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Conchological variability of Anadara kagoshimensis (Bivalvia:
Arcidae) in the northern part of the Black–Azov Sea basin
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Abstract
Features of shape and size variability of blood ark (Anadara kagoshimensis) inhabiting biotopes in the northern part of the Black
and Azov Seas were studied. Fourteen morphometric traits were measured for each blood ark shell. The principal component
analysis extracted only one principal component (PC) whose eigenvalue is greater than 1.0. The PC 1 explained 84.5% of the
variation in morphometric traits and was interpreted to be an integral indicator of mollusk shell size. The variation of morpho-
metric traits due to the size and asymmetry of the valves was subjected to correction using a Multiple General Linear Model with
PC 1 as a continuous predictor and right or left valve as a discrete predictor. A cluster analysis was performed based on the
residuals after size correction, as a result of which mollusk individuals were divided into four clusters. For mollusks from the Sea
of Azov, a characteristic feature was an increased distance between pallial line and ventral shell margin. In turn, mollusks from
the Black Sea exhibited an increase in the width of the posterior adductor scar. The observed morphological differences can be
explained by different quantity and quality of food, since the soil composition in the biotopes studied is almost identical.
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Introduction

Anadara kagoshimensis (Tokunaga, 1906) is a bivalve mol-
lusk inhabiting the intertidal and subtidal zones (Bañón et al.
2015). The natural range of the species comprises the coasts of
the central Indian Ocean and western Pacific, the coasts of
India, Sri Lanka, Indonesia, Korea, China, Japan, and northern
Australia (Poutiers 1998; Yurimoto et al. 2008). The current
range includes the Indo-Pacific region, the Mediterranean ba-
sin, with the center of invasion in the Adriatic Sea, the Black
Sea, and the Sea of Azov (Strafella et al. 2017). In the
Mediterranean Sea, the invasive process of A. kagoshimensis
began in 1969 (Ghisotti 1973), where it was introduced acci-
dentally, most likely by shipping (Bañón et al. 2015). The cur-
rent distribution in the invasion area includes the western and
eastern Mediterranean, Catalan, Adriatic, Aegean, Marmara,
Black and Azov Seas (Zaitsev and Ozturk 2001). This species
in the Black Sea occurs in the depth range of 3–60 m (Marinov

1990). In the Sea of Azov, it was found at depths of up to 10–
11 m (Chikhachev et al. 1994). Anadara kagoshimensis easily
tolerates hypoxic and anoxic conditions (de Zwaan et al. 1995;
Borodina and Soldatov 2019). The presence of hemoglobin in
the mollusk tissues and in erythrocytes provides the ability to
survive for a long time under hypoxic conditions when many
species of other mollusks die (Weber et al. 1990; Shiganova
2008; Shiganova et al. 2012).

In its natural distribution, A. kagoshimensis prefers sandy
and clay habitats in the intertidal and subtidal zones
(Santhanam 2018). Anadara kagoshimensis is able to live on
various substrates (sandy, rocky and muddy) (Rinaldi 1985;
Streftaris and Zenetos 2006; Crocetta 2011), but prefers main-
ly the soft substrates (sandy or muddy) (Zaitzev and Mamaev
1997). For the situation of the Black Sea, the most favorable
conditions for this species are formed in the organically
enriched near-mouth areas of the western and eastern Black
Sea shelf (Gomoiu 1984). The range of A. kagoshimensis dis-
tribution in the Black Sea depths includes the mussel belt
(Revkov 2016) and the sandy substrate belt with a dominant
Veneroida order of Bivalvia (Bondarev 2020). The two bio-
cenosis belts in the Black Sea corresponding to facies com-
plexes with dominant bivalves of Mytilloida and Veneroida
are formed on the basis of their different ability to adapt to
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sediment conditions (Bondarev 2014). The ability to attach to
all types of hard substrates with byssus is a competitive ad-
vantage of this mollusk (Ghisotti and Rinaldi 1976). Mussels,
due to their anatomical features, are subject to inhibition in the
zone of sand development (Zaika et al. 1990), while
A. kagoshimensis has a psammic resistance, which allows
expanding the boundaries of its distribution to sandy sub-
strates, where Venerida dominates (Bondarev, 2014).
Therefore, the distribution of A. kagoshimensis extends over
two benthic belts (Bondarev 2020).

Anadara kagoshimensis belongs to warm-water forms of
mollusks (Lutaenko 2006). The stable development of its set-
tlements in the hard temperature conditions of the Black Sea
and the Sea of Azov indicates the biological eurythermicity of
the species and the ability to exist in a wide range of temper-
ature changes (Revkov and Shcherban 2017). Anadara
kagoshimensis is a euryhaline species (Broom 1982; Broom
1985). Although its maximum distribution corresponds to
areas with salinity around 30‰, the mollusk tolerates desali-
nation up to 10–11‰, and in the Adriatic Sea it is found even
in brackish-water lagoons (Rinaldi 1985). Apoptosis, amino
acid metabolism, and other biological processes mediate the
immune regulation mechanisms of A. kagoshimensis that oc-
curred after exposure to a sudden decrease in salinity. A sud-
den decrease in salinity (from 30‰ to 14‰) results in oxi-
dative damage (Zhang et al. 2019). Anadara kagoshimensis is
able to survive hypoxia (< 2 mg L− 1) for about two weeks in
summer. As water salinity reduces, hypoxia survival time de-
creases (Suzuki et al. 2012). This species survives for 5–7
days under conditions of low oxygen concentrations in the
medium (up to 0.5 ml L− 1) (Zaitzev and Mamaev 1997).
This invasive bivalve can act as an ecological engineer that
determines the structure, composition, and functioning of nat-
ural communities (Sousa et al. 2009). In the Adriatic and
Black seas, the significant dispersion of A. kagoshimensis
led to the decline of autochthonous bivalves such as
Chamelea gallina (Linnaeus, 1758), Mya arenaria
Linnaeus, 1758 and Cerastoderma glaucum (Bruguiere,
1789) in their habitats (Streftaris and Zenetos 2006;
Kolyuchkina and Miljutin 2013). New communities dominat-
ed by the invasive species A. kagoshimensis were observed
offshore in an area with increased accumulation of terrigenous
sediments and a less favorable oxygen regime (Chikina 2009).

The macrozoobenthos of the Azov Sea lagoons showed a
high resistance to invasion by A. kagoshimensis. The abun-
dance and biomass of A. kagoshimensis were lower than that
of the native dominant species. Anadara kagoshimensis does
not form distinct communities. The effective colonization of
A. kagoshimensis is inhibited by the lack of a free niche in the
communities. Anadara kagoshimensis colonization in the la-
goon is inhibited by the unsuitable habitat (combination of
very soft muddy substrate and high-density seagrass
meadows) (Kolyuchkina et al. 2019). The A. kagoshimensis

invasion was suggested to promote the growth of natural bi-
valve communities by utilizing excess organic matter
(Bondarev 2020).

The invasive species A. kagoshimensis in a new environ-
ment, which it finds in the Black Sea and Sea of Azov, is able
to occupy a variety of habitats and has a significant competi-
tive advantage in the comparison with representatives of the
natural fauna. The shell of A. kagoshimensis is much thicker
and harder than that in the Cerastoderma spp. mollusks of the
same size. Therefore, Cerastoderma spp. are predominantly
easily accessible preys for benthophagous species only during
the first two years of life (Anistratenko and Haliman 2006;
Finogenova et al. 2013).

The adaptive capabilities of the species also manifest them-
selves at the level of shell morphology of these animals. The
study of the variability of shell shape and size is important for
understanding the mechanisms of adaptation of invasive
molluscks for living in different ecological conditions.
Therefore, the aim of the study is to identify the features of
variation in the shape and size of A. kagoshimensis inhabiting
biotopes in the northern part of the Black Sea and the Sea of
Azov.

Methods

Mollusk shells were collected in 2020 in the Black Sea on the
Dzharylgach Spit (46º04’N, 32º32’ E) and in the Sea of Azov
on the Fedotova Spit (46º13’ N, 35º14’ E). Fourteen morpho-
metric traits were measured for each blood ark shell to the
nearest 0.1 mm using a dial caliper (Fig. 1). Measurement
error using these techniques does not contribute significantly
to trait variation (Gardner 1995). The traits previously used by
the authors in the morphological diagnosis of mollusk shells
were used for the analysis (McDonald et al. 1991; Finogenova
et al. 2013) (Fig. 1). The number of ribs on the valves of each
blood ark was counted in addition to the mensural (measured)
features. The left and right valves were measured from a sam-
ple of shells collected on the shore. Values for each of the 15
morphometric traits were log10-transformed before being
used for statistical procedures. The differences in shape from
the differences in body size were separated by a size correc-
tion procedure (McCoy et al. 2006). The method of sharing as
a special technique of residual analysis based on a multivariate
description of the body size. The multiple trait measurements
were analyzed using principal component analysis (PCA) to
yield the first principal component (PC 1), which was a quan-
titative measure of “body size” because, by definition, it sum-
marizes isometric size alone (Jolicoeur 1963; Somers 1986;
Diniz-Filho et al. 1994; Bookstein 1996). The morphometric
traits were subjected to PCA. The PC 1 scores were applied as
a measure of total shell sizes in the size correction procedure.
A Multiple General Linear Model (GLM) was used for size
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correction procedure (García-Berthou 2001; Dahl and
Peckarsky 2002; Longepierre et al. 2003; Wojczulanis-
Jakubas et al. 2015). The residuals of the Multiple
GLM were used in the cluster analysis. The importance of
morphometric traits for distinguishing clusters was tested
using discriminant analysis. The morphometric traits were
subjected to PCA after size correction for each cluster sepa-
rately. Procrustean analysis (Peres-Neto and Jackson 2001)
was applied to find the degree of consistency of the configu-
rations obtained after PCA. Procrustes analysis is a procedure
that minimizes the sum of-squared differences between con-
figurations in a multivariate Euclidean space. In a procrustean
analysis to find the optimal superimposition, one configura-
tion is kept as a reference while the other is rotated sequen-
tially until the sum-of-the-squared residuals between the cor-
responding coordinates in both configurations (SS) is mini-
mized. The greater the coherence between the datasets, the
smaller the value of SS. The individual residuals between
homologous traits can be interpreted separately, revealing

the degree of their correspondence (Peres-Neto and Jackson
2001). The statistical calculations were performed with the
vegan library (Oksanen et al. 2018) for a language and envi-
ronment for statistical computing R (R Core Team 2020).
Descriptive statistics of morphometric traits and the degree
of correspondence to the laws of distribution were performed
in the Statistica software (Statsoft).

Results

The coefficient of variation of morphometric characteristics of
A. kagoshimensis shell was in the range 4.11–69.76 % (left
shell) and 3.88–70.73% (right shell) (Table 1). The individ-
uals of this species usually have a larger left shell than the right
one. But sampling collections among costal deposits yielded
estimates of morphometric characteristics that were not statis-
tically significantly different between the left and right sides of
the shell in both size and level of variation. The number of ribs

Fig. 1 Shell traits measured for each individual clam in Anadara
kagoshimensis: H – shell height, mm; B/2 – valve width, mm; L – shell
length, mm; a – ligament length, mm; b – length of the upper margin of
the valve, mm; c – length from the anterior margin of the ligament to the
apex, mm; d – length from dorsal margin of the ligament to the apex, mm;

e – distance between the projection of anterior margin and ventral margin,
mm; f – distance between pallial line and ventral shell margin, mm; h –
width of posterior adductor scar, mm; i – width of anterior adductor scar,
mm; j – umbo height, k – umbo length; l – thickness of the bivalve shell;
m – ribs
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in the shell surface sculpture was the least variable feature.
The most variable features were the length from the anterior
margin of the ligament to the apex and the length of the liga-
ment. The variability of other indices did not differ significant-
ly from each other and was in the range 32.20–43.81%.

The analysis of the histograms of the morphometric traits
indicated their bimodal (for the shell height, trimodal) nature
(Fig. 2). Accordingly, the model from the mixture of normal
distributions was able to explain the observed histograms
well. The distribution of the number of ribs in clams from
the Fedotova spit deviated significantly from the binomial
law as a random model for discrete traits (χ2 = 14.4, df = 4
p < 0.001). The deviation was due to a greater prevalence of
individuals from 32 to 33 ribs than would be expected due to
the random alternative. There were also significantly fewer
individuals with marginal numbers of ribs per shell, 29, 30,
and 35, than would be expected as a result of a random pro-
cess. The modal value of the number of ribs is 32 for the

population fromDzharylgach Spit, and in the population from
Fedotova Spit the modal number of ribs on the shell is 33.

The observed bimodal distribution of morphometric traits
can be explained by biotopic features. The morphometric
traits of mollusks from the Fedotova Spit were significantly
higher than those of mollusks from the Dzharylgach Spit.
According to the level of variation, mollusks from
Dzharylgach Spit exceeded mollusks from Fedotova Spit in
such traits as ligament length and length from the anterior
margin of the ligament to the apex. For other traits, the level
of variation was not significantly different between biotopes.

The PCA of the morphometric traits extracted only one
component whose eigenvalue exceeds unity (Table 2). This
component was able to explain 84.5 % of the variation in
morphometric traits. The PC 1was related to all morphometric
traits, as confirmed by the highly significant correlation coef-
ficients. This revealed that the PC 1 was an integral indicator
of mollusk shell size. The shell sizes expressed by the integral

Fig. 2 Histograms of morphometric traits of Anadara kagoshimensis
shells. The red line indicates the histogram, which is formed by the
mixture of three (for H) or two (for all other continuum traits)
hypothetical normal distributions. The hypothetical binomial
distribution is represented by the red line for the number of ribs:H – shell
height, mm; B/2 – valve width, mm; L – shell length, mm; a – ligament
length, mm; b – length of the upper margin of the valve, mm; c – length

from the anterior margin of the ligament to the apex, mm; d – length from
dorsal margin of the ligament to the apex, mm; e – distance between the
projection of anterior margin and ventral margin, mm; f – distance be-
tween pallial line and ventral shell margin, mm; h – width of posterior
adductor scar, mm; i – width of posterior adductor scar, mm; j – umbo
height, k – umbo length; l – thickness of the bivalve shell; m – ribs (1 –
Fedotov Spit, 2 – Dzharylgach Spit)
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index PC 1 were significantly different between biotopes
(Fig. 3). Shells from Fedotova spit were generally larger in
size than those from Dzharylgach Spit (F = 121.1, p < 0.001).

The variation of morphometric traits due to the size and
asymmetry of the valves was subjected to correction using a
Multiple GLM with PC 1 as a continuous predictor and right
or left valve as a discrete predictor (Table 3). These predictors

were found to be able to explain 8 to 98% of the variation in
morphometric traits. Size is a statistically significant predictor
for all traits. The shell asymmetry was manifested in the fact
that the height and width of the left valve were greater than
those of the right one. In turn, the ligament length, the length
of the upper margin of the valve, the length from the anterior
margin of the valve to the apex, and the width of the posterior
locking muscle mark on the right side were greater. Even after
size correction, some indices differed in size dependence.
Thus, as the size of the shell on the left side increased, such
indices as the length of the valve, ligament length, and length
from the anterior margin to the apex increased.

The residuals of the Multiple GLM represent the morpho-
metric characteristics, from which the size component of var-
iation was extracted. Based on the residuals, a cluster analysis
was performed, as a result of which mollusk individuals were
divided into four clusters (Fig. 4). A discriminant analysis was
performed to interpret these clusters with the residuals of re-
gression models as predictors (Table 4). The analysis showed
that the clusters can be differentiated quite well using canon-
ical variables (Fig. 5). Canonical variable 1 is most sensitive to
the opposite variation of the length from distance between the
projection of anterior margin and ventral margin in relation to
the length of the upper margin of the valve, the width of
posterior adductor scar, and the number of ribs. Thus, individ-
uals from the cluster 2 have a greater length of the upper

Fig. 3 Histograms of principal component (PC) 1 scores (integral index
of shell size in Anadara kagoshimensis) for different biotopes: the x-axis
is the scores of the PC 1; the y-axis is the number of mollusk individuals

Table 2 Descriptive statistics of morphometric distributions in Anadara kagoshimensis and loading of the principal component 1

Traits PC 1* Kolmogorov-Smirnov test Distribution 1 Distribution 2 Distribution 3

d p P 1 P 2 P 1 P 2 P 1 P 2

H 0.99 0.03 0.99 0.17 11.08±1.81 0.56 20.84±3.90 0.27 31.00±3.82

B/2 0.98 0.05 0.72 0.43 6.41±1.98 0.57 11.41±2.88 – –

L 0.99 0.05 0.65 0.84 23.02±7.12 0.16 39.95±2.65 – –

a 0.97 0.05 0.69 0.63 8.08±2.98 0.37 16.43±4.42 – –

b 0.98 0.05 0.73 0.71 13.98±3.83 0.29 22.80±3.51 – –

c 0.96 0.05 0.61 0.59 2.13±1.40 0.41 5.95±2.18 – –

d 0.96 0.04 0.84 0.50 4.69±1.46 0.50 8.62±2.49 – –

e 0.97 0.04 0.86 0.28 5.94±1.89 0.72 11.89±3.49 – –

f 0.81 0.05 0.74 0.25 2.44±0.51 0.75 4.98±1.20 – –

h 0.92 0.04 0.81 0.59 4.66±1.33 0.41 7.73±1.81 – –

i 0.95 0.04 0.87 0.68 4.52±1.56 0.31 8.46±1.06

j 0.97 0.05 0.60 0.54 3.14±1.12 0.46 5.58±1.68

k 0.86 0.04 0.85 0.42 8.75±2.17 0.58 13.98±3.61

l 0.87 0.08 0.09 0.84 1.32± 0.40 0.16 2.44±0.27

m 0.31 0.24 <0.001 0.91 36 – – – –

Explanations: H – shell height, mm; B/2 – valve width, mm; L – shell length, mm; a – ligament length, mm; b – length of the upper margin of the valve,
mm; c – length from the anterior margin of the ligament to the apex, mm; d – length from dorsal margin of the ligament to the apex, mm; e – distance
between the projection of anterior margin and ventral margin, mm; f – distance between pallial line and ventral shell margin, mm; h – width of posterior
adductor scar, mm; i –width of posterior adductor scar, mm; j – umbo height, k – umbo length; l – thickness of the bivalve shell;m – ribs; for continuous
variables: P 1 is the proportion of the distribution; P 2 is the mean value for this distribution ± variance; for a discrete variable: P 1 and 2 are traits of the
binomial distribution; * is the loadings of the principal component 1 (eigenvalue λ = 9.3, explained variation – 84.5%)

3676 Biologia (2021) 76:3671–3684



margin of the valve, the width of posterior adductor scar, and
the number of ribs, while individuals from the cluster 1 have a
greater length from the anterior margin of the ligament to the
apex. The canonical variable 2 is most sensitive to the oppo-
site dynamics on one side of the length from the anterior
margin of the valve to the apex, distance between the projec-
tion of anterior margin and ventral margin, and the distance
from the mantle margin to the distance between pallial line
and ventral shell margin of the shell, the ligament length, and
the width of posterior adductor scar on the other side.
Accordingly, individuals from cluster 4 show larger values
of the length from the anterior margin of the shell to the apex,
the length from the anterior margin to the apex, and the dis-
tance from the mantle margin to the margin of the shell. In
turn, mollusks from different biotopes are represented by all
clusters. Nevertheless, the clusters exhibit a certain level of
predominance in a biotope (Fig. 6). The specimens of mol-
lusks from the Fedotova Spit are predominantly represented

Fig. 4 Cluster analysis of Anadara kagoshimensis shells based on the
traits after size correction. The linkage distance is 1–r, where r is a
Pearson correlation coefficient, the amalgamation rule is Ward’s
method. The red line is the level of splitting the set into four clusters

Table 3 Results of a Multiple General Linear Model of the dependence
of morphometric traits (after log-transformation) on the size and asym-
metry of the Anadara kagoshimensis shell

Parameter Radj
2 Normalized regression coefficients

Valve* PC1 Valve×PC1**

H 0.98 0.04±0.01 0.99±0.01 –

B/2 0.97 0.03±0.01 0.98±0.01 –

L 0.98 – 0.99±0.01 0.03±0.01
a 0.94 –0.06±0.02 0.97±0.02 0.04±0.02
b 0.96 –0.07±0.01 0.98±0.01 –

c 0.92 – 0.92±0.03 –

d 0.91 –0.04±0.02 0.96±0.02 –

e 0.95 –0.04±0.01 0.97±0.01 0.05±0.01
f 0.65 – 0.86±0.04 –

h 0.85 –0.06±0.03 0.91±0.03 –

i 0.90 –0.10±0.02 0.93±0.02 –

j 0.94 – 0.97±0.02 –

k 0.82 –0.27±0.03 0.86±0.03 0.07±0.03
l 0.77 0.15±0.03 0.87±0.03 –

m 0.09 – 0.29±0.07 –

Explanations: * the right valve is the reference – a positive value indicates
a predominance of the index in the left valve compared to the right one,
and a negative value indicates a predominance of the index in the right
valve compared to the left one; ** for the predictor Valve×PC1 a positive
value indicates an increase in the index in the left valve compared to the
right valve with an increase in the shell size; H – shell height, mm; B/2 –
valve width, mm; L – shell length, mm; a – ligament length, mm; b –
length of the upper margin of the valve, mm; c – length from the anterior
margin of the ligament to the apex, mm; d – length from dorsal margin of
the ligament to the apex, mm; e – distance between the projection of
anterior margin and ventral margin, mm; f – distance between pallial line
and ventral shell margin, mm; h –width of posterior adductor scar, mm; i
–width of posterior adductor scar, mm; j – umbo height, k – umbo length;
l – thickness of the bivalve shell; m – ribs

Table 4 Factor structure matrix (the standardized coefficients of
canonical variables at p < 0.05 are presented)

Parameter Root

1 2

H – –

B/2 – –0.39

L – –

a – –0.49

b 0.14 –

c –0.95 –

d – 0.20

e – 0.23

f – 0.81

h 0.22 –0.49

i – –

j – 0.25

k – –

l – –

m 0.16 –

Eigenvalue 3.20 2.13

Cumulative variation explained 0.53 0.89

Explanations: morphometric traits after size correction (residuals obtain-
ed from the results of the Multiple General Linear Model): H – shell
height, mm; B/2 – valve width, mm; L – shell length, mm; a – ligament
length, mm; b – length of the upper margin of the valve, mm; c – length
from the anterior margin of the ligament to the apex, mm; d – length from
dorsal margin of the ligament to the apex, mm; e – distance between the
projection of anterior margin and ventral margin, mm; f – distance be-
tween pallial line and ventral shell margin, mm; h – width of posterior
adductor scar, mm; i – width of posterior adductor scar, mm; j – umbo
height, k – umbo length; l – thickness of the bivalve shell; m – ribs
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by the clusters 2 and 4, and the specimens of mollusks from
the Dzharylgach Spit are predominantly represented by the
clusters 1 and 3. Thus, the selected clusters were clearly dis-
tinguished by a set of morphometric traits that reflect the func-
tional state of the mollusks, which allows to consider the clus-
ters as ecomorphotypes.

Procrustes analysis allowed to compare factor solutions
between individual ecomorphotype (Fig. 7). The
ecomorphotype factor structures statistically significantly cor-
related in the range of 0.54–0.77, indicating a considerable
level of the similarity between morphometric traits in the
members of different ecomorphotype. The highest individual
residuals are found for ligament length, length of the upper

margin of the valve, length from the anterior margin of the
ligament to the apex, length from dorsal margin of the liga-
ment to the apex, and distance between the projection of an-
terior margin and ventral margin (Fig. 8). These features con-
tribute most to the difference between the ecomorphotype. In
turn, traits such as distance between pallial line and ventral
shell margin and width of posterior adductor scars are relative-
ly invariant and play an important role in matching the shape
of mollusks from different ecomorphotype.

Discussion

The shells of A. kagoshimensis show size variability, shell
asymmetry and asymmetry variability which is related to size.
The number of ribs is least affected by these predictors. The
right and left valves do not differ in this parameter. The shell
sculpture in mollusks from the Black Sea is represented by
30–36 (usually 34–35) (Anistratenko et al. 2014) or 31–32
(Lutaenko 2006) radial ribs. In mollusks from the Sea of
Azov there are 31–35 (usually 32–33) (Anistratenko et al.
2014), in forms from the Adriatic Sea – 30–31 (Lutaenko
2006) or 32–34 (Strafella et al. 2017). According to our data,
the number of ribs in mollusks from the Fedotova Spit varies
from 30 to 36 (usually 32–34), and 30–35 ribs (usually 32–34)
were found in mollusks from the Dzharylgach Spit. The num-
ber of mollusk valve ribs is subject to geographic variability .
However, the clinal variability of this trait was difficult to
reveal (Clarke 1965). The presence of ribs and their relief
increase the strength of the shell at equal thickness and also
serve as a defense against drilling predators by the exaptation
mechanism (Klompmaker and Kelley 2015). The level of

Fig. 5 Discriminant analysis results of Anadara kagoshimensis shells by
morphometric traits after size correction. 1, 2, 3, 4 are ecomorphotypes
(clusters)

Fig. 6 Multiple analysis of correspondence between Anadara kagoshimensis ecomorphotype and biotopes (a) and distribution of ecomorphotypes
(clusters) by biotopes (b): x-axis – ecomorphotypes (clusters), y-axis – number of ecomorphotypes

3678 Biologia (2021) 76:3671–3684



shell sculpture development and thickness are directly related
and determined by environmental energy (Mandic and Piller
2001). A decrease in the level of shell sculpture development
indicates a decrease in environmental energy as depth in-
creases (Kauffman 1965). Some deep-sea bivalves usually
have a thin-walled shell with a low relief or smooth surface.
The thin-walled shell is typical of most mollusk species that

live in the zone of no significant fluctuations in the water
column temperature (Bondarev 2013).

Mollusks from different biotopes differ significantly in
size. The individuals may differ in morphology due to genetic
features, environmental influences on development, or as a
consequence of sexual dimorphism (McCoy et al. 2006).
The phenotypic traits within or between populations can

Fig. 7 Pairwise procrustean rotation of solutions derived from principal
component analyses (PCA) in the space of principal components 1 and 2:
the blue arrows indicate procrustes errors (large errors correspond to large
arrows) calculated by rotating traits in 9,999 permutations and comparing
traits positions of two PCA for the corresponding ecomorphotypes until
finding positions with least differences; procrustes sum of squares (SS)
and correlation in symmetric procrustean rotation is presented under each
pairwise diagram,H – shell height, mm; B/2 – valve width, mm; L – shell

length, mm; a – ligament length, mm; b – length of the upper margin of
the valve, mm; c – length from the anterior margin of the ligament to the
apex, mm; d – length from dorsal margin of the ligament to the apex, mm;
e – distance between the projection of anterior margin and ventral margin,
mm; f – distance between pallial line and ventral shell margin, mm; h –
width of posterior adductor scar, mm; i –width of posterior adductor scar,
mm; j – umbo height, k – umbo length; l – thickness of the bivalve shell;
m – ribs
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influence the rate and direction of evolution, determine popu-
lation dynamics, and influence the results of ecological inter-
actions (Peacor and Werner 2001; Werner and Peacor 2003;
Utsumi et al. 2010). The evidence from the long-term and
large-scale studies suggests that interactions mediated bymor-
phological traits can influence community dynamics (Bolker
et al. 2003). The average size of individuals in a population
depends on the growth rate of individuals and the age struc-
ture. Obviously, the average size of individuals in the popula-
tion will be the larger the greater the growth rate of individuals
and more representatives of the older age categories. Anadara
kagoshimensis has a long ontogeny and a low lethality of
adults. The sexual maturity is reached at a shell length of about
1–2 cm (Chikina et al. 2003; Sahin et al. 2006). The size of an
organism is related to the lifespan, the size of the local range
and other aspects of the life span and ecology of the species
(Peters 1983; Brown et al. 2004). The relationship between
body size and population size is an important link between
individual, population levels, and the structure and dynamics
of ecological communities (Abele 1976; Woodward et al.
2005). Body size is one of the primary determinants of me-
tabolism and resource use (Peters 1983; Brown et al. 2004). In
the Black Sea compared to other areas of theWorld Ocean, the
growth rate of A. kagoshimensis is somewhat higher, which is
explained by more favorable feeding conditions (Sahin et al.
2006). According to the type of feeding, Anadara spp. belong
to the sestonophagous filtrators. The maximum age of
A. kagoshimensis (7 years) was recorded in the population of
the eastern part of the Anatolian coast (Sşahin et al. 2009), and
the greatest length of the Black Sea specimens (up to 85 mm)
was also recorded there (Sşahin et al. 2009). The length of the
A. kagoshimensis was in the range of 4.5–71.8 mm in the
Middle Black Sea (Aydin et al. 2014). On the Caucasian coast
and off the coast of Bulgaria , the length of the
A. kagoshimensis shell did not exceed 60 mm (Marinov

1990; Zolotarev and Terentyev 2012), in the Kerch Strait –
65 mm (Anistratenko and Haliman 2006). The length of
A. kagoshimensis shell was in the range of 5–48.2 mm at
Kozacha Bay (Crimea) (Bondarev 2020), the maximum
length was 54 mm in Sevastopol Bay (Revkov 2016;
Revkov and Shcherban 2017). In the Sea of Azov, the maxi-
mum age of mollusks is estimated at 5–6 years with an aver-
age length of ~ 50 mm (Chikhachev et al. 1994). I. P.
Bondarev (Bondarev 2020) suggested that A. kagoshimensis
reaches the maximum size and greatest age under optimal
conditions. Thus, the aquatic life conditions at Fedotova spit
are closer to the optimal than those at Dzharylgach Spit. As the
ground silted up, the average values of the height-to-length
ratio of the shell of A. kagoshimensis decreases, and the aver-
age thickness-to-length rat io increases. Anadara
kagoshimensis forms a flatter shell on sandy soil
(Finogenova 2016). The studied populations are not signifi-
cantly different in the H/L ratio (F = 0.47, p < 0.001), which
may indicate a similar soil composition in these biotopes. The
comparison of our data with the results given by Finogenova
for Kinburn and Tendrovsky Spits (Finogenova 2016) indi-
cates a greater elongation ofmollusks from the populations we
studied. The soils in the area of the Kinburn and Tendrovsky
Spits were reported as muddy, while in our study area the soils
were sandy (Zenkovich 1958), which may explain the ob-
served differences in the degree of elongation of the shells.

The left valve in A. kagoshimensis is generally larger than
the right valve, as indicated by traits such as shell height and
width. A non-trivial result is that some morphometric traits of
the left valve are smaller than of the right valve. This result can
be explained by the greater asymmetry of the left valve as a
result of greater elongation of the valve posterior part. The
above features of the shell morphology were subjected to a
size correction procedure using the Multiple GLM approach.
The cluster analysis of individual clam shells was performed

Fig. 8 Procrustes residuals of the traits: the x-axis represents H – shell
height, mm; B/2 – valve width, mm; L – shell length, mm; a – ligament
length, mm; b – length of the upper margin of the valve, mm; c – length
from the anterior margin of the ligament to the apex, mm; d – length from
dorsal margin of the ligament to the apex, mm; e – distance between the

projection of anterior margin and ventral margin, mm; f – distance be-
tween pallial line and ventral shell margin, mm; h – width of posterior
adductor scar, mm; i – width of posterior adductor scar, mm; j – umbo
height, k – umbo length; l – thickness of the bivalve shell;m – ribs; the y-
axis represents the procrustean residuals of the traits
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after the size correction. This approach was not previously
used in the morphometric studies of A. kagoshimensis in the
Black Sea and the Sea of Azov. As a rule, collections from a
single point of space were considered as a separate cluster, the
shells from which were further subjected to the methods of
multivariate statistical analysis. Our approach makes it possi-
ble to obtain two fundamentally new results. First of all, the
samples from a single location are not homogeneous, but are
compositions of several ecomorphotypes. The differences be-
tween the locations consist in the specific ratio of representa-
tives of the different ecomorphotypes. Ecomorphotypes can
be assumed to occupy certain ecological conditions in the
marine habitat. The biotopic diversity near different locations
leads to the formation of specific spectra of the
ecomorphotypes that were detected. Nevertheless, for the
Azov and Black Seas, specific trends in the transformation
of the shell shape can be revealed.

For mollusks from the Sea of Azov, a characteristic feature
is an increased distance between pallial line and ventral shell
margin. In turn, mollusks from the Black Sea exhibit an in-
crease in width of posterior adductor scar. It should be noted
that Bivalves regulate the intake of particles suspended in the
water depending on their quality and quantity. Changing the
clearance rate controls the capture of particles. Pallial organs
sort out a part of captured particles as pseudofaeces (Ward and
Shumway 2004). Functional capacity is determined by pallial
organs size, so pallial organs size varies with water turbidity
(Theisen 1982; Payne et al. 1995; Barillé et al. 2000; Honkoop
et al. 2003). The large adductor muscle is used to efficiently
eject pseudofaeces (Yoshino et al. 2013). The observed dif-
ferences between mollusks from different biotopes may be
suggested to be related to the level of water turbidity in them.
In addition to the level of water turbidity, the degree of devel-
opment of the pallial organs and the adductor muscle can be
influenced by the ratio of organic and inorganic materials in
the suspended matter (Yoshino et al. 2013). Some bivalves,
such as Cerastoderma edule (Linnaeus, 1758), exhibit a strat-
egy of high intensity filtration and high particle selection,
which is associated with the production of pseudofaeces is
adaptive in terms of energy efficiency under conditions of
low food value of the substances suspended in the water
(Iglesias et al. 1992; Urrutia et al. 1997). Thus, the higher
growth rate of mollusks in the Sea of Azov and the character-
istic features of morphology may be suggested to be due to a
higher quality of food in this body of water than in the Black
Sea.

The clusters differ from each other in the features of corre-
lation relations between morphometric traits. To the greatest
extent, the allometric relations within each cluster differ in the
features that indicate the position of the apex in the shell and
the degree of asymmetry of each valve. It should also be noted
the important role of the number of ribs in the specificity of the
correlation relationships for each cluster. The number of

mollusk valve ribs is genetically determined (Kraeuter et al.
1984). This suggests that the selected clusters are of genetic
nature.

The relationship of sexual dimorphism with data on mor-
phometric characteristics, as well as with sexual maturity, is of
interest. This issue will be considered in our subsequent
studies.

Conclusion

An intensive growth of animals indicates more favorable con-
ditions for this species in the Sea of Azov. The different qual-
ity of trophic resources may be the leading factor that deter-
mines the diversity of size and shape of shells of Anadara
kagoshimensis in the Black Sea and Sea of Azov populations
under conditions of the same type of soil composition in the
habitats. The features of the shell shape allow to distinguish
four ecomorphotypes of A. kagoshimensis, which are avail-
able in both habitats. The differences between the habitats are
in the proportions between the ecomorphotypes represented in
them. Each ecomorphotype is distinguished by peculiarities of
form and a specific relationship between morphometric traits.
To the greatest extent, the differences are due to the variability
in the asymmetry of each valve. Among the ecomorphotypes,
the position of the pallial line and the width of the adductor
scars are the most invariant. The significant development of
pallial organs and adductor muscles in mollusks from the
Black Sea, which is reflected in the features of shell shape,
can compensate for the low food quality in this habitat. The
ecomorphotypes differ in the external features of the shell, the
adaptive significance of which is not obvious. At the same
time, the features of the shell, which are associated with the
functional activity of internal organs, significantly differ be-
tween mollusks from different habitats. Ecomorphotypes are
most likely to be genetic in nature.
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