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Studying the factors that affect the population size is necessary for understanding the function-
ing of natural ecosystems and for planning of measures for environmental protection and manage-
ment. Periwinkles of the genus Lifforina are an important component of the intertidal ecosystems
in the Northern Hemisphere, but the factors involved in their population dynamics are still poorly
understood. This paper presents the data obtained during monitoring surveys of Littorina obtusata
in 2001-2020. During this period, quasi-cyclic changes in periwinkles population density were ob-
served around the average level, which is about 2.6 thousand ind.-m™. A total of 67 variables char-
acterizing the state of the studied L. obtusata population and the effect of key environmental fac-
tors were analyzed. Fluctuations in recruitment were found to account for 83% of observed changes
in population density. Multiple regression analysis showed that 78% of changes in the reproduc-
tion rate of L. obtusata population were determined by four variables: density of individuals aged
two years and older, biomass of a brown alga Fucus vesiculosus, precipitation in July, and biomass
of a bivalve Mytilus edulis. The first variable reflects the rate of intraspecific competition, the sec-
ond, the ability of a given habitat to support a mollusc population of a certain size, and the third,
the effect of environmental factors. The connection between the reproduction rate of periwinkle pop-
ulation and bivalve biomass can be explained either by the existence of some common factor with
which both variables are correlated, or by the presence of interspecific interactions between M. edulis
and L. obtusata.

Keywords: Littorina obtusata, population size, fluctuations in abundance, environmental factors,
intraspecific competition, interspecific competition, habitat capacity

Fluctuations in abundance have been identified in populations of a wide range of animals: mam-
mals, birds, insects, and molluscs [Bachelet, 1986; Baltensweiler, 1964; Elton, 1942; Lack, 1966;
MacLulich, 1937; Maximovich, Gerasimova, 2004]. They were found to be driven by changes in food
abundance, the impact of predators and parasites, intraspecific competition, and genetic heterogene-
ity of a population [Hudson et al., 1998; Hogstedt et al., 2005; Kozminsky, 2013, 2017, 2020; Max-
imovich, Gerasimova, 2004; Sinclair et al., 2003]. However, the causes of population fluctuations
have not been established in all known cases, and the underlying mechanisms are far from being fully
understood.
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Analyzing the factors that mediate changes in population size is necessary for a better understand-
ing of the functioning of natural ecosystems and for planning measures of environmental protection
and management. Therefore, it is important to cover with relevant studies as wide a range of animals
as possible.

A key component of littoral ecosystems of the seas of the Northern Hemisphere are gastropods
of the genus Littorina A. Férussac, 1822. On the one hand, they consume microfouling and littoral
macrophytes; on the other hand, they are food for coastal fish and waterfowl. Littorina are the first inter-
mediate host for several trematode species [Galaktionov, Dobrovolsky, 1984; Granovitch et al., 2000;
Sergievsky, 1985] that cause epizootics in waterfowl, in particular the common eider Somateria mollis-
sima (Linnaeus, 1758) [Kulachkova, 1960, 1979]. Being common littoral species, these molluscs are also
a promising object for assessing the state of the environment.

The factors determining the population dynamics of periwinkles are poorly understood, the same
as the corresponding mechanisms. Only in a few cases, not only such factors were identified, but also
their contribution to the population dynamics was assessed. Thus, in the course of long-term observa-
tions [Kozminsky, 2013, 2017, 2020], it was established as follows: one of the factors mediating changes
in population density of Littorina obtusata (Linnaeus, 1758) is intraspecific competition for a resource —
a brown alga Fucus vesiculosus Linnaeus, 1753 — under conditions of limited habitat capacity. Intraspe-
cific competition for food resources with an increase in mortality and a decrease in the growth rate of mol-
luscs was revealed in some other Littorina species as well: L. unifasciata, L. plena, and L. littorea [Branch,
Branch, 1981; Chow, 1989; Petraitis, 2002]. A number of studies have shown that the dynamics
of the periwinkle population may be affected by such factors, as temperature [Chow, 1989; Kozmin-
sky et al., 2008] and seawater salinity [Rusanova, Khlebovich, 1967; Sokolova, 1997, 2000], although
their contribution to the long-term dynamics of population has not been assessed. There are data on in-
terspecific competition between cohabiting periwinkle species as a possible cause of fluctuations in their
abundance [Kozminsky, 2020]. As shown in some cases, parasitic pressure from digenetic flukes can re-
sult in a significant drop in the population reproduction rate [Brown et al., 1988; Kohler, Wiley, 1992].
However, long-term investigations have not revealed the effect of infection on the reproduction rate
of Littorina populations [Granovitch, Maximovich, 2013; Kozminsky, 2020; Sergievsky et al., 1997].

This paper provides data obtained during long-term (2001-2020) observations on Litforina ob-
tusata population dynamics. During this period, quasi-cyclic changes in the periwinkle population den-
sity were observed around the average level of about 2.6 thousandind.-m™. The aim of our work
was to identify factors governing the revealed fluctuations in abundance of this White Sea mollusc.

MATERIAL AND METHODS

The material for the study was sampled on the western spit of the Southern Bay of Ryazhkov Is-
land (67°00°N, 32°34’E; Kandalaksha State Nature Reserve) located in the apex of Kandalaksha Bay
of the White Sea. The Southern Bay is oriented toward Kandalaksha Bay exit and protected from the open
sea by a number of islands; therefore, it is characterized by a moderate level of wave action.

The surveyed area of the littoral zone is bounded below by zero depth and above by a littoral bath lined
with fine sand and strewn with small stones. The sediment in the surveyed area is chiefly fine and medium
gravel, with an admixture of moderately silted sand. The littoral zone is covered with different-sized
stones, up to boulders of 1.5 m. Most of the biotope, approximately to 20 m from zero depth,
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is the zone of F. vesiculosus growth. In the area of zero depth, this alga forms mixed thickets with
Ascophyllum nodosum. The fauna of invertebrates in the surveyed habitat is typical for the rocky littoral
of the White Sea [Naumov, Olenev, 1981]. In some spots, species characteristics of the silted littoral zone
are found in small quantities as well (molluscs Peringia ulvae and Macoma balthica and a sea cucumber
Chiridota laevis).

The material was sampled annually in 2001-2020 between 10 August and 6 September. Quantita-
tive samples were taken from plots of 1/40 m? arranged in series of three along the transect at levels
of 0, 5, 10, 15, 20, and 25 m. During sampling, macrophytes (if present) and the upper sediment layer
were removed from the plots. The samples were transported to a laboratory; there, they were washed
with freshwater using a sieve with a mesh diameter of 0.6 mm and quantitatively sorted. For each
sample, we determined the wet weight of the brown algae F. vesiculosus and A. nodosum (by species,
with an accuracy of 0.5 g), filamentous algae” (with an accuracy of 0.1 g), and mollusc species
found: Littorina saxatilis (£1 mg), L. obtusata (£1 mg), Mytilus edulis (0.5 g), and P. ulvae (£1 mg).
Also, we counted the total number of registered periwinkles.

The total biomass of L. obtusata aged one year and older was determined by weighing molluscs.
In the case of recruits (0+), due to their small size, the shell diameter—weight relationship was first
constructed and then used to calculate the individual weight of specimens and to refine the total biomass.
Notably, biomass of recruits is low (0.7% on average) compared to the total biomass of periwinkles aged
one year and older.

For each L. obtusata, the maximum shell diameter (£0.1 mm) was recorded, and age was deter-
mined based on the annual rings on a shell [Kozminsky, 2006]. When indicating age, we used the fol-
lowing designations: recruits (individuals born during the current year), O+; molluscs aged one year (born
in the previous year), 1+; molluscs aged two years (born in the penultimate year), 2+; etc.

By dissecting the molluscs, we determined their sex, the state of the reproductive system
(rudimentary, underdeveloped, normal, or reduced), and infection with trematode parthenitae.

The White Sea L. obtusata serve as the first intermediate host for a number of trematode
species [Galaktionov, Dobrovolsky, 1984; Granovitch et al., 2000; Sergievsky, 1985]. All detected
species of flukes cause complete parasitic castration [Galaktionov, 1993; Ganzha, Granovich, 2008; Gra-
novitch, Sergiyevsky, 1990] and affect the reproduction of the host population to one degree or another.
Since the purposes of this study required an assessment of only the total parasitic pressure on the re-
production of the periwinkle population, the prevalence of mollusc infection with all trematode species
was used as the corresponding indicator.

Meteorological data on the state of the environment during the study period (air temperature,
precipitation, and sunshine duration) from the nearby weather station Kandalaksha (No. 22217)
were taken from the website of the All-Russian Research Institute of Hydrometeorological Infor-
mation (http://meteo.ru/data). The values of the North Atlantic Oscillation index, NAO (annual,
seasonal, and monthly) were obtained from the website of the US National Center for Atmo-
spheric Research (https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-
index-station-based).

During the work, four groups of variables were analyzed; those characterize the state of the studied
L. obtusata population and its habitat conditions.

* Approximately 3% are Cladophora sp. and Y4 are Stictyosiphon sp.
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The first group covers the indicators featuring the state of the L. obtusata population (10 pcs):
biomass (g-m_2) (Wi o); density (ind.-m™) of recruits (0+), molluscs aged one year (1+), molluscs
aged two years (2+), molluscs aged two years (2+) and older, and molluscs aged three years (3+)
and older (D; o9, D1 o1+> Dro2s» Dros2s» and Dy s34, respectively); density of males with normally
developed penis (Dpy) and mature uninfected females (Dggy); the ratio of abundance of males to abun-
dance of females among mature uninfected individuals (Ry; pvr); and the average shell diameter
of mature uninfected females (mm) (Xp)).

The second group includes indicators of the population state of the cohabiting species L. sax-
atilis (5 pcs): biomass (g-m™) (W g); density (ind.-m™2) of recruits (0+), molluscs aged one year (1+), mol-
luscs aged two years (2+), and molluscs aged three years (3+) and older (D g, D; 14> Dy 504> and D g3,
respectively).

The third group covers indicators characterizing the biotic habitat conditions of molluscs (6 pcs):
biomass (g:m~) of the brown algae F. vesiculosus (Wgy) and A. nodosum (W ), filamentous algae
(Wga), and molluscs M. edulis (Wy) and P. ulvae (Wpy;); prevalence of infection with trematode
parthenitae (%) (P1).

The fourth group includes indicators featuring the environmental conditions during the study pe-
riod (45 pcs): values of the North Atlantic Oscillation index for a year, by season, and for a month
(NAO,N> NAOyy,, NAOy,g, NAO,go, NAOjN, NAO;y, NAO,yg, and NAOggp); air tempera-
ture (°C) average for a year, for a period of several months, and for a month (T,y, Ty_x. Tv_x
Ty Tvixs Txrve Txive Tve Ty Ty Tvm Tixe and Tx); amount of precipitation (mm) for a
year, in the cold and warm period, and for a month (H,y, Hy_x. Hy_x. Hyi_x> Hviex, Hxrvs Hxiovs
Hy, Hy;, Hyp, Hypps Hix, and Hy); and sunshine duration (h) for a year, for a period of several months,
and for a month (DS ,n, DSy_1x> DSv_x> DSvi_x> DSvi_x> DSy, DSy1, DSyq, DSy, DSix, and DSy).

Generally accepted statistical methods were applied. When checking for normality, we used
the Kolmogorov—Smirnov test (the Lilliefors probabilities were calculated [Lilliefors, 1967], as the pa-
rameters of the normal distribution were estimated based on sample data) and the Shapiro—Wilk test.
Correlation analysis was applied for preliminary selection of data (filtering) for multiple regression
analysis. Since almost all the considered indicators (with rare exceptions) were normally distributed
ones, the Pearson correlation coefficient (R) was used to estimate the degree of relationship between
them. The correlation of non-normally distributed variables with abundance of recruits was estimated
by the Spearman’s rank correlation coefficient (Rg). Multiple regression analysis was applied to iden-
tify factors affecting the reproduction of the L. obtusata population. All calculations were performed
in Statistica 7.0.

RESULTS

During the study period, quasi-cyclic changes in L. obtusata population density were observed
around the average level of 2,620 ind..m™ (Fig. 1A). Fluctuations in abundance of recruits ac-
counted for 82.5% of the population changes (R = 0.908; a << 0.001). Densities of periwinkles
aged one year, periwinkles aged two years, and sexually mature molluscs (= 3+) generally fol-
lowed them with a corresponding shift (Fig. 1B-E). Thus, revealing the factors that mediate changes
in the L. obtusata population size comes down to analyzing the causes of fluctuations in abundance
of recruits (Dy g,
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Fig. 1. Dynamics of changes in density of different age groups of Littorina obtusata (A—F) and environmen-
tal factors (G-J) during the study period. The dotted lines (O marker) denote different age groups of mol-
luscs: black, the entire population; blue, 0+; gray, 1+; purple, 2+; red, = 2+; and brown, = 3+. The dashed
lines denote the variables: lilac, Hyy; (¢); red, Ty_x (+); yellow, DSy_x (4); orange, Wy (¥); and green,
Wgy (no marker). Variables and age groups are explained in the text. On the abscissa axis, years are shown.
On the left ordinate axis, the density of individuals is shown (ind.-m~2). On the right ordinate axis, the values

of environmental factors are shown: biomass (g-m~2), precipitation (mm), temperature (°C), and sunshine
duration (h). The standard errors of the mean are indicated

Marine Biological Journal 2024 Vol. 9 No. 4



40 E. Kozminsky

Normality test. The vast majority of variables were normally distributed. The exceptions were three
indicators: density of L. saxatilis recruits (Dy g, ), A. nodosum biomass (W ,y), and sunshine duration
in September (DSy).

Data filtration. At the first stage, by correlation analysis, we selected relevant indicators, i. e., those
noticeably correlated with the analyzed variable (D (). For certainty, we considered the values of cor-
relation coeflicients higher than or equal to 10.30I to be significant; this corresponds to the contribution
of the analyzed indicators to the variability of the dependent variable of about 10% (notably, the values
of the correlation coeflicients higher than or equal to 10.45] were statistically reliable at the 5% confidence
level). The correlation of NAO g with the density of L. obtusata recruits was formally a little lower than
the accepted critical level (R = +0.27); however, we retained this variable in the analysis as an integral
indicator featuring weather conditions in the second half of the warm period. When testing the cor-
relation level between abundance of L. obtusata recruits and three non-normally distributed variables
(D504 Wan»> and DS;) with the Spearman’s rank correlation coeflicient, we found that it was lower
than the accepted critical value, 10.301. As a result, 18 variables were considered relevant: Wy o, D; 9>,
Dy 023+» Dpn> Weys Wiig, Hyn Hix, NAOjy;, NAOs50. DSy_ix. DSy_x. Typ, Tixs Tyiixs Tvixs Tvoixe
and Ty_x.

Then, the relevant variables were checked for redundancy. The indicators significantly associated
(a < 0.05) with other variables selected for the analysis were excluded if they were less strongly corre-
lated with the dependent variable (D ., ) or — with a similar strength of correlation — were less preferable
for use in the analysis. Ty, Ty, Tyix, Tv_ix. and Ty_x were excluded from further analysis, because
they were significantly correlated with Ty, x. The latter, in turn, was excluded, as it was significantly
correlated with the density of molluscs aged two years and older (R = 0.45; a = 0.049). Out of four
variables featuring the state of the L. obtusata population (Dy o5,., D; >3, Wi, and Dpy), abundance
of molluscs aged two years and older was most strongly associated with the density of recruits (R = 0.35;
a =0.133). Three other variables were significantly correlated with this indicator (R = 0.80; o << 0.001)
and were excluded from the analysis. Sunshine duration within May—October (DSy,_x) was excluded,
for it was noticeably correlated with DSy,_x (R =0.99; a << 0.001) — the variable more precisely reflect-
ing the idea of a warm period. Finally, the amount of precipitation in September (H;x) was significantly
correlated with F. vesiculosus biomass (R = 0.46; o < 0.044). As a result, seven indicators (Dy g5,, Wgy,
Wuies Hyi DSy_ixs NAOyy;, and NAO ) were selected for further analysis; there was no significant
relationship between them (Table 1).

Table 1. Pearson correlation coefficients between the variables selected for multiple regression analysis

Dy oo+ -
Hyyy ~0.50 -
DSy_ix ~0.46 0.04 -
NAO,,. 0.35 -0.23 0.19 -
NAO,¢o 0.27 -0.24 -0.01 0.06 -
D, 0s0s ~0.35 -0.20 0.24 -0.12 0.15 -
W ~0.41 0.37 -0.03 -0.03 -0.15 -0.07 -
Wy 0.30 0.03 -0.33 0.25 0.23 0.30 0.10 -
Dy o0+ Hyy DSy_ix NAO;yL NAO,s0 Dy 022+ W Wey

Note: the coefficients at 5% confidence level are highlighted in bold. Variables are explained in the text.
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Selection of the regression model. Since the correlation between the independent variables was low,
we did not use variants of multiple regression analysis involving the regularization procedure to improve
the stability of the model (ridge regression, lasso regression, and elastic net). We analyzed models with
and without a non-zero intercept. In both cases, various methods of variable selection were used: for-
ward stepwise selection of all variables, their backward stepwise selection, and forced stepwise selection.

Models with a zero intercept were excluded due to their poor quality: a high standard error of the es-
timate (SEE), low tolerance of variables, and strong correlation between some regression coefficients

and between residuals and independent variables.
Results of regression analysis: Factors affecting population reproduction. Analysis of regres-

sion models with a non-zero intercept and different numbers of variables showed that the overwhelm-
ing majority of models include two variables, Hy;; and Dy 5,.. When adding to such a “basic” model
the variables DSy_jx, NAOjy; , and NAO g in various combinations, the corresponding regression co-
efficients did not significantly differ from zero. The highest values of the multiple correlation coefficient
(R =0.881) and the lowest standard error of the estimate (SEE = 446.7) were obtained for the equation
involving four variables, Dy 555, Hyy, Wey, and Wyg:

Droos = —246 X Dyoug, +0.26 X Wy — 15.63 x Hypp —0.73 X Wy +4,363.37. (1)

The plot corresponding to the model is given in Fig. 2. The obtained dependence allows us to ex-
plain 77.6% of the variability of the dependent variable. The value of F-criterion (the Fisher criterion)

evidences for a high reliability of the approximation (F(4,15) = 13.03; @ << 0.001).
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Fig. 2. The observed and predicted densities of Litforina obtusata yearlings. The standard errors

of the mean are indicated
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The analysis of the parameters (Table 2) evidences for a high quality of the model. All the main
statistics were reliable at least at the 5% confidence level. The tolerance of all independent variables
is quite high indicating a weak correlation between them. Apparently, the value of tolerance is affected
by the presence of weak connections in two pairs of variables: D; o5,, and Wgy (R = +0.30) and Hyy;
and Wy (R = +0.37). The correlation between the variables of different pairs is much weaker. Par-
tial and semipartial correlations are high in all cases confirming the presence of a strong connection
between the independent variables and a dependent one. The correlation between the regression coeffi-
cients is unreliable and does not exceed 10.351. The analysis of the residuals showed a low level of corre-
lation between them and the independent variables (R was about 1077). The residuals fit the straight line
of the normal probability plot; the analysis of the distribution of the standardized residuals shows that
they all are within +2¢. Both indicators evidence for the fact that the residuals are normally distributed.
The Cook’s distance is moderately significant for three points alone (2005, 2017, and 2020), but the Ma-
halanobis distances and the distribution of standardized residuals show that there is no reason to consider
these points as outliers.

Thus, our results indicate that during the study period, the reproduction rate of the L. obtusata
population was affected by four variables: D; o5, Wgy, Hyy, and Wy,

Table 2. The main parameters of the regression equation for the density of Littorina obtusata yearlings

BETA | SEggra B SEp RparT RsparT T 1(15) a
Int 4,363.37 | 706.18 6.18 0.0000
D; o504+ -0.6376 0.1313 -2.46 0.51 -0.782 -0.593 0.864 -4.86 0.0002
Wey 0.5369 0.1292 0.26 0.06 0.731 0.507 0.892 4.15 0.0008
Hyy —-0.5265 0.1338 -15.63 3.97 -0.713 —-0.480 0.832 -3.93 0.0013
Wue —-0.3200 0.1318 -0.73 0.30 —-0.531 —0.296 0.858 -2.43 0.0283

Note: BETA, regression equation coefficients calculated from standardized values of the variables; SEggr,, standard
errors of BETA; B, regression equation coefficients calculated from initial values of the variables; SE, standard
errors of B; Rprr. partial correlations; Rgpapt, Semipartial correlations; T, tolerance; ¢, -test value associated with
the calculated statistics; «, corresponding probabilities; and Int, intercept. Variables are explained in the text.

Analysis of individual factors. As shown by the value of the standardized regression coefli-
cient (BETA = -0.6376) (Table 2), the density of individuals aged two years and older has the greatest
effect on fluctuations in abundance of L. obtusata recruits. These variables are in relationships close
to antiphase ones (R = —0.35; « = 0.133) (Fig. 1F).

The second most important factor (BETA = +0.5369) affecting abundance of recruits is biomass
of a brown alga F. vesiculosus. Although the correlation between F. vesiculosus biomass and density
of L. obtusata recruits is not reliable (R = +0.30; a = 0.203), it is obvious that abundance of recruits
in general follows abundance of this alga (Fig. 2B), that is, the higher the F. vesiculosus biomass, the more
juveniles survive. Against this backdrop, numerous chaotic deviations are observed which seem to be
governed by the fact that the survival of L. obtusata recruits is affected by many factors. The above-
mentioned trend is disrupted only at the very end of the study period (in 2018-2020). Abundance
of molluscs aged one year also changed almost synchronously with F. vesiculosus biomass (R = +0.40;
a = 0.082) (Fig. 1C). Abundance of L. obtusata in the age group 2+, as well as 3+ and older, fol-
lowed F. vesiculosus biomass with some lag (Fig. 1D, E). This indicates that with a high abundance
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of F. vesiculosus, more juvenile L. obtusata survive. Between 2014 and 2020, against the backdrop
of a rapid gain in F. vesiculosus biomass, the density of molluscs at the age of 1+, 2+, and 3+
and older also increased.

The third important factor (BETA = —0.5265) comparable in strength of effect with F. vesiculosus
biomass, is the amount of precipitation in July (Hyy;). This variable reflects the effect of abiotic envi-
ronmental factors on the reproduction of the mollusc population. The density of recruits is in antiphase
with the amount of precipitation (R = —0.50; a = 0.026) (Fig. 1G). Notably, abundance of L. obtusata
recruits is negatively correlated with air temperature (Ty;_x) (R =-0.47; o = 0.036) (Fig. 1H) and with
sunshine duration (DSy,_jx) (R =-0.46; a = 0.043) (Fig. 1I) during the warm period. Both characteristics
are significantly related to each other (R = 0.84; a << 0.001), but are not correlated with the amount
of precipitation in July.

The last factor in terms of strength of the relationship with the density of L. obtusata re-
cruits (BETA = -0.3200) is M. edulis biomass. The same as the amount of precipitation, this variable
1s 1n relationships close to antiphase ones (Fig. 1J) with the density of recruits (R = —0.42; o = 0.069).
With the exception of three cases, no reliable correlations were found between M. edulis biomass
and most of the other variables considered. The first exception is the positive relationship (R = +0.53;
a = 0.017) between M. edulis abundance and the amount of precipitation in the warm period (Hy;_jx).
The second one is the negative correlation between the mussel biomass and the prevalence of periwinkle
infection with trematode parthenitae (R =—0.59; a = 0.006). The third exception is a positive relationship
between M. edulis abundance and L. saxatilis biomass (R = +0.72; a < 0.001).

DISCUSSION

Long-term studies have revealed noticeable interannual fluctuations in the periwinkle population den-
sity with pronounced cyclicity [Kozminsky, 2013, 2017, 2020; Sergievsky et al., 1997]. Analyzing such
fluctuations, S. Sergievsky et al. [1997] concluded that they are mediated by changes in the reproduction
rate of the population. Our data are fully consistent with it: 82.5% of the registered fluctuations were
governed by changes in abundance of recruits.

We have shown earlier [Kozminsky, 2013, 2017, 2020] that quasi-cyclic fluctuations in abundance
are due to intraspecific competition between recruits and L. obtusata aged three years and older for a re-
source, F. vesiculosus, under conditions of limited habitat capacity. This brown alga is the main source
of food for L. obtusata (both by itself and due to microfouling) and a substrate for habitation and ovipo-
sition [Beskupskaya, 1963; Matveeva, 1974]. Abundance of younger L. obtusata (0+ and 1+) follows
F. vesiculosus abundance; therefore, this alga is a key resource limiting the periwinkle population size.
The occurrence of intraspecific competition is evidenced by the existence of relationships close to an-
tiphase ones between abundance of recruits and abundance and biomass of mature L. obtusata [Kozmin-
sky, 2013, 2017, 2020].

The data obtained in the course of this study are in good agreement with the previous observations.
The key role of F. vesiculosus as a resource limiting the mollusc population density is confirmed by co-
ordinated changes in the periwinkle abundance and abundance of individual age groups (Fig. 1B-D).
This is also indicated by the fact that L. obtusata biomass and F. vesiculosus biomass were reliably corre-
lated (R = +0.55; a = 0.013). The occurrence of intraspecific competition is confirmed by the presence
of relationships close to antiphase ones between abundance of L. obtusata recruits and density of large
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molluscs — those aged two years and older (Fig. 1F). Interestingly, in this study, in contrast to earlier
investigations [Kozminsky, 2013, 2017, 2020], the strongest negative correlation was revealed between
densities of recruits and L. obtusata aged two years and older, not between recruits and mature individ-
uals (= 3+). Apparently, this means that abundance of just large periwinkles is more important, than
abundance of mature ones. Another detail worth noting is a rise (since 2014) in densities of molluscs aged
1+, 2+, 3+ and older against the backdrop of a sharp increase in F. vesiculosus biomass. These processes
seem to reflect a gain in habitat capacity. Abundance of recruits also rose during this time (until 2018),
but then dropped (clearly, due to an increase in density of large L. obtusata).

Thus, the first variable in the equation (1), abundance of molluscs aged two years and older, reflects
the rate of intraspecific competition. The second one, F. vesiculosus biomass, reflects habitat capacity,
i. e., its ability to maintain L. obtusata population of a certain size.

The most important factor for marine animals is salinity. The zone of optimal salinity for the White
Sea L. obtusata is limited by 34-36%o from above and by 14—16%¢ from below. The lower boundary
of the transitional low salinity zone (at which some molluscs still remain active) is 6—8%o [Berger, 1976b].
The same as in most marine animals [Berger, 1986; Kinne, 1971; Remane, Schlieper, 1972], in periwin-
kles, individuals in the early stages of ontogenesis are the most vulnerable to effects of unfavorable
environmental factors. In a closely related species, L. saxatilis, the level of perinatal and juvenile mor-
tality was found to rise under conditions of low salinity [Sokolova, 1997, 2000]. L. obtusata tolerance
to a decrease in salinity varies throughout the year and peaks in spring and summer [Berger, 1976b].

The relationship between the amount of precipitation and the reproduction rate of the L. obtusata
population seems to be mediated by salinity fluctuations during precipitation. The presence of a re-
lationship between the amount of precipitation and salinity (level of desalination) is confirmed by data
of V. Khaitov [2008;2009; 2010]. The mean salinity in the summer of 2007, 2008, and 2009 in the South-
ern Bay of Ryazhkov Island was 18.8, 19.9, and 20.2%o, respectively, while the amount of precipitation
in the period from November of the previous year to August of the current year (according to the weather
station in Kandalaksha) was 561, 514, and 501 mm. Apparently, the effect of precipitation on L. obtusata
juveniles is chiefly due to desalination of the surface layer of seawater immediately at the time of pre-
cipitation. Mass oviposition of L. obtusata occurs in late May—early July. The embryonic development
of L. obtusata lasts about a month; accordingly, most juveniles hatch in late June—early July [Kozmin-
sky, 2006; Kuznetzov, 1960; Matveeva, 1974]. It is logical to assume that L. obtusata juveniles are most
sensitive to desalination immediately after hatching, and this seems to explain the negative correlation
between the density of L. obtusata recruits and the amount of precipitation in July.

Thus, the third variable in the equation (1) characterizes the effect of environmental factors (in this
case, precipitation) on the reproduction of the periwinkle population.

As shown by the obtained results, abundance of L. obtusata recruits also negatively correlates with
temperature and sunshine duration during the warm period. Accordingly, the survival rate of juve-
niles should be lower in a warm and sunny summer. This conclusion is supported by both literature
data and our own observations. Thus, as shown for Littorina plena [Chow, 1989], high temperature
can be the cause of mass mortality of molluscs. With a rise in water temperature to values exceeding
+22 °C, an increase in mortality of juveniles and frequency of embryonic malformations are observed
in L. obtusata [Kozminsky et al., 2008]. Temperature is reliably correlated with sunshine duration. Obvi-
ously, in clear weather, air heats up more, and this results in more heating of the surface layer of seawater
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and surface of substrates during low tide. Both can govern a rise in mortality of juveniles. At the same
time, sunshine duration seems to be significant on its own: in clear, sunny weather, the risk of death
of fish juveniles due to desiccation increases.

However, none of the above-mentioned variables was involved in the obtained equation (1). Most
likely, this is explained by the fact as follows: for L. obtusata, seawater salinity is more important than
the possibility of overheating or desiccation. At the same time, both factors can come to the fore
with a shift in conditions of the population’s existence. Values of the North Atlantic Oscillation in-
dex (NAOy;, and NAO,q,) were also not included in the equation (1). This seemed to happen, be-
cause these are integral indicators that latently “take into account” both precipitation and temperature;
accordingly, the connection with them should be weaker.

The occurrence of a relationship between M. edulis biomass and the reproduction rate of the L. ob-
tusata population is unexpected. It can be explained in two ways: the relationship can be governed
by the presence of some common factor which both variables are correlated with and by the occurrence
of interspecific interactions between M. edulis and L. obtusata.

In our opinion, out of the variables considered in this study, the only real candidate for the role
of a common factor affecting both the reproduction of the L. obtusata population and M. edulis abun-
dance is the amount of precipitation correlated with both the reproduction of the periwinkle population
and M. edulis biomass. The negative relationship between the amount of precipitation and the reproduc-
tion rate of the mollusc population was discussed earlier. The positive correlation between the amount
of precipitation and M. edulis biomass can be explained by a gain in the amount of biogenic elements en-
tering Kandalaksha Bay with freshwater runoff from the mainland with an increase in the amount of pre-
cipitation, and, accordingly, a more rapid development of phyto- and zooplankton (the food for M. edulis).
Moreover, we cannot rule out the occurrence of some common factor not taken into account in this study.

Competitive interactions between different mollusc species are quite common, although their oc-
currence seems to be species-specific, and interspecific competition has not been detected in many
cases [Watz, Nyqvist, 2022]. Interspecific competition can result in separation of ecological niches
of cohabiting mollusc species [Golikov et al., 2020; Kimura, Chiba, 2010], an increase in mortal-
ity [Baker, 2021; Espinosa et al., 2006], and changes in feeding intensity [Smallridge, Kirby, 1988],
growth rate [Aguilera, Navarrete, 2012; Campbell et al., 2015; Yamada, Mansour, 1987], individual
fecundity, and the reproduction rate of a population [Rollo, 1983].

Prerequisites for the emergence of competitive interactions between M. edulis and L. obtusata do ex-
ist. Both species use macrophytes in general and Fucus in particular as a substrate for habitation. For L. 0b-
tusata, F. vesiculosus is the main substrate for habitation, feeding, and oviposition. In the case of M. edulis,
it is just one of possible substrates for habitation; however, as our data show, even if only 5% of mus-
sels inhabit Fucus, their biomass is already equivalent to that of L. obtusata. Competitive relationships
between periwinkles and mussels can be indirect: in the case of a significant reduction in the area
of the substrate suitable for habitation of L. obtusata recruits. Anyway, the presence of direct competi-
tion associated with M. edulis release of some biologically active substances (repellents or metabolites)
seems to be more realistic. In this case, not only mussels inhabiting Fucus, but also molluscs attached
to the underlying substrate may participate in the competition. This assumption is consistent with liter-
ature data: it has been shown, in particular, that mussels are capable of displacing both other molluscs
and crustaceans from the substrate [Zolotnitsky, 2011].
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Thus, the fourth component of the equation (1), M. edulis biomass, may evidence for the presence
of interspecific competition or result from the occurrence of a common factor which both the den-
sity of L. obtusata recruits and the mussel biomass are correlated with. Additional studies are required
to verify the assumptions made.

Notably, it would be logical to expect the presence of interspecific competitive interactions with
a closely related cohabiting mollusc, L. saxatilis. However, we found no significant relationships be-
tween L. saxatilis abundance (biomass or abundance of different age groups) and the reproduction
of the L. obtusata population. L. saxatilis abundance is not “included” in the final equation, either
as an alternative to M. edulis biomass or in addition to the mussel abundance. Interestingly, the absence
of a significant effect of L. saxatilis on the reproduction of the L. obtusata population does not exclude
the possibility of the opposite effect, since interspecific competitive relationships are not necessarily
symmetrical [Aguilera, Navarrete, 2012; Espinosa et al., 2006].

The reproduction of the mollusc population may be affected by parasites. Ten species of trema-
todes parasitize the White Sea Littorina representatives. As already mentioned, all the detected fluke
species cause complete parasitic castration of molluscs [Galaktionov, 1993; Ganzha, Granovich, 2008;
Granovitch, Sergiyevsky, 1990] and, therefore, to one degree or another affect the reproductive poten-
tial of a population. As shown in a number of cases, parasitic pressure leads to a pronounced decrease
in the reproduction rate of the host population [Brown et al., 1988; Kohler, Wiley, 1992]. However, other
cases are known — when the impact of parasites was not noticeable at the population level [Kube et al.,
2006]. In our study, we found no significant relationship between abundance of recruits and the preva-
lence of infestation of the population (R = +0.028; a = 0.906). Since the overall prevalence of infection
was relatively low (4 to 15% in different years), this can be explained by a low infestation rate. Similarly,
S. Sergievsky et al. [1997] recorded no effect of infestation on the reproduction rate of the L. obtusata
population in the habitat we surveyed, although the prevalence of infestation in the period of their re-
search (1982-1995) was significantly higher (20-60%). A. Granovich and A. Maximovich [2013] also
did not register any effect of infection on the reproduction of the population; however, they reported
anegative correlation between the host population density in the current year and the prevalence of trema-
tode infection in the previous year mediated by the death of infected middle-aged individuals. In addi-
tion, a positive relationship was revealed between the prevalence of trematode infection in the previous
year and abundance of L. obtusata aged one year in the current year. The latter result is in agreement
with our observations on the occurrence of intraspecific competition between adult and juvenile periwin-
kles [Kozminsky, 2013, 2017, 2020; this study]. Most likely, the positive correlation found by the above-
mentioned authors is explained by the release of additional resources (a brown alga F. vesiculosus) when
adult infected individuals die: this mediates survival of more juveniles.

Conclusion. Most of the studied variables were excluded from the analysis due to their low relevance
or strong correlation with other variables. Apparently, a set of variables selected for multiple regression
analysis or included in the final dependence (1) is not random: all of them reflect habitat conditions
of molluscs (biotic and abiotic ones) and can be somehow associated with the reproduction rate of Litto-
rina obtusata population. Specifically, Fucus vesiculosus biomass evidences for high abundance of the key
resource limiting L. obtusata population size. The density of molluscs aged two years and older character-
izes the rate of intraspecific competition between recruits and large individuals. A bivalve Mytilus edulis
is one of the most common littoral species using Fucus, the same as the periwinkles do, as a substrate
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for habitation; due to it, interspecific competition is possible between them. Four climate variables (Hy,
DSy_ix, NAOj;., and NAO,g) feature habitat conditions for juveniles during their first year of life.
Out of them, the key role is played by the amount of precipitation which is involved in the final regression
equation (1) and characterizes level of desalination of the surface layer of seawater.

The obtained equation (1) has a clear biological meaning. It shows as follows: during the study
period, the reproduction of the L. obtusata population was governed by both intrapopulation factors
and environmental factors (biotic and abiotic ones). Obviously, the reproduction of the L. obtusata pop-
ulation should be affected by a significantly larger number of factors than we revealed during the study.
The level of effect and the set of factors may change with shifts in conditions of the population’s existence:
other factors may come to the fore.
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Marine Biological Journal 2024 Vol. 9 No. 4


https://doi.org/10.3138/9781487583064
https://doi.org/10.3354/meps236179
https://doi.org/10.1007/BF02528782
https://doi.org/10.1139/z03-006
https://doi.org/10.1093/mollus/54.3.251
https://doi.org/10.1023/A:1009498822068
https://doi.org/10.1023/A:1009498822068
https://doi.org/10.1093/mollus/eyac007
https://doi.org/10.1016/0022-0981(87)90171-7
https://doi.org/10.1016/0022-0981(87)90171-7
https://www.zin.ru/
mailto:ekozminsky@gmail.com

52

E. Kozminsky

VX YHCJIEHHOCTH, MCCIIE0BaHbl HEJOCTATOUHO. B HacTosmel paboTe mpeacTaBieHs! JaHHbIE, Oy YeH-
HBIE B X0/Ie HaOTI0/IeHNH 3a MOMYJISIMOHHON TUHAMUKOU Littorina obtusata ¢ 2001 o 2020 r. B stot
MepUO OTMEUEHbI KBAa3UIIUKIINYECKIe U3MEHEHUSI TUIOTHOCTH TOIYJISIIVY JIATTOPUH BOKPYT Cpe/IHe-
TO YPOBHSI, COCTABIISIONIETO OKOJIO 2,6 ThHIC. 9K3.-M 2. [IpoaHaM3HpoBaHo 67 MepeMEeHHHIX, XapaKTe-
PU3YIOIIUX COCTOSIHUE M3YUYEHHOUN MOMYJISIIIAN MOJUTIOCKOB M BO3JIWICTBUE Ha HeE KIIIOUYEBBIX OMOTHU-
YECKHUX U IKOJOrnIecKux paktopos. [TokazaHo, 4TO W3MEHEHH s MJIOTHOCTH NOMYJIsAIMK Ha 83 % o0y-
CJIOBJIEHBI (PITyKTyaIMsIMH YMCJIEHHOCTH CETroJIeTOK. MHOKECTBEHHBIN pErpecCHOHHBIN aHAIN3 TTPOJIe-
MOHCTPHPOBAJI, YTO YPOBEHb BOCIIPOM3BOJICTBA MOMyJIALuH L. obtusata Ha 78 % onpenensiics QIyk-
TyalUsIMU YETHIPEX MEPEMEHHBIX — IJIOTHOCTU 0COOEH B BO3PACTE JIBYX JIET U CTaplile, GUOMACChI BO-
nopocneti Fucus vesiculosus, KOIMIeCTBa 0CaIKOB B MIOJIe M OMoMacchl IByCTBOpoK Mytilus edulis. Tlep-
Basi IepeMeHHas OTPakaeT ypOBEeHb BHYTPUBUIOBON KOHKYPEHIIUHU, BTOPasi — CIOCOOHOCTD JIAHHOTO
MECTOOOUTAHMS K MOAJEPKAHUIO TOIMYJISIIIMA MOJUTIOCKOB ONPEAENEHHON YHUCAEHHOCTH, a TPEThsl —
BO3JIEUCTBYE (PAKTOPOB OKpYXKAIOIIeH cpeasl. Hammuue cBI3u Mekay YpOBHEM BOCIIPOM3BOJICTBA TTO-
MYJISIIAK JIATTOPUH M OUOMACCOH BYCTBOPOK MOKET ObITh OOBSACHEHO JIMOO CYIIECTBOBAHUEM HEKO-
ero odiero (akTopa, ¢ KOTOPbIM KOPPEIUpOBaHbl 00 MepeMeHHbIe, MO0 HATMYNEM MEKBHUIOBBIX
B3auMozencTeuid Mexay M. edulis v L. obtusata.

KaroueBbie caoBa: Littorina obtusata, YMCIEHHOCTDb TIOMYJISAIMH, (DIYKTYallMy YUCIEHHOCTU, OMO-
THYeCKHe W abMOTHUYecKre (DaKTOphl, BHYTPHBHIOBAs KOHKYPEHIMs, MEXKBHIOBas KOHKYpEHIIN,
€MKOCTh MECTOOOUTAHHS
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