last group, at a distance of 10.4, is
split into two subclusters: the first one, at a distance of 10.1, comprises the southernmost
CPs growing on the territory of the RK; the second one, at a distance of 9.8, includes CP 8.
The subcluster, at a distance of 9.7, mainly encompasses thriving populations and is split,
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in turn, into 3 groups: the first one comprises CPs 3 and 7, which are characterized by the
smallest fruits; CP 1 stands apart with the biggest fruits; and CPs 13 and 9, characterized
by the tallest plants, coalesce in a separate subcluster at a distance of 5.8.
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Figure 3. Correlation of vegetative and generative structures in individuals of Zygophyllum pinnatum
Cham.
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Figure 4. Dendrogram of differences in samples of Zygophyllum pinnatum Cham. by average sample
values of morphometric parameters of plants (1-16 coenopopulation numbers).

Table 3 presents the results of the Z. pinnatum individuals distribution by vitality
classes in coenopopulations. Eight of the studied CPs are prosperous, and the proportion
of individuals with high vitality (Q = 0.38-0.50) is seen as dominant. These CPs grow on
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high slopes (20-45°), predominantly on gypsum outcrops in the northern and central parts
of the studied gradient. The remaining half of the CPs are characterized as depressed, with
low vitality (Q = 0-0.28). They are confined mainly to the cretaceous substrate in the central
and southern parts of the gradient. Six CPs lack specimens of the highest class completely;
they are located mainly on cretaceous outcrops in the south of OR and on the territory of
the RK.

Table 3. Distribution of individuals in Zygophyllum pinnatum Cham. on the vitality classes.

Relative Frequency of Dimensional Classes

N CP a b c Quality of Population, Q Vital Type of CP
3 1.0 0 0 0.50 prospering
13 0.92 0.08 0 0.50 «

1 0.84 0.12 0.04 0.48 «
6 0.52 0.40 0.08 0.46 «
5 0.36 0.52 0.08 0.44 «
10 0.52 0.28 0.20 0.40 «
7 0.76 0.04 0.20 0.40 «
2 0.24 0.52 0.24 0.38 «
9 0 0.56 0.44 0.28 depressive
12 0 0.56 0.44 0.28 «
8 0.20 0.28 0.52 0.24 «
4 0 0.32 0.68 0.16 «
11 0.08 0.16 0.76 0.12 «
14 0 0.16 0.84 0.08 «
16 0 0.08 0.92 0.04 «
15 0 0 0.50 0 «

Note: Relative frequency of dimensional classes: a—individuals of the highest class; b—individuals of the
intermediate class; c—individuals of the lower class.

4. Discussion

Thus, the conducted studies show that on the territory of the Republic of Bashkortostan,
the Orenburg region, and the Republic of Kazakhstan, the rare Z. pinnatum species grows
in various types of petrophytic and calciphytic steppes of the Festuco-Brometea class, up
to calciphytic suffruticulose desertificated communities of the Anabasietea cretaceae class.
The main syntaxon characteristic of the species in the northern part of the gradient is the
Agropyron pectinatum community; the Athemido trotzkianae—Artemisietum salsoloidis
and Onosmato simplicissimae—Anthemietum trotzkianae associations are to the south.
The greatest diversity of phytocoenoses with Z. pinnatum participation is recorded in
Orenburg oblast.

A certain confinement of Z. pinnatum to the substrate type is traced as well. Within
the forest-steppe zone of the Bashkir Cis-Urals (in the northernmost part of its range), the
species occurs exclusively on gypsum outcrops. To the south, it can be found both on
gypsum outcrops and other rocks (lime-sandstones, chalks, etc.). Within the territory of
the Republic of Kazakhstan, the species was most often recorded at the outcrops of chalk
and marl.

The study of morphometric parameters revealed that the individuals from CP 13,
which is located on the southern slope of the “Troitsk Cretaceous Mountains” natural
monument in the Sol-Iletsky District of OR where, apparently, the most favorable growing
conditions are formed, lead by most indicators. Also, according to the main indicators,
the optimal conditions for Z. pinnatum growth develop closer to the northern border of
the range, in more favorable, in terms of temperature and water regime, climatic condi-
tions, where the species is found mainly on gypsum outcrops. Southward morphometric
indicators decrease, and the state of populations worsens. The minimum values for most
parameters were recorded in individuals from the coenopopulations located on the ter-
ritory of the Republic of Kazakhstan, as well as in the “Troitsk Cretaceous Mountains 2”
CP (OR), where insufficient moisture adversely affects the plant habitus. The variability
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of most characters lies within the normal range of the species response (Cv—>5.0-44.6%).
The variability of parameters is indicative of phenotypic differences in characters and may
signify the high adaptability of individuals to different habitat conditions.

The vitality analysis revealed that eight coenopopulations are prosperous, while
another eight are depressed. Populations with high vitality were found in conditions more
favorable for moisture on gypsum outcrops in the northern and central parts of the studied
gradient, while individuals with low vitality were found in arid conditions on cretaceous
substrates in the central and southern parts of the gradient.

The analysis of Z. pinnatum phenotypic structure showed that the individuals in most
coenopopulations are phenotypically similar, which is confirmed by a low variability of pa-
rameters. Higher variations are observed only in the number of fruits and generative shoots.
Individuals with the highest morphostructural diversity are confined to lime-sandstones,
such as in the “Verblyudka” CP (OR), with the minimum diversity—to cretaceous sub-
strates, such as the “Troitsk Cretaceous Mountains 2” CP (OR). Low morphostructural
diversity may indicate the fragmentation of isolated loci from a once-single population.

The most comfortable conditions for the growth of the species in the investigated
territories are in the southern part of the Orenburg region, with an average annual rainfall
of 300-350 mm and dark-chestnut soils. Also prospering are CPs located to the north, on
the territory of the Republic of Bashkortostan (average annual rainfall is 400-450 mm), with
a predominance of chernozem soils. To the south, in the Republic of Kazakhstan, in more
arid conditions (average annual rainfall is 150-200 mm, soils are light chestnut), the vital
indicators of the species are significantly reduced.

5. Conclusions

The analysis of morphometric parameters of plants and their variability and vitality
in 16 cenopopulations of perennial dwarf subshrub Z. pinnatum, growing in petrophytic
and calcifytic steppes of the Festuco—Brometea class and semi-shrub desert communities of
the Anabasietea cretaceae class, revealed morphostructural diversity and vital condition of
the species in different habitat conditions on the gradient: the Republic of Bashkortostan—
Orenburg region—the Republic of Kazakhstan. Prosperous cenopopulations are located
mainly in the northern and central parts, while depressive populations are located in the
central and southern parts of the gradient.

More than half of the studied Z. pinnatum coenopopulations are not provided with
proper protection measures. At the northernmost border of the range in the Republic
of Bashkortostan, the species is protected only within one natural monument. Within
Orenburg oblast, Z. pinnatum is protected much better. In the Republic of Kazakhstan, the
studied coenopopulations are not protected. Despite the satisfactory state of the species
coenopopulations, it is necessary to monitor its habitats further and improve environmental
protection measures, which include the creation of new conservation areas, especially since
other rare species, such as Hedysarum grandiflorum, Anthemis trotzkiana, Matthiola fragrans,
Lepidium meyeri, etc., grow along with it. In particular, this applies to the coenopopulations
at the northernmost border of the range, encountered on the territory of the Republic
of Bashkortostan.
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