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Abstract
Eyes in low-light environments typically must balance sensitivity and spatial resolution. Vertebrate eyes with large "pixels" 
(e.g., retinal ganglion cells with inputs from many photoreceptors) will be sensitive but provide coarse vision. Small pixels 
can render finer detail, but each pixel will gather less light, and thus have poor signal relative-to-noise, leading to lower 
contrast sensitivity. This balance is particularly critical in oceanic species at mesopelagic depths (200–1000 m) because 
they experience low light and live in a medium that significantly attenuates contrast. Depending on the spatial frequency and 
inherent contrast of a pattern being viewed, the viewer’s pupil size and temporal resolution, and the ambient light level and 
water clarity, a visual acuity exists that maximizes the distance at which the pattern can be discerned. We develop a model 
that predicts this acuity for common conditions in the open ocean, and compare it to visual acuity in marine teleost fishes 
and elasmobranchs found at various depths in productive and oligotrophic waters. Visual acuity in epipelagic and upper 
mesopelagic species aligned well with model predictions, but species at lower mesopelagic depths (> 600 m) had far higher 
measured acuities than predicted. This is consistent with the prediction that animals found at lower mesopelagic depths oper-
ate in a visual world consisting primarily of bioluminescent point sources, where high visual acuity helps localize targets of 
this kind. Overall, the results suggest that visual acuity in oceanic fish and elasmobranchs is under depth-dependent selection 
for detecting either extended patterns or point sources.

Keywords  Spatial resolution · Fish vision · Visual ecology · Light level · Deep sea

Introduction

According to information theory (Shannon and Weaver 
1949), the amount of information available to a receiving 
system depends on both the resolution of the system (i.e., 

number of channels that collect the information), and the 
reliability of the information in each channel (i.e., signal-to-
noise ratio). Specifically, for a given amount of information, 
a system of a given size can possess either low resolution 
with high precision, or high resolution but low precision 
depending on how many channels it is divided into. Eyes, in 
which photons (information) must be collected by photore-
ceptive channels, are also subject to this trade-off. Thus, a 
retina with fewer channels that each collect information over 
a larger visual field has lower spatial resolution but higher 
signal-to-noise (and thus greater contrast sensitivity) in each 
channel (Fig. 1). The same retina, but with many channels, 
would potentially have higher resolution but at the cost of 
lower signal-to-noise in each channel because each channel 
collects fewer photons over a given integration time (Cronin 
et al. 2014). Because a system with zero or infinite chan-
nels collects zero information, and because information is 
non-negative, for any set of conditions there must exist an 
optimal density of channels for information transfer. In the 
case of vision, depending on the morphology and physiology 

Handling Editor: Kentaro Arikawa.

 *	 Eleanor M. Caves 
	 eleanor_caves@ucsb.edu

1	 Department of Ecology, Evolution, and Marine Biology, 
University of California Santa Barbara, Santa Barbara, 
CA 93106, USA

2	 Department of Marine and Environmental Sciences, Halmos 
College of Arts and Sciences, Nova Southeastern University, 
Dania Beach, FL 33004, USA

3	 Department of Biology, Lund University, Biology Building, 
Sölvegatan 35, Lund, Sweden

4	 Department of Biology, Duke University, Durham, 
NC 27708, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00359-023-01661-7&domain=pdf


808	 Journal of Comparative Physiology A (2023) 209:807–826

1 3

of the eye, the optical environment, and the characteristics 
of the target, there exists a visual acuity of the viewer that 
allows the viewer to discern the critical features of the target 
at the greatest distance.

In vertebrate eyes, the light information gathered by each 
photoreceptor is sent via intermediate steps to a retinal gan-
glion cell (RGC), which in turn sends the combined inputs 
from some number of photoreceptors to the brain (Pettigrew 
et al. 1988; Lee and Stevens 2007). The number of photo-
receptors that synapse with a given RGC thus determines 
the maximum resolution of the image in the brain, and each 
RGC can be considered a “pixel” of the perceived visual 
image. Although, in theory, one could decrease the diameter 
of the photoreceptors or pack them more tightly within the 
retina to affect resolution, in reality, vertebrate photorecep-
tors are typically already close-packed and their diameters 
are fairly conserved due to restrictions resulting from the 
wave nature of light (Cronin et al. 2014). Thus, it is the 
angular density of RGCs that typically determines visual 
acuity in vertebrate eyes.

In the daytime pelagic ocean, light intensity and the 
nature of visual scenes themselves vary predictably and 
dramatically with increasing depth. This has had a signifi-
cant influence on visual system evolution in the organisms 
inhabiting these environments. In shallow water, light from 
the sun (and to a lesser extent the moon and stars) domi-
nates, and the visual environment is one of extended scenes 
(Warrant 2000; Warrant and Locket 2004). Animals in this 
realm use their eyes for a variety of tasks, including orien-
tation and locating and recognizing mates, predators, and 
prey. Thus, the visual acuity of eyes at epipelagic depths 
(0–200 m) and upper mesopelagic depths (200–600 m) 
may be specialized for discerning patterns on relevant tar-
gets (e.g., stripes on fishes). As depth increases, light dims 
exponentially, but scenes can still be considered extended 
or semi-extended. However, in dim enough environments, 
any eye with high resolution would likely have very low 

sensitivity and precision, not collecting enough photons for 
image creation under ambient light (Land 1990; Warrant and 
Locket 2004). Once greater mesopelagic depths (> 600 m) 
are reached, the majority of visual scenes become point-like, 
dominated by bioluminescent sources (Warrant 2000; War-
rant and Locket 2004).

Given these depth-dependent differences in the funda-
mental nature of visual scenes and the associated differ-
ences in visual needs, whether and how visual acuity may 
be adapted for detecting details may vary with depth. Spe-
cifically, at shallow depths where the visual field comprises 
bright extended scenes, vision in diurnal fishes should be 
adapted for detecting detail; however, with increases in 
depth, eyes should begin to favor sensitivity, and resolu-
tion should drop. At depths and/or times of day where few 
to no scenes are extended, however, eyes should no longer 
be adapted for detecting patterns, and rather may exhibit 
increased acuity for more accurate localization of point 
sources (Wagner et al. 1998; Warrant 2000). Depth is not 
the only factor that can shift the nature of a visual scene, 
however, and in epipelagic and benthopelagic environments, 
light attenuation due to phytoplankton, dissolved organic 
matter, and other substances can impact a visual scene. Spe-
cifically, in high attenuation environments, the increasing 
absorption and scattering of light result in both attenuation 
of contrast at all spatial frequencies due to absorption and 
single scattering and additional attenuation of contrast at 
high spatial frequencies due to multiple scattering (Wells 
1969; Gazey 1970); thus, in high attenuation environments, 
eyes are not predicted to be adapted for resolution, because 
the properties of the environment preclude those details 
being visible at distance regardless of the visual system 
employed.

In sum, for a given set of conditions comprising depth, tur-
bidity, time of day, season, sea/sky state, etc., there exists a 
visual acuity that maximizes the viewing distance at which a 
given pattern can be detected. Here, we build an optical/visual 

Fig. 1   For a given amount of information, a system can either have 
few channels with high precision or many channels with low preci-
sion. For eyes, this trade-off manifests as a trade-off between resolu-

tion and sensitivity. Starting on the left, an eye can have high resolu-
tion but low sensitivity; moving to the right, sensitivity increases but 
at the expense of resolution
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model to examine the relationship between visual acuity and 
sighting distance in the open ocean and explore how this rela-
tionship depends on the optical properties of the object being 
sighted, the inherent optical properties of the water, and the 
amount of light available to the viewer’s retina—which in turn 
is a function of ambient light level, and the pupil area and tem-
poral resolution of the viewer’s eye. We then use this model to 
calculate the predicted optimal visual acuity for a given animal 
at a given depth assuming an average daytime solar elevation, 
average oceanic cloud cover, and common values for turbid-
ity and sea state (note that, although there are many ways that 
vision can be “optimal,” here and throughout we use the term 
to refer to the acuity value predicted by our optical model to 
maximize viewing distance). We then explore how these pre-
dicted acuities relate to a newly collated database of visual acu-
ity in epipelagic and mesopelagic species of teleost fish and 
elasmobranchs.

Methods

Comparative database of acuity, lens diameter, 
body length, and habitat

We assembled a database of visual acuity in ray-finned fishes 
and elasmobranchs using published data. The true functional 
acuity of an animal is best measured using behavioral meth-
ods. However, in cases where animal behavior cannot be 
assessed (as in deep-sea fishes, which do not often survive 
long after capture), acuity can be estimated using a variety of 
methods, including by quantifying the peak (e.g., foveal) den-
sity of either photoreceptors or retinal ganglion cells (RGCs) 
(which often have a 1:1 relationship in areas of high density 
such as foveae, as in many teleost fishes, e.g., Fritsch et al. 
(2017)), or by measuring the optical quality of the lens. The 
photoreceptors, which in deep-sea fishes are typically only 
rods (Warrant and Lockett 2004), represent the sampling 
array of an eye, and thus may place an upper limit on acuity, 
although since numerous photoreceptors may connect to a sin-
gle RGC, it has been suggested that the peak density of RGCs 
provides a more accurate estimate of acuity (Pettigrew et al. 
1988). Lens optical quality sometimes yields higher estimates 
of acuity than other methods (e.g., Tamura 1957; Charman 
and Tucker 1973), though at least one study in pelagic fishes 
found that lens resolving power was a relatively good match 
for the resolution predicted by peak RGC density (Gagnon 
et al. 2013). Thus, given arguments in favor of each method, 
and the relative scarcity of literature on the visual acuities of 
deep-sea species, we included acuity estimates based on all 
three methods in our database to maximize sample size. In all 
cases, acuity was reported in units of either minutes of arc, 
minimum resolvable angle (MRA) in degrees, or in cycles per 
degree (cpd), which is the number of black and white stripe 

pairs an animal can resolve within a single degree of visual 
angle, and which is in the inverse of MRA in degrees. For this 
study, we converted all published values to cycles per degree. 
In two species, we found published acuity values from two 
different studies (Table 1); in these cases, the average of the 
two acuity values was used for analysis.

To parameterize the model, we then also gathered infor-
mation on lens diameter (as a proxy for pupil diameter), 
daytime depth range, and habitat type for each species in the 
acuity database. Daytime depth ranges were gathered from a 
combination of sources, including Fishbase.org (Froese and 
Pauly 2000) and primary literature (Table 1). Minimum and 
maximum daytime depths were recorded unless a “usual” 
depth range has been reported, and a species’ mid-depth was 
calculated as the midpoint between minimum and maximum 
depth, or the midpoint of the usual depth range, if known. In 
cases where no depth records could be found, depth ranges 
were informed by published depth ranges from a congener 
(n = 5).

Habitat type was assigned based on information from 
Fishbase.org and from an extensive vertical distribution 
database for a well-studied open-ocean system (Gulf of 
Mexico), which allowed us to classify species as bathyde-
mersal, bathypelagic, benthopelagic, demersal, epipelagic, 
epi-to-mesopelagic, meso-to-bathypelagic, mesopelagic, 
coastal pelagic, or in some cases, a combination of desig-
nations for wide-ranging species. Benthic species (n = 6) 
were excluded from the analysis, given that water in these 
habitats can be significantly more turbid than that in the 
open-water column. Lastly, given that primary productiv-
ity in the epipelagic zone (0–200 m) can affect light levels 
within this zone and below it, and thus predicted optimal 
acuity, species were classified as living “in or under pro-
ductive water” based on environmental classifications. For 
example, coastal and shelf/slope species were considered 
to be living in or under productive water, while offshore 
species typically were not. The final database contained 
data for 97 species (Table 1).

Where given, we also noted the total length of the indi-
viduals used in acuity analyses, as a measure of body length; 
where not given in the literature, length values were taken 
from FishBase.org. Total length is a straight-line measure of 
length from the tip of the snout to the tip of the longer lobe 
of the caudal fin; however, total length is only one potential 
measure of body length in a fish. In cases where only fork 
length or standard length measurements were available, we 
used species-specific conversions between length types given 
on FishBase.org to calculate total length for each species.

Model of optimal visual acuity

Although there are a number of ways to estimate the abil-
ity of a visual system to extract visual information from 
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the environment, here we consider the maximum distance 
at which a pattern on a target viewed against a featureless 
water background can still be discerned, since this can be 
a relevant task for pelagic predators and prey. Consider 
a small, vertically oriented surface (e.g., lateral side of 
a fish) patterned with stripes that have a spatial period 
(width of two stripes) s that is viewed horizontally under-
water at a distance d. Assume that d >  > s, so the angular 
period of the stripes (in radians) is well-approximated by 
s/d. For simplicity, we assume that the average reflec-
tance of the light and dark stripes combined is always 
50%. Assume for the moment that the water between the 
viewer and the target has no effect on the propagation of 
the image of the stripes. Then the Michelson contrast C(d) 
of the stripes when viewed by an animal with a minimum 
resolvable angle (inverse of spatial acuity) of Δ� is:

where C0 is the inherent Michelson contrast of the stripes 
(contrast at zero distance) and � = 3.56 (Snyder 1975). This 
drop in contrast is due to the fact that the stripes appear 
smaller with increasing distance, and the perceived contrast 
of smaller stripes is less than that of larger stripes (Fig. 2). 
At the maximum sighting distance of the stripes, by defini-
tion their perceived contrast equals the minimum contrast 
threshold of the viewer:

(1)
C(d) = C0e

−�

(

Δ�d

s

)2

,

(2)
Cmin = C0e

−�

(

Δ�d

s

)2

.

This minimum contrast threshold, however, depends on 
the visual acuity of the viewer. Suppose the visual system is 
viewing a striped target and an RGC collects N0 −

�

2
 photons 

from the darker stripe. Then some neighboring RGC collects 
N0 +

�

2
 photons from the lighter stripe, assuming the stripes 

are not too small to be resolved at the relevant distances 
(which is true in this study). N0 is the average number of 
photons the two RGCs see, and � is the difference in pho-
tons between the light and dark stripe. So, by definition, the 
Michelson contrast of the stripes is:

The smallest contrast that can be reliably detected can 
be determined from the fact that the difference between the 
photon catches of the light and dark stripe is just detectable 
when it equals the square root of the sum of the catches 
multiplied by a reliability coefficient R (Nilsson et al. 2012), 
i.e., at the limit of detection:

The reliability coefficient for 95% confidence is 1.96. 
Approximating this as 2, we get:

Substituting (5) into (3), we get the following for the 
minimum contrast threshold:

where (Warrant 2006):

N0 is the number of photons that are absorbed by a sin-
gle RGC looking at a stripe with 50% reflectance which 
has a radiance Lavg(λ) over its integration time Δt . Other 
parameters include pupil diameter D, photoreceptor outer-
segment length l, the minimum resolvable angle (MRA) 
Δ� (in radians), the quantum efficiency of transduction 
� , the transmission of the lens/cornea/humors � , and the 
absorption coefficient of the photoreceptor k. The inte-
gral term describes the number of photons that will be 
absorbed in a photoreceptor of spectral sensitivity R

i(�) . 
The terms before the integral determine the number of 
photons that the optics of the eye allows to reach the 
photoreceptors. R

i(�) in this case is calculated using the 
Stavenga–Smits–Hoenders rhodopsin template (Stavenga 

(3)C =

(

N0 +
�

2

)

−

(

N0 −
�

2

)

(

N0 +
�

2

)

+

(

N0 −
�

2

) =
�

2N0

.

(4)

�

N0 +
�

2

�

−

�

N0 −
�

2

�

= � = R

�

�

N0 +
�

2

�

+

�

N0 −
�

2

�

= R

√

2N0.

(5)� ≅ 2
√

2N0.

(6)Cmin ≅
1

√

2N0

,

(7)N0 = 1.13
�

4
(Δ�)

2
D

2��Δt ∫
(

1 − e
−kRi(�)l

)

Lavg(�)d�.

Fig. 2   The effect of viewing distance on the size, contrast, and sharp-
ness of a patterned target. As the distance between the viewer and the 
target increases, the target becomes smaller, reduces in contrast due to 
path light, and loses fine spatial detail due to multiple scattering. At a 
certain maximal distance, the stripes are just barely discernible
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et al. 1993) with a given peak spectral sensitivity. Assum-
ing that the target reflects light diffusely, the average radi-
ance of the stripes is:

where E
h(�) is the side-welling irradiance (Johnsen 2002). 

E
h(�) = 10L

h(�) at the dominant wavelength of 480 nm at 
depth, where L

h(�) is the horizontal background radiance 
(Johnsen 2002), so: Lavg(�) =

5Lh(�)

�
 . Thus:

where

The term � , which pulls out the square of the visual acu-
ity of the viewer, can be thought of as the photon catch per 
steradian of a single RGC. Substituting (9) into (2) gives:

However, the water itself does in fact reduce the contrast 
of the viewed image (Fig. 2). This effect can be represented 
as the product of two modulation transfer functions (MTFs). 
The first describes the equal reduction of contrast at all spa-
tial frequencies due to the absorption and single scattering of 
light from the target by the medium and its replacement by 
light that is scattered into the path between the target and the 
viewer. The second function depends on spatial frequency 
(e.g., the perceived width of the stripes) and describes the 
effect of both multiple scattering and small spatial variations 
in the refractive index of the water on the contrast of finer 
detail. This second function is normalized to unity at zero 
spatial frequency. Thus, Eq. (2) must be rewritten as:

where MTF1
w
 is the first, frequency-independent function and 

MTF2
w
 is the second frequency-dependent one (both depend 

on viewing distance and water clarity). This division is anal-
ogous to dividing the absorption of light in photoreceptors 
into a wavelength-independent absorption coefficient and 
a normalized wavelength-dependent absorbance function.

We first calculate MTF1
w
 . Suppose the stripes have radi-

ances of Lmax and Lmin, and the water has a beam attenua-
tion coefficient of the water of c and the same background 
horizontal radiance of Lh. Then we get the following for 

(8)Lavg(�) =
E
h(�)

2�
,

(9)Cmin =
1

√

2(Δ�)2�
=

1

Δ�
√

2�
,

(10)� =
N0

(Δ�)
2
= 1.4D2Δt�� ∫

(

1 − e
−kRi(�)l

)

Lh(�)d�.

(11)1

Δ�
√

2�
= C0e

−�

�

Δ�d

s

�2

.

(12)
Cmin = C0e

−�

(

Δ�d

s

)2

⋅MTF
1
w
⋅MTF

2
w
,

Michelson contrast of the stripes C as a function of viewing 
distance:

Grouping terms and dividing the top and bottom by 
(

Lmax + Lmin

)

e−cd gives:

where Lavg is again the average radiance of the combined 
stripes (Cronin et al. 2014). Thus:

The normalized, frequency-dependent MTF of seawater 
has been determined by Ronald et al. (1969) to have the 
form:

where � depends on water type and on the product of 
viewing distance d and the beam attenuation coefficient 
c. For water types examined in this study, where scatter-
ing accounts for roughly half the total attenuation, � is 
approximately:

so

Substituting (9), (15), and (18) into (12) gives:

Inverting both sides and re-arranging gives:

which must be solved numerically. The solution gives the 
relationship between the minimum resolvable angle of the 
viewer Δ� (which again is the inverse of visual acuity) and 
the sighting distance d, allowing one to find the visual acuity 
at which the stripes can be discerned at the greatest distance.

(13)

C(d) =

(

L
max

e−cd + L
h

(

1 − e−cd
))

−
(

L
min

e−cd + L
h

(

1 − e−cd
))

(

L
max

e−cd + L
h

(

1 − e−cd
))

+
(

L
min

e−cd + L
h

(

1 − e−cd
)) .

(14)

C(d) = C0

(

1 +
Lh

Lavg

(

e
cd − 1

)

)−1

= C0

(

1 +
�

5

(

e
cd − 1

)

)−1

,

(15)MTF
1
w
=

(

1 +
�

5

(

e
cd − 1

)

)−1

.

(16)MTF
2
w
= e

−�(cd)
d

s ,

(17)�(cd) =
cd

40
,

(18)MTF
2
w
= e

−
cd2

40s .

(19)1

Δ�
√

2�
= C0e

−�

�

Δ�d

s

�2
�

1 +
�

5

�

e
cd − 1

�

�−1

e
−
cd2

40s .

(20)C0
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�

�

Δ�d

s

�2
�
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�

5

�

e
cd − 1

�

�

e

cd2
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Parameters for model

The background horizontal radiance spectra L
h(�) were 

modeled using commercial radiative transfer software 
(HydroLight 5.1, Sequoia Scientific). The ability of radia-
tive transfer theory to accurately model oceanic radiance 
distributions has been validated by in situ measurements 
of selected radiances and irradiances in multiple studies 
(Mobley et al. 1993; Stramska et al. 2000). The agreement 
between modeled and measured spectral radiances is par-
ticularly good in oceanic waters, which are more easily char-
acterized (reviewed by Mobley 1994).

Two water types were modeled. The first was “average 
ocean,” which was considered to be a modified “Case I” 
model (absorption and scattering dominated by chlorophyll 
and the water itself; Mobley 1994) with a Chl-a concen-
tration of 0.2 mg/m3 at depths of 0–100 m and 0 mg/m3 
at depths > 150 m, with a linear decrease in Chl-a concen-
tration from 0.2 to 0 at depths of 100–150 m. The second 
water type was “productive ocean.” This was also a modified 
“Case I” model, but with a Chl-a concentration of 0.4 mg/
m3 at depths of 0–100 m, 0 mg/m3 at depths > 150 m, with 
a linear decrease in Chl-a concentration from 0.4 to 0 at 
depths of 100–150 m. Average ocean is a proxy for offshore 
region that were not northern polar; “productive ocean” is 
a proxy for coastal/shelf/slope and northern polar regions. 
In both cases, the optical properties at depths > 150 m are 
considered to be dominated by absorption and scattering by 
the water itself.

Underwater radiance distributions were calculated from 
400 to 700 nm at 10-nm intervals and from the surface to 
1000 m depth at 50-m intervals. The sky was assumed to 
be 50% cloudy, the wind at 10 kts, and the sun at 30° eleva-
tion above the horizon—all chosen because they represent 
roughly average daytime values for the open ocean. The sky 
irradiance was calculated using the Radtran model (Gregg 
and Carder 1990), and the sky radiance angular distribu-
tion was calculated using the semi-empirical model given 
in Harrison and Coombes (1988). Both models account for 
atmospheric effects, such as the reddening of the sun as it 
approaches the horizon and are well established. Pure water 
absorption was taken from Pope and Fry (1997), and the 
particle scattering phase function was an average-particle 
phase function based on measurements by Petzold (1977); 
tabulated values are given by Mobley [(Mobley 1994), 
table 3.10]. Chlorophyll fluorescence was calculated from 
chlorophyll-a concentration using a modeled phytoplankton 
absorption spectrum taken from Prieur and Sathyendranath 
(1981) and a fluorescence efficiency of 0.02 that was inde-
pendent of excitation wavelength. Inelastic Raman scattering 
by the water molecules was also included (Gordon 1999).

The parameters for the visual system were as follows. 
The pupil sizes of the species were taken from the litera-
ture as previously described, using lens diameter as a proxy. 
Because temporal resolution has been measured for few oce-
anic teleosts or elasmobranchs, we estimated temporal reso-
lution using a measure of critical flicker frequency (CFF) 
in humans (60 Hz; Mankowska et al 2021) for species with 
depth ranges up to 20 m; then, for each tenfold drop in light 
level, we reduced that starting temporal resolution value by 
10 Hz until a depth of 300 m, where temporal resolution was 
leveled off at 5 Hz (Tyler and Hamer 1990). Ocular trans-
mittance and quantum efficiency were set at typical values 
of � = 0.8, and � = 0.34. We assumed, based on Warrant and 
Locket (2004), that the photoreceptors in the fovea were rods 
and had their peak absorbance at 480 nm, an absorption coef-
ficient of 0.064 � m−1, and outer-segment lengths of 50 � m. 
The first two values are typical for deep-sea vertebrate eyes, 
but the length of photoreceptors is known to vary in deep-
sea species. This and the lack of information about temporal 
resolution specifically in each of the species in our database 
were the two largest sources of uncertainty in parameterizing 
the model. Given the enormous range of photon catch values 
considered in the model, even substantial variation of these 
two factors would have little effect on the overall patterns. 
Additionally, the species in which temporal resolution have 
been measured are in relatively close agreement to those 
derived from our method above [e.g., swordfishes, (Fritsches 
et al. 2005); escolars, (Landgren et al. 2014)]. To account 
for the fact that minimum contrast thresholds in fishes (and 
indeed any animal) have never been measured to be below 
0.005, the model did not allow it to go below this value. 
Of note is that the “optimal” visual acuity that we generate 
with our model is of course only optimal for the parameter 
values described above; however, specific parameter values 
were chosen because they are found in large portions of the 
daytime pelagic ocean, and thus are applicable to the natural 
habitats of a large number of species.

Statistical analyses

To further explore the results of the optical model, we 
examined relationships between acuity, body length, and 
� while controlling for phylogenetic relatedness, in several 
ways. First, we calculated the degree of dependence of each 
variable on phylogenetic history by calculating phylogenetic 
signal, represented by Pagel’s λ (Pagel 1999), using the phy-
losig function of the package phytools (Revell 2012). Pagel’s 
λ ranges from 0 (indicating complete independence between 
phylogeny and the distribution of a trait) to 1 (complete 
covariance between trait distribution and phylogenetic struc-
ture). We then used phylogenetic generalized least squares 
(PGLS) models to examine relationships between acuity 
and � ; body length (represented by total length) and � ; and 
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acuity and body length. In these models, body length and � 
were log10 transformed to improve normality. PGLS models 
were run using the package phylolm (Ho and Ane 2014).

Lastly, we fit a series of PGLS models in which acuity 
was the response variable, and all combinations of � , body 
length, and their interaction were predictors. We ranked 
models using the Akaike Information Criterion corrected 
for small sample sizes (AICc; Akaike 1974; Burnham and 
Anderson 2002), and assigned ΔAICc values by calculating 
the difference between the AICc value of the best-fit model 
(that with the lowest AICc value) and each other model. 
Following Burnham et al. (2011), ΔAICc values were used 
to calculate the relative likelihood for each model i using 
the formula li = exp[− (1/2) Δ i]. We then calculated the 
probability that a given model, wi, was the best model by 
dividing the likelihood of a given model by the sum of the 
likelihoods of all models (Burnham et al. 2011).

Results

Acuity database

From the literature, we obtained data on acuity for 103 spe-
cies of teleosts and elasmobranchs for which depth range 
data were also available (Fig. 3). After excluding those 
in benthic habitats and those for which no lens diameter 
data were available, the database consisted of 97 species 
(Table 1). For each species, we calculated the � parameter 
for its maximum daytime depth, minimum daytime depth, 
and the midpoint of the depth range. However, we excluded 
from analyses any species with a � Max (the � value cal-
culated from its minimum depth from the surface) value 
of < 104 photons per steradian because sighting distances 
under ambient light are essentially zero at such � values. 
Thus, the final comparison with predicted acuity used data 
from 82 species: 64 species of teleost fishes, for which acuity 
(mean ± standard deviation) was 8.1 ± 7.5 cpd, and 18 spe-
cies of elasmobranchs, for which acuity was 5.4 ± 2.5 cpd. 
Minimum daytime depth ranged from 0 to 800  m 
(mean ± standard deviation: 203 ± 206 m), and maximum 
daytime depth ranged from 12 to 2000 m (mean ± standard 
deviation: 580 ± 517 m).

Model results

In the case where the period of the stripes was varied 
from 0.01 to 1.0 m (with the attenuation coefficient of 
the water always remaining at the typical ocean value 
(at 480  nm) of 0.05  m−1) (Fig.  4a, b), the predicted 
optimal acuity depended strongly on stripe period for 
104 < β < 1010 (depth range ~ 150–600  m for viewers 
with 4.3-mm pupils—the median for the database). For 

brighter/shallower and deeper/darker depths, predicted 
optimal acuity was roughly independent of stripe period, 
but strongly dependent on depth. Predicted optimal acuity 
dropped from 1 cpd for β = 104 (depth ≅ 600 m) to 0.1 cpd 
for β = 102 (depth ≅ 1000 m) and reached up to ~ 100 cpd 
for surface β values of ~ 1012. The predicted maximal 
sighting distances that corresponded to these predicted 
optimal acuities also depended strongly on both stripe 
period and depth, ranging from ~ 2 cm for discerning a 
2-cm wide stripe pair at ~ 1000 m depth to 50 m for dis-
cerning a 1-m wide stripe pair at the surface. For β > 1010 
(depth <  ~ 150 m), predicted maximum sighting distance 
was nearly independent of depth but still dependent on 
stripe period.

In the case where the attenuation coefficient of the water 
varied from 0.05 m−1 (typical 480 nm value for the deep sea) 
to 1.0 m−1 (exceedingly turbid near-shore water), with the stripe 
period always remaining at 2 cm (Fig. 4c, d), the predicted opti-
mal acuity also depended on water turbidity for 104 < β < 1010. 
For brighter/shallower and deeper/darker depths, predicted 
optimal acuity was roughly independent of turbidity, but again 
strongly dependent on depth and in the same fashion as seen for 
the stripe period predictions. The predicted maximal sighting 
distances that corresponded to these predicted optimal acui-
ties depended strongly on both turbidity and depth, ranging 
from ~ 3 cm for all water turbidities at ~ 1000 m depth to 8.5 m 
for viewing the 2 cm stripe pattern in the clearest water at the 
surface. For β > 1010 (depth <  ~ 150 m), predicted maximum 
sighting distance was nearly independent of depth but still 
dependent on water turbidity.

Although the large depth range of many of the species 
and the uncertainty about the period of the patterns they 
might be viewing precluded exact comparisons, the meas-
ured acuities of the animals with mid-depth β values greater 
than 104 (daytime depth <  ~ 600 m in clear oceanic waters) 
were typically within a factor of ten of the predicted opti-
mal acuities, with the large majority being with a factor of 
three. The measured acuities of species with mid-depth β 
values greater than 1010 (depth <  ~ 150 m) were all less than 
predicted, while the measured acuities of species with mid-
depth β values less than 104 (depth >  ~ 600 m) were all more 
than predicted. At even greater/darker depths, the measured 
acuity became much greater than predicted, in some cases 
greater than 100 times the predicted value. At epipelagic 
depths (depth < 200 m; β >  ~ 109), the measured acuity in 
oligotrophic waters (21 ± 12 cpd) was greater than that in 
productive waters (6.0 ± 2.9 cpd) (p < 0.005; two-tailed t test 
assuming unequal variances).

To further explore the model results, we then statisti-
cally explored how both phylogenetic relatedness and body 
length related to the � parameter. Correcting for phyloge-
netic relatedness necessitated examining elasmobranchs 
and teleosts separately. However, given low sample sizes 
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Fig. 3   Reported visual acuity 
in cycles per degree in the 103 
species for which we gathered 
acuity data from the literature, 
including A 81 species of 
teleost fishes and B 22 species 
of elasmobranchs. The tree in A 
was pruned from the Fish Tree 
of Life Project’s RAxML phy-
logram (Rabosky et al. 2018), 
and the tree in B was generated 
using a consensus tree derived 
from 100 phylogeny subsets 
from VertLife.org (Stein et al. 
2018)
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for elasmobranchs, statistical analyses were not meaningful; 
therefore, although we visually present the data for elas-
mobranchs alongside those for teleosts (Fig. 5), statistical 
analyses were performed only on data for teleost fishes.

First, we found significant phylogenetic signal, as repre-
sented by Pagel’s λ, in both acuity (λ = 0.23, p = 0.005) and 
body length (λ = 0.43, p = 0.0001), but not in � (λ = 0.02, 
p = 0.77). Thus, both acuity and body length significantly 
covary with phylogenetic structure, but � (and thus depth) 
does not.

Phylogenetically corrected (PGLS) models showed that 
� is a significant predictor of acuity (p < 0.0001; Fig. 5A). 
We also found that � is a significant predictor of body length 
(p = 0.01; Fig. 5B); thus, as depth increases (and thus � 
gets smaller), fish body lengths get smaller as well. This 
likely arose not because of a real-world trend of decreasing 

body lengths with depth (across all species), but rather as 
a result of sampling bias given the challenge of capturing 
large deep-sea organisms. Lastly, PGLS models showed that 
body length is a significant predictor of acuity (p < 0.0001; 
Fig. 5C), as expected given known correlations between acu-
ity and eye size, and in turn tight correlations between eye 
size and body length, in fishes. Interestingly, visually exam-
ining the data for elasmobranchs alongside teleost fishes 
(Fig. 5) showed that for a given body length, sharks have 
much lower acuity than do teleost fishes.

Lastly, we built a PGLS model in which acuity was pre-
dicted by body length, � , and their interaction. AIC-based 
model selection (Table 2) showed that the best-fit model 
included all three of these terms as co-predictors; support 
for this best-fit model, as indicated by model probability, 
was high (w = 0.93). The next best-fit model included both 
� and length as co-predictors, but was a substantially worse 
fit for the data than the best model, with a ΔAIC of 5.62 and 
a model probability of only 0.06. Importantly, models with 

Fig. 4   Measured acuities (points with horizontal black and gray 
lines) and model predictions (smooth curved lines) across variation 
in � (photon catch by one RGC per steradian) (A, C), and sighting 
distances for predicted optimal acuity across variation in � (B, D), 
for different spatial periods (in meters) of the target stripes being 
viewed (A, B), or for different attenuation coefficients c of the water 
(C, D). For (A, B), stripe contrast was 0.6 (80% and 20% reflective 
white and black stripes, respectively) and the attenuation coefficient c 
was 0.05 m−1, and for (C, D), stripe contrast was again 0.6 and stripe 

period was 2 cm. Point and line shading show species that do (light 
gray) and do not (dark gray) live in or under productive coastal or 
northern polar water, and secondary axes translate � into depth values 
for each water type assuming the median pupil diameter of the ani-
mals sampled (4.3 mm) and an integration time of 0.25 s. Points rep-
resent the � value resulting from the midpoint of a species’ daytime 
depth range, with the horizontal lines extending between the � values 
calculated from minimum and maximum depth. Triangles represent 
teleost fishes, circles represent elasmobranchs
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any combination of our parameters were a better fit than a 
null model (Table 2).

Discussion

Here, we built a visual/optical model that predicted the 
optimal acuity (for a set of parameters that represent the 
daytime clear, open-ocean waters that cover a large part of 
our planet’s surface) for resolving patterned stimuli and 
compared it with a database of actual acuities measured 
using anatomical parameters in teleost fishes and elasmo-
branchs. We found that the actual visual acuity of epipe-
lagic and upper mesopelagic species was fairly well pre-
dicted by our model of optimal acuity, but that species 
living in the deeper mesopelagic (> 600 m depth) had far 
higher acuities than predicted.

These results are consistent with the prediction that 
animals found at epipelagic and upper mesopelagic day-
time depths have visual acuity optimized for resolving 
patterns, while species found in the mid-meso-to-bathy-
pelagic have vision optimized for best locating point 
sources, types of visual specialization that align with the 
types of visual scenes that animals in each depth range 
view (Warrant 2000; Warrant and Locket 2004). At depths 
shallower than about 600 m, visual scenes are extended, 
and animals may use their visual systems during the day 
to resolve a variety of objects, whereas at daytime depths 
greater than 600 m (and at shallower depths at night), 
animals operate in a visual world that consists primarily 
of bioluminescent point sources. This is consistent with 
prior research showing that eyes in the deep sea have 
high acuity in specific parts of the visual field (Wagner 
et al. 1998), and that these sharp foveae can help animals 

localize point sources at ecologically relevant distances 
(Warrant 2000).

Overall, the results suggest that the visual acuity of 
fishes is depth dependent and under selection for detect-
ing either patterns or point sources, even after correcting 
for the fact that sampling bias leads to smaller animals 
(and thus lower acuities) at deeper depth. Selection for 
detecting and localizing point sources should be strong in 
deep-sea fishes, because bioluminescent flashes are often 
indicative of resources, which are rare in the deep sea. 
Missing a flash could mean failing to take advantage of a 
potential food item or losing out on a mating opportunity 
(Warrant 2000).

Interestingly, the highest acuities observed in this study 
were not found in deep-dwelling fishes, but were from epipe-
lagic species, specifically large predatory open-water species 
(mahi-mahi Coryphaena hippurus, sailfish Istiophorus albi-
cans, marlin Kajikia albida, wahoo Acanthocybium solandri, 
and the tunas Katsuwonus pelamis and Thunnus albacares). 
Thus, it may be that some selective forces present in the 
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Table 2   Summary of predictor combinations of variables fitted to 
phylogenetic generalized least squares models of acuity and resultant 
Akaike Information Criterion (AICc) scores

*Indicates an interaction term

Model AICc ΔAICc Model weight

� + length + �*length 402.0 0 0.93
� + length 407.5 5.51 0.06
Length 410.3 8.33 0.01
� 419.1 17.1 0.00
Null model 431.3 29.4 0.00
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open-ocean euphotic zone, for example selection pressures 
associated with high energy demand in an extremely patchy 
prey environment, can drive acuity to be the highest known 
in fishes (Caves et al. 2017), even higher than is necessary 
in the deep sea for localizing point sources.

Limitations of the acuity database and model

One limitation of this study is that, to maximize the avail-
able sample size for sparsely sampled deep-sea species, we 
used acuity that had been measured using either the density 
of the photoreceptors or the density of the RGCs, which 
do not always yield identical estimates of acuity. At least 
in teleost fishes, however, since foveae are specializations 
for high acuity, it is reasonable to assume that the ratio of 
cone photoreceptors to RGCs is 1:1 at the foveal center (e.g., 
Fritsch et al. 2017), and since papers that report acuity do so 
by calculating it from the area of highest density (the fovea), 
these methods likely yield similar estimates in a given spe-
cies. Of note, however, is that foveae have been reported 
in deep-sea teleosts, but not elasmobranchs (Warrant and 
Locket 2004). Additionally, we also included measures of 
acuity generated using lens optical quality. Although studies 
of shallow-water fishes have sometimes found optical lens 
quality to overestimate acuity (e.g., Charman and Tucker 
1973), one study of acuity in pelagic fishes found that the 
resolving power of the lens is a relatively good match for 
the resolution provided by the retina (Gagnon et al. 2013).

Additionally, channel density (whether photoreceptor 
or RGC) can vary widely across different parts of the eye, 
meaning that parts of the visual field can be perceived more 
sharply than others (Warrant and Locket 2004). However, 
in the vast majority of acuity studies, the highest recorded 
acuity from anywhere in the eye is reported as the acuity for 
a species, and variation within an eye or across individuals 
is ignored. In line with this, in our analysis, we used a single 
value for each species. Thus, open questions remain regard-
ing precisely how acuity is optimized at various depths, 
in terms of whether large portions of the visual field, or 
only select portions, can change to resolve patterns or point 
sources as light levels drop.

As previously stated, two limitations of the model are: 
(1) that the temporal resolution of oceanic teleosts and 
elasmobranchs at the relevant light levels has seldom been 
measured, and (2) the rod-outer-segment lengths of these 
same animals are also poorly known. Fritsches et al. (2005) 
measured the flicker-fusion frequency (inverse of Δt) of the 
swordfish (Xiphias gladius) and found that it dropped in a 
log-linear fashion from 40 Hz at 100 m to 2 Hz at 500 m in 
clear oceanic waters. Landgren et al. (2014) found a similar 
log-linear drop in flicker-fusion frequency with depth in the 
deep-sea escolar (Lepidocybium flavobrunneum), dropping 
from 10 Hz at the surface to 2 Hz at 500 m. The temporal 

resolutions modeled in this paper are in the same range and 
follow the same log-linear relationship between light level 
and flicker-fusion frequency. Regarding limitation (2), we 
used a rod-outer-segment length of 50 μm. Although some 
deep-sea fishes have longer rod outer segments, a 50 μm 
length already results in 96% absorption of incident light at 
the dominant wavelengths of deep-sea light (480–490 nm). 
Thus, ignorance of the rod-outer-segment lengths likely had 
little effect on the predictions of the model, since a longer 
outer-segment length (as found in some deep-sea fishes) 
would not increase absorption by much.

A larger issue is that many of the species sampled had 
large daytime depth ranges that resulted in enormous vari-
ation in light level. Published depth ranges of oceanic spe-
cies, because they often run from the deepest specimen ever 
sampled to the shallowest without noting the typical ranges 
at where the animals are found, tend to overestimate depth 
range and thus range of daytime light levels. We used “typi-
cal depth ranges” when known, but this was only possible 
for 1/3 of the species. Additionally, although we focused on 
daytime depth ranges, some fishes vertically migrate, and 
how nighttime depth ranges relate to visual function should 
be investigated in a future study. In general, however, night-
time depth ranges are much less often reported than daytime 
depth ranges.

A final limitation is the fact that sampling bias has lim-
ited the collection of fishes to smaller species at depth. For 
various reasons, it is challenging to catch large deep-sea spe-
cies. Because acuity is known to be tightly correlated to eye 
size and thus body length (Caves et al. 2017), it could be 
that the drop in acuity with depth seen here is entirely due 
to the smaller sizes of collected deep-sea species. It is for 
this reason that we examined how well models including � 
and body length fit our acuity data, using established and 
formal model selection techniques. These methods showed 
that the best model was one in which acuity in these spe-
cies depended on both depth and body length (and their 
interaction).

Conclusion

In conclusion, the acuity of the teleost fishes sampled 
depended on depth, even when the relationship between 
fish size and depth was accounted for. It decreased with 
depth—roughly matching a visual detection range model—
until a depth of approximately 600 m, at which point acuity 
did not decrease further. At depths below this point, acuity 
rapidly became much higher than predicted by the visual 
detection range model, suggesting that acuity was not spe-
cialized for seeing patterns under ambient light, but instead 
for localizing the point sources of bioluminescence that are 
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the predominant form of light at this depth. Extending this 
work further will require not only more species, but also 
tighter daytime depth range values.
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