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ABSTRACT
Adaptations in per-offspring investment and larval development are considered to have been crucial to the global radiation of deep-water lineages of lithodine crabs (Lithodinae). Temperature is proposed to drive latitudinal trends in energy provisioning of eggs in marine invertebrates, mediated by thermally dependent intraspecific plasticity in per-offspring investment. Consequently, a changing climate may be expected to directly affect larval provisioning. We analysed available data to examine any differences in per-offspring investment and larval development among deep-water lineage lithodines. Although data are few, interspecific differences in the thermal scope of deep-water-lineage lithodine larvae appear coupled with differences in biogeography. This coupling suggests environmental temperature influences larval thermal scope. Lithodine phylogeography suggests that larval cold-eurythermy in deep-water-lineage lithodines is a derived trait that has evolved in relatively warm and variable subantarctic shallow water. Therefore, we hypothesise that capacity to adapt to warmer and more variable environmental conditions may afford deep-water-lineage lithodines some resilience to ocean warming, depending on the rates of environmental and adaptive change. Interspecific comparisons also suggest that larval duration and per-offspring investment are positively correlated. Faster development at a given temperature is associated with higher respiration rates and greater energetic reserve utilisation. Therefore, we hypothesise that selection pressure for contrasting metabolic adaptations in different thermal environments contributes to shifts in larval duration and per-offspring investment.
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1. Introduction
Lecithotrophic (food-independent) larval development is associated with high quantity and quality of maternal resources allocated to each individual offspring to fuel development (per-offspring investment) (Anger 2001; Oliphant and Thatje 2013). High per-offspring investment and lecithotrophy are also linked with abbreviated development, where larvae proceed through relatively few larval stages before metamorphosis to juvenile (Anger 2001). Egg size is a proxy for energy provisioning and typically increases with latitude (Marshall et al. 2012). Temperature has long been proposed as an important factor driving latitudinal trends in energy provisioning of eggs in marine invertebrates (Thorson 1936). Intraspecific investigations have found that energy allocation influences larval development and mediates adverse effects of temperature on larval development (Giménez 2006, Oliphant et al. 2013, Oliphant and Thatje 2013, Gonzalez-Ortegón and Giménez 2014). Consequently, temperature has been thought to drive energy allocation to offspring. Thermal plasticity in per-offspring investment within species putatively emerges from differing temperature effects on oogenesis and vitellogenesis that result in increased energy allocation to eggs at lower temperatures (Van der Have & de Jong 1996, Oliphant & Thatje 2013). Consequently, a changing climate may have direct impacts on larval provisioning.
Sea surface temperature is predicted to reach between 1°C and 3°C higher in the period 2081-2100 than in the period 1986-2005 (Collins et al. 2013) and thermal variability is expected to increase significantly (Lima and Wethey 2012). Polar marine taxa are predicted to experience the greatest challenge due to adaptation to low temperature and poleward constraints on biogeographic range (Parmesan 2006, Brown and Thatje 2015). Although average sea surface temperature is predicted to rise faster than temperature in deeper waters, the whole ocean will warm up reasonably uniformly eventually (Li et al. 2013). Deep-water taxa are typically adapted to constant low temperature (Brown and Thatje 2014) and will therefore be exposed to significant challenge, too. Exploring interspecific differences in larval development in a cold-adapted family of marine decapod crustaceans with polar or deep-sea distribution may reveal potential for adaptation to increasing temperature and increasing temperature variability.
The cold-adapted lithodine crabs occur throughout the deep sea and in shallow waters at subpolar latitudes. Phylogeographic analysis indicates that lithodines originated in shallow waters in the Northeast Pacific before colonising the deep sea and re-emerging in polar environments (Hall and Thatje 2009, 2018). The lithodine radiation occurred relatively rapidly, beginning in the late Miocene ~15 Mya (Makarov 1962, Zaklan 2002a,b, Hall and Thatje 2009, Snow 2010, Bracken-Grissom et al. 2013). Lithodine species that remain restricted to shallow water (<300 m depth) in the North Pacific are predominantly planktotrophic, whereas deep-sea and polar species (deep-water lineages) are obligate lecithotrophs (see Hall and Thatje 2009). Although lecithotrophy (inferred from egg size >1.2 mm in lithodids) appears to have evolved in 2 species of Paralithodes that remain restricted to the shallow North Pacific (Snow 2010), adaptations in larval development mode are considered the key feature that enabled deep-sea colonisation by the Lithodinae and re-emergence in polar environments (Thatje et al. 2005). 
Shallow-water lithodines endemic to the North Pacific develop through 4 zoeal stages prior to megalopa, whereas deep-sea and polar lithodines develop through only 3 (Lithodes spp.) or 2 (Paralomis spp.) zoeal stages before reaching the megalopa (Zaklan 2002b). The number of larval stages decreases with increasing latitude and increasing depth in lithodines (see Zaklan 2002b). In contrast, both per-offspring investment and the duration of larval stages increase with increasing latitude and increasing depth (see Zaklan 2002b, Thatje and Hall 2016). Such interspecific macroecological trends suggest that lecithotrophy, increased per-offspring investment, abbreviated development, and increased larval duration in lithodines are derived evolutionary adaptations (Anger 2001, Thatje et al. 2005, Hall and Thatje 2009, Thatje and Hall 2016). These adaptations have likely arisen in response to unpredictable or low food availability and/or the mismatch between short periods of primary production that result from extreme seasonality, and prolonged development at high latitudes or in deep water that results from low temperature (Anger 2001, Thatje et al. 2005, Hall and Thatje 2009, Thatje and Hall 2016).
The aim of this study is to utilise available data to examine differences in adaptations in larval development among deep-water lineage lithodines inhabiting contrasting thermal environments, elucidating potential for deep-water lineage lithodines to adapt to increasing temperature and temperature variability, and highlighting larval development traits and per-offspring investment traits potentially positively selected by temperature.

2. Materials and Methods
Literature search
The literature was searched using the ISI Web of Science database and the Google Scholar search engine employing “temperature”, “lecithotroph”, “larval”, “development”, “lithodid”, and “lithodine” as keywords. Developmental duration, dry mass, C mass, N mass, C:N ratio, and respiration rate data were extracted from seven publications reporting lecithotrophic larval development in lithodid species from deep-water lineages (Lithodes aequispinus, Lithodes maja, Lithodes santolla, Paralomis granulosa, and Paralomis spinosissima) (Paul and Paul 1999, Anger et al. 2003, 2004, Calcagno et al. 2003, Lovrich et al. 2003, Thatje and Mestre 2010, Brown et al. 2018).

Larval thermal scope
Larval thermal scope was assessed as the range of experimental temperatures at which larvae successfully developed to juvenile. Sufficient data were available to assess larval thermal scope in L. maja, L. santolla, and P. granulosa (Anger et al. 2003, 2004, Brown et al. 2018). Larvae developed to juvenile successfully in L. aequispinus at all three temperatures examined (3, 6, and 9°C) (Paul and Paul 1999) and larval development in P. spinosissima was examined at a single temperature (5°C) (Thatje and Mestre 2010), therefore it was not possible to assess larval thermal scope in these species.

Larval duration and the effects of temperature on larval duration
Interspecific differences in zoea I duration and in the effect of temperature on the duration of zoea I were assessed using ANCOVA with mean zoea I duration data. Sufficient data were available to include L. aequispinus, L. maja, L. santolla, and P. granulosa in the analysis (Paul and Paul 1999, Anger et al. 2003, 2004, Brown et al. 2018). Larval development in P. spinosissima was examined at 5°C only. (Thatje and Mestre 2010).

Larval mass measures
Interspecific differences in larval mass measures in zoea I at hatching were assessed using ANOVA. Sufficient data were available to include L. maja, L. santolla, P. granulosa and Paralomis spinosissima in the analysis (Calcagno et al. 2003, Lovrich et al. 2003, Thatje and Mestre 2010, Brown et al. 2018). Only mean zoea I dry mass was available for L. aequispinus, but without identifiable n, preventing inclusion in the analysis (Shirley and Zhou 1997).
Changes in larval mass parameters in L. maja, L. santolla, and P. granulosa during larval development at 6°C were described with linear regressions as functions of mean larval duration and compared using ANCOVA. Larval mass parameter data from P. spinosissima were only available from larval development at 5°C and were therefore excluded.
Whilst statistical comparisons of larval mass parameters may reveal significant differences in larval development among species, these cannot be unequivocally attributed to interspecific differences: differences may result from contrasting environmental or experimental conditions.

Covariance in larval dry mass and duration
Interspecific covariance in zoea I dry mass and zoea I duration was examined by testing the correlation (Pearson product-moment correlation) between mean zoea I dry mass and mean zoea I duration at 5°C. Selecting 5°C allowed inclusion of P. spinosissima zoea I duration and zoea I dry mass data (Thatje and Mestre 2010). Zoea I duration in L. maja, L. santolla, and P. granulosa at 5°C were calculated from temperature-duration functions (Table 1). Covariance in zoea I dry mass and total larval duration (hatching to metamorphosis) was also examined by testing the correlation between mean zoea I dry mass and total larval duration at 5°C  to allow the inclusion of P. spinosissima data (Thatje and Mestre 2010). Total larval duration in L. santolla and P. granulosa were calculated from temperature-duration functions (Table 1), but insufficient data prevented derivation of a temperature-duration function for total larval duration in L. maja (Brown et al. 2018).

Phylogenetic independent contrasts
A phylogenetic tree was generated using combined 16S, 28S, COI and ITS1 data available in GenBank and used by Snow (2010). Sequences were aligned using MAFFT (version 7.017). A maximum likelihood tree was generated using the GTR+Γ nucleotide substitution model in RAxML (version 8.2.8) and 1000 bootstraps. The maximum likelihood tree was pruned to consider only the species with trait data.
Phylogenetic independence of larval mass measures was assessed using the pruned ultrametric tree and Moran’s autocorrelation coefficient (Paradis 2016). Phylogenetic independence of covariance in mean zoea I dry mass and mean zoea I duration, and mean zoea I dry mass and mean larval duration were assessed using the pruned ultrametric tree and the R package ape (version 3.5) (Paradis et al. 2004). To test sensitivity of the phylogenetic independent contrasts to branch length, branch lengths were simulated 100 times and contrasts were calculated on trees with simulated branch lengths.
The maximum likelihood tree did not have high bootstrap support for many of the nodes. Further, only a limited number of species had available trait data (4-5 depending on parameter). The resulting phylogenetic independence contrasts must therefore be interpreted cautiously and used to suggest potential hypotheses for testing rather than definitive conclusions.

3. Results
Larval thermal scope
Larval thermal scope differed among lithodine species. Larval thermal scope was 6°C to 9°C for Lithodes maja (Brown et al. 2018) and 3°C to 15°C for L. santolla (Anger et al. 2004) and P. granulosa (Anger et al. 2003) 

Larval duration and the effects of temperature on larval duration
The effect of temperature on zoea I duration did not differ significantly among the Lithodes species compared (F2,10 = 2.062, p = 0.178). In contrast, zoea I duration differed significantly among species of Lithodes (F2,12 = 16.296, p < 0.001); zoea I duration did not differ significantly between L. aequispinus and L. maja (F1,6 = 0.010, p = 0.925), but was significantly shorter in L. santolla than in both those species (respectively, F1,7 = 20.564, p = 0.003 and F1,10 = 23.830, p < 0.001). Similarly, zoea I duration was significantly shorter in Paralomis granulosa than in L. aequispinus and L. maja (respectively, F1,6 = 100.783, p < 0.001 and F1,8 = 14.001, p = 0.006), but did not differ significantly from zoea I duration in L. santolla (F1,10  = 0.003, p = 0.958).

Larval mass measures
Zoea I dry mass, C mass, N mass, and C:N ratio were significantly greater in P. spinosissma than in the other deep-water lineage lithodine species (p < 0.05). Similarly, zoea I dry mass, C mass, N mass, and C:N ratio were significantly greater in L. maja than in L. santolla or P. granulosa (p < 0.05). Zoea I dry mass, C mass, and N mass did not differ significantly between L. santolla and P. granulosa (p > 0.05), but C:N ratio was significantly greater in L. santolla (p < 0.05).
The rate of decrease in dry mass, C mass, N mass, and C:N ratio did not differ significantly between L. maja and L. santolla (Fig. 1) (respectively, F1,6 = 0.001, p = 0.973; F1,6 = 0.110, p = 0.751, F1,6 = 0.093, p = 0.770, and F1,6 = 2.190, p = 0.189) or between L. maja and P. granulosa (respectively, F1,5 = 0.426, p = 0.543; F1,5 = 0.159, p = 0.707, F1,5 = 2.424, p = 0.180, and F1,5 = 1.024, p = 0.358). Consequently, dry mass, C mass, N mass, and C:N ratio overall were significantly greater in L. maja than in L. santolla (respectively, F1,7 = 27.042, p = 001; F1,7 = 11.758, p = 0.011, F1,7 = 17.597, p = 0.004, and F1,7 = 13.151, p = 0.008) or P. granulosa (respectively, F1,6 = 31.181, p = 0.001; F1,6 = 19.105, p = 0.005, F1,6 = 14.749, p = 0.009, and F1,6 = 38.154, p < 0.001).
In contrast, whilst the rate of decrease in dry mass, C mass, and C:N ratio did not differ significantly between L. santolla and P. granulosa (respectively, F1,5 = 1.508, p = 0.274, F1,5 = 1.344, p = 0.299, F1,5 = 0.043, p = 0.844), the rate of decrease in N was significantly greater in P. granulosa (F1,5 = 15.75, p = 0.011). Dry mass overall did not differ significantly between L. santolla and P. granulosa (F1,6 = 5.411, p = 0.059), but C mass and C:N ratio overall were significantly greater in L. santolla (respectively, F1,6 = 5.989, p = 0.050, F1,6 = 29.712, p = 0.002).
Crab I dry mass, C mass, N mass, and C:N ratio were significantly greater in L. maja than in L. santolla and P. granulosa (p > 0.05). Although Crab I C mass and N mass ratio were significantly greater in L. santolla than in P. granulosa, dry mass and C:N did not differ significantly (p > 0.05).

Covariance in larval dry mass and duration
Both zoea I duration and total larval duration at 5°C were significantly positively correlated with zoea I dry mass (Fig. 2) (respectively, r = 0.930, df = 3, p = 0.022; r2 = 0.864 and r = 0.996, df = 2, p = 0.004; r2 = 0.992).

Phylogenetic independent contrasts
Moran’s autocorrelation coefficient indicated that the distributions of zoea I dry mass, C mass, N mass, and C:N ratio were not significantly affected by phylogenetic relationships (p > 0.05). Similarly, covariance between zoea I dry mass and zoea I duration, and covariance between zoea I dry mass and total larval duration remained significant when phylogenetic relationships were taken into account (respectively, p = 0.010, r2 = 0.891 and p = 0.002, r2 = 0.994). Results were robust to randomised changes in branch length, with all simulations meeting the following criteria: r2 > 0.6 and p < 0.1 for zoea I duration, and r2 > 0.9 and p < 0.05 for larval duration.

4. Discussion
Larval thermal scope
The contrast between the broad thermal scope reported for L. santolla and P. granulosa (3°C to 15°C) (Anger et al. 2003, 2004) and narrow thermal scope observed in L. maja (6°C to 9°C) (Brown et al. 2018) suggest differences in thermal adaptation in larval development among deep-water lineage lithodines. The putative deep-dispersal routes of deep-water-lineage lithodines out of the North Pacific site of origin (see Snow 2010) and the biogeography of the examined deep-water-lineage lithodine species suggest that eurythermal cold-adaptation in L. santolla and P. granulosa may be a derived trait representing adaptation to their relatively warm and variable subantarctic shallow-water environment. Both L. santolla and P. granulosa occur in the Southeast Pacific and Southwest Atlantic between the intertidal and 100 m at temperatures between 3°C and 18°C, whereas L. maja occurs in the North Atlantic at depths from 4 to 790 m at temperatures between 0°C and 10°C (Zaklan 2002b and references cited therein, Anger et al. 2004, Brown et al. 2017). Thus, L. maja inhabits cooler and more stable waters in the North Atlantic which are more typical of deep-water lineage lithodines. The potential for increased larval thermal scope indicated by the evolution of larval cold-eurythermy in L. santolla and P. granulosa suggests that other lithodines may be similarly capable of overcoming the challenges of ocean warming. However, this will depend on rates of environmental and adaptive change. Deep-water lineage lithodines are broadcast spawners with long larval duration. Such strategy offers relatively low capacity for population differentiation and cryptic speciation (Thatje 2012), reducing the potential for rapid adaptation to changing climate.
Exploration of larval thermal tolerances in other deep-water lineage lithodines should be considered a priority for confirming the hypothesis that eurythermal cold-adaptation in deep-water lineage lithodines is a derived trait representing adaptation to a relatively warm and variable environment. Such investigation will support understanding of future biogeographic impacts of changing climate. For example, identifying the larval thermal scope in Antarctic lithodine species may clarify the potential for invasion of Antarctic shelf communities with ocean warming. Lithodines are present on the Antarctic continental slope but are putatively excluded from the Antarctic continental shelf by intolerance of low polar temperatures. Warming ocean temperatures are, therefore, likely to allow biogeographic range extension by lithodines onto the Antarctic continental shelf (Thatje et al. 2005; Hall and Thatje 2011, Aronson et al. 2015, Smith et al. 2017a). Since the Antarctic shelf benthos have evolved in the absence of durophagous (skeleton-crushing) predators over millions of years, invasion by durophagous lithodines would likely result in radical alteration of the shelf community structure (Thatje et al. 2005, Smith et al. 2017a).

Larval duration and temperature effects on larval duration
Interspecific differences in larval duration may be mediated by metabolic adaptations. Metabolic rate influences intraspecific variation in the rate of larval development (Brown et al. 2018). Consistent with this, metabolic rate in L. maja zoea I larvae was less than half the metabolic rate of faster developing P. granulosa zoea I larvae at all temperatures examined (1°C to 15°C) (cf. Thatje et al. 2003, Brown et al. 2018). For example, at 6°C L. maja zoea I metabolic rate was ~10% of P. granulosa zoea I metabolic rate and L. maja zoea I duration was ~160% of P. granulosa zoea I.
Metabolic adaptations that provide the physiological plasticity required to tolerate the seasonally fluctuating, low-temperature, shallow-water environments inhabited by P. granulosa and L. santolla are suggested to require greater metabolic rate than metabolic adaptations to the constant low-temperature environments inhabited by L. aequispinus and L. maja (Pörtner et al. 2000). Larval development in species adapted to variable low temperature environments will therefore be more rapid than larval development in species adapted to constant low temperature environments at a specific temperature. In contrast, metabolic adaptation to the thermodynamic and physiological effects of colder and constant low-temperature environments such as inhabited by P. spinosissima is relatively more energetically expensive (e.g. White et al. 2012), increasing basal energy costs: P. spinosissima is reported from the Southwest Atlantic and Antarctic Ocean between 132 and 650 m depth (Zaklan 2002b). Lower metabolic rate is associated with greater developmental efficiency within a species (Brown et al. 2018) and therefore may be favoured by selection pressure during adaptation to constant low temperature, resulting in slower larval development. Metabolic adaptations to high hydrostatic pressure may also favour decreased metabolic rate and slower development in lithodines from deep-water-lineages. The physiological effects of high hydrostatic pressure reduce energetic efficiency during lecithotrophic development, similar to the effects of low temperature (Smith et al. 2015), and metabolic adaptations to high hydrostatic pressure are typically similar to metabolic adaptations to low temperature (see Brown and Thatje 2014). However, developmental rate (and thus metabolic rate) is likely in a selective trade-off with predation risk and/or risk of advective loss (Pringle et al. 2014), counterbalancing selection pressure for slower and more energetically efficient development.
The inferences made here regarding environmental adaptation are based on few species due to the necessary selection criteria, demanding that conclusions must be treated with caution. However, the only other larval duration data available for lithodines from deep-water lineages appear consistent with this hypothesis. The 17-day mean duration of the zoea I and zoea II in the deep-sea species Paralomis histrix at 10.5°C (Konishi and Taishaku 1994) is more than double the 7.9 day mean duration of zoea I and zoea II in P. granulosa at 12°C (Anger et al. 2003). P. histrix inhabits the North Pacific between 230 and 600 m (Zaklan 2002b).

Larval mass measures
Lecithotrophy in L. santolla and P. granulosa may be regarded as an indicator of deep-sea ancestry (Strathmann 1978; Hall and Thatje 2009). However, these species have the lowest energetic reserves at hatching and shortest larval duration known in lithodines from deep-water lineages (Thatje and Mestre 2010). The interspecific macroecological trend of increasing per-offspring investment with decreasing temperature in the Lithodidae (Thatje and Hall 2016) therefore suggests that low per-offspring investment in L. santolla and P. granulosa relative to other deep-water lineage lithodines may reflect adaptation to the relatively warm and variable subantarctic shallow waters these species inhabit. Nonetheless, there is little significant difference in the rate of resource utilisation among the examined deep-water lineage lithodines.

Covariation in larval dry mass and duration
Selection pressure may favour shifts in per-offspring investment in lithodines from deep-water lineages during adaptation to different low-temperature environments (Morley et al. 2006, Thatje and Hall 2016). Zoea I energetic reserves putatively reflect per-offspring investment (Thatje and Mestre 2010, Oliphant and Thatje 2013). Thus, the correlation between developmental duration and zoea I energetic reserves in lithodines from deep-water lineages suggests simultaneous positive selection in developmental duration and per-offspring investment. However, confirming this hypothesis requires ancestral state reconstruction.
Energetic constraints imply that per-offspring investment is in equilibrium with fecundity in a selective trade-off (Smith and Fretwell 1974). Higher total energetic cost during development in constant-low-temperature environments may increase selection pressure for greater larval energetic reserves and lead to greater per-offspring investment, as observed in P. spinosissima. In contrast, lower energetic reserve utilisation during development may allow selection pressure for higher fecundity to dominate, leading to lower per-offspring investment (Fischer et al. 2003). Consistent with this hypothesis, per-offspring investment in rapidly developing shallow-water eurythermal P. granulosa and L. santolla are the lowest reported among lithodines from deep-water lineages (Thatje and Mestre 2010), and energetic reserve utilisation to metamorphosis is lower in both P. granulosa and L. santolla than in L. maja, despite greater metabolic rate (cf. Fig. 4 Calcagno et al. 2003, Fig. 5 Lovrich et al. 2003, and Fig. 6 Brown et al. 2018). Indeed, P. granulosa appears to be close to the limits of lecithotrophy (Kattner et al. 2003). Temperature-driven reduction in per-offspring investment may be constrained by the putatively irreversible reduction or loss of complex larval morphology (e.g. mandibles; McLaughlin et al. 2001, 2003) or metabolic function (e.g. digestive enzymes; Saborowski et al. 2006) required for planktotrophic feeding, during the evolution of obligate lecithotrophy (see Strathmann 1978). A transition to planktotrophy in response is therefore unlikely to occur with ocean warming. Other life history adaptations in lithodines from deep-water lineages are likely similarly constrained as a consequence, for example relatively low fecundity (cf. Webb 2014 and references cited therein, Smith et al. 2017b, Brown et al. 2018) and extended hatching periods (cf. Paul and Paul 2001, Thatje et al. 2003, Reid et al. 2007, Brown et al. 2018).

Conclusions
Limitations to the phylogenetic independent contrasts, in particular the limited number of species for which trait data were available, demand cautious interpretation of the interspecific relationships reported here. The interspecific relationships have, therefore, been used to propose hypotheses for testing rather than asserting definitive conclusions.
Differences in larval thermal scope among species of deep-water-lineage lithodines appear linked to biogeography. This link suggests that the environmental temperature regime affects larval thermal scope with cold-eurythermy having evolved in species inhabiting relatively warm and variable subantarctic shallow water. Consequently, we hypothesise that deep-water-lineage lithodines may have capacity to adapt to warmer and more variable environmental conditions, depending on the rates of adaptive and environmental change, which may provide some resilience to changing climate.
Interspecific comparisons also suggest that larval duration and per-offspring investment are positively correlated. Faster development at a given temperature is associated with higher respiration rates and greater energetic reserve utilisation. Therefore, we hypothesise that selection pressure for contrasting metabolic adaptations in different thermal environments contributes to shifts in larval duration and per-offspring investment in deep-water lineage lithodines.
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FIGURES AND FIGURE LEGENDS[image: ]Fig. 1 Comparison of dry mass, ratio of carbon to nitrogen contents (C:N), C mass, and N mass of larval stages and juveniles (zoea I = black, zoea II = red, zoea III = green, megalopa = blue, crab I = grey) of deep-water-lineage lithodines reared at 6°C. Paralomis spp. have only 2 zoeal stages whereas Lithodes spp. have 3 zoea stages. Data are from Brown et al. (2018) for L. maja, Lovrich et al. (2003) for L. santolla, and Calcagno et al. (2003) for P. granulosa.
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Fig. 2 Correlation between zoea I dry mass and zoea I duration or larval duration of lithodine crabs from deep-water lineages at 5°C. Data are from Shirley and Zhou (1997) and Paul and Paul (1999) for Lithodes aequispinus, Brown et al. (2018) for L. maja, Lovrich et al. (2003) and Anger et al. (2004) for L. santolla, Calcagno et al. (2003) and Anger et al. (2003) for Paralomis granulosa, and Thatje and Mestre (2010) for P. spinosissima.


TABLES
Table 1 Fitted parameters (a, b) and coefficients of determination (r2) of non-linear power regression equations (D = a × Tb) describing mean development duration (D, days) of different components of larval development as a function of temperature (T, °C); recalculated from sources.
	Stage(s)
	Species
	a
	b
	r2
	Source

	Zoea I
	Lithodes aequispinus
	26.4
	-0.660
	1.000
	Paul and Paul 1999

	
	Lithodes maja
	37.8
	-0.811
	0.988
	Brown et al. 2018

	
	Lithodes santolla
	17.9
	-0.679
	0.971
	Anger et al. 2004

	
	Paralomis granulosa
	16.9
	-0.685
	0.997
	Anger et al. 2003

	Larval
	Lithodes aequispinus
	299.5
	-0.641
	0.994
	Paul and Paul 1999

	
	Lithodes santolla
	450.6
	-1.080
	0.995
	Anger et al. 2004

	
	Paralomis granulosa
	349.8
	-0.993
	0.995
	Anger et al. 2003
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