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Abstract

:

The southern king crab, Lithodes santolla, is a well-known predator/scavenger species during its adult phase but its feeding strategy in early stages is less studied. This information is important to understand their role in ecosystems and to improve fishery management (i.e., stock enhancement). Based on stomach contents and stable isotope analysis, we determined variation in the composition of diet and niche overlap in vagile and cryptic phase collected within and outside a kelp forest, Macrocystis pyrifera, of Aguila Bay at the Magellan Strait in Patagonia, Chile. Results of juvenile stomach content analysis showed 60% dissimilarity between cryptic and vagile juvenile phases. Algae dominated the volumetric contribution in cryptic juveniles while crustacean dominated the diet in vagile phase. Exoskeleton of other king crabs occurred in 43% of juveniles with crustaceans in their stomach. This fact confirms cannibalistic behavior in the wild in this species, which is consistent with findings in massive laboratory cultures. There was no evidence of isotopic niche shift between cryptic and vagile juvenile phases. Overlapping isotopic niches of different-sized juveniles suggest that they exploit similar food resources. However, vagile individuals occupy a higher trophic position than cryptic individuals, which could suggest a switch in dietary preference, from detritivorous/herbivory within kelp forests to omnivory outside of kelp forests, and an increase in the level of cannibalism in vagile juveniles.
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1. Introduction


King crabs around the world have been a target of intensive fishery activity [1,2] and represent one of the most ubiquitous species in benthic non-tropical communities [3]. They are generalist, opportunistic epibenthic predators and scavengers, feeding on multiple food items from different trophic levels including algae, mollusks, echinoderms and crustaceans [4]. However, their diet has been principally described for adults, with less attention on early juveniles [5,6,7]. Under laboratory conditions, species such as the red king crab, Paralithodes camtschatica (RKC), and the southern king crab, Lithodes santolla (SKC), have been successfully maintained on carnivorous diets and juveniles exhibit high levels of cannibalism when they are held in high densities [8,9,10]. Therefore, king crab juveniles are assumed to have a carnivorous diet like adults.



In decapods, types of diet and relative importance of specific items can change during ontogeny, especially in cases when juveniles and adults use different habitats [7,11,12]. For king crabs this could be especially true because they undergo three juvenile developmental phases related to habitat use: (1) Cryptic phase, where juveniles at age 0–1-years-old occur in complex and structured habitats; (2) Vagile phase, 1–2-year-old crabs enlarge their trophic niche moving to other habitats (i.e., outside kelp forest, such as mussel or algae beds) and (3) Gregarious phase, where older juveniles or pre-adults exhibit an aggregative behavior called “podding” [13].



Lithodes santolla is the most common king crab in Patagonian waters [14] and their juvenile ecology is one of the least known among the commercially important king crabs. However, information available [14,15,16] indicates that SKC seems to follow similar juvenile phases to those described by Stevens [13], but not necessarily with the same timing.



In L. santolla, larval settlement occurs at depths up to 40 m in complex habitats and is presumably associated with kelp forest, Macrocystis pyrifera [15]. This habitat is especially diverse, and their first juvenile stages would have a great environmental offer of prey including echinoderms, snails, amphipods, isopods, polychaetes and both fresh and decomposing algae [17,18,19]. Crabs in the cryptic phase inhabit inside of the holdfast of M. pyrifera and/or in spaces among plants, during the first years of life. Assuming the growth pattern at 9 °C [20], close to the mean temperature in the Magellan strait [21], cryptic phase individuals between 20 to 30 mm carapace length (CL) would be 3-year-olds. The vagile phase would correspond to larger juveniles who forage both inside and outside of kelp forests, potentially accessing other prey items. Finally, podding behavior has been documented for SKC [16], demonstrating that a gregarious phase is exhibited in this species. However, a larger size range of 34–75 mm CL was found participating in the pods and aggregations occur in the same habitat as the other stages (i.e., kelp forest). Therefore, in terms of habitat use and size, two phases (cryptic recruits and vagile juveniles) can be identified for SKC associated with kelp forest.



Stomach content analysis has been widely used in studies of diet and trophic habits because it represents the unequivocal consumption of individuals. However, stomach contents only represent a brief time period between ingestion and digestion [22,23] and does not identify the variability of components that are really assimilated by the organisms at different rates [24]. As such, the probability of underestimating the presence of some prey species (i.e., soft-bodied organisms) may be high.



An alternative to complement these analyses is the analysis of stable carbon and nitrogen isotopes in animal tissues. This technique uses the isotopic signatures of prey species reflected in the species that consume them and are transmitted all along the trophic web from producers to consumers [25]. Specifically, the isotopic values of δ15N are indicators of the trophic level in species, given that δ15N exhibits a slight enrichment of 2.5–5‰ in each trophic level [23,25,26]. Conversely, values of δ13C vary little along the trophic web (close to 1‰), yet are good indicators of habitat, as they allow differentiation between the sources of primary production [27].



This study describes the trophic pattern of L. santolla juveniles associated with a kelp forest. Specifically, we investigate (1) if southern king crab juveniles shift their diet over the course of ontogeny, especially the relative importance of seaweed in their diet and (2) cannibalism in their natural environment.




2. Materials and Methods


2.1. Sample Collection


Samples were collected in summer 2018 in Aguila Bay (53°47′11″ S; 70°58′26″ W) in the Magellan strait, Chile, between 5 and 12 m depth. Samples were taken inside and outside of a kelp forest using an airlift device handle by two SCUBA divers to collect small mobile macrobenthic (>5 mm length) organisms [28]. Sampling was performed by haphazardly placing 5 square frames (0.25 m2) and all the material and individuals contained within were suctioned with the airlift device into a 1 mm mesh size catch bag. Large individuals (>50 mm) were collected by hand.




2.2. Stomach Content Analysis


Carapace lengths (CL) of the southern king crabs collected were measured to the nearest 0.01 mm from the base of the rostral spine to the posterolateral margin of the carapace using a digital caliper. All crabs showed hard-shell condition and sex was not determined. All individuals were dissected, and their stomachs were removed and frozen at −20 °C until analysis was conducted. The stomach content estimation was performed using the modified [29,30,31] points method of Hynes [32]. This method registers the stomach fullness (Stomach Fullness Index SFIi) on a scale of 0 (empty) to 16 (full) by visual examination using a stereomicroscope and categorizes the food items found as a percentage of total volume contribution to the diet. This method is very useful for invertebrates, or small organisms with little stomachs where the weight of the sample is difficult to estimate adequately. All food items were stored in 95% denatured ethanol.



Juveniles were categorized into two groups depending on their size: cryptic phase (<37 mm carapace length (CL)) and vagile phase (>50 mm and <100 mm CL).




2.3. Stable Isotope Analysis


Leg muscle tissue from each L. santolla was dissected, washed with MilliQ water and oven-dried at 60 °C for 48 h. The dried matter was ground to a homogenous powder using a mortar and pestle and rinsed with a 2:1 chloroform:methanol solution to remove lipids [33]. Then, the samples were divided into two portions. Calcium carbonate from the exoskeleton or cellular wall had to be removed to obtain unbiased δ13C values [34,35]. As such, one of the subsamples was demineralized with 0.5 N hydrochloric acid (HCl) to eliminate remnants of calcium carbonate and the separate portion was used to measure δ15N, given that the decarbonization treatment negatively affects 15N [36].



Nitrogen and carbon isotope ratios were performed using a continuous flow isotope ratio mass spectrometer (Flash EA200 IRMS Delta Series, Thermo Scientific, Bremen, Germany). Stable isotope abundance is expressed in standard δ notation, relative to international standards: δ13C = Vienna Pee Dee Belemnite and δ15N = atmospheric nitrogen [37]. The precision for δ15N was 0.18‰ and for δ13C was 0.3‰. Isotopic estimation was performed at the Laboratory of Biogeochemistry and Applied Stable Isotopes (LABASI), Pontificia Universidad Católica de Chile (Santiago, Chile).




2.4. Trophic Position


The δ13C and δ15N values can vary significantly in primary producers over spatio-temporal scales. For this reason, two primary consumers were selected to define the baseline values, given that they generally present less variation in δ13C and δ15N, thus they may better represent an integrated spatio-temporal signal of primary producers within the system [38,39,40].



To determine the trophic position (TP) we used the Bayesian approach considering the equation proposed by Post, 2002 [41,42], which includes two different sources (one pelagic and one benthic). Our baseline TPs were calculated using δ15N values of Perumytilus purpuratus a filter-feeder of phytoplankton collected from the same site as king crabs, and the benthic gastropod Margarella violacea (assuming that both occupy TP = 2). Furthermore, we used a trophic enrichment (δ15N) of 3.4‰, which has been identified as an average trophic nitrogen fractionation for aquatic consumers [38,42].




2.5. Data Analysis


Stomach content: To compare crab diets in both stages, a PERMANOVA was performed on the matrix of volumetric contribution per item for each juvenile crab. Additionally, a similarity percentage analysis (SIMPER) was conducted to determine which prey species made the greatest contribution to dissimilarities in the diet between ontogenetic stages. Similarities among individuals were visualized by a principal coordinate analysis (PCO) using the Bray–Curtis similarity matrix [43]. All analyses were performed in PRIMER v7 [44].



Stable isotopes: The SIBER package [26,45] was used to assess the isotopic niche width (‰2) of cryptic and vagile L. santolla juveniles. We used standard ellipse areas corrected for the small sample size (SEAc) to represent the core isotopic niche [45,46], and Bayesian standard ellipse areas (SEAb) to compare the niche width areas. This Bayesian modelling was done using 106 iterations to reduce the uncertainty of uneven and small samples [46]. Pairwise comparisons were considered meaningful when the probability of occurrence exceeded 95%.



Moreover, total trophic overlap was estimated between cryptic and vagile juveniles for a probabilistic niche region using nicheRover v1.0 [47]. This analysis is insensitive to sample size and evaluates the probability that the niche region of one species will overlap with that of another (i.e., A→B and B→A). The overlap index was generated after 10,000 Monte Carlo draws for a niche region (alpha = 0.95) using the predictor variables.



Finally, trophic position between juvenile phases was compared using an ANOVA test with permutation using the “lmPerm” package in R. This function tests a statistical hypothesis regardless of data distribution and it can be used for analyzing an unbalanced design.





3. Results


3.1. Stomach Content Analysis


A total of 35 individuals were processed and analyzed: 15 cryptic (17–36 mm CL) and 20 vagile (51–100.8 mm CL). All individuals collected, except one (vagile juvenile), showed material in their stomach (Table S1). Standardized volumetric contribution (%) and POC analysis showed a clear visual difference between the ontogenetic phases (Figure 1). The PERMANOVA corroborated these differences (Psedo-F1,34 = 7.85; Pperm = 0.001, permutation = 999) and the SIMPER analysis showed a 60% dissimilarity between cryptic and vagile juveniles. Crustacean, bivalve and algae items were the prey that contributed most to differences between groups (20%, 14% and 11%, respectively) (Table 1). In fact, more crustacean items were consumed by vagile juveniles and very few by cryptic juveniles (Figure 2) and a high fraction (43%) of this category corresponded to king crabs body parts (Figure 3). The majority of carapace fragments were identified as L. santolla by presence of spines in the exoskeleton surface, which are absent in the other lithodid from the study area, the false king crab Paralomis granulosa [48]. Therefore, substantial levels of cannibalism were detected in vagile individuals. In the case of bivalves and algae, both items were more common in cryptic juveniles than vagile juveniles (Figure 2, Table 1).




3.2. Trophic Niche Size and Overlap


A total of 26 juveniles were processed and analyzed: 11 cryptic (17–36 mm CL) and 15 vagile (55–100.6 mm CL) (Table S2). Bivariate standard ellipses (Figure 4a) indicated that the niche size of cryptic phase individuals (1.37 ‰2) was greater than the niche size of vagile phase individuals (0.86 ‰2). However, no significant differences in Bayesian standard ellipse area were found (SEAb [cryptic] < SEAb[vagile]; p = 0.14075) (Figure 4b). The probability of niche overlap was high among juveniles, with a higher probability of the vagile phase overlapping the trophic niche of cryptic individuals (80.3% at α = 0.95 probabilistic niche regions) than the cryptic phase overlapping the vagile trophic niche (59.2% at α = 0.95 probabilistic niche regions).




3.3. Trophic Position


The average trophic position estimated for cryptic phase individuals was 2.52 ± 0.17, while for the vagile phase it was 2.73 ± 0.14, which is consistent with significant differences observed in the trophic position of the juvenile phases (permutation test, Pperm = 0.021, permutation = 4820) (Figure 5).





4. Discussion


Southern king crab juveniles in the kelp forest showed changes in prey items across their ontogeny. Although a drastic switch of diet pattern was not found between juvenile phases, crustacean items appear as one of the principial and evident changes in prey consumption. The incorporation of king crab exoskeleton in stomachs by vagile juveniles suggests a dominance pattern by larger juveniles through inter-cohort cannibalism.



Cannibalism has been well described in general for king crab juveniles in a laboratory setting [9,49,50] and in SKC in particular [10,51], but evidence from wild animals has been more elusive [7,46]. Cannibalism has not been included in a seasonal assessment of wild L. santolla juvenile diet. Furthermore, Paralomis granulosa, a sympatric lithodid, showed no evidence of cannibalism in a field survey [52]. However, in this study direct evidence from stomach contents of juveniles indicates that inter-cohort cannibalism is an actual feeding behavior in nature, therefore, it is not an artefact of dense cultures of king crabs.



King crabs are active predators but also scavengers, therefore ingested individuals may already have been dead when they were consumed. This difference is important because in laboratories the intensity of cannibalism is density-dependent [51,53]. Active predation on early juveniles in nature could be an effective population control mechanism as it has been shown for other crab species [54]. Like many early benthic stages of decapods [55], including king crabs [56,57,58], SKC juveniles prefer complex habitats [59] to avoid predation, including cannibalism, as suggested here. The complex habitat provided by kelp forest, where cryptic juveniles can easily take refuge under boulders, cobbles or algae holdfasts and are protected by the kelp canopy, can be interpreted as a refuge for early ontogenetic benthic phases [15]. This habitat would improve the survival of younger juveniles. Furthermore, the great isotopic niche width indicates that the kelp forest provides food items from different carbon sources (pelagic and benthic), increasing the nutritional options for early juveniles. In fact, this is in line with the relatively high number of cryptic early juveniles inside of the kelp forest compared to those outside habitats (Pardo L.M., unpublished data).



Thus, the role of kelp forest habitat as nursery grounds for SKC seems to be plausible, but needs a rigorous comparison of survival and growth patterns among individuals from multiple juvenile habitats. Moreover, the final evidence is the disproportional contribution of nursery habitat to the adult king crabs in comparison to other habitats of juveniles [60]. There is an urgent need to test the kelp forest nursery hypothesis for SKC, especially given the uncertain fate of kelp forests in the austral region facing climate change and harvesting possibilities in the future [61].



Although stomach content analysis in this study was limited to one season, the complementary use of prey species isotopic signatures provides quantitative insights into the trophic niche overlap/segregation between different phases of development [62]. This analysis suggests a change in the trophic position based on the size of individuals, where vagile juveniles can feed on organisms in a higher trophic position, including cryptic juveniles.



These findings agree with the behavioral ecology of the juvenile ontogenetic phases [13], when smaller juveniles (i.e., cryptic phase) have a reduced home range, foraging inside of the kelp forest habitat and preying on algae and bivalves (filter feeders), both sessile organisms with low trophic positions. On the other hand, larger juveniles (i.e., vagile and gregarious phases) have greater prey offer, especially with the addition of crustacean species to their diets, foraging both inside and outside of kelp forests. This ontogenetic shift in the diet seems to be coupled with better proteolytic enzymatic capacities, which appear in early juveniles, but increase towards adulthood with enhancing activities of endopeptidases such as trypsin and chymotrypsin [63].



Authors of a study performed on the Atlantic coast [7] also detected significant differences in the diet of small and large juvenile southern king crabs, but the shift in their diet was attributed to ophiuroids rather than crustaceans. On the other hand, a study in the Beagle Channel [64] reported gastropods as the principial food items which contributed to differences in the diet of large and small juveniles. More likely, different diets of SKC were associated with different habitat conditions. In any case, this research and previous studies confirm that juvenile southern king crabs are macrophages and opportunistic omnivorous predators [7].



Trophic niche breadth can be expected to increase with ontogeny, as species change habitat during their benthic life cycle and more potential prey becomes available. In addition, larger size of individuals improves accessibility to larger prey. However, in this study, we found a high overlap in the isotopic trophic niche among juveniles. Therefore, ontogenetic change in the diet seems to be only evident by observing the trophic position of juveniles, but this does not necessarily mean changes in the pattern of carbon source use. Similar results were found when comparing juvenile and adult red king crabs in Norway [65], where juveniles and adults showed a high overlap in the isotopic trophic niche, but adults had a higher trophic position. Other crabs such as Chionecetes opilio also showed a similar pattern [66]. A drastic habitat change such as bathymetric migration seems necessary to observe more evident changes in trophic niche breadth.



Southern king crab stocks demonstrate signs of overfishing in Chile and Argentina [67,68] probably due to male-only fishery management [69,70]. Therefore, stock enhancement, a feasible strategy to restore natural king crab populations [71], seems a management alternative for the near future. Along these lines, further studies should focus on differences in cannibalism levels among juvenile habitats, including kelp forests. Thus, restocking with early juveniles for population rehabilitation should take into account the size of juveniles released and habitat type with respect to cannibalism intensity.
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Figure 1. (a) Distribution of standardized volumetric contribution to diet (%) of 15 items for two juvenile ontogenetic phases of Lithodes santolla. (b) Ordination pattern of samples by principal coordinate analysis (PCA) on a resemblance matrix. An individual without stomach content was excluded from the analysis. 
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Figure 2. Standardized volumetric contribution to the Lithodes santolla diet (%) for three principal food items in the stomach content (SIMPER analysis). Resemblance similarities principal coordinate analysis (PCA). (a) Crustaceans contribution to diet; (b) Bivalves contribution to diet and (c) Algae contribution to diet. 
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Figure 3. Examples of stomach contents showing a high volume of crustacean items, especially king crabs exoskeleton debris. Size of individuals (a) 88 mm CL, (b) 51mm CL, (c) 67 mm CL, (d) 63 mm CL. Arrows show the spines, characteristic of Lithodes santolla. 
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Figure 4. Isotopic niche areas of vagile and cryptic southern king crab juveniles sampled in Aguila bay. (a) Bivariate plot of δ13C and δ15N values showing standard ellipse area corrected for small sample size (SEAc). (b) Boxplots of model-estimated bivariate standard ellipse area (SEAb) for cryptic and vagile phase. Dark, medium and light gray boxes are respectively the 50%, 75% and 95% confidence intervals of the probability density function distributions of the model’s solutions, and black dots are the modes of these distributions. Red dots are the SEAc values associated with each group. 
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Figure 5. (a) Trophic position on a size gradient of Lithodes santolla juveniles. (b) Boxplot of cryptic and vagile juveniles’ trophic levels. 
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Table 1. Contribution of principal food items (%) to dissimilarity in stomach contents between vagile and cryptic juveniles of Lithodes santolla associated with kelp forest. Av.Abund = average abundance of prey item, Av.Diss = average dissimilarity Diss/SD = average contribution divided by the standard deviation, Contrib% = Contribution to the dissimilarities, Cum% = Cumulative contribution to the dissimilarities.
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ITEMS

	
Av.Abund

	
Av.Abund

	
Av.Diss

	
Diss/SD

	
Contrib%

	
Cum.%




	

	
Vagile

	
Cryptic

	

	

	

	






	
Crustaceans

	
6.17

	
1.57

	
12

	
1.81

	
19.84

	
19.84




	
Bivalves

	
1.76

	
4.07

	
8.49

	
1.31

	
14.05

	
33.89




	
Algae

	
2.69

	
4.64

	
6.85

	
1.29

	
11.34

	
45.23




	
Sediment

	
3.61

	
2.55

	
6.65

	
1.18

	
10.99

	
56.22




	
Hydrozoans

	
1.62

	
2.07

	
5.02

	
1.14

	
8.3

	
64.52




	
Echinoderms

	
0.13

	
1.65

	
3.98

	
0.69

	
6.58

	
71.1




	
Average Dissimilarity = 60.46
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