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Abstract

:

Marine hermit crabs inhabiting different species of shells in the rocky intertidal may receive varied benefits and costs. Thick shell walls, sculpture, and certain silhouettes may increase protection against crushing predators and waves, but also the energy cost for bearing such a shell. To determine the relative energy demands on Pagurus granosimanus supporting one of three different species of shells commonly inhabited in nature, we measured the consumption of food by free-roaming, size-matched individuals after four days of food deprivation in the laboratory. Surprisingly, while all hermit crabs consumed a significant amount of food, that amount did not differ significantly across the types of shells inhabited, despite the significantly heavier weight of one type of shell (>150% of each of the other two species), and markedly different shell silhouettes. Whether our results were due to the inherent abilities of arthropods to support proportionally immense weights (physiology), reduced movements by animals in heavier shells (plastic behavior), or the way the hermit crabs bear the burden of the shell requires further investigation. Regardless, our results suggest that individuals of P. granosimanus that inhabit heavier shells that likely provide increased protection do not experience corresponding elevated food consumption requirements over the short term, even if those shells are not centered over the body mass of the hermit crab. Pagurus granosimanus crabs can bear the burden.
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1. Introduction


Hermit crabs typically inhabit empty gastropod shells to gain protection against predators and the harsh, intertidal environment [1,2,3,4,5], but inappropriate domiciles can exert severe costs on the inhabitant [4,6,7,8]. Hermit crabs, including our study species Pagurus granosimanus (Stimpson, 1859), typically occupy a distinct subset of the available gastropod shells in the wild [9] and predominantly select certain species when given access to a wide array in the laboratory [5]. These choices may be driven, in part, by the comparative weight of the shells. A large, thick-walled shell with a robust apertural lip and calcified shell decorations such as knobs, spines, and ribs may provide ample room to grow and resilient protection against generalized durophagous predators [5,10,11]. Vance [3] experimentally demonstrated that individuals of P. granosimanus that inhabited smaller shells were at higher risk of crab predation, and Spight [12] postulated that hermit crabs rarely used the species Lirabuccinum dirum’s available shells due to its thin walls. Shell weight can also provide hydrodynamic advantages in wave-exposed areas [13,14].



However, a large, thick-walled shell possesses considerable heft, which is likely to increase energy expenditures for a hermit crab that continually bears that shell during daily foraging activities [15,16]. Heavier shells display slow growth [5] and references therein, [17]. In hypoxic conditions, some hermit crabs shift to significantly lighter choices [18], and others shift from heavier, conical shells to smaller, lighter, globose ones when moving to areas of slower-flowing water [14]. Female hermit crabs of some species tend to utilize lighter shells than do the males, perhaps due to the additional weight of eggs [19,20]. These observations suggest there can be a significant, potentially limiting, cost to bearing a heavier shell. Shell inadequacy must constitute a powerful evolutionary force in hermit crab biology [3]), and shell weight has been posited as one of the determining factors of shell value [21]): thicker shells may be more protective, but higher energetic demands incurred by supporting heavier, off-centered shells may elevate caloric intake requirements and increase the need for time spent foraging.



To explore these potential tradeoffs with P. granosimanus, a common hermit crab species in the Pacific Northwest rocky intertidal, we examined whether carrying shells of different species commonly inhabited in nature (Calliostoma ligatum (Gould, 1849), Nucella lamellosa (Gmelin, 1791), or Lirabuccinum dirum (Reeve, 1846); Figure 1) led individuals to consume increased amounts of food as an indication of increased energetic expenditures (similar to the need for increased calorie consumption of many human athletes compared to non-athletes [22]). Because hermit crabs can be removed from their existing shell relatively easily without harm to the animal, and will readily enter almost any shell rather than remaining shell-less, this study system allowed us to create treatments of size-matched hermit crabs bearing shells of different species. We predicted that, after being deprived of food for four days and then allowed to eat ad libitum for 24 h, individuals in species with heavier shells that are not as centered over the crab would consume more food. Thus, we predicted that hermit crabs in N. lamellosa would consume the most food in trials, and those in L. dirum would consume the least.




2. Materials and Methods


2.1. Food Consumption Experiment


To test the relative energy demand that could result in different levels of hunger caused by supporting different species of shells, large individuals of Pagurus granosimanus (0.2 g to 1.3 g) were collected from Colin’s Cove (48°33′4″ N, 123°0′20″ W) on the east side of San Juan Island, Washington state. Each hermit crab was transported to the laboratory and size-matched (±1 mm, as measured using a digital caliper) to a single new snail host shell based on the aperture length of the shell it inhabited when collected in the field. The aperture length of the shell is likely a limiting factor for the acceptability of a potential domicile because a hermit crab’s widest point (across its cephalothorax) will need to fit inside the shell to allow the crab to completely withdraw when threatened [23]. The shells occupied by hermit crabs in these experiments ranged in aperture length from 7.26 to 12.95 mm (average = 9.75; 1SE = 0.20).



Each hermit crab was removed from its shell using a locking adjustable crescent wrench that allowed incremental pressure to gently crack the shell. Once the shell had fractured and large sections fell free, the hind end of the animal was gently prodded with a probe to encourage the animal to voluntarily abandon the shell remnants. From this stage forward, the hermit crabs (and no-crab treatments, explained below) were housed separately in plastic flow-through containers (20 cm × 14 cm × 10 cm with mesh inserts along the side lengths, pore size = 1 mm). The shell-less hermit crab was placed alone in a flow-through tub on a sea table with its single-size-matched experimental shell. A sea table is a large tank in the laboratory with seawater continuously flowing in from the ocean and draining out. The sea table maintained a constant water level that kept the experimental containers fully submerged with a gentle aerating flow through them, but no large food particles entered with the inflow, and no other animals were maintained in the sea table during the experiment. Each new shell provided was one of three species, which represented the experimental treatments: Nucella lamellosa, Calliostoma ligatum, or Lirabuccinum dirum. These shell species differ both in relative weight (Figure 2A) and shell silhouette, with N. lamellosa and L. dirum displaying a greater length:width ratio than C. ligatum that projects to a greater degree along the horizontal axis from the hermit crab’s body (i.e., the last species is a more squat, vertically oriented domicile than the other two species; Figure 1).



Experimental shells (Table 1) were acquired by collecting live snails at Colin’s Cove, freezing them for 24 h, then removing the snail tissue using manual agitation and multiple washes with fresh water for 3 to 4 days until no more snail tissue remained in the shells. Empty shells were then allowed to dry before use in experiments. Thus, all treatments utilized recently vacated, intact shells; empty shells weaken rapidly post-mortem ([24] and the structural integrity of shells is important in hermit crab choice [25]. The deviation of the aperture length of the newly inhabited experimental versus the original shell was not significantly different across treatments (Figure 2B; ANOVA; F2,44 = 2.79, p =0.0721, n = 48).



All experimental animals readily entered, and remained in the new shell. Because hermit crabs are extremely averse to remaining shell-less but empty shells are relatively rare [5,9], our experimental design, where a naked crab is presented with only one choice, likely mimics natural situations. We did not use ovigerous females, but we did not otherwise distinguish between male and female crabs, as Hazlett [5] found that shell preferences were similar between sexes (except as a byproduct of sex-related size differences), even when females are ovigerous. Each treatment was replicated 16 times. All replicates were placed in a single sea table, with treatments alternating positions within the sea table.



When presenting hermit crabs with shells, the hermit crabs were organized into size-matched triplets (aperture length ± 1 mm) to control for any effect body size might have on the food consumption rate, with each of the three experimental shell species inhabited across the triplet. Separate one-way ANOVAs, both using treatment as the independent variable, confirmed that our attempts to size-match hermit crabs across treatments were successful: there were no significant differences among treatments in either the starting weights of shell-less hermit crabs (Figure 2B; F2,45 = 0.375, p = 0.689) or cheliped widths of the crabs (Figure 2C; F2,45 = 0.217, p = 0.806). The species of shell the hermit crab inhabited when originally collected was recorded but had no bearing on the species of shell we assigned to the animal in our experiments. To confirm that the hermit crabs did consume a significant amount of the provided food (i.e., the food was palatable), we also had a treatment (the no-crab treatment) that consisted of replicates without hermit crabs present.



The animals were held for four days without food to allow them to move freely and experience any energetic costs of bearing the shell without consuming anything (i.e., elevating their hunger levels). Previous food acquisition experiments for a congeneric species (Pagurus samuelis) precluded feedings for four to seven days prior to testing [26]. Occasional observations of the animals multiple times each day indicated that all hermit crabs remained in their shells and moved around the containers, including vertically climbing the walls of the container by grasping the mesh of the inserts. After four days without providing food, ~1.0 g of imitation crab meat (TransOcean brand, which is processed fish, typically pollock) was placed in each replicate container for 24 h. All food was procured from the same individual package and all trials were started on the same day to minimize any differences in food across the replicates. In seawater, imitation crab meat neither gained mass, crumbled, or decayed substantially over the length of our experimental time period [27], and personal observations, and this amount of food greatly exceeded what any of the crabs could consume in this time period. The range of the weights of initial food provisions was 0.994 g to 1.078 g (a 0.084 g difference), ensuring equitable starting points and enabling us to compare the amount of food remaining across the treatments as an accurate indication of relative consumption.



At the end of the feeding period, food fragments not eaten by the hermit crabs were collected, gently rinsed with fresh water, then dried for 24 h at 63 °C, and re-weighed (to three decimal places). The food was dried upon the termination of the experiment to avoid any variation in hand-drying that might leave behind water droplets, as these could add significant mass if the hermit crabs shredded the food. The drying process precluded us from merely subtracting the final weight from the initial weight to determine the mass consumed by the crabs. Instead, our experimental dependent response was the dry weight of unconsumed food; animals with larger numbers ate less during the experimental period. The weights of the food portions initially provided in containers did not differ significantly across the treatments (ANOVA; F3,59 = 0.715, p = 0.547).




2.2. Data Analyses


We conducted separate analyses of variance tests (ANOVAs) to compare the effect of the shell species (the independent variable) on the dry weights of the remaining food at the end of the experiment (the dependent variable), as well as on the relative weights of the shell domiciles and of the hermit crabs used in the experiment to assess the consistency of our experimental design across treatments (n = 16). In addition to ANOVAs, we also examined the data on the weights of remaining food by calculating Bayes factors using the oneWayAOV.Fstat function from the BayesFactor package in RStudio [28]. This is a comparative test providing the likelihood of the alternative hypothesis compared to the null hypothesis. Numbers greater than zero show stronger support for the alternative hypothesis; numbers less than zero show stronger support for the null hypothesis. We also used an ANCOVA to determine whether the size of the animals (as indicated by their weight) and the type of shell of the hermit crab significantly affected the amount of food eaten.



All statistical tests were conducted using RStudio version 2023.06.1+524 (Posit Software, PBC) with an alpha-level of p < 0.05 as the threshold of significance, and we calculated Tukey’s pairwise post-hoc comparisons if the overall effect of the independent variable was significant.





3. Results


There was a significant difference among the weights of the species of shells we presented to the hermit crabs (Figure 2A; ANOVA; F2,45 = 55.65, p < 0.0001), with N. lamellosa being significantly heavier than either C. ligatum or L. dirum, but there was no significant difference between the last two species (p = 0.68).



There was a significant effect of treatment on the weight of food remaining (Figure 3; ANOVA; F3,60 = 18.09, p < 0.0001). Subsequent pair-wise comparisons revealed that each of the three treatments with hermit crabs had significantly less food remaining than in the no-crab treatment (p < 0.0001 for each comparison), indicating that the hermit crabs in all types of shells consumed significant amounts of food. However, across the three shell treatments, there was no significant difference in the amount of food remaining (p > 0.4 for each comparison).



The Bayes factor of the entire data set of the no-crab control and all three shell treatments was 32.82, indicating strong support for the hypothesis that there was a significant difference across all treatments in the amount of food remaining. In contrast, among only the three shell treatments the Bayes factor was −1.05, indicating support for the null hypothesis (no effect of type of shell on the amount of food remaining).



There was a significant negative relationship between hermit crab size and the amount of food remaining (Figure 4, ANCOVA; F1,42 = 4.5203, p = 0.0391), indicating that larger crabs consumed more food. However, there was no significant effect of the type of shell on the amount of food remaining (ANCOVA; F1,42 = 1.15, p = 0.3262).




4. Discussion


Surprisingly, despite the large differences in shell silhouette and weight among our experimental treatments (the average weight of shells of N. lamellosa registered > 3.28 g more, a > 150% increase, than the average weight of either of the other two shell types), hermit crabs supporting the various shells did not consume significantly different amounts of food, suggesting they did not differ in hunger level. Our current findings appear to contradict many previous studies e.g., [29] and others cited in our introduction] that proposed shell weight as an important factor in domicile choice. While Bell [30] noted that hermit crabs will endure an increased energetic cost of carrying epibiont-covered homes, our results suggest that in our study species, the additional energy required may be minimal.



While our results conflict with others’ findings (see introduction), they agree with other studies involving both tropical and temperate hermit crabs. Hazlett [31] noted that the rate of daily movements of a tropical hermit crab was not significantly affected by the weight or species of the shell inhabited. Additionally, a temperate pagurid species showed no effect of shell weight on levels of activity or lactate in the hemolymph, suggesting that heavier shells do not result in fatigue [32], and other hermit crabs carrying shells four times their body weight do not increase their VO2 levels (Herreid and Full, 1996). In retrospect, it is perhaps not surprising the additional mass borne in our experiments did not elevate the rates of food consumption. Some arthropods regularly carry 8.5 times their own body weight, or have joints that can withstand 5000 times their body weight [33,34,35]; these adaptations suggest regular bearing of burdens much greater than our heaviest shells. Additionally, because empty, intact shells are often limited locally for this crab [9], the frequency of acceptable shells may require that hermit crabs sustainably bear a wide range of weights [36].



However, our results may be due, at least in part, to the way the various shells were situated on the hermit crabs. A shell that is heavier when weighed in isolation is not necessarily a heavier burden for a hermit crab to bear. The shape of the shell, combined with its internal configuration, can cause substantial variation in the way it is carried: the angle, how much is centered over the hermit crab’s body, and how much shell is at least semi-supported by the ground (Figure 1). As such, the degree of burden and ensuing stress incurred by the inhabitant may not be correlated with the mere raw weight of the shell but altered (elevated or reduced) by aspects of the shell form that are impacted by growth variables [37].



Longer-term (90-day) studies with a tropical hermit crab have shown that increasing shell weight through the use of shells of different species resulted in a concomitantly decreased growth rate of the hermit crab inhabitant [38]. However, a close examination of Alcaraz et al. [38], see their Figure 1) reveals that hermit crabs in the second-lightest shells (which did not differ significantly in weight from the lightest shells) did not grow significantly more quickly than animals in the two species of shells that were significantly heavier, and even possessed a lower average than the crabs inhabiting one species of the heavier shell. These results suggest that something other than shell weight was affecting the growth rate of the hermit crabs. We recommend repeating experiments similar to Alcaraz et al. [38] by manipulating the weights of a single species of shell.



Our experimental time frame, after only four days of food deprivation and one day for consumption, may have been too short for these aquatic poikilotherms with a relatively low metabolic rate to demonstrate noticeable differences in consumption. However, our length of food deprivation is within the range of that used by other researchers. For instance, Micheli [39] reported declines in prey selectivity in blue crabs after only three days of food deprivation. Working with other species of pagurids, Angel [27], Alcaraz and Garcia-Cabello [16], and Billock and Dunbar [40] conducted trials after (respectively) two, five, or eight days without food. Similar to our results, Angel [27] reported that hermit crabs in tightly fitting shells (assumedly smaller and lighter) did not feed at different rates than individuals in shells of preferred size.



Furthermore, we opted for a shorter experimental food deprivation period to encourage hunger, but not starvation. One crab species revealed a peak of prey searching time and less stationary time in treatments of six and nine days without food [41]. Two other crab species showed a peak in predation rate and time spent foraging after six days without food, but rates lowered in those starved for nine days [42]. We utilized only four days of food deprivation to allow the hermit crabs time to engage in substantial foraging movements, while avoiding exceeding the hunger threshold that might cause the animals to reduce metabolism [16]. We waited only 24 h after placing food in the containers before removing it because past work on spider crabs noted maximum rates of consumption on the first day with a steady decline afterwards [43].



Our experimental arena, which lacked significant wave action, may have skewed results by reducing drag forces, but the lower depths of tide pools, which is where these species are often found [44] working in California; our personal observations], would also have low flow rates. Potentially, our results may merely reflect reduced movements by the animals in heavier shells, as has been shown in some systems e.g., [16]. But, Rittschof et al. [45] showed that hermit crabs in heavy shells are still sufficiently mobile, and in each of our occasional (more than daily) checks of experimental containers, all of the crabs seemed to have engaged in exploratory movements that altered their location in the container. Additionally, we used animals in experiments within a day of field collection, so they had likely not yet resigned themselves to a lack of alternative shells within the arena (if, indeed, hermit crabs make such a decision). In the field, most species of hermit crabs live in areas with a shortage of intact and sturdy empty gastropod shells [5], which is also true for our current study species [9]. Thus, to find a better shell than the one currently possessed would typically necessitate searching behaviors. Therefore, crabs in nature with heavier-than-ideal shells would need to search for better options and thus not reduce their movements to an extreme amount.



On San Juan Island, a high percentage of individuals of P. granosimanus readily switch into larger shells when available [17], and intact larger-sized shells are typically more limited than smaller shells [46,47]. It is possible because we used larger individuals from the population and matched the size of the shells we provided in the experiments to the size of shells the hermit crabs inhabited in the field, that the hermit crabs had been inhabiting substantially smaller-than-ideal shells in the field. If so, the additional weight burden of thicker-shelled N. lamellosa may have been an easy extra burden for those crabs to shoulder.



While our data did show that there was a significant effect of hermit crab size on the amount of food left behind, the slope to the line was very small and there was a poor fit of the line to the data. Hermit crabs across our (intentionally) small range of crab sizes ate almost the same amount, even if they were carrying the heaviest species of shell and were proportionally small for the size of shell they inhabited.



All of these results imply that shell weight alone is not the determining factor of its burden of energetic demand. Hermit crab behavior can be plastic. Hermit crabs alter shell choice in the presence of chemical cues from various predators [48,49], and one species will even choose less-preferred shells if only that shell allows escape from an enclosure [50]. In some species of hermit crab, the cost of walking (measured as oxygen consumption) increases with shell mass, but the amount of exploratory walking is negatively correlated with the heaviness of the shell, suggesting that reduced activity enables the hermit crabs to deal with the high energetic costs of foraging in heavy shells [16]. While we noted that all of the crabs moved during the course of our experiment, we did not attempt to quantify the amount or rate of movement. While Herreid and Full [51] observed that shell-bearing hermit crabs had higher levels of oxygen consumption than conspecifics without shells, as animals increased their speed, there was a marked decrease in the relative cost of transport. The authors surmised this reduction might partially be because crabs carrying shells altered leg positions to drag the shells and thus reduce the burdens supported by the animals. As illustrated above (Figure 1), P. granosimanus appears to support proportionally more of the weight of L. dirum shells while the other two shell species rest partially on the substratum. Thus, the relative weights to support may not be as dramatic as suggested by Figure 2A. Future studies should examine the amount and speeds of movement by the crabs, as well as note the amount of time that shells are dragged as opposed to fully elevated. Additionally, all of these aspects should also be examined in the air as well as while the animals are submerged, as the buoyancy of water may affect the cost. Further investigations should determine whether there are differences among the tropical and temperate hermit crabs, or species-to-species differences, as to whether the options available are close to the maximum weight limit of easily borne shells, or whether previous experiments demonstrating extreme costs overlooked other aspects of different species of shells that were more important than weight differences (such as how the shell is carried).



While the heavy-walled N. lamellosa was the second-most commonly inhabited species of shell for P. granosimanus at our collection site, the least commonly used (but acceptable) species was the lighter L. dirum. The most commonly inhabited shell at this site, Margarites pupillus [9], has a much thinner shell wall than N. lamellosa (more comparable to C. ligatum and L. dirum) and the shell silhouette is more similar to C. ligatum than to N. lamellosa. At this site, empty shells of M. pupillus (66) far outnumbered empty shells of any of the other species, with N. lamellosa a distant second (4) and almost no empty L. dirum (1) or C. ligatum (0) found [9]. Because P. granosimanus apparently has strategies or morphologies that reduce the relative energetic demands of bearing differently shaped and weighted shells, the frequency of available shells may subsume selective pressures due to shell weight or silhouette. From our current results, we conclude that individuals of free-ranging P. granosimanus do not experience short-term energetic demands that then drive different levels of food consumption when inhabiting size-matched shells of the thin-walled, squat C. ligatum, the thin-walled, elongate L. dirum, or the thicker-walled, elongate N. lamellosa.
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Figure 1. Front and side or posterior views of Pagurus granosimanus in shells of the various experimental treatments: (A,B) Nucella lamellosa (the number on the shell is from a different experiment); (C,D) Calliostoma ligatum; (E,F) Lirabuccinum dirum. 
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Figure 2. Metrics affiliated with the experimental design. (A) The shells in the various treatments did differ significantly in average weight. Individuals of P. granosimanus were placed in appropriately sized shells, as indicated by (B), which is the average aperture lengths of the natural and experimental shells. Hermit crabs were successfully size-matched across treatments as indicated both by (C), the average shell-less body weights of the crabs, and (D), the average widths of chelae. Numbers within the bars indicate sample size; all errors, bars are ±1SE; different lowercase letters above the bars signify statistically significant pair-wise comparisons. 
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Figure 3. Average weights (±1SE) of food remaining in each container after 24 h. Numbers within the bars indicate sample size. Different letters above the bars indicate statistically significant pair-wise differences. 
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Figure 4. The weight of each hermit crab compared with the amount of food remaining, grouped by each type of shell treatment. The best-fit line for each shell type was as follows: N. lamellosa: y = −0.008x + 0.1806, R2 = 0.024; L. dirum: y = −0.0308x + 0.2026, R2 = 0.22; and C. ligatum: y = −0.014x + 0.1909, R2 = 0.078. n = 16 for each type of shell. 
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