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One of the major mechanisms responsible for the animals’ fitness dynamics is fecundity. Fecundity as a trait does not evolve independently, and rather interacts with other traits such as body and egg size. Here, our aim was to correctly infer the macroevolutionary trade-offs between body length, egg length, and potential fecundity, using cephalopods as study model. The correlated evolution among those traits was inferred by comparative phylogenetic methods. Literature data on biological and reproductive traits (body length, egg length, and potential fecundity) was obtained for 90 cephalopod species, and comparative phylogenetic methods based on a previous molecular phylogeny were used to test the correlated evolution hypothesis. Additionally, we estimated the phylogenetic signal and fitted five different evolutionary models to each trait. All traits showed high phylogenetic signal, and the selected model suggested an evolutionary trend toward increasing body length, egg length, and fecundity in relation to the ancestral state. Evidence of correlated evolution between body length and fecundity was observed, although this relationship was not detected between body length and egg length. The robust inverse relationship between fecundity and egg length indicates that cephalopods evolved a directional selection that favored an increase of fecundity and a reduction of egg length in larger species, or an increase in egg length with the concomitant reduction of fecundity and body length in order to benefit offspring survival. The use of phylogenetic comparative methods allowed us to properly detect macroevolutionary trade-offs.
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INTRODUCTION

Life history traits of marine organisms are not only important for ecological and evolutionary studies as components of Darwinian fitness, but are also of crucial relevance in fisheries and aquaculture. Tracing trade-offs through evolution allows us to better estimate future changes of life history traits under different pressures, such as the incipient climate change and fisheries exploitation.

Life history theory predicts biological trade-offs between two or more traits defining reproduction and development patterns in the species. Traits do not evolve independently, but rather under a compensatory association that results in trade-offs between a series of physical and biological mechanisms that try to maximize the reproduction and survival of the offspring (Stearns, 1989; Garland, 2014). A prominent example is the evolutionary relationship between body size and number of eggs found in different taxonomic groups and hierarchical levels (e.g., insects, fishes, marine invertebrates, birds, and reptiles, Elgar, 1990; Stearns, 1992; Zera and Harshman, 2001; Ramirez-Llodra, 2002; Garland, 2014; Futuyma and Kirkpatrick, 2017). Indeed, there are multiple examples of micro- and macroevolutionary trade-offs (e.g., Stearns, 1992; Badyaev, 2002; Roff, 2002; Arendt, 2003; Poulin and Mouillot, 2004) including for instance, phenotypic correlations between offspring size and fecundity or survival, and between body size and longevity, although their interpretation has been controversial. This is due to uncertainties in determining whether the increase of performance in one trait causes a decrease of performance in another trait, or if traits interact functionally (Zera and Harshman, 2001). To solve this problem, by comparing species under a macroevolutionary context, Stephens and Wiens (2008) defined an “evolutionary trade-off” as an evolutionary increase in one aspect of performance or fitness (relative to the ancestral state) that is associated with an evolutionary decline in a related aspect of performance or fitness in the same branch of a given phylogeny. Since then, authors have emphasized the use of phylogenies to evaluate trade-offs among traits at a macroevolutionary scale (e.g., Stephens and Wiens, 2008; Vanhooydonck et al., 2014), an approach that has not been previously used to test hypotheses concerning evolutionary trade-offs of reproductive traits directly associated with fitness (e.g., fecundity and survival). In addition, a trade-off in life history traits could be the result of an evolutionary trend caused by clades evolving separately, as was detected in mammals, where different groups display convergent evolution in body size and active trends of size at maturity and longevity (Lartillot and Delsuc, 2012).

Among mollusks, cephalopods stand out due to their great diversity of life history strategies (Boyle, 1983; Hanlon and Messenger, 1996; Rocha et al., 2001). Body length can range from less than 1 cm in pygmy squids (Idiosepius spp.) with short life spans, to more than 20 m in total length (including tentacles) in the giant squid (Architeuthis dux), with a lifespan of around 3 years (Wood and O’Dor, 2000; Jereb and Roper, 2005; Perales-Raya et al., 2020). Similarly, variability in egg size can range from approximately 0.5 to 80 mm, while fecundity estimates vary from one or a few dozen eggs (e.g., cirrates, Nautilus, Sepiola, and Bathypolypus) to several millions (e.g., Architeuthis and Dosidicus), depending on body size (Calow, 1987; Boyle and Rodhouse, 2005; Laptikhovsky et al., 2018). Given that the energy invested in reproduction is limited, a trade-off between egg size and fecundity is expected (Calow, 1987; Boyle and Rodhouse, 2005). Hence, the number and size of eggs that a species can produce are determined by its energetic capability (Calow, 1987; Boyle and Rodhouse, 2005; Jereb and Roper, 2005). Nonetheless, despite acknowledging these evolutionary restrictions, no attempts have been made to explore possible trade-offs among body size, egg size, and fecundity under a phylogenetic perspective.

Cephalopods constitute monophyletic groups composed of species with either large eggs and low fecundity (e.g., Sepia and Graneledone) or small eggs and high fecundity (e.g., ommastrephid squids). However, it has been noted that parental investment in egg mass to ensure offspring survival, is not firmly linked to phylogeny, as closely related species can exhibit different parental investments. This is particularly detectable in morphologically similar octopus species that produce small or large eggs with planktonic or benthic offspring mode of development, respectively (Hochberg et al., 1992; Ibáñez et al., 2018). For marine mollusks, including cephalopods, fecundity and body size correlate positively (Jablonski et al., 1996; Laptikhovsky et al., 2007), although it has been detected that for cephalopods in particular, egg size covaries strongly with fecundity (Calow, 1987: Boyle and Rodhouse, 2005). Hence, the reproductive traits of cephalopods are expected to have a strong phylogenetic signal, evolving in a correlated manner with body size and showing evidence of macroevolutionary trade-offs. Moreover, paleontological records indicate that Mesozoic coleoid cephalopods produced small eggs, and some lineages evolved from these ancestors to produce larger egg sizes, while others advanced to produce a variety of large and small eggs (mixed strategies, Fuchs et al., 2020). Therefore, we suggest that both body size and reproductive traits of cephalopods evolved toward an increasing trend along the phylogeny. Currently, in terms of representativity, a considerable amount of data on life history traits is available from literature and public databases, depicting biological information within major groups (i.e., representatives of all orders within subclasses Nautiloidea and Coleoidea). In this context, our aim is to use this information to compare a large number of species with different body lengths, fecundities, and egg sizes under an explicit evolutionary context using phylogenetic comparative methods to solve this evolutionary puzzle.



MATERIALS AND METHODS


Database

Ninety cephalopod species belonging to 7 orders, 31 families, and 60 genera were considered in this study. We performed an exhaustive literature review to obtain data of cephalopod lifestyle (pelagic vs. benthic), body length (BL, maximum mantle length for coleoids and maximum shell diameter for nautiloids, mm) as indicators of body size, egg length (EL, mm), and potential fecundity (PF, number of mature oocytes in the ovary prior to spawning) (see Supplementary Table 1). This database was combined with a previously published molecular phylogeny that included 173 species (Lindgren et al., 2012). This published phylogeny was selected over other phylogenetic hypotheses (for example, Ibáñez et al., 2021), because it was constructed with the largest number of species, thus, enabling to combine the tree topology and life history traits (BL, EL, and PF). It is worth noting that other authors in the field (e.g., Marian, 2015; Ponte et al., 2021) have also employed the phylogenetic reconstruction published by Lindgren et al. (2012) to evaluate macroevolutionary hypotheses of cephalopods according to other traits such as spermatophores and brains. For comparative purposes, all species lacking reproductive data (i.e., EL, PF, Supplementary Table 2) or species determination (21 tree tips, e.g., Bathypolypus sp., Gonatopsis sp., Notonykia sp., Benthoctopus sp.) were removed from the tree using drop.tip function in “APE” package (Paradis et al., 2004) implemented in R core (R Development Core Team, 2020). The new phylogram was transformed into an ultrametric tree using the Grafen’s (1989) method. A heatmap was employed to explore the association between the standardized database and the phylogeny using the phylo.heatmap function in “Phytools” package (Revell, 2012).



Phylogenetic Signal

The ultrametric tree was used to estimate the phylogenetic signal of each trait denoted as Pagel’s λ (Pagel, 1999). This parameter ranges between 0 and 1, and quantifies the amount of phylogenetic signal in the studied trait. When λ = 0 means that the trait distribution (across species) is independent of the phylogeny, whereas a λ = 1 indicates that the distribution of trait values fits as expected according to the Brownian motion model (BM; Pagel, 1999). The analyses were conducted using phylosig function implemented in “Phytools.” The likelihood value of λ estimated for each trait was contrasted to the likelihood value of λ equal to 0 by means of a likelihood ratio test (LRT).



Correlated Evolution

Phylogenetic Generalized Least Squares models (PGLS; Pagel, 1999) were used to establish the existence of a linear relationship between BL, EL, and PF. These models were performed using the corPagel function in “APE” package implemented in R. The correlation structure of PGLS was carried out under the assumption of BM, multiplying the off-diagonal elements (i.e., the covariances) by lambda (λ). Additionally, ordinary least squares (OLS) were performed in R to estimate linear relationships among BL, EL, and PF without using the phylogeny. These results were used to compare differences in coefficient estimation with the analysis mentioned above.

In order to avoid allometric effects on traits, we explored the relationship between potential fecundity and egg length corrected by body length (PF/BL and EL/BL) using PGLS. To evaluate the influence of lifestyle (pelagic vs. benthic) over PF, including BL and EL as covariates, we performed a phylogenetic analysis of covariance (ANCOVA) by means of PGLS.



Ancestral States

We fitted univariate models of trait evolution using the fitContinuous function implemented in the “Geiger” package (Harmon et al., 2008). The five models fitted to each trait were: (1) BM model (Felsenstein, 1973), which assumes that the correlation structure between traits is proportional to the extent of shared ancestry between pairs of species; (2) Early-Burst model (EB; Harmon et al., 2010), in which the change in the character tends to be concentrated toward the base of the tree; (3) Ornstein-Uhlenbeck model (OU; Butler and King, 2004), which models evolution of the trait with a tendency toward a central value, such as constant stabilizing selection; (4) Rate trend diffusion model (RT; Harmon et al., 2020), which models with a linear trend on trait rates through time (toward larger or smaller rates); and (5) Drift model (DF; Harmon et al., 2020), which simulates the evolution of the trait assuming a directional component (i.e., toward smaller or larger values through time). All these models were run using the new ultrametric tree, except for DF, which was run using a phylogram with branch lengths. Later, the corrected Akaike information criterion (AICc) and a LRT were used to select the best-fit model for the dataset. Finally, ancestral states for each trait using the fastAnc function were implemented in Phytools. This function performs a fast estimation of the maximum likelihood of ancestral states for a continuous trait using Felsenstein’s (1985) contrasts algorithm.




RESULTS


Biological Data

The body length of the 90 cephalopod species ranged from 20 mm in Idiosepius pygmaeus to 3,000 mm in A. dux (mean species BL = 313.8 mm), whereas egg length ranged from 0.5 mm in Onychoteuthis banksii to 70 mm in Sepioteuthis australis (mean species EL = 8.32 mm) (Supplementary Table 1). Potential fecundity ranged from 20 eggs in Nautilus macromphalus, Nautilus pompilius, and Thaumeledone rotunda to 32,000,000 eggs in Dosidicus gigas (mean species PF = 871,139.6 eggs, Supplementary Table 1). Under a phylogenetic perspective, oegopsid squids evolved toward the largest BL and PF, while benthic octopuses and nautiloids adapted toward the largest eggs and smallest PF (Figure 1).
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FIGURE 1. Phylogenetic heatmap tree of cephalopods traits (body length, egg length, and potential fecundity) across the 90 studied species.




Phylogenetic Signal

Cephalopod BL, EL, and PF were clearly structured across the phylogeny in the heatmap (Figure 1), with all traits exhibiting a highly significant phylogenetic signal (λ > 0.75, P < 0.001; Table 1). These results show evidence that there is a high degree of concordance between cephalopod phylogeny and the biological traits evaluated.


TABLE 1. Phylogenetic signal of each trait obtained with univariate analyses.

[image: Table 1]



Correlated Evolution

The PGLS analysis showed no correlation between BL and EL (β = 0.036, Table 2 and Figure 2A). Whereas a positive correlation was found between BL and PF, as the main effects differed significantly from zero (β = 1.8, Table 2 and Figure 2B); however, PF was inversely correlated with EL (β = −1.5, Table 2 and Figure 2C). The OLS analysis showed a negative correlation between BL and EL (β = −0.26, Table 2) and an inverse correlation between PF and EL (β = −2.25, Table 2). Conversely, a positive relationship was found between BL and PF (β = 2.27, Table 2). The allometric correction on traits resulted in a negative relationship between EL/BL and PF/BL (Table 2 and Figure 3), showing evidence of this trade-off and enabling to avoid the body length scaling.


TABLE 2. Parameters of the relationship among body length (BL), egg length (EL), and potential fecundity (PF) of cephalopods obtained by phylogenetic generalized least squares (PGLS) and ordinary least squares (OLS) analyses.
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FIGURE 2. Relationships between reproductive traits of 90 cephalopod species, where (A) body length and egg length, (B) body length and potential fecundity, (C) egg length and potential fecundity. Dashed lines represent regressions from PGLS. Solid lines represent regressions from OLS.
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FIGURE 3. Relationships between reproductive traits of 90 cephalopod species corrected by body length. Dashed lines represent regressions from PGLS. Solid lines represent regressions from OLS.


Pelagic squids (e.g., A. dux and Sthenoteuthis oualaniensis) and pelagic octopuses (e.g., Argonauta nodosus and Tremoctopus violaceus) showed similar EL/BL and PF/BL, contrasting with deep-sea benthic species (e.g., Megaleledone setebos and Graneledone boreopacifica). In turn, lifestyle (pelagic vs. benthic) did not show a significant influence (P = 0.8724) in the phylogenetic ANCOVA (Figure 3 and Table 3). This analysis confirmed the significant influence of BL and EL on PF, as predicted based on EL/BL and PF/BL ratios (Table 3 and Figure 3).


TABLE 3. Parameters of the phylogenetic analysis of covariance (phylogenetic ANCOVA) of cephalopods obtained by phylogenetic generalized least squares (PGLS).
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Ancestral States

For all traits evaluated, the DF model was the best fitted as it reached the highest likelihood, lowest AICc (Table 4) and significant LRT values (Supplementary Table 3). The highest rate of change (σ2) values for all traits were detected in the OU model, although the ancestral state (z0) values at the root of the tree according to the OU model were the highest only for BL and PF (Table 4). The DF model showed the lowest ancestral state (z0, Table 4) values, suggesting an increase of BL, EL, and PF along the phylogeny, although at a low rate (σ2, Table 4). The OU model showed a high alpha parameter (α = 2.718) and a good fit (Table 4); therefore, evolution under an OU process cannot be discarded in the traits evaluated.


TABLE 4. Parameters of fitContinuos models for body length (BL), egg length (EL), and potential fecundity (PF) of cephalopods.

[image: Table 4]

The ancestral values shown by the BM model for each trait were close to the mean values (BL = 2.1, ES = 0.68, and PF = 3.6) (see Figure 4). Under the BM model, within the clade containing Decapodiformes, some lineages evolved toward small BL, such as sepiolids, whereas others evolved in the opposite direction by increasing BL, such as oegopsid squids (Figure 4A). Egg length evolved to larger sizes in benthic octopuses (Octopodiformes clade) and Nautilus, compared with oegopsid squids, which showed the smallest egg sizes (Figure 4B). Consistently, PF evolved toward the production of few eggs in benthic octopuses and toward producing thousands to millions of eggs in oegopsid squids (Figure 4C).
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FIGURE 4. Density map of ancestral reconstruction of 90 cephalopod species, where (A) body length, (B) egg length, and (C) potential fecundity. The number in each node correspond to: (1) subclass Coleoidea, (2) subclass Nautiloidea, (3) superorder Decapodiformes, (4) superorder Octopodiformes, (5) order Myopsida, (6) order Oegopsida, (7) order Cirrata, and (8) order Incirrata, (9) superfamily Argonautoidea, (10) superfamily Octopodoidea.





DISCUSSION

In this comparative study, we evaluated the life history traits of cephalopods considering their phylogenetic relationships, as suggested by Felsenstein (1985). This approach has been scarcely used in comparative studies of cephalopods, and particularly, the assessment of phylogenetic signal has only been conducted in five publications (i.e., Ibáñez et al., 2018, 2019, 2021; Anderson and Marian, 2020; Ponte et al., 2021). In this sense, our research is among the few studies correctly addressing trait comparisons for cephalopods, suggesting that further research should incorporate this approach in comparative biology of cephalopods.

The macroevolutionary analysis conducted in this study suggests an evident trade-off between reproductive traits of cephalopods—even including BL correction—, either by evolving toward large eggs and low fecundity, or toward small eggs and high fecundity. Several studies suggest r and k strategies for cephalopod mollusks (e.g., Nigmatullin and Laptikhovsky, 1994; Nesis, 1996; Ibáñez et al., 2018), whereas others invoke a continuum of different strategies that covary with environmental gradients (Rocha et al., 2001). Despite the strategies outlined above, some flexibility is expected due to the different lifestyles and geographic areas inhabited by cephalopods, where an important environmental component contributes to this observed variability in the evolution of life history traits (Rocha et al., 2001; Ibáñez et al., 2021). Indeed, it has been detected that ovulation patterns are correlated with environment (i.e., stable and unstable) (Ibáñez et al., 2021), hence, given our results here, it is possible that both EL and PF are also associated with the latter feature. Consistently, the effect of temperature over EL (and thus, over fecundity) has been evidenced at least for benthic octopods (Ibáñez et al., 2018). In this context, natural selection could benefit some of these strategies under fluctuating environmental conditions, for example, increasing the fitness of squids by enabling the production of millions of eggs (e.g., A. dux, D. gigas) owing to the energetic costs and strong selective pressures (Ramirez-Llodra, 2002). In this context, evidence also suggests phenotypic selection on sexual traits in octopuses driven by sexual selection via sperm competition and cryptic female choice (Ibáñez et al., 2019). Hence, it is expected that the copulatory organs of squids, sepiolids and other cephalopods also exhibit phenotypic selection, suggesting that not only the environment can exert selective pressures on cephalopods, as on other marine ectotherms, but also the intraspecific interactions associated with biological fitness.

This study is the first to directly relate reproductive traits associated with fitness in cephalopods under a phylogenetic context. Although it was possible to match phylogenetic and reproductive information for 90 species, a great amount of information on EL and PF is still lacking for several cephalopod species. In addition, life history trait data and phylogenies have historically been evaluated more extensively for commercial squids than the rest of cephalopod groups, which is also observable in the data and phylogenetic tree employed here, as Decapodiformes was better represented than Octopodiformes in both aspects (see Supplementary Tables 1, 2). Therefore, more efforts should be made to increase knowledge of these and other reproductive traits in order to better support further macroevolutionary inferences.


Phylogenetic Comparative Methods

Over 30 years ago, Felsenstein (1985) suggested that every study addressing comparative biology should consider the phylogenetic relationships of the group being evaluated, as most biological features are associated with the evolutionary history of living organisms. For this reason, several studies have shown the importance of including phylogenetic relationships in comparative studies of either physiological (Rezende and Diniz-Filho, 2012), reproductive (Ibáñez et al., 2018, 2019, 2021), or biogeographic traits (Hernández et al., 2013). In this context, comparative studies not including phylogeny violate data independency assumptions, being susceptible to spurious associations between traits (type I errors) or to mask true associations (type II errors) (Felsenstein, 1985; Rezende and Diniz-Filho, 2012). In the few comparative studies regarding the evolution of life history traits of cephalopods (e.g., Calow, 1987; Wood and O’Dor, 2000; Voight, 2001, 2009; Laptikhovsky et al., 2018), this type of correction was not conducted (e.g., independent contrast) to correctly infer true association between traits. Therefore, the approach presented here avoids type I and II errors, showing evidence that different results are obtained when incorporating the phylogeny to infer association between traits. Consistently, coefficients were significantly different when the phylogeny was not included, and under this scenario, we detected a false positive correlation between BL and EL of cephalopods (Table 2 and Figure 2), confirming that without using phylogenetic relationships coefficient estimates are biased.

We highlight a couple of studies that constituted a framework to conduct interspecific comparisons among traits (Rezende and Diniz-Filho, 2012; Hernández et al., 2013) and that can also be useful in further studies to correctly infer macroevolutionary relationships among life history traits of cephalopods and other marine species.



Egg Length

The lack of correlation between BL and EL observed here for cephalopod mollusks contrasts with previous studies on other invertebrates and vertebrates, including hymenopterans, lepidopterans, crustaceans, fishes, and birds, where correlated evolution between both traits was detected under a phylogenetic perspective (Blackburn, 1991; Poulin and Hamilton, 1997; Crespi and Teo, 2002; Dyke and Kaiser, 2010; Davis et al., 2012). However, it should be noted that cephalopod eggs are rich in yolk reserves, which are expected to have high energetic content (Boletzky, 1989). In this sense, the parental investment in egg production of cephalopods could be leaned toward energetic content rather than size, which would partially explain the lack of correlation found between BL and EL. Unfortunately, there is not enough data on the energetic content of cephalopod eggs to test this hypothesis. Additionally, for cephalopods, it could be expected that BL and EL are uncorrelated traits, as EL depends on their development span and mode (i.e., merobenthic, holobenthic, holopelagic and meropelagic) (Boyle and Rodhouse, 2005; Villanueva et al., 2021), however, it was worth evaluating the relationship between BL and EL under a phylogenetic context to correctly confirm that they are uncorrelated traits.

Cephalopods are globally distributed in all marine ecosystems, and egg size is one the most relevant reproductive traits for this group of mollusks due to its significant relationship with environmental variation (e.g., Ibáñez et al., 2018, 2021; Laptikhovsky et al., 2018). In general, highly fertile species that produce small eggs are more vulnerable to extreme climate or environmental conditions, such as high temperature (Pecl and Jackson, 2008), while species with large eggs and low fecundity are more vulnerable to ecological and biotic effects, such as the appearance of new predators (Packard, 1972; Aronson, 1991; Laptikhovsky et al., 2013). Furthermore, the relationship between environmental conditions and the egg size was detected in extinct cephalopod groups, such as Mesozoic ammonites and nautiluses, as dramatic changes in sea temperature were key factors influencing their egg size (Laptikhovsky et al., 2013; Fuchs et al., 2020). By specifically evaluating egg size in cephalopods, it was possible to assess the evolution of reproduction type in relation to biotic and abiotic events such as glaciations, global warming, expansions and setbacks of the continental shelf, as well as the origin and extinction of competitors and predators (Laptikhovsky et al., 2018). Ammonites, for example, possibly released floating masses of small eggs that hatched into planktonic larvae, favoring their dispersal and the colonization of new habitats, although subjected to high size-selective predation and offspring mortality (Packard, 1972; Aronson, 1991; Mapes and Nützel, 2009; Wani et al., 2011; Laptikhovsky et al., 2013). In contrast, nautiloids produced large eggs and hatchlings without planktonic larval phase, which probably allowed them to persist throughout geological history and survive great extinctions (e.g., Cretaceous-Tertiary mass extinction "K/T") at the expense of reduced dispersal capabilities and the mortality associated with size-selective predation (Mapes and Nützel, 2009; Wani et al., 2011; Laptikhovsky et al., 2013).



Fecundity and Life History Trade-Offs

The inverse phylogenetic correlation between EL and PF found in the present study is interpreted as a macroevolutionary trade-off that limits the Darwinian fitness in some species. Our results considering 90 cephalopod species strongly corroborate the pattern described by Calow (1987), who showed evidence of the inverse relationship between EL and PF for 23 cephalopod species including nautiloids and coleoids. This author found that this trend was more evident when planktonic versus benthic hatchlings are compared, which also concurs with our findings (Figure 3). Following the general pattern observed for most marine invertebrates, large eggs and low fecundity are generally linked to the production of benthic juveniles, while small eggs and high fecundity are associated with the production of planktonic hatchlings (Boletzky, 1977; Boyle and Rodhouse, 2005; Villanueva et al., 2016; Laptikhovsky et al., 2018). Evolution toward large eggs is directly associated with the increase of size, fitness/competence, and survival of the offspring, as large eggs contain sufficient energetic reserves to produce large and well-developed hatchlings (Villanueva and Norman, 2008). This increase in egg size necessarily entails reducing the number of eggs as a trade-off due to the limited reproductive reserves and anatomic restrictions. Consistently, in this study, species that favored the reduction of egg size increased the number of eggs, which is typical for species with planktonic paralarvae, where the low survival is compensated by the large number and high dispersal potential of offspring (Boletzky, 1989; Villanueva et al., 2016). In the case of pelagic species (squids and octopuses, Figure 3, Supplementary Table 1), these possibly evolved in a convergent manner toward small egg size and high fecundity in order to ensure higher fitness in low productivity habitats, such as the oceanic zone.

Our results showed a positively correlated evolution between BL and PF of cephalopods, as increments in body size accounted for an increase in egg/oocyte production. The most relevant aspect of this relationship is that it appears to be closely associated with both, habitats and hatching modes, which ultimately influence evolutionary traits at the population and species levels. Indeed, large-sized and highly fecund species that produce planktonic paralarvae with high dispersal potential (as many Oegopsida) show large geographical ranges (Jereb and Roper, 2010; Villanueva et al., 2016) and homogeneity in their population genetic structure (Carvalho et al., 1992; Ibáñez et al., 2011). In fact, our results suggest an evolutionary trend of directional selection toward increasing fecundity and body length. This strategy would be reflected in the high recruitment variability of some species that produce huge amounts of eggs during years with optimal environmental conditions, allowing high reproductive success and offspring survival.

From a behavioral perspective, Hanlon and Messenger (1996) suggested that cephalopods evolved contrasting life history strategies related to their reproductive success. In this context, and according to the macroevolutionary trade-off between PF and EL described here, two generalized paths can be observed through cephalopod evolution. The first is the development of a high fecundity at the expense of small egg sizes in species inhabiting the open ocean or temperate coastal areas (e.g., oegopsid squids and shallow-water benthic octopuses, Figure 3). The second is the evolution toward large eggs and low fecundity in species inhabiting the deep sea and cold-water areas (e.g., deep-sea octopuses and loliginid squids, Figure 3). Exceptions, at least in octopuses, are related to unbalanced speciation and extinction rates associated with development modes (Ibáñez et al., 2014).



Evolutionary Trends

An evolutionary trend is a bias in the direction of changes in a trait within one or multiple lineages through time (Futuyma and Kirkpatrick, 2017). In this sense, our results suggest an evolutionary trend for BL, EL, and PF in cephalopods, despite the fact that EL has a tendency to decrease while BL and PF to increase. This tendency is supported with the fossil record, which shows evidence of small egg sizes in Mesozoic coleoid cephalopods, with some lineages evolving toward larger egg size (Fuchs et al., 2020). Models of trait evolution are compatible with different evolutionary processes (e.g., selection, genetic drift; Harmon et al., 2010), and therefore, in the drift model, genetic drift, and directional selection fluctuate randomly through time (Felsenstein, 1988; Harmon, 2018) with a tendency to increase from low to high values. Considering that fecundity is one of the key components of fitness, and that the drift model was the best fit to our data, a directional selection process is more plausible than a stabilizing selection in the traits evaluated. This directional trend could be a result of species selection, associated with a trait correlation with speciation or extinction rates (Futuyma and Kirkpatrick, 2017), in this case, life history traits.
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