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ABSTRACT: Across vertebrates increased maternal investment (via
increased pre- and postnatal provisioning) is associated with larger
relative brain size, yet it remains unclear how brain organization is
shaped by life history and ecology. Here, we tested whether mater-
nal investment and ecological lifestyle are related to variation in
brain size and organization across 100 chondrichthyans. We hy-
pothesized that brain size and organization would vary with the
level of maternal investment and habitat depth and complexity. We
found that chondrichthyan brain organization varies along four main
axes according to (1) absolute brain size, (2) relative diencephalon
and mesencephalon size, (3) relative telencephalon and medulla size,
and (4) relative cerebellum size. Increased maternal investment is as-
sociated with larger relative brain size, while ecological lifestyle is in-
formative for variation between relative telencephalon and medulla
size and relative cerebellum size after accounting for the independent
effects of reproductive mode. Deepwater chondrichthyans generally
provide low levels of yolk-only (lecithotrophic) maternal investment
and have relatively small brains, predominantly composed of medulla
(a major portion of the hindbrain), whereas matrotrophic chon-
drichthyans—which provide maternal provisioning beyond the ini-
tial yolk sac—found in coastal, reef, or shallow oceanic habitats have
relatively large brains, predominantly composed of telencephalon (a
major portion of the forebrain). We have demonstrated, for the first
time, that both ecological lifestyle and maternal investment are inde-
pendently associated with brain organization in a lineage with diverse
life-history strategies and reproductive modes.

Keywords: brain evolution, brain organization, oviparity, viviparity,
shark, ray.

Introduction

Brains are energetically expensive, representing between
2% and 10% of a vertebrate body’s total metabolic costs
(Mink et al. 1981; Isler and Schaik 2009). Unsurprisingly,
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evolutionary changes in relative brain size—brain size rel-
ative to body size—across vertebrates have been tied to
changes in lifetime energy allocation via body size (Striedter
2005; Tsuboi et al. 2018), life-history traits (Iwaniuk and
Nelson 2003; Isler and Schaik 2009; Barton and Capellini
2011), and ecology (Mai et al. 2016; Sayol et al. 2016b).
While the patterns and correlates of vertebrate brain size
are well studied, comparatively less attention has been paid
to the correlates of the relative size of distinct brain regions.
The brains of jawed vertebrates are complex, comprising
five distinct regions specialized in form and function and
with varying degrees of integration with other regions (tel-
encephalon, diencephalon, mesencephalon, cerebellum,
and medulla oblongata; Striedter 2005). Some of the vari-
ation in the relative size of these regions (i.e., brain organi-
zation) is attributable to consistent allometric scaling of the
brain region with absolute brain size (e.g., Finlay et al.
2001; Yopak et al. 2010; Sayol et al. 2016a). The relative im-
portance of life history and ecology remains an open ques-
tion, not least because much of what we know about brain
organization relies on analyses of mammals and birds. Un-
fortunately, these well-studied exemplar lineages offer rel-
atively little life-history variation, particularly in reproduc-
tive mode (Reynolds et al. 2002; Blackburn 2015).

While the potential connections between life history—
particularly reproduction and maternal investment—and
brain size have been noted in numerous taxa (Iwaniuk
and Nelson 2003; Barton and Capellini 2011; Mull et al.
2011), most attention has been paid to identifying ecolog-
ical correlates of brain organization. Evidence for the role
of ecology in brain organization includes the pairwise co-
variation of visual nuclei in birds, a grade shift in the neo-
cortex of primates, and multivariate clustering of birds and
fish with similar lifestyles (de Winter and Oxnard 2001;
Iwaniuk and Hurd 2005; Yopak et al. 2007; Gonzalez-
Voyer and Kolm 2010; Gutiérrez-Ibanez et al. 2014). Com-
mon across these examples is that larger brains tend to be
disproportionately composed of telencephalon and cerebel-
lum (Finlay and Darlington 1995; Finlay et al. 2001; Yopak

This content downloaded from 142.058.129.109 on April 22, 2020 08:54:59 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



000 The American Naturalist

etal. 2010; Charvet et al. 2011), two brain regions associated
with higher cognitive and motor function (Striedter 2005;
Montgomery et al. 2012). Vertebrates with larger relative
brain sizes tend to also have a greater duration and quan-
tity of energetic investment and parental care (collectively
referred to as “maternal investment”; Iwaniuk and Nelson
2003; Barton and Capellini 2011; Mull et al. 2011). Indeed,
increased maternal investment during early development
can potentially influence the rate and duration of neuro-
genesis, changing the relative size of certain brain regions
(Charvet and Striedter 2009; Charvet et al. 2011).

Sharks, rays, and chimaeras (class Chondrichthyes;
hereafter referred to as “chondrichthyans”) are an excellent
group for investigating correlates between brain organiza-
tion, life history, and ecological lifestyle in vertebrates.
Chondrichthyans mark the evolutionary appearance of
the brain “archetype” for jawed vertebrates, with the first
true cerebellum and considerable variation in brain size
and organization across species (Yopak et al. 2007; Lisney
et al. 2008; Yopak and Montgomery 2008). In addition,
chondrichthyans exhibit the greatest diversity of reproduc-
tive strategies of any vertebrate taxon, which can be broadly
separated into two distinct classes of prepartum invest-
ment: lecithotrophy and matrotrophy (Shine and Bull
1979; Dulvy and Reynolds 1997; Musick and Ellis 2005).
Lecithotrophic species provide investment only in the
form of the yolk sac and include both egg-laying and live-
bearing species, whereas matrotrophic species are live-bearing
and provide additional maternal contributions beyond the
initial yolk sac through a range of mechanisms, including
placentation, oophagy, adelphophagy, and uterine secre-
tions (histotrophy; Wourms 1977; Wourms and Demski
1993; Hamlett et al. 2005).

There is a striking relationship between maternal invest-
ment and brain size, where matrotrophic chondrichthyans
have brains that are 20%-70% larger than the brains of leci-
thotrophic species (Mull et al. 2011). Furthermore, two
habitat-related “cerebrotypes” have been hypothesized in
chondrichthyans, with reef-associated species exhibiting a
relatively enlarged telencephalon and optic tectum and rel-
atively reduced olfactory bulbs and deep-sea species ex-
hibiting a reduced telencephalon and optic tectum and en-
larged olfactory bulbs and medulla oblongata (Yopak et al.
2007, 2015; Yopak and Lisney 2012). A key challenge is
distinguishing the roles of maternal investment and ecolog-
ical lifestyle in brain organization. To address this, we have
compiled a comprehensive data set that includes lecitho-
trophic species found in spatially complex reef and oceanic
pelagic habitats as well as deepwater matrotrophic species.

This study aimed to assess the degree to which varia-
tion in shark and ray brain organization is explained by
allometric scaling, maternal investment in offspring, and
ecological lifestyle. Here, we consider three subquestions

using a phylogenetic comparative and model selection
framework. First, how does brain size and organization
vary across chondrichthyans? Specifically, we evaluate
(i) whether the relative size of brain regions varies inde-
pendently of allometry, (ii) whether there is evidence of
grade shifts—differing intercepts between taxonomic
groups—in regional allometries, and (iii) the number
of axes of variation that characterize variability in brain
organization (i.e., the relative proportion of five major
components: telencephalon, diencephalon, mesencepha-
lon, cerebellum, and medulla oblongata). Next, to what
degree is variation in brain organization related to body
size, brain size, reproductive mode, and ecological life-
style? Finally, do patterns of brain organization and the ef-
fect of reproductive mode and ecological lifestyle differ be-
tween the two major lineages of modern chondrichthyans
(sharks and rays), which exhibit clear differences in allo-
metric brain size scaling (Yopak 2012)?

If allometry exerts a large influence, we expect a high
degree of covariation between brain regions and for ab-
solute brain size to account for a large proportion of or-
ganizational variation. Additionally, we expect maternal
investment to better explain brain size and regional com-
position than ecological lifestyle. Conversely, if ecological
lifestyle has a larger influence, we expect a lower degree of
interregional covariation between functionally distinct
brain regions and that organizational variation not ac-
counted for by brain size will be associated with ecological
lifestyle and the associated distinctive cerebrotypes.

Methods
Data Collection

Absolute brain mass (g) and absolute mass of the fore-
brain (telencephalon, diencephalon), midbrain (mesen-
cephalon), and hindbrain (cerebellum and medulla ob-
longata) were collected for 100 chondrichthyan species
spanning 12 orders (Naylor et al. 2012; Yopak 2012; fig. 1).
This data set includes data from 82 species collated from
the literature (Yopak et al. 2007; Lisney et al. 2008; Yopak
and Frank 2009; Yopak 2012) and new data collected for
this study from an additional 18 species (Carcharhinus
dussumieri, Carcharhinus limbatus, Carcharhinus sorrah
(Miller & Henle 1839), Carcharhinus tilstoni (Whitley
1950), Rhizoprionodon taylori (Ogilby 1915), Scoliodon
laticaudus (Miiller and Henle 1838), Triakis semifasciata
(Girard 1855), Cephaloscyllium albipinnum (Last, Moto-
mura & White 2008), Heterodontus portusjacksoni
(Meyer 1793), Heptranchias perlo (Bonnaterre 1788),
Pristiophorus nudipinnis (Giinther 1870), Centrophorus
harrisoni (McCulloch 1915), Cirrhigaleus australis (White,
Last & Stevens 2007), Urolophus bucculentus (Macleay
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Figure 1: Phylogenetic tree of 100 chondrichthyans species across 12 orders and distribution of reproductive mode and ecological lifestyle.
The phylogeny was obtained from Stein et al. (2018). Reproductive modes can be broadly defined by two categories: lecithotrophy and
matrotrophy. Lecithotrophic species (blue) nourish embryos only via an initial yolk and include egg-laying and yolk sac live-bearing species.
Matrotrophic species (red) nourish embryos via additional maternal contributions beyond the yolk sac, including uterine secretions in histotrophy,
ovulation of unfertilized ova for in utero consumption in oophagy, and the development of a yolk sac placenta following uterine implantation. Eco-
logical lifestyles were based on defined ecomorphotypes (Compagno 1990). Deepwater species (dark blue) are benthic and benthopelagic and are
found along the continental slope. Shelf species (blue) are benthic, benthopelagic, or pelagic and are typically found from the intertidal zone down
to a depth of 200 m. Pelagic species (light blue) are found generally in depths less than 200 m above the continental slope and plain. Reef-associated
species (green) are benthic or benthopelagic and are typically found in association with reef structures (coral, rocky, or deepwater).

1884), Urolophus paucimaculatus (Dixon 1969), Urobatis
halleri (Cooper 1863), Dipturus canutus (Last 2008), and
Dipturus gudgeri (Whitley 1940)). Samples were preserved
and processed according to protocols from previous studies
of chondrichthyan brain organization (Yopak et al. 2007).

Species were categorized as lecithotrophic or matrotrophic
based on a review of the literature (Wourms 1977; Wourms
and Demski 1993; Dulvy and Reynolds 1997; Hamlett et al.
2005; Last and Stevens 2009; Ebert et al. 2013). Lecithotro-
phic species nourish embryos solely by yolk sac and can be
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either egg-laying (n = 23) or yolk saclive-bearing (n = 26).
Matrotrophic species nourish embryos initially via the yolk
sac followed by additional maternal contributions in utero,
including muccoid histotrophy (n = 6), lipid histotrophy
(n = 19), oophagy (n = 8), adelphophagy (intrauterine
cannibalism; n = 1), and placental live-bearing (placen-
totrophy; n = 19;fig. 1). Ecological lifestyle was character-
ized in four categories based on Compagno’s “ecomor-
photypes” according to both primary habitat and lifestyle
(Compagno 1990; Yopak 2012; Bigman et al. 2018): shelf
(n = 32 species), reef associated (n = 17), deepwater
(n = 32), and pelagic (n = 17; fig. 1). Shelf species are
benthic, benthopelagic, or pelagic (technically, neritic) and
typically found from the intertidal zone down to a depth of
200 m. Reef-associated species are benthic or benthopelagic
and typically found in association with complex three-
dimensional reef structures—coral or rocky. Deepwater spe-
cies are benthic and benthopelagic and found along the con-
tinental slope. Pelagic species are found generally in depths
less than 200 m above the continental slope and plain.

Phylogenetic Analyses of Allometry of Brain Regions

An inherent issue when dealing with brain region mass is
the underlying allometric relationships with total brain
mass (i.e., the parts must be correlated with the whole;
Freckleton 2002; Revell 2009). Three methods are com-
monly used to account for the underlying covariation with
total brain mass: (1) analyzing the absolute mass of regions
while using total brain mass as a covariate in subsequent
analyses (Garcia-Berthou 2001; Freckleton 2002), (2) ana-
lyzing region mass relative to the rest of the brain (Deacon
1990; Christians 1999), and (3) calculating size-corrected
residuals for subsequent analysis (Revell 2009). We present
the analysis of absolute regional mass (method 1) because
our results were broadly consistent between methods and
because residual analysis (method 3) can yield biased pa-
rameter estimates (Freckleton 2002).

Because of space considerations, we present and discuss
the patterns of pairwise covariation of brain regions, the
analyses of axes of variation in brain organization, and
the influence of maternal investment and ecological life-
style. Other analyses and further discussion can be found
in the supplemental PDF (available online), including
grade shifts, patterns of organization between major chon-
drichthyan lineages, and the use of proportional (relative
to the rest of the brain) and phylogenetically corrected re-
sidual region mass.

Strength of Pairwise Covariation of Brain Regions

To compare the degree to which brain regions covary, we
tested for (i) pairwise covariation between regions and

(ii) changes in intercept or regional allometries associated
with taxonomy in regional size (grade shifts; Barton and
Harvey 2000). Pairwise covariation between regions was
examined by regressing regions against each other while
accounting for total body size and phylogenetic related-
ness using phylogenetic generalized least squares (pGLS)
in the APE package in R (Paradis et al. 2004). For exam-
ple, covariation between telencephalon and each other re-
gion was calculated as

log (M telencephalon ) ~ log(M diencephalon )
+ lOg(M mesencephalon )
+ log(M cerepetium)
+ log(M neduna)
+ log(Myody)-

This analysis allowed for direct comparison with patterns
of covariation previously reported for mammals (Barton and
Harvey 2000) and birds (Iwaniuk et al. 2004). We tested for
gradeshiftsbetween taxonomic orders by regressing regional
mass over total brain mass using pGLS with pairwise
comparisons of order intercepts with parallel slopes using
the emmeans package (Lenth 2018). Grade shifts in regional
size relative to total brain size, such as that seen in neocortex
volume between primates and insectivores (Barton and
Harvey 2000), would support distinct cerebrotypes within
particular lineages. To account for a false discovery rate,
we corrected for multiple comparisons when generating P
values for regional covariation (Benjamini and Hochberg
1995). As we found no evidence of grade shifts, the results
of this analysis are presented in the supplemental PDF.

Axes of Variation in Brain Organization

We analyzed absolute brain mass and brain region mass
by phylogenetic principal component analysis using the
phytools package (Revell 2012) in R (ver. 3.1.1; R Devel-
opment Core Team 2013). The number of principal com-
ponent axes explaining significant variation can then be
used to infer (1) the number of dimensions or axes of
brain organization, (2) the relative importance of the to-
tal brain and individual brain regions for explaining
each axis, and (3) pairwise covariation between brain re-
gions according to the sign of their loading on each axis.
The scores for the principal components accounting for
the majority of variation (i.e., up to 99%) were then ex-
amined in a model selection framework, as described next.

Phylogenetic Generalized Least Squares Modeling
and Model Selection

We used model selection to evaluate the relative impor-
tance of the reproductive mode and ecological lifestyle
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for explaining variation in brain organization using pGLS
to account for evolutionary relationships. A phylogeny was
created by pruning a larger 610-species molecular tree
(Stein et al. 2018) to the desired taxon set (fig. 1). We used
a maximum likelihood approach to simultaneously esti-
mate the phylogenetic signal in the model parameters
and error structure (Freckleton et al. 2002; Revell 2010) us-
ing Pagel’s A statistic (Pagel 1999). A A value of 1 indicates
correlation between species reflecting Brownian motion,
while a A value of 0 indicates no correlation between spe-
cies (Pagel 1999; Housworth et al. 2004).

We used the Akaike information criterion (AIC) to
identify the models that best explain our data from the
suite of candidate models (Hilborn and Mangel 1997; Burn-
ham and Anderson 2002). Model significance was based on
a AAIC of 2, with the model yielding the lowest AIC value
being the most supported. We generated model-averaged
coefficients across four candidate models to compare
the relative effect of parameters for all four axes of brain
organization using the MuMIn package (Bartén 2013):
(1) body mass and brain mass; (2) body mass, brain mass,
and reproductive mode; (3) body mass, brain mass, and
ecological lifestyle; and (4) body mass, brain mass, repro-
ductive mode, and ecological lifestyle.

Because brain mass loaded heavily on the first principal
component, as expected with multivariate allometry (Klin-
genberg 1996), explanatory models for PC1 contained only
total body mass as a covariate. We present the slope effects of
continuous variables (body mass and total brain mass). The
effects of categorical variables are presented as intercept ef-
fects relative to a base level of deepwater lecithotrophy.
Post hoc testing of individual factor levels for reproductive
mode and ecological lifestyle was done by estimated mar-
ginal means using the emmeans package in R (Lenth 2016,
2018). Estimated marginal means are used to generate the
mean and factor-level response for categorical variables
and are useful for describing patterns associated with a spe-
cific variable while holding other factors constant (Vélez
etal. 2015). Because of sample size limitations within taxo-
nomic groups, model selection could be carried out only on
the complete data set. To test for differences among the
three major chondrichthyan lineages, a three-level factor
(ie., chimaeras, sharks, and rays) was included in the best-
fit model, and each level was compared using emmeans.

Results
Regional Covariation Independent of Allometry

There was a high degree of pairwise covariation among
chondrichthyan brain regions across all species, as well as
sharks and rays independently, after accounting for to-
tal body size (fig. 2; table SI; tables S1-S6 are available
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online). Pairwise covariation among all chondrichthyans
(fig. 2A) was unsurprisingly similar to that of sharks alone,
given that two-thirds of the overall data set is composed of
sharks (fig. 2B). Most brain regions, with the exception of
the cerebellum, covaried with either diencephalon or mes-
encephalon (fig. 24, 2B). Negative covariation between the
telencephalon and the medulla arises from different allom-
etries with total brain size: the telencephalon exhibits a
weakly positive allometry (log-log slope = 1.04), whereas
the medulla exhibits a negative allometry (log-log slope =
0.77), with total brain size across all chondrichthyans. Rays
exhibited a higher degree of positive covariation among
most brain regions than sharks (fig. 2C). Rays exhibited
three distinct differences compared with sharks: (1) a neg-
ative covariation between the cerebellum and the medulla,
(2) an absence of significant covariation between the telen-
cephalon and the diencephalon, and (3) a positive covari-
ation between the cerebellum and both the diencephalon
and the mesencephalon (fig. 2C). Brain regional allome-
tries were consistent across taxonomic groups, with no ev-
idence of grade shifts across the major lineages (chimaeras,
sharks, and rays) or across any of the 12 taxonomic orders
(table S2).

Axes of Variation and the Effects of Reproductive Mode
and Ecological Lifestyle

Regional brain organization varies across four main axes
across all chondrichthyans and within sharks and rays
(table 1). Because of statistical power limitations, we were
able to test only the effect of reproductive mode and eco-
logical lifestyle across all chondrichthyans while testing
for taxonomic differences as a factor. There was no differ-
ence between sharks and rays across any of the four axes of
variation—absolute brain size, diencephalon versus mes-
encephalon, telencephalon versus medulla, and relative
cerebellum size—once allometric, reproductive mode,
and ecological lifestyle effects were accounted for (PCI:
t = —0.35 P = .94, PC2: t =0.24, P = .97; PC3:
t = 0.65,P = .79; PC4: t = 0.48, P = .88), and includ-
ing a three-level taxonomic factor (i.e., chimaeras, sharks,
and rays) eroded support for all models.

Total Brain Size

The first axis was related primarily to brain size, seen by
large loadings for total brain mass and all brain regions,
and explained most (95%) variance (table 1, pt. A). Body
mass had the largest effect on total brain mass (fig. 34),
and the most supported model describing PC1 included
only body mass and reproductive mode (table 2, pt. A).
Matrotrophic species have significantly enlarged brains
relative to lecithotrophic species (f = 3.004, P < .01;
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Figure 2: Pairwise covariation between brain regions for all chondrichthyans (A), sharks (B), and rays (C). Black arrows represent signif-
icant positive covariation between regions, while white arrows represent significant negative variation between regions. Numbers in paren-

theses denote sample sizes for each group.

figs. 3B, 4A-4D). Relative brain size was smaller in deep-
water and shelf species and was larger in pelagic and
reef-associated ecological lifestyles (fig. 3B), although
this was largely driven by the increasing relative brain
size of matrotrophic species relative to lecithotrophic
species across shallow-water ecological lifestyles (fig. 4A-
4D). Lecithotrophic species exhibit similar relative brain
sizes across all ecological lifestyles, while the relative brain
size of matrotrophic species is significantly larger, particu-
larly in pelagic and reef-associated systems (fig. 4C).

Diencephalon versus Mesencephalon

Reproduction and ecological lifestyle both explain variation
in the remaining axes of brain organization. The dienceph-

alon versus mesencephalon axis accounts for half of the re-
maining variation (2.3%) and reflects independent varia-
tion between the mesencephalon (loading = 0.264) and
the diencephalon (loading = —0.27; table 1, pt. A; fig. 3C,
3D). There was no clear pattern of differences between re-
productive modes (t = —0.20, P = .84) and ecological
lifestyles (table 3, pt. B) or evidence of allometric effects
(fig. 3C; table 2, pt. B), although reef-associated species were
characterized by relatively small mesencephalons (fig. 4H).

Telencephalon versus Medulla

The telencephalon versus medulla axis (1.5%) reflects the
negative covariation between the telencephalon (0.177)
and the medulla (—0.201) associated with their varying
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Table 1: Eigenvector values of each brain region and total brain mass across the four main principal
component axes for all chondrichthyans (pt. A), sharks only (pt. B), and rays only (pt. C)

PC loadings

Structure PC1 PC2 PC3 PC4

A. All chondrichthyans:
Telencephalon —.979 —.032 177 .077
Diencephalon —.943 —.296 —.126 .067
Mesencephalon —.954 253 —.061 115
Cerebellum —.983 .002 .055 —.164
Medulla —.966 .089 —.201 —.052
Brain mass —.998 .013 .036 .003
Standard deviation .081 .013 .010 .008
Proportion of variation .946 .023 .015 .010
Cumulative variation .946 .969 .985 .994
A .893

B. Sharks:
Telencephalon —.979 —.068 .149 —.103
Diencephalon —.944 —.270 —.174 —.055
Mesencephalon —.950 264 —.063 —.131
Cerebellum —.981 —.005 .083 .156
Medulla —.967 114 —.154 .108
Brain mass —.998 —.001 .043 —.005
Standard deviation .087 .014 011 .010
Proportion of variation .945 .023 .014 .012
Cumulative variation .945 .968 .983 .994
A .867

C. Rays:
Telencephalon —.986 —.068 117 —.094
Diencephalon —.949 311 .001 —.014
Mesencephalon —.969 —.207 —.097 .006
Cerebellum —.989 —.021 .071 126
Medulla —.971 .022 —.229 —.014
Brain mass —.999 —.034 .010 —.032
Standard deviation .079 .012 .009 .006
Proportion of variation .959 .022 .012 .005
Cumulative variation .959 .981 993 .998
A .672

allometries. Brain mass had the largest effect on relative tel-
encephalon and medulla size (fig. 3E), and ecological life-
style was informative (table 2, pt. C), while there was no ef-
fect of reproductive mode (¢t = —0.51, P = .61; figs. 3F,
41-4L). The strong effect of total brain size reflects the op-
posing allometries of these two regions. Reef-associated
species are characterized by significantly larger telence-
phala (figs. 3F, 4L), while shelf and deepwater species are
characterized by significantly larger medullas, irrespective
of total brain mass or reproductive mode (table 3, pt. C).

Cerebellum Size

The cerebellum axis (1%) reflects differences in cerebel-
lum size relative to all other regions. There was no clear
pattern of variation with brain mass or reproductive

mode (t = —0.63, P = .53; fig. 3G, 3H), although there
was weak evidence of variation associated with ecological
lifestyle (table 2, pt. D; table 3, pt. D). The largest relative
cerebellum sizes were seen in pelagic species, especially
relative to shelf species (figs. 3H, 4N).

Discussion

We have demonstrated, for the first time, a clear associ-
ation between maternal investment, ecological lifestyle,
and brain organization in a lineage with diverse body
sizes and across all reproductive modes. We showed that
brain size and organization in chondrichthyans vary
across four main axes rather than as a distinct clustering
of cerebrotypes. Most variation in brain organization is
attributed to absolute brain size, with subsequent axes
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Table 2: Model selection table for the major principal components across all chondrichthyans
Candidate model variables df logLik r’ AlICc A Weight A
A. PC1
~M; + RM 97 —59.06 .79 128.12 .00 .89 .82
~My + RM + EL 94 —58.28 .79 132.57 4.45 .10 .78
~Mjg 98 —65.41 .06 138.83 10.71 .00 .89
~M; + EL 95 —62.43 77 138.87 10.75 .00 .85
B. PC2
~My + My, 97 52.51 .00 —95.03 .00 40 .50
~My + My, + EL 94 55.31 .01 —94.62 41 .33 .44
~My + My, + RM 96 52.53 .00 —93.07 1.96 15 .48
~My + Mg, + RM + EL 93 55.38 .00 —92.77 2.26 13 4
C. PC3
~My + Mg, + EL 94 82.62 .20 —149.24 .00 .60 91
~My + My, + RM + EL 93 82.69 .19 —147.52 1.72 25 91
~My + Mg, 97 77.82 .14 —145.65 3.59 .10 91
~My + Mg, + RM 96 78.00 .14 —144.38 4.86 .05 91
D. PC4
~My + My, + EL 94 96.11 .01 —176.23 .00 34 .97
~My + My, 97 93.06 .00 —176.12 .11 .33 .96
~My + My, + RM 926 96.16 .00 —174.85 1.38 17 97
~My + My, + RM + EL 93 93.13 .00 —174.65 1.58 .16 .96

Note: The models with significantly greater support than all others, based on the corrected Akaike information criterion (AICc), are presented in boldface

type. The AAIC is calculated relative to the best model; hence, models with the greatest support have a AAIC < 2 and are shown in boldface type and ordered

by relative support. A indicates the phylogenetic signal in the residual error of the model; a value of 1 indicates correlation between species reflecting Brownian

motion, while a value of 0 indicates no correlation between species. M = total body mass; My, = total brain mass; RM = reproductive mode; EL = eco-

logical lifestyle.

reflecting the varying allometries of various brain re-
gions—diencephalon versus mesencephalon, telenceph-
alon versus medulla, and cerebellum—which in turn are
strongly related to reproductive mode and ecological life-
style. We showed that smaller-bodied lecithotrophic chon-
drichthyans found in the deep sea tend to have small
brains composed of large medullas (fig. 34, 3C, 3E, 3F; ta-
ble 3, pt. C). In contrast, large-bodied matrotrophic chon-
drichthyans found in shallow water tend to have larger
brains dominated by large telencephala, with small medul-
las (fig. 3A, 3C, 3E, 3F; table 3, pt. C). Next, we examine two
issues more closely: (1) the role of maternal investment on
brain size and structure and (2) the evolutionary trajectory
of ecological lifestyle and reproduction.

Maternal Investment and Brain Size
and Organization

Evidence is accumulating that pre- and postpartum mater-
nal investment in offspring is associated with larger brain
sizes (Iwaniuk and Nelson 2003; Barton and Capellini
2011; Mull et al. 2011; Tsuboi et al. 2014). This may indeed
be a vertebrate-wide phenomenon, as chondrichthyans ex-

hibit a similar relationship between maternal investment
and brain size (Mull et al. 2011). This connection appears
to exist irrespective of the form of maternal investment,
whether indirect, occurring via duration of parental care
in cichlid fishes and birds (Iwaniuk and Nelson 2003;
Weisbecker and Goswami 2010; Isler 2011; Tsuboi et al.
2014); more direct, occurring via energetic investment
during lactation (Weisbecker and Goswami 2010); or
occurring during embryonic development in mammals
and matrotrophic chondrichthyans (Barton and Capellini
2011; Mull et al. 2011). Underlying this connection be-
tween maternal investment and encephalization (or a
larger-than-expected brain for a given body size) is the re-
lationship between total brain size and brain organization
(Yopak et al. 2010). While most regions scale consistently
with total brain size, evolutionary transitions in the timing
of neurogenesis, the size of the initial cellular founder pool,
or the progenitor cell cycle rates may alter patterns of brain
organization (Charvet et al. 2011). Although this has not yet
been empirically shown in this group, the timing of neuro-
genesis and cell cycle rates could vary dramatically between
chondrichthyans because the duration of embryonic develop-
ment ranges widely from 4 months to 3 years (Wourms 1977;
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Wourms and Demski 1993). Additionally, chondrichthyans
exhibit indeterminate growth, whereby neurogenesis con-
tinues throughout life (Zupanc 2006) and metabolic rates
vary with ambient temperatures over a large depth range
(Childress 1995). Although not yet measured in chon-

drichthyans, these unique developmental opportunities
could provide a mechanism to alter patterns of brain or-
ganization both within and across species, enabling an
evolvable architecture in relation to both ecology and
life-history characteristics.
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Table 3: Post hoc testing of ecological lifestyles across the four main principal components
that explain variation in chondrichthyan brain organization

Reef Pelagic Shelf Deep

A. PCl1
Reef .28 (.99) —1.95 (.21) 1.81 (.27)
Pelagic .04 —1.51 (.43) 1.49 (.45)
Shelf —28 —24 - 29 (.99)
Deep 32 28 .04

B. PC2
Reef 2.18 (.14) —.84 (.83) 1.32 (.56)
Pelagic 11 1.33 (.55) —.62 (.92)
Shelf —.04 07 . 78 (.85)
Deep 07 — .04 03

C. PC3
Reef —1.67 (.35) 2.91 (.02) —2.59 (.05)
Pelagic —.06 1.23 (.61) —1.20 (.63)
Shelf 11 .05 - — 25 (.99)
Deep —.11 — .05 - 01

D. PC4
Reef 1.12 (.68) 1.19 (.64) — .85 (.83)
Pelagic .034 ... 2.41 (.08) —1.89 (.25)
Shelf .037 .07 26 (.99)
Deep —.031 —.064 .006

Note: Post hoc testing was performed by pairwise comparison of estimated marginal means for reproductive mode
and ecological lifestyle. Values above the diagonal represent the test ratio and P value, while values below the diagonal

represent the contrast estimate. Significant pairwise tests are indicated with boldface type.

The Evolutionary Trajectory of Ecological Lifestyle
and Reproduction

There are clear differences in chondrichthyan brain orga-
nization among species with differing life-history strate-
gies. Large-bodied matrotrophic chondrichthyans found
in shallow water tend to have larger brains dominated
by large telencephala and correspondingly small medul-
las. Conversely, smaller-bodied lecithotrophic chondrich-
thyans found in the deep sea tend to have small brains
composed of large medullas (fig. 34, 3B, 3E).

The gradient in brain organization may mirror evolu-
tionary transitions in both reproductive mode and expan-
sion of ecological niches over time. Ancestral chondrich-
thyans are hypothesized to have been deepwater lecithotrophs
(Compagno 1990; Sorenson et al. 2014) with relatively small
brains composed of a small telencephalon and a small,
smooth cerebellum (Northcutt 1977, 1978). From these
deepwater ancestors, it is hypothesized that matrotrophs
evolved to radiate into shallow shelf, reef, and oceanic eco-
logical lifestyles. Our study suggests that this evolutionary
sequence in ecological lifestyles and reproductive modes
may have coincided with an increase in relative brain size

and the evolution of brains that are predominantly com-
posed of telencephalon and cerebellum. In support of these
concomitant evolutionary sequences, extant deepwater chon-
drichthyans are almost exclusively lecithotrophic (egg-
laying or yolk sac live-bearing; Rigby and Simpfendorfer
2015), with relatively small brains composed of relatively
larger medullas and olfactory bulbs but with relatively
small optic tecta and a small, smooth cerebellar corpus
(Lisney et al. 2008; Yopak and Montgomery 2008; Yopak
and Lisney 2012; Yopak et al. 2015, 2019). It has been sug-
gested that these patterns of brain organization reflect a
specialization for nonvisual senses—including electro- and
mechanoreception—in dark, resource-limited bathyal habi-
tats (Yopak and Montgomery 2008). In contrast, shallow-
water species employ every reproductive mode and
exhibit relatively enlarged brains with increased telencephala
and enlarged optic tecta, and they range in cerebellar folia-
tion from smooth to highly foliated, suggestive of a shift to
a more active visual lifestyle requiring spatial learning in
complex habitats (Yopak et al. 2007; Yopak 2012; Yopak
and Lisney 2012; Fuss et al. 20144, 2014b). Although the
degree to which brain volume equates to improved func-
tion has yet to be empirically shown and neuron number
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may be a more informative measure of cognitive abilities
(Herculano-Houzel 2011; Yopak et al. 2014), it is expected
that an increase in brain structure size confers, to some de-
gree, an increase in functionality (Jerison 1973).

Conclusions

Chondrichthyan brain organization varies across four
axes—absolute brain size, diencephalon versus mesenceph-
alon, telencephalon versus medulla, and relative cerebel-
lum size—each reflecting varying influences of allometry,
reproductive mode, or ecological lifestyle. The concurrent
increases in brain regions with total size, particularly in
the disproportionate addition of regions correlated with
higher cognitive and motor functions (e.g., telencephalon
and cerebellum), may have allowed for the capitalization
of new niche opportunities at the onset of and throughout
the diversification of the chondrichthyan radiation, from
deep into shallow complex habitats. The exact mechanisms
and sequence of causation of brain evolution provide a rich
path for future study; we hypothesize that the evolution of
increased maternal investment is associated with the evo-
lution of relatively larger brains in chondrichthyans, as
has been suggested in other vertebrates.
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