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Abstract

Understanding how organismal design evolves in response to environmental

challenges is a central goal of evolutionary biology. In particular, assessing

the extent to which environmental requirements drive general design fea-

tures among distantly related groups is a major research question. The visual

system is a critical sensory apparatus that evolves in response to changing

light regimes. In vertebrates, the optic tectum is the primary visual process-

ing centre of the brain and yet it is unclear how or whether this structure

evolves while lineages adapt to changes in photic environment. On one

hand, dim-light adaptation is associated with larger eyes and enhanced

light-gathering power that could require larger information processing

capacity. On the other hand, dim-light vision may evolve to maximize light

sensitivity at the cost of acuity and colour sensitivity, which could require

less processing power. Here, we use X-ray microtomography and phyloge-

netic comparative methods to examine the relationships between diel activ-

ity pattern, optic morphology, trophic guild and investment in the optic

tectum across the largest radiation of vertebrates—teleost fishes. We find

that despite driving the evolution of larger eyes, enhancement of the capac-

ity for dim-light vision generally is accompanied by a decrease in investment

in the optic tectum. These findings underscore the importance of consider-

ing diel activity patterns in comparative studies and demonstrate how vision

plays a role in brain evolution, illuminating common design principles of

the vertebrate visual system.

Introduction

The past several decades have provided unparalleled

insights into the mechanisms that allow animals to

adapt to the challenges posed by dim-light environ-

ments (Warrant, 1999, 2004; Land & Nilsson, 2012;

Narendra et al., 2017). Studies have yielded transforma-

tive insights into the anatomical (Palmer et al., 2017)

and molecular basis (Viets et al., 2016) of vision, as well

as the behavioural (Nørgaard et al., 2008; Narendra

et al., 2013), ecological and macroevolutionary dynam-

ics of life in low light (Schmitz & Motani, 2011; Hall

et al., 2012; Gerkema et al., 2013; Angielczyk & Sch-

mitz, 2014; Wu et al., 2016, 2017; Maor et al., 2017;

Tierney et al., 2017). However, few studies have inves-

tigated how evolutionary transitions to lifestyles charac-

terized by low-light environments influence neural

investment in the primary visual information process-

ing centre of the vertebrate brain: the optic tectum.

Visual performance is an integrated result of the optical

and physiological properties of the eyes, combined with

neural processing of visual information in the retina
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itself and further downstream in the optic tectum. In

all visually oriented vertebrates, the optic tectum

receives substantial amounts of sensory input, and it is

expected that the interplay of sensory information and

data processing will significantly impact neural invest-

ment. Whereas understanding optical and retinal adap-

tations to dim-light environments is fundamentally

important, including the optic tectum in these analyses

allows for a more complete understanding of both the

evolution of the visual system and expectations of neu-

ral investment across the evolutionary history of the

vertebrate brain.

In the continuum of light environments, bright, spa-

tially and chromatically complex habitats are a richer

source of sensory information than dark, plain and

monochromatic environments (Warrant & Johnsen,

2013). To effectively gather photic information across

these environment types, vertebrates utilize two types of

photoreceptors: (i) cones, which detect various energy

wavelengths, some including UV; and (ii) rods, which do

not detect the same energy wavelengths as cones but are

sensitive to movement and contrast in low-light condi-

tions (Fishelson et al., 2004). Photon abundance in bright

(photopic) environments facilitates the use of cone pho-

toreceptors with colour discrimination and high visual

acuity, allowing organisms to distinguish fine detail

(Land & Nilsson, 2012). In contrast, the photon-limited

environment of dim (scotopic) habitats allows verte-

brates to make use of the rod photoreceptor system,

which is characterized by much higher sensitivity modi-

fications to improve image brightness (Land & Nilsson,

2012). This photopic–scotopic dichotomy of photon

availability is a major axis of morphological and func-

tional evolution of vertebrate eyes (Warrant, 2004);

however, the impact of diversification along this axis on

the optic centre of vertebrate brain remains unclear.

Both rods and cones converge onto retinal ganglion

cells, the axons of which form the optic nerves and

optic tracts that project to the optic tectum (Northmore,

2011). Light sensitivity is improved through increasing

rod convergence to ganglion cells, and as a result, tens

or even hundreds of rods may converge onto a single

cell (Hughes, 1977; Warrant, 1999, 2004; Joselevitch &

Kamermans, 2009). In contrast, acuity is maximized by

low convergence; therefore, as little as one cone will

interface with a single ganglion cell (Hughes, 1977;

Kolb & Dekorver, 1991; Warrant, 1999; Querubin et al.,

2009). This difference in visual information flow

between the different cell types implies a relationship

between visual information and patterns of retinal con-

vergence: for a given eye size, scotopic vertebrates

should have a much lower number of retinal ganglion

cells than their photopic counterparts. If this is true,

the optic tectum of scotopic vertebrates should also be

relatively smaller.

Marine teleosts, which comprise 25% of the planet’s

vertebrate diversity, present an exemplary system for

assessing general trends of neural investment following

transitions to dim-light environments. Marine fishes

such as bigeyes (Priacanthidae) or squirrelfishes (Holo-

centridae) represent some of the most iconic examples

of a temporal niche in vertebrates and are just a few of

the dozens of clades that have independently evolved

true nocturnality (Schmitz & Wainwright, 2011b; Dorn-

burg et al., 2017a). These nocturnal fish lineages gener-

ally have larger eyes than diurnal fishes relative to

body size (Goatley & Bellwood, 2009; Goatley et al.,

2010; Schmitz & Wainwright, 2011b), as well as a lar-

ger lens and pupil, which increases light-gathering

capacity and is evidence that vision is still an important

modality in nocturnal species. However, whether tran-

sitions to nocturnality increase investment in the optic

tectum remains unknown.

If nocturnal fishes predominantly use rod-vision

with increased retinal convergence as predicted from

physiological optics, we would expect that living life

in the dark comes with a decreased cost to neural

investment. There is evidence that this may be the

case. Work on nocturnal cods (Gadidae) with larger

eyes has repeatedly revealed a decrease in the size of

the optic tecta (Evans, 1940; Kotrschal et al., 1998). In

contrast, some lineages of diurnal fishes have vastly

expanded their repertoire of cone cells to capture

additional portions of the visible light spectrum (Losey

et al., 2003), thereby increasing demands on visual

processing. However, light availability may not be the

only factor affecting teleost investment in the optic

tectum; accounts in the literature suggest feeding

behaviour, in particular prey detection and predation

avoidance, may affect tectal volume (Evans, 1940;

Huber & Rylander, 1991, 1992; Huber et al., 1997;

Edmunds et al., 2016; Kotrschal et al., 2017). To date,

no phylogenetic comparative analyses have attempted

to examine the relationship between eye size, neural

investment and activity patterns across a broad repre-

sentation of marine teleosts, leaving us in the dark

regarding how evolutionary changes in diel activity

affect neural investment.

Here, we use a time-calibrated phylogenetic compara-

tive framework to assess the relationship between diel

activity, visual morphology and investment in the optic

tectum. Using an information theoretic framework, we

first assess the predictive power of activity and visual

morphology on neural investment, expanding the can-

didate pool of predictors to also include the potential

effect of trophic guild on neural investment. We next

quantify overall patterns of neuro-visual phylomor-

phospace occupancy to assess the overlap and differ-

ences in phenotypic diversity between diurnal and

nocturnal teleosts. Our results reveal how optic mor-

phology drives investment and divestment in the optic

tecta, providing a much-needed macroevolutionary per-

spective on how dim-light vision has impacted this

region of the teleost brain.
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Materials and methods

Specimens

Eye measurements and micro-CT (X-ray microtomogra-

phy) brain scans were collected for 111 individuals

from 60 species (Data archived on DRYAD,

doi:10.5061/dryad.br097sc). Body mass was collected at

the time of capture for all specimens scanned except

Orthopristis chrysoptera. Eye measurements for 39 species

were acquired from Schmitz & Wainwright (2011b)

with measurements from an additional 21 species

acquired from specimens collected in Hawaii. All fish

were collected on scuba using dip nets or via rod and

reel in Curac�ao, Hawaii or North Carolina in accor-

dance with conditions stipulated in permits and in com-

pliance with university standards of animal care and

use (Macquarie University animal ethics permit

5201500020). Of the 60 species used in this study, 44

are diurnal and 16 nocturnal (Schmitz & Wainwright,

2011b; Dornburg et al., 2017a). With regard to feeding

guilds, the diurnal group is composed of 66% benthi-

vores (29), 11% piscivores (5), 14% planktivores (6)

and 9% herbivores (4); the nocturnal group is com-

posed of 63% benthivores (10), 31% piscivores (5) and

6% planktivores (1) (Fig. S1) (Froese & Pauly, 2014).

Voucher photos or tissue samples of specimens were

deposited in the Yale Peabody Museum of Natural His-

tory and the North Carolina Museum of Natural

Sciences.

Eye measurements

Both left and right eyes for 1–4 individuals per species

were measured following the methods described in Sch-

mitz & Wainwright (2011b). Briefly, fish were deeply

anesthetized in a solution of tricaine methanesulfonate

(MS-222) in seawater, and each eye was photographed

prior to removal to determine maximum and minimum

pupil diameters. To measure eye diameter, eyes were

individually removed and photographed next to a

micrometer using a USB dissecting microscope attached

to a laptop. Next, the lens was excised and pho-

tographed to determine lens diameter. Once both eyes

had been removed and photographed, fish were rapidly

decapitated and the head placed in a 10% formalin

solution (mixed with seawater). All eye measurements

were taken from photographs after decapitation to

ensure that the fish would remain alive until brain

preservation.

Fixation, staining and micro-CT scanning

Heads or dissected brains were fixed in 10% formalin

(in seawater) for at least three weeks before staining.

Large heads (widest dimension >40 mm) were kept in

5% iodine potassium iodide (IKI). The remaining

smaller heads were kept in 3.75% IKI and dissected

brains were kept in 1.5% IKI. Heads remained in stain

for approximately four weeks, dissected brains one

week. Just prior to micro-CT scanning, tissues were

removed from stain and blot dried, then wrapped in

low-density polyethylene plastic wrap to prevent desic-

cation and eliminate the interference of in-liquid leach-

ing of IKI. Wrapped specimens were placed snugly

inside polypropylene tubes, which were secured to the

micro-CT scanner base. Specimens were scanned using

a Zeiss Xradia Versa XRM 510 micro-CT scanner housed

at the Okinawa Institute for Science and Technology

Graduate University (OIST). All scans were set for 1-s

exposure and 1001 projections with brains scanned at

50–60 kV, 4–5 W, and heads at 80–160 kV, 7–10 W.

Scans were approximately 50 min in duration. After

scanning, specimens were returned to 10% formalin.

Brain segmentation

Micro-CT scans were visualized and virtually segmented

using AMIRA software (version 6.0.0, FEI SAS, Bor-

deaux, France). Segmentation allows regions of interest

in the image layers to be labelled and volumetrically

quantified. Total brain volume included from the olfac-

tory bulbs (anterior) to the medulla (posterior) at the

point where medullary structures fuse dorsally, which

tends to coincide where cranial nerve X exits the brain-

stem or slightly posterior to this location. The left and

right optic tecta were segmented independently. Vol-

ume was calculated using AMIRA software using meta-

data embedded within the micro-CT file.

Comparative analyses

Eyes of nocturnal fish are not only larger in diameter

than those of diurnal fish; they also have greater depth,

larger lenses and changes in pupil shape (Schmitz &

Wainwright, 2011b). By combining these axes of visual

morphology, Schmitz & Wainwright (2011b) developed

a metric (termed OPT3) that approximates where along

the spectrum species lie with respect to photopic (bright

light) and scotopic (dim light) vision. OPT3 is the pro-

duct of the ratio of lens diameter to eye diameter and

the ratio of minimum to maximum pupil diameter

OPT3 ¼ ðld�minðpdÞÞ=ðed�maxðpdÞÞ (1)

where ld is the lens diameter, pd the pupil diameter,

and ed the eye diameter. We use this metric to quantify

eye morphology for our comparative analyses.

Given that OPT3 was developed to distinguish

between nocturnal and diurnal species, OPT3 and diel

activity pattern are expected to be highly correlated

variables (Figs S2 and S3). Because OPT3 integrates eye

morphology related to light-gathering efficiency, we

expect this continuous variable to be more informative
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than a dichotomous activity assignment (e.g. nocturnal,

diurnal). We therefore use OPT3 and not diel activity

in our models. Activity data were compiled from Sch-

mitz & Wainwright (2011b) and Dornburg et al.

(2017a).

For all comparative analyses, we used the time-cali-

brated phylogeny estimated by Rabosky et al. (2013) as

an evolutionary framework. This phylogeny is based on

an analysis of 13 genes that capture the evolutionary

divergences of 7822 fish species, including all but three

lineages of our study. These species comprise Equetus

punctatus, Mulloidichthys flavolineatus and Bothus mancus,

and represent recently diverged tipward lineages within

the taxon sampling strategy of Rabosky et al. (2013). To

incorporate these missing lineages into our time-cali-

brated framework, we assembled cytochrome c oxidase

subunit one (COI) sequences from GenBank that

included the missing species and a subset of their close

relatives including at least two lineages that represent a

divergence within the tree estimated by Rabosky et al.

(2013); Table S1. Divergences were time calibrated

using secondary calibrations based on posterior distribu-

tions taken from the literature (e.g. (Near et al., 2012,

2013); See Appendix S1 for more details), and diver-

gence times were estimated using BEAST v. 2.4.5.

(Bouckaert et al., 2014) (see Appendix S1 for details).

Although mitochondrial markers such as COI have

been shown to impact evolutionary divergences at deep

timescales in fishes, quantifications of phylogenetic

information content for mitochondrial genomes (Dorn-

burg et al., 2014) suggest that the tipward sampling of

this strategy poses minimal risk of saturation-based

branch length errors while providing enough variable

sites to achieve topological resolution and power for

parameter estimation (Dornburg et al., 2014, 2017b).

Resulting trees were grafted onto the phylogeny of

Rabosky et al. (2013) and pruned to only include lin-

eages sampled in our study.

We simultaneously visualized shared evolutionary

history and patterns of convergence in the size of the

optic tectum relative to OPT3 using a two-dimensional

phylomorphospace (Sidlauskas, 2008). The internal

nodes of the phylogeny were placed into the resulting

morphospace using maximum likelihood-based ances-

tral states estimates for OPT3 and optic tectum. To

assess how the resulting morphospace is partitioned

between nocturnal and diurnal lineages, we used

stochastic character mapping (Bollback, 2006) to recon-

struct changes in diel activity across the phylogeny,

mapping the resulting map onto the branch lengths of

the phylomorphospace, selecting the best-fit model of

the evolutionary transition rate matrix from the candi-

date pool of equal or asymmetric rates using corrected

Akaike information criterion (AICc). For both nocturnal

and diurnal lineages, a convex hull of morphospace

occupancy was calculated and used to determine over-

all differences in trait diversity, coupled with a

comparison of kernel density estimates (KDE) of the

probability density of each trait for nocturnal and diur-

nal lineages. All analyses were conducted in phytools

(Revell, 2012) using code from Federman et al. (2016)

with the exception of KDE analyses conducted using

the sm package in R (Bowman & Azzalini, 2014).

We conducted comparative analyses using phyloge-

netic generalized least squares (PGLS) as implemented

in the ape and geiger packages for R (Paradis et al.,

2004; Pennell et al., 2014, Pinheiro et al., 2016; R Core

Team, 2017). Volume and mass measurements were log

transformed prior to analysis. We built models using

both Brownian (BM) and Ornstein–Uhlenbeck (OU)

error structures, with parameters for those models fit

using the corBrownian and fitContinuous methods in

ape and geiger, respectively. For each of these error

structures, we constructed five models with optic tec-

tum volume as the dependent variable: one intercept-

only model to represent the null hypothesis, one model

with brain volume as the only predictor, one model

with OPT3 and brain volume, one with feeding guild

and brain volume, and finally one model containing

brain volume, OPT3 and feeding guild. For these mod-

els, brain volume was calculated excluding optic tec-

tum. We compared model fit using sample size

corrected Akaike information criterion scores, AICc, a

metric that assesses model fit while penalizing the addi-

tion of excess parameters. Parameter estimates and

standard errors were calculated using model averaging

(Mazerolle, 2014).

We also conducted a second set of PGLS analyses

using total brain volume (including optic tectum) as

the dependent variable to assess differences in total

brain volume based on OPT3 (a continuous proxy for

diel activity). We included all species except Orthopristis

chrysoptera in this analysis because body mass data were

missing for these specimens. Models for this analysis

included an intercept-only model, a body mass only

model and a model with both body mass and OPT3.

Models were built using both BM and OU error struc-

tures. In order to exclude the possibility that our results

might be affected by the methods used to add species to

the phylogeny (above), we repeated all analyses with

the three additional species excluded. These results did

not differ in any material way from the analysis of the

full data set, and so only the results using the full data

set will be discussed.

Results

Visualizing changes in optic tecta volume across the

phylogeny of sampled lineages depicts numerous inde-

pendent decreases and increases in tissue mass invest-

ment (Fig. 1a). In general, shifts in nocturnal activity

correspond to decreases in the volume of the optic tec-

tum (Fig. 1a). In particular, nocturnal lineages such as

moray eels (Muraenidae) (Fig. 1b) have some of the
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smallest optic tectum volumes (Fig. 1). In contrast,

most diurnal lineages have larger optic tecta, with flat-

fishes demonstrating the largest of any sampled species

(Fig. 1a,c). Although changes in diel activity are gener-

ally linked with decreases in tecta volume, there are

several notable exceptions. Diurnal triggerfishes (Balis-

tidae) have some of the smallest optic tecta of any diur-

nal or nocturnal fishes (Fig. 1a,d), although nocturnal

silversides (Atherinidae) and squirrelfishes and soldier-

fishes (Holocentridae) possess optic tectum volumes

that are on par with the larger volumes found in diur-

nal lineages (Fig. 1a,e).

Visualization of the neural–visual phylomorphospace

indicates a substantial reduction in the overall mor-

phospace occupancy of nocturnal relative to diurnal lin-

eages, with only a minor degree of overlap between the

two (Fig. 2). Quantification of the area of the convex

hull area for diurnal vs. nocturnal corresponds to a

4.49-fold increase in combinations of OPT3 and optic

tectum areas represented, with nonequal morphospace

occupancy supported under a range of resampling

strategies (Fig. S4). The majority of nocturnal lineages

have converged in relative optic tecta volumes below

0.2 and OPT3 values as large or larger than those found

in diurnal lineages (Fig. 2). Moray eels represent some

of the lowest optic tecta volumes and most divergent

OPT3 values of the nocturnal lineages. In contrast,

squirrelfishes and soldierfishes and the hardyhead sil-

verside (Atherinomorus stipes; Atherinidae) have optic

tecta values that are on par with those found in diurnal

lineages (Fig. 2). Of the diurnal lineages, most lineages

appear closely clustered. Notable exceptions include the

scythe triggerfish (Sufflamen bursa; Balistidae), with both

a low OPT3 and low optic tecta volume and flounders,

(a) (b)

(c)

(d)

(e)

Fig. 1 (a) Phylogeny of species included in this study denoting diel activity patterns, relative investment in the optic tectum and a 2D

dorsal view of 3D-rendered brains with optic tecta in translucent purple and the rest of the brain in translucent grey. (b–e) Translucent
3D-rendered heads with brain indicated in dark grey and optic tectum in purple for several key species discussed in the text: (b)

Gymnothorax javanicus; giant moray eel. (c) Bothus mancus; peacock flounder. (d) Sufflamen bursa; scythe triggerfish. (e) Atherinomorus stipes;

hardhead silverside.
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which possess the most divergent OPT3 to optic tectum

ratios and represent a major component of overall mor-

phospace occupancy (Fig. 2).

In general, models fit using the BM error structure

outperformed their Ornstein–Uhlenbeck counterparts

(Table S2). Given the better fit of the BM-based models

and the consistency of results between BM- and OU-

based models, we only discuss models constructed using

the BM error structure. The intercept-only model repre-

senting the null hypothesis had a delta AICc of >2
(147.04 ΔAICc) when compared to the best-supported

model (Table 1), favouring rejection of the null hypoth-

esis (Burnham & Anderson, 2013). Model comparison

of all models in the candidate pool support OPT3 as a

strong predictor of investment in optic tectum with an

AICc model weight of 0.91 for the model including

only OPT3 and total brain volume as predictors. This

model also substantially outperforms the model with

brain volume as the sole predictor, with a delta AIC of

6.2. There was no demonstrable effect of feeding guild

(model weight <0.01).
There was support for an effect of visual morphology

on optic tectum volume with a model-averaged coeffi-

cient of �1.72 � 0.59 SE for OPT3 (95% CI �2.87,

�0.57). Higher values of OPT3 correlated positively

with scotopic vision (dim-light vision) providing evi-

dence that fishes more reliant on scotopic vision invest

relatively less in optic tectum. However, we did not

find that overall brain size in marine fishes correlates

with OPT3. The model containing OPT3 had an AICc

model weight of 0.50 and the intercept-only model

weight was also 0.50. The difference in AICc was <2
(0.02 ΔAICc), providing no convincing support for

increased fit with the inclusion of OPT3. Feeding guild

did not have an overall effect on the volume of the

optic tectum across all fishes, and examination of diur-

nal and nocturnal species separately also showed no

robust pattern.

Discussion

We find strong evidence that shifts to dim-light vision

correspond with decreases in neural investment in the

optic tectum. This finding is consistent with previous

case studies focused on individual lineages of birds

(Martin et al., 2007; Corfield et al., 2011; Gutierrez-Iba-

nez et al., 2013), primates (Barton et al., 1995; Barton

& Harvey, 2000) and gadid fishes (Gadidae) (Evans,

1940). By examining the relationship between shifts in

Fig. 2 (a) Neural–visual (Optic tectum-

OPT3) phylomorphospace for nocturnal

and diurnal lineages in our study. (b) A

comparison of kernel density estimates

(KDE) of the probability density of each

trait for nocturnal and diurnal lineages.

Table 1 Model comparison results using the AICc information

theoretic approach with the Brownian error structure, where

the response variable is optic tectum volume. Predictor variables

are Brain: brain volume excluding optic tectum, OPT3: optic

morphology, guild: piscivore, planktivore, herbivore or benthivore,

intercept-only: null model.

Model

#

parameters AICc DAICc AICcWt

Cum.

Wt

Brain + OPT3 4 6.18 0.00 0.91 0.91

Brain + OPT3 + Guild 7 12.26 6.08 0.04 0.96

Brain only 3 12.38 6.20 0.04 1.00

Brain + Guild 6 17.60 11.42 0.00 1.00

Intercept only 2 153.23 147.05 0.00 1.00
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scotopic vision and neural investment across the largest

clade within the vertebrates, teleost fishes, our findings,

taken with others (Wagner, 2001a,b), suggest that this

shift in investment likely represents a general feature of

vertebrate brain evolution.

Adjusting to the dark: lessons from the eyes of
teleosts

Larger eyes can house more photoreceptors and may

therefore be expected to collect larger amounts of

sensory information. Under this scenario, the resulting

increase in visual processing needs should drive a

concomitant increase in the size of the optic tecta.

Our results do not support this expectation. Instead,

we find that despite having larger eyes for given body

size, scotopic vision reliant teleosts invest less in the

optic tectum than photopic-reliant fishes (Figs 1 and

2). This lack of investment may be partially explained

by the fact that visual information detectable in bright

conditions such as colour and ultra-violet are less

detectable in dark conditions (Warrant & Johnsen,

2013). This precludes the need to invest greatly in

neural tissue to process such information, suggesting

that nocturnal fishes forego acuity and colour spec-

trum sensitivity in order to maximize sensitivity to

light. However, many nocturnal species are also some-

what active or must occasionally avoid predators

during the day, requiring these lineages to also be able

to navigate a bright environment (M�enard et al., 2008).

In contrast to nocturnal tetrapods, the majority of

marine teleosts cannot cope with bright light by con-

stricting their pupil. In essence, the aperture of the tele-

ost optical centre is fixed, with only a few exceptions

(Douglas et al., 1998). Further, a larger pupil is nega-

tively correlated with depth of field (Keating, 2002)

limiting the ability to focus on close objects. Our find-

ings are consistent with previous work supporting the

idea that nocturnal lineages disproportionately occupy

areas of morphospace that include the largest pupils

(Fig. 2), suggesting a trade-off between maximizing

light sensitivity and visual acuity for nocturnal lineages

(Schmitz & Wainwright, 2011b). How then do noctur-

nal lineages navigate a bright world? One solution may

be the ability of some lineages to switch their sensory

mechanism through retinomotor movements, a process

analogous to a photographer switching light sensitivity

settings (i.e. switching the International Standards

Organization (ISO) scale settings). Although not widely

studied, several independent studies have found that

marine teleosts have the ability to change the position

of their rod and cone photoreceptors. In bright condi-

tions, the rods are withdrawn from incoming light and

deactivated as they are surrounded by pigment. Cones,

however, are fully exposed and functional. The oppo-

site is true in dim conditions: rods are exposed,

although the cones are withdrawn and deactivated.

Although intriguing, this physiological process is slow

compared to pupillary light mediation, requiring min-

utes to hours to accomplish (Douglas et al., 1998; Hodel

et al., 2006; Donatti & Fanta, 2007) and does not

explain the systematic decrease in optic tectum invest-

ment found in our study.

We propose two nonmutually exclusive hypotheses

that could underlie the decrease in optic tectum invest-

ment found in our study yet still allow teleosts to navi-

gate bright environments. First, the lower investment

in optic tecta suggests that species more specialized in

scotopic vision reduce the density of cones and favour

rod-vision with higher retinal convergence, rather than

adding more receptors. Such a neurophysiological

change would improve light sensitivity but reduce

visual acuity. This strategy may explain the smaller

optic tecta in scotopic-specialized species, as the infor-

mation processing load of the optic tectum compared to

more photopic-specialized species would be decreased.

Second, it is possible that there are regional specializa-

tions of cell types across the retina. For example, eyes

may feature an area with high densities of cones (pho-

topic vision) surrounded by areas dominated by rods

(scotopic vision) and/or different amounts of cone reti-

nal convergence across the retina. This scenario is remi-

niscent of many-to-one mapping of form to function

(Wainwright et al., 2005) and would enable numerous

possible physiological solutions to dim-light vision

while keeping visual processing costs low. Further stud-

ies of how teleosts physiologically and behaviourally

cope with changes in light exposure are not only an

interesting research frontier but are also of high impor-

tance for predicting how altered light regimes impact

near-shore species in many of the world’s rapidly

developing coastal environments.

Ecology and the evolution of the optic tectum

Evolutionary transitions in trophic level have been

repeatedly highlighted as driving changes in fish optic

tecta, with tectum size increasing along a trophic

gradient from planktivore to piscivore (Evans, 1940;

Huber & Rylander, 1991, 1992; Huber et al., 1997;

Gonzalez-Voyer et al., 2009; Edmunds et al., 2016). For

the lineages examined in this study, this result is not

supported (Fig. 1 and Table 1). However, it may be

that this pattern is only true for lineages that share

characteristics that are yet to be identified as relevant

to this question. However, care should be taken to

extrapolate the expectations of a trophic gradient as a

general condition, as several environmental factors can

offset or overturn this relationship.

Environmental factors such as turbidity, depth (a

proxy for changes in light attenuation) and vegetation

have all been suggested to erode the relationship

between feeding ecology and optic tectum size (Evans,

1940; Davis & Miller, 1967; Gomahr et al., 1992;
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Kotrschal & Palzenberger, 1992; Edmunds et al., 2016).

For example, recent work has reported a decrease in

tectum size for several common diurnal North Ameri-

can freshwater piscivores (e.g. trout and bass) that hunt

in low-light conditions (Edmunds et al., 2016). These

predators rely on olfaction to locate prey, which corre-

sponds with an increase in the brain’s olfactory bulb. A

similar trend is evident in the nocturnal piscivores sam-

pled in our study. Moray eels possess an extremely

reduced optic tectum (Figs 1 and 2), a condition that

has been used as a conceptual framework for expecta-

tions of the nocturnal fish brain (Yamamoto, 2017).

Feeding on drifting or floating plankton is considered to

require high spatial or temporal visual acuity (Hobson,

1991; Schmitz & Wainwright, 2011a). Diurnal zoo-

planktivores visually identify individual plankton before

striking, requiring the ability to process the identity of

difficult to resolve small and semi-transparent prey

items. It is unclear whether nocturnal planktivores use

a similar strategy and therefore may require higher

acuity than nocturnal species of other feeding guilds.

The majority of fishes sampled in our study occur on

coral reefs, an environment characterized by asymmet-

rical predation risks across temporal intervals. Diurnal

species are under far less predation pressure than cre-

puscular and nocturnal lineages (Danilowicz & Sale,

1999). Nocturnal planktivores must forage in exposed

environments, requiring visual acuity to detect incom-

ing motion and early detection of ambush predators.

Such early detection has been hypothesized to initiate

rapid C-start and escape responses in fishes (Kotrschal

et al., 2017). This ‘flee-early’ strategy could theoretically

drive an increase in tectum size as processing motion is

primarily the domain of the optic tectum (Guthrie,

1990). For example, visual detection of predators has

been demonstrated to promote site fidelity in refuge

selection in the nocturnal squirrelfish Holocentrus,

favouring the selection of areas of the reef where

incoming predators such as jacks, barracudas or snap-

pers can be detected more readily (M�enard et al., 2008).

This raises a question: How generalizable is the hypoth-

esis that predation impacts the evolutionary diversifica-

tion of the optic tectum?

Recent investigations of how predation shapes the

fish optic tectum have found evidence for an impact

both at the species level (Kotrschal et al., 2017) as well

as between closely related species (White & Brown,

2015). Given that visual processing is required for

early detection as well as effective predator avoidance

when schooling, nocturnal fishes may be in an evolu-

tionary arms race with predators optimizing olfaction

and other regions of the brains for effective hunting.

Further, predation pressure has been found to drive

overall patterns of brain size evolution in several

vertebrate groups (Kondoh, 2010; Moller & Erritzoe,

2014), with recent work across the evolutionary his-

tory of frogs (Anura) demonstrating a strong effect

of predation pressure on positive changes in optic tec-

tum volume (Liao et al., 2015). As such, predation

pressure may be a major force shaping the optic

region of the vertebrate brain, and an under-appre-

ciated axis of diversification driving general patterns of

brain mosaicism.

Conclusion

It is increasingly clear that in vertebrates, spanning pri-

mates to fishes, common axes of diversification can

promote repeated patterns of brain diversification

within different neural regions (Barton & Harvey, 2000;

Iwaniuk, 2004; Lefebvre & Sol, 2008; Hoops et al.,

2017). Our study demonstrates several major patterns

of neural investment associated with the teleost visual

system. First, despite driving the evolution of larger

eyes, transitions to lifestyles characterized by dim-light

vision generally drive a decrease in investment in the

optic tectum. Second, there is a substantial shift and

overall reduction in visual morphospace occupancy for

nocturnal lineages, corresponding with convergence in

large orbits and reductions in optic tectum size. These

findings underscore the importance of considering diel

activity patterns in comparative studies.

Across vertebrates, diel activity patterns are often

deeply conserved over evolutionary timescales (Ander-

son & Wiens, 2017). As we continue to progress

towards a synthetic understanding of the evolutionary

pathways that have given rise to the compositional

diversity of vertebrate brain, additional studies that

consider transitions in temporal niche offer an exciting

research frontier that promises new insights into pat-

terns of neural investment and evolutionary trade-offs

that have given rise to the diversity of the vertebrate

brain. Such a perspective will not only illuminate gen-

eral features of vertebrate evolution, but also be of

potential high conservation importance for predicting

the impact of environmental changes that alter the cir-

cadian rhythms of wildlife.
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