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ABSTRACT: Populations of intertidal molluscs Littorina saxatilis from the White and the
Barents Sea living under conditions of varying degrees of wave exposure were morphomet-
rically investigated by populational samples and individual growth analyses. The molluscs
from all the studied populations were characterized by an allometric shell growth, but the
characteristics of the allometry were different in populations from places with a different
degree of wave impact. The shell shape of L. saxatilis embryos (a starting point for
allometric growth) differed neither between regions nor between populations with different
wave action. However, an analysis of successive age cohorts demonstrated that a rapid
growth in the first 2–3 years of life was accompanied by considerable allometric changes
specific for strongly and moderately exposed shores. Consequently, the molluscs older than
three years acquired a typical “exposed” or “moderate” shell morphotypes. Comparison of
populational and individual growth data from the same populations revealed a similarity of
the coefficients of variation. These observations support the hypothesis that the shell form
differences in the populations under conditions of different wave action are established not
by the ongoing selection of the specific “exposed” or “moderate” shell form but by the
implementation of different specific allometric growth programs depending on the environ-
ment. Therefore, we propose that the wave action is not a “proximate” but the “ultimate”
cause of the shell differences. The features of the allometric growth are already formed in
different populations and apparently become a population-specific inherited allometric
growth program.
How to site this article: Starunova Z.I., Mikhailova N.A., Granovitch A.I. 2021. Geometric
morphometric differentiation and allometric growth in the populations of Littorina saxatilis
from the White and the Barents Sea // Invert. Zool. Vol.18. No.4. P.502–522. doi: 10.15298/
invertzool.18.4.06
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РЕЗЮМЕ: Популяции литоральных моллюсков Littorina saxatilis из Баренцева и
Белого морей, обитающих в условиях разной степени волнового воздействия, иссле-
дованы с помощью методов геометрической морфометрии. Применялись два подхо-
да: анализ популяционных выборок и исследование индивидуальных особенностей
роста. Данные обоих анализов свидетельствуют о наличии алометрических особен-
ностей роста во всех исследованных популяциях. Однако характер аллометрии
различен в популяциях из мест, различающихся по степени волнового воздействия.
Форма раковины эмбрионов L. saxatilis (начальная точка для аллометрического
роста) не различается ни между географическими регионами, ни между популяция-
ми с различным волновым воздействием. Однако анализ раковин моллюсков после-
довательных возрастных когорт показал, что быстрый рост в первые 2–3 года жизни
сопровождался значительными аллометрическими изменениями, специфическими
для мест с различной степенью воздействия волнового прибоя. Как следствие,
моллюски старше 3 лет приобретают типичный «прибойный» и «умеренный» морфо-
типы раковины. Сравнение популяционных данных и результатов анализа индивиду-
ального роста в одних и тех же популяциях выявило сходство коэффициентов
вариации. Это свидетельствует в пользу гипотезы о том, что связанные с прибойно-
стью местообитаний особенности формы раковины взрослых моллюсков формиру-
ются не за счет действующей дифференциальной смертности моллюсков с отклоня-
ющимися морфометрическими характеристиками, а за счет реализации разных
программ аллометрического роста соответственно в «прибойных» и более закрытых
от действия волн местообитаниях. Таким образом, мы можем предположить, что
волновое воздействие можно рассматривать не в качестве непосредственной
(proximate), но в качестве конечной (ultimate) причины различий аллометрического
роста раковины. В популяциях реализуются сформированные ранее ростовые алло-
метрические программы, специфика которых определяется сочетанием факторов в
данном местообитании.
Как цитировать эту статью: Starunova Z.I., Mikhailova N.A., Granovitch A.I. 2021.
Geometric morphometric differentiation and allometric growth in the populations of
Littorina saxatilis from the White and the Barents Sea // Invert. Zool. Vol.18. No.4. P.502–
522. doi: 10.15298/invertzool.18.4.06

КЛЮЧЕВЫЕ СЛОВА: Littorina saxatilis, геометрическая морфометрия, форма рако-
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Introduction

Intraspecific morphometric differences be-
tween individuals are important features char-
acterizing the structure of species from various
taxonomic groups. They represent both the ge-
netic heterogeneity between the populations and
the plasticity of the characters due to the impact
of ecological factors. Morphometric differenc-
es between individuals of different populations
may reflect the stages of the speciation process.
Morphometric differentiation of populations
under conditions of a contrasting impact of a
certain ecological factor may shed light on the
mechanisms of microevolutionary divergence
of the species.

The idea that shape variation is controlled
by different allometric ontogenetic programs
was proposed by Gould (1966). The term allo-
metric (versus isometric) growth denotes rela-
tive changes in the relationship of the size of a
body part and the size of the body as a whole
during ontogenesis. The sequence of the allom-
etric changes throughout a specific ontogeny is
an allometric program (Gould, 1966), whereas
intraspecific variability of allometric programs
consists of several successive levels of variabil-
ity: individual (ontogenetic) variation, variation
within the population (static allometry), and
evolutionary changes (Gould, 1966; Klingen-
berg, 1996). Ontogenetic variation in popula-
tions can be assessed both by direct longitudinal
data, that is, data from a single individual taken
at different growth stages (Gould, 1966; Cock,
1966) or by mass sample data (Gould, 1966, =
cross sectional data, Cock, 1966), that is, an
indirect assessment of allometry by the compar-
ison of “static” parameters of different individ-
uals at different growth stages. In studies of
ontogenetic allometry by mass sample data,
each individual is measured once at a single
size/age, and the set of measurements from
different individuals of the population gives
average allometric trajectory. Mass sample data,
obtained in such way may underestimate strong
selection in action. Oppositely, the longitudinal
data approach, which supposes “reconstruc-
tion” of the growth of the same individual by

successive measurements, was applied only in a
few studies on molluscs and insects (Kemp,
Bertness, 1984; Iglesias et al., 2008) because of
methodological difficulties. This approach can
bring very important additional information
because permits to assess allometric trajectories
considering individual variability. The “longi-
tudinal” and “mass sample (cross sectional)”
data from the same population may yield the
same result or differ significantly if strong nat-
ural selection on morphometric characters is at
work in a specific place or there are environ-
mentally dependent strong growth changes in a
specific lifetime period of studied individuals
(Urdy et al., 2010).

Gastropods are useful objects for obtaining
reliable morphometric data characterizing the
population structure by the shell shape. Shell
growth trajectories can be recovered both from
fossil material and adult mollusk shell with
longitudinal approach. Longitudinal data repre-
sent shell shape of a mollusc as a result of
growth steps along a coiling axis through life.
This approach get advantage in paleontological
studies and computer modeling (Urdy et al.,
2010).

The rough periwinkles Littorina saxatilis
(Olivi, 1792) is a particularly convenient natu-
ral model, as it is characterized by a diverse
morphometric differentiation (Rolán-Alvarez et
al. 2015). Populations of this intertidal snail are
widespread along the shores of the North Atlan-
tic and are a popular model for ecological and
evolution studies. L. saxatilis has a low dispers-
al ability. Being ovoviviparous, these molluscs
lack the dispersal larva stage, and the range of
individual mobility of adult rough periwinkles
is limited to several meters. As a consequence
they can form local populations composed of
local forms or ecotypes (Reid, 1996; Janson,
1982 a,b; Johannesson et al., 1993; Rolán-
Alvarez et al., 1997; Galindo, Grahame, 2014),
geographical morphs and cryptic species (Reid,
1996). These intraspecific forms exhibit a sig-
nificant morphological and genetic differentia-
tion, accompanied by a partial reproductive
isolation (Johannesson et al., 1993; 1995; Rolán-
Alvarez et al., 1999; Grahame et al., 2006;
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Panova et al., 2006; Hollander, Butlin, 2010;
Butlin et al., 2014; Chrismas et al., 2014; Gal-
indo, Grahame, 2014), along with the formation
of micro-scale hybrid zones between subpopu-
lations of ecotypes (Johannesson et al., 1993;
1995; Rolán-Alvarez et al., 1999; Grahame et
al., 2006; Panova et al., 2006).

Wave action is a significant factor affecting
morphological differences between the popula-
tions of L. saxatilis in Europe (Janson, 1982b;
1983; Johannesson, Johannesson, 1996, Carva-
jal-Rodríguez et al., 2005). Individuals from
populations exposed to stronger wave action
generally have a flattened shell with a respec-
tively larger aperture. Differences in shell shape
appear be adaptive as they increase the proba-
bility of survival under specific conditions, as
confirmed by transplantation recapture experi-
ments (Janson, 1983; Rolán-Alvarez et al.,
1997). Despite the instances of phenotypic plas-
ticity, the divergent forms of shells in “wave
exposed” and “sheltered” populations are large-
ly inherited (Hollander, Butlin, 2010), as con-
firmed in common garden and transplantation
experiments (Janson, 1982b; Johannesson, Jo-
hannesson, 1990; Boulding, Hay, 1993 [for
Littorina sp.]; Johannesson, Johannesson,1996;
Hollander et al., 2006).

Though a large amount of research has been
done on European populations of L. saxatilis,
we are the first to focus on the morphological
differences of Littorina species at the northeast
Arctic edge of their distribution (the White and
the Barents Sea). There are no ecotypes with
significant morphological distinctions in the
populations of L. saxatilis from these seas
(Starunova et al., 2010). Habitat conditions in
these regions differ considerably from those at
the European coasts of the North Atlantic. Se-
vere winters at both seas affect the intertidal
community and prevent year-round shell growth
of L. saxatilis, leading to the formation of the
winter growth stop rings on the shell. This
periodicity may be the reason why L. saxatilis
individuals in these regions have a comparative-
ly long lifespan, 8–10 and even 12 years (Matve-
eva, 1974). Besides, winter growth stop rings
make it possible to define the age of every

individual, which is especially important for
allometric growth investigation.

Geometric morphometry is a powerful tool
for shape variation studies (Rohlf, 1990) as it
allows one to combine direct quantification and
morphological description. The analysis also
eliminates isometric size variation (Adams,
Rohlf, Slice, 2004), but the “size” still can be a
factor. Thus, geometric morphometric methods
can be performed for allometric studies, espe-
cially when the shape changes during the growth
of the organism. Geometric morphometry was
successfully used to separate ecotypes and to
reveal convincing morphological differences
between L. saxatilis in E and S Swedish ecotypes
occurring in contrasting habitats (Hollander et
al., 2006), SU and RB morphs at the Atlantic
coast of Spain (Carvajal-Rodríguez et al., 2005),
and H and M morphs at the shore of Northeast
England (Conde-Padín et al., 2007). Despite the
fact that mass sample approach has been used
widely for both interspecific and intraspecific
analysis of Littorina populations (see reviews
Rolán-Alvarez et al. 2015; Johannesson, Johan-
nesson, 1990; Carvajal-Rodríguez et al., 2005),
the only example of longitudinal approach in
relation to Littorina species is mother-offspring
analysis based on common garden experiments
(Newkirk, Doyle, 1975).

In this study, (1) we analyzed the morpho-
metric differentiation of L. saxatilis populations
in the northeastern part of its distribution; (2) we
present the data on the features of long-term
allometric growth of L. saxatilis snails, using a
natural possibility of assessing their age; and,
finally, (3) we analyzed the data obtained by
longitudinal and by mass sample approach to
verify the idea of “allometric growth programs”
from populations under different wave action.
To obtain longitudinal data, we analyzed the
shell sections of adult snails. Morphometric
reconstructions of the growth stages of an indi-
vidual were performed from each slice, using
successive “snapshots” corresponding to the
morphometric parameters of a given individual
in successive age groups. For the analysis of
“allometric growth programs” we used all age
cohorts starting with shelled embryos. Finally,
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Fig. 1. Map of sampling locations. A — Yarnishnaya Inlet of the Barents Sea; B — Chupa Inlet of the
Kandalaksha Bay of the White Sea; C — large-scale map showing the sites on (A) and (B).
Abbreviations: BSB — Spring Bobrovy; BYI — Yarnishnaya Inlet; BCA — Cape Avariyniy; BCD — Cape Dernisty;
WBG — Bolshoi Gorely island; WBo — Bortshovets island; WLV — Luda Vitchennaya island; WLVs — Luda
Visokaya island
Рис. 1. Карта сборов. A — губа Ярнышная Баренцева моря; B — губа Чупа, Кандалакшский залив
Белого моря; C — общая карта с местами сборов (А) и (В).
Обозначения: BSB — Бобровый ручей; BYI — губа Ярнышная; BCA — мыс Аварийный; BCD — мыс
Дернистый; WBG — остров Большой горелый; WBo — остров Борщовец; WLV — остров луда Виченная;
WLVs — остров луда Высокая.

as “exposed” populations) or under moderately
strong wave action (“moderate” populations) in
each region. Abbreviated population codes and
sample characteristics are given in Table 1. At
all the sites, the snails were collected during low
tide from the stones, boulders or gravel of the
upper shore, between the levels of mean high
water spring (MHWS) and mean low water neap
(MHWN).

The shells were measured (precision 0.1
mm) and photographed; the age of individual
molluscs was determined from annual growth
checks, as described earlier (Granovitch et al.,
2000). Then every snail was anaesthetized and
dissected under a binocular microscope (MBI-
10; and Leica M205C) for reliable species iden-
tification. This was particularly important for
the samples from the Barents Sea, where cryptic
L. arcana and L. compressa co-occur with
L. saxatilis in sympatric populations (Grano-
vitch et al., 2004). All individuals infected with

we compared the ontogenetic trajectories based
on both the “mass sample” approach and the
“longitudinal data” within the same population.
Our null hypothesis concerns that ontogenetic
change in size and shape in populations can be
reflected both by “longitudinal data” and “mass
sample” data, but less variable in ontogenetic
trajectories. Our results might provide a model
of growth in populations of L. saxatilis and draw
some conclusions regarding the ongoing selec-
tion based on morphometric characteristics.

Materials and methods

Populations and samples
L. saxatilis was collected in two geographi-

cal regions (Fig. 1): the Chupa Inlet of the
Kandalaksha Bay of the White Sea and the
Eastern Murman in the Barents Sea. We exam-
ined four distinct populations living on the shore
under strong wave action (hereafter referred to
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trematodes were excluded from the further study.
Males and females were equally represented in
the samples.

Ten uninfected females aged 4–5 years with
mature brood pouches were chosen from each
of 7 populations except (WLVs, see Table 1) to
obtain embryos. Approximately 8–12 shelled
embryos were taken directly from each brood
pouch. For our study, we chose pre-emerging
snails with 1.5–2 shell whorls without any ab-
normalities.

The sample sizes from different populations
are presented in Table 1. We analyzed different
types of samples in our study:

1.  mature molluscs aged 4–6 years (≥5 mm
shell height) from all the eight populations (Fig.
2A–D) for analysis of adult shape;

2. from eight to twelve pre-emerging shelled
embryos with 1.5–2 shell whorls from the brood
pouch of each of the 10 females from seven
populations (except WLVs) (Fig. 2E, F) for the
analysis of embryonic shape;

3. molluscs of all age groups from 1 to 6
years old (≥1 mm shell high) from the three
model populations (WLV, WBG and WBo)
(Fig. 3C) for estimation of mass sample data
(cross section sensu Gould, 1966). The young-
est individuals in this study were recently hatched
molluscs, most of which had hatched in August
the year before the collection and had one growth
check after the winter;

4. the shell sections of adult snails of three
model populations (WLV, WBG and WBo) for
understanding the individual growth trajecto-
ries (series through ontogeny: sequential mea-
surement of the same individual during its
growth) to estimate longitudinal data. Before
sectioning, the shells were boiled to remove the
tissues. We made thin sections of the shells
using a grinding wheel and fine sandpaper of
different grits and held the coiling axis and
aperture plane of the shells oriented parallel to
the polishing plane. The thin sections repre-
sented all the whorls of the shell, sectioned at
the level of columella (Fig. 3A, B). Therefore,
the series of thin sections of the same shell
depicted the ontogenetic changes of the indi-
vidual.

We characterized the successive growth stag-
es of the same individual using a full set of
landmarks and analyzing every shell section
several times (Fig. 3A, B). Every slide was
conditionally divided into the regions corre-
sponding to the size of molluscs 1, 2, 3, etc.
years old, based on a size–age approximation of
the mean linear shell parameters (shell height
and width) (Kozminsky, 2006).

Geometric morphometric and statis-
tical methods

Landmark-based geometric morphometric
techniques were used to analyze the shell shape
of L. saxatilis from ecologically different habi-
tats and geographical locations. For two-dimen-
sional morphogeometric analysis, each shell
was oriented to a standard position and photo-
graphed with a digital camera. The shells were
oriented on a stable stand or a microscope base
with the coiling axis parallel to the plane of the
lens (with a mm scale in the plane of focus).
Images of embryos and shell sections were
made using a binocular microscope Leica
M205C with a DFC 495 camera and LAS ver.
4.0.0 software.

Shell shape variables were estimated by
placing two different sets of landmarks (LMs)
on each image using the TPS Dig program ver.
2.16 developed by Rohlf (2005a): a set of 18
LM for adults (Fig. 2A–D) and juveniles; and 11
LM for embryos and shell sections (Fig. 2E, F).
The placement of 18 LMs represented the main
shell measurements: LM 1, LM 11 and LM 13
referred to the columella axis; LM 7 and LM 15
resided on the axis perpendicular to the col-
umella; LM 9, LM 13 and LM 14, LM 2, LM 4,
LM 6, LM 16 and LM 18 were located in the
seam of the coils. LM 3, LM 5, LM 15 and LM
17 were positioned on the center of the coils.
LMs 7 to 13 described the shape of the aperture.
The set with the 11 LMs was placed on the same
positions as the set of the 18 LMs, except the
LMs that referred to spires. For further statisti-
cal analysis, the shell shape variables centroid
size (CS), uniform components (the first uni-
form component U1 and the second uniform
component U2) and non-uniform components
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Fig. 2. Landmarks on different types of shell form. A — shell form from WLVs (adult; exposed, White Sea);
B — shell form from WBG (adult; moderate, White Sea); C — shell form from BCD (adult; exposed, Barents
Sea); D — shell form from BYI (adult; moderate, Barents Sea); E — embryo shell from WBG (the White
Sea); F — embryo shell from BYI (Barents Sea).
Рис. 2. Метки на разных формах раковины. A — раковина из WLVs (взрослая, прибойная, Белое
море); B — раковина из WBG (взрослая, умеренная, Белое море); C — раковина из BCD (взрослая,
прибойная, Баренцево море); D — раковина из BYI (взрослая, умеренная, Баренцево море); E —
эмбриональная раковина WBG (Белое море); F — эмбриональная раковина (Баренцево море).
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Fig. 3. Sections of the shell from A — WLV (White Sea) and B — WBG (White Sea); C — average height
and width of the shells of all age groups from WBG (White Sea).
Рис. 3. Спилы раковины из A — WLV (Белое море) и B — WBG (Белое море); C — средняя высота
и ширина раковин всех возрастных групп из WBG (Белое море).

icant difference test (HSD) for unequal sample
sizes for post hoc comparisons. A one-way
ANOVA was conducted to compare the mean
difference in shell size (height in mm) of adult
molluscs from the two geographical regions.
Means are reported with 95% confidence inter-
vals.

Multivariate regression analyses were used
to detect allometry separately for adult parts of
all populations and to compare mass sample
data for model populations. Allometric effects
were tested for 12 independent variables (two
uniform and the first 10 non-uniform variables)
and the CS. Subsequently, ANCOVA was used
to find the relationships between size and spe-
cific components of shell shape for molluscs of
all age rows. The CS was used as a covariate and
as a measure of size, since it was highly correlat-
ed with shell height. We tested the homogeneity
of the slopes of the regression lines.

Interpopulation variations in the shell shape
were found in the mass sample and the longitu-
dinal analyses and were tested with a MANO-

(relative warps — RW) were obtained using the
software TPSRELW ver. 1.53 developed by
Rohlf (2005b). We used CS (the square root of
the sum of the squared distances between LMs
and the centroid of the LM configuration; Book-
stein, 1991) as a measure of shell size in allom-
etric analysis. The scaling option α=0 (the
weights of all LMs are equal) was used for all
types of analyses, except for allometric analy-
sis, when we used α=1.

The RWs (1–10), U (1–2) and CS were
statistically compared as shape variables using
univariate and multivariate techniques. For a
better understanding of the overall morpholog-
ical diversity of adults and embryos, we exam-
ined the shape variation using principal compo-
nent analysis (PCA). Two-way ANOVAs were
done separately for the most significant RWs to
determine the within and between population
shell differences. The assumptions of normal
distribution and variance homogeneity of resid-
uals were checked before analyses using Lev-
ene’s test. We applied Tukey’s honestly signif-
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VA. We determined the comparative contribu-
tions of the mass sample and the longitudinal
analyses by testing the most significant vari-
ables by two-way univariate ANOVAs with the
fixed factor ‘age rows’ and the random factor
‘population’. Microsoft Excel 2010 and Stat-
soft Statistica 7.0 were used for all statistical
analyses.

Results

1. Testing the model
1.1. Shell shape variation in adult L. sax-

atilis from the populations from “exposed”
and “moderate” sites

The data from four populations of L. saxatilis
from the White and the Barents Sea (see Table
1, line 1) were studied using PCA. We extracted
two principal components that together explained
94.9% of the total variation (Fig. 4A, B). The
first one (PC 1) was associated with the shape
components (Us, RWs) that did not depend on
size, whereas the second component (PC2) cor-
related with a CS.

Note that the PC1 scores differed signifi-
cantly between the specimens from the two
types of shores (“exposed” and “moderate”,
regardless of the geographical region), except
for a few individuals that overlapped in the
component space. Two-way ANOVA revealed
that the first non-uniform component RW1 dif-
fered significantly between the “exposed” and
the “moderate” populations (F7, 250 = 21.56,
P=0.01), with the highest proportion of varia-
tion seen for PC1 (Fig. 4B; Fig. 5A). Molluscs
from “exposed” shores had shells with larger
apertures and lower spires, while those from
“moderate” shores had elongated spires (Fig.
5B). The populations from the two different
geographical regions (the White and the Bar-
ents Sea) could be discriminated very well by
PC2. This corresponded well with the mean
difference in size of adult molluscs from the
White and the Barents Sea (mean size 7.2±0.12
mm and 10.2±0.19 mm, respectively, F1, 250=11.4,
P=0.05). The relationship between shape com-
ponents and CS was not statistically significant
for any adults of the studied populations (Mul-

tivariate regression analysis, Wilk’s λ=0.84;
F=0.37, P=0.59).

1.2. Shell shape variations in pre-emerg-
ing embryos of L. saxatilis from brood pouch-
es of females from “exposed” and “moder-
ate” populations

Snail shells from different families of seven
populations (see Table 1, line 2) were used to
test for shell shape differences in pre-emerging
individuals taken from the brood pouches of
females (families) inhabiting “exposed” and
“moderate” shores of both geographical regions.
Series of ANOVA showed no significant differ-
ences for any shape components among the
embryos from different families within each
population (F=2.6, P=0.5). PCA revealed ran-
dom variations between different populations
from two geographical region. All groups of
individuals in the component space overlapped
with each other (Fig. 6). The first two principal
components (PC 1 and PC 2) explained only
20–80% of variability. The percentage of ex-
plained shape variance was relatively low for
the other principal components (each less than
10%). Two-way ANOVA showed no signifi-
cant differences for any RWs among the embry-
os from different brood pouches and between
populations (F7, 688=3.2, P=0.5).

2. Comparison of age-related allom-
etry obtained from mass sample and
longitudinal data.

2.1. Analysis of mass sample data
We used molluscs ranging from 1 to 6 years

of age from the three model populations at the
White Sea to assess allometric changes in the
shell shape (see Table 1, line 3). Shell variables
(RWs) were used to assess the shape features.
CS was used as a general estimate of the shell
size. Multivariate regression revealed size-de-
pendent changes in the shell shape in all three
populations (Wilk’s λ=0.31; F=46.8, P< 0.01).
For adults, the link between shell variables and
CS was not significant (see below). For all age
rows, the main RWs showed a significant de-
pendence on the CS in all the populations (i.e.,
it explained more than 40% of the variation).
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Fig. 4. Principal component analysis for the adult part of the populations. A — ordination of the specimens
in the plane of the two principal components (PC1; PC2). Individuals from the same population are grouped
in circles. B — ordination of the factor scores in the plane of the two principal components (PC1; PC2).
Рис. 4. Анализ главных компонент для взрослой части популяции. A — распределение особей в
пространстве главных компонент (PC1; PC2). Особи из одной популяции выделены кругами. B —
распределение факторных оценок в плане двух главных компонент (PC1; PC2).
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Fig. 5. Moderate and exposed populations from the White and the Barents Sea. A — mean values of Relative
Warp 1 (RW 1) of moderate (MOD) and exposed (EXP) populations; B — transformation grids showing
the “moderate” and the “exposed” shell form.
Рис. 5. Умеренные и прибойные популяции из Белого и Баренцева морей. A — средние значения
относительных деформаций (RW 1) умеренных (MOD) и прибойных (EXP) популяций; B —
трансформационные решетки показывают «умеренные» и «прибойные» формы раковины.



514 Z.I. Starunova et al.

Fig. 6. Ordination of the specimens (pre-emerging embryos) of different populations in the plane of two
principal components (PC1; PC2).
Рис. 6. Распределение особей (эмбрионов с раковиной) из разных популяциях в пространстве двух
главных компонентов (PC1; PC2).

Configurations of the consensus shapes (Fig. 7B)
illustrated the change in shape between 1-year-
old (juvenile form), 2 year-old and 3-year-old
(adult form) individuals represented by LM
movement along the columella and the aperture.
The shell of the adults becomes more elongated
along the vertical axis and its aperture becomes
relatively smaller.

Specific changes in the shell shape were
described using MANOVA, which revealed sig-
nificant differences between age and two uni-
form components (U1–U2) and the first five
non-uniform components (RW1–RW5) (Wilk’s
λ=0.25; F(10.14)=29.9, P< 0.01). We showed how
shell shape could differ among the populations
by plotting the most significant variable RW3

Specific age/size-related differences in the
shell shape of the molluscs of age rows 1 to 6
were tested using ANCOVA. The second uni-
form component U2 (F=23.6; P< 0.01) and the
first non-uniform component RW1 (F=29.8; P<
0.01) showed significant differences between
age rows of every population. An example of
this allometric change is shown for WBo popu-
lation as regression slopes. Regression slopes
(Fig. 7A) for all age rows (1–6) plotted for U2
versus CS suggested a significant linear rela-
tionship between size and shape only for juve-
nile age groups.

The results of the ANCOVA test for homo-
geneity of the regression slopes indicated that
they were dissimilar for juveniles and adults.



515Geometric morphometric differentiation and allometric growth of Littorina saxatilis

Fig. 7. Allometric analysis of shell shape for the molluscs of all ages for WBo population. A — individuals
are plotted between CS and the U2 and regression slopes for age rows: B–C — transformation of grids for
1- and 6-year-old individuals.
Рис. 7. Аллометрический анализ формы раковины моллюсков всех возрастов из WBo популяции. A —
особи распределены между CS и U2 и наклон регрессионной прямой для возрастных рядов: B–C —
трансформационные решетки для особей от одно до шести лет.
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Fig. 8. Allometric changes of RW1 measured in analysis of age rows (A) and ontogenetic analysis (B). A —
age groups (from 1- to 6-year-old snails) from three model populations (WLV, WBG, and WBo). B —
individual growth of a mature snail reconstructed using shell sections.
Рис. 8. Аллометрические изменения для RW1 в анализе возрастных рядов (А) и онтогенетический
анализ (В). A — возрастные группы (от одного- до шестилетних моллюсков) из трех модельных
популяций (WLV, WBG и WBo). B — индивидуальный рост взрослых моллюсков реконструирован-
ные по спилам раковин.

two uniform components (U1–U2) and the first
five non-uniform components (RW1–RW5)
(Wilk’s λ=0.23; F10.42=34.7, P< 0.01) as were
revealed by the analysis of age rows (see above).
Likewise, the most significant variable (RW3)
was significantly different between young and
old molluscs, and between the snails from “ex-
posed” and “moderate” populations (Fig. 8B).

2.3. Comparison of mass sample and lon-
gitudinal data

We evaluated comparative contributions of
each variable by two-way univariate ANOVAs
with a fixed factor of age rows and a random
factor of population. The analysis was per-

for age rows (Fig. 8A). Note that the differences
between the youngest (1–2 years) and the oldest
(5–6 years) molluscs were significant across all
examined populations; the difference between
“exposed” population (WLV) and “moderate”
populations (WBo and WBG) was significant in
the 3–6 year age range.

2.2. Analysis of longitudinal data
Analyses of different age rows can show

only population-level variation, whereas the
sections of the shell helped to trace individual
growth and explain how the shell shape changed
through an individual’s lifetime. MANOVA
revealed the same differences between age and
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formed separately for the data of age rows and
for the data of individual growth trajectories,
traced using the shell sections (Table 2). The
variables U2 and RW1 showed significant dif-
ferences between ages, populations, and their
interactions for the data on age rows and on shell
sections. Variables U1 and RW4 differed be-
tween populations, and RW3 depended on the
interaction Age*Population in both analyses.
RW2 and RW5 depended on the Age*Population
interaction in age row analysis and on the main
effects of Population and Age in the analysis of
shell sections. A very similar structure of the
shape variation was revealed by the two analyses.

Discussion

In this study, we showed that the shell shape
in the studied populations of L. saxatilis dif-
fered depending on differences in their environ-
ments, in particular, the degree of wave action.
Wave action had the strongest impact on the
shell shape on “exposed” shores and a less
pronounced impact on “moderate” shores. While
the size/shape characteristics of shelled embry-
os from brood pouches were the same in differ-
ent populations (in other words, the starting
point of shell growth was the same), the mol-
luscs then underwent a period of population-
specific allometric growth for 2–3 years until
their maturation. As a result, the shell shape of
adult periwinkles corresponded to the degree of
wave action in their environment, owing to a
specific allometric growth program.

The model tested in our study had several
specific features. Firstly, we tested the popula-
tions of L. saxatilis from the northeastern Arctic
edge of its distribution. Secondly, we tested the
populations from the stony shore only, differing
in the degree of wave action: strong or moder-
ate. Thirdly, there are no intertidal crabs in the
study region, which commonly co-occur with
L. saxatilis elsewhere (Carcinus maenas in Brit-
ain and Sweden, Pachygrapsus marmoratus in
Spain [Butlin et al., 2014]), and the effect of an
additional selection factor, predation, on the
differentiation of the L. saxatilis ecomorphs
was therefore excluded. Fourthly, the sampling

was carried out at the high level of the intertidal
zone, which means that the snails from differ-
ently exposed populations had been existing
under a similar air exposure regime. Consider-
ing these features, we could be reasonably sure
that wave action was the main factor affecting
morphological traits of the molluscs in our mod-
el. To note, wave action is one of the most
extensively studied factors affecting the shell
shape in L. saxatilis, which means that our data
could be fruitfully compared with those of other
authors.

L. saxatilis from the exposed sites of the
Barents and the White Sea generally have more
globose shells with relatively expanded aper-
tures. The same shell shape differences between
the populations, and their correlations with the
degree of the wave action, zonal position on the
shore, and crab predation risk, have previously
been described for L.  saxatilis populations from
north-western Sweden (Hollander, Butlin 2010);
north-western Spain (Johannesson et al., 1993;
Carvajal-Rodríguez, 2005; Conde-Padín et al.,
2007b; Quesada et al., 2007; Conde-Padín et
al., 2009), and Great Britain (Conde-Padín et
al., 2007a; Grahame et al., 2006). All these
morphological traits appear to have an adaptive
significance and may have evolved indepen-
dently at different sites (Johannesson et al.,
2010; Galindo, Grahame, 2014; Rolán-Alva-
rez, 2007). In some studies, genetic differences
in L. saxatilis ecotypes were regarded as an
evidence of divergent selection at the stage of
ecological speciation (Quesada et al., 2007;
Galindo, Grahame, 2014; Butlin et al., 2014).

To sum up, wave action leads to the emer-
gence of similar morphometric traits in mol-
luscs from many different parts of L. saxatilis
distribution, regardless of the modal size of the
individuals in the populations. Similar morpho-
metric features (a greater globosity and a rela-
tively wider aperture) are known to correlate
with the degree of wave action in populations of
other gastropods (Avaca et al., 2013; Silva et
al., 2013; Solas et al., 2013). These consider-
ations indicate that the correlations under dis-
cussion may have a general evolutionary signif-
icance.
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While the term “mass sample (cross section-
al)” (Gould, 1966) is seldom mentioned in the
literature, most ecological studies use this ap-
proach. For this, different individuals from the
population are analyzed at different growth stag-
es. In case of longitudinal approach, individuals
are analyzed at different growth stages during
their lifetime. The analysis of growth, from
shelled embryos to adult molluscs, under con-
trolled laboratory conditions has a number of
significant limitations. Firstly, the influence of
environmental factors on shell growth is for the
most part left out since the conditions of the
intertidal zone cannot be fully recreated in the
laboratory. Secondly, such a study would take
more than five years and, importantly, require
special equipment.

Despite these limitations, there are some
laboratory studies of molluscan growth. Trans-
plantation experiments of newly born molluscs
from the populations of NW Sweden revealed a
high level of heritability (additive genetic vari-
ation) of the morphometric traits of the “ex-
posed” E and “sheltered” S ecotypes (Holland-
er, Butlin, 2010), and a genetic component
(connected with the ecotype) as high as 72–99%
was found.

The initial shell growth allometry is support-
ed by the data on embryos from the female
brood pouches. All embryos between families
within each analyzed population have no signif-
icant difference in shape due to their close
relationship. Most of the embryos from one
female brood pouches are half sibs which leads
to the absence of shape and genetic variation.
This variant of similarity in embryos is quite
common in populations of L. saxatilis from
other locations (Conde-Padín et al. 2007b, Gal-
indo et al. 2020). Our results show that shelled
embryos from the populations of both geo-
graphical regions and wave exposure levels had
a similar shell shape too. Similar results are
rather rare but have been obtained for prehatch-
ing stages of Acanthina monodon, another gas-
tropod with direct development (Solas et al.,
2013). Conversely, prominent differences were
evident in the embryo shell shapes from the egg
capsules of Nucella lapillus from exposed and

sheltered sites of north-western Spain (Guerra-
Varela et al., 2009) and embryos of L. saxatilis
of the RB and the SU ecotypes from Spain
(Rolán-Alvarez, 2007). We suggest that the
degree of shell shape differentiation of pre-
hatching embryos reflects that of genetic differ-
entiation of ecotypes according to the intensity
of divergent ecological impacts on the popula-
tion. We hypothesize that the genetic differenti-
ation of the RB and the SU ecotype is much
deeper than that of the L. saxatilis populations
from shores with a high and a moderate wave
action considered in our work. Allometric pat-
terns of growth allow to recognize absence of
variation at embryonic stage and to predict
differences in further development. Growth rate
of individuals may change in response to living
conditions even with absence of shape variation
at initial stages of development.

Our results show a prominent age-specific
shell shape allometry in all the tested popula-
tions. These age-specific morphometric chang-
es (allometric growth trajectories) differ in ex-
posed and intermediate environments. Both al-
lometric growth itself and its differences be-
tween individuals living in different habitats
have been repeatedly reported for L. saxatilis
(Johannesson et al., 1993; Reid, 1996; Carva-
jal-Rodríguez, 2005; Hollander et al., 2006;
Conde-Padín et al., 2009; Hollander, Butlin,
2010; Chrismas et al., 2014). Moreover, differ-
ent growth patterns have been shown to charac-
terize L. saxatilis males and females on rocky
cliffs, the males being isometric (Hollander et
al., 2006). The authors regard the switch be-
tween isometric/allometric growths as juveniles
to allometric/isometric growths after attaining
sexual maturity as biphasic allometry (Holland-
er et al., 2006). In our study, data from the males
and the females were equally represented in the
samples. In contrast to the work cited above our
data included the age determination of long-
living L. saxatilis, which permits consideration
of the same growth processes in a more gradual,
extended mode. Allometry was very prominent
in the youngest molluscs (1–2 years of age),
slightly weakened at the age of 3 years and,
finally, became negligible in the older molluscs.
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We agree that the age of maturation (the modal
age of sexual maturity is 3 years for L. saxatilis
from the Barents and White Sea populations
[Granovitch et al., 2000]) is an important period
for the gradual transition from a fast allometric
to a slow nearly isometric growth. However,
calling this dynamics of growth biphasic is
questionable, especially for long-living L. sax-
atilis from the populations of the Barents and
White Sea. Different modes of allometric/iso-
metric growths shown in the E and the S
L. saxatilis (Hollander et al., 2006) may reflect
methodical difficulties of determining the pre-
cise age range of fast-growing European morphs.

Therefore, our data suggest that an initially
fast growth of young molluscs is inevitably
accompanied by allometry. The trajectories of
transition from allometry to near isometric
growth may differ in different populations in
different environments, wherein wave action is
a good specific morphometrically discriminat-
ing factor. The molluscs from the Barents and
the White Sea have similar starting points of
morphometric growth, regardless of the degree
of wave action for the population. Further shell
growth is accompanied by the transition from
the globose shell of the early ontogenetic stage
to the more elongated shell with the relatively
smaller aperture. The “end point” of these shape
changes depends on the degree of wave action
experienced by the population. Similar allomet-
ric trajectories were shown for different popula-
tions under the same degree of wave action. The
initial mechanisms that created these parallel
differences could apparently be associated with
different allometric trajectories of individuals.
This allometric trajectories unlikely dependent
under selection but may be influenced with
differential growth rates between population as
growing and allometry are correlated.

From most studies discussed extent shell
growth may vary among individuals, popula-
tions, and species, it makes impossible to gain
on the relationship between growth rate and
shape referring to allometry in gastropods. Dif-
ferent approaches in studying ontogenetic al-
lometry make it difficult to compare our results
to others. For instance, Urdy et al., 2010 b

suppose that genetic and environmental factors
on morphology are inseparable. According to
results of their computer simulation the “longi-
tudinal” and “mass sample” data from the same
populations differ. As a result of simulation
cross-sectional data similar to static allometry,
on a plot it looks linear and studied populations
have more variation among populations than
among different environments. In longitudinal
ontogenetic allometry different populations in
different environments may have ontogenetic
patterns. Because of the nonlinearities in onto-
genetic trajectories sometimes it is impossible
to know how much of the variation results from
environment. In this work, we presented the first
comparison of mass sample and longitudinal
data from the same populations of L. saxatilis
and made some conclusions regarding the fea-
tures of the formation process of site-specific
shell shapes. A permanent action of a strong
site-specific selection may be detected if the
coefficient of the morphometric characters vari-
ation (CV) detected by mass sample data is
much higher than the CV detected by longitudi-
nal data. This dispersion prevalence would mean
that the selection is ongoing and operating on a
“proximate” level. Conversely, if the mass sam-
ple and the longitudinal approaches yield com-
paratively similar CV morphometric assess-
ments, we are dealing with an “ultimate” level of
selection, at which different allometric growth
programs are already selectively formed in dif-
ferent populations and apparently become a
population-specific inherited allometric growth
program. We found no differences in our data
either in dispersions or in the coefficients of
variations in all comparisons. Therefore, our
study supports the hypothesis that L. saxatilis
populations living under contrasting wave ex-
posure conditions implement different allomet-
ric growth programs.

Comparison of two approaches can provide
interesting information regarding growth-relat-
ed changes under environmental conditions in
population habitats. Drastic environmental
changes affecting on growth of the shell will
reflect in greater dispersion of cross sectional
data, since it used individuals of different ages.
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This is an inevitable consequence that impact on
molluscs differ because its shells are on differ-
ent stages of allometric growth. In contrast,
longitudinal data, reconstructing the growth of
each individual and representing the growth
trajectories of the same age group of individuals
should be characterized by a significantly lower
dispersion; «growth response» will be much
more uniform. Environmental influences can
also affect growth characteristics, but in differ-
ent individuals they affect similar periods of
allometric growth. From this point of view,
similar results obtained by mass sample and
longitudinal approaches, may indicate the rela-
tive stability of the living conditions of popula-
tions in the past few years.
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