Intraspecific variability in larval development in the lithodine crab Lithodes maja
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ABSTRACT
Interspecific comparison of larval duration in lecithotrophic deep-water lineage lithodine king crabs suggests that faster development at a given temperature is associated with greater energetic reserve utilisation. Similarly, intraspecific comparison using data from two different studies has suggested that faster development at a given temperature is associated with greater energetic reserve utilisation in the deep-water-lineage lithodine Lithodes maja. To assess intraspecific covariation in duration of larval development and energetic resource utilisation more robustly, we examined larval development parameters (survival, duration of development, and energetic reserve utilisation) in broods from three different captive-mated females of the northern stone crab L. maja incubated and maintained under identical conditions at 6°C. Larval survival was similar among broods but duration of development differed. Energetic reserve utilisation also differed among broods with the depletion of C mass and N mass appearing greater in faster developing larvae. The greater energetic cost of more rapid development may contribute to selection pressure for increased per-offspring investment during adaptation to low temperature and high hydrostatic pressure in lithodid species. Although the limited number of broods examined prevents definitive conclusions, results presented here suggest potential links between duration of development and energetic reserve utilisation, warranting further exploration of this relationship.
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INTRODUCTION
Lithodid phylogeography indicates that the group originated in the shallow Northeast Pacific, before diverging into the Hapalogastrinae and the Lithodinae (Zaklan 2002, Hall & Thatje 2009). Hapalogastrines are restricted to shallow water, as are most lithodine genus (shallow-water-lineage lithodines) (Hall & Thatje 2009). Only few lithodine genera (Lithodes, Neolithodes, and Paralomis) are present in the deep sea or have re-emerged from the deep sea into shallow water (deep-water-lineage lithodines) (Hall & Thatje 2009, 2018). Adaptations in larval development are considered one of the key features that enabled deep-sea colonisation by the Lithodinae and their subsequent re-emergence in polar environments (Thatje et al. 2005). Hapalogastrines and shallow-water-lineage lithodines have feeding (planktotrophic) larvae whereas deep-water-lineage lithodines have food-independent (lecithotrophic) larvae (Thatje & Hall 2016).
Inter- and intraspecific variability in larval development are typically attributed to differences in larval resource provision, i.e. the quantity and quality of maternal resources allocated to each individual offspring to fuel development (per-offspring investment) (Anger 2001; Oliphant & Thatje 2013). An interspecific trend in deep-water-lineage lithodines exists with lower per-offspring investment associated with more rapid development (Brown et al. 2018b). However, interspecific comparisons have suggested that faster development at a given temperature is associated with greater energetic reserve utilisation in deep-water-lineage lithodines (Brown et al. 2018b). It appears that faster development at a given temperature is associated with greater energetic reserve utilisation within a deep-water lineage lithodine species, too: comparison of larval development data from two studies suggests that faster development is more energetically costly in Lithodes maja (Brown et al. 2018a).
Previous studies assessing larval development in deep-water-lineage lithodines have either assumed that the development of larvae from a single brood are representative of the species, or have examined the development of larvae pooled from multiple broods and thus have reported mean developmental duration and resource utilisation. Although these are typical approaches to studying decapod larval development, such methods ignore the potential for significant intraspecific variation, which may have ecological and evolutionary significance. Only recently have investigations explored intra-specific differences in larval development in decapods (e.g. Oliphant & Thatje 2013; Oliphant et al. 2014). The aim of this study was therefore to assess intraspecific covariation in duration of larval development and energetic resource utilisation more robustly, by examining larval development parameters (survival, duration of development, and energetic reserve utilisation) in broods from different captive-mated females of L. maja incubated under identical conditions.
MATERIALS AND METHODS
Intraspecific variability in larval development at 6°C was examined by rearing larvae from three captive-mated females (A, D and E) (see Brown et al. 2018a for mating details). In brief, 96 freshly hatched, actively swimming larvae were selected at random from larvae hatched during a single 24 hour period from each brood. Larvae were isolated individually in 100 ml plastic beakers filled with ~80 ml seawater (1 µm filtered seawater: salinity 32.7, temperature 6 ºC) and transferred to an incubator set at 6 ºC, reportedly the optimum temperature for development in this species (Brown et al. 2018a). From each brood, 48 larvae were allocated to developmental duration and survival assessment, and 48 larvae were allocated to mass and elemental composition assessment. Larval rearing was conducted according to established protocols (e.g. Brown et al. 2018a). Every day, larvae were inspected for mortalities or moults. Larval mortalities were typically associated with moulting. Exuvia (exoskeleton cast at moult) indicated transitions between larval stages, which were confirmed by morphological changes: the appearance of conspicuous small pleopodal buds on abdominal somites in zoea II, which further develop in zoea III. Water changes were conducted every second day. L. maja larvae were not fed as they are obligate lecithotrophs (Anger 1996). To facilitate settlement and metamorphosis, a piece of nylon mesh was placed in the beaker as an artificial substrate once the megalopa stage was reached. Five individuals were sampled at random for dry mass and elemental composition determination (one individual per replicate) within 24 h post moult.
Energetic reserve utilisation can be assessed by examining changes in carbon (C) and nitrogen (N) content of larvae (proxies for lipid and protein reserves) throughout development (Anger and Harms 1990). Following Anger and Harms (1990), larvae were rinsed in distilled water, blotted on fluff-free paper, transferred individually to a pre-weighed tin capsule, and frozen at -80°C. Dry mass was determined to the nearest 1 µg after freeze-drying samples (24 h). C and N composition (% dry mass) were determined using a CHNS-O EA1108-elemental analyser (Carlo ERBA Instruments) calibrated using chitin as a standard. C and N mass were calculated from dry mass and elemental composition data (respectively, C × dry mass and N × dry mass).
Statistical analysis
Larval stages are not independent of previous larval stages. However, data available were insufficient to support repeated measures approaches. To mitigate the dependence of larval stages on previous larval stages, statistical comparisons among larvae from different females were made only within each larval stage. Although not the preferable approach, data within each of these analyses are independent: statistical comparisons were not made among larval stages.
Differences in the duration of zoea stages from each female were assessed using the Kruskal-Wallis ANOVA by ranks because data were not normally distributed and differences in survivorship resulted in unbalanced samples. Significant differences were explored using the post-hoc Dunn’s Method. 
Data were normally distributed and homoscedastic (Shapiro-Wilk and Levene’s tests, p > 0.05) and were therefore analysed without transformation. Differences in biomass parameters among larvae from different females within zoea I and megalopa stages were analysed using one-way ANOVA with female as a random factor. Significant differences were explored using post-hoc multiple comparisons applying the Bonferroni adjustment. Intraclass Correlation Coefficient (ICC) was calculated to indicate the percentage variation in biomass parameters attributable to female as a factor.
Visual inspection of the data suggested associations between larval duration and energetic reserve utilisation which were explored by testing the correlation (Pearson product-moment correlation) between total mean zoeal duration (estimated from summation of means for each zoeal stage) and change in biomass parameters.
RESULTS
Larval mortality was similar among larvae from different females (Table 1), but the duration of developmental stages from different females was not (Table 2): zoea I duration was shorter in larvae from female E than from female A (H = 9.277, p = 0.010); zoea II duration did not differ among larvae from different females (H = 3.951, p = 0.139); zoea III duration was shorter in larvae from female E than in larvae from female D (H = 7.511, p = 0.023). Statistical differences in duration of larval stages must be interpreted with caution due to the low sampling resolution (24 h interval), but total mean larval duration estimated from summation of means for each larval stage was 80.0 days in E, 85.2 days in A, and 92.2 days in D.
Zoea I dry mass did not differ among larvae from different females (Fig. 1) (respectively, F2,12 = 2.186, p = 0.155, ICC = 0.192), but megalopa dry mass was greater in larvae from female A than in larvae from female D or female E (F2,12 = 15.408, p < 0.001, ICC = 0.742). Zoea I and megalopa C:N ratios were significantly lower in larvae from female E than in larvae from female A or D (Fig. 1) (respectively, F2,12 = 11.688, p = 0.002, ICC = 0.683 and F2,12 = 19.289, p < 0.001, ICC = 0.785). Zoea I C mass did not differ significantly among larvae from different females (Fig. 1) (F2,12 = 3.047, p = 0.085, ICC = 0.291), but C mass was significantly lower in megalopa from females D and E than in megalopa from female A (F2,12 = 15.725, p < 0.001, ICC = 0.747). Zoea I N mass was significantly lower in larvae from female D than in larvae from female A (Fig. 1) (F2,12 = 12.955, p = 0.001, ICC = 0.705), but N mass was significantly lower in megalopa from female D and female E than in in megalopa from female A (F2,12 = 15.012, p = 0.001, ICC = 0.737).
Correlations between mean zoeal duration and change in biomass parameters were not significant, although the Pearson product-moment correlation coefficient of determination for both C mass and N mass was high (Fig. 2) (respectively, p = 0.079, r2 = 0.985 and p = 0.164, r2 = 0.935).
DISCUSSION
The limited number of broods examined allows only tentative inferences from the data. These inferences must be considered with caution and should be considered hypotheses for further exploration, rather than conclusions.
Larvae originated from different females, but there was relatively little difference in larval energetic resources at hatching among broods (cf. Brown et al. 2018a). Whilst significant intraspecific variability in hatchling biomass is reported in Lithodes maja (Anger 1996; Brown et al. 2018a), differences in per-offspring investment likely contribute to variability in larval development (Anger 2001; Oliphant & Thatje 2013, Oliphant et al. 2014). Therefore, minimal differences in the dominant hatchling energetic resource (C mass) can be considered advantageous in this study, narrowing focus to associations between duration of development and energetic reserve utilisation.
Developmental duration varied significantly among larvae from different females (Fig. 1) and visual inspection of data suggested that shorter larval duration is associated with greater utilisation of C mass and N mass (Fig. 2). Correlation analyses indicated that this association was not statistically significant, but the low number of broods examined may have contributed to the statistical non-significance: low n delivers low statistical power and high potential for false negatives in statistical testing. Dichotomous interpretation of statistical testing is increasingly considered inappropriate (Amrhein et al. 2019) and the high predictive value of the correlation analyses suggests that the relationship between duration of development and energetic reserve utilisation warrants further investigation. 
For L. maja, faster larval development appears associated with greater resource use, which results in smaller megalopae. Studies have found that more rapid larval development is associated with metamorphosis at a smaller size in diverse decapod taxa (e.g. Sandifer & Smith 1979, Giménez et al. 2004, Oliphant et al. 2013). Smaller size may reduce starvation resistance, increase cannibalism risk (by fellow recruits), or reduce successful predation attempts for newly settled/metamorphosed decapods (Giménez et al. 2004). Thus, although size differences at settlement may be short lived (Sandifer & Smith 1979), they may be important under sub-optimal conditions (Giménez et al. 2004). Consequently, it appears there may be a selective trade-off between development duration and post-larval traits for L. maja. Greater energetic efficiency may increase fitness and therefore slower development may be under positive selection. However, developmental rate is likely also in a selective trade-off with predation risk and/or risk of advective loss beyond the population (Pringle et al. 2014). Advective loss beyond the population may occur because longer larval duration is likely to increase larval dispersion, increasing potential for mate limitation due to Allee effects (Courchamp et al. 1999). In fact, the selection pressure for shorter larval duration (to reduce predation risk and/or risk of advective loss) may dominate during adaptation to the constant low temperature and high hydrostatic pressure deep-sea environment, contributing to accelerated development in deep-water-lineage lithodines relative to shallow-water-lineage lithodines and hapalogastrines (Fig. 3). Greater per-offspring investment in deep-water-lineage lithodines than in shallow-water-lineage lithodines (Thatje & Hall 2016) may thus result in part from positive selection for faster development because faster development appears less energetically efficient.
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Fig. 1 Lithodes maja. Comparison of dry mass, C:N ratio, C mass (C × dry mass) and N mass (N × dry mass) of larval stages (Z = zoea, M = megalopa) reared at 6°C from different females mated in captivity (mean ± SD, n = 5). Statistical comparisons were made within zoea I and megalopa stages only. Significant differences are indicated by lower case letters (zoea I) or symbols (megalopa). Zoea I data that do not share a common letter are significantly different. Megalopa data that do not share a common symbol are significantly different.
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Fig. 2 Lithodes maja. Utilisation of dry mass, C:N ratio, C mass and N mass during zoeal stages reared at 6°C from different females mated in captivity.
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Fig. 3 Temperature (T°C) dependent shifts in zoea I duration (D days) in lithodid crabs. Zoea I duration is significantly shorter in deep-water-lineage lithodines than in shallow-water-lineage lithodines or hapalogastrines (ANCOVA: F2,47 = 20.34, p < 0.001). Data are from Kurata 1960, Miller & Coffin 1961, Hoffman 1968, Nakanishi 1981, Vinuesa et al. 1985, Konishi 1986, Nakanishi 1987, Anger 1996, Shirley & Zhou 1997, Paul & Paul 1999, Crain & McLauglin 2000a,b, Kim & Hong 2000, Anger et al. 2003, 2004, Hong et al. 2005, Epelbaum et al. 2006, Duguid & Page 2009, Kim & Hong 2010, and Brown et al. 2018a.
TABLES
Table 1 Lithodes maja. Rates of survival in individual developmental stages (% surviving to the next stage) in larvae from different captive-mated females at 6°C, and cumulative (cum.) survival from hatching through a given stage (as % of initial number at hatching; italics and bold face). Initial n = 48 for all treatments.
	Female
	Zoea I
	Zoea II
	Zoea III
	Megalopa

	
	%
	%
	cum. %
	%
	cum. %
	%
	cum. %

	A
	40
	58
	23
	27
	6
	33
	2

	D
	69
	55
	38
	72
	27
	40
	10

	E
	44
	52
	23
	82
	19
	22
	2


Table 2 Lithodes maja. Duration of development (d) of successive larval stages in larvae from different captive-mated females at 6°C.
	Female
	Zoea I
mean ± SD (n)
	Zoea II
mean ± SD (n)
	Zoea III
mean ± SD (n)
	Megalopa
mean ± SD (n)

	A
	8.5 ± 1.5 (19)
	9.6 ± 1.3 (11)
	14.0 ± 3.5 (3)
	53.0 (1)

	D
	7.7 ± 1.5 (33)
	10.6 ± 1.9 (18)
	16.6 ± 2.5 (17)
	57.4 ± 4.4 (5)

	E
	7.0 ± 1.3 (21)
	9.5 ± 1.8 (11)
	13.4 ± 2.4 (9)
	50.5 ± 6.4 (2)
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