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ABSTRACT

Cryptic mussel species Mytilus edulis (Me) and M.trossulus (Mt) form mixed settlements in shallow waters of the
White Sea. The proportion of Mt and Me in local settlements varies in broad limits but the factors regulating
taxonomic composition of mixed populations are poorly understood. Present study focuses on the assessment of
the sea star (Asterias rubens) predation influence on the M¢-Me ratio in natural habitats. For this purpose, we've
conducted a series of field experiments. For mussels placed on experimental units (ceramic plates submerged in
starfish-infested habitats), we’ve estimated a probability of being eaten by starfish. We've constructed a linear
model that includes several predictors which may influence the probability of being eaten (starfish biomass, mus-
sel size, mussel species, prey abundance, M¢-Me ratio on experimental units and abundance of conspecifics). The
analysis has revealed that the probability of being eaten expectedly increases with sea stars’ biomass increasing,
but it is higher for Mt in comparison with Me. This indicates Mt as a preferable prey. Negative correlations between
the probability of being eaten and shell size, number of conspecifics and mussel abundance were also revealed. No
significant dependence on Mt-Me ratio was found. Additionally, we’ve taken field samples which revealed a signifi-
cant decrease in the proportion of Mt in mussel patches after a massive starfish attack. This indicates that starfish
ate out Mt as its preferable prey. These results show that predators can contribute to the regulation of taxonomic
composition of mixed Mt-Me settlements in the White Sea.
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PE3IOME

Kpunrtuueckue Buns Munuit Mytilus edulis (Me) u M. trossulus (Mt) 06pa3yioT cMelIaHHbIe TIOCEJIEH U Ha MeJI-
xoBobe besnoro mops. CootHomenue Mt u Me B 10KaIbHBIX ITOCEJIEHUSIX BapbUPYET B M POKUX IIpefiesiax, HO
(bakTOPBI, pEryIupyoIue TAKCOHOMUYECKIH COCTaB CMEIIaHHBIX TIOMYJIsIINii, u3ydens: caabo. Hactosamee
HCCJIeIOBAHUE MOCBSIIIEHO OIIEHKE BIUSIHUSI MOPCKUX 3Be3[ (Asterias rubens), Kak KII0YEBOrO XUINHUKA, HA
cooTHotenure M¢-Me B eCTeCTBEHHBIX MECTOOOUTAHUAX. [[JIs1 UCCIIEIOBAHKMS MBI IPOBEJIU CEPUIO MOJEBBIX
HKCIIEPIMEHTOB, B KOTOPBIX MOJIITIOCKOB /IBYX BU/IOB IIOMENIATU HA KePaMHUUYECKYEe IJIACTHHBI B PA3HbIX CO-
otHoteHusaxX Mt u Me. TlnacTuHbl 6BLIM IOMEIIEHBI HA THO B yYaCTKAaX, T/ie HAGJII0aI0Ch CKOTLIEHNE 3BE3]I.
IMocie 9KCTIO3UIMY MBI OIIEHWJIN IJII MUAUNA BEPOSTHOCTD OBITH ChefleHHBIMU. MBI IIOCTPOUJIH JTUHEHHY IO
MO/I€Jb, BKJIIOYAIONYI0 HECKOJBKO IIPEAUKTOPOB, MOTEHIIMAIBHO BAUSIONUX HA BEPOSITHOCTH OBITH Che/leH-
HBIM (6HMOMacca MOPCKUX 3Be3]l, pa3Mep MU/IUU, BUJ MUJUU, YUCTIEHHOCTh MUIUI HA MJIACTUHAX, COOTHO-
menue Mt-Me Ha 9KCIIEPUMEHTAIbHBIX 0JI0KAX M YUCIEHHOCTb 0COO€el TOTo e BUa). AHAIU3 MOKa3aJ, 4TO
BEPOSITHOCTH OBITH ChEIEHHBIM BO3PACTAET C YBEJUYEHHUEM GUOMACChl MOPCKHUX 3Be3/l. BeposaTHOCTH GBITH
CheIeHHOM ObLIa BhIIIE A1 Mt 110 cpaBHEeHUIO ¢ Me. DTO yKa3biBaeT Ha TO, 4TO Mt sBisieTcs 6ojiee mpeanoy-
TUTENbHON N06bIueil. Takske ObLIU BBISIBIEHBI OTPULIATENbHBIE KOPPEIAIUY MEK Y BEPOATHOCTHIO OBITH Che-
JNEeHHBIM 1 Pa3MePOM PAKOBUHBI, KOJTMYECTBOM KOHCIIENN(MUKOB ¥ YUCIEHHOCTHIO MUIU. 3HAUMMOI 3aBUCH-
MOCTH OT COOTHOLIEeHUsT M¢-Me o6HapyskeHo He 6b1710. KpoMe TOro, Mbl IIpOBeJH c60PbI TPO6 B €CTECTBEHHBIX
6uoTomnax, B KOTOPBIX GbLIO OTMEYEHO MACCOBOE HAIIECTBUE MOPCKUX 3Be3]l. BhIJIO TIOKa3aHO 3HAYUTEIBHOE
CHMXeHue 1071 M¢ B MUIMEBBIX Py3ax Iocje aTaKu XUITHUKOB, 3Be3/1bI Bbleaau Mt. T pe3yabTaTsl I0-
Ka3bIBAIOT, YTO XUITHUKY MOTYT BHOCUTH BKJIAaJ B PETYJIMPOBAHNE COCTABA CMENIAHHBIX moceseHuit Mt-Me
B besom mope.

KaroueBbie ciioBa: BHIOOD JKEPTBbI XUIITHMKOM, MEKBUIOBbIE B3aUMOOTHOINEHUs, Asterias, Mytilus edulis,

Muytilus trossulus

INTRODUCTION

Mussels of several cryptic species, known as
“Muytilus edulis” complex (Riginos and Cunningham
2005), are widely distributed around the Northern
hemisphere. Species of this complex frequently co-
exist sympatricaly as do, for instance, M. edulis Lin-
naeus, 1758 (Me) and M. trossulus Gould, 1850 (Mt)
along both coasts of the North Atlantic (Riginos and
Cunningham 2005; Viinola and Strelkov 2011 and
references therein). The proportion of both species in
mixed populations vary within broad limits (Kato-
likova et al. 2016; Vaino6la and Strelkov 2011), but the
factors regulating species composition in local popu-
lations are poorly understood.

The most considered factors influencing Mt-Me
composition in mixed populations are abiotic ones:
temperature and its correlates (Popovic and Rigi-
nos 2020; Wenne et al. 2020), salinity (Kijewski et
al. 2019; Ridgway and Neevdal 2004; Riginos and
Cunningham 2005), surf effects (Comesana et al.
1999; Tam and Scrosati 2014). Some attempts have

also been made to consider anthropogenic influence
as an important factor regulating the distribution
of the two species (Vain6la and Strelkov 2011): au-
thors believe that Mt were introduced into the White
Sea with ship traffic and, therefore, concentrated in
areas near sea ports. Only few attempts were made to
assess the role of biotic interactions in regulation of
Mt-Me proportion in local populations. It was shown
that proportion of Mt is significantly higher in mussel
settlements on fucoid thalli in comparison with the
hard- and soft-bottom where Me predominate (Ka-
tolikova et al. 2016). In this case, however, the main
factor probably isn’t fucoids as a biotic substrate, but
the force of the surf again. The fucoid thalli work as
shock absorbers, protecting Mt from damaging their
thinner shells (Katolikova et al. 2016).

In fact, the only actual biotic interaction that
plays a role in the regulation of Mt-Me proportion
and which was systematically investigated is starfish
pressure. As it was shown, starfish (Asterias rubens
Linnaeus, 1758) let to prey on the Baltic mussels (Mt)
and on the North Sea ones (Me) preferred to attack
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Mt (Kautsky et al. 1990). In experiments with Mt and
Me from Canadian hybrid zone sea stars attempted
to attack Mt more actively than Me, defense reactions
of which were generally stronger (Lowen et al. 2013).

In practice, the analysis of ecological interac-
tions requires numerous samples with high amounts
of specimens. The identification of cryptic mussel
species through the use of expensive and time-con-
suming genotyping does not facilitate it. At the same
time, mussel species of “M. edulis” complex are mor-
phologically different (Gardner and Thompson 2009;
Innes and Bates 1999; McDonald et al. 1991; Teles-
ca et al. 2018). However, any morphological marker
should be considered as a semi-diagnostic trait, which
gives the ability to identify species with a high (but
not 100%) probability (Khaitov et al. 2021). Despite
this, following certain rules of species identification
by using specific morphological traits makes it pos-
sible to analyze a large amount of material, which in
turn could facilitate the solution of ecological tasks
(Khaitov et al. 2021). While all previous works (see
above) considered species’ specific shell shape differ-
ences, an alternative approach was proposed in Khai-
tov et al. (2021). A pattern of nacre deposit on mussel
shells (Zolotarev and Shurova 1997) was suggested
as a possible semi-diagnostic marker for probabilistic
species identification (Khaitov et al. 2021). Accord-
ing to this trait, two discrete morphotypes (T and E)
were recognized in different seas of the world, which
correspond well to Mt and Me respectively (Khaitov
et al. 2021).

The ecological analysis of the Mt-Me hybrid zone
in the White Sea has been significantly enhanced
by the use of the semi-diagnostic marker mentioned
above (Katolikova et al., 2016). In particular, the
introduction of morphotypes as a diagnostic tool al-
lowed a much larger number of mussels to be involved
in experiments for assessment of mussel-starfish in-
teractions and, consequentially, to obtain more pro-
nounced results (Khaitov et al., 2018). Choice experi-
ments conducted in the White Sea confirmed the
results from other areas — starfish can feel the diffe-
rence between Mt and Me and prefer to consume the
former (Khaitov et al., 2018).

These findings, however, do not indicate the role
of starfish in regulation of M¢-Me composition in
natural conditions because they’ve been reached in
cage experiments. Currently, we do not know if sea
stars can change the proportion of species in mixed
populations in situ. In present investigation, we have

conducted a series of field experiments and observa-
tions to answer three questions. (1) Will sea stars at-
tack Mt with a higher probability (as was shown in
cage experiments) in conditions close to natural? (2)
Would the mussel settlements dominated by Mt be a
more preferable foraging place than those dominated
by Me, as it could be expected from the fact that Mt
is a more preferable prey? (3) Does the M¢-Me pro-
portion change in natural populations after a starfish
attack?

MATERIAL AND METHODS

Mussel identification

This research was based on the indirect species
identification, which uses morphotypes as semi-diag-
nostic markers. We’ve used an approach proposed in
Khaitov et al. (2021) which, in short, can be described
as following. We assigned mussels to T-morphotype if
nacre was undeveloped in the zone that approaches to
the ligament nympha. A thin stripe of prismatic layer
not covered by nacre could be seen in this shell area
(Fig. 1, right). In contrast, mussels were assigned to
E-morphotype if nacreous layer came closely to the
ligament nympha and no uncovered prismatic layer
was recognized in this region (Fig. 1, left). This trait
could be seen well both on alive mussels after their
dissection and on dead shells (including killed by sea
stars) collected in the field.

The proportion of Mt in a population (Ptros) is
highly correlated with the proportion of T-morpho-
type (PropT) in the White Sea (Khaitov et al., 2021)
and can be recalculated using the following equation:

—2.4+5.4PropT

Ptros = M—+MW (Eq 1)

Here Ptros — a probability to find Mt in a popula-
tion with a known value of proportion of the T-mor-
photype (PropT).

For probabilistic species identification of indivi-
dual mussels, which is necessary for experiments,
data on the proportion of Mt-Me in site of mussel
collection is needed (Khaitov et al. 2021). For mus-
sels of T-morphotype sampled from the population
with known Ptros the probability to be Mt could be
assessed by the Eq2. For mussels of E-morphotype
which originate from the population with known
Ptros the probability to be Me can be assessed by
Eq3.
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Figure 1. Internal view of mussel shells of two morphotypes identified through the character of nacreous and prismatic layers under the
ligament nympha.

e042+3.2Ptros

P(Mt|T)= 1 4 g02-32Pms (Eq2)
83.774.9Ptms

Here P(Mt|T) — a probability to be Mt if a ran-
domly taken mussel is T-morphotype, P(Me|lE) —
a probability to be Me if a mussel is E-morphotype,
Ptros — a probability to find Mt in a settlement where
mussels were sampled from. To assess Ptros we've ei-
ther used data on the genotyped populations present-
ed in the Kandalaksha bay of the White sea published
in (Katolikova et al. 2016) or data on PropT directly
assessed in populations where mussels were sampled
from through the use of Eq1.

Mussel sampling for experiments

To increase the probability of a successful species
identification of mussels used in field experiments
we've sampled material from two populations con-
trasting by their Ptros. The first population (Pop1)
was located on a mussel bed in the Voronya Bay
(66.92795 N, 32.49098 E, Fig. 2). According to a
genetic study (Katolikova et al. 2016), the aver-
age Ptros in this area is equal to 0.11 (see S1 table
in Katolikova et al. (2016), populations # 24-27). It
is close to the assessment of Ptros = 0.10 obtained
from Eql by using the proportion of T-morphotype
in this population as PropT = 0.03 (the proportion of
T-morphotype in samples from Pop1). According to

these assessments, the probability to be Me for any
specimen of E-morphotype sampled from Pop1 can
be evaluated as P(Me|E) = 0.96, but specimens of
T-morphotype sampled in Popl could be identified
as Mt with a lower probability P(M¢|T) = 0.63. Thus,
any randomly taken mussel with E-morphotype sam-
pled in Popl can be considered as Me with a high
probability (we used in further analysis 2797 indi-
viduals of such kind), but the degree of taxonomic
uncertainty for mussels with T-morphotype sampled
in Pop1 is high enough (72 individuals included in
further analysis).

The second population (Pop2) was located on
a mussel bed situated between Telachiy and Oleny
islands (67.10613 N, 32.49098 E, Fig. 2). No direct
assessments of Ptros were made in this area, however,
knowing a proportion of mussels with T-morphotype
in this area (PropT = 0.69), we can calculate the pro-
portion of Mt in Pop2 using Eql: Ptros = 0.79. This
value is close to an average Ptros value calculated
for the genotyped samples in near locations (popula-
tions #18-23, see S1 table in Katolikova et al. (2016)):
Ptros=0.78. Using this data for mussels sampled from
Pop2 we can assess P(Me|E) = 0.46 and P(Mt|T) =
0.94. Thus, any randomly taken mussel with T-mor-
photype sampled in Pop2 can be considered as Mt
with a very high probability (1880 individuals includ-
ed in further analysis). However, the degree of tax-
onomic uncertainty for mussels with E-morphotype
sampled in Pop2 is very high (such mussels could be
with an equal probability assigned both to Mt and to
Me, 863 individuals of such kind ).
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Figure. 2. The position of points of sampling for experiments (Pop1 and Pop2), the point of experimental set up and the position of sites
(Site 1 and Site 2) where samples for an assessment of A.rubens influence on taxonomic structure of mussel settlements were taken from.
The position of Ryazhkov island is marked to show the place where the collected mussels were kept before the experiments.

Mussels from Pop1 and Pop2 were sampled in Au-
gust 2017 (experiment 1 and 2) and August 2018 (ex-
periment 3). Mollusks were washed and cleaned from
overgrowing organisms. Only individuals with a shell
length ranged in 17-48 mm were used for further
manipulations. Samples from both populations were
placed separately in mesh bags and kept in the sea wa-
ter by being suspended from the pier situated on the
Ryazhkov island (about 1 km away from the site of
experiment, Fig. 2). After several days of adaptation
each mussel was labeled by a color tag marking their
origin (Pop1 or Pop2).

Experimental set up

We've constructed 30 experimental units con-
sisting of a ceramic plate (25 x 25 cm) surrounded
by a plastic barrier (3 cm height) around its perime-
ter. This barrier has prevented mussels from moving
outside the experimental unit but allowed sea stars to
crawl inside. On the corners of the experimental plate
we've fastened four ropes which were knot together
(appr. 30 cm above the plate) and we’ve tied them to a
cord (50 cm length) with a foam float on its end. The
foam floats allowed us to find experimental units on
the bottom and to pick them up from the boat.

The experimental units were divided into three
groups: “Me-dominated”, “Mt-dominated” and
“Mixed”. In two experiments conducted in 2017 on
each plate from the first group we've placed 100 mus-
sels sampled in Popl. On the plates of the second
group we've placed 100 mussels collected in Pop2.
Finally, on the plates of the third group we’ve placed
50 mussels from Popl and 50 mussels from Pop2.
We've used 13 experimental units in the first exper-
iment and 26 units in the second one. In 2018, when
we've conducted the third experiment, the design
of an experimental set up was the same but we've
placed only 60 mussels on each plate (30+30 in case
of “Mixed” units). We’ve used all 30 experimental
plates this year.

When mussels had been set on experimental units
(for all of three experiments) the latter were placed on
the bottom of an intertidal pool which wasn’t reach-
able to sea stars. After two tidal cycles all mussels at-
tached themselves either on the surface of the ceramic
plates or on the walls around it, but still inside the
unit (only few marked specimens were washed out).
After that all experimental units were submerged to
the bottom to an about 3 m depth in a starfish infested
area (Fig. 2 point marked as “Experiment”). A spatial
distribution of units from different groups was ran-
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dom and a distance to the nearest neighboring unit
was approximately 1 m.

Experimental units were exposed to predators
for 61 (experiment 1 in 2017), 121 (experiment 2 in
2017) or 113 hours (experiment 3 in 2018). After the
exposition period all units were picked up and trans-
ported to the laboratory. All starfish found on each
plate were measured. We've used the diameter of the
circle outlining the starfish body (doubled starfish ra-
dius measured with 1 mm accuracy with a caliper) as
an estimate of their size. Each starfish was weighted
(with 0.1 g accuracy after removing external water
from animal’s surface). Dead mussels with color tags
(all of them lacked soft tissues which indicated that
they were eaten by sea stars) were dried. Alive tagged
mussels were boiled, their soft tissues were removed
and shells were dried. Only few not marked mussels
were found inside the experimental units. Some of the
color tagged specimens (3.4% from initially set) were
lost.

Dry shells (eaten and uneaten) were measured
(maximum distance from the umbo to the opposite
side of the shell) using an electronic caliper with an
accuracy of 1 mm. The morphotype of each shell was
assessed as described in Khaitov et al. 2021. This
data will further be denoted as the “Experimental”
data set.

Field samples for an assessment of sea starts
influence on Mt-Me composition

In August 2019 a mass swarm of sea stars has at-
tacked shallow water mussel populations in the up-
per part of the Kandalaksha bay (our personal obser-
vation). Such massive invasions periodically occur
in this area (our personal observation). We've used
this event to sample mussels in three types of patch-
es. The patches of the first type were intact mussel
settlements presented in a starfish crowding area, but
not attacked yet. The patches of the second type were
represented by dense clusters of starfish feeding on
mussel clumps. And the third type included patches
of dead shells visually recognized on the bottom sur-
face. Patches of all three types were situated close to
each other (the maximal distance between them was
several meters). Unfortunately, our diver did not have
a set of unambiguous signs that would allow him to
determine the type of a mussel patch (except visual
traits described above). Ex post facto, we've checked
whether the samples correspond to the chosen three

types by analyzing the proportion of dead mussel
shells and the abundance of starfish (see below).

We've sampled patches of each type in two sites
(Fig. 2, points marked as Site 1 and Site 2). In both
sites a snorkel diver chose a suitable place orienting
on sea star abundance. When an appropriate place
was found, 10 quantitative samples on each type of
patches were taken by using a round core (20 cm di-
ameter). Thus, 30 samples were taken in each of two
sites.

After the samples were washed through a sew-
screen (mesh size 2 mm) they were sorted. While
sorting the samples we’ve taken into account alive
mussels, dead shells (we've sampled both alive and
dead shells with 10 or more mm length) and starfish.
Sea stars were counted and weighted. Dead shells
were counted (each shell was counted separately, i.e.
double-valved shells were disconnected). Alive mus-
sels were boiled, their soft tissues were removed and
shells were dried. On each dried mussel shell we eval-
uated mussel’s morphotype.

Each sample was characterized by following val-
ues. The proportion of dead shells was estimated as
the ratio of the number of dead shells divided by the
sum of this value and the doubled number of alive
shellfish in the sample. The proportion of T-mor-
photype among alive mussels (PropT) — a ratio of
the number of mussels with T-morphotype to a total
number of alive mussels in the sample. Finally, a total
starfish biomass was assessed. This data will be de-
noted further as the “Observation” data set.

Statistic processing

All statistical processing and data visualizations
were conducted with functions of statistical pro-
gramming language R 4.05 (R Core Team, 2021).

Data from the “Experimental” data set was an-
alyzed by the means of a logistic generalized linear
mixed model construction based on a binomial dis-
tribution with a logit link-function (Model 1). The
probability to be eaten was considered as a depen-
dent variable in the Model 1. Each individual mussel
was codded as “1” if it was eaten by a sea star and “0”
otherwise. The total amount of analyzed mussels was
5509.

The predictor set for the fixed part of the model
included six covariates. No interaction between the
predictors described below was included in the Mo-

del 1.
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(1) Mussel species. In the case of Pop1l and Pop2
we haven’t dealt with mono-species populations.
That’s why using morphotypes as a basis for species
identification we can predict mussel species only with
a certain probability (Khaitov et al. 2021). Taking
this into consideration we’ve constructed a continu-
ous predictor: a probability to identify an individual
as M. trossulus (PMt). The value of this predictor was
calculated as following. We evaluated PMt in Pop1 as
PMt =1 — P(ME|E) =1 — 0.96 = 0.04 for mussels of
E- morphotype and PMt = P(Mt|T) = 0.63 for mussels
of T-morphotype. For mussels collected in Pop2 cor-
responding values were assessed as PMt = P(Mt|T) =
0.94 for mussels of T-morphotype and PM¢ = 1 —
P(Me|E) = 0.54 for E-morphotype. An interpretation
of this value is obvious: the higher is PM¢ — the higher
is the probability that a certain mussel is Mt.

(2) Number of “conspecifics” (Nconsp). For each
mussel included in the analysis we've calculated a
number of mussels of the same morphotype present-
ed in the experimental unit where this mussel was
placed. We interpret this predictor as following: when
this value is low, the mussel of a given morphotype is
surrounded mostly by mussels that probably belong
to another species, otherwise, when Nconsp is high,
a mussel is predominantly surrounded by conspecif-
ics. This value should be in average high for mussels
placed in “Mt-dominated” or “Me-dominated” units
and low for mussels placed in “Mixed” units.

(3) Proportion of mussels of T-morphotype
(PropT). This value describes the taxonomic struc-
ture of a mixed population. The lowest values of this
predictor are in the “E-dominated” units, in “Mixed”
they are higher and the highest values are in “T-dom-
inated” units.

(4) Unfortunately, the design of our experiment
didn’t allow us to directly asses the association be-
tween the probability to be eaten and starfish size.
However, an individual weight of a starfish was
highly correlated with its size (Spearman correla-
tion: 0.92, n = 437, p < 0.001). By assessing the to-
tal weight of all starfish found in experimental units
we can indirectly include predators’ size in the model.
We've used the sea stars’ biomass (Baster, the sum
of individual weights) as a predictor describing both
starfish abundance and their size.

(5) Mussel size (L) and (6) total amount of mus-
sels (Ntotal) are self-evident predictors. They were
used as technical covariates which is needed since the
mussels of different size were used, the amount of sea

stars varied between experimental units and differ-
ent numbers of mussels were placed on experimental
units in 2017 and 2018.

All predictors were scaled by subtracting the
mean and dividing them by the standard deviation.
Scaling of the predictors allowed us to compare the
power of different predictors by the means of compar-
ing the regression coefficients.

The random part of this mixed model described
a variation of the model intercept. Two random fac-
tors were included in the model: The factor “Exper-
imental unit” was hierarchically nested within the
“Experiment” factor.

The Model 1 was fitted by using glmer() function
from the “/me4” package (Bates et al. 2015). The va-
lidity of the fitted model was tested by means of resid-
ual plots. No violations of logistic regression analysis
were found.

To assess a goodness of fit for the Model 1 we cal-
culated marginal and conditional R? (Nakagawa and
Schielzeth 2013). The marginal R? represents the
variance explained by the fixed effects and the con-
ditional R? is interpreted as a variance explained by
the entire model, including both fixed and random ef-
fects. Function z.squaredGLMM() from the package
“MuMIn” (Barton 2020) was used for calculations.

Since the Model 1 included numerous predictors,
its visualization was problematic. The association
of the dependent variable with a particular predic-
tor in such model could be presented as a chart only
by means of averaging other predictors included,
which is uninformative in the case of some variables
(e.g. PMt). To visualize the revealed dependencies,
we’ve used the proportion of eaten mussels in some
mussels’ groups as a proxy for the probability to be
eaten (dependent variable in the Model 1). These
groups were constructed in several ways. Firstly, for
such predictors as Ntotal, PropT and Baster the pro-
portion of eaten mussels was calculated for each ex-
perimental unit and plotted as dot chart against the
corresponding predictor’s value. Secondly, for Nconsp
the proportion of eaten was calculated among mussels
of T- and E-morphotype separately for each experi-
mental unit and charted against the corresponding
number of alive mussels in these two groups within
each experimental plate. Thirdly, for PMt we’ve cal-
culated the proportion of eaten mussels among four
groups of mollusks according to their PMt values (see
the description of this predictor above). And finally,
for L we've divided the predictor’s range into ten in-
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tervals which included approximately equal number
of mussels and calculated the proportion of eaten
among all mussels in each group.

We've constructed a set of dot plots that repre-
sent the dependency of the proportion of eaten mus-
sels with the mean value of the predictor calculated
for each group. To note, these plots have represented
rather raw data but not the model prediction.

The “Observation” data set was analyzed by the
means of generalized additive model construction
(beta distribution with logit link-function, the Mo-
del 2 thereafter). The proportion of mussels of T-mor-
photype among alive mussel (PropT) was considered
as a dependent variable. As the main predictor in the
model we've considered the discrete factor “Patch
Type” with three levels described earlier. The bio-
mass of sea stars was included in the model as a co-
variate. The Model 2 was fitted by gam() function
from the mgco package (Wood 2006). The factor
“Site” was included in the Model 2 as a random ef-
fect smoother (Pedersen et al. 2019). The Model 2
construction was followed by pairwise comparisons
of model predictions for three levels of “Patch” pre-
dictor. For the comparison Tukey test was applied by
using glht() function from the “multcomp” package
(Hothorn et al. 2008).

RESULTS

“Experimental” data set

Sea stars that attacked experimental units were
relatively small in size (median size: 68 mm, SD =
21.6, Fig. 3). The number of sea stars that crawled
on the plates ranged between 1 and 13 (median num-
ber: 5, SD = 3.5) ind. per experimental unit.

The marginal and the conditional were rath-
er close each to other (0.2 and 0.24 respectively). It
could be interpreted as a weak role of random effects
included in the Model 1.

Since all predictors in the constructed model
(Table 1) were continuous and scaled, we can directly
compare the power of their influence on the depen-
dent variable. The most powerful predictor (Table 1)
was the sea star biomass. A high positive coefficient
denotes an increased probability to be eaten when the
starfish biomass is increased (Fig. 4 A).

The second most influential predictor was the
probability to be Mt (PMt). A positive value of
the corresponding regression coefficient (Table 1,

Figure 3. Size of sea stars found on plates in experiments (Exp1 —
Exp3) and in samples from two sites in “Observation” data set
(Site 1, Site 2). In all boxplots’ charts the horizontal lines de-
note medians, boxes’ boundaries correspond to the 1-st and 3-d
quartiles of the value, whiskers’ size are equal to 1.5 interquartile
range, points situated out of the whiskers’ range are outliers
(Wickham and Stryjewski, 2011).

Fig. 4B) can be interpreted as a higher probability to
be eaten for mussels of T-morphotype (maximal val-
ue of PMt) in comparison with mussels of E-morpho-
type (minimal value of PMt).

The third most powerful predictor (Ntotal) was
associated with a negative regression coefficient. It
means that the probability to be eaten was lesser in
more abundant mussel settlements (Table 1, Fig. 4 C).

The next predictor, mussel size (L), was negatively
correlated with the probability to be eaten (Table 1,
Fig. 4D). Thus, starfish consumed smaller mussels
more actively than the larger ones.

The last predictor which describes the abundance
of mussels of the same morphotype for a given mussel
(Nconsp) was negatively correlated with the depen-
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Table 1. Parameters of the model describing the probability of being eaten as a function of predictors. Shown are parameters from the

fixed part of the Model 1.

Term Estimate SE z-statistic p-value
(Intercept) -1.208 0.0923 -13.09 0.0000
PMt 0.370 0.0547 6.76 0.0000
Nconsp —-0.138 0.0631 -2.19 0.0289
PropT -0.105 0.0799 -1.32 0.1870
Ntotal —-0.319 0.0851 -3.75 0.0002
Baster 0.673 0.0940 7.16 0.0000
L —-0.182 0.0373 —4.88 0.0000

Model terms: PMt — a probability to be identified as Mt; Nconsp — a number of conspecifics for given mussel in the experimental unit;
PropT — a proportion of mussels of T-morphotype; Ntotal — a number of mussels in the experimental unit in the end of exposition; Baster —

mussel size; L — starfish biomass in the end of the exposition.

dent variable (Table 1, Fig. 4E). Thus, if there was
a negligible number of specimens taxonomically sim-
ilar to a given mussel on an experimental plate, the
probability to be eaten for this mussel was higher
than for a mussel surrounded by a higher conspecifics
amount.

No significant associations between the probabi-
lity to be eaten and the proportion of T-morphotype
(PropT) was revealed (Table 1, Fig. 4F).

“Observation” data set

Most of sea stars that gathered around mussel
patches were rather small (median 4.6 cm, SD = 3.7,
Fig. 3) and in Site 1 they were smaller than in Site 2
(Fig. 3). The biomass of sea stars varied on patches
of differing types showing the minimal value on the
intact mussels and maximal on the starfish crowding
ones (Fig. 5A). The proportion of dead shells was
minimal on alive mussel patches and maximal on the
dead shell patches (Fig. 5B).

The proportion of T-morphotype (Fig. 5C) was
maximal at intact mussel patches (PropT: median =
0.5, min = 0.25, max = 0.76) and minimal at dead
shells patches (PropT: median = 0.23, min = 0.25,
max = 0.6). The value of PropT in patches with sea
star clusters was intermediate (PropT median = 0.34,
min = 0.11, max = 0.74). Thus, after using Eql the
proportion of Mt (Ptros calculated on the basis of me-
dians) gradually decreases from 0.57 to 0.37 followed
by 0.24 in following sequence: “Intact patches” —
“Starfish clusters” — “Dead shell patches”.

The constructed regression model (Table 2) re-
vealed a significant dependence of PropT on all pre-
dictors. Pairwise post-hoc comparison revealed a sig-
nificantly higher value of PropT in the intact mussel
patches than in the patches with sea star clusters and
in the patches of dead shells (Fig. 5 C). The difference
between the last two groups was not significant
(Fig. 5C). Some weak positive correlations between
PropT and sea stars’ biomass were found (Table 2).

DISCUSSION

In this study we've provided the first evidence that
Asterias rubens can discriminate between sympatric
Muytilus species in natural conditions. All previous at-
tempts to determine whether M. edulis or M. trossulus
are more susceptible to predation by A. rubens were
performed in closed aquarium set ups in laboratory or
in natural biotopes (Kautsky et al. 1990; Khaitov et
al. 2018; Lowen et al. 2013). Such closed microcosms
may provide conditions that are different in compar-
ison with the natural ones. In our experiments we've
offered the sea stars infesting natural habitats a free
choice between artificially constructed settlements
of mussels which differ in their taxonomic composi-
tion. This approach was made possible by utilizing
a low-cost method of identifying mussel morphotypes
followed by estimating the probability of belonging
to one of the two cryptic mussel species, as was pro-
posed in Khaitov et al. (2021). With this approach
we were able to create several dozen experimental
units on which several thousand mussels were placed
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Figure 4. Proportion of eaten mussels against different values of the predictors included in the regression Model 1. The figure shows
the raw data summarized for three experiments combined. A. Relationship of proportion of eaten mussels with starfish biomass. Each
point reflects an experimental unit. B. Proportion of eaten mussels among specimens with different probabilities of being M¢. Each point
represents the proportion of eaten mussels among individuals that have the same PMt value. The size of the dots is proportional to the
number of mussels in each particular group. C. Proportion of eaten individuals among mussels on experimental units with different
numbers of alive mussels found at the end of the experiment. Each point corresponds to an experimental unit. D. Proportion of eaten
individuals among mussels of different size. Each point corresponds to a particular size class. Dot size is proportional to the number of
mussels in a size group. E. Proportion of eaten individuals of different morphotypes among mussels with different numbers of conspeci-
fics within experimental units. The size of the point is proportional to the number of mussels in a group. F. Relationship to the proportion
of T-morphotype. Each point reflects an experimental unit.
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Figure 5. Boxplot representing the A.rubens biomass, gram per
20 cm diameter core, (A), proportion of dead shells (B) and pro-
portion of mussels of T-morphotype among alive mussels (C) in
samples from three types of patches. On the panel C the results of
post-hoc comparisons (on the basis of Model 2) of different levels
are presented: different letters denote a significant difference.

which was necessary for a more or less accurate as-
sessment of “Mytilus-Asterias” system properties in
noisy natural habitats.

The second advantage of our approach was that
we've repeated our experiments several times. These
replications were implemented into a regression mo-
del as a random effect. The role of random factors was
rather low, indicating that conditions of different ex-
periments were rather standard.

The third advantage was that we've included sev-
eral covariates potentially affecting the probability
of being eaten in a single analysis. The influence of
some of these covariates was self-evident. For exam-
ple, we have shown that the greatest impact on the
probability of being eaten is made by the abundance
(biomass) of sea stars attacking the experimental

units (Table 1). It seems to be a trivial and expected
correlation: more predators means more chance that
the prey will die.

Another trivial dependency revealed in our anal-
ysis was that the probability to be eaten was associ-
ated with the prey size. However, the fact that pred-
ators preferred smaller mussels (Table 1) seems to be
intriguing. We have found the same pattern in our
aquarium experiments (Khaitov et al. 2018) and it
was also observed by other authors (Hummel et al.
2011; O’Neill et al. 1983), although the opposite pat-
tern was revealed as well (Agiiera et al. 2020; Dolmer
1998). On one hand, this correlation can be explained
by the fact that starfish which crawled to the exper-
imental units were quiet small in size in comparison
with the size of adult sea stars from the White Sea
(Sarantchova 2001). On the other hand, the choice
of smaller (but not the smallest) mussels may be ex-
plained by that the delicate walls of the predator’s
stomach, embedding between the shells of the victim
during the feeding time, suffer less mechanical dam-
age if the smaller individuals are attacked (Hummel
et al. 2011). However, this vector of choice probably
depends on prey density: in scarce mussel populations
sea stars tend to look for larger victims more than in
dense populations (Agiiera et al. 2020). Intraspecific
competition between sea stars can also be important
in choice of mussels of larger size when the compe-
tition between predators becomes stronger (O’Neill
et al. 1983). We have to note that the value of the
regression coefficient (Table 1) associated with prey
size was one of the lowest in the model (recall that all
predictors' values were standardized, which allows us
to directly compare their influence). Thus, the prob-
ability of being eaten depends on the size of the prey
only to a small extent.

The other covariate which was expected to be as-
sociated with the probability of being eaten was the
total amount of mussels presented in the experimental
unit (Table 1). The negative coefficient indicates that
the more there are mussels in the experimental unit,
the less is the probability of being eaten. This depen-
dence is inherent for predators that show a functional
response of Type IT (Holling 1959), which is typical
for sea stars (Dickey et al. 2021). In the case of such
functional response, when the prey density increas-
es, the proportion of prey consumed per predator per
unit of time should decrease (Smith and Smith 2012).

What’s more interesting is that one of the highest
values among the coefficients in the model was the co-
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Table 2. Parameters of the model describing the proportion of T-morphotype among alive mussels as a function of predictors. Shown are

parameters from the fixed part of the Model 2.

Term Estimate z-statistic p-value
(Intercept) —-0.048 0.453 —-0.106 0.9158
Patchsiarfishciusters -0.970 0.308 —-3.145 0.0017
Patchpeadshelis -1.279 0.210 -6.085 0.0000
Baster 0.008 0.004 2.236 0.0254

‘Intact patches’ were used as a base level for the factor ‘Patch’

efficient associated with the taxonomic status of prey.
In this work, we’ve evaluated the belonging of a spec-
imen to one or another species basing on the assess-
ment of mussel morphotype. By its nature, morpho-
type is a semi-diagnostic trait (Khaitov et al. 2021)
that allows to identify species only with a certain
probability which depends, in turn, on the ratio of Mt
and Me in mixed settlements. Using empirical mod-
els constructed on the basis of genotyped specimens
(Khaitov et al. 2021), we’ve estimated the taxonomic
status of mussels as the probability of being M. tros-
sulus (PMY). The positive value of the regression co-
efficient for this predictor (Table 1) indicates that the
probability of being eaten increases as PMt values in-
crease. Indeed, in total, combining the results of all
three experiments (Fig. 4 B), we can see that among
Mt-like mussels (PMt = 0.94) 34% were eaten where-
as 22% were eaten among Me-like mussels (PMt =
0.04). It is noticeable that the mussels with interme-
diate values of PMt tend to have an intermediate pro-
portion of eaten specimens (Fig. 4 B). This fact indi-
cates that in mixed populations the dominant and the
minor morphotypes retain their species specificity.
In other words, sea stars recognize mussels of a rare
morphotype in a given settlement as representatives
of a species other than the species dominating in the
settlement. This is an additional argument testifying
that mussel morphotypes are a reliable tool for species
identification.

Thus, our study confirms that even under condi-
tions as close to natural as possible, sea stars prey on
Mt with greater preference than on Me as it has been
shown in aquarium conditions (Khaitov et al. 2018).
Currently, there is no unequivocal explanation for
this pattern. On one hand, it is known that Mt have
a lower weight of soft tissues, hence a lower energy
value than Me (Penney et al. 2008). That is why oth-
er consumers, humans, for instance, prefer M. edulis

and M. galloprovincialis which lack this disadvan-
tage (Michalek et al. 2016; Penney et al. 2008). On
the other hand, sea stars in their choice of prey are
guided either by tactile or chemical signals from the
prey and these signals are hardly directly associated
with an energetic status of mussels. It is more likely
that the prey size and the difficulty of prey handling
plays a bigger role in this case. It is possible that the
reason lies in different flexibility of shells: Mt have
a thinner and more flexible shell than Me (Beaumont
et al. 2008; Michalek et al. 2021). This may reduce
the time of handling prey and make the shell open-
ing more safe and less energetically consuming which
makes Mt more preferable.

Chemical signals may also play a role. In experi-
ments conducted by Lowen et al. (2013) sea stars, hav-
ing no tactile contact with Mt and Me sitting in dif-
ferent parts of aquarium, tended to move to the part,
which was occupied by Mt. The nature of these chem-
ical signals is unclear but there is an obvious candi-
date for this role: a glycoprotein KEYSTONEin, the
release of which stimulates sea stars to attack mussels
(Zimmer et al. 2017; Zimmer et al. 2016). Consider-
ing that this glycoprotein is localized in epidermis,
extrapallial fluid and shell periostracum (i.e. in body
parts that are related to shell formation) (Zimmer et
al. 2017) and the difference in Mt and Me shell thick-
ness (Beaumont et al. 2008; Michalek et al. 2021), it
is highly possible that mussels of two species produce
KEYSTONEIn in different quantities (or, possibly,
produce species specific KEYSTONE:ins).

Initially, our hypothesis was that the populations
dominated by Mt (i.e. T-morphotype dominated ex-
perimental units) would be attacked the most. Sur-
prisingly, despite the high vulnerability of Mt that
was considered above, we did not observe a higher
probability of being eaten for mussels from exper-
imental units that were dominated by mussels of
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T-morphotype. The probability of being eaten was
not dependent significantly on taxonomic structure
of settlement (Table 1). We suppose that a possible
explanation for this occurrence may be related to the
last of the predictors included in our model which is
the number of conspecifics (Nconsp) in an experimen-
tal unit.

The abundance of conspecifics is high for a mussel
(let’s say it’s an individual of T-morphotype) if it’s sit-
uated in a settlement dominated by individuals of the
same morphotype. Similarly, this value will be high
for any E-morphotype mussel in a settlement domi-
nated by E-morphotype. The value of this predictor
decreases if a mussel of any morphotype is in a mixed
settlement. However, the smallest value would be
reached if a mussel of a given morphotype is located
in a settlement dominated by mussels of another mor-
photype. Thus, a negative coefficient for this predic-
tor means that the minimal probability of being eat-
en will be observed if a mussel exists among its con-
specifics. The highest probability of being killed by
a predator will be for a small amount of mussels living
among another Mytilus species. The observed pattern
may testify to some cooperation between conspecifics
which results in the decrease of mortality.

The cooperation of mussels manifested in the
formation of dense aggregations is a reliable defense
mechanism against predators (Agiiera et al. 2020;
Okamura 1986; Reimer and Tedengren 1997). It is
possible that a lonely “alien” mussel will be pushed
to the periphery of aggregations or outside them be-
coming a more available prey for sea stars. It is known
that Me and Mzt differ in their efforts to form aggre-
gations (Liu et al. 2011), but how it translates into
their defense mechanisms against predators is still
unknown. Our results allow us to suggest that this
effect may be related to the way that the mussels of
different species organize themselves when clumping
in mixed and mono-specific populations.

If the described pattern really exists, then the
“pure”, mono-specific, settlements are expected to
be more protected against sea stars. This, apparent-
ly, explains the absence of a clear dependence of the
probability of being eaten on the taxonomic composi-
tion of mussel settlements: cooperation inside a pure
settlement contributes to mussel defense. At the same
time, one would expect a higher mortality of mollusks
in mixed settlements. However, we did not observe
a clear increase in the probability of being eaten for
mussels in settlements with medium PropT values

(Fig. 4F). One of the possible reasons may be asso-
ciated with local segregations of mussels of different
species inside “Mixed” experimental units. Obvious-
ly, additional studies are needed to analyze this phe-
nomenon.

Sea stars’ preference for one of the mussel cryptic
species revealed in this and previous studies (Khai-
tov et al. 2018; Lowen et al. 2013) does not yet mean
that predators can effectively control the taxonomic
composition of settlements when two species exist in
a common habitat. In long-time experiments, this ef-
fect is almost impossible to observe: if sea stars are
let to consume mussels in experimental conditions
for a long time, they practically eat out all available
prey (personal observation). At the same time, mass
invasions of sea stars, which occur periodically in
shallow water habitats all over the world (Dare 1982;
Galstoff and Loosanoff 1939) and in the White Sea
in particular (Naumov 2011), could be considered as
natural experiments that allow us to estimate the role
of predators in regulating not only the abundance of
prey, but also the taxonomic composition of their set-
tlements.

In 2019 we've observed swarms of starfish in shal-
low water (at 1-3 m depth) at many points on top
of the Kandalaksha Bay (personal observation). It
is known that during such invasions predators can
eat up significant amounts of mussels’ population
(Dare 1982; Galstoff and Loosanoff 1939; Garcia
2015; Kamermans et al. 2009; Witman et al. 2003).
A starfish swarm moving through a mussel settlement
leaves behind a “scorched earth” — a mussel free area
(Seed 1969).

In our case, we did not observe a classic mussel
bed which looks like a continuous cover that consists
of large patches occupied by mussels neighboring
with mussel free areas and that occupies hundreds of
square meters (see Commito et al. 2006 for an image).
The mussel settlements we have observed were repre-
sented by individual small clumps. Starfish were at-
tacking these patches, forming dense and clearly
distinguishable clusters. Near intact and attacked
patches, we've also frequently found small fields cove-
red with dead shells.

We cannot state with certainty that the fields of
dead shells are consequences of sea star attacks and
that the patches which we denoted as “intact” are the
settlements that have not yet been attacked. However,
the proportion of dead shells in the settlements expect-
edly increases in the series “intact patches- starfish
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clusters — fields of dead shells” (Fig. 5 B). Additionally,
the uniform assessment of starfish biomass via the use
of a standard core allows us to expect a certain pattern
of starfish biomass distribution between patch types:
minimum in intact patches and maximum in starfish
clusters. We have observed this pattern in situ as well
(Fig. 5 A). All these facts allow us to consider the men-
tioned series as a temporal sequence.

The proportion of T-morphotype mussels, i.e. pro-
portion of Mt, gradually decreased in the mentioned
series (Fig. 5 C). Although there were no statistically
significant differences between samples from the star-
fish clusters and from the fields of dead shells, both
these groups differed significantly from the intact
patches. Taking into account that the distance be-
tween samples was short and all samples were taken
from same habitats, it seems likely that the obtained
pattern reflects changes in the taxonomic structure of
mussel settlements after sea star attacks rather than
the spatial segregation of two mussel species. Pre-
dators are thus capable to reduce the frequency of
Mt in mixed settlements by several times. According
to a fitted model (Table 2) after an intact patch was
attacked, the proportion of T-morphotype mussels
has increased by e 1% = 0.29 times (i.e. decreased by
3.5 times). Thus, the results of our study allow us to
treat predators as one of the important factors regu-
lating the distribution of Mt and Me.

It is also likely that the segregation of species in
gradients of environmental factors noted in other
works (Dias et al. 2009; Katolikova et al. 2016; Rigi-
nos and Cunningham 2005; Stuckas et al. 2017) is, at
least partly, the result of an interaction with preda-
tors. For example, one might expect that the high pro-
portion of Mt in freshened areas (Riginos and Cun-
ningham, 2005; Stuckas et al. 2017) may be deter-
mined not only by a greater tolerance of this species
to reduced salinity, but also by the fact that sea stars
may be rare in these habitats. Indeed, the feeding rate
of sea stars decreases with a decreasing salinity; at sa-
linity of 12 ppt sea stars do not feed at all (Dickey et
al. 2021). Taking into account the fact that in natural
conditions sea stars prefer Mt, we can assume that in
those marine ecosystems where there is a pronounced
salinity gradient, freshened areas would be a sort of
refuge for Mt.

In the Kandalaksha Bay of the White Sea, where
our work was carried out, the upper part of the bay is
strongly freshened due to the inflow of the large Niva
river. At the top of the bay, the surface salinity usu-

ally does not exceed 12 ppt (Katolikova et al. 2016).
Sea stars are absent here (personal observation), but
mussel settlements dominated by M¢ are numerous
(Katolikova et al. 2016). With moving away from
the bay’s top the salinity increases and A. rubens be-
comes a common species in the sublittoral communi-
ties (personal observation), while the proportion of
Mt decreases (Katolikova et al. 2016). The observed
pattern is quite consistent with the hypothesis stated
above.

However, if our assumption about the role of sea
stars as keystone predators restricted in their distri-
bution by salinity is correct, then we could expect
that this pattern won’t be seen at the sites of an in-
flow of small rivers. Rivers of a lower power seem to
not be able to stop starfish attacks, at least in the sub-
littoral, where the freshwater layer may not appear
at all. Thus, the dependency of Mt frequency on sa-
linity might not be seen well in those regions where
the desalination is associated with a small river dis-
charge. At the same time, global desalination due to
climatic changes (or anthropogenic influences) may
lead to a significant reduction of sea stars’ abundance
(Dickey et al. 2021) and, as a consequence, it could
give an opportunity for Mt to spread widely.

An additional pattern which was found in our ob-
servations is the positive correlation between starfish
biomass and the proportion of T-morphotype among
alive mussels (Table 2). This may indicate that star-
fish are concentrated in areas where Mt frequency
is higher. However, this correlation is so weak (al-
though statistically significant) that it is too early to
draw unambiguous conclusions regarding this rela-
tionship.

CONCLUSION

We have answered all three questions stated in
our paper. Indeed, sea stars prefer to attack Mt in nat-
ural conditions. However, we cannot say that the set-
tlements dominated by Mt are the most attractive for-
aging sites for sea stars. Apparently, in mixed M¢ and
Me settlements there are some undescribed intra- and
interspecific interactions which may help to increase
the survival rate of mussels in single-species popula-
tions. At the same time, it leaves no doubt that preda-
tors can effectively influence the taxonomic composi-
tion of mixed settlements.

Thus, predators contribute to some purification of
native M. edulis settlements of the White Sea from
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the recently arrived M. trossulus. In the future, stu-
dies should be expanded to consider the role of other
mussel-eating predators (primarily oystercatchers
and eiders) in this process.
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