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Abstract 

In the deep pelagic ocean, there are no structures to serve as hiding locations, 

and visual interactions among animals can occur in all directions. The light environment 

in the midwater habitat is highly structured due to the scattering and absorption of light. 

Downwelling daylight dims exponentially, becomes bluer, and gets more diffuse with 

depth. This structured light environment means that an animal’s depth and viewing 

direction greatly affect the distances at which it can see visual targets such as potential 

prey or approaching predators. Additionally, this light environment mediates the 

visibility of bioluminescent camouflage and signals. My dissertation examines how the 

midwater light environment affects the ecology and evolution of vision and 

bioluminescence through an examination of cephalopods, a highly visual group that 

exhibits a broad diversity of eye adaptations and multiple evolutionary origins of 

bioluminescence. My research investigates (1) vision and behavior in a deep-sea squid 

with dimorphic eyes, (2) depth-dependent patterns in cephalopod eye size and visual 

range, and (3) evolutionary dynamics in bioluminescent cephalopods.  

First, I examined the function of differently sized and shaped left and right eyes 

in midwater “cockeyed” squids (Histioteuthis and Stigmatoteuthis) by using in-situ video 

footage from remotely operated vehicles at the Monterey Bay Aquarium Research 

Institute to quantify eye and body orientations. I found that the larger left eye points 

upward toward downwelling daylight and may be useful for spotting silhouettes of 

potential prey, while the smaller right eye points slightly downward into darkness, and 
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may be specialized for detecting bioluminescent flashes. I also found that 65% of adult 

cock-eyed squids had a yellow pigment in the lens of the larger left eye, which may be 

used to break the counterillumination camouflage of their prey. Visual modeling 

showed that the visual gains provided by increasing eye size were much higher for an 

upward-oriented eye than for a downward-oriented eye, which may explain the 

evolution of this unique visual strategy. This work has been published (Thomas et al. 

2017).  

Second, I examined the effects of depth and optical habitat on eye scaling across 

cephalopod species by collecting morphological measurements from 124 species at the 

Smithsonian Institution’s National Museum of Natural History and constructing a 

corresponding database of species depth distributions and light habitats from the 

literature. I then compared absolute and relative eye sizes to body sizes and light 

habitats and found that cephalopods occupying dim light habitats had significantly 

higher eye investment than those occupying bright or dark (abyssal) habitats. My results 

provide evidence for increased investment in eye size with depth through the midwater 

habitat until dim, downwelling daylight disappears.  

Finally, I examined the potential effects of the midwater light habitat on 

evolutionary dynamics among bioluminescent cephalopods using comparative 

evolutionary methods. I constructed a database of cephalopod daytime depths (as a 

proxy for light level), body sizes, eye investment, and bioluminescence from published 

records, then used a published phylogeny and Brownian Motion and Ornstein-
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Uhlenbeck likelihood models of continuous character evolution in discrete selective 

categories to determine a best-fit model of evolution. I found evidence that 

bioluminescent and non-bioluminescent cephalopods are under different selective 

regimes with different trait optima for depth, body size, and eye investment. Together, 

this work shows that the structured, directional light environment of the pelagic 

midwater realm affects visual ecology at organismal, macroecological, and 

macroevolutionary levels. 
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1. Introduction 

1.1 Project Summary 

Animal visual capabilities and interactions function in the context of the light 

environment that the animal lives in. Understanding how light environments shape the 

evolution of animal vision and how visual capabilities in turn affect animal ecology is a 

central goal of visual ecology (Cronin et al. 2014). The open ocean is a particularly 

interesting place to study these connections, because while light environments there 

tend to be predictable over time, they also change dramatically with depth and viewing 

direction, and range from bright daytime light levels in shallow regions to the absence of 

daylight for vision at depths greater than 1,000 m (Johnsen 2014).  

Presumably for these reasons, the mesopelagic realm (200 to 1,000 m depth) 

holds the greatest diversity of visual systems and adaptations in the ocean (Herring 

2002). Additionally, this is where the highest prevalence of bioluminescence occurs 

(Clarke and Hubbard 1959). In my dissertation work, I sought to investigate how 

downwelling daylight and bioluminescence in the deep ocean influence the evolution of 

cephalopod eyes, the scope of visual interactions that can occur with depth, and the 

evolutionary dynamics acting among cephalopods.  My research investigated (1) vision 

and behavior in deep-sea squids with dimorphic eyes, (2) macroecological patterns in 

cephalopod eye size, eye investment, and visual range with depth, and (3) the different 

evolutionary forces acting on bioluminescent and non-bioluminescent cephalopods. 
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1.2 Background 

The deep sea is the largest habitable space on earth, accounting for 97% of the 

volume of the biosphere. Most of this space is pelagic habitat, meaning it is a vast, open 

expanse of water lacking physical structures (Robison 2004). The pelagic deep sea is a 

dark, featureless habitat, yet the diversity of complex visual systems among its 

inhabitants and widespread bioluminescence suggests the continued importance of 

visual interactions among organisms at these depths (Clarke and Hubbard 1959; 

Warrant et al. 2003; Widder 2010).  

The various parameters of the underwater light field are affected by depth. 

Daylight attenuates exponentially, decreasing by roughly 1.5 orders of magnitude with 

every 100 m depth in the mesopelagic zone (Denton 1990). Additionally, absorption by 

water causes light to become bluer; below 200 m most of the ambient light is almost 

monochromatic around 475 nm (Tyler and Smith 1970). Finally, the underwater light 

field becomes more vertically symmetrical with depth, and scattering causes the light 

field to become more diffuse (Johnsen 2014).  

This gradient in the intensity of underwater illumination also affects the visibility 

of bioluminescence. Bioluminescence has highest contrast against a black background, 

but in the mesopelagic zone downwelling daylight and scattered spacelight (haze) both 

reduce contrast, making bioluminescence more difficult to detect (Nilsson et al. 2014). 

Thus, optimal detection of bioluminescence occurs where residual daylight is 

minimized, at greater depths and with downward viewing angles.  
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This structured light environment is thought to drive the evolution of visual 

systems among deep-sea animals. Eyes viewing dimly illuminated extended scenes 

require high sensitivity, while eyes localizing point-sources of bioluminescent light 

require high spatial resolution (Warrant and Locket 2004). Larger eyes improve vision 

by allowing more light reach the retina, which can increase sensitivity, spatial 

resolution, or both (Land and Nilsson 2002). Eyes take considerable energy to grow and 

maintain, however, and can represent a nontrivial portion of an animal’s resting 

metabolic rate (Laughlin et al. 1998; Niven and Laughlin 2008). Additionally, eyes can be 

a high-contrast target for visual predators. Thus, eye size is thought to reflect a balance 

of the visual gains provided by increased size against the associated costs.  

Studies in phenotypically plastic cladoceran crustaceans support the hypothesis 

that a balance of costs and benefits drive eye size; intraspecific variation in relative eye 

size is genetically determined, and individuals with larger relative eye sizes have higher 

reproductive outputs (Brandon et al. 2015), but larger eyes also increase predation risk 

(Zaret and Kerfoot 1975). Cladocerans have also provided evidence for eye size 

limitation by energy budgets, as a reduction in food availability resulted in reduced 

relative eye sizes among individuals (Brandon and Dudycha 2014). Likewise, in male 

horned beetles, relative eye size increased significantly when horn development was 

experimentally suppressed (Nijhout and Emlen 1998).  

The balance of costs and benefits of increasing eye size depends on the visual 

needs of the viewer and the light environment it inhabits. Relative eye size correlates 
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with light levels across diverse animals and habitats (Garamszegi et al. 2002; Jander and 

Jander 2002; Land and Nilsson 2002; Thomas et al. 2006; Werner and Seifan 2006; Lisney 

and Collin 2007; Schmitz and Wainwright 2011; Veilleux and Lewis 2011; Cronin et al. 

2014), but is not well-studied in the depth-structured light regime of the ocean.   

1.3 Study system 

My dissertation focuses on how the light environment of the deep ocean affects 

eye size, visual interactions, and the evolution of bioluminescence in cephalopods. 

Cephalopods are an excellent system for the study of visual adaptations, because they 

have well-developed eyes with high acuity and sensitivity in a wide range of light levels 

(Hanlon and Shashar 2003). It is well documented that shallow-water cephalopods rely 

heavily on vision for camouflage, predator avoidance, hunting, and intraspecific 

signaling, and vision is thought to be the primary sensory channel for deep-sea 

cephalopods as well (Hanlon and Messenger 1998; Hanlon and Shashar 2003). 

Cephalopods are also good models for investigating evolutionary correlates of 

bioluminescence, as they show evidence for multiple gains and losses of this trait 

(Lindgren et al. 2012).  
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2. Two eyes for two purposes: in situ evidence for asymmetric 
vision in the cockeyed squids Histioteuthis heteropsis and 
Stigmatoteuthis dofleini 

2.1 Introduction 

The mesopelagic region of the deep sea (200-1,000 m depth) is a dim to dark 

habitat, yet it contains the highest diversity of visual adaptations in the sea, indicating 

that vision remains important at these depths (Warrant et al. 2003). Two primary sources 

of light are available for mesopelagic vision: daylight and bioluminescence. These light 

sources differ in both their spatial organizations and how they change in visual 

detectability with depth and viewer orientation (Warrant and Locket 2004). This makes 

the relatively dark environment of the mesopelagic region a potentially fertile 

environment for eye evolution, as small changes in depth or viewer orientation may 

have large impacts on the visual scene encountered by an eye.  

Dim, downwelling daylight creates spatially extended scenes, where light 

reaches the eye from many different directions at once and the resulting image falls 

across multiple receptors. In dim light, these scenes are low in contrast and typically 

require high absolute sensitivity for detection. In comparison, bioluminescence typically 

functions as a high-contrast point source and thus calls for higher resolution in order to 

localize the emitted light (Warrant and Locket 2004). As a result, while a larger eye will 

always be better for seeing either type of light, the optimal balance in tradeoffs between 

sensitivity and resolution in an eye changes depending on which light source is being 

viewed (Warrant et al. 2003). 
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The color, intensity, and spatial distribution of underwater light changes rapidly 

with depth. Downwelling daylight attenuates exponentially, decreasing by roughly 1.5 

orders of magnitude every 100 m in oceanic waters (Mobley 1994). Additionally, 

absorption and scattering cause daylight to become nearly monochromatic (λmax = 480 

nm), more diffuse, and more vertically symmetric with depth (Tyler and Smith 1970; 

Jerlov 1976). Like all emitted light, bioluminescence has highest contrast against a black 

background, so as downwelling daylight decreases and limits the potential for viewing 

extended scenes, the contrast of bioluminescent emissions from mesopelagic organisms 

simultaneously increases (Warrant and Locket 2004).  

The directionality of the mesopelagic light field makes viewer orientation 

another important factor in vision. Orientation determines not only the intensity of the 

background light reaching the eye, but also how the brightness of a visual target 

attenuates relative to the brightness of the background (Johnsen 2014). In particular, 

extended scenes produced by downwelling daylight are easiest to detect when eyes are 

oriented directly upward. However, optimal detection of bioluminescence occurs where 

daylight is minimized, so downward viewing angles increase the contrast of 

bioluminescent signals (Warrant and Locket 2004).  

The change in visual scene that occurs with depth and viewer orientation and the 

contrasting impacts on the detection of extended scenes versus bioluminescence pose a 

major challenge to vision in the dim light of the mesopelagic realm. The histioteuthids 

are a family of mesopelagic squids that appear to have adapted to this challenge with a 
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novel solution. Histioteuthids have dimorphic eyes, where the left eye can be more than 

twice the diameter of the right eye (Voss 1969). Upon hatching, paralarvae have small, 

bilaterally symmetrical eyes. However, the left eye enlarges during development of the 

juvenile to the extent that it pushes the head out of alignment with the mantle in some 

species (Young 1975). While the smaller right eye maintains a typical hemispherical 

shape, the left eye becomes semi-tubular (Denton and Warren 1968; Young 1975). This 

dimorphism continues into the optic lobes, as the left lobe can be twice as large as the 

right (Maddock and Young 1987; Wentworth and Muntz 1989). Additionally, the lens in 

each histioteuthid eye can be differently pigmented, yielding divergent filtering effects 

on the light reaching each retina (Denton and Warren 1968; Muntz 1976; Wentworth and 

Muntz 1989). 

Early hypotheses predicted that the dimorphic histioteuthid eyes were adapted 

to the differing light levels in shallow versus deep water (Voss 1967; Denton and Warren 

1968). However, evidence that some histioteuthids exhibit diel vertical migration drew 

this into question, as occupying deeper water during the day and ascending shallower 

only at night would preclude bright light exposure (Roper and Young 1975; Young 

1975). An alternative hypothesis was based on angled ventral histioteuthid photophores 

thought to be used for counterillumination camouflage. In order to orient these 

photophores downward, histioteuthids were predicted to orient in a tail-up posture 

with the body axis at a 45° angle and the head twisted so that the large left eye orients 

upward to view objects silhouetted against the dim downwelling daylight, while the 
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smaller eye orients slightly downward to optimally detect flashes of bioluminescence 

(Young 1975). This prediction has never been tested in situ, in part due to the 

inaccessibility of the deep-sea environment and the scarcity of live observations of 

midwater squids. 

Histioteuthidae is currently comprised of 18 species: 15 in Histioteuthis and 3 in 

Stigmatoteuthis (Voss et al. 1998; Finn and Bouchet 2016). Our study targeted two species 

that partially overlap in both geographical and depth range: a large sample of 

Histioteuthis heteropsis, and a smaller sample of Stigmatoteuthis dofleini (Figure 1).  

We used over 25 years of in situ deep-sea video footage to determine 1) whether the 

large eye orients upward and the small eye downward, 2) whether consistent postures 

and body orientations facilitate eye orientations, and 3) how lens pigmentation varies 

between eyes and individuals. We then used visual modeling to investigate the 

implications that the observed eye orientations and depths have for detection of 

extended scenes versus bioluminescent point sources in each eye.  
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Figure 1: The two species examined in this study: A) An adult Histioteuthis heteropsis (ROV 
image), B) A semi-transparent juvenile H. heteropsis showing the differently sized and shaped 
eyes, C) The left and right side of a juvenile Stigmatoteuthis dofleini, D) An adult S. dofleini 
(ROV image). 
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2.2 Methods  

2.2.1 Study system 

We used high-resolution in situ observations from the Monterey Submarine 

Canyon (Monterey Bay, CA) from archived remotely operated vehicle (ROV) video 

footage at the Monterey Bay Aquarium Research Institute (MBARI). We analyzed 152 

encounters with Histioteuthis heteropsis and 9 encounters with Stigmatoteuthis dofleini, 

representing all histioteuthid sightings in MBARI’s Video Annotation and Reference 

System from 1989 through July 2015 (Figure 1) (Schlining and Stout 2006). We 

categorized individuals as juveniles or adults based on morphological features such as 

transparency, relative arm length, and fin dynamics (Figure 2A) (Voss 1969). Due to the 

vastness of the habitat and dynamic movement of water masses it is unlikely that any 

observations were of the same individual, so we treat each encounter independently. For 

orientation measurements, we assumed that the top of the video frame was parallel with 

the ocean surface because MBARI ROVs are engineered to sit in a stable, horizontal 

position in the midwater. Finally, we assumed that observed postures and eye 

orientations were representative of natural behavior, though the presence of the ROV 

and lights may disturb the animals. 
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Figure 2: Still frames of Histioteuthis heteropsis from in situ ROV video. A) Examples of an 
adult (left) and a juvenile (right) in the J-pose posture. B) Sequential images (left to right) of 
a “ratcheting” turn in the Straight Arms posture. The sequence shows the starting position 
(left), twisting of the mantle relative to the head (middle), and the ending position (right). C) 
A juvenile (left) and adult (middle) with unpigmented large left lenses and an adult (right) 
with a yellow-pigmented left lens. 

 

2.2.2 Eye orientations  

We defined eye orientation as the absolute angle that the center of the visual field 

deviated from an upward vertical position (Figure 3A, left). In other words, an eye 

looking directly up would be oriented at 0° and an eye looking directly down would be 

at 180°. We determined the center of the visual field by taking a still frame the first time 

we had a view perpendicular to the visual axis (a direct side view of the eye and lens), 
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and then bisecting the two-dimensional image of the exposed lens. We measured eye 

orientation to the nearest 5° for each eye in each encounter when possible. This only 

occurred in a subset of video observations, and for some individuals we could only 

measure one eye. 

2.2.3 Posture and body orientations 

We recorded initial body posture, which we divided into two categories: “J-

pose” (Figure 2A) and “Straight Arms” (Figure 2B). In J-pose, the arms were curled up 

dorsally toward the head and mantle, as is seen in many other cephalopods (Vecchione 

and Roper 1991; Hunt and Seibel 2000; Hunt et al. 2000; Vecchione et al. 2002; Jantzen 

and Havenhand 2003; Bush et al. 2009). In Straight Arms the arms were extended and 

held together in line with the mantle, another posture also observed in some other deep-

sea cephalopods (Hunt 1996; Jantzen and Havenhand 2003; Bush et al. 2009). Other 

postures were rarely observed (< 1% on first approach).   

We defined body axis as the absolute angle that the anterior-posterior mantle 

axis deviated from a tail-up vertical position (0°) (Figure 3B). We measured body axis to 

the nearest 5°, and to avoid foreshortening we only made a measurement when the ROV 

camera had a directly lateral view of a squid (Figure 3B). These measurements were 

always made at the earliest opportunity after spotting a squid with the ROV to minimize 

disturbance effects. We performed all orientation statistics in R version 3.1.1 using 

circular (R Development Core Team 2008; Agostinelli and Lund 2013).  
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2.2.4 Lens filtering 

Yellow pigmentation in the large left eye of some individuals was evident in the 

ROV footage (Figure 2C), so we classified each lens of each eye as pigmented or 

unpigmented. Additionally, we captured three H. heteropsis and one S. dofleini after 

filming with the ROV and brought them aboard the ship, where we confirmed our 

classifications of lens pigmentation in all specimens by direct observation and via lens 

transmission measurements. We measured the spectral transmittance of each large and 

small lens based on published methods (Bedore et al. 2013). An OceanOptics LS-1 light 

source was mounted directly above the lens and collimated to make a 4-mm diameter 

beam for diffuse lighting. Freshly dissected lenses were placed on a Gershun tube 

mounted to an OceanOptics USB2000 spectrometer and relative transmittance through 

the lens was measured from 350 to 800 nm using SpectraSuite software. We defined the 

cutoff wavelength for filtering as T0.5, the wavelength at which the transmittance was 

halfway between the maximum and minimum transmittance. 

2.2.5 Depth 

We extracted the depths recorded at first sight of each individual using 

conductivity, temperature, and depth (CTD) data from the ROVs (Figure 4). We 

assigned depth observations to 50 m bins and then adjusted counts for differences in 

total ROV sampling time across each depth bin. 
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2.2.6 Visual modeling 

We modeled the change in sighting distance as a function of eye size and viewer 

orientation for point-source bioluminescence (emittance of 1010 photons/s) and a 1 cm 

wide black object (a realistic prey size) using a published computational model of 

mesopelagic vision (Nilsson et al. 2014). This model takes a statistical approach to visual 

detection, in which an eye must reliably distinguish the number of photons from the 

target versus the number of photons from the background. The model also assumes 

optimal spatial summation so that the ‘pixel’ of the eye is the same width as the target to 

give an upper limit on sighting distance. Model parameters for vision included an 

integration time of 0.16 s, lens ratio of 2.55, retinal quantum efficiency of 0.36, dark noise 

of 2.80 x 10 -5 s-1, and rhabdom diameter of 4 µm (Nilsson et al. 2014). We modeled the 

light field from maximum surface irradiance (midday sun) and selected three depths 

(300 m, 400 m, and 500 m) within the histioteuthid depth range that demonstrated 

changes in visual performance with light attenuation (Nilsson et al. 2014). We also 

assumed clear oceanic water (Jerlov Type 1) (Jerlov 1976). Our model is therefore a best-

case scenario for visual detection given optical parameters, and the values for sighting 

ranges are likely significant over-estimates. However, the important relationships 

between sighting distances, pupil size, depth, viewer orientation, and visual target type, 

which are the main focus of our analyses, are robust. 
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2.3 Results  

2.3.1 Eye orientations 

In both species studied, the large left eye had an upward orientation and the 

smaller eye a slightly downward orientation (Figure 3A). Adult H. heteropsis oriented the 

large left eye between horizontal and upward at 45°±14° (mean ± SD), and orientations 

were not uniformly distributed in space (Rao spacing test, n = 29, U = 298, p < 0.001). The 

small right eye was oriented between horizontal and downward at 123°±13° and 

orientations were not uniformly distributed in space (Rao spacing test, n = 23, U = 294, p 

< 0.001). While most juveniles were in J-pose with their arms covering their eyes, those 

that could be measured oriented their left eye upward at 48°±3° (n = 3) and their right 

eye slightly downward at 125°±7° (n = 2). Stigmatoteuthis dofleini exhibited similar eye 

orientations, with the left eye upward at 35°±12° and not uniformly distributed (Rao 

spacing test, n = 5, U = 258, p < 0.001) and the right eye slightly downward at 122°±4° 

and not uniformly distributed (Rao spacing test, n = 5, U = 278, p < 0.001). Mean eye 

orientations for adult H. heteropsis, juvenile H. heteropsis and S. dofleini (Figure 3A) were 

not significantly different for the large left eye (Watson-Williams test, F = 1.43, df1 = 2, df2 

= 34, p = 0.2553) or the small right eye (Watson-Williams test, F = 0.068, df1 = 2, df2 = 27, p 

= 0.89). 
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Figure 3: Histioteuthid eye and body axis orientations (left, solid white lines) relative 
to a vertical axis (left, dotted white lines). A) Absolute eye orientations, with 0° 
indicating an eye oriented directly upward and 180° directly downward. Orientations 
of the larger, left eye are plotted on the right (gray) and the smaller, right eye on the left 
(black) to show where the eyes are directed relative to one another. B) Absolute body 
axis orientations with 0° indicating a vertical, tail-up position and 180° representing a 
vertical, tail-down position. Observations are shaded by posture observed at first sight 
of the animal: J-pose (black), Straight Arms (gray), or unknown/unseen (unfilled).  C) 
A cross section through both eyes of a histioteuthid showing the approximate field of 
view for each eye (shaded) given an orientation of 45° for the large left eye and 120° for 
the small right eye. Modified from Young (1975). 
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A published cross section through both eyes of S. dofleini shows that the large, 

semi-tubular left eye has a roughly 90° field of view, while the small, hemispherical right 

eye has larger field of view of roughly 155° (Figure 3C) (Young 1975). With the visual 

axis oriented at 45°, the large eye receives light from the area directly above (0°) to 

horizontal (90°) on the left side. With the visual axis oriented at 120°, the small eye 

receives light from 43° to 198° and fully views light coming from both below and 

horizontally on the right side (Figure 3C).  

When an individual was measured multiple times its eye orientation angles 

tended to be consistent, and eye movements relative to the head were not observed over 

short timescales throughout the video observations. We did, however, observe one 

specimen each of H. heteropsis and S. dofleini trapped upside down (head up) in ROV 

collection containers, and the large eye in each was rotated anteriorly, demonstrating 

that movement is possible. We did not observe any indication of eye movement in the 

small eye of any individual. Adults of both species commonly engaged in a turning 

behavior seen once previously and termed “ratcheting,” in which the mantle turned 

relative to the head and then the head snapped around to rejoin it (Figure 2B) (Hunt and 

Lindsay 2012). Eye orientations were maintained relative to the surface during these 

turns. 

2.3.2 Posture and body orientation 

All histioteuthids observed (n = 161) oriented the head and arms downward with 

the posterior mantle upward in a vertical or oblique position throughout all 
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observations. Squid were primarily found in a J-pose or Straight Arms posture (Figure 

3B), and if they changed posture during an observation period they alternated between 

these two poses. H. heteropsis adult body axes were oblique to vertical at 20°±14° (n = 76), 

while juveniles had more vertical body axes at 5°±6° (n = 21) (Figure 3b). Stigmatoteuthis 

dofleini had oblique to vertical body axes at 16°±9° (n = 8). The mean body axis of H. 

heteropsis encountered in the J-pose posture (18°±14°, n = 56) was significantly more 

vertical (Watson-Williams test, F = 11.2, df1 = 1, df2 = 71, p = 0.001) than that of squid 

encountered in the straight-arm posture (29°±10°, n = 17) (Figure 3B). 

2.3.3 Lens filtering 

 The lens from the larger left eye varied in pigmentation between individuals. 

From video analysis, the left lenses in all juvenile H. heteropsis (n = 18) were 

unpigmented, while the left lenses in 35% of adults were unpigmented (n = 24) but were 

yellow-pigmented in the remainder (n = 45) (Figure 2C). All S. dofleini observed (n = 7) 

were adults with pigmented left lenses. We measured lens transmission in both eyes of 

three H. heteropsis with unpigmented left lenses and one S. dofleini with a pigmented left 

lens. The H. heteropsis lenses that appeared unpigmented also showed no evidence of 

spectral filtering, while the yellow-pigmented lens of S. dofleini acted as a cutoff-filter 

with 50% transmission at 465 nm. As in a previous report (Muntz 1976), the transmission 

spectrum of a lens was unaffected by freezing and thawing. The small right lens 

appeared unpigmented across all specimens of both species and showed no evidence of 

spectral filtering.  



 

 19 

2.3.4 Depth 

Juvenile H. heteropsis occurred at depths of 173 m to 487 m (mean = 390 m, SD = 

72, n = 22) (Figure 4A), while adults were found significantly deeper (Welch Two Sample 

t-test, t = -4.40, df = 44.8, p < 0.0001) from 200 m to 766 m (mean = 472 m, SD = 109, n = 

102) (Figure 4B). Some H. heteropsis individuals (n = 20) were not filmed closely enough 

to be identified to life stage (Figure 4B). H. heteropsis depth reports are primarily daytime 

sightings (7:00 to 19:00 PST), but four individuals were seen at other times (mean = 542 

m, SD = 109). Adult S. dofleini occurred from 325 m to 521 m (mean = 405, SD = 78.4, n = 

9). Histioteuthis heteropsis with yellow-pigmented (n = 42) versus unpigmented (n = 42) 

left lenses did not have significantly different mean depths (Welch Two Sample t-test, n 

= 84, t = -2.60, df = 77.1, p = 0.011), and this held when juveniles were excluded from 

analysis (Welch Two Sample t-test, t = -1.00, df = 34.9, p = 0.323).  
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Figure 4: Depth distributions of H. heteropsis for A) juveniles and B) adults. Darker 
portions of bars indicate true counts of individuals, while lighter portions correct for 
total ROV effort in each depth bin over the period studied. Black points indicate the 
true counts of H. heteropsis that could not be identified to life stage. Juveniles 
occurred significantly shallower than adults (Welch Two Sample t-test, p < 0.0001). 

2.3.5 Visual modeling 

 Visual modeling demonstrated that while a larger eye performs better at 

detecting both a black object and a point source of bioluminescence in any given 

orientation, the gains in sighting distances with increased pupil diameter are most 

pronounced for an eye oriented directly upward and viewing a black target illuminated 

by downwelling daylight (Figure 5). Viewing a black target gets dramatically more 

difficult with depth, roughly a ten-fold decrease in sighting distance for every 100 m 

increase in depth. Conversely, viewing point sources becomes slightly easier with depth 

in the depth range modeled, as the background light decreases.   
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Figure 5: Theoretical maximum sighting distances for a 1-cm-wide black object versus 
a point source of bioluminescence with changing aperture size and viewing angle at A) 
300 m, B) 400 m, and C) 500 m. 
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A captured specimen of S. dofleini with a 65 mm mantle length had an 11 mm 

diameter yellow lens in the large eye and a 6 mm diameter unpigmented lens in the 

small eye. Both a small (e.g. 6 mm aperture), horizontal- or downward-oriented and a 

large (e.g. 11 mm aperture), upward-oriented histioteuthid eye perform well at viewing 

a bioluminescent point source. However, the smaller, horizontal- or downward-oriented 

eye performs very poorly at viewing a black target, partially because of its reduced 

aperture but primarily due to its viewing angle, and thus much darker background 

radiance. For example, at a depth of 300 m, for a downward looking eye to see a black 

object at the same distance as a 1.5 mm diameter pupil that was looking up, it would 

need a pupil diameter of 40 mm. 

2.4 Discussion  

Our in situ observations of eye orientation, body posture, and behavior in 

Histioteuthis heteropsis and Stigmatoteuthis dofleini provide evidence that the enlarged left 

eye looks upward and the smaller right eye slightly downward (Figure 3A,C) (Young 

1975). The behavioral consistency of observed eye orientations across two species leads 

us to conclude that the dimorphic eyes of histioteuthids are a response to the highly 

directional light field of the mesopelagic zone (Young 1975), rather than an adaptation to 

differing brightness in shallow versus deeper water (Voss 1967; Denton and Warren 

1968; Bityukova and Zuev 1976). It should be noted that some mesopelagic fish have 

addressed the same challenge by developing “secondary eyes” or “accessory eyes” for 

looking downward, derived from their principal, upward-looking eyes (Locket 2000; 



 

 23 

Wagner et al. 2009; Partridge et al. 2014). Histioteuthid body orientations, depth 

distributions, dimorphic lens pigmentation, and visual modeling support the conclusion 

that the larger left histioteuthid eye is adapted for upward viewing.  

However, the large left eye did not orient directly upward, but at a mean angle of 

45° in adult H. heteropsis and 50° in S. dofleini (Figure 3A). The small eye oriented slightly 

downward, around 120°, in both species. Despite a clear ability to move the left eye here 

and in previous records (Young 1975), we did not observe any eye movement in free-

swimming squid and saw consistent eye orientations across two histioteuthid species 

(Figure 3A). Additionally, we observed a common turning behavior unique to 

histioteuthid squids that maintains eye orientations on a vertical axis during turns. In 

this turning behavior, seen once previously in a histioteuthid and termed “ratcheting” 

(Hunt and Lindsay 2012), the mantle turns relative to the head and then the head snaps 

around to rejoin the mantle (Figure 2B). Squid appeared to have fine muscular control 

over the extent of the turn and the precise stopping point. This may allow histioteuthids 

to compensate for the unbalanced fields of view created by dimorphic eyes (Figure 3C) 

and rapidly change which direction each eye is facing, or to scan their environment 

during a slower turn while keeping the larger eye oriented upward and the smaller eye 

slightly down.  

There is a risk, as with any ROV behavioral study, that the presence of the 

vehicle altered the natural behavior of the animals (Vecchione and Roper 1991), and it is 

possible that eyes were directed horizontally toward the ROV more than they would be 
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in undisturbed squid. However, these squid may maintain a horizontal component to 

vision in their large eye in order to balance their fields of view around the body. 

Histological evidence supports this, as rhabdom length, retinal thickness, and receptor 

packing vary across the retinas of both eyes and may be regionally specialized toward 

the horizontal and vertical axes of the fields of view (Young 1975; Wentworth and 

Muntz 1989). The field of view for the large left eye included the region directly 

overhead to horizontal (Figure 3C). The semi-tubular shape of the eye should increase 

sensitivity and but also restricts the field of view to about 90°, a beneficial tradeoff for an 

eye that primarily views dim, downwelling daylight (Young 1975). The smaller right eye 

has a broad field of view similar to that of a human eye, and encompassed an area from 

directly below to well-above horizontal. This orientation would work well for an eye 

monitoring a large volume of dark water for bioluminescent flashes (Young 1975). 

Eye orientations were produced via two characteristic body postures found in 

both histioteuthids, and individuals frequently moved between the two postures during 

an observation. In the position we termed ‘Straight Arms’ (Figure 1A,D), the mantle was 

generally oriented at an oblique angle with the head down, as predicted (Young 1975).  

This orients the angled ventral photophores downward so that they may be used for 

counterillumination camouflage (Young 1975; Dilly and Herring 1981). The other 

posture was ‘J-pose’, in which the arms are wrapped dorsally toward the head and 

mantle (Figure 2A). This pose is common among cephalopods and may be a defensive 

pose (Vecchione and Roper 1991; Bush and Robison 2007); we noted H. heteropsis in this 
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posture in the presence of potential predators (e.g. Dosidicus gigas) and after physical 

contact with the ROV.  In J-pose the mantle orientations were closer to vertical (Figure 

3b), where counterillumination would not be as effective. Thus, the high incidence of J-

pose in our observations may be a result of disturbance by the ROV, and Straight Arms 

may be a more undisturbed posture in these squids.  

We saw variation in lens pigmentation in the large left eye of H. heteropsis, with 

more than half of adults displaying yellow pigmentation in the lens (Figure 2C). This 

likely occurs with age and development, as juveniles did not show evidence of lens 

pigmentation. Additionally, we saw yellow pigment in the large left lenses of adult S. 

dofleini, while no lens pigmentation is reported in small specimens (Muntz 1976).  

Previous records of lens pigmentation in histioteuthids are variable across species and 

are based on few specimens, but the large lens is consistently more heavily pigmented 

than the small lens and the pigment is most concentrated in the outer layers of the large 

lens (Denton and Warren 1968; Muntz 1976; Wentworth and Muntz 1989).  

Yellow lenses are common in upward-looking deep-sea fish and are thought to 

help break counterillumination camouflage by enhancing spectral differences between 

downwelling daylight and bioluminescent camouflage (Muntz 1976; Douglas et al. 

1998). We found that the pigmented left lens in S. dofleini acted as a high-pass cutoff 

filter with 50% transmission around 465 nm, close to the dominant wavelength of 

downwelling daylight and similar to pigment absorbance previously reported via 

different methods (Muntz 1976).  Thus, the development of yellow filters in the upward-
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facing large histioteuthid lens may coincide with a shift in diet toward 

counterilluminating prey. Indeed, adult histioteuthids are known to eat 

counterilluminating organisms such as shrimp, myctophid lanternfishes, and other 

cephalopods, while juveniles primarily eat copepods and euphausiids (Voss 1969; 

Passarella and Hopkins 1991; Voss et al. 1998; Quetglas et al. 2010).  

Our ROV sampling of H. heteropsis depth distributions in the Monterey Canyon 

closely matched daytime depths previously reported through trawling off southern 

California (Roper and Young 1975). Histioteuthids were rarely seen deeper than 800 m, 

which approaches the lower limit for the detection of downwelling daylight (Denton 

1990). We found additional evidence of ontogenetic descent in H. heteropsis, with 

juveniles occupying shallower depths than adults (Figure 4). This is consistent with 

patterns seen in other histioteuthid species (Young 1975; Quetglas et al. 2010) and 

indicates that the dimorphic enlargement of the left histioteuthid eye that occurs 

throughout development is concurrent with a descent into deeper, dimmer waters of the 

mesopelagic region.  

Visual modeling indicated that the observed orientations of the large and small 

eyes of histioteuthids were likely important to the evolution of the size dimorphism. 

When looking at extended scenes, it is nearly impossible to recover the sighting range 

that is lost going from an upward- to a downward-oriented eye of any size (Figure 5). 

However, sighting ranges for point-source bioluminescence do not change as 

substantially with viewing angle. Thus, for an upward oriented eye viewing a black 
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object, small increases in lens diameter (aperture) produce large gains in sighting 

distances. However, for a downward oriented eye viewing a black object, even large 

increases in lens diameter do little to improve sighting distances. Eyes are metabolically 

expensive to grow, maintain, and use, so while larger eyes can improve both sensitivity 

and resolution, selection likely favors an eye just large enough to perform a necessary 

visual task but no larger (Laughlin et al. 1998). Thus, once each eye has been consistently 

designated as upward-viewing or horizontal- to downward-viewing through behavior, 

it is not difficult to imagine how selection could have favored increasingly dimorphic 

specializations in each eye of the ‘cockeyed’ squids. 
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3. Eye scaling, eye investment, and visual range in cephalopods 

3.1 Introduction 

  Eye size is a fundamental optical parameter that determines how an eye 

performs in its environment.  Larger eyes typically have better overall vision, through 

improved spatial resolution via longer focal lengths and improved low-light sensitivity 

by allowing more light to enter the eye through larger pupils (Land and Nilsson 2002). 

However, eyes are metabolically expensive and the neural processing associated with 

vision imposes an energetic cost (Laughlin et al. 1998). Thus, eye size is expected to be 

selected to be as large as needed by the viewer to accomplish relevant visual tasks, but 

constrained by energetic costs, and should be correlated with both the ecology and light 

environment of the species in question. 

Eye size across species is primarily influenced by three factors: 1) body size, 2) 

evolutionary history, and 3) ecology and environment. Larger animals tend to have 

larger absolute eye sizes (e.g. eye diameter), but smaller relative eye sizes compared to 

body size (e.g. eye diameter/body length) (Rutowski 2000; Howland et al. 2004; Lisney 

and Collin 2007). The relationship between eye size and body size across species is 

known as interspecific eye scaling. Smaller relative eye sizes among larger species may 

be due to the diminishing visual returns of increasing absolute eye size in already large 

eyes (Nilsson et al. 2012, 2013). Phylogenetic history also plays a role in determining eye 

scaling. For example, mammals have smaller eyes than birds of equivalent mass, but 

have a higher slope relating log eye size to log body mass (Howland et al. 2004). Finally, 
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ecological factors have been found to play a major role in shaping eye size among 

vertebrates. For example, nocturnal and deep-sea species tend to have larger relative eye 

sizes than those in well-lit environments (birds: Garamszegi et al., 2002; bees: Jander and 

Jander, 2002; sharks and rays: Lisney and Collin, 2007; reef fish: Schmitz and 

Wainwright, 2011; shorebirds: Thomas et al., 2006; mammals: Veilleux and Lewis, 2011; 

geckos: Werner and Seifan, 2006).  

Cephalopods are an excellent group for investigating how ecological factors may 

drive both absolute and relative eye size. Cephalopods have independently evolved 

large camera-type eyes that are similar to those of vertebrates, thus providing an 

opportunity to investigate eye size and scaling in optically similar eyes with distinct 

evolutionary histories (Packard 1972). Cephalopods rely heavily on vision for 

communication, predator avoidance, and feeding (Hanlon and Messenger 1998), exhibit 

a wide range of body sizes (Seibel 2007), and have eye diameters ranging from only a 

few millimeters to the largest eyes of any extant species (~27 cm diameter) in the giant 

squid Architeuthis spp. (Nilsson et al. 2012), matched only by certain ichthyosaurs from 

the Cretaceous (90 mya) (Motani et al. 1999). Finally, they live among diverse and 

dynamic light environments ranging from well-lit surface waters to the complete 

absence of visible daylight at depths greater than 1,000 m (Warrant and Locket 2004).  

Observations from some of the earliest trawling expeditions led to the hypothesis 

that relative eye size in pelagic, open-ocean species increases with depth range until 

daylight  becomes visually undetectable (800 to 1,000 m depth), at which point the trend 
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reverses in the bathypelagic realm (depths > 1,000 m) as eyes give up on broad extended 

scenes illuminated by ambient light (depths > 1,000 m) (Warrant et al. 2003). This may 

occur because daylight diminishes exponentially with depth in the ocean, so an animal 

in deep water needs larger eyes for reliable vision than a one in shallow water. This 

trend has been noted anecdotally in fish (Marshall 1954, 1979), though one study of 

myctophid lanternfishes found no relationship between either eye diameter or pupil 

diameter and daytime depth distribution (de Busserolles et al. 2013).  

This putative increase in relative eye size with depth is also thought to occur in 

cephalopods (Packard 1972; Zylinski and Johnsen 2014). This trend has never been 

empirically tested, however, and ecological drivers of cephalopod eye size are currently 

unstudied. Cephalopod eye diameters are known to increase with body mass and show 

high variability in relative eye diameter across species (Schmitz et al. 2013). This 

variability may be driven by depth-mediated environmental light levels, although 

several factors could complicate this pattern. First, many pelagic species have broad 

daytime depth distributions that span many orders of magnitude in light level. Some 

also make extensive daily vertical migrations, but the presence or absence of this 

behavior is not known across all deep-sea species (Hoving et al. 2014). Second, while 

diminishing daylight makes viewing extended scenes illuminated by dim ambient light 

difficult, bioluminescence is common in the deep ocean and large eyes are useful in 

detecting it even in the darkest habitats (Warrant and Locket 2004). Finally, viewing 

angle has a large effect on how much light reaches the eye in any aquatic habitat, and 
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viewing direction is known to affect relative eye size accordingly in some species 

(Thomas et al. 2017).   

Understanding how different light levels may drive patterns of relative eye size 

in the ocean is important and has broad ecological implications because in aquatic 

habitats, eye size is a crucial feature in determining the distances at which objects can be 

seen and, ultimately, the volume of water over which visual interactions among animals 

can occur. Visual interactions are thought to drive the largest migration pattern on earth, 

where animals descend into deep water during the day to hide from visual predators, 

and ascend to feed only at night (Ringelberg 2009). Relaxed visual predation is also 

thought to drive the low metabolisms seen among deep-sea cephalopods (Seibel and 

Carlini 2001; Seibel 2007). Thus, visual interaction distances can play important roles in 

shaping organismal ecology throughout the ocean.  

We measured aspects of eye size and body size across a taxonomically broad 

sample of cephalopod species to determine 1) how eye size scales with body size across 

diverse cephalopods, and 2) whether variation in relative eye size correlates with light 

level. We then used visual modeling to investigate how observed patterns of pelagic 

cephalopod eye size correspond with visual performance and interaction distances in 

their natural habitats. 
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3.2 Methods 

3.2.1 Morphological Data 

 We collected eye and body size measurements from preserved specimens in the 

Smithsonian Institution’s National Museum of Natural History (NMNH: Washington, 

DC, USA) cephalopod collections. Species were selected based on their representation in 

a published phylogeny of the Cephalopoda (Lindgren et al. 2012) and the availability of 

adult-sized specimens in the NMNH collections.  We refer to “adult-sized” rather than 

“adult” specimens because sexual maturity cannot be determined except through 

dissection, which we avoided to preserve specimens. We limited our measurements to 

adult-sized specimens because relative eye size is known to change throughout 

ontogeny across most animals (e.g. Howland et al., 2004; Lisney and Collin, 2007b; 

Rutowski, 2000), including the few cephalopods that have been examined (Karnik and 

Chakraborty, 2001; Moltschaniwskyj, 1995; Uchikawa and Kidokoro, 2014; Zeidberg, 

2004; though see Evans et al., 2015). 

For each specimen, we measured standard morphological characteristics based 

on a published protocol for cephalopods (Roper and Voss 1983): dorsal mantle length, 

wet mass, transverse eye diameters, and transverse lens diameters. We measured eyes 

and lenses without dissecting the eyeball from the specimen to preserve the collections, 

though we did cut small flaps in the skin to reveal the edge of the eye if it was not 

already exposed or obvious. Though transverse eye diameter is generally measured on 

the same axis as mantle length, we measured each eye at the widest place because 1) 
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some eyes were deformed from trawls, and 2) we only wanted to cut the skin back when 

absolutely necessary. For histioteuthid squids, which have different-sized right and left 

eyes, the larger left eye was used for all our analyses.  All measurements were made 

with digital calipers or a digital scale. Species identifications were made by taxonomic 

experts at the time of accession into the NMNH collection.  

Most specimens examined were preserved in alcohol (50% isopropyl alcohol or 

70% ethanol in water), however, in some cases the fixation history of the specimen prior 

to storage in alcohol was unknown. Additionally, samples ranged in collection year 

from 1880 to 2016, so fixation times varied among specimens. Fixation in ethanol is 

known to cause shrinkage in both eye diameter and mantle length among loliginid 

squids, so this was likely a source of error in our measurements (Andriguetto and 

Haimovici 1988). Long-term (~4 years) preservation of loliginids in ethanol caused eyes 

to shrink about 5% more than mantle length, with a maximum of ~15% shrinkage 

relative to unpreserved eyes.  

3.2.2 Ecological Data 

We compiled a database of the maximum and minimum reported depths for the 

cephalopod species measured. These data were primarily gathered from FAO species 

catalogues (Jereb and Roper 2005, 2010; Jereb et al. 2014) and supplemented from 

various sources.  Depth data, along with vertical migration behavior and diurnality or 

nocturnality, were used to classify each species’ light habitat into one of three broad 

categories capturing variation in light levels: bright (daytime active in the epipelagic 
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zone, < 200 m), dim (daytime mesopelagic or mesobenthic 200 to 1,000 m; nocturnal in 

the epipelagic zone < 200 m), or dark (bathyal or abyssal, > 1,000 m).  

3.2.3 Morphological Scaling Relationships 

The scaling of body parts can often be described through a power law: 

𝑦𝑦 = b𝑥𝑥𝑎𝑎  , or  𝑙𝑙𝑙𝑙𝑙𝑙(𝑦𝑦) = 𝑎𝑎(𝑙𝑙𝑙𝑙𝑙𝑙(𝑥𝑥)) + 𝑙𝑙𝑙𝑙𝑙𝑙(𝑏𝑏), 

where x is a measure of total body size (often mass), y represents the size of a body part 

of interest, and a is the slope of the scaling relationship in log space (Gould 1966). There 

are many methods of determining this relationship (see Warton et al. 2006); we chose to 

use two methods commonly employed with this type of data. We first used 

standardized major axis (SMA) line fitting, which does not assume one variable to be 

dependent on the other as linear regression does (Gould 1966; Warton et al. 2006) Then 

we used phylogenetic least squares (PGLS) regression to assess the same data, because 

the evolutionary relationships between species may influence the distribution of traits. 

The use of both methods ensured that our analyses are both robust and comparable to a 

broad range of previous studies.  

For each set of analyses, we assessed four scaling relationships: eye diameter 

versus mantle length, eye diameter versus the cube root of body mass, pupil diameter 

versus eye diameter, and pupil diameter versus the cube root of body mass. We chose to 

include both mantle length and body mass as separate measures of body size, as mantle 

length is the most commonly available size metric for cephalopods across the literature 

and will allow our work to be extended to other species, but body mass is presumably a 
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better approximation of total body size. We used the cube root of mass because mass is a 

three-dimensional unit, and eye diameter is a one-dimensional unit, and keeping both 

parameters on the same dimension allows for isometry (equal scaling) to occur at a slope 

(a) of 1. We examined both eye diameter and pupil diameter independently because 

hypotheses about eye investment in different habitats focus on total eye size, while our 

subsequent visual modeling depends primarily on pupil diameter, which sets the 

aperture of the eye.  

All analyses were done in R 3.4.3 (R Core Team 2017). We determined scaling 

relationships among pairs of log-transformed morphological traits with SMA line fitting 

(Warton et al. 2006) via the smatr package in R (Warton et al. 2012) and with PGLS and a 

published cephalopod phylogeny (Lindgren et al. 2012) via the caper package in R (Orme 

2013).  

3.2.4 Effects of Light Habitat on Eye Scaling 

As eye diameter and body mass are correlated, the residuals of this log-log 

scaling relationship can be used as a measure of eye investment for each species, with 

positive residuals indicating higher than average investment and negative residuals 

lower than average investment in eye size (e.g. Lisney and Collin, 2007). We used the 

residuals from the log-log PGLS relationship of eye diameters versus cube roots of mass 

(Table 2, Figure 8B) to determine eye investment for each species. We then used the R 

package phytools (Revell 2012) to plot the data onto the cephalopod phylogeny and 

ggplot2 (Wickham 2009) to compare morphological trait distribution among light 
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habitats. Finally, we used pairwise t-tests with full Bonferroni corrections for multiple 

testing to determine whether different light habitats exhibited different patterns in eye 

diameter, relative eye size, and eye investment among cephalopods (Table 3.)  

3.2.5 Visual Modeling 

We next used our measured pupil diameters and published species depth ranges 

to model how patterns of eye size in different light regimes affect the sighting ranges for 

ecologically relevant visual targets. To do this, we used simplified mathematical models 

of sighting ranges presented in Ruxton and Johnsen (2016) and adapted from Nilsson et 

al. (2014) and implemented them in R. Because these models are for the featureless, 

relatively monochromatic light environment of the pelagic open ocean (depths > 50 m), 

we first limited the dataset to only pelagic species. We used the measured pupil 

diameter (A) for each species. Finally, we used the midpoint of each species’ depth range 

to determine the light level in their habitat during the brightest time of day.   

We modeled sighting ranges for a target in three different scenarios: 1) horizontal 

viewing of an opaque target, 2) upward viewing of an opaque target, and 3) horizontal 

viewing of point-source bioluminescence. In all models, the resolution of the eye was 

allowed to vary to match the angular width of the target; this maximized signal-to-noise 

and provided an upper bound of the sighting ranges for the modeled targets. 

 

  



 

 37 

Table 1: Variables used in the calculation of visual range (r) in our visual modeling, 
and how parameters varied among species. 

Variable Definition Value determination in model 
A  Pupil diameter (m) Direct measurements of individuals 

T Target width (m) 

Factor of species mantle length. Width of 
conspecific = 1/3 mantle length, width of 
predator = 3x conspecific, width of prey = 1/3 
conspecific.  

C0 
Inherent Weber contrast of target 
(unitless) 

0.25 (constant across models) 

c 
Beam attenuation coefficient of 
water at 480 nm (m-1) 

Determined for midpoint depth (Ruxton and 
Johnsen 2016) 

KLd 
Diffuse attenuation coefficient of 
downward radiance (m-1) 

Determined for midpoint depth (Ruxton and 
Johnsen 2016) 

N0 
Photons absorbed per steradian 
per second for a one meter wide 
pupil (photons/s/m2/sr) 

Determined for midpoint depth + viewing 
direction (horizontal or upward) (Ruxton and 
Johnsen 2016) 

∆t 
Integration time of 
photoreceptors of the viewer 
(seconds) 

Determined via midpoint depth (0.017 to 
0.071 seconds, increases with depth as light 
level decreases) 

E 
Emittance of bioluminescent 
point source (photons/second) 

1010 photons/second (constant across models) 

d Photoreceptor width (µm) 3 µm (not used in extended scene modeling) 
 
 
 

For horizontal viewing, we calculated the visual range for a target of width T 

using the Lambert W function (the inverse of 𝑦𝑦 = 𝑥𝑥𝑒𝑒𝑥𝑥): 

𝑟𝑟 =  
1
𝑐𝑐
𝑊𝑊�0.32𝑐𝑐𝑐𝑐𝑐𝑐|𝐶𝐶0|�𝑁𝑁0∆𝑡𝑡� 

where c is the beam attenuation coefficient of water at 480 nm, A is the pupil diameter of 

the viewer’s eye, C0 is the inherent Weber contrast of the target, N0 is the number of 

photons absorbed per second for a 1-m diameter pupil viewing a target with a solid 

angle of one steradian, and ∆t is the integration time of the viewer’s eye (Table 1). N0 

was determined by the integral of the product of spectral sensitivity of the eye (assumed 



 

 38 

here to peak at 480 nm) and the background horizontal radiance at the midpoint depth 

of the species. Depth-dependent light levels were determined using a combination of 

measured oceanic profiles of inherent optical properties (from oligotrophic waters in the 

equatorial Pacific) and commercial radiative transfer software  (see Ruxton and Johnsen, 

2016).  

For upward viewing, we calculated visual range, again using the Lambert W 

function: 

𝑟𝑟 =  �
1

𝑐𝑐 − 𝐾𝐾𝐿𝐿𝐿𝐿
�𝑊𝑊�0.32(𝑐𝑐 − 𝐾𝐾𝐿𝐿𝐿𝐿)𝑐𝑐𝑐𝑐|𝐶𝐶0|�𝑁𝑁0∆𝑡𝑡� 

where KLd is the diffuse attenuation coefficient of the direct downward radiance at 480 

nm (Table 1). For this model, N0 was determined the same way as above, but using 

downward radiance, which is 100 to 200 times brighter than horizontal radiance, 

depending on depth.  

In both these extended scene visual models, we added additional limits on 

minimum contrast thresholds and target angular sizes, as neither of these can be smaller 

than what animals can detect. We set a minimum contrast threshold of 1% for viewers 

(the lowest measured in animals) by modeling the maximum sighting distance, rcontrast, 

based exclusively on a 1% contrast (Johnsen 2002): 

𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐 =  𝑙𝑙𝑙𝑙𝑙𝑙 �
100𝐶𝐶0
𝑐𝑐

� 
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We limited the angular size of the target to a minimum of 0.1 degrees (a reasonable 

lower bound for mesopelagic viewers) by modeling the maximum sighting distance 

rangular based exclusively on the angular size of the target: 

𝑟𝑟𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐 = 10 �
180
𝜋𝜋
�𝑐𝑐 

We then compared the first modeled sighting range (r) with the maximum possible 

ranges considering a minimum 1% contrast threshold (rcontrast) and 0.1 degree target 

angular size (rangular) and selected the smallest of the three values for the final range.  
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Figure 6: Scaled representation of visual targets scaled to viewer body size in the 
models of extended scene visual ranges. ML = dorsal mantle length of the viewer 
(squid), VW = viewer width, approximated as 1/3x ML. The size of relevant visual 
targets (predator, conspecific, and prey) are scaled based on the width of the viewer. 
Prey width = 1/3 viewer width, conspecific width = viewer width, and predator width = 
3x viewer width. Dark circles simulate the visual targets in the models based on target 
width. 
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For each species, we modeled sighting ranges for both horizontal and upward 

views of three different-sized targets that were scaled based on the mantle length of the 

cephalopod viewer: 1) potential conspecific, 2) potential predator, and 3) potential prey. 

As the relevant aspect of the target was width, but our measure of cephalopod size was 

mantle length, we approximated conspecific target width by setting it at one third of the 

mantle length, as this is a conservative estimate of the width-to-length ratio of a pelagic 

squid mantle. We then made predator targets three times the width of conspecific 

targets, and prey targets one third the width of conspecific targets. This series of models 

allowed us to explore how eye size, habitat depth, and viewing direction affect sighting 

distances for a range of target sizes relevant to each viewer (Figure 6).  

Finally, we modeled the sighting range for horizontal viewing of point-source 

bioluminescence across species at the midpoint of their depth distribution using a 

newly-derived function: 

𝑟𝑟 ≅  
2
𝑐𝑐
𝑊𝑊 �

𝑐𝑐𝑐𝑐
8 �

𝐸𝐸∆𝑡𝑡
6�1 + �1 + 1.4𝑑𝑑2𝑁𝑁0∆𝑡𝑡�

� 

where E is the emittance of the point source in photons/s and d is the width of the 

photoreceptors (Table 1, see Appendix A for derivation).  
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3.3 Results 

3.3.1 Morphological Scaling Relationships 

Eye diameter showed positive SMA relationships with both dorsal mantle length 

(R2 = 0.61, a = 0.79) and body mass (R2 = 0.78, a = 0.91), though there was a stronger 

relationship and a higher slope with mass (Figure 7, Table 2).  Pupil diameter exhibited 

near isometry and high correlation with eye diameter in our SMA fit (a = 0.99, R2 = 0.91), 

and in turn exhibited a positive correlation with body mass (a = 0.88, R2 = 0.69).  

PGLS regressions of the same data yielded the same patterns with slightly 

different parameters after accounting for evolutionary relationships among species 

(Figure 8, Table 2).  Eye diameter once again correlated more strongly and had a higher 

slope with mass (R2 = 0.84, a = 0.82) than with mantle length (R2 = 0.60, a = 0.68). Pupil 

diameter again exhibited near isometry (a = 0.94) and high correlation (R2=0.87) with eye 

diameter. Finally, pupil diameter scaled positively with mass (R2 = 0.78, a = 0.78).  
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Figure 7: SMA line fits of eye diameter vs. A) mantle length and B) the cube root of 
mass and pupil diameter vs. C) eye diameter and D) the cube root of mass for 143 
cephalopod species color coded by light habitat. Yellow = bright, blue = dim, purple = 
dark.  
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Figure 8: PGLS fits of eye diameter versus A) mantle length and b) the cube root of 
mass and pupil diameter vs. C) eye diameter and D) the cube root of mass for 124 
cephalopod species color coded by light habitat. Yellow = bright, blue = dim, purple = 
dark. 
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Table 2: Scaling relationships derived through standard major axis (SMA) line fitting 
or phylogenetic least squares (PGLS) line fitting. ED = eye diameter, ML = mantle 
length, BM = body mass, PD = pupil diameter. 

Method Equation R2 p-value F-statistic 

SMA 

𝐸𝐸𝐸𝐸 = −0.26(𝑀𝑀𝑀𝑀)0.79 0.61 < 0.001 NA 

𝐸𝐸𝐸𝐸 = 0.73(√𝐵𝐵𝑀𝑀3 )0.91 0.78 < 0.001 NA 

𝑃𝑃𝐸𝐸 = −0.43(𝐸𝐸𝐸𝐸)0.99 0.91 < 0.001 NA 

𝑃𝑃𝐸𝐸 = 0.31(√𝐵𝐵𝑀𝑀3 )0.88 0.69 < 0.001 NA 

PGLS 

𝐸𝐸𝐸𝐸 = −0.13(𝑀𝑀𝑀𝑀)0.68 0.60 < 0.001 F1,122 = 187.4 

𝐸𝐸𝐸𝐸 = 1.78(√𝐵𝐵𝑀𝑀3 )0.82 0.84 < 0.001 F1,122 = 647.1 

𝑃𝑃𝐸𝐸 = −0.84(𝐸𝐸𝐸𝐸)0.94 0.87 < 0.001 F1,117 = 784.1 

𝑃𝑃𝐸𝐸 = 0.85(√𝐵𝐵𝑀𝑀3 )0.78 0.78 < 0.001 F1,118 = 421 

 

 

3.3.2 Effects of Light Habitat on Eye Investment 

The cephalopod species we measured (n = 143) varied considerably in absolute 

eye diameter, spanning nearly two orders of magnitude from 1.85 mm in the midwater 

squid Leachia lemur to 118 mm in the colossal squid Mesonychoteuthis hamiltoni (Figure 

10). Absolute eye size was significantly different in dim habitats compared with bright 

habitats (p = 0.03), but not different from dark habitats (Figure 13A, Table 3). Dim 

habitats also had higher variance in eye diameters and a larger median eye diameter 

than bright or dark habitats (Figure 13A). Relative eye size (the ratio of eye diameter to 

the cube root of body mass) still spanned an order of magnitude, from 1.04 in the deep-

sea pelagic octopus Cirrothauma murrayi to 10.05 in the larger left eye of the cock-eyed 

squid Histioteuthis atlantica (Figure 11). Like absolute eye size, relative eye size also 
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correlated with habitat, with dim habitats again showing a significantly different and 

larger median relative eye size than bright habitats (p<0.001), but no significant 

difference from dark habitats. (Figure 13C, Table 3).  Among species present in the 

phylogeny (n = 124, Figure 9), eye investment (i.e. how much relative eye size in a 

species deviates from the interspecies PGLS regression line) varied considerably across 

taxa and light levels (Figure 12). Eye investment was significantly higher in dim habitats 

than in bright (p < 0.001) or dark habitats (p = 0.03, Table 3). 
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Figure 9: Cephalopod phylogeny adapted from Lindgren et al. (2012), showing species 
used in analyses. 
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Figure 10: Cephalopod phylogeny adapted from Lindgren et al. (2012), showing eye 
diameters measured for each species. Yellow = bright, blue = dim, purple = dark. 
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Figure 11: Cephalopod phylogeny adapted from Lindgren et al. (2012), showing relative 
eye sizes (eye diameter/cube root of mass) for each species. Yellow = bright, blue = dim, 
purple = dark. 
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Figure 12: Cephalopod phylogeny adapted from Lindgren et al. (2012), showing eye 
investment (residuals of eye diameter ~ cube root of mass PGLS) for each species. 
Inward bars indicate negative residuals, outward bars indicate positive residuals. 
Yellow = bright, blue = dim, purple = dark. 
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Figure 13: Box plots of A) eye diameter, B) relative eye size and C) eye investment as a 
factor of average (based on PGLS residuals of eye diameter ~ body mass) across light 
habitats. Center line indicates the median; hollow point shows the mean. 

 

 

Table 3: Pairwise Student’s t-tests with Bonferonni correction for multiple testing 
applied to p-values. Results are shown for eye diameter, relative eye size, and eye 
investment across the three light habitats (bright, dim, dark). 

 Group 1 Group 2 p-value 

Eye diameter 

dark bright 1.00 

dim bright 0.03* 

dim dark 0.52 

Relative eye size 

dark bright 0.99 

dim bright <0.001* 

dim dark 0.46 

Eye investment 

dark bright 1.00 

dim bright <0.001* 

dim dark 0.03 * 
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3.3.3 Modeled Pelagic Sighting Distances 

While cephalopods living in dim habitats exhibited higher investments in eye 

size, this did not translate to significantly longer sighting ranges for extended scene 

visual targets. Visual modeling of the upper bound of sighting ranges showed that 

patterns in sighting ranges, even scaled relative to species size, were driven 

overwhelmingly by the exponential attenuation of light with depth. This trend was 

stronger than could be compensated for through increased eye investment (Figure 14, 

Figure 15). 

Our models of horizontal sighting distances indicated that at the midpoint of 

their depth ranges and the brightest time of day, the majority of species could not see an 

opaque target the width of a conspecific from even one body length away (Figure 14). A 

predator-sized target (3x width of conspecific) yielded longer sighting ranges among 

species, but still visually undetectable at depths greater than 500 m, even for species 

with extremely large eyes. Finally, a prey-sized target (1/3x width of conspecific) was 

visually undetectable at depths greater than 400 m, regardless of eye investment (Figure 

14).  

Sighting ranges for the same set of opaque targets viewed from below were 

longer, due to the increased background radiance (Figure 15).  Most species had longer 

sighting ranges for all three targets (conspecific, predator, and prey), though gains were 

most pronounced for species found between about 300 and 600 m. Overall, the sighting 
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ranges of extended objects from any orientation were overwhelmingly driven by light 

level, and high eye investment did little to affect this trend.   

In contrast, when we modeled sighting ranges for a bioluminescent point source, 

we did not see strong effects of depth on sighting ranges (Figure 16). Though 

bioluminescence was difficult to detect near the surface in daylight, at all mesopelagic 

depths eyes performed quite well at detecting a bioluminescent point source, on average 

seeing them at distances of roughly 100 body lengths. Additionally, in these models, 

species showing higher eye investment showed longer sighting ranges relative to body 

length in many cases than those with lower eye investment. Overall, most species could 

see a bioluminescent point source from farther away than an extended object at the 

midpoint of their depth range. 
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Figure 14: Models of horizontal visual range (as a proportion of mantle length) at the 
midpoint of depth ranges across cephalopod species for an opaque target with an 
inherent contrast (C0) of 0.25. Each point is scaled by pupil diameter from specimen 
measurements and colored by pupil investment given the residual of the pupil 
diameter ~ body mass PGLS. The dotted line indicates a visual range of one body 
length. 
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Figure 15: Models of upward visual range (as a proportion of mantle length) at the 
midpoint of depth ranges across cephalopod species for an opaque target with an 
inherent contrast (C0) of 0.25. Each point is scaled by pupil diameter from specimen 
measurements and colored by pupil investment given the residual of the pupil 
diameter ~ body mass PGLS. The dotted line indicates a visual range of one body 
length. 
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Figure 16: Models of horizontal visual range (as a proportion of mantle length) at the 
midpoint of depth ranges across cephalopod species for a bioluminescent point source 
with an emittance (E) of 1010 photons/s. Each point is scaled by pupil diameter from 
specimen measurements and colored by pupil investment given the residual of the 
pupil diameter ~ body mass PGLS. The dotted line indicates a visual range of one body 
length. 

 

3.4 Discussion 

3.4.1 Interspecific Scaling of Cephalopod Eyes 

 Cephalopod eye diameter correlated positively with body size (both mantle 

length and mass), exhibiting scaling relationships that were generally consistent with a 

previous study by Schmitz et al. (2013). Our log-log SMA fits of eye diameter versus 

mantle length across 143 diverse cephalopods yielded a slope (a) of 0.79 (Figure 7A, 

Table 2), close to that derived by Schmitz et al. (2013) for 59 squids, 1 octopod, 8 

cuttlefish, and 11 sepiolids (a = 0.74). Our log-log SMA fits of eye diameter versus the 

cube root of mass (Figure 7B, Table 2) showed a near isometric relationship (a = 0.91); 

Schmitz et al. (2013) found a similar slope (a = 0.96) in a comparable analysis of 45 
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squids, 8 cuttlefish, and 7 sepiolids. When we accounted for phylogenetic relationships 

among species in our dataset through a PGLS analysis (Figure 8B, Table 2), this slope 

lowered to 0.85, which is still quite high compared with most vertebrates (Howland et 

al. 2004).  

As cephalopods exhibit convergent evolution of large, camera-type eyes with 

vertebrates (Packard 1972), the optical principles that direct their scaling and 

performance may be similar. Vertebrates generally show decreasing relative eye size 

with increasing body size; meaning that eye size scales with body size at a slope of less 

than one (Land and Nilsson 2002) . Vertebrate eyes are often measured by axial diameter 

(eye depth) rather than transverse diameter (eye width); this requires removal of the eye 

for measurement which is why we opted to measure transverse diameter externally. 

While axial and transverse diameters are different, they are both linear measurements of 

eye size that should show similar scaling slopes with body size, with a few exceptions 

(e.g. tubular eyes).  

Vertebrate axial diameters tend to show smaller slopes with the cube root of 

body mass than cephalopod transverse eye diameters did. For example, birds (a = 0.57), 

mammals (a = 0.69), and reptiles (a = 0.45) all have shallower scaling slopes than 

cephalopods (a = 0.79 from SMA, Table 2) (Howland et al. 2004). This indicates that 

cephalopods continue to show relatively large eyes at large body sizes. However, this 

may be an adaptation to the aquatic environment, as fishes also tend to show large 
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relative eye sizes even with large body sizes (a = 0.78)  (Howland et al. 2004; Schmitz et 

al. 2013).  

3.4.2 Eye Investment in Different Light Levels 

As reported by Schmitz et al. (2013), while eye size scaled with body mass, there 

was some variation in this relationship (R2 = 0.84 from PGLS, Table 2). In our 

phylogenetic dataset, cephalopod species occupying dim habitats showed significantly 

higher eye investment than species occupying bright or dark habitats (Figure 13, Table 

3). Dim habitats also showed the greatest variation in absolute eye diameter, but the 

least variation in eye investment (Figure 13).  This is the first quantitative evidence of 

relative eye size adaptation to dim environments in cephalopods.  

This finding matches those in many other animal groups showing increased 

relative eye size among species that are active in dim environments (Garamszegi et al., 

2002; Jander and Jander, 2002; Lisney and Collin, 2007; Schmitz and Wainwright, 2011; 

Thomas et al., 2006; Veilleux and Lewis, 2011; Werner and Seifan, 2006). It is also 

consistent with the anecdotal paradigm that species of camera-eyed fish and 

cephalopods in the open ocean increasingly invest in large relative eye sizes deeper in 

the mesopelagic zone where light is dim, but then exhibit relatively smaller eyes in 

abyssal regions once daylight is visually undetectable (Marshall 1954, 1979; Warrant et 

al. 2003; Zylinski and Johnsen 2014). This pattern is thought to result from the pressure 

to collect every possible photon for viewing objects illuminated by dim, downwelling 

daylight (extended objects) with the high sensitivity possible with large eyes. Once this 
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light is too dim to be useful, species retain moderately sized eyes to view 

bioluminescence, but eye investment decreases (Warrant et al. 2003).  

This explanation assumes that the magnitude of increases in absolute eye size 

with increased relative investment can be large enough to cope with the decrease in light 

with increasing depth. This is an extremely difficult problem, as light decreases rapidly 

with depth even in the clearest water. In the pelagic open ocean, the light field is 

predictable enough that it is possible to reasonably model sighting ranges for various 

ecological targets given certain parameters (including size) of a viewer’s eye (Nilsson et 

al. 2014; Ruxton and Johnsen 2016). This allowed us to probe the limits of pelagic 

cephalopod vision given their depth distribution and eye size.  

3.4.3 Modeled Visual Performance Given Measured Eye Size 

 Cephalopods are highly visual animals, and even deep-sea species in dim 

habitats are thought to use vision for hunting, predator avoidance, and signaling 

(Hanlon and Messenger 1998; Bush et al. 2009; Zylinski and Johnsen 2014). In featureless 

pelagic habitats, objects can be seen in all directions until the limits of sensitivity and 

resolution in the viewer’s eye are reached. These limits determine the detection and 

ultimately interaction distances for relevant visual targets such as predators, prey, and 

conspecifics.  

Our models of maximum sighting distances for predators, prey, and conspecifics 

indicated that, even when scaled relative to the viewer body size, visual ranges for these 

targets are overwhelmingly dominated by depth (Figure 14, Figure 15). We maximized 
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visual ranges by allowing the resolution of each eye to precisely match the angular size 

of the target it was viewing and assuming a zenith sun in a cloudless sky over an 

oligotrophic tropical ocean (see Ruxton and Johnsen, 2016). While species in shallower 

water could see targets from longer distances, visual range dropped rapidly with depth. 

Thus, an eye with high investment often functioned more poorly than an eye with lower 

investment did slightly shallower (Figure 14). Sighting distances for all targets were 

greater with upward viewing directions, but many species with large eyes and above-

average eye investment still had quite small visual interaction distances compared to 

their body size (Figure 15).  

By contrast, in our models of maximum sighting ranges for a bioluminescent 

point source, species performed well throughout the mesopelagic realm (Figure 16). For 

many species with midpoint depths below 650 m, this was the only situation in which 

they could see anything from more than one body length away. Additionally, the 

species with the longest sighting ranges relative to their body size had above average 

eye investment, and those with the shortest had the lowest eye investment. Based on 

these models, we might predict that in the dim mesopelagic zone, relatively large eyes 

are best for spotting bioluminescence, rather than utilizing dim, downwelling daylight.  

3.4.4 Conclusions 

Cephalopods show patterns of eye scaling with body mass that are comparable 

to other animal groups with camera-type eyes, though they show a higher slope than 

many vertebrate groups, indicating a relationship closer to isometry. Variation in this 
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scaling relationship is largely explained by environmental light levels, with cephalopods 

in bright and dark habitats showing lower eye investment than cephalopods in dim 

habitats. However, our visual modeling for pelagic species indicated that increasing eye 

investment is insufficient to cope with the strong attenuation of light with depth, and 

large eyes may be more useful for detecting bioluminescence in the dim mesopelagic 

realm.
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4. Bioluminescent cephalopods exhibit stabilizing selection for 
depth, body size, and eye investment 

4.1 Introduction 

 Bioluminescence has many functions in dim or dark habitats.  These include 

offensive, defensive, and reproductive functions such as startle responses, smoke 

screens, warning coloration, luring, searchlights, sexual signals, and dynamic 

camouflage (Young 1983; Haddock et al. 2010). Morphological features facilitating 

bioluminescence are also diverse, and include complex organs that house symbiotic 

bioluminescent bacteria or control autogenic light emission (Herring 2000), excreted 

bioluminescent fluids (e.g. Herring 1976), and even glowing body parts that can 

autotomize to serve as a distractions for predators (e.g. Osborn et al. 2011; Bush 2012). 

While bioluminescence is relatively rare in terrestrial and freshwater systems, it is 

ubiquitous in marine environments (Harvey 1956). 

The pelagic deep sea is the largest biome on our planet (Robison 2004), and is 

where the majority of bioluminescent organisms are found. In the mesopelagic ocean, 

which spans from 200 to 1,000 m deep, more than 75% of fish and shrimp species are 

bioluminescent (Morin 1983). A 17-year survey of the upper 4,000 m of the open ocean 

found that 75% of all macroscopic individuals seen by remotely operated vehicles were 

bioluminescent (Martini and Haddock 2017).  

Bioluminescence has evolved at least 40 times (Haddock et al. 2010), and its 

chemical basis appears to involve a fairly simple modifications of existing non-

bioluminescent biological pathways (Harvey 1956). While evolutionary examination of 
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this trait has been hindered by the lack a fossil record (Buck 1978), modern comparative 

methods have begun to shed light on the evolutionary dynamics of bioluminescent 

organisms. For example, deep-sea fishes with species-specific patterns of photophores 

were found to be diversifying faster than those without species-specific patterns (Davis 

et al. 2014), and animal clades with bioluminescent courtship displays (families of 

cephalopods, fish, sharks, ostracods, and beetles) had higher diversification rates than 

their closest non-bioluminescent sister clades (Ellis and Oakley 2016), suggesting that 

bioluminescent signals may help drive reproductive isolation and speciation. How 

bioluminescence affects the evolutionary dynamics of other traits, however, is still not 

well understood.  

Cephalopods are especially appropriate for investigating how bioluminescence 

may affect the evolution of other traits. They are highly visual animals, important 

members of marine food webs, and exhibit rich behavioral repertoires of visual signaling 

and camouflage (Hanlon and Messenger 1998). A published molecular phylogeny of the 

Cephalopoda shows clear evidence of repeated gains (at least 7) and losses of 

bioluminescence among clades and species (Lindgren et al. 2012), allowing for 

comparative evolutionary work without substantial phylogenetic pseudo-replication 

(Maddison and FitzJohn 2014). Additionally, cephalopod bioluminescence includes both 

bacterial and autogenic forms and serves a diverse array of functions (Herring 1990). 

Finally, cephalopods exhibit diversity in other ecological and morphological traits, and 
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their ecology is fairly well known compared with many other bioluminescent deep-sea 

groups (Hoving et al. 2014).   

As bioluminescence is used for both visual camouflage and signaling, it is likely 

that the evolution of other traits affecting the light environment and vision in 

cephalopods exhibit different patterns of evolution among bioluminescent versus non-

bioluminescent species. One candidate trait is depth of occurrence, as daylight in the 

ocean attenuates exponentially with depth and dims beyond visual detection by 1,000 m 

(Warrant and Locket 2004). This means that bioluminescent signals become more 

conspicuous with increasing depth in the mesopelagic realm, and are the only source of 

visual information in the deeper ocean. Thus, bioluminescence may be associated with 

the use of deeper habitats. However, counterillumination camouflage, in which an 

animal illuminates its ventral surface to blend in with dim, downwelling daylight, is a 

major function of bioluminescence among cephalopods, fish, and decapod crustaceans 

(Herring 1976; Widder 2010), and is only useful in the mesopelagic zone where dim 

daylight is still present (Young et al. 1980). Thus, bioluminescence may serve the most 

functions at intermediate depths (e.g. 400 to 700 m) in the mesopelagic zone.  

Another trait that influences visual detectability in the ocean is body size. While 

benthic and coastal animals can hide within or match the appearance of environmental 

structures, in the pelagic realm animals can be seen from all directions and there appears 

to be a strong pressure on these organisms to match the underwater light field itself 

(Johnsen 2014). Larger organisms are easier to detect, and many predators in the 
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mesopelagic realm have large, upward facing eyes that specialize in detecting animal 

silhouettes against the dim, downwelling daylight (Warrant and Locket 2004; Thomas et 

al. 2017). Because bioluminescent counterillumination camouflage hides these 

silhouettes, there may be relaxed pressure on body size among bioluminescent 

cephalopods that employ this tactic. 

Finally, eye size may also be influenced by the presence of bioluminescence 

(Hiller-Adams and Case 1988).  Larger eyes can see farther and better localize 

bioluminescent signals, detect downwelling daylight for counterillumination, or view 

potential prey using bioluminescent searchlights (Warrant and Locket 2004). Large eyes 

also impose a camouflage cost, however, as their retinas absorb light. In response, many 

cephalopods possess ventral ocular photophores that are thought to provide 

counterillumination (Herring et al. 2002; Haddock et al. 2010). Thus, larger eyes may be 

less costly among bioluminescent species. However, non-bioluminescent species can still 

use large eyes to better view bioluminescent signals, and likewise bioluminescent 

species do not necessarily need to view their own emitted light; for example, the eyeless 

gelata (medusae, siphonophores, salps) make up a significant component of 

bioluminescent fauna (Haddock et al. 2010). Previous work investigating eye size among 

bioluminescent species has produced mixed results; certain crustaceans (mysids and 

oplophorid shrimp) showed evidence of increased eye size among bioluminescent 

groups (Hiller-Adams and Case 1988), but myctophid lanternfishes did not (de 

Busserolles et al. 2013).  
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Here, we investigate whether bioluminescent and non-bioluminescent 

cephalopods are under different selective regimes for other traits related to light and 

vision in the ocean. We synthesize published data on ecological traits, and use 

comparative evolutionary methods with a published molecular phylogeny to test 

whether bioluminescent and non-bioluminescent cephalopods exhibit different patterns 

and modes of evolution for depth, body size, and eye size. 

4.2 Methods 

4.2.1 Database synthesis 

We assembled a database of four characters for all extant cephalopod species 

with data on bioluminescence and at least one of the remaining three traits (n=808): 

depth of occurrence, body size, and eye investment. We ascertained the presence or 

absence of bioluminescence for each species by either 1) published observation of light 

emission or 2) the presence of light organs (photophores) in adults. We defined depth as 

the maximum reported depth, as many vertically migrating species inhabit the same 

shallow waters at night and deeper habitats during the day (Young 1972). We defined 

body size as maximum reported mantle length (maximum shell diameter in Nautilus), as 

this is the standard and most abundantly available body size metric in cephalopods 

(Roper and Voss 1983). Finally, we defined eye investment as the residual for each 

species of a phylogenetic generalized least squares (PGLS) analysis of eye diameter 

versus body mass across cephalopods; positive residuals indicate that a species has 
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larger than expected eyes and negative residuals indicate smaller than expected eyes 

based on interspecific eye allometry.  

Bioluminescence data were collected from species descriptions and additional 

literature. Depth and body size data were collected primarily from the Food and 

Agriculture Organization of the United Nations cephalopod species catalogue (Jereb and 

Roper 2005, 2010; Jereb et al. 2014) and supplemented from other literature. Eye 

investment data were collected from a study on eye scaling in cephalopods (Thomas et 

al., unpublished data, Chapter 3). We log-transformed all continuous data (maximum 

depth, maximum mantle length, and eye investment) prior to running analyses. 

4.2.2 Comparisons of trait distributions 

All analyses were done in R 3.4.3 (R Core Team 2017) and annotated in 

RMarkdown for reproducibility. We compared the depths, body sizes, and eye 

investments of bioluminescent and non-bioluminescent cephalopods in our dataset to 

determine whether there were differences between the two groups (Figure 13). For 

depth and body size, we also compared trait distributions across our full database to 

trait distributions across the subset of species present in the phylogeny we used for 

subsequent evolutionary analyses (Lindgren et al. 2012). For eye investment, we only 

had data for species present in the phylogeny, as this metric was generated using a 

PGLS analysis and the same phylogeny (Chapter 3).  
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4.2.3 OUwie analyses 

We then used phylogenetic comparative methods to test for differences in 

patterns of evolution among bioluminescent versus non-bioluminescent cephalopods for 

depth, body size, and eye investment. We used a published cephalopod phylogeny 

(Lindgren et al. 2012) containing 172 cephalopod species with available data for 

bioluminescence and at least one other trait (depth, body size, or eye investment; Figure 

1a). We then time-calibrated the phylogeny using secondary calibrations for cephalopod 

data from the Time Tree of Life (Hedges et al. 2015) and the congruification method of 

Eastman et al. (2013). Finally, we used the ape R package (Paradis et al. 2004) to remove 

tips from the phylogeny before the analysis of each trait, so that the final phylogenies 

used precisely matched the trait datasets for depth (n = 169), body size (n = 168), and eye 

investment (n = 122). 



 

 69 

 

Figure 17: Cephalopod phylogeny with species used for evolutionary analyses (n = 172), 
adapted from Lindgren et al. (2012). Tips are colored to indicate presence (blue) or 
absence (black) of photophores in adults. 
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Figure 18: Cephalopod phylogeny used for evolutionary analyses, adapted from 
Lindgren et al. (2012). Tips are colored to indicate presence (blue) or absence (black) of 
photophores in adults. Bars scaled by maximum reported depths (log2 scale) for each 
species (n = 169). 
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Figure 19: Cephalopod phylogeny used for evolutionary analyses, adapted from 
Lindgren et al. (2012). Tips are colored to indicate presence (blue) or absence (black) of 
photophores in adults. Bars scaled by maximum reported mantle length (log2 scale) for 
each species (n = 168) 
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Figure 20: Cephalopod phylogeny used for evolutionary analyses, adapted from 
Lindgren et al. (2012). Tips are colored to indicate presence (blue) or absence (black) of 
photophores in adults. Bars scaled by eye investment (positive values are larger than 
average eyes, 
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We used the OUwie R package (Beaulieu et al. 2012) and a custom script (OUV 

model) to test the fits of eight models of evolution (Table 4). In each model, discrete 

evolutionary regimes were defined as bioluminescence and non-bioluminescence 

(Figure 17), and continuous traits as depth (Figure 18), body size (Figure 19), and eye 

investment (Figure 20). These models included both Brownian motion (BM) processes, 

in which evolutionary changes are stochastic with no optimum trait value (i.e. drift), and 

Ornstein-Uhlenbeck (OU) processes, in which evolutionary changes are stochastic but 

tend to move toward one or more optimum trait values (i.e. selection).  

 

Table 4: The eight models of evolution tested and how evolutionary parameters are 
permitted to vary among regimes in each model. “Single” indicates that one parameter 
is estimated across both regimes (bioluminescent and non-bioluminescent), while 
“multiple” indicates that parameter estimation is permitted to vary across regimes. 

Type of model Model 
Rate of  
change (σ2) 

Trait  
optimum (θ) 

Strength of 
selection (α) 

Brownian motion 
BM1 Single None None 
BMS Multiple None None 

Ornstein-
Uhlenbeck 
 

OU1 Single Single Single 
OUM Single Multiple Single 
OUV Multiple Single Single 
OUMV Multiple Multiple Single 
OUMA Single Multiple Multiple 
OUMVA Multiple Multiple Multiple 

 

  



 

 74 

We tested whether the optimum trait value (θ), rate of change (σ2), and strength 

of selection (α) varied among regimes (bioluminescent or non-bioluminescent) through 

the following models (Table 4): a BM model with a single rate of change for both 

regimes (BM1), a BM model that allowed for different rates of change in each regime  

(BMS), an OU model with a single optimum for both regimes (OU1), an OU model that 

allowed for different trait optima in each regime (OUM), an OU that allowed for different 

rates of change in each regime (OUV), an OU model that allowed both the trait optimum 

and the rate of change to differ in each regime (OUMV), an OU model that allowed both 

the trait optimum and the strength of selection to differ in each regime (OUMA), and an 

OU model that allowed the trait optimum, the rate of change, and the strength of 

selection to differ in each regime (OUMVA).  

We assigned regimes to phylogenetic branches using stochastic character 

mapping of bioluminescence with the ‘make.simmap’ function of phytools (Revell 2012). 

We generated 10 stochastic character maps assuming symmetric transition rates between 

states (bioluminescence or non-bioluminescence). All eight models were fit to each of the 

10 stochastic maps, which produced estimates for evolutionary parameters and Akaike 

information criteria (AIC) scores for comparing model fits (Table 6-Table 8). 

The number of species in our analyses ranged from 122 to 169, representing 

roughly 15 to 20 percent of known extant cephalopod species. In small datasets, models 

with more parameters can be disproportionately favored. Thus, we used a correction for 

small sample sizes (AICC) in our model comparisons (Hurvich and Tsai 1989; Burnham 
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and Anderson 2002). Additionally, small clades can make estimating the strength of 

selection (α) difficult (Ho and Ané 2014), and models that must distinguish both the 

strength of selection (α) and the rate of change (σ2) among regimes (e.g. OUMA, OUMVA) 

can encounter optimization errors that prevent the model from converging on a 

solution. When we encountered this in our analyses, we excluded the OUMA and OUMVA 

models and relied on the OUMV model to represent shifts in the width of adaptive 

regimes (stationary variance Vy), as this variance is determined by both the strength of 

selection and the rate of change (Vy = σ2/2α), and the OUMV model allows σ2 to vary 

across regimes while holding α constant.  

 Comparative methods are more robust when error is accounted for (Ives et al. 

2007). Unfortunately, we do not have measures sampling error for the continuous traits 

we examined. Thus, we ran our full analyses three times with different estimates of error 

for our log-transformed trait data (maximum depth, maximum mantle length, and eye 

investment): 1) 0 % error, 2) 5% error, and 15% error. We assigned this proportional 

error equally to all log-transformed data, which means that in linear space the assigned 

error increases with increasing trait values for maximum depth, maximum mantle size, 

and eye investment. This is reasonable for depth and size, as sampling decreases (and 

potential error increases) at deeper oceanic depths, and for larger cephalopod species. 

We expect less error in our measures of eye investment, but applied the same methods 

for consistency.  
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4.3 Results 

4.3.1 Trait distributions 

Log-transformed depth, mantle length, and eye investment data were not 

normally distributed in any of our comparisons or subsets (Shapiro-Wilk normality 

tests, p-values < 0.05, Table 5), so we performed Welch’s unequal variances t-tests to test 

for distributional differences between bioluminescent and non-bioluminescent 

cephalopod traits. Maximum depths were significantly higher among bioluminescent 

than non-bioluminescent cephalopods (Figure 21A, Table 5). This pattern was also seen 

in the subset of species later used for comparative analyses (Figure 21B, Table 5). 

Maximum mantle lengths, however, were not significantly different among 

bioluminescent and non-bioluminescent cephalopods in our full dataset (Figure 21C) or 

in the subset of species later used in comparative analyses (Figure 21D, Table 5). Finally, 

eye size investment was significantly higher among bioluminescent cephalopods than 

non-bioluminescent cephalopods (Figure 21E, Table 5). 
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Figure 21: Trait distributions for depth, mantle length, and eye investment among 
bioluminescent versus non-bioluminescent cephalopods. Center lines represent 
medians, diamonds represent means. In bioluminescent vs. non-bioluminescent 
cephalopods: A) Maximum reported depths across all cephalopods are different 
(p<0.001);  B) Maximum reported depths across species present in the phylogeny are 
different (p = 0.001); C) Maximum mantle lengths across all cephalopods are not 
different (p = 0.323); D) Maximum mantle lengths across species present in the 
phylogeny are not different (p = 0.129), E) Eye investment across species present in the 
phylogeny is different (p = 0.001, an eye investment of 1x indicates average eye diameter 
given body mass from a PGLS of log-transformed data). 
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Table 5: Results of Shapiro-Wilk tests for normality and Welch’s two-sample t-tests for 
each log-transformed trait dataset from Figure 2. Tests correspond to data displayed in 
Figure 2 (A-E). Non-BL = non-bioluminescent cephalopods, BL = bioluminescent 
cephalopods. 

 Shapiro-Wilk 
normality test 

 

Dataset 
W-

statistic 
p-value 

t-
statistic 

degrees 
of 

freedom 
p-value 

Means in linear 
space 

Non-BL BL 

A)  Depth 
(all) 

0.780 <0.001 -8.56 386 <0.001 294 m 781 m 

B)  Depth 
(phylo) 

0.828 <0.001 -3.33 169 0.001 407 m 781 m 

C)  Size (all) 0.369 <0.001 -0.990 359 0.323 8.5 cm 9.2 cm 

D)  Size 
(phylo) 

0.430 <0.001 1.53 139 0.129 14.4 cm 11.1 cm 

E) Eye 
Investment 
(phylo) 

0.906 <0.001 -3.27 117 0.001 0.84x 1.6x 

 
4.3.2 Evolution of maximum depth in bioluminescent vs. non-
bioluminescent cephalopods 

Our OUwie analysis of the evolution of maximum depth among bioluminescent 

and non-bioluminescent regimes indicated that an OU model allowing for different trait 

optima in each regime, but the same rates of change and strengths of selection (OUM), 

was the best fit (Table 6). Though the OUMV model had a lower AICC, it was not 

significantly better (∆AICC < 2) despite adding an additional parameter. The best-fit OUM 

model performed significantly better than either BM model (∆AICC ≥ 80.3), the OU1 

model (∆AICC = 12.4), and the OUV model (∆AICC = 11.9) (Table 6). The OUMA and 

OUMVA repeatedly failed to converge on solutions and were not considered. 
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The best-fit OUM model (and all models that allowed the trait optimum θ to vary 

among regimes) showed a higher (deeper) trait optimum for depth among 

bioluminescent (θ = 6.78) than non-bioluminescent (θ = 5.67) cephalopods (Table 6). This 

model also showed a strong signal of selection (α = 0.034), with a phylogenetic half-life 

of ~20.7 myr (our full tree length was 423 myr).  It also had the highest rate of change of 

any model tested (σ2 = 0.128), though standing variance varied substantially among 

models (0.051 ≤ Vy ≤ 3.419), which calls into question the estimates of α and σ2. 

To test the robustness of our results, we also ran OUwie analyses with lower (Appendix 

B, C) and higher (Appendix D, E) estimates of measurement error. In both additional 

analyses, BM models did not perform well, suggesting that an OU model is the most 

reasonable representation of depth evolution.  With low error (Appendix B), model fits 

were similar to our intermediate error analysis, with the OUM as the best-fit model after 

OUMA and OUMVA were rejected for high rates of non-convergence. With high error 

(Appendix D), the estimation of α was more consistent and the OUMVA model was the 

best fit, with OUM as the simplest next-best fit. All analyses yielded standing variance 

estimates that changed substantially among models, which raises concern about the 

estimation of α and σ2. However, all analyses did consistently estimate a deeper depth 

optimum among bioluminescent cephalopods than non-bioluminescent cephalopods 

and support an OU model of evolution for maximum depth. 



 

 

 

Table 6: Mean AICC values, ∆AICCs, and median parameter estimates for each model of the evolution maximum depth in 
bioluminescent (BL) and non-bioluminescent (Non-BL) cephalopods. Best-fit model is highlighted. Parameters: α = strength of 
selection,  σ2 = rate of change, Vy = standing variance, θ = trait optimum, SE = standard error. 

Model 
Mean 
AICc 

∆AICC Regime α σ2 Vy θ SE α SE σ2 SE Vy 
Phylogenetic 
half-life (myr) 

BM1 674 100.3 Both NA 0.048 NA NA NA 0.000 NA NA 

BMS 654.0 80.3 
Non-BL NA 0.027 NA NA NA 0.000 NA NA 

BL NA 0.073 NA NA NA 0.001 NA NA 

OU1 586.1 12.4 Both 0.020 0.094 2.285 6.19 0.000 0.000 0.000 33.9 

OUM 573.9 0.2 
Non-BL 0.034 0.128 1.929 5.67 0.001 0.004 0.013 20.7 

BL 0.034 0.128 1.929 6.78 0.001 0.004 0.013 20.7 

OUMV 573.7 0.0 
Non-BL 0.021 0.074 1.701 5.59 0.001 0.002 0.013 32.3 

BL 0.021 0.115 2.668 6.80 0.001 0.001 0.056 32.3 

OUMA NA NA 
Non-BL -- -- -- -- -- -- -- -- 

BL -- -- -- -- -- -- -- -- 

OUMVA NA NA 
Non-BL -- -- -- -- -- -- -- -- 

BL -- -- -- -- -- -- -- -- 

OUV 585.6 11.9 
Non-BL 0.016 0.059 1.798 5.99 0.000 0.001 0.013 42.4 

BL 0.016 0.112 3.419 5.99 0.000 0.001 0.032 42.4 
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4.3.3 Evolution of maximum mantle length in bioluminescent vs. non-
bioluminescent cephalopods 

Our OUwie analysis of the evolution of maximum mantle length among 

bioluminescent and non-bioluminescent regimes indicated that an OU model allowing 

for different trait optima and rates of change in each regime but the same strength of 

selection (OUMV) was the best fit (Table 7). As with depth, the OUMA and OUMVA models 

that allowed for variable strengths of selection among regimes mostly failed to converge 

on solutions, and thus were rejected. The OUMV model outperformed both BM models 

(∆AICC ≥ 44) and all other OU models (∆AICC ≥ 13).  

In the best-fit OUMV model, bioluminescent cephalopods had a higher rate of 

change (σ2 = 0.011) and a lower (smaller) trait optimum for maximum mantle length (θ = 

0.905) than non-bioluminescent cephalopods (σ2 = 0.004, θ = 1.228, Table 7). There was 

some signal of selection across both regimes (α = 0.012) yielding a phylogenetic half-life 

(the time to move halfway from the ancestral state to the optimum) of 57.4 myr (Hansen 

1997). Further, across all OU models, whenever the trait optimum θ was permitted to 

vary across regimes, bioluminescent cephalopods exhibited a smaller trait optimum for 

maximum mantle length (Table 7).  

Additional analyses with measurement error set at extremely low (Appendix F, 

G) or high (Appendix H, I) levels indicated that these results were consistent and robust.  

In both extreme error analyses, the Brownian motion models did not perform well, and 

the OU models were consistently better fits, except for the OUV model when high error 

was considered (Appendix F, H). With no measurement error considered, the OUMV 
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model was the best fit, and with high error the OUMVA; both consistently predicted a 

smaller trait optimum for maximum mantle length among bioluminescent cephalopods 

(Appendix G, I).  



 

 

Table 7: Mean AICC values, ∆AICCs, and median parameter estimates for each model of the evolution maximum mantle length in 
bioluminescent (BL) and non-bioluminescent (Non-BL) cephalopods. Best-fit model is highlighted. Parameters: α = strength of 
selection,  σ2 = rate of change, Vy = standing variance, θ = trait optimum, SE = standard error. 

Model 
Mean 
AICc 

∆AICC Regime α σ2 Vy θ SE α SE σ2 SE Vy 
Phylogenetic 
half-life (myr) 

BM1 252 52 Both NA 0.003 NA NA NA 0.000 NA NA 

BMS 244 44 
Non-BL NA 0.002 NA NA NA 0.000 NA NA 

BL NA 0.004 NA NA NA 0.000 NA NA 

OU1 216 16 Both 
0.012 0.006 0.261 1.087 0.000 0.000 0.000 58.99 

OUM 214 14 
Non-BL 0.012 0.006 0.253 1.266 0.000 0.000 0.001 59.62 

BL 0.012 0.006 0.253 0.935 0.000 0.000 0.001 59.62 

OUMV 200 0 
Non-BL 0.012 0.004 0.155 1.228 0.000 0.000 0.002 57.38 

BL 0.012 0.011 0.435 0.905 0.000 0.000 0.007 57.38 

OUMA NA NA 
Non-BL -- -- -- -- -- -- -- -- 

BL -- -- -- -- -- -- -- -- 

OUMVA NA NA 
Non-BL -- -- -- -- -- -- -- -- 

BL -- -- -- -- -- -- -- -- 

OUV 213 13 
Non-BL 0.015 0.004 0.149 1.154 0.000 0.000 0.003 47.44 

BL 0.015 0.017 0.584 1.154 0.000 0.000 0.013 47.44 
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4.3.4 Evolution of eye investment in bioluminescent vs. non-
bioluminescent cephalopods  

 Our OUwie analysis of the evolution of eye investment among bioluminescent 

and non-bioluminescent regimes indicated that an OU model allowing for different trait 

optima and rates of change in each regime, but the same strength of selection (OUMV), 

was the best fit (Table 8). In this model, bioluminescent cephalopods exhibited a higher 

optimum eye investment (θ = 0.196), a faster rate of change (σ2 = 0.003), and a higher 

standing variance (Vy = 0.104) than non-bioluminescent cephalopods (θ = -0.075, σ2 = 

0.001, Vy = 0.05), while the strength of selection was kept the same between regimes (α = 

0.014) with a phylogenetic half-life of 50.4 myr (Table 8). On our total tree length (423 

million years) this shows some phylogenetic signal, but still evidence for selection acting 

on eye investment. All other OU models that allowed the state optimum (θ) to vary 

between regimes showed higher eye investment among bioluminescent cephalopods; 

this appears to be robust. Estimating a regime-dependent α caused non-convergence of 

many of the OUMA and OUMVA model runs, but in both models, selection for eye 

investment was stronger in bioluminescent (α= 0.015 to 0.016) than non-bioluminescent 

cephalopods (α= 0.011). 



 

 

Table 8: Mean AICC values, ∆AICCs, and median parameter estimates for each model of the evolution eye investment in 
bioluminescent (BL) and non-bioluminescent (Non-BL) cephalopods. Best-fit model is highlighted. Parameters: α = strength of 
selection,  σ2 = rate of change, Vy = standing variance, θ = trait optimum, SE = standard error. 

Model 
Mean 
AICc 

∆AICC Regime α σ2 Vy θ SE α SE σ2 SE Vy 
Phylogenetic 
half-life (myr) 

BM1 61 36.6 Both NA 0.001 NA NA NA 0.000 NA NA 

BMS 59.4 35 
Non-BL NA 0.001 NA NA NA 0.000 NA NA 

BL NA 0.001 NA NA NA 0.000 NA NA 

OU1 33.5 9.1 Both 0.010 0.002 0.086 0.089 0.000 0.000 0.000 66.6 

OUM 29.5 5.1 
Non-BL 0.015 0.002 0.075 -0.071 0.000 0.000 0.001 47.3 

BL 0.015 0.002 0.075 0.195 0.000 0.000 0.001 47.3 

OUMV 24.4 0 
Non-BL 0.014 0.001 0.050 -0.075 0.001 0.000 0.001 50.4 

BL 0.014 0.003 0.104 0.196 0.001 0.000 0.004 50.4 

OUMA NA NA 
Non-BL -- -- -- -- -- -- -- -- 

BL -- -- -- -- -- -- -- -- 

OUMVA NA NA 
Non-BL -- -- -- -- -- -- -- -- 

BL -- -- -- -- -- -- -- -- 

OUV 41.2 16.8 
Non-BL 0.013 0.002 0.059 0.048 0.000 0.000 0.001 53.7 

BL 0.013 0.004 0.152 0.048 0.000 0.000 0.003 53.7 
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 This pattern was not robust across both our additional extreme error analyses. 

With no error included, the OUMV was still the best-fit model (Appendix J), it produced 

similar trends in parameters (Appendix K), and models estimating a variable α still had 

difficulty converging on solutions. However, with a high error estimate, the pattern 

breaks down, and OU models are no better than BM models at predicting eye 

investment (Appendix L, M).  

4.4 Discussion 

 We found evidence that bioluminescent and non-bioluminescent cephalopods 

experience different selective regimes for the evolution of maximum depth, maximum 

mantle length, and eye investment.  These three continuous traits were best explained by 

Ornstein-Uhlenbeck models with stabilizing selection toward evolutionary optima that 

differed for bioluminescent versus non-bioluminescent species. 
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Figure 22: Composite state estimation of regimes (bioluminescent in blue and non-
bioluminescent in gray) on the cephalopod phylogeny created by overlaying 10 
stochastic character maps (left) and best-fit model parameter estimates (right) for the 
evolution of A) maximum depth (OUM model), B) maximum mantle length (OUMV 
model), and C) eye size investment (OUMV model) in bioluminescent versus non-
bioluminescent cephalopods. The central point indicates the position of the optimum 
for each regime, the intensity of the color around the optimum while the width of the 
adaptive regime around the optimum (i.e. the stationary variance of the Gaussian 
function). Transparency is directly proportional to the density of the estimated 
Gaussian function.  
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4.4.1 Depth evolution 

Among extant cephalopods, bioluminescent cephalopods exhibit a significantly 

deeper mean maximum reported depth (Figure 21A, Table 5). Additionally, our 

evolutionary models suggest that bioluminescent cephalopods are under selection for a 

deeper maximum depth than non-bioluminescent cephalopods (maximum depth optima 

were ~880 m for bioluminescent cephalopods versus ~290 m for non-bioluminescent 

cephalopods). This is not surprising, as bioluminescence is most useful in dim to dark 

habitats such as deep water. It is worth noting, however, that the maximum depth 

optimum for bioluminescent species falls near the lower limit of the mesopelagic zone, 

where animals can still detect dim, downwelling daylight. This may result from the 

maximization of bioluminescent functions for both camouflage and signaling in the 

lower mesopelagic ocean.  

In general, ventrally-oriented photophores among cephalopods, fishes, and 

crustaceans are thought to function in camouflaging an animal’s silhouette against 

downwelling daylight, though this has only been experimentally validated in select 

species (e.g. Warner et al. 1979; Young and Mencher 1980; McFall-Ngai and Morin 1991; 

Latz 1995; Harper and Case 1999) and ventral bioluminescence may in some cases also 

serve concurrent signaling functions (Young 1983). To be effective, this bioluminescent 

camouflage must match the approximate spectrum, intensity, and angular distribution 

of downwelling daylight (Johnsen et al. 2004). Both cephalopods and fish have been 

found to limit daytime distributions to depths that allow for successful 
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counterillumination (Pauly 1977; Young et al. 1980), generally between about 400 and 

800 m. We found that the evolutionary optimum for maximum depth in bioluminescent 

cephalopods was just below this at 880 m, which suggests that the optimum for average 

depth would be within the best region for counterillumination.  Previous work in 

counterilluminating sharks claimed that ventral photophore densities may drive 

speciation via niche partitioning of daytime depths, but this was not tested in an 

evolutionary framework (Claes et al. 2014). Our findings indicate that 

counterillumination may be a factor driving the depth optimum among bioluminescent 

cephalopods. 

Maximum depth can be a problematic measure of marine animal distributions 

for several reasons.  It is frequently imprecise, as pelagic organisms are often collected 

by open-net trawls and assigned the maximum depth of the trawl, which may not be 

where that organism was captured (Roper and Young 1975). Sampling effort in the deep 

ocean is lower than in coastal or epipelagic (0 to 200 m) areas, so the potential for 

sampling error increases for animals with deeper depth distributions. Additionally, 

maximum reported depth may not represent the most common daytime habitat for a 

species; daytime median depth would be a better approximation, but it is not currently 

available across enough species for comparative work. Maximum depth data, however, 

are widely available across species and capture broad differences among organisms 

using different depth habitats, so they are useful for broad-scale ecological and 

evolutionary comparisons (Priede and Froese 2013).  
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4.4.2 Body size evolution 

Mantle length was not significantly different among bioluminescent and non-

bioluminescent cephalopods (Figure 21C). However, we found strong evidence for 

differing mantle length optima (~8 cm for bioluminescent cephalopods and ~17 cm for 

non-bioluminescent cephalopods) in our evolutionary models. Additionally, 

bioluminescent cephalopods exhibited faster rates of change for mantle length evolution 

and a higher standing variance around the length optimum. We explored the possibility 

that this could be driven by unrepresentative sampling of body sizes in the phylogeny 

we used, as mean mantle length was slightly larger among bioluminescent species in our 

full dataset (Figure 21C) but slightly smaller in the subset used for phylogenetic 

comparisons (Figure 21D). Nevertheless, mantle lengths among bioluminescent and 

non-bioluminescent cephalopods were not significantly different for either dataset 

(Table 5). This, along with good representation of diverse clades in the cephalopod 

phylogeny we used (Lindgren et al. 2012) and consistent results across evolutionary 

models, provides confidence in our findings that bioluminescent cephalopods are under 

selection for a smaller optimum mantle length.  

Mantle length is the standard for body size among cephalopods because it can be 

measured at sea and is reasonably consistent, while the elastic nature of cephalopod 

arms and tentacles can make measurements of total length highly variable even in a 

single specimen (Roper and Voss 1983).  However, the relative proportions of body parts 

vary among cephalopods. Thus, mantle length and body mass do not necessarily 
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correlate tightly across species. Some variation in mantle length evolution among 

bioluminescent and non-bioluminescent cephalopods may thus be due to the higher 

prevalence of bioluminescence among squids than octopods, and the complete lack of 

bioluminescence in some clades, such as the cuttlefishes. If this was driving our results, 

however, we would not expect to see a smaller mantle length optimum among 

bioluminescent cephalopods, as squids have the most elongate body shapes among the 

cephalopods.  

Another factor that must be considered is that bioluminescence is most common 

in mesopelagic habitats (Haddock et al. 2010), and the evolution of bioluminescence and 

pelagic lifestyles are known to be correlated in cephalopods (Lindgren et al. 2012). Body 

size evolution in the ocean is often attributed to patterns in food availability (McClain et 

al. 2005; Priede and Froese 2013), and while food abundance generally decreases with 

depth in the ocean, deep benthic habitats rely entirely on falling organic matter, while 

pelagic species can directly link with primary productivity at the surface through 

vertical migrations (Herring 2002). This allows for diverse strategies in habitat 

utilization and energy consumption among pelagic animals, potentially relaxing some 

pressures on body size. Thus, the correlated evolution between bioluminescence and 

pelagic lifestyle could help explain our finding that bioluminescent cephalopods exhibit 

a higher standing variance around the mantle length optimum than non-bioluminescent 

cephalopods. 
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Less clear is why bioluminescent cephalopods exhibited a smaller body size 

optimum than non-bioluminescent cephalopods. We predicted that, because many 

bioluminescent cephalopods use counterillumination to camouflage their silhouettes in 

the dim mesopelagic zone, this would allow for larger body sizes among bioluminescent 

cephalopods without the potentially high cost of detection by predators. We did not find 

evidence to support this hypothesis, and in fact found evidence for selection in the 

opposite direction.    

Strong selection for camouflage in the mesopelagic realm that drives the 

evolution of high numbers of bioluminescent, counterilluminating species may also 

drive a reduction in mantle length. Many midwater cephalopods hold their arms and 

tentacles upward or wrap them around the top of their body, which decreases the 

silhouette of the body (Vecchione and Roper 1991). Thus, smaller mantles could provide 

a smaller visual target for predators that is easier to hide via counterillumination. 

However, this does not explain why non-bioluminescent cephalopods would exhibit 

larger mantle length optimum, as they arguably need to decrease their silhouettes even 

more than cephalopods that employ bioluminescent camouflage.  Smaller cephalopods 

may also benefit from bioluminescent signaling because they can traverse less of the vast 

pelagic realm and may encounter conspecifics more rarely; bioluminescence can be 

detected and localized from long distances in the ocean compared to signals in other 

sensory modalities (Haddock et al. 2010).  
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4.4.3 Eye size evolution 

Finally, we found that bioluminescent cephalopods show higher investment in 

eye size than non-bioluminescent cephalopods (Figure 21E), and our evolutionary 

models provided evidence that bioluminescent cephalopods have an evolutionary 

optimum for positive eye investment (θ = 0.196, or 1.6x average diameter), while non-

bioluminescent cephalopods have an evolutionary optimum for negative eye investment 

(θ = -0.075, or 0.84x average diameter). Bioluminescent cephalopods also had a larger 

standing variance around the trait optimum, which indicates a wider adaptive zone for 

eye investment (Figure 22). This could be caused by the presence of bioluminescence, 

but also could be the result of shared correlates of bioluminescence and eye investment.  

It is known that many eyes in the deep sea function specifically in the detection 

of bioluminescence, which is often the only visible light encountered in deep habitats 

(Widder 2010). Regardless of whether an animal is itself bioluminescent, it can 

nevertheless still benefit from detecting bioluminescence, as this comprises a rich 

repertoire of the visual information in the ocean (Haddock et al. 2010; Widder 2010; 

Martini and Haddock 2017). Additionally, larger eyes are optically better for a range of 

visual tasks, as they can improve both sensitivity and resolution (Land and Nilsson 

2002). Thus, it may initially be unclear why there is higher eye investment among 

bioluminescent cephalopods.  

Two factors correlated with bioluminescence may contribute to this pattern. One 

is depth, as we found that bioluminescent cephalopods have significantly deeper 
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maximum reported depths (Figure 21A) and a deeper evolutionary optimum for depth 

(Figure 22A). This means that they reside in darker daytime habitats. Our earlier work 

on cephalopod eye size (Chapter 2) demonstrated that eye investment was highest 

among species using dim (mesopelagic and nocturnal) light habitats, and lower in 

species occupying bright (shallow) or dark (abyssal) light habitats. Another is the 

correlation of bioluminescence with pelagic lifestyles among cephalopods (Lindgren et 

al. 2012), as eye investment is thought to be greater among pelagic than benthic animals, 

as has been observed among ray-finned fishes (Caves et al. 2017).   

Despite these potential correlated drivers of eye size evolution, there are 

hypotheses that bioluminescence and eye investment may be directly connected. In the 

mesopelagic realm, large eyes impose a cost, as they absorb light and increase the 

visibility of the animal to potential predators. Many bioluminescent cephalopods have 

ventral eye photophores thought to provide counterillumination camouflage specifically 

to the eyes (Haddock et al. 2010); this may allow for higher eye investment without 

increased predation risk. Since only some bioluminescent cephalopods have ocular 

photophores, this could explain the high standing variance we observed in our 

evolutionary models of eye investment among bioluminescent cephalopods.  

Additionally, bioluminescent cephalopods that employ counterillumination 

camouflage may need large eyes to monitor the dim, downwelling daylight they must 

match with their ventral photophores, though some of this regulation is extra-ocular 

(Young et al. 1979) and even temperature-based (Young and Mencher 1980). Finally, the 
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higher potential acuity provided by larger eyes may help bioluminescent cephalopods 

discriminate species-specific photophore patterns, which are thought to be important 

drivers of diversification among bioluminescent animals (Davis et al. 2014). 

4.4.4 Conclusions 

Our work predicts that bioluminescent and non-bioluminescent cephalopods are 

under different selective regimes for maximum depth, maximum mantle length, and eye 

investment. While we are cautious in the interpretation of these results, potential 

explanations for all three traits examined relate in part to the prevalence and use of 

bioluminescent camouflage. It may be promising to explore evolutionary dynamics 

among cephalopod species with camouflage versus signaling photophores in the future, 

as differences in the function of bioluminescence may drive evolutionary patterns even 

more than the presence or absence of bioluminescence. Indeed,  marine and terrestrial 

clades that are thought to use bioluminescence for sexual signaling (families of 

cephalopods, fish, sharks, ostracods, and beetles) have higher diversification rates than 

sister clades that use bioluminescence for other functions or are non-bioluminescent 

(Ellis and Oakley 2016).  

Finally, if many of our results are due to the use of counterillumination 

camouflage, we might expect to find similar evolutionary patterns among fishes and 

decapod crustaceans, which also show a high prevalence of counterillumination 

camouflage, but expect much different evolutionary dynamics among other 

bioluminescent groups. As new molecular phylogenies and ecological data for deep-
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dwelling marine organisms become available, we will have more options for broad-scale 

research into the evolutionary dynamics among bioluminescent species.
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5. Conclusions 

In this dissertation, I explored how the oceanic light environment drives the 

evolution and function of cephalopod eyes and bioluminescence.  At an organismal 

level, I used animal behavior, morphology, optics, and visual modeling to show that 

cockeyed squids with dimorphic eyes likely use each eye to view a different source of 

light (daylight vs. bioluminescence) in the ocean. At a macroecological level, I found that 

cephalopods show increased investment in eye size when they are active in dim 

habitats, compared with dark or bright habitats. Finally, at a macroevolutionary level, I 

showed that bioluminescent and non-bioluminescent cephalopods are under different 

selective regimes for a host of other traits. These findings improve our understanding of 

visual ecology and evolution in the ocean.  

My dissertation work was highly collaborative and directly relied on decades of 

data collection by other scientists. My study of eye orientation in histioteuthid 

“cockeyed” squids (Chapter 2) was possible because of more than 30 years of 

meticulously annotated videos with more than 20,000 hours of deep-sea footage from 

remotely operated vehicles at the Monterey Bay Aquarium Research Institute (Schlining 

and Stout 2006). My work on eye scaling and investment (Chapter 3) used museum 

specimens that have been carefully collected and catalogued by seafaring biologists for 

over 200 years. Finally, my project on evolutionary regimes among bioluminescent 

cephalopods (Chapter 4) involved the synthesis of ecological data that has been slowly 
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collected since the inception of deep-sea sampling, and a molecular phylogeny 

published the year I began my graduate studies (Lindgren et al. 2012).  

The deep sea is inherently challenging to study because it is difficult and 

expensive to access. Organisms of interest can be patchy and difficult to find, resulting 

in low sample sizes. Acquiring adequate data for a project takes time, persistence, and 

luck. This makes collaboration and long-term datasets from the deep sea crucial to the 

advancement of our knowledge about this habitat. Though this dissertation presents my 

own research, it also contains the products of hundreds of other scientists whose 

dedication to pushing knowledge forward and openness to sharing their resources have 

allowed this work to happen. Broadly available tools and data repositories along with 

current trends toward increased transparency, reproducibility, and open access in 

science have the potential to benefit deep-sea research greatly by increasing access to our 

collective knowledge and resources. 

5.1 Future Directions 

 Further advancements in understanding the ecological and evolutionary 

implications of the deep-sea light environment will rely on the continued collection of 

data about the ecology and evolutionary relationships among deep-sea species. Modern 

technological advancements, such as less expensive remotely operated vehicles, fleets of 

autonomous underwater vehicles, and improved sensors, are increasing the quality and 

quantity of data we can gather in situ in deep water. Additionally, the continued 

advancement of techniques in molecular biology, phylogenetics, and comparative 
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methods is rapidly furthering our ability to assess the data we collect within an 

evolutionary framework.  

At this point, much of what we understand about the behavior of deep-sea 

animals, including how they use their eyes and bioluminescence, is still inferred from 

morphology. Even direct observations, such as those presented in Chapter 2 of this 

dissertation, are generally made with large equipment that changes the light, sound, and 

vibrational environment of the animal being observed. Efforts to decrease sensory 

disturbance during observations may yield new insights into how animals interact with 

their visual environment. For example, using red light (invisible to most deep-sea 

creatures) to make observations avoids distracting and potentially blinding animals of 

interest.   

Much remains to be learned about deep-sea cephalopod vision. While the eyes of 

deep-sea fish have been studied extensively (Douglas et al. 1998; Wagner et al. 1998; 

Warrant et al. 2003), cephalopod visual capabilities remain largely unexplored. 

Mathematical visual modeling, such as was done in Chapter 3 of this dissertation, will 

likely continue to be our best option for investigating broad patterns of vision in the 

deep ocean. The performance of these models, however, relies on the accuracy of the 

parameters assigned to viewer visual systems. In my work, we allowed viewer 

resolution to vary with target size, so that sighting distances were maximized. More 

realistic sighting ranges could be modeled if we had data on spatial resolution among 

deep-water cephalopods.  
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Since cephalopods do not have the retinal ganglion cells that are often used to 

approximate spatial summation and resulting acuity in vertebrates, our understanding 

of deep-sea cephalopod acuity is limited to two studies of lens resolving power in just a 

few species (Sweeney et al. 2007; Gagnon et al. 2013). Further examination of acuity 

across a broad phylogenetic and ecological sampling of cephalopods would drastically 

improve our understanding of cephalopod visual capabilities. Additionally, information 

on the temporal resolution across the same sampling of species is needed to fully 

understand the balance between sensitivity and resolution and the resulting effects on 

visual capabilities in deep-sea species.  

Finally, while the work presented in Chapter 4 contributes to a growing body of 

work on evolutionary forces acting upon bioluminescent species, there remains much to 

explore in this area. Beyond the simple presence or absence of bioluminescence, there is 

also variation in the locations, patterning, size, and structure of photophores among 

related bioluminescent species (Herring et al. 1985). The diversification of photophore 

characteristics may be at least partially tied to selective pressures for different functions, 

but diversity could also be due to non-selective forces such as changes in body shape 

(Denton and Adams 2015). More comparative work is needed to begin to understand 

how bioluminescent diversity evolves and which factors may be correlated to the patchy 

distribution of bioluminescence among taxa. 
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5.2 Significance 

 This dissertation work contributes to central questions in visual ecology: how are 

eyes adapted to their environment and how does light shape the ecology and evolution 

of organisms? It is also a contribution toward understanding ecology and interspecific 

interactions in an expansive, underexplored biome of our planet: the deep pelagic ocean. 

We know that light plays a critical role in structuring this vast habitat, and this sets the 

context for a wide range of animal behaviors and interactions in the sea. While 

understanding the visual capabilities and evolutionary pressures on organisms that 

result from this light habitat is important of its own right, it is especially critical in 

predicting the consequences of our changing global climate.  

Large-scale environmental changes in marine optical habitats are expected with 

climate change. Warming may result in eutrophication and decreased water clarity in 

nearshore areas, and decreased productivity in open-ocean areas (Rykaczewski and 

Dunne 2010). Changes in productivity and water clarity near the ocean surface change 

light levels throughout mesopelagic depths, and directly influence visual interactions 

among pelagic animals. Observational and experimental studies have shown that 

changes in light levels affect visual predation success and ultimately can change the 

structure of entire ecosystems (Eiane et al. 1997; Wissel et al. 2003; Aksnes et al. 2004; 

Netburn and Anthony Koslow 2015). Understanding visual function, behaviors, 

interactions, and evolution in the deep ocean is a first step in predicting how these 

factors may change in our future oceans. 
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Appendix A 

Derivation for the equation we use to determine sighting ranges for horizontal 

viewing of point-source bioluminescence.   

 

bl b b bl b bN N N R N N N+ − = + +        (1) 

 

at the maximum sighting distance, where R is the reliability coefficient. The 

photoreceptor noise term introduced by Nilsson et al. 2014 is negligible and thus 

excluded. Equation (1) assumes that the BL source tiny and that much of the viewer’s 

pixel is filled with background light (which is typically small at depth, of course). For 

this reason, equation (1) also does not include pathlight. Equation (1) reduces to: 

 

 2bl bl bN R N N= +         (2) 

 

Squaring both sides and rearranging gives:  

 

 ( )2 2 22 0bl bl bN R N R N− − = .       (3) 

 

Which can be solved as: 
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Now R equals about 2 for 95% confidence (actually 1.96), so (4) can be written as: 

 

 ( )2 1 1 2bl bN N≅ + +
        (5) 

 

From Nilsson et al., 2014 (equations, 2.4 and 2.6 [slightly modified to fold in 

Matthiessen’s ratio and keep pi/4 out for convenience]): 
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For the viewing organism A, q, d, τ, and ∆t are the diameter of the pupil, the quantum 

efficiency of the photoreceptors, the width of the photoreceptors, the ocular 

transmittance, and the integration time of the photoreceptors respectively. The 

parameters k and l are the absorption coefficient and the length of the photoreceptors 

respectively. Lb (λ) is the spectral radiance of the background light and R(λ) is the 
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normalized absorbance spectrum of the photoreceptors.  E is the emittance of the 

bioluminescent source (in all directions in photons/s) and c is the beam attenuation 

coefficient of the water. For convenience, we define: 

 

( )( ) ( )
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1

0 1
4
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bN q e L d

λ
λ

λ

π τ λ λ− = − 
  ∫

       (7) 

 

which is the number of photons absorbed in one second by a pixel that views a region 

one steradian in angular area (divided by 0.7, so that we can use the tables we already 

have for extended viewing scenarios). This can be thought of as the product of the 

sensitivity of the eye and the amount of light available for vision. Since the terms cannot 

be separated, due to the weighted integral, they are considered as one. Thus, 

2
00.7bN d N t≅ ∆ . Substituting equations (6) and (7) into equation (5), and assuming that 

q is 0.33, gives:  
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Rearranging gives: 
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The square root of this is:  
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This can be solved for r as: 
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Appendix B 

AICC values for each individual run and total mean for each model of the 

evolution of maximum depth (error = 0%).  

 BM1 BMS OU1 OUM OUMV OUMA OUMVA OUV 

1 680 656 588 576 577 NA NA 586 

2 680 662 588 573 572 569 NA 584 

3 680 655 588 576 573 NA NA 584 

4 680 656 588 579 578 580 NA 585 

5 680 662 588 574 574 573 570 586 

6 680 658 588 574 574 NA NA 586 

7 680 654 588 573 573 NA NA 586 

8 680 658 588 573 572 565 NA 586 

9 680 659 588 572 572 NA 574 586 

10 680 664 588 572 573 570 NA 587 

Mean 680 658 588 574 574 572 572 586 
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Appendix C 

Parameter estimates for each model of the evolution of maximum depth in 

bioluminescent (BL) and non-bioluminescent (non-BL) cephalopods (error = 0%). 

Model Regime α σ2 Vy θ SE α SE σ2 SE Vy 
Phylogenetic 
half-life (my) 

BM1 Both NA 0.052 NA 6.05 NA 0.000 NA NA 

BMS non-BL NA 0.028 NA 6.18 NA 0.000 NA NA 

BMS BL NA 0.077 NA NA NA 0.001 NA NA 

OU1 Both 0.022 0.101 2.29 6.20 0.000 0.000 0.000 31.5 

OUM non-BL 0.031 0.121 1.95 5.65 0.001 0.004 0.014 22.4 

OUM BL 0.031 0.121 1.95 6.79 0.001 0.004 0.014 22.4 

OUMV non-BL 0.022 0.073 1.69 5.56 0.000 0.002 0.017 31.9 

OUMV BL 0.022 0.117 2.64 6.81 0.000 0.001 0.054 31.9 

OUMA non-BL 0.021 0.119 2.77 5.57 0.003 0.013 0.245 33.0 

OUMA BL 0.022 0.119 2.64 6.83 0.003 0.013 0.233 31.5 

OUMVA non-BL 0.025 0.352 7.57 5.50 0.002 0.258 5.837 27.7 

OUMVA BL 0.027 0.122 2.27 6.80 0.000 0.002 0.004 25.7 

OUV non-BL 0.016 0.059 1.82 5.99 0.000 0.001 0.017 42.5 

OUV BL 0.016 0.112 3.38 5.99 0.000 0.001 0.042 42.5 
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Appendix D 

AICC values for each individual run and total mean for each model of the 

evolution of maximum depth (error = 15%) 

 BM1 BMS OU1 OUM OUMV OUMA OUMVA OUV 

1 637 633 574 566 567 NA NA 584 

2 637 629 574 566 566 560 534 586 

3 637 626 574 569 569 570 564 585 

4 637 631 574 568 568 568 570 583 

5 637 627 574 569 569 568 569 583 

6 637 633 574 564 564 563 553 584 

7 637 624 574 568 568 567 533 585 

8 637 627 574 568 568 565 546 585 

9 637 630 574 564 565 564 564 586 

10 637 632 574 564 565 563 551 585 

Mean 637 629 574 567 567 565 554 584 
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Appendix E 

Parameter estimates for each model of the evolution maximum depth in 

bioluminescent (BL) and non-bioluminescent (non-BL) cephalopods (error = 15%). 

Model Regime α σ2 Vy θ SE α SE σ2 SE Vy 

Phylogenetic 
half-life 
(myr) 

BM1 Both NA 0.032 NA 6.40 NA 0.000 NA NA 

BMS non-BL NA 0.023 NA 6.40 NA 0.000 NA NA 

BMS BL NA 0.048 NA NA NA 0.001 NA NA 

OU1 Both 0.015 0.062 2.140 6.14 0.000 0.000 0.000 47.5 

OUM non-BL 0.020 0.074 1.891 5.65 0.000 0.001 0.012 35.0 

OUM BL 0.020 0.074 1.891 6.75 0.000 0.001 0.012 35.0 

OUMV non-BL 0.017 0.058 1.665 5.63 0.000 0.001 0.010 39.9 

OUMV BL 0.017 0.083 2.425 6.74 0.000 0.000 0.042 39.9 

OUMA non-BL 0.018 0.069 1.900 5.61 0.001 0.003 0.066 37.5 

OUMA BL 0.019 0.069 1.866 6.78 0.001 0.003 0.067 37.0 

OUMVA non-BL 0.018 0.144 4.411 5.25 0.001 0.078 2.315 37.8 

OUMVA BL 0.020 0.016 0.352 6.82 0.002 0.102 4.307 34.7 

OUV non-BL 0.016 0.057 1.795 5.99 0.000 0.001 0.017 43.8 

OUV BL 0.016 0.112 3.504 5.99 0.000 0.001 0.052 43.8 
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Appendix F 

AICC values for each individual run and total mean for each model of the 

evolution of maximum mantle length (error = 0). 

 BM1 BMS OU1 OUM OUMV OUMA OUMVA OUV 

1 324 271 234 234 213 236 215 214 

2 324 278 234 232 209 NA 210 214 

3 324 276 234 231 213 NA 210 217 

4 324 277 234 232 208 NA NA 209 

5 324 262 234 232 207 NA NA 209 

6 324 271 234 230 210 NA NA 213 

7 324 268 234 232 209 NA 206 211 

8 324 271 234 233 211 NA NA 214 

9 324 279 234 232 212 225 208 214 

10 324 278 234 233 214 230 214 215 

Mean 324 273 234 232 210 230 210 213 
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Appendix G 

Parameter estimates for each model of the evolution maximum mantle length in 

bioluminescent (BL) and non-bioluminescent (non-BL) cephalopods (error = 0%). 

Model Regime α σ2 Vy θ SE α SE σ2 SE Vy 

Phylogenetic 
half-life 
(myr) 

BM1 Both NA 0.006 NA NA NA 0.000 NA NA 

BMS non-BL NA 0.002 NA NA NA 0.000 NA NA 

BMS BL NA 0.011 NA NA NA 0.000 NA NA 

OU1 Both 0.031 0.017 0.270 1.147 0.000 0.000 0.000 22.3 

OUM non-BL 0.045 0.022 0.250 1.238 0.006 0.003 0.003 15.5 

OUM BL 0.045 0.022 0.250 1.041 0.006 0.003 0.003 15.5 

OUMV non-BL 0.015 0.005 0.151 1.208 0.000 0.000 0.002 45.2 

OUMV BL 0.015 0.017 0.557 0.982 0.000 0.000 0.006 45.2 

OUMA non-BL 0.062 0.038 0.312 1.241 0.017 0.007 0.053 11.2 

OUMA BL 0.063 0.038 0.307 1.082 0.016 0.007 0.044 11.0 

OUMVA non-BL 0.018 0.003 0.084 1.189 0.004 0.001 0.024 39.0 

OUMVA BL 0.017 0.019 0.611 0.955 0.004 0.007 0.138 42.0 

OUV non-BL 0.016 0.005 0.152 1.156 0.000 0.000 0.002 44.7 

OUV BL 0.016 0.018 0.564 1.156 0.000 0.000 0.007 44.7 
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Appendix H 

AICC values for each individual run and total mean for each model of the 

evolution of maximum mantle length (error = 15%). 

 BM1 BMS OU1 OUM OUMV OUMA OUMVA OUV 

1 150 151 148 144 146 146 148 219 

2 150 152 148 147 149 149 149 215 

3 150 150 148 143 145 144 142 216 

4 150 152 148 146 148 147 144 208 

5 150 151 148 144 146 143 135 217 

6 150 152 148 145 147 146 142 210 

7 150 152 148 144 146 146 146 211 

8 150 152 148 145 147 147 143 211 

9 150 152 148 142 144 143 133 214 

10 150 152 148 143 145 144 134 213 

Mean 150 151 148 144 146 145 142 213 
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Appendix I 

Parameter estimates for each model of the evolution maximum mantle length in 

bioluminescent (BL) and non-bioluminescent (non-BL) cephalopods (error = 15%). 

Model Regime α σ2 Vy θ SE α 
SE 
σ2 

SE 
Vy 

Phylogenetic 
half-life (myr) 

BM1 Both NA 0.001 NA NA NA 0.000 NA NA 

BMS non-BL NA 0.001 NA NA NA 0.000 NA NA 

BMS BL NA 0.001 NA NA NA 0.000 NA NA 

OU1 Both 0.003 0.002 0.286 1.173 0.000 0.000 0.000 216.4 

OUM non-BL 0.004 0.002 0.243 1.283 0.000 0.000 0.004 179.9 

OUM BL 0.004 0.002 0.243 0.664 0.000 0.000 0.004 179.9 

OUMV non-BL 0.004 0.002 0.253 1.286 0.000 0.000 0.012 182.5 

OUMV BL 0.004 0.002 0.240 0.658 0.000 0.000 0.004 182.5 

OUMA non-BL 0.004 0.002 0.256 1.286 0.000 0.000 0.009 196.0 

OUMA BL 0.003 0.002 0.287 0.615 0.000 0.000 0.013 213.4 

OUMVA non-BL 0.004 0.001 0.091 1.237 0.000 0.000 0.021 155.2 

OUMVA BL 0.002 0.004 0.796 0.434 0.000 0.006 2.245 280.9 

OUV non-BL 0.014 0.004 0.153 1.157 0.001 0.000 0.004 48.5 

OUV BL 0.014 0.017 0.589 1.157 0.001 0.000 0.018 48.5 
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Appendix J 

AICC values for each individual run and total mean for each model of the evolution of 

eye investment (error = 0%).  

 BM1 BMS OU1 OUM OUMV OUMA OUMVA OUV 

1 109 89.2 48.5 38.0 27.2 NA NA 39.4 

2 109 90.6 48.5 41.1 37.5 15.9 13.4 44.1 

3 109 88.8 48.5 37.1 26.1 NA NA 40.7 

4 109 94.5 48.5 39.8 32.5 NA 8.5 41.9 

5 109 87.8 48.5 43.5 36.6 NA -2.9 40.7 

6 109 95.1 48.5 37.6 30.3 13.6 NA 42.1 

7 109 89.3 48.5 36.8 28.2 NA NA 37.1 

8 109 92.3 48.5 41.2 36.0 NA 37.1 41.8 

9 109 91.7 48.5 36.9 30.1 NA NA 39.0 

10 109 87.0 48.5 42.2 34.3 8.0 9.0 39.3 

Mean 109 90.6 48.5 39.4 31.9 12.5 13.0 40.6 
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Appendix K 

Parameter estimates for each model of the evolution of eye investment in 

bioluminescent (BL) and non-bioluminescent (non-BL) cephalopods (error = 0%). 

Model Regime α σ2 Vy θ SE α SE σ2 
SE 
Vy 

Phylogenetic 
half-life 
(myr) 

BM1 Both NA 0.002 NA NA NA 0.000 NA NA 

BMS 
non-BL NA 0.001 NA NA NA 0.000 NA NA 

BL NA 0.002 NA NA NA 0.000 NA NA 

OU1 Both 0.018 0.004 0.100 0.099 0.000 0.000 0.000 39.3 

OUM 
non-BL 0.028 0.005 0.085 -0.051 0.000 0.000 0.001 25.0 

BL 0.028 0.005 0.085 0.204 0.000 0.000 0.001 25.0 

OUMV 
non-BL 0.017 0.002 0.052 -0.060 0.000 0.000 0.001 40.8 

BL 0.017 0.004 0.132 0.206 0.000 0.000 0.002 40.8 

OUMA 
non-BL 0.015 0.002 0.062 -0.009 0.000 0.001 0.024 45.4 

BL 0.018 0.002 0.051 0.215 0.000 0.001 0.020 38.6 

OUMVA 
non-BL 0.016 0.003 0.081 -0.006 0.001 0.001 0.012 43.1 

BL 0.018 0.001 0.040 0.217 0.001 0.001 0.016 37.7 

OUV 
non-BL 0.013 0.002 0.056 0.049 0.000 0.000 0.001 52.4 

BL 0.013 0.004 0.155 0.049 0.000 0.000 0.002 52.4 
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Appendix L 

AICC values for each individual run and total mean for each model of the evolution of 

eye investment (error = 15%). 

 BM1 BMS OU1 OUM OUMV OUMA OUMVA OUV 

1 7 5.6 7.5 9.4 5.0 10.0 NA 35.6 

2 7 9.3 7.5 7.2 6.6 NA NA 42.9 

3 7 7.7 7.5 7.6 4.4 5.8 6.4 37.1 

4 7 8.4 7.5 7.7 5.5 NA 7.2 157.6 

5 7 9.2 7.5 7.6 6.7 0.6 2.6 39.7 

6 7 6.3 7.5 9.4 6.6 9.4 -3.2 44.2 

7 7 7.9 7.5 9.2 7.9 4.7 6.7 40.2 

8 7 9.4 7.5 8.5 8.5 4.8 -4.5 40.3 

9 7 6.6 7.5 9.3 6.2 9.6 NA 39.4 

10 7 8.6 7.5 7.7 6.1 1.9 2.0 40.7 

Mean 7 7.9 7.5 8.4 6.3 5.8 2.5 51.8 
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Appendix M 

Parameter estimates for each model of the evolution of eye investment in bioluminescent 

(BL) and non-bioluminescent (non-BL) cephalopods (error = 15%). 

Model Regime α σ2 Vy θ SE α SE σ2 SE Vy 
Phylogenetic 
half-life (myr) 

BM1 Both NA 0.000 NA NA1 NA 0.000 NA NA 

BMS non-BL NA 0.000 NA NA NA 0.000 NA NA 

BL NA 0.000 NA NA NA 0.000 NA NA 

OU1 Both 0.002 0.000 0.084 0.051 0.000 0.000 0.000 279.1 

OUM non-BL 0.003 0.000 0.072 -0.038 0.000 0.000 0.003 221.4 

BL 0.003 0.000 0.072 0.127 0.000 0.000 0.003 221.4 

OUMV non-BL 0.004 0.000 0.034 -0.026 0.000 0.000 0.002 164.7 

BL 0.004 0.001 0.084 0.137 0.000 0.000 0.005 164.7 

OUMA non-BL 0.004 0.000 0.082 0.025 0.001 0.000 0.011 188.3 

BL 0.005 0.000 0.081 0.133 0.002 0.000 13180 134.9 

OUMVA non-BL 0.005 0.000 0.025 -0.033 0.001 0.001 0.048 131.4 

BL 0.005 0.001 0.081 0.148 0.002 0.000 96310 139.3 

OUV non-BL 0.012 0.001 0.056 0.051 0.001 0.000 0.005 55.9 

BL 0.012 0.004 0.163 0.051 0.001 0.000 0.008 55.9 

 

 
  



 

118 

References  

Agostinelli, C., and U. Lund. 2013. R package “circular”: Circular Statistics (version 0.4-
7). 

Aksnes, D. L., J. Nejstgaard, E. Saedberg, and T. Sørnes. 2004. Optical control of fish and 
zooplankton populations. Limnol. Oceanogr. 49:233–238. 

Andriguetto, J., and M. Haimovici. 1988. Effects of fixation and preservation methods on 
the morphology of a loliginid squid. Am. Malacol. Bull. 6:213–217. 

Beaulieu, J. M., D. C. Jhwueng, C. Boettiger, and B. C. O’Meara. 2012. Modeling 
stabilizing selection: Expanding the Ornstein-Uhlenbeck model of adaptive 
evolution. Evolution 66:2369–2383. 

Bedore, C. N., E. R. Loew, T. M. Frank, R. E. Hueter, D. M. McComb, and S. M. Kajiura. 
2013. A physiological analysis of color vision in batoid elasmobranchs. J. Comp. 
Physiol. A 199:1129–1141. 

Bityukova, Y. E., and G. V. Zuev. 1976. Asymmetry of the eyes of squids of the family 
Histioteuthidae in relation to their ecology. Biolugiya Morya, Kiev 38:63–67. 

Brandon, C. S., and J. L. Dudycha. 2014. Ecological constraints on sensory systems: 
Compound eye size in Daphnia is reduced by resource limitation. J. Comp. Physiol. 
A 200:749–758. 

Brandon, C. S., T. James, and J. L. Dudycha. 2015. Selection on incremental variation of 
eye size in a wild population of Daphnia. J. Evol. Biol. 28:2112–2118. 

Buck, J. B. 1978. Functions and evolutions of bioluminescence. P. in P. J. Herring, ed. 
Bioluminescence in Action. Academic Press, New York. 

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: A 
practical information-theoretic approach. Springer-Verlag New York, New York. 

Bush, S. L. 2012. Economy of arm autotomy in the mesopelagic squid Octopoteuthis 
deletron. Mar. Ecol. Ser. 458:133–140. 

Bush, S. L., and B. H. Robison. 2007. Ink utilization by mesopelagic squid. Mar. Biol. 
152:485–494. 

Bush, S. L., B. H. Robison, and R. L. Caldwell. 2009. Behaving in the dark: Locomotor, 
chromatic, postural, and bioluminescent behaviors of the deep-sea squid 
Octopoteuthis deletron Young 1972. Biol. Bull. 216:7–22. 



 

119 

Caves, E. M., T. T. Sutton, and S. Johnsen. 2017. Visual acuity in ray-finned fishes 
correlates with eye size and habitat. J. Exp. Biol. 220:1586–1596. 

Claes, J. M., D.-E. Nilsson, N. Straube, S. P. Collin, and J. Mallefet. 2014. Iso-luminance 
counterillumination drove bioluminescent shark radiation. Sci. Rep. 4:4328.  

Clarke, G., and C. Hubbard. 1959. Quantitative records of the luminescent flashing of 
oceanic animals at great depths. Limnol. Oceanogr. 4:163–180. 

Cronin, T., S. Johnsen, N. Marshall, and E. Warrant. 2014. Visual Ecology. Princeton 
University Press, Princeton. 

Davis, M. P., N. I. Holcroft, E. O. Wiley, J. S. Sparks, and W. Leo Smith. 2014. Species-
specific bioluminescence facilitates speciation in the deep sea. Mar. Biol. 161:1139–
1148. 

de Busserolles, F., J. L. Fitzpatrick, J. R. Paxton, N. J. Marshall, and S. P. Collin. 2013. Eye-
size variability in deep-sea lanternfishes (Myctophidae): An ecological and 
phylogenetic study. PLoS One 8:e58519. 

Denton, E. J. 1990. Light and vision at depths greater than 200 metres. Pp. 127–148 in P. J. 
Herring, A. K. Campbell, M. Whitfield, and L. Maddock, eds. Light and Life in the 
Sea. Cambridge University Press, Cambridge. 

Denton, E. J., and F. J. Warren. 1968. Eyes of the Histioteuthidae. Nature 219:400–401. 

Denton, J. S. S., and D. C. Adams. 2015. A new phylogenetic test for comparing multiple 
high-dimensional evolutionary rates suggests interplay of evolutionary rates and 
modularity in lanternfishes (Myctophiformes; Myctophidae). Evolution 69:2425–
2440. 

Dilly, P. N., and P. J. Herring. 1981. Ultrastructural features of the light organs of 
Histioteuthis macrohista (Mollusca: Cephalopoda). J Zool L. 195:255–266. 

Douglas, R. H., J. C. Partridge, and N. J. Marshall. 1998. The eyes of deep-sea fish I: Lens 
pigmentation, tapeta and visual pigments. Prog. Retin. Eye Res. 17:597–636. 

Eastman, J. M., L. J. Harmon, and D. C. Tank. 2013. Congruification: Support for time 
scaling large phylogenetic trees. Methods Ecol. Evol. 4:688–691. 

Eiane, K., D. L. Aksnes, and J. Giske. 1997. The significance of optical properties in 
competition among visual and tactile planktivores: a theoretical study. Ecol. 
Modell. 98:123–136. 

Ellis, E. A., and T. H. Oakley. 2016. High rates of species accumulation in animals with 



 

120 

bioluminescent courtship displays. Curr. Biol. 26:1–6.  

Evans, A. B., M. L. Acosta, and K. S. Bolstad. 2015. Retinal development and ommin 
pigment in the cranchiid squid Teuthowenia pellucida (Cephalopoda: Oegopsida). 
PLoS One 10:e0123453. 

Finn, J., and P. Bouchet. 2016. Histioteuthidae Verril, 1881. Accessed through: World 
Register of Marine Species at: 
http://www.marinespecies.org/aphia.php?p=taxdetails&id=11749 

Gagnon, Y. L., T. T. Sutton, and S. Johnsen. 2013. Visual acuity in pelagic fishes and 
mollusks. Vision Res. 92:1–9. 

Garamszegi, L. Z., A. P. Møller, and J. Erritzøe. 2002. Coevolving avian eye size and 
brain size in relation to prey capture and nocturnality. Proc. Biol. Sci. 269:961–7. 

Gould, S. J. 1966. Allometry and size in ontogeny and phylogeny. Biol. Rev. 41:587–640. 

Haddock, S. H. D., M. a Moline, and J. F. Case. 2010. Bioluminescence in the sea. Ann. 
Rev. Mar. Sci. 2:443–493. 

Hanlon, R. T., and J. B. Messenger. 1998. Cephalopod Behaviour. Cambridge University 
Press, Cambridge. 

Hanlon, R. T., and N. Shashar. 2003. Aspects of the sensory ecology of cephalopods. Pp. 
266-282 in S. Collin and N.J. Marshall, eds. Sensory processing in aquatic 
environments. Springer-Verlag, New York. 

Hansen, T. F. 1997. Stabilizing Selection and the Comparative Analysis of Adaptation. 
Evolution. 51:1341-1351. 

Harper, R. D., and J. F. Case. 1999. Disruptive counterillumination and its anti-predatory 
value in the plainfish midshipman Porichthys notatus. Mar. Biol. 134:529–540. 

Harvey, E. N. 1956. Evolution and Bioluminesence. Q. Rev. Biol. 31:270–287. 

Hedges, S. B., J. Marin, M. Suleski, M. Paymer, and S. Kumar. 2015. Tree of life reveals 
clock-like speciation and diversification. Mol. Biol. Evol. 32:835–845. 

Herring, P. 1990. Bioluminescent communication in the sea. Pp. 245–264 in P. Herring, A. 
Campbell, M Whitfield, and L. Maddock, eds. Light and life in the sea. Cambridge 
University Press, Cambridge. 

Herring, P. 2002. The biology of the deep ocean. Oxford University Press, New York. 



 

121 

Herring, P. J. 1976. Bioluminescence in decapod Crustacea. J. Mar. Biol. Assoc. United 
Kingdom 56:1029–1047. 

Herring, P. J. 2000. Bioluminescent signals and the role of reflectors. J. Opt. A Pure Appl. 
Opt. 2:R29. 

Herring, P. J., P. N. Dilly, and C. Cope. 1985. The photophore morphology of 
Selenoteuthis scintillans Voss and other lycoteuthids (Cephalopoda: Lycoteuthidae). 
J. Zool. Ser. A 206:567–589. 

Herring, P. J., P. N. Dilly, and C. Cope. 2002. The photophores of the squid family 
Cranchiidae (Cephalopoda: Oegopsida). J Zool Lond (A) 206:567-589. 

Hiller-Adams, P., and J. F. Case. 1988. Eye size of pelagic crustaceans as a function of 
habitat depth and possession of photophores. Vision Res. 28:667–680. 

Ho, L. S. T., and C. Ané. 2014. Intrinsic inference difficulties for trait evolution with 
Ornstein-Uhlenbeck models. Methods Ecol. Evol. 5:1133–1146. 

Hoving, H. J. T., J. A. A. Perez, K. S. R. Bolstad, H. E. Braid, A. B. Evans, D. Fuchs, H. 
Judkins, J. T. Kelly, J. E. A. R. Marian, R. Nakajima, U. Piatkowski, A. Reid, M. 
Vecchione, and J. C. C. Xavier. 2014. The study of deep-sea cephalopods. Pp. 235–
359 in A. G. Vidal, ed. Advances in Marine Biology, Vol. 67. Oxford, United 
Kingdom.   

Howland, H. C., S. Merola, and J. R. Basarab. 2004. The allometry and scaling of the size 
of vertebrate eyes. Vision Res. 44:2043–2065. 

Hunt, J. C. 1996. The behavior and ecology of midwater cephalopods from Monterey 
Bay: submersible and laboratory observations. University of California, Los 
Angeles. 

Hunt, J. C., and D. J. Lindsay. 2012. Behavioral observations of the mesopelgic squid 
Stigmatoteuthis dofleini (Cephalopoda: Histioteuthidae). Am. Malacol. Bull. 30:335–
338. 

Hunt, J. C., and B. a. Seibel. 2000. Life history of Gonatus onyx (Cephalopoda: 
Teuthoidea): ontogenetic changes in habitat, behavior and physiology. Mar. Biol. 
136:543–552. 

Hunt, J. C., L. D. Zeidberg, W. M. Hamner, and B. H. Robison. 2000. The behaviour of 
Loligo opalescens (Mollusca: Cephalopoda) as observed by a remotely operated 
vehicle (ROV). J. Mar. Biol. Assoc. UK 80:873–883. 



 

122 

Hurvich, C. M., and C.-L. Tsai. 1989. Regression and time series model selection in small 
samples. Biometrika 76:297. 

Ives, A. R., P. E. Midford, and T. Garland. 2007. Within-species variation and 
measurement error in phylogenetic comparative methods. Syst. Biol. 56:252–270. 

Jander, U., and R. Jander. 2002. Allometry and resolution of bee eyes (Apoidea). 
Arthropod Struct. Dev. 30:179–193. 

Jantzen, T. M., and J. N. Havenhand. 2003. Reproductive behavior in the squid 
Sepioteuthis australis from South Australia: Ethogram of reproductive body patterns. 
Biol. Bull. 204:290–304. 

Jereb, P., and C. F. E. Roper. 2005. Cephalopods of the world. An annotated and 
illustrated catalogue of cephalopod species known to date. Volume 1. Chambered 
Nautiluses and Sepioids. 

Jereb, P., and C. F. E. Roper. 2010. Cephalopods of the world. An annotated and 
illustrated catalogue of cephalopod species known to date. Volume 2. Myopsid and 
Oegopsid Squids. 

Jereb, P., C. F. E. Roper, M. D. Norman, and J. K. Finn. 2014. Cephalopods of the world. 
An annotated and illustrated catalogue of cephalopod species known to date. 
Volume 3. Octopods and Vampire Squids. 

Jerlov, N. G. 1976. Marine Optics. Elsevier Scientific, Amsterdam. 

Johnsen, S. 2002. Cryptic and conspicuous coloration in the pelagic environment. Proc. 
Biol. Sci. 269:243–256. 

Johnsen, S. 2014. Hide and seek in the open sea: pelagic camouflage and visual 
countermeasures. Ann. Rev. Mar. Sci. 6:369–92. 

Johnsen, S. S. S., E. A. Widder, and C. D. Mobley. 2004. Propagation and perception of 
bioluminescence: Factors affecting counterillumination as a cryptic strategy. Biol. 
Bull. 207:1–16. 

Karnik, N. S., and S. K. Chakraborty. 2001. Length-weight relationship and 
morphometric study on the squid Loligo duvauceli (d’Orbigny)(Mollusca/ 
Cephalopoda) off Mumbai (Bombay) waters, west coast of India. Indian J. Mar. Sci. 
30:261–263. 

Land, M. F., and D.-E. Nilsson. 2002. Animal Eyes. Oxford University Press, Oxford. 

Latz, M. I. 1995. Physiological mechanisms in the control of bioluminescent 



 

123 

countershading in a midwater shrimp. Mar. Freshw. Behav. Physiol. 26:207–218. 

Laughlin, S. B., R. R. de Ruyter van Steveninck, and J. C. Anderson. 1998. The metabolic 
cost of neural information. Nat. Neurosci. 1:36–41. 

Lindgren, A. R., M. S. Pankey, F. G. Hochberg, and T. H. Oakley. 2012. A multi-gene 
phylogeny of Cephalopoda supports convergent morphological evolution in 
association with multiple habitat shifts in the marine environment. BMC Evol. Biol. 
12:129.  

Lisney, T. J., and S. P. Collin. 2007. Relative eye size in elasmobranchs. Brain. Behav. 
Evol. 69:266–279. 

Locket, N. A. 2000. On the lens pad of Benthalbella infans, a scopelarchid deep-sea teleost. 
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 355:1167–9. 

Maddison, W. P., and R. G. FitzJohn. 2014. The unsolved challenge to phylogenetic 
correlation tests for categorical characters. Syst. Biol. 64:127–136. 

Maddock, L., and J. Z. Young. 1987. Quantitative differences among the brains of 
cephalopods. J. Zool. 212:739–767. 

Marshall, N. 1954. Aspects of deep-sea biology. Hutchinson, London. 

Marshall, N. 1979. Developments in deep-sea biology. Blandford Press, Poole. 

Martini, S., and S. H. D. Haddock. 2017. Quantification of bioluminescence from the 
surface to the deep sea demonstrates its predominance as an ecological trait. Sci. 
Rep. 7:45750. 

McClain, C., M. Rex, and R. Jabbour. 2005. Deconstructing bathymetric body size 
patterns in deep-sea gastropods. Mar. Ecol. Prog. Ser. 297:181–187. 

McFall-Ngai, M., and J. G. Morin. 1991. Camouflage by disruptive illumination in 
leiognathids, a family of shallow-water, bioluminescent fishes. J. Exp. Biol. 156:119–
137. 

Mobley, C. D. 1994. Light and water: Radiative transfer in natural waters. Academic 
Press, San Diego. 

Moltschaniwskyj, N. A. 1995. Changes in shape associated with growth in the loliginid 
squid Photololigo sp.: a morphometric approach. Can. J. Zool. 73:1335–1343. 

Morin, J. G. 1983. Coastal bioluminescence: Patterns and functions. Bull. Mar. Sci. 
33:787–817. 



 

124 

Motani, R., B. M. Rothschild, and W. Wahl. 1999. Large eyeballs in diving ichthyosaurs. 
Nature 402:747. 

Muntz, W. R. A. 1976. On yellow lenses in mesopelagic animals. J. Mar. Biol. Assoc. 
United Kingdom 56:963–976. 

Netburn, A. N., and J. Anthony Koslow. 2015. Dissolved oxygen as a constraint on 
daytime deep scattering layer depth in the southern California current ecosystem. 
Deep Sea Res. Part I Oceanogr. Res. Pap. 104:149–158. 

Nijhout, H. F., and D. J. Emlen. 1998. Competition among body parts in the development 
and evolution of insect morphology. Proc. Natl. Acad. Sci. 95:3685–3689. 

Nilsson, D.-E., E. J. Warrant, S. Johnsen, R. T. Hanlon, and N. Shashar. 2013. The giant 
eyes of giant squid are indeed unexpectedly large, but not if used for spotting 
sperm whales. BMC Evol. Biol. 13:187. 

Nilsson, D. E., E. J. Warrant, S. Johnsen, R. Hanlon, and N. Shashar. 2012. A unique 
advantage for giant eyes in giant squid. Curr. Biol. 22:683–688. 

Nilsson, D., E. Warrant, and S. Johnsen. 2014. Computational visual ecology in the 
pelagic realm. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369:20130038. 

Niven, J. E., and S. B. Laughlin. 2008. Energy limitation as a selective pressure on the 
evolution of sensory systems. J. Exp. Biol. 211:1792–1804. 

Orme, D. 2013. The caper package : comparative analysis of phylogenetics and 
evolution in R. R Packag. version 0.5, 2 1–36. 

Osborn, K. J., S. H. D. Haddock, and G. W. Rouse. 2011. Swima (Annelida, Acrocirridae), 
holopelagic worms from the deep Pacific. Zool. J. Linn. Soc. 163:663–678. 

Packard, A. 1972. Cephalopods and fish: the limits of convergence. Biol. Rev. 47:241–307. 

Paradis, E., J. Claude, and K. Strimmer. 2004. APE: Analyses of phylogenetics and 
evolution in R language. Bioinformatics 20:289–290. 

Partridge, J. C., R. H. Douglas, N. J. Marshall, W.-S. Chung, T. M. Jordan, and H.-J. 
Wagner. 2014. Reflecting optics in the diverticular eye of a deep-sea barreleye fish 
(Rhynchohyalus natalensis). Proc. Biol. Sci. 281:20133223. 

Passarella, K. C., and T. L. Hopkins. 1991. Species composition and food habits of the 
micronektonic cephalopod assemblage in the eastern Gulf of Mexico. Bull. Mar. Sci. 
49:638–659. 



 

125 

Pauly, D. 1977. The Leiognathidae (Teleosts): An hypothesis relating their mean depth 
occurrence to the intensity of their countershading bioluminescence. Mar. Res. 
Indones. 19:137–146. 

Priede, I. G., and R. Froese. 2013. Colonization of the deep sea by fishes. J. Fish Biol. 
83:1528–1550. 

Quetglas, A., A. de Mesa, F. Ordines, and A. Grau. 2010. Life history of the deep-sea 
cephalopod family Histioteuthidae in the western Mediterranean. Deep. Res. Part I 
Oceanogr. Res. Pap. 57:999–1008. 

R Core Team. 2017. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. 

R Development Core Team. 2008. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 

Revell, L. J. 2012. phytools: An R package for phylogenetic comparative biology (and 
other things). Methods Ecol. Evol. 3:217–223. 

Ringelberg, J. 2009. Diel vertical migration in lakes and oceans: Causal explanations and 
adaptive significances. Springer, New York. 

Robison, B. H. 2004. Deep pelagic biology. J. Exp. Mar. Bio. Ecol. 300:253–272. 

Roper, C. F. E., and G. L. Voss. 1983. Guidelines for taxonomic descriptions of 
cephalopod species. Mem. Natl. Museum Victoria 44:49–63. 

Roper, C. F. E., and R. E. Young. 1975. Vertical distribution of pelagic cephalopods. 
Smithson. Contrib. to Zool. 209:1–51. 

Rutowski, R. L. 2000. Variation of eye size in butterflies : inter- and intraspecific 
patterns. J Zool L. 252:187–195. 

Ruxton, G. D., and S. Johnsen. 2016. The effect of aggregation on visibility in open water. 
Proc. R. Soc. B Biol. Sci. 283:20161463. 

Rykaczewski, R. R., and J. P. Dunne. 2010. Enhanced nutrient supply to the California 
Current Ecosystem with global warming and increased stratification in an earth 
system model. Geophys. Res. Lett. 37. 

Schlining, B. M., and N. J. Stout. 2006. MBARI’s Video Annotation and Reference 
System. Pp. 1–5 in Proceedings of the Marine Technology Society/Institute of 
Electrical and Electronics Engineers Oceans Conference. Boston, MA. 



 

126 

Schmitz, L., R. Motani, C. E. Oufiero, C. H. Martin, M. D. McGee, A. R. Gamarra, J. J. 
Lee, and P. C. Wainwright. 2013. Allometry indicates giant eyes of giant squid are 
not exceptional. BMC Evol. Biol. 13:45. 

Schmitz, L., and P. C. Wainwright. 2011. Nocturnality constrains morphological and 
functional diversity in the eyes of reef fishes. BMC Evol. Biol. 11:338. 

Seibel, B. A. 2007. On the depth and scale of metabolic rate variation: scaling of oxygen 
consumption rates and enzymatic activity in the Class Cephalopoda (Mollusca). J. 
Exp. Biol. 210:1–11. 

Seibel, B. a., and D. B. Carlini. 2001. Metabolism of pelagic cephalopods as a function of 
habitat depth: A reanalysis using phylogenetically independent contrasts. Biol. 
Bull. 201:1–5. 

Sweeney, A. M., S. H. D. Haddock, and S. Johnsen. 2007. Comparative visual acuity of 
coleoid cephalopods. Integr. Comp. Biol. 47:808–814. 

Thomas, K., B. Robison, and S. Johnsen. 2017. Two eyes for two purposes: in situ 
evidence for asymmetric vision in the cockeyed squids Histioteuthis heteropsis and 
Stigmatoteuthis dofleini. Philos. Trans. R. Soc. B-Biological Sci. 372:20160069. 

Thomas, R. J., T. Szekely, R. F. Powell, and I. C. Cuthill. 2006. Eye size, foraging methods 
and the timing of foraging in shorebirds. Funct. Ecol. 20:157–165. 

Tyler, J., and R. Smith. 1970. Measurement of spectral irradiance underwater. Gordon 
and Breach, New York. 

Uchikawa, K., and H. Kidokoro. 2014. Feeding habits of juvenile Japanese common 
squid Todarodes pacificus: Relationship between dietary shift and allometric growth. 
Fish. Res. 152:29–36. Elsevier B.V. 

Vecchione, M., and C. F. E. Roper. 1991. Cephalopods observed from submersibles in the 
Western North Atlantic. Bull. Mar. Sci. 49:433–445. 

Vecchione, M., C. F. E. Roper, E. A. Widder, and T. M. Frank. 2002. In situ observations 
on three species of large-finned deep-sea squids. Bull. Mar. Sci. 71:893–901. 

Veilleux, C. C., and R. J. Lewis. 2011. Effects of habitat light intensity on mammalian eye 
shape. Anat. Rec. 294:905–914. 

Voss, G. 1967. The biology and bathymetric distribution of deep-sea cephalopods. Stud. 
Trop. Oceanogr. 5:511–535. 

Voss, N. A. 1969. A monograph of the Cephalopoda of the North Atlantic: the family 



 

127 

Histioteuthidae. Bull. Mar. Sci. 19:713–867. 

Voss, N. A., K. N. Nesis, and P. G. Rodhouse. 1998. The Cephalopod family 
Histioteuthidae (Oegopsida): systematics, biology, and biogeography. Pp. 293–372 
in N. A. Voss, M. Vecchione, R. B. Toll, and M. J. Sweeney, eds. Systematics and 
Biogeography of Cephalopods. Smithsonian Contributions to Zoology, Washington 
DC. 

Wagner, H. J., R. H. Douglas, T. M. Frank, N. W. Roberts, and J. C. Partridge. 2009. A 
novel vertebrate eye using both refractive and reflective optics. Curr. Biol. 19:108–
114. 

Wagner, H. J., E. Fröhlich, K. Negishi, and S. P. Collin. 1998. The eyes of deep-sea fish II. 
Functional morphology of the retina. Prog. Retin. Eye Res. 17:637–685. 

Warner, J. A., M. I. Latz, and J. F. Case. 1979. Cryptic bioluminescence in a midwater 
shrimp. Science. 203:1109–1110. 

Warrant, E., S. Collin, and N. Locket. 2003. Eye design and vision in deep-sea fishes. Pp. 
303–322 in S. Collin and N. Marshll, eds. Sensory processing in aquatic 
environments. Springer-Verlag, New York. 

Warrant, E. J., and N. A. Locket. 2004. Vision in the deep sea. Biol. Rev. Camb. Philos. 
Soc. 79:671–712. 

Warton, D. I., R. A. Duursma, D. S. Falster, and S. Taskinen. 2012. smatr 3 - an R package 
for estimation and inference about allometric lines. Methods Ecol. Evol. 3:257–259. 

Warton, D. I., I. J. Wright, D. S. Falster, and M. Westoby. 2006. Bivariate line-fitting 
methods for allometry. Biol Rev 81:259–291. 

Wentworth, S. L., and W. R. A. Muntz. 1989. Asymmetries in the sense organs and 
central nervous system of the squid Histioteuthis. J Zool L. 219:607–619. 

Werner, Y. L., and T. Seifan. 2006. Eye size in geckos: asymmetry, allometry, sexual 
dimorphism, and behavioral correlates. J. Morphol. 267:1486–1500. 

Wickham, H. 2009. ggplot2: Elegant graphics for data analysis. Springer-Verlag New 
York. 

Widder, E. A. 2010. Bioluminescence in the ocean: Origins of biological, chemical, and 
ecological diversity. Science. 328:704–708. 

Wissel, B., W. J. Boeing, and C. W. Ramcharan. 2003. Effects of water color on predation 
regimes and zooplankton assemblages in freshwater lakes. Limnol. Oceanogr. 



 

128 

48:1965–1976. 

Young, R. E. 1975. Function of the dimorphic eyes in the midwater squid Histioteuthis 
dofleini. Pacific Sci. 29:211–218. 

Young, R. E. 1983. Oceanic bioluminescence: An overview of general functions. Bull. 
Mar. Sci. 33:829–845. 

Young, R. E. 1972. The systematics and areal distribution of pelagic cephalopods from 
the seas off Southern California. Smithson. Contrib. to Zool. 1–159. 

Young, R. E., E. M. Kampa, S. D. Maynard, F. M. Mencher, and C. F. E. Roper. 1980. 
Counterillumination and the upper depth limits of midwater animals. Deep Sea 
Res. Part A. Oceanogr. Res. Pap. 27:671–691. 

Young, R. E., and F. M. Mencher. 1980. Bioluminescence in mesopelagic squid: diel color 
change during counterillumination. Science 208:1286–1288. 

Young, R. E., C. F. E. Roper, and J. F. Walters. 1979. Eyes and extraocular photoreceptors 
in midwater cephalopods and fishes: Their roles in detecting downwelling light for 
counterillumination. Mar. Biol. 51:371–380. 

Zaret, T. M., and C. Kerfoot. 1975. Fish predation on Bosmina longirostris: Body size 
selection versus visibility selection. Ecology 56:232–237. 

Zeidberg, L. D. 2004. Allometry measurements from in situ video recordings can 
determine the size and swimming speeds of juvenile and adult squid Loligo 
opalescens (Cephalopoda: Myopsida). J. Exp. Biol. 207:4195–4203. 

Zylinski, S., and S. Johnsen. 2014. Visual cognition in deep-sea cephalopods: what we 
don’t know and why we don’t know it. Pp. 223–241 in A.-S. Darmaillacq, L. Dickel, 
and J. Mather, eds. Cephalopod Cognition. Cambridge University Press, 
Cambridge. 

 



 

129 

Biography 

Kate Thomas was born in Longview, Washington on 20 September 1988. She 

attended the University of Oregon and graduated in 2010 summa cum laude with a B.S in 

Marine Biology from the Robert D. Clark Honors College, receiving the highest 

distinction for her undergraduate honors thesis work done at the Oregon Institute of 

Marine Biology. She began a doctoral program at Duke in 2012, and during her graduate 

training spent time in residence at the Monterey Bay Aquarium Research Institute 

(Monterey, CA), the National Evolutionary Synthesis Center (Durham, NC), and the 

Smithsonian National Museum of Natural History (Washington, DC).  

Thomas published the first research chapter of this dissertation, “Two eyes for 

two purposes: evidence for asymmetric vision in the cockeyed squids Histioteuthis 

heteropsis and Stigmatoteuthis dofleini” in Philosophical Transactions of the Royal Society 

(2017). The other two research chapters are currently in preparation for publication. Her 

work was supported by numerous grants and fellowships, including two Duke Center 

for Science Education Outreach grants (2013), a National Science Foundation Graduate 

Research Fellowship (2013-2016), a Sigma Xi Grant-in-aid of Research (2014), a Duke 

Brazil Initiative Graduate Student Exchange Grant (2014), a National Evolutionary 

Synthesis Center Graduate Fellowship (2014), three Duke Graduate School Domestic 

Travel Awards (2014-2016), four Duke Biology Grant-in-Aid of Research awards (2014-

2017), a National Science Foundation Graduate Research Internship award (2016), a 



 

130 

Duke Graduate Summer Research Fellowship (2017), a Duke Graduate Student Training 

Enhancement Grant (2017), and a Katherine Goodman Stern Fellowship (2017-18).  

 

 


	Abstract
	List of Tables
	List of Figures
	Acknowledgements
	1. Introduction
	1.1 Project Summary
	1.2 Background
	1.3 Study system

	2. Two eyes for two purposes: in situ evidence for asymmetric vision in the cockeyed squids Histioteuthis heteropsis and Stigmatoteuthis dofleini
	2.1 Introduction
	2.2 Methods
	2.2.1 Study system
	2.2.2 Eye orientations
	2.2.3 Posture and body orientations
	2.2.4 Lens filtering
	2.2.5 Depth
	2.2.6 Visual modeling

	2.3 Results
	2.3.1 Eye orientations
	2.3.2 Posture and body orientation
	2.3.3 Lens filtering
	2.3.4 Depth
	2.3.5 Visual modeling

	2.4 Discussion

	3. Eye scaling, eye investment, and visual range in cephalopods
	3.1 Introduction
	3.2 Methods
	3.2.1 Morphological Data
	3.2.2 Ecological Data
	3.2.3 Morphological Scaling Relationships
	3.2.4 Effects of Light Habitat on Eye Scaling
	3.2.5 Visual Modeling

	3.3 Results
	3.3.1 Morphological Scaling Relationships
	3.3.2 Effects of Light Habitat on Eye Investment
	3.3.3 Modeled Pelagic Sighting Distances

	3.4 Discussion
	3.4.1 Interspecific Scaling of Cephalopod Eyes
	3.4.2 Eye Investment in Different Light Levels
	3.4.3 Modeled Visual Performance Given Measured Eye Size
	3.4.4 Conclusions


	4. Bioluminescent cephalopods exhibit stabilizing selection for depth, body size, and eye investment
	4.1 Introduction
	4.2 Methods
	4.2.1 Database synthesis
	4.2.2 Comparisons of trait distributions
	4.2.3 OUwie analyses

	4.3 Results
	4.3.1 Trait distributions
	4.3.2 Evolution of maximum depth in bioluminescent vs. non-bioluminescent cephalopods
	4.3.3 Evolution of maximum mantle length in bioluminescent vs. non-bioluminescent cephalopods
	4.3.4 Evolution of eye investment in bioluminescent vs. non-bioluminescent cephalopods

	4.4 Discussion
	4.4.1 Depth evolution
	4.4.2 Body size evolution
	4.4.3 Eye size evolution
	4.4.4 Conclusions


	5. Conclusions
	5.1 Future Directions
	5.2 Significance

	Biography

