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Introduction

Koshelev, O. L, Gensytskyi, M. V., Koshelev, V. O., Yorkina, N. V., & Kunakh, O. M. (2021). Anthropogenic load is a leading factor in
the morphological variability of Chondrula tridens (Gastropoda, Enidae) in the northwestern Azov Sea region. Biosystems Diversity,
29(2), 102-110. doi:10.15421/012114

Morphometric data are widely used in biology to assess intraspecific and inter-population variability and for bioindication and environ-
mental condition assessment. The following hypotheses have been experimentally tested in the paper: 1) the vegetation type affects the change
in the shell shape of Chondrula tridens martynovi Gural-Sverlova & Gural, 2010; 2) the change in the shell shape of this species is influenced
by the biotope moisture regime; 3) the shell shape changes depending on the anthropogenic load level. The material in the form of empty, fully
formed Ch. tridens shells was collected in 2019 in the north-westem Azov region within the basin of the Molochna River. The collection points
were located in settlements and outside them and differed in vegetation, moisture regime and level of anthropogenic load. The vegetation has
been expertly attributed to two alternative types: herbaceous vegetation and tree plantations. By moisture level, the locations have been assessed
as xerophytic and mesoxerophytic. The anthropogenic load levels have been assessed as low, medium and high. The study revealed that the
morphological characteristics of Ch. tridens demonstrate a significant component of variability, which is due to the shell size. The shell size
depends on the anthropogenic impact level. Under conditions of high anthropogenic impact, the shell size increases. Mollusks from locations
with low and medium anthropogenic impact levels did not differ in shell size. After extraction of the size component, morphological properties
develop three main trends of variability. The mouth apparatus development of mollusks does not depend on the vegetation type, but depends
on the biotope moisture level and the anthropogenic transformation level. The mollusk shell elongation was observed to have the opposite
dynamics of the height parameters in relation to the width and depended on the level of anthropogenic load. Rearrangement in the mouth
apparatus depended on the biotope moisture level and the anthropogenic load level. There were distinguished four clusters, the quantitative
morphological features of which allowed us to identify them as morphotypes. Each location was characterized by a combination of different
morphotypes, according to which the sampling points may be classified. Morphotype 1 corresponds to biotopes with low level of anthropo-
genic load, morphotype 4 corresponded to biotopes with high anthropogenic load. Morphotypes 2 and 3 corresponded to moderate level of
anthropogenic load. Vegetation type is not an important factor in determining the morphotypic diversity of populations. Under xerophytic
conditions, morphotypes 2 and 3 are more common, and under mesoxerophytic conditions, morphotypes 1 and 4 are more common.
The range of molluscs in different habitats needs to be expanded in the future to clarify climatic and other pattems.

Keywords: terrestrial mollusks; variability; conchological characteristics; morphometric analysis.

most mollusks are physiologically restricted to the areas with higher cal-
cium and pH levels in the soil, which are usually associated with broadleaf

From an evolutionary point of view, gastropods are one of the most
diverse mollusk groups, characterized by extraordinary biodiversity and
the ability to adapt to different environmental conditions (Barker, 2005).
Genetically determined variations in shell shape and size are well known,
but at the same time, the environment plays a key role in the shell deve-
lopment (Welter-Schultes, 2001). Differences between populations may
be accompanied by variability in shell sizes within a species (Madec,
2003). There is a significant difference not only in the linear dimensions of
the shell depending on climatic factors and environmental conditions, but
also in the growth rate of the coils. It is suitable for climate change indica-
tion due to its sensitivity to environmental factors (Anderson, 2007). Large
species of land snails are convenient objects for studying morphological
variability and characteristics of the life cycle on a relatively small ecolog-
ical scale and are used as model organisms for studying ecological gene-
tics (Davison, 2002). To study the morphometric variability of species, it is
necessary to take into account their habitat conditions (Anderson et al.,
2010; Manel et al., 2010; Thomassen et al., 2010). However, in order to
fully understand the structure of a species which has an extremely wide
habitat, research must be carried out in other areas too. In general, envi-
ronmental parameters influenced by plant communities strongly correlate
with distribution of terrestrial mollusks (Martin et al., 2004). For example,
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trees (Martin et al., 2004). Although genetic variation has not been ex-
plored in this study, the observed phenotypic variation may be reflected in
the snail’s ability to change its growth shape or develop altemative pheno-
types according to current environmental conditions (Goodfiiend, 1986;
Wagele, 2004; Miner et al., 2005). It is a measure of their adaptive strategy
to minimize the loss of fitness in harsher conditions or maximize fitness in
a supportive environment (Madjos et al., 2015). The reasons for the pros-
perity (or, conversely, the oppressed state) of the group depend on external
factors (of climate), soil, topographic features, geological region history,
human activity), as well as the peculiarities of the organization of the
animals themselves. However, the “‘organizational features” may include
not only morphological, but also physiological, biochemical and ethologi-
cal properties of organisms (Schileyko, 2016).

Chondrula tridens is a European, steppe calciphilous species. It is
widespread in Europe from the southwest of France to the northwest of
Iran and the Urals, including the Crimea and the Caucasus, bypassing the
northern part of the continent (Riedel, 1988). The species reaches the
northern border of its range in Lithuania. The southem border of the range
is in northem Turkey and Northern Iraq (Welter-Schultes, 2012). Chon-
drula tridens is characterized by significant intraspecific variability of the
shell size (Kemey et al., 1983; Schileyko, 1984), shape (Kramarenko
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etal., 2003, 2006; Gural Sverlova et al., 2010) and development of the
mouth armature (Snegin, 201 1a, 2011b). The species occurs in the steppes
as an index species of the Early Holocene in Central Europe (Leicht et al.,
2017). In modern Central Europe, it is traditionally associated with ma-
naged pastures in many countries such as France, Luxembourg, Switzer-
land, Germany. In the Southem Urals, it occurs not only in different types
of meadows, but also in maple-elm forests with alkaline soil in a closed
canopy, far from forest edges (Horsak et al., 2010), as well as in the East
of Russia and neighbouring countries (Sysoev et al., 2009). The species
was also found in the Ryazan region, the steppe zone to the Ural River in
the east and the forest-steppe and some forest zones in the Ukraine, the
Carpathians, Crimea, the Caucasus (Sysoev et al., 2009; Sverlova, 2006).
The species naturally occurs in xerothermal meadows along the edges of
river valleys, hills, rock outcrops, as well as on remnants of meadows in
quarries and in man-made habitats such as heaps. The species was rarely
found at altitudes of 700 m above sea level. It is found in dry, open limes-
tone areas, especially in short-sod pastures and less often in rocky habitats
(Kermey, 1996). The paleoecological range of Ch. tridens (Muller, 1774)
shows that the species is thermophilic, resistant to soil acidity, and prefers
open habitats in central and South-Eastern Europe (Willis et al., 2000).

Chondrula tridens feeds on dead plant material and lays eggs in litter.
It can penetrate in soil cracks during dry periods (Boschi, 2011). The shells
can be several centimetres below the soil level. The lifespan of Ch. tridens
does not exceed several years, similarly to other small land snails (Schliitz
et al,, 2016). The detailed multiscale phenotypic analysis of Ch. tridens
performed in Ukraine has showed that specimens with a larger shell and
well-developed mouth armature are typical for arid conditions, while more
moist areas are inhabited by smaller specimens with less developed mouth
armature (Kramarenko, 2006).

The Ch. tridens species is common in the plain regions of Europe and is
characterized by significant intraspecific diversity, which explains the identi-
fication of a large number of intraspecific taxa. The range of Ch. tridens
martynovi subspecies comprises the mountainous and steppe Crimea, the
left bank of the Black Sea lowland, the Azov lowland, the Donetsk and
Azov Uplands with adjacent territories, in the west reaching the south-
eastern outskirts of the Dnieper Upland. In the west and south-west of
Ukraine, it is completely replaced by Ch. tridens tridens. Ch. tridens marty-
novi inhabits a broad range of biotopes from open chalk slopes with pro-
nounced xerothermic microclimatic conditions to floodplain forests. Most
often, the subspecies is found in the steppe areas. Slightly stronger aperture
teeth development compared to Ch. tridens tridens indicates a better adapta-
tion of this subspecies to the life in xerothermic biotopes (Gural-Sverlova et
al., 2010). In the southem part of the steppe zone, the border between the
spread zones of the two subspecies can run approximately along the course
of the Dnipro. At the same time, in the north of the steppe zone, Ch. tridens
martynovi can be found on both banks of the Dnieper (Gural-Sverlova et al.,
2018). In this work, we will test three hypotheses: 1) the variation in the
shape of Ch. tridens martynovi shells is influenced by the type of vegetation;
2) the variation in the shape of the shells of this species is influenced by the
moisture regime of the biotope; and 3) the variation in the shape of the shells
depends on the level of anthropogenic load.

The empty and fully formed shells of Ch. tridens, were collected in
2019 within the basin of the Molochna River of the north-westem Pria-
zovye area (Fig. 1). Sampling points were made in settlements and be-
yond. They differed in vegetation, moisture regime and anthropogenic
impact levels (Table 1). Expertly, the vegetation was identified to two
alternative categories: grassy vegetation and tree plantations. According to
the moisture level, the locations were xerophytic and mesoxerophytic.
Anthropogenic load levels were assessed as low, medium and high.

Fig. 1. Scheme of the collection locations of shells of Chondrula tridens:

1 — Tokmak town, deciduous tree plantation; 2 — Tokmak town, grassy

vegetation; 3 — Davydivka village, deciduous tree plantation, 4 — Mime
village, deciduous tree plantation; S — Danilo-Ivanivka village, deciduous

tree plantation; 6 — Bogatyr village, coniferous tree plantation; 7 — Tiho-
nivka village, deciduous tree plantation; 8 — Polyanivka village, deciduous
trees; 9 — Yasne village, grassy vegetation; 10 — Konstyantynivka village,
grassy vegetation; 11 — Yakymivka town, grassy vegetation; 12 — Sadove

village, grassy vegetation; 13 —Melitopil city, grassy vegetation;
14 — Melitopil city, deciduous tree plantation

Materials and methods

Table 1

Characteristics of collection points of Chondrula tridens in the north-western Azov Sea region

Point number Location Type of vegetation Humidity status  Level of anthropogenic load Geographical coordinates
1 Tokmak town deciduous tree plantation mesoxerophytic medium 47°15'11"N 35°41'40"E
2 Tokmak town grassy vegetation xerophytic high 47°14'03"N 35°41'37"E
3 Davydivka village deciduous tree plantation mesoxerophytic low 46°30'03"N 35°11'33"E
4 Mime village deciduous tree plantation xerophytic medium 46°4321"N 35°17'51"E
5 Danilo-Ivanivka village deciduous tree plantation xerophytic medium 46°45'53"N 35°1644"E
6 Bogatyr village coniferous tree plantation mesoxerophytic low 46°3724"N 35°17'52"E
7 Tihonivka village deciduous tree plantation mesoxerophytic low 46°5624"N 35°33'09"E
8 Polyanivka village deciduous tree plantation mesoxerophytic medium 46°44'45"N 35°03'59"E
9 Yasne village grassy vegetation xerophytic medium 47°01'15"N 35°39'08"E
10 Konstyantynivka village grassy vegetation xerophytic medium 46°49'37"N 35°26'01"E
11 Yakymivka town grassy vegetation xerophytic high 46°40'01"N 35°0827"E
12 Sadove village grassy vegetation mesoxerophytic medium 46°46'45"N 35°21'S7"E
13 Melitopil city grassy vegetation xerophytic high 46°51'12"N 35°21'57"E
14 Melitopil city deciduous tree plantation mesoxerophytic low 46°52'19"N 35°25'08"E
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A total of 282 shells from 14 sampling plots were examined. Only in-
tact shells of mature individuals, i.e. with a fully formed lip in the mouth,
were used for analysis. The following parameters were measured for each
shell: WH — shell spire height, SH — shell height, MH — shell aperture
height, SW — shell width, MW — shell aperture width, the distance bet-
ween the apices of the teeth: a — columellar and parietal; b — columellar
and palatal; ¢ — parietal and palatal (Fig. 2).
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Fig. 2. Morphometric traits: WH — shell spire height, SH — shell height,
MH — shell aperture height, SW — shell width, MW — shell aperture width,
the distance between the apices of the teeth: a— columellar and parietal;
b — columellar and palatal; ¢ — parietal and palatal

Chondrula tridens is characterized by the presence of mouth arma-
ture. In its fullest composition, it is represented by five teeth: angular, pala-
tal, suprapalatal, columellar, parietal. Parietal and palatal teeth show weak
interpopulation variability in the degree of their development. The other
three teeth may undergo more or less significant reduction (until complete
disappearance) (Shyleiko, 1984). The degree of the teeth development has
been assessed both qualitatively and quantitatively. The degree of tooth
development was assessed as follows: 0 — the tooth is completely absent,
1 — the tooth is poorly developed, 2 — the tooth is developed normally.
To quantify the development of the oral armature in the mouth of each
shell, the following indicators have been measured: the distance between
the apices of the columellar and parietal teeth (a), the distance between the
apices of the columellar and palatal teeth (b); the distance between the
apices of the parietal and palatal teeth (c). All measurements have been
performed under a MBS-9 binocular microscope with an accuracy of
0.1 mm, or 0.05 mm (distance between teeth).

For each parameter, statistical indicators have been calculated: arith-
metic mean (M) and standard deviation (SD) and coefficient of variation
(CV). The morphological traits were processed by routine approaches
using Statistica software (version 10.0, StatSoft, USA) (Brygadyrenko &
Korolev, 2015; Brygadyrenko & Reshetniak, 2016; Komlyk & Brygady-
renko, 2020). The size correction of morphometric traits was performed
using the principal component analysis. The first principal component was
considered as a marker of total shell size. Using the Multiple General
Linear Model (MGLM) with principal component 1 as the predictor, the
residuals were extracted, which in tum were also subjected to principal

104

component analysis. Based on the principal components, cluster analysis
was performed and clusters were identified. The clusters were interpreted
using discriminant analysis and correspondence analysis.

Results

The morphological characteristics of Ch. tridens (Fig. 3, Table 2)
demonstrate a significant component of variability, which is determined
by the shell size. Correlation coefficients of morphological characters and
principal component vary in the range of 0.58-0.77 (Table 3). In general,
the principal component 1 is able to describe 44.8% of the variability of
morphological characteristics. The size of mollusks depends on locations
(F=3.26, P <0.001). Individuals from Tokmak town (grassy vegetation)
and Sadove village (grassy vegetation) were the largest. If we take these
locations out of consideration, then the role of location will not be a relia-
ble factor that determines the mollusk size (F =2.99, P =0.08 according to
the planned comparison test). The sizes of shells, which were quantitative-
ly estimated using the principal component 1, were statistically significant-
ly independent of the vegetation type (F =2.10, P = 0.15) and the moisture
regime of the habitat (F = 1.10, P =0.29). The shells size depended on the
anthropogenic impact level (F =2.91, P =0.05). Under conditions of high
anthropogenic impact, the shells size increases. Mollusks from locations
with low and medium anthropogenic impact do not differ in shell size (F =
0.37, P =0.54 according to planned comparison test).

The residuals were extracted from morphological characters as a re-
sult of applying the Multiple Linear Model. These remains are morpho-
logical characters without a dimensional component of variation. Three
principal components were extracted after applying principal component
analysis to them. The first three principal components, the eigenvalues of
which exceed one, are capable of describing 76.6% of the variation in the
attribute space. The principal component 1 indicates the opposite dyna-
mics of morphological characters that describe the external dimensions of
the shell to measurements that describe the mouth apparatus. Thus, the
principal component 1 can be interpreted as the development degree of the
mollusk mouth apparatus. The principal component 1 did not depend on
the vegetation type (F = 2.83, P = 0.10), but depended on the biotope
moisture level (F =9.29, P = 0.002) and the anthropogenic transformation
level (F = 24.45, P < 0.001). Under xerophytic conditions, the principal
component values were higher than under mesoxerophytic ones, indica-
ting a relatively greater distance between the teeth of the aperture in mois-
ture deficit conditions. The principal component 2 describes the opposite
dynamics of the height measures in relation to width. Thus, the principal
component 2 characterizes the elongation of the mollusk shell. It should be
noted that the elongation of the shell shape is accompanied by an increase
in the distance between the tops of the columellar and parietal teeth.
The principal component 2 depended on the anthropogenic load level (F =
11.9, P < 0.001). In the conditions of a greater anthropogenic load, mol-
lusks with a less elongated (more spherical) shape were found. The prin-
cipal component 3 indicates a restructuring in the organization of the
mouth apparatus. An increase in the distances a and b was accompanied
by a decrease in the distance ¢, which was associated with an increase in
the shell aperture height and shell width. The principal component 3 de-
pends on biotope moisture (F = 17.47, P <0.001) and the anthropogenic
load level (F =8.27, P <0.001). Under xerophytic conditions, individuals
with a more elongated shell aperture were found.

Factor scores obtained from the principal component analysis repre-
sent characteristics of morphological characteristics that are sensitive to
shape but not sensitive to shell size. They were used for cluster analysis.
The obtained results allowed us to distinguish four clusters according to
their homogeneity and notable isolation. Discriminate analysis with mor-
phometric features as predictors confirmed the homogeneity of the identi-
fied clusters (Fig. 4). The first three discriminant functions made it possi-
ble to clearly identify clusters. Discriminant function 1 contrasts clusters 2
and 4. Cluster 2 is characterized by increased values of indicators a and b,
but a decrease in shell and aperture widths. Accordingly, the opposite
relationship was characteristic of cluster 4. Discriminant function 2 distin-
guished cluster 3 fiom all others. Cluster 3 was characterized by increased
shell and aperture widths, and shell aperture height, which was observed
simultaneously with decrease in the ¢ index and the severity of the angular
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and suprapalatal teeth. Discriminant function 3 distinguished cluster 1
from all the others. Representatives of this cluster were characterized by
lower measurement values of the shell height and shell aperture width
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shown by dots and crosses; on x-axis: 1 — Tokmak town, deciduous tree plantation; 2 — Tokmak town, grassy vegetation; 3 — Davydivka village,
deciduous tree plantation, 4 — Mime village, deciduous tree plantation; 5 — Danilo-Ivanivka village, deciduous tree plantation; 6 — Bogatyr village,

coniferous tree plantation; 7 — Tihonivka village, deciduous tree plantation; 8 — Polyanivka village, deciduous trees; 9 — Yasne village, grassy
vegetation; 10 — Konstyantynivka village, grassy vegetation; 11 — Yakymivka town, grassy vegetation; 12 — Sadove village, grassy vegetation;
13 — Melitopil city, grassy vegetation; 14 — Melitopil city, deciduous tree plantation; on y-axis are values of morphometric traits (mm):
a— shell spire height (WH), b — shell height (SH), c —shell aperture height (MH), d — shell width (SW), e — shell aperture width (MW),
the distance between the tops of the teeth: f— columellar and parietal (a); g— columellar and palatal (b); h — parietal and palatal (c)
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Table 2
Degree of the angular, suprapalatal, and columellar tooth
development (%) in the aperture of the shell from different locations

. Angular (A)  Suprapalatal (S) Columellar (C)

Locaion® = N ™5 1 2 01 2
1 34 258 742 650 350 58 617 325
2 24 415 585 754 246 231 523 246

3 10 273 727 1000 - 45 955 -
4 11 313 688 563 438 188 531 28.1
5 10 370 630 333 667 11.1 556 333
6 12 542 458 750 250 167 667 16.7
7 26 425 575 384 616 4.1 630 329
8 21 4.1 559 831 169 203 559 237
9 12 194 806 774 226 65 581 355
10 26 353 647 549 451 59 706 235
11 37 47.1 529 661 339 107 545 347
12 17 442 558 767 233 140 628 233
13 13 194 806 387 613 65 581 355
14 29 414 586 759 241 138 586 276

Total 282 375 625 650 350 112 601 287

Notes: * — 1 — Tokmak town, deciduous tree plantation; 2 — Tokmak town, grassy ve-
getation; 3 — Davydivka village, deciduous tree plantation, 4 — Mime village, decidu-
ous tree plantation; 5 — Danilo-Ivanivka village, deciduous tree plantation; 6 — Boga-
tyr village, coniferous tree plantation; 7 — Tihonivka village, deciduous tree planta-
tion; 8 — Polyanivka village, deciduous trees; 9 — Yasne village, grassy vegetation;
10— Konstyantynivka village, grassy vegetation; 11 — Yakymivka town, grassy ve-
getation; 12 — Sadove village, grassy vegetation; 13 — Melitopil city, grassy vegeta-
tion; 14 — Melitopil city, deciduous tree plantation; ** — degree of the angular, supra-
palatal, and columellar tooth development in the aperture (0 — absent, 1 — moderate
development; 2 —tooth is well developed).

Various combinations of the development of the teeth of the shell
mouth are important for the cluster differentiation, as confirmed by dis-
criminant analysis. In order to show the role of dental reinforcement for
differentiation more clearly, we carried out multiple correspondence anal-
ysis (Fig. 5). The analysis revealed that the cluster 1 shells were characte-
rized by moderate development of the angular tooth. Cluster 3 was charac-
terized by a well-developed angular and suprapalatal teeth. For cluster 4, a
well-developed columellar tooth was typical. According to the degree of
development of the mouth teeth, representatives of cluster 2 had an inter-
mediate position between representatives of the other clusters. Thus, the
identified clusters had quantitative morphological features that allowed us
to identify their morphotypes. Each sampling point was characterized by
different morphotypes combination, according to which the sampling
points can be classified (Fig. 6). The main trend was increase in represen-
tatives of morphotype 4 due to decrease in representatives of morphotypes
2 and 3. In this trend, representatives of morphotype 1 first increased their
presence and then decreased. Multiple correspondence analyses made it
possible to assess the role of environmental factors in determining the
morphotypic diversity of mollusk populations. Morphotype 1 corresponds
to biotopes with a low anthropogenic load level, morphotype 4 corres-
ponds to biotopes with a high anthropogenic load. Morphotypes 2 and 3
correspond to a moderate level of anthropogenic load. Vegetation type
was not an important factor in determining the morphotypic diversity of
populations. Morphotypes 2 and 3 were more common in xerophytic con-
ditions, while morphotypes 1 and 4 were more common in mesoxero-
phytic conditions.

Discussion

The species occupies an geographical area where the conditions of
life vary greatly (Preston, 1948; Lawton, 1999; McGill et al., 2007).
The broader the range of the species, the more varied the conditions to
which the species needs to adapt (Verberk et al., 2010; Sokolov et al.,
2014; Zimaroeva et al., 2016). Phenotypic plasticity is the genotype ability
to produce various phenotypes under different conditions (Holloway,
2002; Fusco & Minelli, 2010; Kunakh et al., 2019). Phenotypic plasticity
allows snails to manage environmental challenges (Madec et al., 2000;
Munn et al., 2017). The phenotypic plasticity is a key mechanism that
allows species to have and adaptively maintain a broad range of geogra-
phic distribution (Pichancourt et al, 2012; O’Hanlon et al, 2017).
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The phenotypic plasticity is expected to allow species to more effectively
shift their geographic range in response to changing climate (Meril4 et al.,
2014; Leicht et al., 2017; Nicolai & Ansart, 2017). There are many species
of pulmonate snails in arid, semi-arid, and Mediterranean regions where
the climate has a high temperature environment and low humidity (Miz-
rahi et al., 2010). Land snails are unable to change their distribution rapidly
in response to climatic changes. Therefore, rising temperatures and asso-
ciated drought rapidly bring them to the critical limits of their existence
(Dillon et al., 2010). Thermal deaths of snails occur as a result of high
temperatures, even in regions with a temperate climate (Schmidt-Nielsen
etal, 1971; McQuad et al., 1979; Kunakh et al., 2018). This initiates sub-
sequent desiccation, which may lead to intermittent mass mortalities (Ni-
colai et al., 2010). In land snail populations commonly found in arid or
semi-arid regions, heat-related mortality tends to be quite low (Nicolai &
Ansart, 2017).

Table 3

Results of the principal component analysis of the morphometric traits,
multiple general linear model (MGLM) of the morphological traits
with shell size (principal component 1 scores) as predictor and

the principal component analysis of the MGLM-residuals

Principal com- ~ Multiple general ~ Principal component
Variable* ponent analysis linear model analysis 0f" the
of the morpho- (MGLM) MGLM-residuals
merictraits R, F P _PCl _PC2 PC3
WH 0.58 034 1455 <0001 -0.77 045 -0.25
SH 0.75 056 3622 <0001 -087 040 -
MH 0.77 060 4152<0001-063 - 0356
SwW 0.70 049 2662 <0.001-0.12 -0.80 0.14
MW 0.69 048 2613 <0.001 -0.53 063 -
a 0.77 059 4085<0001 070 035 039
b 0.76 058 3863<0001 076 — 028
c 0.64 041 196.1 <0001 053 - -0.76

Variation explained, % 448 - - — 4237 192 15.11

Notes: * — WH — shell spire height, SH — shell height, MH — shell aperture height,
SW — shell width, MW — shell aperture width, the distance between the tops of the
teeth: a— columellar and parietal; b— columellar and palatal; ¢ — parietal and palatal.

The temperature of a snail’s body depends on the morphological traits
of the shell (Cowie, 1990; Anderson et al., 2007; Miller et al., 2011).
The size of the shell plays an important role due to the mathematical fact
that for a given shape, the smaller the object, the greater its surface-to-
volume ratio. This means that smaller snails heat up faster than larger
ones. A faster decrease in temperature was demonstrated in smaller indi-
viduals when airflow was constant (Knigge et al., 2017). The optimal
surface to volume ratio depended on the aridity of the habitat. Snails had
larger shells in Mediterranean locations at low latitudes that were drier
compared to shells in more northem and humid locations (Giokas et al.,
2014). The variability in the size of the shell aperture is a morphological
feature to which the thermal and water balance of the mollusk is related.
They tend to be smaller in dry environments, which probably reduces
water loss (Goodfriend, 1986). Two strategies evolved in different snail
species with respect to shell texture to minimize water loss. Ribbed shells
retain more water on the external surface, while smooth shells have lower
water permeability (Giokas et al., 2014).

Intraspecific differentiation is an important aspect of adaptation to li-
ving conditions within the range (Kunakh et al., 2018). The ecological
factors are not the only cause of intraspecific diversity. The cause of in-
traspecific diversity may be historical, genetic or geographic in nature, as
well as of random nature. The body size of animals of the same species
depends on the degree of habitat suitability in terms of the availability of
resources and stability of environmental conditions. The reproductive
health, climate resilience, predator pressure, energy requirements, and
quality and quantity of food sources correlate with invertebrate body size
(Wardhaugh et al., 2013). There is a relationship between habitat quality
and body size of land snails. Animals reach their largest sizes in optimal
conditions (Mammola et al., 2019; Tytar, 2021). The data obtained indi-
cate that the total shell sizes of mollusks from different biotopes were quite
homogeneous. This allows us to suggest that the animals are in the condi-
tions of the optimal. Such a result is quite natural, since the studies were
performed in the territory located in the center of the subspecies range, for
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which exactly the optimal conditions are characteristic by definition. The
human impact is an important gradient that deviates the conditions from
the optimum. Under the conditions of anthropogenic impact, the size of
shells increases. Our results are in agreement that human disturbance at the
landscape level benefited snails by creating suitable habitats and reducing
avian predation pressure. Refuge and moisture conditions are related to the
distribution and abundance of snails at the microscale level (Rosin et al.,
2017).

Table 4

General discriminant analysis of mollusk morphotypes

based on morphological traits

Levelof Wilk’s Function Function Function
Bt oot lambia ¢ T 1 2 2
WH - 0.77 3.17 0.02 004 023 0.51
SH - 0.96 1.55 020 003 -007 047
MH - 098 506  <0.001 0.05 022 0.32
SW - 094 3582 <0001 -030 031  -007
MW - 0.71 19.19 <0001 -032 0.17 022
a - 0.82 6.00 <0.001 0.26 006 027
b - 094 1359 <0001 020 012 -034
c - 0.86 3207 <0001 -0.10 045 -040
A 1 0.73 0.62 0.60 005 018 021
S 1 0.99 3.58 001 008 020 028
C 0 0.96 0.76 0.61 0.17 008 -0.17
C 1 098 026 0.85 0.17 003 -002
AxS 1 1.00 0.66 0.69 0.03 009 -020
AxC 1 0.99 1.56 016 004 002 -0.11
AxC 2 0.96 0.75 061 003 -006 -0.12
SxC 1 098 3.17 0.02 0.01 011 -026
SxC 2 0.77 1.55 020 008 003 026
AXSxC 1 0.96 506 <0001 -005 -015 003
AxSxC 2 0.98 3582 <0001 003 009 -003
7 tests with successive roots removed

Eigenvalue - - - - 1.88 0.77 0.60
CanonicalR ~ — - - - 0.81 0.66 0.61
Wilk’s

lambd - - - - 0.12 0.35 0.63
Ve - - - - 56559 280.88 12645
df - - - - 5700  36.00 17.00
p-value — — — — <0.001 <0001 <0.001

a4t M ¢ Cluster: 1 ]

‘., * Cluster: 2
r . . ¢ Cluster:3 1
oL ., * .‘:}:‘E, * Cluster: 4 ]

a at RSO . =
i AT E A .
S “ e : .‘:“?:.-"....'
A T sttt
b AR - ...l. ’ [ a ]
S0 L R
216 N obaas e e ot . ]
a N . L]
-4 . . L i L
-6 -4 -2 0 2 4 6
a CS1
5 r T T T T

4 ¢ Cluster: 1
b . * Cluster: 2 ]
3F ., 5 ¢ Cluster: 3 ]

a . - = Cluster: 4
2 F - " j
Lt . . ]

%

s o} N . o
1k " ]
2t ]
3 F ]
4 L L L A A

-6 -4 -2 0 2 4 6

Notes: ¥ — WH — shell spire height, SH — shell height, MH — shell aperture height,
SW — shell width, MW — shell aperture width; the distance between the tops of the
teeth: a — columellar and parietal; b — columellar and palatal; ¢ — parietal and palatal;
degree of the tooth development in the aperture of the Chondrula tridens: A — angu-
lar, S — suprapalatal, C — columellar.

Table 5
Descriptive statistics of morphometric traits
of the Chondrula tridens morphotypes (x + SD)

b

CS1

Fig. 4. Location of shells in the space of the first three discriminant

functions: the abscissa and ordinate axes are canonical scores; a — location

of shells in the space of the CS1 and CS2 discriminant functions; b —

location of shells in the space of the CS1 and CS3 discriminant functions

2
&

Morpho- N Morphometric traits*
types WH SH MH SW MW 4« b ¢
1 57 323+ 922+ 383+ 435+ 315+ 138+ 144+ 044+
037 070 029 020 018 013 012 0.l1
5 65 387+ 1000 397+ 419+ 313+ 135+ 137+ 038+
049 +067 023 015 014 011 010 0.10
3 70 357+ 980+ 405+ 446+ 332+ 129+ 135+ 032+
053 068 020 020 018 011 011 008
4 % 368+ 973+ 387+ 441+ 330+ 125+ 131+ 044+
052 078 028 024 020 012 013 0.l1
Total 282 360+ 971+ 393+ 436+ 323+ 131+ 136+ 040+
053 076 027 023 019 013 013 011

LR SRRSO,

[ e

R
Fig. 5. Multiple correspondences analysis results of the morphotypes
(clusters) and aperture teeth: 1, 2, 3, 4 — cluster numbering, A — angular
tooth (1 — moderate development, 2 —tooth is well developed),

S — suprapalatal teeth (1 — moderate development, 2 — tooth is well
developed), C— columellar (0 — absent, 1 —moderate development,

2 —tooth is well developed)

Notes: * — WH — shell spire height, SH — shell height, MH — shell aperture height,
SW — shell width, MW — shell aperture width, the distance between the tops of the
teeth: a— columellar and parietal; b— columellar and palatal; ¢ — parietal and palatal.

Table 6
Degree of the angular, suprapalatal, and columellar tooth development
(%) in the aperture of the Chondrula tridens morphotypes

Angular (A)* Suprapalatal (S)  Columellar (C)

Morphotype (Cluster) N 1 5 1 ) 0 1 )
1 57 544 456 789 211 246 632 123
2 65 431 569 554 446 123 754 123
3 70 214 786 471 529 129 614 257
4 90 422 578 767 233 78 533 389
Total 282 397 603 649 351 135 624 241

Notes: * — degree of the angular, suprapalatal, and columellar tooth development in
the aperture (0 —absent, 1 —moderate development; 2 —tooth is well developed).

The morphological properties after the exclusion of the size compo-
nent, form three main trends of variability. They can be meaningfully
interpreted. Thus, the main component 1 represents the level of develop-
ment of aperture apparatus. Its development depends on the level of bio-
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tope humidity. The elongation of the form is characterized by the principal
component 2. The shape of mollusk shells strongly depends on the anth-
ropogenic impact. The elongation of shell aperture is characterized by the
principal component 3. The changes in this component depend on both
humidity and the level of anthropogenic load. Thus, changes in both shape
and size of mollusk shells are closely related to the level of anthropogenic
load and, to a lesser extent, to the moisture content in the biotope. In a
number of cases, anthropogenic influence forms monotonous gradations
of variability of morphological characters. This situation is observed when
increasing anthropogenic impact leads to a more pronounced develop-
ment of one or another morphological pattem. There are also situations
when the maximum manifestation of a patter was observed at an average
level of load. Such a non-linear dependence can be considered as a result
of disturbance of morphogenetic processes under anthropogenic impact,
which acts as a destabilizing factor.
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Fig. 6. Multiple correspondence analysis of morphotypes (Cluster 1,2, 3,4),
vegetation types (Grass — grass vegetation, Tree — tree vegetation), mois-
ture regime (Ks — xerophytic, MsKs — mesoxerophytic) and level of anth-
ropogenic load (L — low, M —medium, H — high); x-axis and y-axis are
dimensions extracted as a result of multiple correspondence analysis

On the basis of morphological characteristics, mollusks may be divi-
ded into four clusters. The clusters are well separable by statistical me-
thods, but the boundaries between clusters are continuous. Therefore, the
selected clusters may only have the status of morphotypes. If the morpho-
types are ecologically conditioned, they may be identified as ecomorpho-
types. Also, the genetic conditioning of these morphotypes cannot be
excluded. This presumption was confirmed by the fact that morphotypes
correlate quite well with the degree of expression of individual teeth in the
aperture. The level of development of the aperture is certainly of adaptive
importance, but the development of individual teeth should be considered
as a genetically determined trait. Individual populations are represented by
aggregates of morphotypes. The morphotype structure may be explained
by ecological factors. Vegetation is an important factor that determines the
organization of terrestrial invertebrate communities at different scale levels
(Yorkina et al., 2018; Zhukov et al., 2019). It is of interest to assess the
influence of vegetation cover on morphological features of land mollusks.
The role of vegetation is not significant in the framework of the present
study. Obviously, to solve this question, it is necessary to assess the influ-
ence of vegetation at different scale levels (Zymaroieva et al., 2019; Zhu-
kov et al.,, 2019). The anthropogenic impact has an important role in the
formation of the morphotype structure (Kunakh et al., 2018). Mollusks
have considerable potential for indicating anthropogenic pressures (Yor-
kina et al., 2019). The morphotype 1 is confined to biotopes with low
levels of anthropogenic pressure. These animals are smaller in size than
those that inhabit higher levels of anthropogenic pressure. They are also
characterized by a relatively large distance between the teeth of the aper-
ture. The level of angular, suprapalatal, and columellar development is
somewhat lower than such of the other morphotypes. Thus, ecological

peculiarities are combined with quite distinct set of morphological charac-
ters. The morphotype 4 is most often found in conditions with increased
anthropogenic pressure. These are animals whose sizes are relatively
larger than such of those living under less anthropogenic pressure.
The morphotypes 2 and 3 are more common under moderate anthropo-
genic pressure and in xerophytic conditions.

Conclusion

The role of environmental factors in the morphological variability of
mollusk shells Ch. tridens is still unclear, despite a significant number of
studies on this problem. The results presented in this study expand the
knowledge of the morphological variability of Ch. tridens and support the
hypothesis that some anthropogenic factors are the most important drivers
that determine the variability of shell morphology. The obtained results
suggest that populations of Ch. tridens martynovi are represented by a
variety of morphological types that allow snails to adapt to regimes of
natural environmental factors and anthropogenic load. The variation of
dimensional characteristics of populations specifies their homogeneity that
is a consequence of optimality of living conditions of this species in steppe
biotopes and anthropogenic ecosystems derived from them. The morpho-
types distinguished based on the features of the shell shape differ in prefe-
rences of different conditions. The main gradients that cause a regular
response in the morphotypic structure are the anthropogenic load and
moisture regime.

The studied materials were stored in the malacological collection of the State Mu-
seum of Natural History in Lviv. The authors are grateful to the Candidate of Biolo-
gical Sciences, senior researcher of the State Museum of Natural History of the
National Academy of Sciences of Ukraine, head of laboratory of malacology of the
State Museum of Natural History of the National Academy of Sciences of Ukraine
N. V. Gural-Sverlova for valuable comments and recommendations.
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