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Abstract

Eye loss has been a long-standing interest in evolutionary biology. Many organisms that inhabit environments
without light penetration, for example the deep sea, exhibit eye loss and thus become blind. However, water-
depth distribution of eyes in marine organisms is poorly understood. Ostracods are widely distributed crustaceans,
and many sighted marine ostracods have eye tubercles (lenses) on their shells. Since eye tubercles are visible on
the shells illustrated in much literature, it is easy to determine their presence or absence via a literature survey.
Here, we used a large Arctic-wide ostracod census dataset (Arctic Ostracode Database) to calculate the eye index
(the percentage of species with eyes), and compare them with water depth and light availability. As water depth
increases, eye index values decrease and become constantly zero in water deeper than 1000 m. Similar decline of
sighted species with increasing depth is also known in isopods and amphipods, suggesting that it may be common
in other crustaceans and perhaps in deep-sea organisms in general. We also show that eye index values increase as
light availability increases. This study is the first to quantify how distributions of sighted and blind species change

with light availability, giving baseline information on vision in the deep sea.

The evolutionary reduction or loss of eyes is a well-
known feature of metazoans adapted to low-light or
aphotic environments such as caves and the deep ocean
floor (Raupach et al. 2009; Porter and Sumner-
Rooney 2018). In the permanent absence of available
light, eye loss is considered to be an adaptation driven by
directional selective pressure resulting from the altered
balance in the trade-off between the benefits and energy

*Correspondence: alex1999@connect.hku.hk; moriakiyasuhara@gmail.com;
yasuhara@hku.hk

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Author Contribution Statement: ).Z. and M.Y. designed the research.
J.Z., C.-LW., MY,, LG, D.J.H.,, TM.C, S.Y.T., and K.K.T.A. performed the
research. J.Z., C.-L.W., and M.Y. analyzed the data. .Z., M.Y., D.J.H., C.-L.
W., and P.F. wrote the paper with intellectual contributions from all
authors.

J.Z., M.Y., and C.-L.W. contributed equally to this study.

expenditure of eyes in an organism (Niven and Laugh-
lin 2008; Sumner-Rooney et al. 2016). Theoretical consider-
ations suggest that, in marine organisms, selective pressure
might increase eye efficiency with decreasing light availability
(with increasing water depth) up to a threshold of very low
or no light, beyond which the selective pressure would be
reversed in favor of eye reduction and loss. However, only a
few studies have investigated how sighted and blind organ-
isms are distributed along oceanic light availability gradients.
A pioneering study using a large dataset of benthic marine
isopod distribution (Menzies et al. 1968) demonstrated that
the percentage of blind taxa increases with increasing water
depth (although eye-bearing species still occur at depths well
below the limits of visible light penetration) and also varies
with latitude (poleward emergence of blind abyssal genera
into shallow water). A similar strong correlation between
blindness and depth has been recognized in marine amphi-
pods (Thurston and Bett 1993) and gastropods (Williams
et al. 2022).
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Reviewing major evolutionary drivers of eye loss, Sumner-
Rooney (2018) highlighted the future research importance of
comparisons among multiple habitats but considered the
identification of candidate systems (i.e., taxa) for study to be a
major obstacle, observing that relatively few taxonomic
groups have made both shallow to deep water and surface to
subterranean habitat transitions in multiple lineages. Ostracod
crustaceans are one such group, with the added benefit of a
rich fossil record (see, e.g., Benson 1984; Danielopol
et al. 1996; Syme and Oakley 2012), to address the research
question how sighted and blind organisms are distributed
along large-scale gradients of water depth and, thus, oceanic
light availability from shallow-marine continental shelf to
deep sea.

Podocopid ostracod eyes are examples of crustacean
“naupliar eyes” that typically comprise three ocellj, i.e., two
lateral ocelli and a median ventral ocellus lying between them,
that are situated close to the front of the dorsal region
(Tanaka 2005, 2006; Kaji and Tsukagoshi 2010). Eye tubercles
are externally visible semi-globular structures of the calcareous
shell, one in each of the two valves, situated over and forming
a lens that focuses light onto the underlying lateral ocelli, and
often associated with internal ocular sinuses in the inner sur-
faces of the valves (Tanaka 2005, 2006). Naupliar eyes are gen-
erally incapable of forming images but in at least one
podocopid ostracod, a species of the freshwater cypridoidean
genus Notodromas, the arrangement of a lens and a concave
mirror in each ocellus enables a focused image in the retina
(Anderson and Nilsson 1981); with current knowledge we can
only speculate as to whether other podocopid ostracods have
this ability, although it is noteworthy that many podocopids
have cuticular lenses in the form of eye tubercles on the cal-
careous valves that must at least enhance the light-gathering
ability of the lateral ocelli. The presence of eye tubercles,
which being part of the calcareous valves are observable in fos-
sil as well as living ostracods, may be considered to be a good
indication that the ostracod possessing them is or was sighted.
It is, at least, reasonable to assume that podocopid ostracod
eyes are essentially light-detectors that are useful for orienta-
tion and perhaps the detection and avoidance of predators.
The aforementioned Notodromas is a neuston-feeder that can
be observed swimming inverted at the water-air interface
(Smith and Kamiya 2014), a vulnerable location in which it is
silhouetted against the daylight, but in which orientation its
eyes are well positioned to detect predators approaching from
beneath (D. ]J. Horne pers. observ. in microaquaria). We know
of no evidence that podocopid eyes are used for more complex
purposes such as locating prey or potential mates.

A pioneering study on marine podocopids is Benson'’s (1975)
showing bathymetric distribution of “relative blindness among
potentially sighted species.” His result showed that the percent-
age of blind species increases with increasing water depth
(Benson 1975), consistent with the isopod trend mentioned
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above (Menzies et al. 1968). The result also showed that “almost
all species become blind in depths greater than 600 to
800 meters” (Benson 1975, text-fig. 23). However, any further
methodological, sample, or locality details were not given in his
study, including definition of blind and “potentially sighted”
species, a list of “blind” and “sighted” species, and data treat-
ment. Benson (1976, 1984) also discussed this topic but briefly
without data. Nonetheless, studies on marine ostracod distribu-
tions tend to be based on calcareous shells instead of soft-body
anatomy; these studies on ostracod vision are likely based on the
presence/absence of eye tubercles. We tend to lack soft-
anatomy-based information on the ostracod eye, except for a
few detailed studies (e.g., Tanaka 2005, 2006) discussed below.

It is well known that deep-sea ostracods tend to be blind,
assuming that the lack of eye tubercles means blind. For
example, Benson (1984) reported that, among over 5000
Cretaceous and Paleocene ostracod specimens examined in
the deep South Atlantic Ocean, none was found with eye
tubercles. He listed the ostracod genera Atlanticythere,
Palaeoabyssocythereis, Phacorhabdotus, and Cytherella and stated
that all were blind. Yasuhara et al. (2015) depicted many
deep-sea ostracod species without eye tubercles, using
scanning electron microscopy.

An uncertainty is the existence of ostracod species with
eyes but no easily recognizable ocular structure (e.g., eye
tubercles) in their shells. Based on meticulous studies on
podocopid ostracod eyes and related optical structures of
calcareous shells, Tanaka (2005, 2006) found such species
in families Bairdiidae, Candonidae, Darwinulidae, Para-
doxostomatidae, and Bythocytheridae. Species of these
families in general are likely sighted, but lack eye tubercles.
Platycopids Cytherella and Keijcyoidea are also genera with-
out eye tubercles but of which at least some shallow-water
species are known to be sighted (Miiller 1894; Tsukagoshi
et al. 2006; Okada et al. 2008), but it remains possible
(though difficult to verify) that deep-water species of Cytherella
may be blind. Despite such uncertainty, it is well-established on
the basis of living examples that ornamented ostracods of certain
families (particularly the Hemicytheridae and Trachyleberididae)
commonly have eyes and prominent eye tubercles in shallow-
marine species (Tanaka 2005, 2006). In contrast, most deep-sea
species lack eye tubercles, not only in these ornamented families
(Yasuhara et al. 2015) but also in general (e.g., Yasuhara
et al. 2009, 2021; Alvarez Zarikian 2015), indicating their blind-
ness there. Thus, the presence/absence of eye tubercles can be
used as an approximate proxy for sightedness/blindness.

Assuming that light availability is a key influence on the
distribution of sighted and blind ostracods, the factors that deter-
mine light availability on the ocean floor must be considered.
Studies of ostracod “depth-eyes” gradients have considered the
primary factor to be light attenuation in water, which increases
with depth and may also be influenced by suspended sediment
in nearshore areas, or phytoplankton density in high-
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productivity areas. According to Benson (1984, p. 121), the
size (and possibly the clarity) of the eye tubercle “in general
varies directly with the amount of light and therefore is
water-mass turbidity and depth dependent”. Considering
the dimmest light levels likely to be detectable by ostracod
eyes, Kontrovitz and Myers (1988) concluded that, in
coastal waters, the limits of vision would be at depths from
28 to 85 m (depending on attenuation by turbidity), but as
deep as 280 m in the clearest ocean water; however, their
calculations appear to have been based on an assumption of
the sun being more or less vertically above the ocean
(i.e., as in tropical waters). Since they took no account of
latitudinal variation, these values can probably be regarded
as maxima and applicable only to low latitudes; it is note-
worthy that even these estimated maximum possible depths
are only (approximately) a half to a third of the depths at
which Benson (1984) found that eye tubercles
“disappeared.”

Here we present the results of a study of marine benthic
ostracods, which offer excellent potential for exploring pre-
sent and past distributions along a “depth-eyes” gradient,
because their calcified bivalved shells are readily preserved and
can be extracted in abundance from surface sediment and core
samples, and the shells of many sighted species display dis-
tinctive eye tubercles. We used a large census dataset of Arctic
and Subarctic ostracods (Gemery et al. 2017; Cronin
et al. 2021) to understand how the proportion of ostracod spe-
cies with eye tubercles varies with depth and light penetra-
tion, and if ostracod “depth-eyes” gradients are consistent
with those of other marine benthos such as isopods and

amphipods, providing baseline information on
macroecological-scale distribution of vision in the ocean.
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Materials and methods

We used the Arctic Ostracode Database, which compiles
the ostracod occurrence data of 96 taxa (mostly species with a
few genus-level entries as “spp.”) (47 genera) in 1574 surface
sediment samples collected from 1933 to 2018, and covers the
Beaufort Sea, Siberian Sea, Kara Sea, Laptev Sea, Chukchi Sea,
Baffin Bay, Greenland Sea, and Barents Sea, and some adjacent
subpolar regions (Gemery et al. 2017; Cronin et al. 2021).
Among all species, Acetabulastoma arcticum is discarded since
it lives in a sea ice habitat and cannot be regarded as a benthic
species (Cronin et al. 2010). Hence, only 95 taxa are included
in our analyses. They are all benthic podocopid ostracods,
except a benthic myodocopid taxon Polycope spp. that does
not have eye tubercles. Of 1574 sites, 11 sites are excluded due
to lack of water depth information, and 802 sites are excluded
due to their small sample size (<50 specimens). The
remaining 761 sites are used for data analysis (Fig. 1). We
coded the presence/absence of eye tubercles for each species
in the Arctic Ostracode Database by checking literature show-
ing scanning electron microscope images, primarily Gemery
et al. (2017) supplemented by Neale and Howe (1975), Benson
et al. (1983), Penney (1993), Freiwald and Mostafawi (1998),
Mackiewicz (2006), Schornikov and Zenina (2006), Stepanova
(2006), and Yasuhara et al. (2014, 2015). We quantified ostra-
cods with eye tubercles per sample using an “eye index” at
species level. The eye index is the relative number of eyed spe-
cies (i.e., number of eyed species divided by total number of
species). For the purposes of this study, “eyed species” means
species with eye tubercles.

We calculated the vertical transmittance of solar radiation
in the visible domain, Ty;s (2), using algorithms developed by
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Fig. 1. Distribution map showing the location and eye index of each sample (a) and regional division of the Arctic Ostracode Database (b) in the Arctic
Ocean. All analyses were performed using R Statistical Software (v4.0.3; R Core Team 2020). Water depth data and polar map were obtained from the
Norwegian Polar Institute via the PlotSvalbard R package (v0.9.2; Mikko 2020). Plotting of data points relies on the ggplot2 R package (v3.4.2;

Wickham 2016).
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Lee et al. (2005). In short, the vertical transmittance T (2) is
the ratio downwelling solar radiation (for wavelengths in the
range of 350-700 nm) at depth (z), thus determining the rela-
tive light availability in the visible domain. The vertical trans-
mittance Ty (2) is a negative exponential function of the
attenuation coefficient (K;s) for the downwelling solar radia-
tion multiplied by the water depth. The attenuation coeffi-
cient K,j; was then estimated as a function of solar zenith
angle and water’s total absorption and particulate backscatter,
derived from observations of ocean color. The detailed algo-
rithms of the calculations and complete parameters are found
in Lee et al. (2005). We then calculated the light availability
(= the photosynthetically available radiation at depth, PAR
(2)), by multiplying the photosynthetically available radiation
at the surface with the vertical transmittance Ty (z) at the
sampling depth. The 4-km resolution, gridded total absorption
at 488 nm (a488), backscatter at 488 nm (bb488), and photo-
synthetically available radiation from the MODIS Aqua entire
mission composite climatology (averaging from 04 July 2002
to 30 September 2022) were downloaded from the NASA
OceanColor Web L3 browser (https://oceancolor.gsfc.nasa.
gov/13/order/). The gridded absorbance and backscatter values
at 488 nm were then extracted by sampling coordinates. For
the coordinate outside of the grid coverages, we extracted the
mean value from the surrounding grids within a 100-km
radius buffer. The remaining coordinates not covered by the
spatial grids or 100-km buffers are mostly under the perma-
nent sea ice (between 84.3°N and 89.98°N); therefore, their
vertical transmittance Ty;s (2) is set to zero before analyses. We
used generalized linear mixed-effect model (GLMM) with
binomial distribution to fit a fixed factor, including water
depth, vertical transmittance Ty;s (z), photosynthetically avail-
able radiation at depth PAR (z), or latitude, to the eye index.
The random factor of GLMMSs used eight levels of ocean
regions, including Beaufort Sea, Siberian Sea, Kara Sea, Laptev
Sea, Chukchi Sea, Baffin Bay, Greenland Sea, and Barents Sea,
to account for potential spatial autocorrelation. The data and
codes to reproduce the figures and analyses are available in
Zenodo open data repository (Zhang et al. 2024).

Results

Among 95 taxa in total, 21 from 11 genera have eye tuber-
cles: Acanthocythereis, Baffinicythere, Elofsonella, Finmarchinella,
Hemicythere, Loxoconcha, Patagonacythere, Rabilimis, Roundstonia,
Schizocythere, and Thaerocythere. The majority of species with
eye tubercles are from the families Hemicytheridae and
Trachyleberididae, while those lacking eye tubercles are mainly
from the family Cytherideidae (Fig. 2). The result shows that
high eye index values mainly appear in lower latitude coastal
areas, especially in Baffin Bay (Fig. 1). Ostracod eye index values
exponentially decrease as the water depth increases. The eye
index values decrease rapidly in the top 200 m and become
almost constantly zero after the water depth exceeds 1000 m;
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Fig. 2. Stacked bar chart showing species richness of ostracod families
from the Arctic Ostracode Database with (left) and without (right) eye
tubercles.

however, the relationship is noisy (Fig. 3). Although there are
certain regional variations, in many regions such as Chukchi
Sea, Baffin Bay, Greenland Sea, Barents Sea, and Kara Sea, high
eye index values are concentrated in the top 200 m water depth
(Fig. 4). In shallow depths (< ~ 100 m), the eye index values
have large variation from O to ~ 0.8 (Fig. 3). Similarly, the eye
index values significantly and exponentially decrease with
decreasing light availability (PAR (z)) (Figs. 5, 6). The eye index
also declines significantly with increasing latitudes (Fig. 7). Sim-
ilar to the relationship between the eye index and water depth,
these relationships are noisy with substantial regional variations
(Figs. 3, 4, 6, 7). Especially in the range where the photosyn-
thetically available radiation at depth (PAR (2)) is > 1, eye index
varies from O to 0.8 (Fig. 6).

Discussion

We found a general pattern that ostracods with eye tuber-
cles (i.e., eye index values) decrease with increasing water
depth: it was still high in depths between ~ 100 and 200 m,
and very low in depths deeper than 1000 m (Fig. 3). Results of
this study support Benson'’s suggestion that complete loss of
eye tubercles occurs at depths between ~ 600 and 800 m
(Benson 1975). This depth range for eye loss is similar to those
found in gastropods, isopods, and amphipods (Menzies
et al. 1968; Thurston and Bett 1993; Williams et al. 2022). In
our study, the eye index decreases as water depth increases,
and a rapid change occurs at ~ 200 m, which is very similar to
Menzies and others’ result for isopods in polar regions
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Fig. 3. Bathymetric distribution of eye index values in the Arctic Ocean. (a) The entire depth range, and (b) the samples from the top 500 m. Blue
lines show significant relationships with 95% confidence intervals (shaded areas) based on the GLMM with binomial distribution. Red symbols and

dashed lines show the isopod eye index from Menzies et al. (1968).

(Menzies et al. 1968; Fig. 3). While it is less clear in the GLMM
curve, very high Eye Index values are concentrated in the top
200 m depths (Figs. 3, 4). This depth of change to ostracods
without eye tubercles is very close to the physical limitation
of vision with sunlight in podocopid Ostracoda, which is
280 m at a maximum (Kontrovitz and Myers 1988). This com-
mon trend among different groups of crustaceans makes
sense, because light intensity is known to decline with increas-
ing water depth to create an aphotic zone in marine environ-
ments deeper than 1000 m, which exceeds the threshold of
vision for daylight (Denton 1990). The relatively few outlying
records at greater depths (Figs. 3, 4) could represent taxa that
only moved to deeper water relatively recently (many genera-
tions would be necessary for eye tubercle loss). A possible
example of the transition to eye loss can be found in the
podocopid genus Eucytherura, the type species of which
(Eucytherura complexa [Brady, 1867]) appears to live at depths
as shallow as 27 m and has distinct eye tubercles. The remark-
ably similar Eucytherura delineata Whatley and Eynon 1996
has closely similar valve morphology except for its eye tuber-
cles which exist but are covered by reticulate ornament and
presumably nonfunctional, and this species has been recorded
at depths from 651 to 1090 m in the Greenland Sea (Whatley
et al. 1996); however, further investigation would be prema-
ture until taxonomic revisions of Eucytherura species
(e.g., Horne and Lord in press) have progressed. It is unlikely
that there are any bioluminescent podocopid ostracods. But,
the possibility that bioluminescence of other deep-sea organ-
isms (Warrant and Locket 2004; Birk et al. 2018; Martini
et al. 2019) affects twilight-zone or deep-sea ostracods cannot
be excluded, while there is no such evidence known so far.
We also compared eye index values directly to the light

availability data (PAR (2)), finding significantly more ostracod
species with eye tubercles in higher light availability (PAR (z))
sites (Fig. 6; Table 1). The eye index values show a latitudinal
gradient with higher values in lower latitudes (Figs. 1, 7),
which can be partly explained by depth and light penetration,
as the high central Arctic Ocean consists of deep basins and is
covered by sea ice most of the year.

A noisy relationship between the eye index and depth and
light availability (Figs. 3, 6) could have various reasons. Highly
variable eye index values even in very shallow depths of
almost zero could, at least in part, be because of the presence
of sighted but eye-tubercle-less species that are known to be
common (Tanaka 2005). We speculate that variable contribu-
tions of blind ostracods or those lacking eye tubercles in very
shallow water can reflect variable relative abundance of infau-
nal vs. epifaunal taxa, for example, depending on substrate
types, assuming less need of eyes in infaunal taxa. Another
factor for highly variable light penetration in very shallow
waters is spatiotemporally changing turbidity along the coast
due to input of suspension through rivers and highly turbu-
lent waters bringing additional sediment into suspension. The
input of nutrients into the water column triggers higher
plankton productivity as well in coastal proximity, thus fur-
ther diminishing light penetration to the bottom.

In our study, there are seven sample sites with >0 eye index
values located in water deeper than 1000 m, while their eye
index values are low (Fig. 3). These nonzero eye index values
in deeper depths are likely because of down-slope transporta-
tion of eyed-species shells. Most specimens recorded in the
Arctic Ostracode Database are dead shells, which could be
influenced by postmortem down-slope transportation and/or
ice rafting by sea ice and icebergs. The shells at such sites are a
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to show the regional difference of eye index values in shallow water among the various Arctic Ocean coastal seas.
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binomial distribution.

combination of a small number of eye tubercle-bearing species
and a large number of eyeless species. Eye tubercle-bearing
species in those samples include Muellerina abyssicola, Rabilimis
mirabilis, Rabilimis septentrionalis, Roundstonia globulifera, and
Thaerocythere crenulata. They are primarily shallow-marine
species and the abundance of these species is much higher in
the shallow continental shelf /slope regions than in the deep

sea (e.g., Zhang et al. 2022), suggesting that these shells are
mainly transported down slope or ice-rafted postmortem.

The regional plots show the eye index peak in mid depths
(~ 50 m), for example, in Chukchi, Kara, and Laptev Seas
(Fig. 4). This could be explained, perhaps, from a functional
perspective: as an external structure of the nauplius eye, the
eye tubercle acts as a lens and strengthens sunlight passing
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Table 1. GLMMs with binomial distribution on the eye index.
The GLMMs were conducted using water depth, photosyntheti-
cally available radiation at depth (PAR (2)), or latitude as a fixed
factor. Ocean regions (Fig. 1b) were used as the random factor in
all three GLMM:s.

Estimate Std. error z-value p-value
(Intercept) —2.000 0.614 —3.254 0.0011
Depth —-0.153 0.062 —2.458 0.0140
(Intercept) —6.203 0.807 —7.687 0.0000
PAR (2) 0.361 0.075 4.840 0.0000
(Intercept) 8.622 4.254 2.027 0.0427
Latitude —0.194 0.065 —3.006 0.0026

through, so as light availability is adequate near the surface, a
lens that further amplifies light for the eye is unnecessary.
Although we are not sure if this could explain completely the
appearance of low eye index values and species without eye
tubercles in very shallow water depths, it is supported by evi-
dence that relative eye tubercle sizes of modern podocopid
ostracods increase as water depth increases from O to about
60 m and then decrease in deeper regions (i.e., ostracod eye
sensitivity [= tubercle sizes] increases to compensate decreas-
ing light availability until certain threshold) (Tanaka
et al. 2009). High eye index variability of almost zero light
availability (PAR (z)) sites (Fig. 6) could be explained by both
the above-discussed postmortem transport and the necessity
of vision enhancement in the twilight zone. Indeed, the light
availability (PAR (z)) values are already very low in depths
>20 m (Fig. 8), supporting the idea of the vision enhance-
ment necessity. Another issue is that the photosynthetically
available radiation at depth (PAR (z)) cannot be accurately esti-
mated below the well-mixed surface layer, as the vertical dis-
tribution of optical properties cannot be measured by satellite
sensors (Lee et al. 2005). Nevertheless, despite the question-
able accuracy of the absolute photosynthetically available
radiation at depth (PAR (z)) values, they still indicate relative
light conditions at depth. Similarly, it is difficult to estimate
the photosynthetically available radiation at depth (PAR (z))
for permanently sea-ice-covered sites. However, permanently
ice-covered sites are mostly in deep basins where eye index
values are mostly zero (Fig. 1) and, thus, may not affect our
results.

Our computation on the eye index assumes that the pres-
ence/absence of eye tubercles in a species illustrated in the
literature is representative of all records of that species in the
Arctic Ostracode Database. This assumption is necessary for us
to apply data from the Arctic Ostracode Database and other
similar census databases in the future when specimens are not
available. The usage of species as a unit, rather than specimen,
leads to a potential risk if individuals of a given species have
eyes (eye tubercles) in shallow water but not in the deep sea.
However, there is no such case so far reported, while there is

Bathymetric distribution of eyes

no doubt that the relative size of the eye tubercle varies with
the depth of the water and most, if not all, such cases known
are interspecific (see Benson 1975, 1976; Tanaka et al. 2009).
Similarly, we assume that the presence/absence of eye tuber-
cles determined for a species represents 100% of specimens of
that species in any given sample. Again, we have no evidence
against this assumption, but it could be checked in a future
study by examining even just a few assemblages containing
multiple specimens of certain species (the higher the num-
ber, the more reliable the result), counting those with and
those without eye tubercles, particularly at depths across the
600-800 m depth range proposed by Benson (1975) as being
where eye tubercles disappear. It is also necessary to confirm
that the eye tubercles in both left and right valves of individ-
uals of a given species are equally developed; however, it is
usual to see symmetric eye tubercle development in both
valves (e.g., see scanning electron microscopic images in
Yasuhara and Irizuki 2001) and there is no strong asymmet-
ric case (e.g., eye tubercle present in right valve but absent in
left valve) as far as we know. In addition, an important
caveat is that, as mentioned in the introduction section, the
presence of eye tubercles means sighted for sure, but absence
of eye tubercles does not necessarily mean blind. Species
without eye tubercles could still have eyes in their soft body.
So, our eye index reconstruction could be underestimated
(as it is lower than that of isopods; Fig. 3), since shallow
depths could have sighted species without eye tubercle.
Nonetheless, we believe that our eye-tubercle-based study is
the best practical approach with the advantage of utilizing a
large existing census dataset, allowing it to cover large spatial
and bathymetrical ranges with a large sample size, and pro-
viding a good approximation, given the current limitation of
available data and biological knowledge on ostracod eyes and
vision.

The depth of visible light penetration in the ocean varies
with latitude and seasonally, being deeper in low latitudes and
shallower in polar waters (Menzies et al. 1968; Thurston and
Bett 1993). The daily maximum angle of incidence of sunlight
on the water surface varies with latitude and season; at high
latitudes more sunlight is reflected by the ocean surface than
at low latitudes, so that less light penetrates the water.
Another important factor at high latitudes is the attenuation
of light by seasonal or perennial sea ice (Laney et al. 2017).
The influence of prolonged winter darkness in polar regions
is also likely to be significant. However, it must be borne in
mind that depth distributions may also be explicable in
terms of other environmental factors, key among which is
water temperature; the apparent correlation of the poleward
emergent distributions of abyssal isopod genera with light
penetration depth may be coincidental and their occurrences
better explained by their adaptation to low temperatures
(Menzies et al. 1968). Indeed, the eye index shows significant
negative relationship with latitude in this study (Fig. 7;
Table 1). However, in the Arctic Ocean, higher latitudes are
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Fig. 8. Photosynthetically available radiation at sampling depth (PAR (2)) as functions of water depth: (a) for the top 70 m; (b) for the full bathymetric
range. The blue line shows significant relationship with 95% confidence intervals (shaded area) based on GLMM with Gaussian distribution and logarith-
mic link function. Data with the vertical transmittance T, (2) less than 0.1% (along with the photosynthetically available radiation at sampling depth,

PAR(2)) were removed before conducting GLMM.

deeper and latitude and water depth are highly correlated
(r=0.68). Thus, it is uncertain if latitude (more correctly
environmental factors driven by latitude) affects ostracode
vision in the Arctic Ocean.

Conclusion

Eye loss with increasing depth and decreasing light is at
least common in multiple crustacean groups as well as some
gastropods, and the trend could be quantitatively similar
among various deep-sea organisms. It is worth noting that
relatively deep depths with reduced light still have eyed spe-
cies. This may be because limited light requires good vision,
as demonstrated by mesopelagic fishes in twilight zones
which have eyes that “tend to be large” (Salvanes and
Kristoffersen 2001, p. 1714). Indeed, ostracod eye-tubercle
size is known to be larger not in shallowest depths but

in an intermediate depth of ~ 50 m (Tanaka et al. 2009).
Our quantitative reconstruction of the relationship between
“eye” and water depth and light availability throughout
the Arctic Ocean is an important baseline for broader
research on vision in the ocean macroecologically (and
macroevolutionarily, given ostracods’ excellent fossil records
including eye tubercles as a part of fossilized hard parts), that
was enabled by the massive census compilation effort of the
Arctic Ostracode Database and recent development of satel-
lite-based observations.

CH)

Data availability statement

All data and code are available in Zenodo open data repo-
sitory (Zhang et al. 2024; https://doi.org/10.5281/zenodo.
10786211) and NOAA’s National Centers for Environmental
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Information (NCEI) (https://www.ncdc.noaa.gov/paleo/study/
32312).
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