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Abstract

:

The invasive red king crab, Paralithodes camtschaticus, has become an abundant and important component in the food web of the coastal Barents Sea and can affect the structure and functioning of the local benthic communities through competition and predation. Although dietary composition and feeding behavior of the crab have been intensively studied, prey selectivity in this species under natural conditions remains poorly defined. For this reason, juvenile red king crabs and benthic samples were collected simultaneously at five coastal sites in Kola Bay to reveal the species composition and structure of feeding habits and the diet of red king crabs. The results of stomach and gut content analyses coupled with calculated Ivlev’s indices indicated that 2–5-year-old crabs frequently consumed bivalve mollusks in relative proportions to prey field biomasses. At all sites, juveniles selectively rejected polychaetes. In soft-bottom communities, when the average density of Bivalvia decreased, the crabs showed increased preference for Gastropoda, Crustacea, and Echinodermata. As a result of selective feeding focused on infaunal suspension-feeding mollusks, juvenile red king crabs have altered the structure of benthic communities in the mouth of Kola Bay. Our results may have important implications for evaluating the consequences of the crab introduction and its population management.
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1. Introduction


Biological invasions are considered an important issue both at global and local scales and are currently the focus of considerable conservation management and ecological research [1]. Determining the rate and level of alien invasions and understanding processes controlling the success of invaders and their consequences to ecosystems are important research topics for the effective management of biological invasions [2,3]. Although increasing knowledge on the significance of biological invasions should help mitigate their consequences, many aspects of non-native or alien species’ expansion and their impact on ecosystems are still poorly known. Although incidental arrivals of non-native species in new habitats are considered an important invasion vector [4], it is human activity, including transport, aquaculture activities, wild fisheries, and live food trade, that is currently responsible for an increasing proportion of alien species naturalized in new communities [5,6]. Moreover, some human-assisted biological invasions are intentional. A prime example of such a situation is the transoceanic introduction of the red king crab Paralithodes camtschaticus (Tilesius, 1815) from the North Pacific to the Barents Sea. This experiment was conducted in the 1960s by Soviet scientists who transported eggs, juveniles, and adult red king crabs collected in the Sea of Japan and the Sea of Okhotsk and released them at coastal sites of the Kola Peninsula [7]. Some 30 years later, the crab population was considerable, and this species had spread enough to judge that it had formed a new self-sustaining population in the Barents Sea [7,8,9]. Since then, as a result of further growth and range expansion, this population has provided a basis for commercial fisheries in Norway and Russia. The Russian fishery was opened in 2004 [7,10], and currently, annual processing has increased from 9187 metric tons in 2018 to 11,629 t in 2021 [11,12,13]. Recently, a small-scale amateur fishery was reopened with a quota of 100 t per year [14]. Crabmeat is a high-quality product containing large amounts of valuable substances [15]. It is considered a delicacy that is valued by food markets and has a stable demand supporting high prices. Moreover, by-products of P. camtschaticus such as hepatopancreas, hemolymph, and shells are also considered important sources for chitin, chitosan, proteolytic enzymes, fatty acids, and other substances [16,17,18].



Red king crab fisheries maintain a lot of industries; thus, the economic benefits of the crab introduction are not in question [14]. Despite negative predictions, fluctuations in native fish and shellfish stocks have been shown to be associated with natural factors and did not correlate with this introduction [9]. At the same time, a number of reports have shown that at some coastal sites, there were significant alterations in the community structure and abundance of benthic animals after the crab invaded these areas [19,20,21,22,23,24]. One of the key questions is whether red king crabs are the only cause of the shifts in the native benthic communities or whether other factors (e.g., habitat loss, climate change) are also involved [25].



Because the red king crab is an opportunistic predator with a high feeding rate [26,27], its feeding activity is considered the most important driver of species composition and biomass of the resident biota in coastal waters of the Barents Sea [8,25]. Like other invasive species, P. camtschaticus has the potential to cause niche displacements of benthic community members and can act as a trigger of strong top-down processes indirectly affecting non-prey species through competition and cascading effects [28]. For this reason, significant ecological research has been undertaken to evaluate different aspects of feeding in red king crabs including food composition, food habits, feeding behavior, and trophic position [19,20,25,27,28,29,30]. One of the interesting but less-explored problems is food selectivity of the Barents Sea red king crab. Many marine predators including crabs have been shown to consume food items disproportionately, thus demonstrating food preference and selectivity [31,32,33,34]. Previous laboratory studies have demonstrated individual preferences in the diet of different-sized red king crabs and size-dependent prey selection [35,36], but there is a lack of data regarding prey selectivity in P. camtschaticus in the wild.



The coastal zone of the Barents Sea is the nursery area for red king crabs, and young animals occupy this area during their first five years of life [37,38], whereas adult crabs exhibit seasonal migrations [7,8]. For this reason, the coastal zone of the Barents Sea is optimal for studies on the red king crab feeding biology.



This study was undertaken to answer the question of whether juvenile red king crabs exhibit diet selectivity under natural conditions in the coastal Barents Sea for a better understanding of the role of P. camtschaticus in altering local benthic communities. In particular, we studied the structure of benthic communities, distribution of red king crabs, and contents of their digestive tracts.




2. Materials and Methods


2.1. Study Area


The study was undertaken in Kola Bay (Figure 1).



It is a typical 51-km long fjord with its width gradually decreasing from 3.0–3.5 km near its mouth to 1.5–2.5 km in the center to 1.0–1.5 km at its southern end [39]. It extends up to 60 km into the mainland and has two bends dividing the area into three parts: northern, middle, and southern. The depth increases from the apex to the mouth of the basin with a maximum of 321 m. Kola Bay is separated from the open sea by a sill at 104 m water depth. Bottom substrata vary from silt or sandy silt and muddy sand at deeper sites to sand, pebbles, and rocks at sites with high water flow velocity [40]. Two rivers flow into the apex of the bay, and the main interactions between the river and seawater occur in the southern part of the area. Fresh water is slightly mixed with seawater and forms a thin layer on the surface in the middle and northern parts of Kola Bay. As a result, bottom salinity is about 33–34 psu except for a small area in the southern part of the bay. The bay’s dominant water source is the Atlantic Ocean, and the Atlantic inflow entering from the Barents Sea shelf is characterized by relatively high temperatures. At shallow-water sites (15–20 m), water temperature varies from 8 °C (southern part) to 10 °C (northern part) in summer and from 0.3 °C (southern part) to 1 °C (northern part) in winter [41,42]. The influx of Atlantic waters keeps most of the bay from freezing, although in cold winters, the southern part is covered with ice (30–40 cm). Water dynamics in the fjord are determined by tidal currents and winds which provide 100% water renewal over a 6-d period [43]. The water is stratified during the spring–summer period, so distinct halocline and thermocline are formed in surface layers [39]. Red king crabs have been registered in the bay since the 1990s. Although shallow-water sites are often occupied by juveniles, their abundance is higher in the offshore zone of Kola Bay [44,45].




2.2. Sampling


Red king crabs and benthic samples were collected during several diving surveys at 5 coastal sites in February 2006 (Site 4), May 2006 (Site 3), September 2006 (Site 5), and May 2013 (Sites 1 and 2) at depths ranging from 5 to 20 m (Figure 1). Temperature conditions in coastal areas of the Kola Peninsula were quite similar in 2006 and 2013 [38]. Our field data are in accordance with the general pattern (see below). To estimate the average density of P. camtschaticus, divers visually inspected distribution patterns of red king crabs along each transect (width 20–30 m, length 60–200 m, area 1200–6000 m2). The samples were taken once at each transect laid perpendicular to the coast along a meter-marking rope. In the case of sparse distribution, all crabs were collected. When crab-dense aggregations were detected, the divers undertook random crab sampling (n = 10–20) after measuring the length of the dense patch and then photographed crabs in patches with high and low crab densities [46]. The average density was determined visually by analyzing the photographs. These data were used to calculate the average crab density (P) as follows:


P = (SaPa + SbPb)/S,








where Sa is the square of the patch with high density, Sb is the square of the patch with low density, S is the total area, Pa is the crab density in the patch with high density, and Pb is the crab density in the path with low density [46].



The crabs were transferred to the laboratory of Murmansk Marine Biological Institute for further analyses. For each crab, the sex and shell condition (determined visually) were recorded following criteria in Donaldson and Byersdorfer [47]. The crabs were weighed and measured for carapace length (CL, the distance from the posterior margin of the right eye orbit to the medial-posterior margin of the carapace). Each crab was dissected, and its stomach and gut were removed and then placed in neutral buffered 4% formalin.



The macroinvertebrate sampling effort was distributed among the same sites simultaneously with crab sampling. Two to three benthic stations were sampled by divers at each site in all accessible habitats using 25 × 25 cm metal frames (0.0625 m2, three replicates at each station), knives, hand scoops, mesh bags, and plastic containers. On hard bottoms, epifauna and epiphytes were dissected off rocks and boulders within each sampling quadrate, and the upper sediment layers under boulders (5–10 cm) were also removed and placed into mesh bags. On soft bottoms, the divers collected the upper sediment layer (10–15 cm) within each 25 × 25 cm quadrate. Each sample was washed through a 0.5-mm sieve and then fixed with 4% neutral-buffered formalin.




2.3. Sample Analysis


In the laboratory, benthic samples were washed again, fixed in 75% ethanol, and identified to the lowest taxonomic level possible. Individuals within each taxon were calculated and weighed (precision = 0.0001 g) for each sample replicate. Mollusks were weighed with their shells, tube-dwelling polychaetes with mucous tubes were weighed with their tubes, and polychaete species with incrusting tubes were weighed without their tubes.



Stomach and gut contents were sorted under a stereoscope or light microscope and identified to the lowest possible taxon, and the presence or absence of diet items was determined for each stomach and gut. Fullness was expressed in % of the total stomach or gut volume. For further analyses, we reconstructed the initial biomass for each consumed organism found in the digestive tracts [19,20,26]. The number of sea urchins was determined by counting same-colored and same-sized sea urchin teeth [29]. The number of polychaetes was reconstructed according to the number of partly digested specimens or their front body parts. The number of gastropods was determined using their undigested opercula or radulae. The number of bivalves was assessed by counting the number of same-sized tops of the shell or different-sized shell fragments. The number of barnacles consumed was determined by counting their scuta and terga of different sizes [20]. Then, we measured linear sizes of body fragments: tooth width for sea urchins, diameter of prostomium or peristomium for polychaete worms, disc diameter for brittle stars, and operculum length for gastropods. These data were used to calculate wet weight for each organism found in the digestive tracts. When high abundances of bivalves (mainly blue mussels) were found in the stomach, we multiplied the total weight of their fragments by 20 according to our observations under controlled conditions [26]. In our study, we used weight data for sea stars as-is, assuming their regeneration ability. Alcohol weights were converted into wet weights using previously determined coefficients [48]. For each prey item, we calculated its contribution to the diet as the ratio of its weight to the total weight of food items found in the digestive tract. Because macrophytes, fish, and fish roe are not benthic invertebrates, are not regular prey, and had incidental occurrence in the digestive tracts, these food items were excluded from the analysis. Benthic organisms were divided into feeding and functional groups according to their life-history traits [49,50]. We pooled stomach content data for male and female red king crabs because their diets are quite similar [51,52].



We used Ivlev’s index of electivity (E) [53] to reveal prey selection by red king crabs in Kola Bay. The index was calculated as follows:


E = (ri − pi)/(ri + pi),








where ri is the percent of item i by weight in the stomach, and pi is the percent of item i by weight in the habitat. Values of electivity range from −1.0 (total selection against or inaccessibility of a prey item) to +1.0 (total selection for a prey item). A value near zero implies random selection.




2.4. Statistical Analysis


CL variations in red king crabs in relation to sites were tested using the Kruskal–Wallis test followed by Dunn’s multiple comparisons test at α < 0.05 with Bonferroni p-value adjustment.



Pearson correlation coefficients were used to describe the relationships between weight proportions of benthic organisms in the crab diet and their proportions in the habitat where the crabs were collected. Before this analysis, the data were checked for normal distribution using the Shapiro–Wilk test and variance homogeneity using a modified Levene’s test, and then the data were square-root transformed to ensure assumptions required for parametric analyses.



Cluster analysis based on the Bray–Curtis similarity index (group average linkage) was performed to test similarities in the benthic community and in the diet content of crabs among stations. Analysis of similarities (ANOSIM) based on Bray–Curtis similarity matrices of the contribution of benthic species to the total community biomass or gut content was used to test for differences between survey sites. We used the SIMPER procedure to reveal the contribution (in %) of each benthic taxon to the total dissimilarity within the different stations.



Statistical analyses were performed in the software packages PAST 3.26 and PIMER 5.0.





3. Results


3.1. Red King Crabs


Dense aggregations of red king crabs were registered in the northern part and near the border between the northern and middle parts of Kola Bay (Table 1).



A 10-fold decrease in the average crab density was registered in the southern part (Sites 4 and 5). The average CL and weight differed significantly among sites (Kruskal–Wallis test, df = 4, H = 57.85, p < 0.001 for CL and df = 4, H = 58.16, p < 0.001 for weight). We found no differences in CL and weight between Sites 1 and 2 (Dunn’s test, p > 0.05) where larger crabs were present (Age 4–5 yrs) and Sites 3, 4, and 5 (Dunn’s test, p > 0.05 for each pair) comprised of smaller crabs (Age 2 yrs). All crabs had new shells. Red king crabs prevailed on muddy sand or mixed sediments, i.e., within the most common biotopes within the study area.




3.2. Benthic Communities


Benthic community characteristics demonstrated significant differences across an oceanographic gradient from the apex to the mouth of Kola Bay (Table 2).



Cluster analysis separated the benthic stations into three distinct groups at 23% level of similarity (Figure 2).



The ANOSIM indicated that there were significant differences in the contribution of benthic species for the three groupings delineated with the cluster analysis (Global R = 0.991, p < 0.001). Cluster I was composed of muddy-sand stations dominated by the bivalves Macoma calcarea and Crenella decussata and the polychaete Cistenides granulata. Cluster II included stations at Sites 4 and 5 dominated by Laonice cirrata. Cluster III consisted of stations located on hard bottoms and mixed sediments where the sessile polychaete Spirobranchus triqueter was the most common. The SIMPER analysis showed that three taxa (Spirobranchus triqueter, Laonice cirrata, and Macoma calcarea) primarily accounted for the observed differences in the benthic groups (Table 3).



In the inner part of the bay (Site 5), the contribution of dominant polychaetes and bivalve mollusks to the community in soft-bottom habitats was two times higher (35–38%) in comparison to the open part (15–17%, Site 1). Polydominant communities were also registered on mixed sediments at Site 2, whereas a monodominant community composed of the sessile polychaete S. triqueter (70%) was found on hard-bottom substrate at Site 3. We registered diverse benthic fauna within the survey area. In habitats of mixed sediments and on hard bottoms, from 9 to 11 phyla of invertebrates were registered, while 7 phyla were found on soft bottoms (Table 2).



The total benthic biomass was relatively low, especially on muddy sand at Site 1. The lowest proportion of epifaunal biota was registered at the apex of the bay. Polychaeta and Bivalvia were the most common groups in terms of their biomass within the entire study area except for hard-bottom habitats (Site 3) where only polychaete species predominated. The lowest species richness and biomass were found for Porifera, Cnidaria, Nemertea, Priapulida, Pycnogonida, Bryozoa, and Ascidiacea. From the mouth to the apex of Kola Bay, there was a clear trend of a decrease in the contribution of rare taxa accompanied by an increase in the average biomass of the most abundant taxa (Figure 3).



The abundance values were quite consistent within the study area apart from Site 2 where the lowest abundance of benthic animals was found (Table 2). The highest contributions to the total abundance were registered for polychaetes at Sites 1 (52%), 4 (86%), and 5 (96%), for bivalves at Site 3 (44%), and for gastropods at Site 2 (52%).



We found a variety of trophic groups from dominating suspension feeders, deposit feeders, carnivores, and herbivores to less frequent omnivorous, detritus-feeding, parasitic, and chemosynthetic organisms (Table 1). The most diverse trophic structure occurred on mixed sediments reflecting the presence of various ecological niches. There was a pattern of decrease in the number of trophic groups from the north to the south of Kola Bay. The highest biomass was registered for suspension feeders such as infaunal burrowing semi-mobile bivalve mollusks Astarte borealis and A. elliptica (in the northern part of the survey area) and Arctica islandica (in the southern part) as well as for epifaunal tubiculous sessile serpulid polychaetes S. triqueter and Hydroides norvegica.




3.3. Diet Composition


A total of 67 digestive tracts were analyzed for food items consumed. There were no crabs with empty digestive tracts. Both stomachs and guts had relatively high fullness (60–100%). A total of 62 benthic taxa were identified (Table S1).Their contribution to the diet seemed to depend on crab size. Indeed, the most frequently occurring diet items for larger crabs at Sites 1 and 2 were the bivalve mollusks Astarte islandica, Ennucula tenuis, Mya truncata, M. calcarea, and Mytilus edulis as well as the green sea urchin Strongylocentrotus droebachiensis. In soft-bottom habitats, smaller crabs more frequently fed on bivalves Parvicardium pinnullatum and gastropods in the genus Littorina, Cistenides hyperborea, and, sometimes, the brittle star Ophiopholis aculeata. On hard substrata, their main food items were the bivalve Heteranomia squamula and the barnacles Balanus (Table S1). The cluster analysis revealed two groups of stations at a 23% level of similarity: one with larger crabs (Sites 1 and 2) and the other with smaller crabs (Sites 3, 4, and 5). A significant difference in the diet composition between the two groups was confirmed by the ANOSIM test (Global R = 0.895, p = 0.001). The SIMPER analysis showed that the most important contributors to dissimilarity were M. truncata (10.7%), Littorina sp. (10.4%), A. islandica (7.6%), S. droebachiensis (7.0%), and C. hyperborea (6.9%).



The total number of species involved in the crab diet tended to decrease from the mouth to the apex of Kola Bay. The most expressed patterns were found for polychaetes, gastropods, and bivalves with the latter demonstrating a 2-fold lower diversity in the southern part of the study area when compared to the northern part. Bivalve mollusks demonstrated the highest contribution to the diet of red king crabs, especially at Site 1 (Table S1). We found no significant relationship between the proportional weight of bivalves in the crab diet and their abundance in the environment (r = 0.44, p = 0.45). We also found no significant relationships between the proportional weight of bivalves and their biomass in the field (r = −0.28, p = 0.64) and their mean weight in the field (r = −0.42, p = 0.47). The proportional biomass of polychaetes in the diet showed a strong significant negative correlation with the average density of bivalves on soft bottoms (r = −0.99, p = 0.007) and no correlations with their own average density and biomass in the field (r = 0.94, p = 0.21 and r = 0.87, p = 0.33, respectively).




3.4. Comparison of the Crab Diet with Benthic Fauna


The contribution of other benthic organisms to the diet of red king crabs was mainly dependent on the community type and crab size. In particular, when polychaetes and the mollusks C. granulata, M. calcarea and C. decussata dominated a benthic community, other benthic groups had a much lower contribution for large-sized crabs. On mixed sediments where the polychaete S. triqueter and the mollusk A. borealis were most prevalent, sea urchins and polyplacophorans also contributed significantly to the stomach and gut contents. On hard bottoms occupied by dominating polychaetes (S. triqueter), red king crabs actively consumed barnacles as well as gastropod and polyplacophoran mollusks. In habitats where muddy fine sand was the main sediment fraction dominated by the polychaetes Alitta virens and L. cirrata and by the blue mussel Mytilus edulis, small-sized crabs preyed on Gastropoda (mainly Littorina spp.) and Polychaeta. In a similar community located in the southern part of the survey area (Site 5), the diet of crabs was more diverse through the inclusion of sea urchins and brittle stars (Figure 3, Table S1).



The percentage contribution of epifauna and infauna in the diet of P. camtschaticus did not reflect their ratios in the corresponding natural habitats. Infaunal species dominated the digestive tracts of crabs at Site 1 only (Figure 4a).



Moreover, at Site 5 with the lowest importance of epifauna in the local community (Table 2), red king crabs predominantly fed on epifaunal invertebrates. At Site 1, suspension feeders were most abundant in the crabs’ stomachs and guts, although in the environment, this ecological group was less frequent than subsurface deposit feeders. The lowest contribution of suspension feeders to the diet was found at Sites 2 and 4 (Figure 4b) where the crabs fed on herbivorous species despite the fact that the latter were less prevalent than other groups. Subsurface deposit feeders had rare occurrences in the digestive tracts of P. camtschaticus collected on mixed sediments at Site 2, while surface deposit feeders were present at Sites 4 and 5.



Benthic organisms found in the digestive tracts belonged to 18 functional groups with a more diverse composition (14 groups) at Site 1 and less diverse (8–10 groups) at the remaining sites. The contribution of the 10 most prevalent groups varied from one site to another (Figure 4c) with infaunal burrowing semi-mobile epibenthic suspension feeders being the most preferable food items at Sites 1 and 5. Epifaunal free-living herbivorous species dominated in the stomachs and guts of red king crabs captured at Sites 2 and 4, while epifaunal attached suspension feeders were the most preferable diet items at Site 3.



We found a disproportional occurrence of different ecological groups in the crabs’ digestive tracts and in the field (Table 2). For example, at Site 1, benthic communities were composed mainly of infaunal free-living semi-mobile deposit feeders, while red king crabs preyed mainly on infaunal burrowing semi-mobile suspension feeders. Interestingly, infaunal free-living semi-mobile deposit feeders and epifaunal tubiculous sessile epibenthic suspension feeders made up a large percentage of the fauna in the environment but zero in the digestive tracts, suggesting that these groups are not a favored food.




3.5. Prey Selectivity


Food selectivity was clearly evident in red king crabs from Kola Bay (Table 4).



At all sites, juveniles, both large- and small-sized, showed avoidance for polychaete worms that dominated in terms of abundance and biomass (Figure 2). Other abundant organisms, bivalve mollusks, had low positive or negative electivity indices indicating that Bivalvia were not selected for or against by P. camtschaticus. The same result was found for the majority of benthic taxa with low occurrence except for echinoderms which were selected by juvenile red king crabs.



Trophic groups demonstrated various electivity indices depending on location (Table 4). Red king crabs showed preference towards herbivores at all sites apart from Site 1. Although suspension feeders predominated along the entire area, there was a lack of preference for this group at all sites. In the northern part, where the average abundance of subsurface deposit feeders was high, red king crabs demonstrated avoidance for these organisms. Suspension feeders were actively selected by red king crabs at Site 1 where subsurface deposit feeders made up the largest proportion of the total biomass in the environment.



Electivity indices of benthic functional groups also displayed substantial variations (Table 4). At all sites, P. camtschaticus showed avoidance for surface deposit feeders and preference for epifaunal suspension feeders attached to substrata through broad bases (barnacles and bivalve mollusks Heteranomia spp.), especially in infaunal communities. Red king crabs also preferred epifaunal mobile herbivores (Gastropoda and Crustaceans) at all sites except Site 1. In contrast, the crabs demonstrated avoidance for epifaunal tubiculous sessile epibenthic suspension feeders (serpulid polychaetes) although the latter made up the majority of the total biomass in the environment at Site 3. With respect to infaunal semi-mobile burrowing suspension feeders, red king crabs showed both preference (at Site 1) and avoidance (at Sites 2–5) (Table 4).





4. Discussion


4.1. Red King Crabs


According to size-at-age data [54], our red king crabs belonged to the 2–5-year-old size classes, which correspond to the gregarious phase of juvenile red king crabs [55]. This result reflects behavioral patterns in this species: small crabs do not migrate far offshore and tend to aggregate in the coastal areas of the Barents Sea in contrast to adult animals which usually migrate to deeper water after spring mating in the case of males or stay at coastal sites during summer and move to the offshore waters in fall in the case of females [8,56,57]. A similar distribution pattern was noted in the eastern Murman coastal waters [37]. The predominance of new-shell individuals is explained by frequent molting events in juvenile red king crabs (2–4 times per year) which would not be expected to have old shells [58,59,60].



Densities of juvenile P. camtschaticus at different sites of Kola Bay were similar to those found in other coastal areas of the Barents Sea. So, density of young crabs at the gregarious stage varied from 1.7 to 42 ind. 1000 m–2 at a coastal site located to the east of Kola Bay [61] and from 2 to 159 ind. 1000 m–2 at sites located to the west of Kola Bay [62]. The higher density of red king crabs in the northern part of our study area is more likely associated with a higher proportion of recruiting adults and better conditions for juvenile survival due to the presence of more favorable hard substrata with rich epifauna [19,20]. Red king crabs were unevenly distributed within the entire study area with larger specimens being more frequent in the northern part of Kola. Smaller crabs tended to be more abundant in the inner part of our survey area where they often exhibited “podding” behavior, i.e., formed dense aggregations [63]. In this type of aggregation, small red king crabs are so densely packed that it would be difficult for predators to distinguish individuals or remove them [64]. In lithodid crabs, segregation by size is a well-known pattern served to avoid inter-cohort cannibalism [65].




4.2. Benthic Communities


The range of benthic biomass found for soft-bottom communities in Kola Bay is similar to that reported at sites located to the east of this fjord (20–70 g m–2) [21,66,67], although in some coastal regions the biomass may exceed 200 g m–2 [68]. Furthermore, polychaetes and bivalves were also found to be dominating taxa along the eastern half of the Kola Peninsula, and α-diversity indices were similar to our values. Much higher benthic biomasses (500–3500 g m–2) are usually registered in hard-bottom habitats in the southern Barents Sea [21,66,69], but values comparable to Kola Bay may also occur. Within the survey area, bivalves and polychaetes were most prevalent on hard substrata together with sea urchins. In contrast to Kola Bay, other studies have shown the highest contributions to the total benthic biomass for echinoderms (mainly sea urchins) and bivalves or barnacles [21,66,69]. The observed differences in the structure of benthic communities along a gradient of environmental factors in Kola Bay (Table 2, Figure 2) agree with those found in several estuarine systems with expressed salinity gradients [70,71,72,73].




4.3. Diet Composition


The diet of adult and juvenile red king crabs has been shown to include a range of macrobenthic organisms among which Bivalvia, Polychaeta, Gastropoda, and Echinodermata were most important [21,28,51,52,74,75,76]. In general, our results agree with those data, and the diet variations observed in Kola Bay were most likely associated with differences in the structure of local benthic communities.



Bivalve mollusks which often dominated benthic communities were the most common prey items for juvenile red king crabs. Polychaetes, other dominating organisms, were much less commonly found in the digestive tracts, especially at Site 1. Gastropods and echinoderms were favorable prey organisms of P. camtschaticus collected on mixed sediments and hard bottoms; barnacles were also favored by red king crabs in hard-bottom habitats. This trend, when the diversity of dietary components decreased from the mouth (open sea) to the apex of the bay, apparently reflected a decrease in the benthic diversity and biomass of preferable prey organisms in the environment [65]. Indeed, on soft substrata, we registered dramatic changes in the structure of local benthic communities (Figure 2, Table 2). So, there was a 2.3-fold decrease in the total number of bivalve species so that only five species (A. islandica, M. calcarea, M. truncata, P. pinnulatum, and M. edulis) occurred at Sites 4 and 5. The average density of Bivalvia also decreased from 1950 ind. m–2 at Site 1 to 570 and 160 ind. m–2 at Sites 4 and 5, respectively. It is known that a low density significantly reduces the chance for a prey organism to be eaten by predator crabs [77]. The decreased density and, in turn, availability of bivalves is a reason for their lower occurrence in the digestive tracts of P. camtschaticus caught in the inner part of Kola Bay. To compensate for this deficit, red king crabs have to consume alternative food sources that can explain the increased contributions of polychaetes and epifaunal gastropods and echinoderms. This assumption is confirmed by a strong negative relationship between the bivalve density in the environment and the contribution of polychaetes to the crab diet. Similar patterns have been reported for other invader crabs [78,79].



As the bivalve density decreases and the polychaete density increases, the nutritional conditions of such infaunal biotopes become less favorable or even unfavorable for juvenile red king crabs, causing them to shift their feeding behavior from passive grazing at Site 1 to active predation at Sites 4 and 5. When occupying a predatory role in soft-bottom habitats, the crabs start to consume epifaunal organisms despite their low biomass and high abundance and availability of small sedentary infaunal polychaetes. Thus, a polydominant diet composition may be considered an indicator of poor bivalve biomass in the environment.



Spatial differences found in the dietary composition of red king crabs may also be attributed to different size classes at study sites. Indeed, according to Manushin and Anisimova [76], adult specimens preferred the polychaete Spiochaetopterus typicus at deep-water sites of the Barents Sea. Fuhrmann et al. [24] suggested that in larger red king crabs (71–147 mm CL), this prey item was found at twice the rate (31.1–33.3%) of their smaller conspecifics (0–70 mm CL, 14.6%) in Porsangerfjord, Norway. Ontogenetic shifts in feeding behavior and food preference have been reported for many crab species [63,80,81]. Such shifts reflect changes in the physiology of crabs and increasing energy needs associated with their growth, increased locomotor activity, and maturation [82].




4.4. Prey Selectivity


Both positive and negative electivity indices were evident in juvenile red king crabs. Although this pattern was dependent on habitat conditions, at all sites examined, the crabs demonstrated avoidance for polychaete worms. This pattern contradicts that registered for the blue crab (Callinectes sapidus) which preferred polychaetes and replaced them with bivalves only if the former occurred at low densities [34]. This result may be explained by species-specific preferences in crab-like lithodid crabs and true crabs. The bivalve contribution to the diet of red king crabs was usually the same as in the field, but in regions with high abundances of infaunal (Site 1) and epifaunal Bivalvia (Site 3), we registered positive electivity indices for this group. In hard-bottom epifaunal communities, P. camtschaticus showed preference for crustaceans and avoidance for quite abundant gastropods. In contrast, in the inner part of Kola Bay, we found a much higher contribution of gastropods to the diet in comparison to the natural biomass. This finding is in accordance with laboratory observations by Logvinovich [83] and Zubkova [84] who registered Gastropoda as very desirable prey items for red king crabs. We found high and positive electivity indices for Echinodermata. This result is explained by the fact that this group is a source of calcium, an essential element for shell-hardening in crabs [85], especially in frequently-molting juvenile red king crabs. Prey selectivity is known to be a function of prey availability [86]. One may assume that young crabs avoided some common benthic species such as small infaunal polychaetes due to their ability to dwell themselves or their small sizes. The avoidance of sedentary epifaunal polychaetes might be associated with their solid tubes that require significant efforts for removal, and crabs may take claw damage when trying to crack these tubes. As a rule, crabs prefer easy-to-obtain prey items [87]. At the same time, in Kola Bay, young red king crabs often consumed typical attached sessile species such as barnacles Balanus and Verruca as well as bivalves Heteranomia. This fact confirms species-specific and site-specific prey selectivity in red king crabs and their high potential for adaptation to various food habits. A wide dietary composition has also been recorded in other lithodid crabs [65,88,89,90].




4.5. Impact of Red King Crabs on Benthic Communities


As juvenile red king crabs demonstrate preference or avoidance for potential prey organisms and have a higher consumption-to-biomass ratio than adults [19,20,27], they can have a substantial top-down influence on benthic community abundance and composition through their feeding activities, especially at high densities. In soft-bottom habitats, one can expect a shift in the community structure towards an increased contribution of polychaetes and a decreased contribution of bivalves. At sites with low bivalve densities, feeding activity of red king crabs may cause a rapid decline in biomasses of gastropods and echinoderms. A similar result was reported by Rzhavsky et al. [91] who evaluated long-term changes in the structure of soft-bottom benthic communities in Dalnezelenetskaya Bay and reported decreased biomasses of sea urchins, bivalves, and sea cucumbers. Hard-bottom communities seem to be less vulnerable. The same conclusion has been made by Britaev et al. [92] for Dalnezelenetskaya Bay, but some changes in the size composition of prey animals and their abundance in the field may be evident [93]. The benthic trophic structure, therefore, can also be shifted towards a predominance of deposit feeders instead of suspension feeders. We can also predict a lower percentage of epifaunal species in benthic communities dominated by surface detritus feeders at high crab densities.



Our results indicated that both the structure and composition of the benthic community at Site 1 were altered demonstrating low benthic biomass and relatively minor contribution of dominating trophic groups such as subsurface deposit feeders and suspension feeders to the total benthic biomass. Typically, in such benthic habitats with active turbulence, transport of suspended particles prevails over their deposition, and communities of suspension feeders are well developed [94]. Most likely, such a community existed at Site 1 before the crab introduction and range expansion, but by the time of our study, it had been significantly altered as a result of P. camtschaticus feeding activity. Oug et al. [22] found reduced abundances of echinoderms, non-moving burrowing and tube-dwelling polychaetes, and most bivalves. A relative reduction in the average abundance of suspension and surface deposit-feeding species, as a consequence of the red king crab grazing [23], has been argued to be responsible for degradation of the sediment habitat quality in the Varanger region. Recently, we have shown that bivalve mollusks from the crabs’ digestive tracts were larger than those in the field [30]. For this reason, subsurface deposit feeders for which the crabs show avoidance can become a leading group by biomass.





5. Conclusions


Our data showed a high diversity of benthic functional groups and a complex structure of benthic communities in Kola Bay. Taking into account that the functioning of a community depends on its structure and diversity and that our study area is as diverse and complex as other coastal sites in the Barents Sea, our results may be extrapolated to the entire inshore zone of the Kola Peninsula. Our study indicated that bivalve mollusks are dominant prey items in the diet of juvenile P. camtschaticus, both by abundance and biomass. Despite their wide occurrence, polychaete worms showed a much lower contribution to the stomach and gut contents. Red king crabs have to change their feeding as the bivalve abundance decreases. At soft-bottom sites, increased proportions of polychaetes coupled with decreased proportions of bivalves will lead to an increase in crab pressure on relatively rare epifaunal gastropods, crustaceans, and echinoderms. Benthic taxa with negative electivity indices such as infaunal polychaetes, sedentary serpulid polychaetes, encrusting bryozoans, and most cnidarians are expected to save their contribution to the total biomass or even increase it. This pattern should be taken into account when studying the possible role of other factors in altering benthic communities in the Barents Sea. The feeding activity of red king crabs can mask climate-driven and anthropogenic-driven shifts in the environment. The aforementioned taxa which are avoided by P. camtschaticus may be recommended as more reliable indicators for monitoring environmental changes than impacted species. Further research is needed to more clearly understand the ecosystem effects of red king crabs for maintaining the proper management of their stocks and monitoring benthic communities in the Barents Sea.
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Figure 1. Location of the sampling sites in Kola Bay. 
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Figure 2. Percent similarity cluster dendrogram of contributions of benthic animals to the total community biomass (%) in Kola Bay. 
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Figure 3. Percent composition by biomass of near-shore invertebrate communities and diet composition of red king crabs in Kola Bay: (a)—Polychaeta; (b)—Crustacea; (c)—Gastropoda; (d)—Bivalvia; (e)—Echinodermata; (f)—others. 






Figure 3. Percent composition by biomass of near-shore invertebrate communities and diet composition of red king crabs in Kola Bay: (a)—Polychaeta; (b)—Crustacea; (c)—Gastropoda; (d)—Bivalvia; (e)—Echinodermata; (f)—others.



[image: Diversity 14 00568 g003]







[image: Diversity 14 00568 g004 550] 





Figure 4. Contribution of benthic organisms to the diet of red king crabs in Kola Bay: (a)—living forms; (b)—trophic groups; (c)—functional groups; I_B_D_Ep_Su—Infaunal burrowing semi-mobile epibenthic suspension feeder; E_A_D_Ep_Su—Epifaunal attached semi-mobile epibenthic suspension feeder; E_A_S_Ep_Su—Epifaunal attached sessile epibenthic suspension feeder; E_F_D_Ep_Su—Epifaunal free-living semi-mobile epibenthic suspension feeder; E_R_S_Ep_Su—Epifaunal encrusting sessile epibenthic suspension feeder; E_F_M_Sr_He—Epifaunal free-living mobile surface herbivore; E_F_M_Sr_Ca—Epifaunal free-living mobile surface carnivore; E_F_M_Sr_Om—Epifaunal free-living mobile surface omnivorous; I_F_M_Ss_Df—Infaunal free-living mobile subsurface deposit feeder; I_T_D_Ss_Df—Infaunal tubiculous semi-mobile subsurface deposit feeder. 
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Table 1. Red king characteristics at five sites in Kola Bay, southern Barents Sea.
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Parameter

	
Site




	
1

	
2

	
3

	
4

	
5






	
Average carapace length (min–max), mm

	
82 ± 10 (62–98)

	
62 ± 4 (57–67)

	
27 ± 5 (21–37)

	
30 ± 6 (20–39)

	
38 ± 5 (30–45)




	
Average weight (min–max), g

	
410.8 ± 140.8 (183.7–644.0)

	
165.4 ± 40.0 (78.6–214.2)

	
13.7 ± 8.4 (5.5–33.1)

	
20.0 ± 9.6 (6.0–41.1)

	
42.2 ± 20.0 (18.4–54.3)




	
Density, ind. 1000 m–2

	
38

	
63

	
34

	
3

	
2




	
Sample size

	
18

	
13

	
15

	
11

	
10
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Table 2. Benthic community characteristics at five sites studied for food selectivity of red king crabs in Kola Bay, southern Barents Sea.
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Parameter

	
Site




	
1

	
2

	
3

	
4

	
5






	
Number of species

	
97

	
104

	
79

	
55

	
62




	
α-diversity

	
59 ± 11

	
71 ± 2

	
44 ± 19

	
36 ± 3

	
46 ± 6




	
Mean biomass, g m–2

	
21 ± 5

	
73 ± 26

	
80 ± 34

	
58 ± 20

	
41 ± 10




	
Dominant by biomass

	
Macoma calcarea

Cistenides granulata

Crenella decussata

	
Spirobranchus triqueter

Astarte borealis

	
Spirobranchus triqueter

	
Alitta virens

Laonice cirrata

Mytilus edulis

	
Laonice cirrata

Arctica islandica




	
Average abundance (ind. m–2)

	
6220 ± 900

	
4420 ± 1800

	
5690 ± 2530

	
5990 ± 1120

	
6470 ± 660




	
Average weight (min–max), g

	
0.003 ± 0.001 (0.001–0.006)

	
0.017 ± 0.008 (0.007–0.063)

	
0.014 ± 0.006 (0.002–0.035)

	
0.010 ± 0.005 (0.001–0.030)

	
0.006 ± 0.001 (0.002–0.010)




	
Dominant by abundance

	
Macoma calcarea

	
Onoba semicostata

	
Heteranomia squamula

Mytilus edulis

	
Micronephthys neotena

	
Chaetozone setosa




	
Epifauna:infauna ratio by biomass

	
1:5

	
1.3:1

	
15:1

	
1:2.3

	
1:22




	
Total number of trophic groups

	
6

	
6

	
7

	
6

	
6




	
Dominant trophic group

	
Subsurface deposit feeder (36%)

	
Suspension feeder (78%)

	
Suspension feeder (85%)

	
Suspension feeder (34%)

	
Suspension feeder (52%)




	
Total number of functional groups

	
26

	
28

	
23

	
18

	
19




	
Dominant functional groups

	
I_F_D_Ss_Df (33%)

	
I_B_D_Ep_Su (37%)

E_T_S_Ep_Su (30%)

	
E_T_S_Ep_Su (70%)

	
I_B_M_Sr_Om (30%)

E_A_S_Ep_Su (26%)

	
I_B_D_Ep_Su (41%)

I_T_D_Sr_Df (36%)




	
Sediments

	
Muddy sand, sand with shell debris

	
Mud, pebbles, boulders

	
Rock, boulders, mud with pebbles

	
Muddy sand

	
Muddy sand




	
Temperature, °C

	
3–4

	
3.8

	
4

	
4

	
4




	
Depth, m

	
5–20

	
10–20

	
5–20

	
5–20

	
5–10




	
Stations

	
1_1, 1_2, 1_3

	
2_1, 2_2

	
3_1, 3_2

	
4_1, 4_2, 4_3

	
5_1, 5_2








Note. Mean values are presented with standard deviations: I_F_D_Ss_Df—Infaunal free living semi-mobile subsurface deposit feeder; I_T_D_Sr_Df—Infaunal tubiculous semi-mobile subsurface deposit feeder; I_B_D_Ep_Su—Infaunal burrowing semi-mobile epibenthic suspension feeder; I_B_M_Sr_Om—Infaunal burrowing mobile surface omnivorous; E_T_S_Ep_Su—Epifaunal tubiculous sessile epibenthic suspension feeder; E_A_S_Ep_Su—Epifaunal attached sessile epibenthic suspension feeder; 1_1, 1_2 etc. represent codes for sampling stations. Each station comprised three 25 × 25 cm sampling quadrates.
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Table 3. List of taxa which contributed the most to dissimilarity within groups of benthic communities delineated with cluster analysis in Kola Bay.
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Cluster I

	
Cluster II

	
Cluster I

	
Cluster III

	
Cluster II

	
Cluster III






	
Av. Diss = 85.44

	
Av. Diss = 88.64

	
Av. Diss = 79.23




	
Taxa

	
Con, %

	
Taxa

	
Con, %

	
Taxa

	
Con, %




	
Spirobranchus triqueter

	
10.20

	
Spirobranchus triqueter

	
12.63

	
Laonice cirrata

	
7.95




	
Macoma calcarea

	
5.96

	
Laonice cirrata

	
8.15

	
Macoma calcarea

	
6.81




	
Leitoscoloplos acutus

	
5.72

	
Heteranomia squamula

	
4.49

	
Leitoscoloplos acutus

	
5.97




	
Crenella decussata

	
4.66

	
Alitta virens

	
4.46

	
Cistenides granulata

	
5.76




	
Heteranomia squamula

	
3.65

	
Chaetozone setosa

	
4.28

	
Alitta virens

	
4.67




	
Cistenides granulata

	
3.28

	
Arctica islandica

	
3.65

	
Arctica islandica

	
4.20




	
Astarte borealis

	
2.90

	
Astarte borealis

	
3.38

	
Onoba semicostata

	
3.11




	
Parvicardium pinnulatum

	
2.65

	
Balanus balanus

	
2.74

	
Chaetozone setosa

	
3.07




	
Eteone flava

	
2.45

	
Mytilus edulis

	
2.47

	
Parvicardium pinnulatum

	
3.03




	
Onoba semicostata

	
2.40

	
Hydroides norvegica

	
2.35

	
Pholoe assimilis

	
2.82




	
Balanus

	
2.29

	
Scoletoma fragilis

	
2.31

	
Leitoscoloplos acutus

	
2.64








Note: Av. Diss—average dissimilarity; Con—contribution to the total dissimilarity.
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Table 4. Ivlev’s electivity (E) for major taxa, trophic groups, and functional groups of benthic food items of red king crabs in Kola Bay.
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Prey Groups

	
Site




	
1

	
2

	
3

	
4

	
5






	
Benthic taxon




	
Polychaeta

	
−1.0

	
−1.0

	
−0.8

	
−0.6

	
−0.5




	
Crustacea

	
0.6

	
−1.0

	
0.8

	
1.0

	
0.9




	
Gastropoda

	
−0.4

	
−0.6

	
0.9

	
0.9

	
1.0




	
Bivalvia

	
0.3

	
0.1

	
0.4

	
0.1

	
−0.2




	
Echinodermata

	
1.0

	
1.0

	
0.5

	
1.0

	
1.0




	
Trophic group




	
Suspension-feeder

	
0.4

	
−0.3

	
−0.3

	
0.1

	
−0.1




	
Herbivore

	
−0.8

	
0.5

	
0.6

	
0.9

	
1.0




	
Surface deposit-feeder

	
−0.2

	
0.6

	
0.6

	
−0.8

	
−1.0




	
Subsurface deposit-feeder

	
−0.3

	
−0.7

	
0.4

	
0.2

	
0.9




	
Functional group




	
E_A_D_Ep_Su

	
1.0

	
0.9

	
−0.2

	
−0.2

	
1.0




	
E_A_S_Ep_Su

	
–

	
0.6

	
1.0

	
−1.0

	
–




	
E_T_S_Ep_Su

	
–

	
−1.0

	
−1.0

	
–

	
–




	
E_R_S_Ep_Su

	
1.0

	
−0.7

	
0.3

	
1.0

	
1.0




	
E_F_D_Ep_Su

	
–

	
0.1

	
−1.0

	
1.0

	
1.0




	
I_B_D_Ep_Su

	
0.7

	
−0.2

	
0.0

	
−1.0

	
−0.2




	
E_F_M_Sr_He

	
−0.8

	
0.5

	
0.6

	
0.9

	
1.0




	
E_F_M_Sr_Ca

	
−0.2

	
1.0

	
0.6

	
−0.4

	
0.8




	
E_F_M_Sr_Om

	
0.9

	
0.9

	
1.0

	
−1.0

	
−1.0




	
I_B_D_Sr_Df

	
−0.2

	
−1.0

	
−1.0

	
−1.0

	
−1.0




	
I_F_M_Ss_Df

	
0.1

	
−1.0

	
−1.0

	
−1.0

	
−1.0




	
I_T_D_Ss_Df

	
−0.9

	
−1.0

	
0.6

	
0.6

	
1.0




	
I_T_D_Sr_Df

	
−1.0

	
−1.0

	
−1.0

	
−1.0

	
−1.0








Note: E_A_D_Ep_Su—Epifaunal attached semi-mobile epibenthic suspension feeder; E_A_S_Ep_Su—Epifaunal attached sessile epibenthic suspension feeder; E_T_S_Ep_Su—Epifaunal tubiculous sessile epibenthic suspension feeder; E_R_S_Ep_Su—Epifaunal encrusting sessile epibenthic suspension feeder; E_F_D_Ep_Su—Epifaunal free-living semi-mobile epibenthic suspension feeder; I_B_D_Ep_Su—Infaunal burrowing semi-mobile epibenthic suspension feeder; E_F_M_Sr_He—Epifaunal free-living mobile surface herbivore; E_F_M_Sr_Ca—Epifaunal free-living mobile surface carnivore; E_F_M_Sr_Om—Epifaunal free-living mobile surface omnivorous; I_B_D_Sr_Df—Infaunal burrowing semi-mobile surface deposit feeder; I_F_M_Ss_Df—Infaunal free-living mobile subsurface deposit feeder; I_T_D_Ss_Df—Infaunal tubiculous semi-mobile subsurface deposit feeder; I_T_D_Sr_Df—Infaunal tubiculous semi-mobile surface deposit feeder.
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