
Citation: Dvoretsky, A.G.; Dvoretsky,

V.G. Epibionts of an Introduced King

Crab in the Barents Sea: A Second

Five-Year Study. Diversity 2023, 15, 29.

https://doi.org/10.3390/d15010029

Academic Editor: Michael Wink

Received: 12 December 2022

Revised: 22 December 2022

Accepted: 23 December 2022

Published: 25 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Epibionts of an Introduced King Crab in the Barents Sea:
A Second Five-Year Study
Alexander G. Dvoretsky * and Vladimir G. Dvoretsky

Murmansk Marine Biological Institute of the Russian Academy of Sciences (MMBI RAS),
183010 Murmansk, Russia
* Correspondence: ag-dvoretsky@yandex.ru

Abstract: The biodiversity, infestation patterns, and spatial distribution of organisms living in associ-
ation with the introduced red king crab Paralithodes camtschaticus were studied in Dalnezelenetskaya
Bay, southern Barents Sea, in 2009–20013 to update a list of species, reveal long-term changes in
this epibiotic community, and identify key factors affecting the prevalence and intensity of infesta-
tion. A total of 90 associated species were found throughout the study period, or twice as many as
in 2004–2008, reflecting relatively low similarity between these periods. Half of the species were
found on one to three crabs only. Copepods had the maximum diversity (23 species). For the
first time, macroalgae were found as epibionts of red king crabs. Overall, the highest prevalences
were found for the amphipod Ischyrocerus commensalis (74.2%), the copepods Tisbe furcata (57.7%)
and Harpacticus uniremis (29.4%), the amphipod Ischyrocerus anguipes (27.3%), and the fish leech
Johanssonia arctica (16.2%). Redundancy analysis showed that host size was the most important driver
of species abundance, followed by shell condition, water temperatures in the coastal Barents Sea in
May and June, and sex. These factors, coupled with the range expansion of red king crabs and climate
changes in the Barents Sea, provide good explanations for the differences between the 2004–2008 and
2009–2013 fouling communities. Distribution patterns for common taxa on the host reflect larval
settlement patterns and/or relationships between the host and associated species. These results
expand our knowledge of infestation patterns for the invasive red king crab and provide a reference
point for further monitoring.

Keywords: Barents Sea; red king crab; Paralithodes camtschaticus; epibionts; symbionts; infestation
patterns; localization

1. Introduction

A wide range of environmental conditions resulting from interactions between cold
Arctic and warm Atlantic waters make the Barents Sea the most productive shelf region
of the Arctic [1–5], with traditional marine fisheries being mainly focused on northeast
Arctic cod, northeast Arctic haddock, and other fish species [6–10]. However, there are no
commercially important native crab species in the region. For this reason, the red king crab
Paralithodes camtschaticus, a large, economically important crustacean, was intentionally
introduced into the Barents Sea by Soviet scientists in the 1960s [6,7]. By the mid-1990s, this
species had formed a new, self-sustaining population and, by the early 2000s, its population
had reached levels suitable for its commercial exploration. Crabmeat and byproducts are
high-quality products containing large amounts of valuable substances [11–14]. Official
large-scale fisheries were initiated in 2002 in Norway and in 2004 in Russia [7,15]. In 2018,
2019, 2020, and 2021, the total abundance levels of P. camtschaticus were estimated to be
38, 44, 58, and 52 million crabs, and landings reached 9187, 9836, 10,820, and 11,629 metric
tons, respectively [11,12,14,16]. In 2021, a small-scale amateur fishery was reopened with
an annual quota of 100 t [17].
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Biological invasions are considered a significant threat to recipient communities, being
responsible for major shifts in ecosystem structure and functioning [18–21]. The ecological
impacts of the red king crab population are not well-understood but, in their comprehensive
review, Falk-Petersen et al. [22] stated that adult and juvenile red king crabs can alter the
benthic community structure because epibenthic species are vulnerable to this crab’s
predation, and reduced biodiversity and biomass have been recorded following invasions
by P. camtschaticus at some coastal sites [23–25]. Although some authors have proposed
that predation by red king crabs on fish eggs laid on the seabed may have population-level
consequences for some important fishes [22], cross-correlation analyses have shown that
introduction of this crustacean has had no negative economic or fishery impacts in the
Barents Sea, at least in Russian waters [6].

As the exoskeleton of the red king crab is a well-known substratum in its native areas
for both attached and mobile species [26,27], an indirect impact of P. camtschaticus on the
ecosystem may occur through co-invasion of new species or the spread of native parasites
and epibionts, as has been suggested for other crustacean–symbiont systems [28–31]. For
this reason, systematic surveys of epibiotic organisms as part of regular monitoring of the
red king crab population in Dalnezelenetskaya Bay, a site where the release of red king
crab larvae and juveniles was a stage in the introduction of this crustacean, have been
undertaken since the early 2000s [32–35]. The results of our five-year study conducted
in 2004–2008 showed that most symbiotic species were not introduced with the red king
crab from their native area. However, some rare species have become rather abundant in
areas where they were not previously documented, suggesting that their distribution is
associated with the introduction of the red king crab and its range expansion [32]. Physical
and biological conditions in the Barents Sea are favorable for P. camtschaticus, helping to
explain their success and distribution in the area after 2008. Taking into account the high
invasive potential of P. camtschaticus and its role in benthic communities, as well as its
commercial importance, regular studies of symbiotic associations with this species were
continued in subsequent years to track the establishment and adaptation processes of red
king crab in the Barents Sea [34,35].

This study aimed to update the list of the species living in association with red king
crabs, describe infestation patterns, and compare the new data with our previous survey.

2. Material and Methods
2.1. Study Area

Red king crabs were collected in Dalnezelenetskaya Bay, Barents Sea, Russia (Figure 1),
in late July each year from 2009 to 2013 by divers at 5–32 m depths.
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Dalnezelenetskaya Bay is a small, shallow-water, semi-closed bay with a total area of
2.23 km2. The lowest water temperature (0.7 ◦C) is registered in February and the highest
(9.7 ◦C) in August or, in some warm years, in July [36,37]. The minimum level of dissolved
oxygen (94%) is found in December, while the maximum is registered in May (124%) [38].

2.2. Sampling and Processing

The crabs were transferred to the coastal laboratory immediately after capture. For
each crab, the sex, size (carapace length (CL) = the greatest straight-line distance across the
carapace from the posterior margin of the right eye orbit to the medial-posterior margin of
the carapace), number of injured legs, and shell condition (determined visually following
Donaldson and Byesrsdorfer [39]) were recorded. For further analysis, the crabs were
divided into two groups, immature (CL = 1–90 mm) and mature (CL > 91 mm), according
to size-at-age, size-at-maturity, and histological data [12,14,40–42].

The crabs were examined for associated species by eye, in keeping with our previous
study conducted in the same area [32]. The crab body was divided into the following
sections: carapace (dorsal surface), limbs (including chelae), abdomen (including female
egg clutch), mouthparts (including antennae and eyes), and gills. The gills were removed,
fixed in 4% formalin, and then examined using a stereomicroscope. The numbers of
organisms of each solitary taxon were recorded for each body region.

We used the following standard indices of infestation [43]: (i) prevalence = proportion
of crabs colonized by a species (%) and (ii) intensity = number of the associated specimens
per colonized host. Intensity of infestation was determined for solitary species only.

2.3. Statistical Analysis

Variations in the prevalence of infestation between different groups of red king crabs
were examined using Chi-squared tests. For these analyses, we used data for crabs with
the same shell condition (new shells). Chi-squared analyses were also applied to test
the statistical significance of the deviations from a 1:1 sex ratio. The normal distribution
and homogeneity of each dataset containing numerical values (intensity of infestation,
CL, and weight) were determined using Shapiro–Wilk and modified Levene tests. When
needed, data were normalized by square-root or log transformation. One-way analysis of
variance (ANOVA) was performed on normal data and the Kruskal–Wallis test (KWT) was
performed on non-normal data.

To determine the relative importance of different factors that affected the intensity
of infestation and the numbers of associated taxa per crab, we used redundancy analysis
(RDA) with the following explanatory factors: (a) depth of sampling; (b) water temperature
at sampling transects; (c) mean yearly temperature in the coastal Barents Sea; (d–g) mean
temperatures in April, May, June, and July (these months were selected according to
the crab’s molting calendar [12,14,44,45]); (h) mean yearly salinity; (i) number of injured
legs; (j) age of exoskeleton (this parameter was set as categorical, with levels 1, 2, 3, and
4 corresponding to soft, new, old, and premolt shells, respectively); (k) carapace length; and
(l) sex (this parameter was set as a nominal variable). RDA is a method for examining the
variation in a set of response variables (i.e., epibiotic communities) using a set of explanatory
variables and is conceptually synonymous with multivariate regression. RDA was chosen
because the values for the gradient lengths expressed in standard deviation units of the
environmental variables and the taxonomic categories were <3, as determined by detrended
correspondence analysis (DCA), indicating a linear response [46]. Forward selection was
performed in order to test the statistical significance of the environmental variables that
contributed most strongly to the canonical model. Depths and water temperatures at
sampling transects were obtained from diving reports, while temperature and salinity data
for the coastal zone of the Barents Sea were taken from a long-term dataset collected by the
polar branch of the Russian Federal Research Institute of Fisheries and Oceanography [47].
As environmental conditions in the coastal Barents Sea are determined by the temperature
characteristics of Murmansk coastal waters, we used average values from stations 1–3 of
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the Kola Section, a standard transect in the Barents Sea, in the 50–200 m layer, since these
variables quite adequately relate to near-bottom temperatures [36,48,49]. Rare species
(occurrence <10%) were excluded from the analysis and only 12 common taxa and the
total numbers of associated taxa per crab were included in the final model. Environmental
variables were considered significant if their sequential addition improved the fit of species
along the major RDA axes (p < 0.05, Monte-Carlo permutation test).

To evaluate long-term differences in the epibiotic communities of red king crabs, we
compared our data with the 2004–2008 dataset obtained from Dvoretsky and Dvoretsky [32].
Mean intensity for each period was square-root transformed to reduce the effects of highly
dominant taxa and used to calculate the Bray–Curtis similarity index [50]. The diversity of
associated fauna was studied by measuring species richness S, the Shannon–Weaver (H’)
diversity index, and the Pielou evenness (E).

All statistical analyses were performed using STATISTICA 10, PRIMER 5, and
CANOCO 4.5. p-values below 0.05 were considered significant. All data are presented as
means ± standard errors (X ± SE).

3. Results

A total of 388 Paralithodes camtschaticus individuals were collected in Dalnezelenet-
skaya Bay throughout the study period (n2009 = 62, n2010 = 133, n2011 = 77, n2012 = 58, and
n2013 = 58). Immature individuals (CL < 90 mm) were less abundant than mature speci-
mens (Figure 2), and their sex ratio (F:M = 1:1.2) did not differ significantly from equality
(χ2 = 1.12, df = 1, p = 0.290).
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Figure 2. Size–frequency distribution of red king crabs analyzed for associated taxa in 2009–2013.

Among adult crabs (CL > 90 mm), the sex ratio was different from the 1:1 expected
ratio, with females outnumbering males (F:M = 4.3:1, χ2 = 91.18, df = 1, p < 0.001). Ma-
ture crabs were mainly represented by individuals belonging to the 121–130, 131–140,
and 141–150 mm size classes (Figure 2). Mean CL and weight were higher in females
(113.9 ± 2.4 mm and 1311 ± 49 g) than in males (84.0 ± 3.6 mm and 812 ± 90 g), which
was confirmed by statistical analysis (ANOVA, df = 1, p < 0.001 in both cases).

The majority of red king crabs had new shells (age of exoskeleton <1 year prior to
sampling): 97.4% among small crabs, 97.4% among large females, and 48.9% among large
males. New-shelled crabs had no brown scratching on the coxa or ventral surface of the
exoskeleton, spines and dactyls showed only slight wear, and the gills were light cream in
color. Premolt and soft-shell (recently molted) crabs were most frequent among immature
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specimens (2.6%). Crabs with old shells represented 51.1% of mature males and only 1.0%
of mature females.

The organisms found on the red king crabs collected in Dalnezelenetskaya Bay, as well
as their infestation indices, are presented in Table 1.

Table 1. List of taxa found on immature and mature red king crabs and their indices of infestation
(prevalence (PR), %; intensity (IN), individuals per crab) in Dalnezelenetskaya Bay in summers
during the period 2009–2013.

Taxa

Immature Crabs (CL < 90 mm) Mature Crabs (CL > 90 mm)
PR

Total
PR IN PR IN

Min Max X SE Min Max X SE

Algae
Alaria esculenta (Linnaeus) Greville, 1830 – – – – – 1.3 1 1 1 0 0.8

Odonthalia dentata (Linnaeus) Lyngbye, 1819 – – – – – 0.8 1 1 1 0 0.5
Palmaria palmata (Linnaeus) F.Weber & D.Mohr, 1805 – – – – – 0.4 1 1 1 0 0.3

Polysiphonia sp. – – – – – 0.8 1 1 1 0 0.5
Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes,

Druehl & G.W.Saunders, 2006 – – – – – 2.1 1 1 1 0 1.3

Hydrozoa
Campanularia groenlandica Levinsen, 1893 – – – – – 2.1 1 1 1 0 1.3

Coryne hincksi Bonnevie, 1898 0.7 – – – – 2.1 1 1 1 0 1.5
Cuspidella sp. – – – – – 0.4 1 1 1 0 0.3

Gonothyraea loveni (Allman, 1859) – – – – – 0.4 1 1 1 0 0.3
Halecium beanii (Johnston, 1838) 0.7 1 1 1 0 2.1 1 1 1 0 1.5

Obelia geniculata (Linnaeus, 1758) 0.7 1 1 1 0 1.7 1 1 1 0 1.3
Obelia longissima (Pallas, 1766) 4.0 1 1 1 0 13.1 1 1 1 0 9.5

Symplectoscyphus tricuspidatus (Alder, 1856) 0.7 1 1 1 0 1.3 1 1 1 0 1.0
Nemertea

Nemertini g. sp.1 1.3 8 44 26 18 8.9 1 14 2.5 0.8 5.9
Nemertini g. sp.2 – – – – – 2.1 1 6 3.4 1.1 1.3

Polychaeta
Branchiomma infarctum (Krøyer, 1856) – – – – – 0.4 1 1 1 0 0.3
Bushiella (Jugaria) similis (Bush, 1905) 0.7 1 1 1 0 0.8 1 1 1 0 0.8
Chone infundibuliformis Krøyer, 1856 – – – – – 0.4 2 2 2 0 0.3

Chone sp. – – – – – 1.3 1 2 1.3 0.3 0.8
Circeis armoricana Saint-Joseph, 1894 1.3 1 1 1 0 7.2 1 295 47.9 19.2 4.9

Eumida sanguinea (Örsted, 1843) – – – – – 3.8 1 10 2.3 1.0 2.3
Harmothoe imbricata (Linnaeus, 1767) 3.3 1 1 1 0 17.7 1 6 1.6 0.2 12.1

Harmothoe impar impar (Johnston, 1839) sensu
Malmgren, 1865 – – – – – 2.5 1 2 1.5 0.2 1.5

Lepidonotus squamatus (Linnaeus, 1758) – – – – – 0.4 1 1 1 0 0.3
Polydora ciliata (Johnston, 1838) – – – – – 0.4 1 1 1 0 0.3

Syllidae g. sp. – – – – – 2.1 1 1 1 0 1.3
Syllis armillaris (O.F. Müller, 1776) 0.7 1 1 1 0 0.4 1 1 1 0 0.5

Hirudinea
Johanssonia arctica (Johansson, 1898) – – – – – 26.6 1 12 1.9 0.2 16.2

Platybdella fabricii (Malm, 1863) 0.7 1 1 1 0 3.8 1 2 1.2 0.1 2.6
Platybdella olriki (Malm, 1865) – – – – – 1.7 1 1 1 0 1.0

Polyplacophora
Tonicella marmorea (O. Fabricius, 1780) – – – – – 2.1 1 1 1 0 1.3

Gastropoda
Margarites groenlandicus (Gmelin, 1791) – – – – – 5.5 1 3 1.3 0.2 3.4

Margarites helicinus (Phipps, 1774) 1.3 1 1 1 0 2.5 1 2 1.2 0.2 2.1
Rissoa parva (da Costa, 1778) – – – – – 3.8 1 2 1.1 0.1 2.3

Bivalvia
Chlamys islandica (O. F. Müller, 1776) – – – – – 0.8 1 1 1 0 0.5

Heteranomia squamula (Linnaeus, 1758) – – – – – 1.7 1 46 14.8 10.7 1.0
Hiatella arctica (Linnaeus, 1767) 0.7 1 1 1 0 5.9 1 5 1.9 0.4 3.9

Musculus discors (Linnaeus, 1767) 0.7 1 1 1 0 1.7 1 3 1.5 0.5 1.3
Mytilus edulis Linnaeus, 1758 10.6 1 18 2.6 1.1 13.1 1 18 2.8 0.7 12.1
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Table 1. Cont.

Taxa

Immature Crabs (CL < 90 mm) Mature Crabs (CL > 90 mm)
PR

Total
PR IN PR IN

Min Max X SE Min Max X SE

Copepoda
Ameira tenuicornis Scott T., 1902 – – – – – 0.8 1 2 1.5 0.5 0.5

Calanus finmarchicus (Gunnerus, 1770) – – – – – 1.7 1 1 1 0 1.0
Cyclopina gracilis Claus, 1863 – – – – – 6.8 1 9 2.4 0.5 4.1

Dactylopusia tisboides (Claus, 1863) – – – – – 0.4 1 1 1 0 0.3
Dactylopusia vulgaris Sars G.O., 1905 – – – – – 1.3 1 6 3.0 1.5 0.8
Ectinosoma mixtum Sars G.O., 1904 – – – – – 0.8 1 4 2.5 1.5 0.5

Ectinosoma normani Scott T. & Scott A., 1896 1.3 1 3 2 1 18.1 1 36 6.8 1.2 11.6
Halectinosoma elongatum (Sars G.O., 1904) – – – – – 0.8 1 2 1.5 0.5 0.5

Halectinosoma gracile (Scott T. & Scott A., 1896) – – – – – 1.3 1 5 3.3 1.2 0.8
Halectinosoma neglectum (Sars G.O., 1904) 1.3 1 144 72.5 71.5 5.9 1 12 3.4 0.9 4.1

Halectinosoma sarsii (Boeck, 1872) 0.7 1 1 1 0 0.4 1 1 1 0 0.5
Harpacticus chelifer (Müller O.F., 1776) – – – – – 5.5 1 615 61.1 46.4 3.4

Harpacticus flexus Brady & Robertson, 1873 – – – – – 2.5 1 9 3.2 1.3 1.5
Harpacticus littoralis Sars G.O., 1910 – – – – – 2.1 1 4 1.8 0.6 1.3

Harpacticus uniremis uniremis Krøyer in Gaimard,
1842–1845? 0.7 3 3 3 0 47.7 1 90 6.7 1.0 29.4

Mesochra pygmaea (Claus, 1863) 1.3 1 3 2 1 16.5 1 29 7.4 1.2 10.6
Microcalanus pusillus Sars G.O., 1903 – – – – – 0.4 1 1 1 0 0.3
Microsetella norvegica (Boeck, 1865) – – – – – 0.8 1 1 1 0 0.5

Oithona similis Claus, 1866 – – – – – 0.4 1 1 1 0 0.3
Tisbe furcata (Baird, 1837) 6.6 1 31 7.8 3.7 90.3 1 1607 106.3 14.7 57.7

Tisbe minor (Scott T. & Scott A., 1896) – – – – – 9.7 1 13 3.0 0.6 5.9
Tisbe tenera (Sars G.O., 1905) – – – – – 1.3 1 2 1.3 0.3 0.8

Zaus abbreviatus Sars G.O., 1904 – – – – – 1.7 1 5 2.5 1.0 1.0
Isopoda

Jaera albifrons Leach, 1814 0.7 1 1 1 0 0.4 1 1 1 0 0.5
Amphipoda
Ampelisca sp. 0.7 1 1 1 0 0.8 1 13 7 6 0.8

Caprella septentrionalis Krøyer, 1838 – – – – – 0.4 1 1 1 0 0.3
Gammarellus homari (J.C. Fabricius, 1779) – – – – – 3.0 1 1 1 0 1.8

Ischyrocerus anguipes Krøyer, 1838 17.9 1 14 2.8 0.5 33.3 1 15 2.5 0.3 27.3
Ischyrocerus commensalis Chevreux, 1900 34.4 1 22 4.3 0.6 99.6 1 361 75.7 3.9 74.2

Ischyrocerus latipes Krøyer, 1842 – – – – – 5.9 1 14 2.7 0.9 3.6
Ischyrocerus megacheir (Boeck, 1871) 0.7 1 1 1 0 – – – – – 0.3

Cirripedia
Balanus balanus (Linnaeus, 1758) – – – – – 0.8 1 1 1 0 0.5
Balanus crenatus Bruguière, 1789 5.3 1 7 2.0 0.7 19.4 1 69 5.1 1.6 13.9

Semibalanus balanoides (Linnaeus, 1767) 2.0 1 3 1.7 0.7 4.6 1 6 1.8 0.5 3.6
Verruca stroemia (O.F. Müller, 1776) – – – – – 0.4 1 1 1 0 0.3

Bryozoa
Callopora lineata (Linnaeus, 1767) 2.0 1 1 1 0 5.5 1 1 1 0 4.1
Crisia denticulata (Lamarck, 1816) – – – – – 2.5 1 1 1 0 1.5

Crisularia harmsworthi (Waters, 1900) – – – – – 1.7 1 1 1 0 1.0
Disporella hispida (Fleming, 1828) 1.3 1 1 1 0 1.7 1 1 1 0 1.5

Oncousoecia diastoporides (Norman, 1869) – – – – – 0.4 1 1 1 0 0.3
Patinella verrucaria (Linnaeus, 1758) 0.7 1 1 1 0 5.5 1 1 1 0 3.6

Terminoflustra membranaceotruncata (Smitt, 1868) 0.7 1 1 1 0 1.3 1 1 1 0 1.0
Tricellaria arctica Busk, 1855 2.6 1 1 1 0 5.9 1 1 1 0 4.6

Echinodermata
Asterias rubens Linnaeus, 1758 – – – – – 0.4 1 1 1 0 0.3
Ophiura robusta (Ayres, 1852) – – – – – 1.3 1 1 1 0 0.8

Strongylocentrotus droebachiensis (O.F. Muller, 1776) 0.7 1 1 1 0 – – – – – 0.3
Acari

Acari g.sp. – – – – – 0.4 1 1 1 0 0.3
Thalassarachna basteri (Johnston, 1836) – – – – – 0.4 1 1 1 0 0.3

Pantopoda
Nyphon sp. – – – – – 0.4 1 1 1 0 0.3
Sipuncula

Phascolosoma sp. – – – – – 1.3 1 1 1 0 0.8
Priapulida

Halicryptus spinulosus von Siebold, 1849 – – – – – 0.4 1 1 1 0 0.3

Note. X—mean, SE—standard error, Min—minimum, Max—maximum.
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A total of 90 taxa were identified: 34 on immature and 88 on mature crabs. Copepoda
represented the highest number of species (n = 23, 25.6%) followed by Polychaeta (n = 12,
13.3%), Hydrozoa (n = 8, 8.9%), Bryozoa (n = 8, 8.9%), and Amphipoda (n = 7, 7.8%). The
number of species per crab ranged from 0 to 23, with a median level of 3 species.

Forty taxa were found on one, two, or three crabs with prevalences as low as <1%;
four species had prevalence levels of 5–10%; and ten species had high prevalences (>10%).
Among these, the amphipods Ischyrocerus commensalis and I. anguipes, the copepods Tisbe
furcata and Harpacticus uniremis, and the fish leech Johanssonia arctica were most frequent
(Table 1). Symbiotic copepods and amphipods, as well as the spirorbid worm Circeis
armoricana and the bivalve mollusk Heteranomia squamula, demonstrated the highest values
for the mean and maximum intensity of infestation (Table 1).

The RDA used to investigate how the environmental variables explained the variance
in the crab–epibiont communities showed that the first two axes explained large proportions
of the variance in the species–environment data (axis 1 = 89.1% and axis 2 = 9.1%) (Figure 3).
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Figure 3. Redundancy analysis (RDA) biplot showing relationships between biotic variables (square-
root-transformed intensity of common crab-associated organisms and total number of species per crab)
and environmental variables. Abbreviations of biotic variables (blue arrows): CA—Circeis armoricana,
EN—Ectinosoma normani, HI—Harmothoe imbricata, HA—Hiatella arctica, HC—Harpacticus chelifer,
HU—Harpacticus uniremis, JA—Johanssonia arctica, IC—Ischyrocerus commensalis, IL—Ischyrocerus
latipes, MP—Mesochra pygmaea, TF—Tisbe furcata, TM—Tisbe minor. The environmental variables are
shown with red arrows: T and S—annual bottom temperature and salinity, T and T4–T7—annual
temperature and mean bottom temperatures at station 1 in the Kola Transect in April–July, I—number
of injured legs, CL—carapace length, Ag—shell condition, D—depth of sampling. The sex of crabs
(M—male, F—female) is represented with red triangles (nominal variable). Asterisks indicate signifi-
cant factors (Monte-Carlo permutation test, p < 0.05).

The ordination diagram revealed that the first axis was strongly correlated with
carapace length, shell condition, and water temperature in the Kola Section in May–July,
while the second axis was mainly associated with the sex of crabs and salinity (Figure 3). The
high intensities of Circeis armoricana, Ectinosoma normani, Harmothoe imbricata, Harpacticus
chelifer, Ischyrocerus latipes, Mesochra pygmaea, Tisbe furcata, and Tisbe minor were positively
related to shell condition and water temperature in the Kola Section in May–July. The
intensities of Ischyrocerus commensalis, Harpacticus uniremis, and Johanssonia arctica, as well
as the total number of species per crab, were positively associated with carapace length,
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depth of sampling, salinity, and bottom temperature on the day of sampling (Figure 3). The
forward selection procedure revealed that, of the thirteen environmental variables, only five
(carapace length, shell condition, water temperature in the Kola Section in May–June, and
sex) significantly contributed to the species–environment model (Monte-Carlo permutation
test, full model, n = 999, p < 0.05) (Table 2).

Table 2. List of environmental variables influencing mean intensities of epibiotic species on red king
crabs collected in Dalnezelenetskaya Bay in summers during the period 2009–2013 (Monte-Carlo
permutation test in RDA).

Variable Explained Variation, % F-Value p

Carapace length 36 219.68 <0.001
Shell condition 7 45.82 <0.001

Temperature in May 4 31.47 <0.001
Temperature in June 2 8.51 0.001

Sex 1 4.29 0.013
Number of injured legs 0 1.53 0.189

Depth 0 1.11 0.300
Annual temperature 0.01 0.97 0.358

Annual salinity 0 2.93 0.051
Temperature on the day of sampling 0 1.28 0.257

Temperature in April 0 0.09 0.908

Similar patterns were found for the prevalence of infestation. T. furcata copepods,
I. commensalis amphipods, and J. arctica fish leeches were more frequent on adult females,
while Mesochra pygmaea copepods and Ischyrocerus latipes amphipods had higher incidences
on adult males with the same shell conditions (Figure 4 and Supplementary Material
Table S1).
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Figure 4. Total infestation prevalence on Paralithodes camtschaticus adult males and females with
new shells in Dalnezelenetskaya Bay in summers during the period 2009–2013. Asterisks indicate
significant differences (Chi-squared test, p < 0.05).
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In this study, female sizes (135.8 ± 0.94 mm CL) were significantly larger compared to
male sizes (122.0 ± 4.7 mm CL) (KWT, H = 7.30, df = 1, p = 0.007). Considering the most
common taxa colonizing immature and mature crabs, significantly different prevalences of
infestation were found in 20 of the 24 cases (Figure 5 and Table S2).
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Figure 5. Total infestation prevalence on Paralithodes camtschaticus immature and mature individ-
uals in Dalnezelenetskaya Bay in summers during the period 2009–2013. X indicates insignificant
differences (Chi-squared test, p > 0.05).

Furthermore, mature red king crabs with old shells tended to be infested more fre-
quently than crabs with new shells. This pattern was found for 13 of the 20 common taxa
(Figure 6 and Table S3).

A comparison of epibiotic assemblages associated with immature crabs revealed low
similarity between the 2004–2008 and 2009–2013 datasets (Bray–Curtis index = 32.8%). In
the case of adult crabs, the degree of similarity was higher (Bray–Curtis index = 52.1%).
Biodiversity patterns among the associated assemblages during the two periods varied
substantially. Species richness and Shannon–Weaver diversity were higher in the period
2009–2013 for both immature and mature crabs.

A similar pattern was found in the case of the Pielou’s index for mature crabs, while
the evenness was higher in 2004–2008 for immature crabs. Male crabs had higher diversity
indices than females (Table 3).
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Figure 6. Total infestation prevalence on adult red king crabs with new and old shells in Dalnezelenet-
skaya Bay in summers during the period 2009–2013. X indicates insignificant differences (Chi-squared
test, p > 0.05).

Table 3. Diversity indices of fauna associated with red king crabs in the coastal Barents Sea.

Index
Immature Crabs Mature Crabs Males Females

2004–2008 2009–2013 2004–2008 2009–2013 2004–2008 2009–2013 2004–2008 2009–2013

Species richness 12 34 43 88 34 77 35 75
Shannon–Weaver index 2.802 3.702 3.288 4.706 3.425 5.174 3.175 4.243

Pielou evenness 0.780 0.720 0.606 0.723 0.6732 0.8256 0.6191 0.6812

These differences were attributed to the appearance of symbiotic copepods on crabs
in 2009–2013 and the significantly higher prevalence levels registered for the majority of
common taxa in that period (Figure 7 and Table S4).

In contrast, the mean intensities of the most frequent species did not differ significantly
between the study periods, except for the symbiotic amphipods Ischyrocerus commensalis
and I. anguipes, which demonstrated opposite patterns on adult crabs: the former species
was more abundant in 2009–2013 and the latter in 2004–2008 (Figure 8 and Table S5).

Mean carapace lengths of immature crabs were 31.4 ± 0.6 mm and 55.6 ± 1.5 mm in
2004–2008 and 2009–2013, respectively (ANOVA, F = 289.61, df = 1, p < 0.001). Mature crabs
were also significantly smaller (132.8 ± 0.7 mm vs. 135.0 ± 1.0) in the 2004–2008 period
(ANOVA, F = 289.61, df = 1, p < 0.001).

Localization patterns of common groups on the red king crabs from Dalnezelenetskaya
Bay are presented in Figure 9.
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The amphipod I. commensalis was common on the limbs and mouthparts, whereas
I. anguipes was abundant on the carapace and, to a lesser degree, on the limbs. Almost
all specimens of Tisbe were found in the gills. The fish leech J. arctica was predominantly
found on red king crab limbs. The blue mussel M. edulis was most frequently found on the
mouthparts, followed by the abdomen. The highest numbers of the barnacle B. crenatus
were registered on the carapace, while bryozoans and hydrozoans exhibited a preference for
the carapace and limbs. The latter two groups demonstrated consistent localization patterns
in 2004–2008 and 2009–2013, and the same was observed for fish leeches (Figure 10).

Diversity 2023, 15, 29  13  of  23 
 

 

 

Figure 7. Total infestation prevalence on red king crabs from Dalnezelenetskaya Bay in summers 

during the 2004–2008 [32] and 2009–2013 periods. (a) Immature crabs, (b) mature crabs. X indicates 

insignificant differences (Chi‐squared test, p > 0.05). 

In  contrast,  the  mean  intensities  of  the  most  frequent  species  did  not  differ 

significantly between the study periods, except for the symbiotic amphipods Ischyrocerus 

commensalis and  I. anguipes, which demonstrated opposite patterns on adult  crabs:  the 

former species was more abundant  in 2009–2013 and  the  latter  in 2004–2008  (Figure 8, 

Table S5). 

Figure 7. Total infestation prevalence on red king crabs from Dalnezelenetskaya Bay in summers
during the 2004–2008 [32] and 2009–2013 periods. (a) Immature crabs, (b) mature crabs. X indicates
insignificant differences (Chi-squared test, p > 0.05).
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Figure 8. Mean intensity of common taxa on red king crabs from Dalnezelenetskaya Bay in summers
during the 2004–2008 [32] and 2009–2013 periods. Horizontal bars show standard errors. (a) Immature
crabs, (b) mature crabs. Asterisks indicate significant differences (Kruskal–Wallis test, p < 0.05).
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Figure 9. Localization patterns of common taxa on red king crabs from Dalnezelenetskaya Bay in
summers during the period 2009–2013. (a) Ischyrocerus commensalis, (b) Ischyrocerus anguipes, (c) Tisbe
furcata, (d) Hirudinea, (e) Mytilus edulis, (f) Balanus crenatus, (g) Bryozoa, (h) Hydrozoa.
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We found significant differences in the spatial distribution of other common associated
species on red king crabs during the periods studied (Figure 10). This result corresponded
with a significant difference in the distribution of adult females with different-aged shells
(χ2 = 14.43, df = 3, p = 0.002): in 2004–2008, we found a higher proportion of individuals
with old shells (7.4%) and a lower proportion of specimens with new shells (91.8%).

4. Discussion

The size–frequency distribution of Paralithodes camtschaticus observed in Dalnezelenet-
skaya Bay throughout the study period showing the predominance of adult crabs contrasts
with the earlier period when immature red king crabs were found more frequently than
mature individuals [32,51]. This pattern may partially be explained by the different study
periods: during 2009–2013, the crabs were collected in July, while during 2004–2008, most
animals were captured in August, the period when large females start to migrate to deep-
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water sites. However, it is more likely that the lower proportion of small crabs is associated
with a shift in climatic conditions in the Barents Sea ecosystem. The maximum temperature
anomalies that occurred in the period 2001–2006 were followed by a smooth decrease in
subsequent years, with a new, less pronounced peak in 2012 [36]. Climatic conditions have
been shown to affect stock indices of juvenile red king crabs. For example, a significant
decrease in the abundance of small individuals was registered after the freeze-over of Kola
Bay in winter 2010–2011. This factor has greater importance for 0–2 year old crabs and, as
a result, the proportion of such animals was lower in 2004–2008, which also explains the
higher CLs of immature crabs in 2009–2013. The skewed sex ratio in adult crabs has been
attributed to migration behavior during the mating period of mature male P. camtschaticus
because most of the males migrate to deep-water areas after mating in spring, leaving a
greater proportion of females at coastal sites [40]. The high proportion of females in the
total catch explains their higher mean CL and weight when compared to males.

Crustaceans serve as hosts for many sessile and mobile taxa worldwide, contribut-
ing significantly to the biodiversity of marine ecosystems globally [29,52,53]. Our study
provides an expanded list of taxa that can be found on the body of P. camtschaticus in the
Barents Sea. The majority of these organisms have low frequencies of occurrence and may
be considered occasional visitors. This pattern, however, is not absolute. For example,
the hydrozoan Coryne hincksi occurs exclusively on the bodies of host organisms such as
other hydrozoans and spider crabs [54,55] and, in the Barents Sea, it may be considered a
facultative symbiont of invertebrates, including red king crabs [56]. The group of symbi-
otic species also included amphipods, copepods, polynoid polychaetes, and fish leeches.
The amphipods Ischyrocerus spp. were found to colonize the northern stone crab Lithodes
maja [35,57], the spider crab Hyas araneus [55], and the snow crab Chionoecetes opilio [58].
They successfully reproduce on red king crabs and receive some benefits from the symbiotic
lifestyle [59–62]. Copepoda is a new group of red king crab symbionts in Dalnezelenet-
skaya Bay [63]. However, the first record of Tisbe sp. on Paralithodes camtschaticus was
reported much earlier by Jansen et al. [64], who studied infestation patterns for red king
crabs in Varangerfjord, northern Norway. The appearance of this symbiotic copepod in
Dalnezelenetskay Bay (a site situated approximately 285 km east of Varangerfjord) in 2009,
and a subsequent increase in the copepod diversity [33], may be attributed to the range
expansion of infested red king crabs from the western sites of the Kola Peninsula. Similar
situations have been described for the amphipods Ischyrocerus and fish leeches Johannsonia,
which became abundant in Dalnezelenetskaya Bay and in the open Barents Sea after the
introduction of red king crabs [32,65]. At the same time, the occurrence of other frequent
copepods leads us to believe that other factors may contribute to the colonization process
on red king crabs. The majority of copepods were found in 2012 and 2013 when water
temperature increased considerably in comparison to the three previous years [36]. This
assumption is confirmed by the role of water temperature in driving the fouling communi-
ties on red king crabs (Figure 3, Table 2). Interestingly, the water temperature on the day
of sampling, the mean July temperature, and the annual temperature were insignificant
factors, whereas temperatures in May and June significantly explained 4 and 2% of the total
variation. Fouling communities on crustacean hosts are not formed immediately. This pro-
cess requires some time for the establishment of biofilms and the settlement of planktonic
larvae in the case of sessile epibionts or for the search for a host and its colonization in the
case of mobile symbionts [66]. The majority of red king crabs in the study area were mature
females, which usually molt in mid-April after mating and spawning [40]. It seems that, in
the following two months, the new shells of these females are colonized by the majority
of epibiotic species. Both rapid and unforeseen changes in the Arctic climate system, re-
ferred to as “borealization” [67], and the introduction of red king crab into the Barents Sea
may affect the diversity, structure, and biomass of benthic communities. Such shifts may
also contribute to the increased biodiversity of fouling communities on P. camtschaticus in
Dalnezelenetskaya Bay. This is especially important for typical epibiotic species, such as
hydrozoans, bryozoans, barnacles, and mollusks, because the dispersion and survival of
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their larvae, as well as successful settlement, strongly depend on water temperature and
the presence of suitable substrata [68,69], such as carapaces of red king crabs. In this regard,
we can also highlight the first observation of macrophytes on P. camtschaticus in 2013. Until
that year, macroalgae in the Barents Sea were registered as epibionts of the great spider
crab Hyas araneus [55]. Moreover, epiphytes tend to colonize brachyuran crabs, probably
due to their food preference and the chemical composition of carapaces [35].

The results of statistical analyses showed that host size is the most important factor
affecting the indices of infestation (Table 2). Greater prevalence levels for associated species
on larger crabs seem to be a common pattern in crustaceans and other hosts [70–73]. Large
adult crabs provide a larger area for settling organisms. Furthermore, mature red king
crabs molt less frequently (usually 1 time per year or less often in the case of crabs with
CLs greater than 110 mm, which can skip-molt for several years [40]), providing a more
stable substrate for colonization. In general, both immature and mature crabs were larger
in 2009–2013 than in 2004–2008, which can, in part, explain the higher biodiversity of
associated species and their higher prevalences in both periods (Figure 7). There was,
however, one exception to the rule: the amphipod Ischyrocerus anguipes was more prevalent
and had a higher intensity of infestation in the period 2004–2008. This result might be
associated with inter-species interactions. Previous analysis of co-occurrence indicated
direct competition for space between I. anguipes and its congener I. commensalis on the
body of red king crabs in such a way that larger specimens of I. commensalis with larger
gnathopods displaced I. anguipes from the hosts, thus decreasing the infestation levels of
the latter species [74].

Shell condition also significantly affected the indices of infestation on red king crabs.
As expected, the crabs with old shells had higher prevalence rates than those with new
shells. The intermolt period in mature male crabs with old shells may reach 1–4 years [40],
providing more time for larval settlement and development of crab-associated populations.

We found that crab sex was also a significant contributor to the total variation in the
infestation indices. The prevalences of Johanssonia arctica, Tisbe furcata, and Ischyrocerus
commensalis were higher on females, which may be explained by their larger sizes in the
sample of adult crabs with new shells. In native areas, female red king crabs have been
found to have higher prevalences of infestation by brood parasites, such as nemertean
worms, which were concentrated on egg masses [75]. In the Barents Sea, we found only a
few amphipod specimens on the female egg clutches, but the symbionts ingested dead eggs
and may be considered scavengers rather than parasites [76]. However, higher proportions
of red king crabs infested by the amphipod Ischyrocerus latipes and the copepod Mesochra
pygmaea, as well as a higher mean intensity of Tisbe furcata, were observed among males.
Male red king crabs, in contrast to females, can migrate long distances [40] and more fre-
quently have old shells [51], perhaps resulting in increased symbiotic organism overgrowth.

The spatial distribution of associated species on the host body may be interpreted as a
result of larval settlement patterns [71,77,78], host–symbiont relationships, or inter- and
intra-specific relationships between symbionts/epibionts [74,79–81]. Indeed, cirripedians,
bryozoans, and hydrozoans dominated the carapace and limbs; i.e., the most accessible
crab body parts for epibiotic species. Most of the analyzed blue mussels were relatively
adult individuals, indicating their colonization via direct attachment to a resting host or
when the host feeds on mussel beds, explaining the predominance of these mollusks on
the crab abdomen and mouthparts. Fish leeches (Hirudinea) use the limbs of crustacean
hosts for cocoon ovipositioning both in the Pacific Ocean and in the Barents Sea [27,82–85].
Thus, their localization on the appendages of P. camtschaticus from Dalnezelenetskaya
Bay is not surprising. Feeding on the host’s food is one reason explaining the relatively
high concentrations of I. commensalis amphipods on the mouthparts of red king crabs.
Smaller specimens have to migrate to other parts of the host as a result of intra-specific
competition [79]. The sympatric amphipod I. anguipes occupies the carapace and limbs and
is less abundant on the mouthparts due to inter-specific competition with I. commensalis [74].
It is known that colonization of gills provides symbionts with protection from predators
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and aeration. This is important for very small organisms, such as copepods and juvenile
amphipods [33,62]. Significant differences in the localization of the common species in
the two studied periods may be explained by varying occurrences of P. camtschaticus size
classes, different proportions of crabs with new and old shells, possible differences in the
crab rations, and specific interactions between epibionts and symbionts.

5. Conclusions

In Dalnezelenetskaya Bay, the communities of epibionts/symbionts living on the
bodies of Paralithodes camtschaticus are complex and dynamic systems. From the 2004–2008
period to the 2009–2013 period, the biodiversity of this community and the infestation
indices of common species increased considerably, reflecting changes in the size–frequency
distribution of red king crabs and in environmental conditions in the coastal Barents Sea.
Currently, Copepoda is the most diverse group of symbionts, followed by Polychaeta
and Amphipoda. The majority of epibiotic species belong to the Hydrozoa and Bryozoa
groups. For the first time, macroalgae as epibionts of a lithodid crab were documented
in the Barents Sea. The growing number of epibiotic species on the crabs indicates that
they have become a suitable host for native benthic organisms, including rare species.
This epibiotic system provides a unique opportunity for further research on red king crab
invasion history, as well as studies on the biology of their common symbionts, which are
difficult to access using standard sampling methods. From this perspective, our data may
be useful for further monitoring of host–symbiont interactions and infestation patterns in
the Barents Sea red king crab population.
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