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Constraints on energy resources and available light in the deep sea should place strong
selection pressure on eye size, a fundamental determinant of visual ability. By examining
eye size among 16 species (454 individuals) of deep-sea sergestid shrimps, we show
significant differences in intraspecific eye growth rates and species eye-size averages
that are correlated to different aspects of ecology and result in variable sighting distance
thresholds of bioluminescence, one measure of visual performance. We used linear
regressions modeling the lowest and highest bounds of phylogenetic signal to test for
ecological correlates of relative and absolute eye size, which indicate the allocation of
energetic resources toward eyes and an optical basis of visual capability, respectively.
Of the ecological variables tested [mean depth, diel vertical migration (DVM) distance,
habitat type, and light organ type], light organ type was the only significant correlate of
both relative and absolute eye size, suggesting that bioluminescence plays a particularly
important role in the evolution of sergestid vision and that these animals may be reliant
on bioluminescent signaling. Our findings also suggest that the DVM imposes visual
demands distinct from the average depths occupied by a species. While DVM distance
correlated with relative eye size, mean depth correlated with absolute eye size, revealing
that eye size increases with depth before 1,000 m, then decreases in bathypelagic
(aphotic) zone. By applying measured eye sizes to models of visual performance, we
estimated that sergestids can detect a bioluminescent point source from <3.77 m
away, and that these sighting distance thresholds vary between species by a factor of
three. In relative terms, however, all sergestids under the test conditions had a common
detection threshold at ~63.5 body lengths, suggesting that bioluminescence sighting
distance is proportional among species and may be related to shared behaviors of
swarming and copulation. By considering the effects of evolutionary history, light and
nutrient availability, and the constraints of body size, our study reveals new patterns of
deep-sea eye size evolution and provides new insights into the visual ecology of this
diverse and important deep-sea group.
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INTRODUCTION

The deep sea (>200 m) is one of the most light-limited
environments on earth, yet for many of its animals, vision is
nevertheless critical for survival. Vision in the deep sea can
help animals to gauge depth, find prey, avoid predators, and
identify mates, requiring eyes that are adapted to distinct sources
of light. In this realm, the visual world consists primarily of
scenes illuminated by dim, diffuse downwelling sunlight or of
pinpoint flashes of bioluminescence (Warrant and Locket, 2004).
In clear water, the intensity of sunlight attenuates exponentially
with depth, penetrating no deeper than ~1,000 m even on the
brightest day (Denton, 1990). Until this point, sunlight and
bioluminescence are coincident, while in the bathypelagic zone
(>1,000 m) only bioluminescence remains. Both sunlight and
bioluminescence can have individual or synergistic effects on the
evolution of vision, and thus unsurprisingly, midwater animals
inhabiting the mesopelagic zone from 200 to 1,000 m have the
most variable eye morphologies in the deep sea (Warrant and
Locket, 2004). In addition to light limitations, energy limitations
also characterize this environment (Rex and Etter, 1998), with
reduced nutrient availability predicted to place constraints on the
growth and maintenance of eyes (Warrant and Locket, 2004).
Together these factors - the critical role of vision, discrete light
sources, and energy limitations - place selection pressure on eyes,
making the deep sea a natural laboratory for investigating the
ecological factors that underlie the evolution of vision.

Visual function is primarily summarized by two features -
acuity and sensitivity — which are the resolution of detail and
number of photons that eyes can detect, respectively (Land and
Nilsson, 2012). There are many neural and optical strategies
for improving these features, but one fundamental strategy is
increasing eye size (Warrant, 1999, 2000). Larger eyes tend
to have larger apertures and longer focal lengths, which can
improve light capture and the resolution of vision (Land and
Nilsson, 2012). To capitalize on this information, a larger eye
typically has more photoreceptor cells to improve resolution
or larger photoreceptor cells to improve sensitivity, with the
latter being particularly advantageous to animals in light-limited
environments like the deep sea. Regardless of photoreceptive
strategy, increasing the amount of photoreceptive material in the
eye results in a greater demand for ATP (Laughlin et al., 1998;
Niven and Laughlin, 2008). Thus, a conflict exists between having
eyes large enough for suitable performance yet small enough to
support metabolically (Warrant, 2000). In the deep sea, where
sources of light and energy are limited (Warrant and Locket,
2004), the tension between performance and cost is exaggerated,
likely placing tremendous selection pressure on the rate of eye
growth and ultimate eye size.

In general, larger eyes are better at detecting both dim
downwelling sunlight and pinpoints of bioluminescence due
to improved sensitivity and resolution of vision, respectively
(Warrant and Locket, 2004). Therefore, eye size in the deep sea
is expected to vary with ecological factors that affect the amount
and relative importance of each source of light. For example,
we might predict larger eyes in animals that occupy (or migrate
to) greater depths where sunlight becomes dimmer and more

difficult to detect (Warrant, 2000). Regardless of depth, animals
that are active near the nutrient-rich sea floor (benthopelagic
animals) generally have larger eyes, which would improve their
capacity to detect dim sunlight or pinpoints of bioluminescence,
the dominant source of light in deep-sea benthopelagic habitats
(Warrant and Locket, 2004). We might also expect larger eye
sizes in animals that rely on bioluminescent signaling (Cohen and
Morin, 2010), which is used by some animals to find mates, avoid
predators, and capture prey.

These eye size trends are predicted in deep-sea ecology
regardless of the kind of animal or its type of eye. Whereas
fishes have simple camera eyes, deep-sea crustaceans often have
superposition compound eyes (Cronin et al., 2014). For both eye
types, vision can be improved by increasing eye size, yet to resolve
the same bioluminescent source, crustaceans might require larger
eyes than fishes because the diffraction limits of compound eye
lenses restrict visual resolution (Warrant and McIntyre, 1990).
Despite similar predictions for these different eye types, findings
on the relationship between eye size and ecology have been
mixed. Among families of deep-sea fishes, camera-type eye size
is known either to increase with depth (until the bathypelagic;
Warrant, 2000), decrease with depth (family Gonostomatidae;
Marshall, 1954), or to vary widely with no consistent relationship
to depth distribution at all (family Myctophidae; de Busserolles
et al., 2013). By contrast, in some crustacean families, relative
compound eye size decreases in species occupying greater depths
(Hiller-Adams and Case, 1988). In regard to bioluminescence,
deep-sea myctophid fishes show no correlation between camera-
type eye size and the presence of sexually dimorphic light organs,
which are presumably used for sexual signaling (de Busserolles
etal, 2013). Among at least two families of deep-sea crustaceans
(Oplophoridae and Sergestidae), however, reduced compound
eye size is observed in species lacking light organs (Hiller-Adams
and Case, 1988), suggesting a possible relationship between eye
size and conspecific signaling.

Together, these studies indicate that eye size ecology in the
deep sea is complex and requires further study to disentangle the
factors that underlie its evolution. Therefore, the goal of this study
was to further investigate the ecological basis and functional
implications of eye size while considering allometric scaling with
body size and phylogenetic history - two intrinsic factors that
can constrain eye size. Specifically, eye size depends largely on
body size, as a minimum body size is required to support the
given eye size of an animal. Thus, our study was conducted in
the context of allometry, examining both relative eye size (i.e.,
corrected for body size) as well as absolute eye size. Whereas
relative eye size provides a physiological metric representing
the amount of energetic resources allocated to vision, absolute
eye size provides an optical metric that represents the absolute
geometry of an eye underlying its visual capability. Here, we
conducted a comparative study of deep-sea shrimps from the
family Sergestidae, as this study system has substantial eye size
variation, an established molecular phylogeny (Golightly et al.,
2022), and well-documented deep-sea ecology (Vereshchaka,
2000, 2009).

Sergestids occur at diverse depth ranges that span from near
the surface to over 2,000 m. Like other deep-sea fauna, sergestids
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undergo the diel vertical migration (DVM), occupying deep
waters (e.g., the mesopelagic zone) during the day, then migrating
up toward the surface (e.g., the epipelagic zone, <200 m) at
night in order to mate and feed (Flock and Hopkins, 1992). The
extent of the DVM varies, with some species exhibiting weak
DVM activity and migrating distances of 200 m between day
and night, and others traversing distances over 1,000 m. Further,
sergestid species occupy different habitats during the day, with
some always found in the pelagic realm, and others commonly
found in benthopelagic habitats near the seafloor.

Some of these ecological differences occur between the
two major groups of sergestids (Vereshchaka, 2000, 2009): the
-sergestes group (represented here by Deosergestes, Parasergestes,
Allosergestes, Eusergestes, Sergestes, and Neosergestes) and
the -sergia group (represented here by Challengerosergia,
Gardinerosergia, Robustosergia, and Sergia). Members of the
-sergestes group generally occupy shallower waters than members
of the -sergia group. In addition, these groups differ in the
presence and morphology of bioluminescent light organs.
The -sergestes have large luminescent organs stemming from
modified regions of hepatopancreas known as “organs of Pesta,”
whereas the -sergia have much smaller, and putatively dimmer,
dermal photophores that are either lensed or unlensed, or have
no photophores at all (Foxton, 1972; Vereshchaka et al., 2014).

The diversity of sergestid light organ sizes and optics suggest
that the relative brightness and visual discriminability of these
organs vary across species, which might also drive eye size
evolution - a prediction that is only valid if these organs
function in conspecific signaling. Though conspecific signaling
is difficult to study in the deep sea, several lines of evidence
suggest that signaling among sergestids is possible. Among
some sergestids (and members of the family Oplophoridae),
species with light organs have larger eyes than those lacking
light organs (Hiller-Adams and Case, 1988). Further, certain -
sergia species show sexual dimorphism in light organ patterns
(Herring, 2000). Finally, models of maximum sighting distances
for bioluminescence suggest that at least some -sergestes have
the ability to detect intraspecific bioluminescence over distances
relevant for conspecific signaling (Schweikert et al., 2020).

In this study, we set out to explore the ecological basis
and functional significance of eye size in sergestids. We
examined eye diameters and body lengths of 16 sergestid
species (454 adult individuals) to address three central
questions: (1) how does eye size scale with body size within
and across species?; (2) what ecological factors might place
selective pressure on species eye size?; and (3) how does
variation in eye size affect visual performance? To that
end, we investigated differences in intraspecific adult eye-
body allometry (ie., static allometry) across species. Then,
we examined average eye-body allometry across species
(i.e., evolutionary allometry) to test how four ecological
factors (depth, DVM distance, habitat, and light organ type)
correlate to absolute and relative eye size (eye size corrected
for body size). Because our results indicated that intraspecific
bioluminescence is likely an important correlate of both relative
and absolute eye size, we then used computational modeling
of best-case maximum visual ranges for the detection of

bioluminescent point-source light to see how this varied and
scaled across species.

MATERIALS AND METHODS
Sampling

Animals were obtained from two deep-sea research expeditions
and from the Florida International Crustacean Collection (FICC)
at Florida International University, with all animals originating
from the Gulf of Mexico and Florida Straits. The first expedition
occurred in the Florida Straits on May 4-8, 2019 on the R/V
Weatherbird I, and the second occurred in the northern Gulf of
Mexico on June 9-22, 2019 as part of a NOAA Ocean Research
Exploration expedition on the R/V Point Sur. Animals were
captured by a 1- or 9-m? tucker trawl over sampling that occurred
both day and night over a total range of depths from 150 to 1,500
m. Animals from the first expedition (n = 49) were measured after
fixation in 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS; Boston BioProducts, Ashland, MA, United States) for
48-h prior to transfer into 0.1 M PBS, and those from the second
expedition (n = 193) were measured fresh prior to fixation. The
animals sampled from the FICC (n = 213) were collected during
eight additional research cruises in the northern Gulf of Mexico
or Florida Straits between 2015 and 2017 and were preserved
in ~70% EtOH prior to measurement. Fixation and storage in
ethanol are known to change the size and shape of some soft
tissues (Eltoum et al., 2013). As many studies of eye size evolution
use museum specimens, sometimes in combination with fresh
specimens, fixation method is a likely source of error in eye and
body size measurements. Thus in our study, we tested for an effect
of preservation method in our data and tried to account for such
effects using approaches outlined below.

Measurements of eye diameter and body length
(mm, 0.1 mm resolution) were collected using Mitutoyo CD-8
ASX Digimatic Calipers (Mitutoyo Corporation, Kanagawa,
Japan). Sergestids have reflecting superposition eyes that are
roughly spherical in shape. Following Hiller-Adams and Case
(1988), eye diameter was measured at the maximum distance
found perpendicular to the dorsoventral eye axis, and body
length was measured from the posterior limit of the eye orbit to
the end of the telson. Carapace length (CL) was also measured,
taken from the posterior limit of the eye orbit to the end of the
carapace. Data were collected from 454 individuals across 16
species, with a median sample size of 29 individuals per species
(Table 1). Plotting the data revealed three large outliers among
the 454 measurements, which were removed from the dataset
prior to subsequent analyses.

Our data represent shrimp in the adult stage of their
ontogenetic development as estimated by CL and the observation
of mature reproductive structures during species identification.
A previous survey of sergestids estimated that adulthood is
reached at 4 mm CL for most species and 11 mm CL in at least
one species, Robustosergia robusta (Flock and Hopkins, 1992).
Of the 454 animals sampled here, only two individuals had a
CL < 4 mm (Parasergestes vigilax at 3.8 and 3.9 CL) and all R.
robusta sampled had a CL > 11 mm. Thus, our data centers on
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TABLE 1 | Metadata of the study species’ eye diameter, body length, and ecological classifications.

Species n Eye diameter Body length Nighttime Daytime DVM distance Maximum Habitat Organ type
depth depth reported depth

Deosergestes corniculum-2 18 1.1 48.6 1968 63513 439 2,000 Pelagic'® Pesta'”
Deosergestes henseni® 58 1.0 40.4 141138 51718 376 1,500"° Pelagic'® Pesta'”
Allosergestes pectinatus®* 14 0.5 20.0 14618 44613 300 1,300 Pelagic'® Pesta'”
Allosergestes sargassi®-> 38 0.7 23.8 13318 5063 373 900'® Pelagic'® Pesta'”
Sergestes atlanticus® 15 0.8 25.4 1603 44218 282 2,000 Pelagic'® Pesta'®
Neosergestes edwardsii’-? 7 0.6 16.9 13313 499'8 366 1,000'® Pelagic'® Pesta’’
Parasergestes vigilax?-6 17 0.6 19.1 16018 36818 208 950'® Pelagic'® Pesta'”
Parasergestes armatus’-2 30 0.7 30.6 22318 38918 166 85016 Pelagic'® Pesta'”
Eusergestes arcticus'-? 5 1.4 54.0 33018 70018 370 1,000'® Benthopelagic'® Pesta'’
Gardinerosergia splendens’-8 42 1.2 33.0 14918 69113 542 2,000 Pelagic'4 Unlensed'*
Robustosergia regalis®-° 38 1.4 451 300" 135014 1050 2,000 Pelagic'4 Unlensed'”
Robustosergia robusta®10 23 1.8 57.6 30418 71718 413 2,300™ Pelagic'# Unlensed'®
Phorcosergia grandis’-® 51 15 56.1 350" 115014 800 2,300 Pelagic'4 Unlensed'®
Sergia tenuiremis - 28 1.3 45.4 1,25014 1,750 500 2,000™ Pelagic'* None'#
Challengerosergia talismani®'" 32 1.1 371 15813 58613 428 2,000'2 Benthopelagic'®  Lensed'”
Challengerosergia hansjacobi®2 43 1.2 33.3 3504 1,700 1,350 1,700 Benthopelagic'®  Lensed'

Eye and body size (mm) were measured and ecological data were provided by published literature. All numeric data provided are mean values, except for sample size (n),
diel vertical migration (DVM) distance (m), and maximum reported depth (m). DVM distance was calculated by subtracting mean daytime depth (m) from mean nighttime
depth (m) for each species. The light organ types listed are: pesta, organs of Pesta; unlensed, unlensed dermal photophores, lensed, lensed dermal photophores;

none, species lacking light organs entirely.

"Krayer (1855); 2Judkins and Kensley (2008); 3Ortmann (1893); 4Sund (1920); ®Milne Edwards (1830); 6Stimpson (1858); 7Sund (1913); 8Vereshchaka et al. (2014);
9Gordon (1939); 19Smith (1882); ' Barnard (1946); '2Vereshchaka (1994); '3Flock and Hopkins (1992); '#Vereshchaka (2000); ®\lereshchaka (2009); ®Felder et al.

(2009); 17 yaldwyn (1957); 18Foxton (1972); "9Welsh and Chace (1938).

mature specimens and should not capture allometric variation
that might occur between ontogenetic stages. The species means
of eye and body size analyzed here, therefore, capture variation
that exists across adults of different sizes.

Ecological Data and Phylogeny

Using published literature, we classified each species in our
dataset to test four ecological correlates of sergestid eye size:
depth, DVM distance, habitat, and light organ type (Table 1).
Classifying the ecology of deep-sea fauna can be sensitive
to variation in sampling effort. Thus, to reduce error, we
only included specimens captured in and around the Gulf of
Mexico and, where possible, obtained ecological classifications
from Gulf of Mexico studies. To obtain valid depth estimates,
we selected three representative metrics: mean daytime depth,
mean nighttime depth, and maximum reported depth. For
twelve species, we calculated weighted averages for daytime and
nighttime depths by factoring in species abundance across depth
using a robust study of sergestid depth distributions (Flock and
Hopkins, 1992; Table 1) using the program, GetData v0.10.0
(GetData, 2017). For the remaining four species — P. grandis, R.
regalis, S. tenuriemis, and C. hansjacobi — abundance data were
unavailable, thus reported mean daytime and nighttime depths
were taken from Vereshchaka (2000). Maximum reported depths
were obtained broadly across the sergestid literature (Table 1).
For the three remaining hypotheses, we examined mean DVM
distance (calculated as mean daytime minus nighttime depth),
primary habitat type (pelagic or benthopelagic), and light organ
type (lensed photophores, unlensed photophores, organs of Pesta,
or no light organs). For the light organ analyses, we grouped

species with unlensed and lensed photophores (n = 6 spp.)
together to increase power, separate from those having organs of
Pesta (n = 9 spp.), or no light organs at all (n = 1 spp.; Table 1).

For analyses incorporating species evolutionary history, we
generated a subtree of sampled species (n = 16) from a recently
published molecular phylogeny for Sergestidae (Golightly et al.,
2022) using ape v.5.3 in R (Paradis et al., 2004). Though this
published molecular phylogeny does not include all species of
sergestids (15 major genera and 74 valid species worldwide;
Vereshchaka et al., 2016), it does include 13 of the 15 genera and
all genera present within the Gulf of Mexico.

Static Allometry: Intraspecific

Eye-to-Body Size Scaling

To better understand how eye size scales with body size within
and across sergestids, we examined adult eye-body allometry
across the 16 species. While literature is divided on the best form
of regression for allometry (e.g., Warton et al., 2006; Smith, 2009;
Kilmer and Rodriquez, 2017), ordinary least squares (OLS) and
standardized major axis (SMA) regression typically give similar
results for eye-body allometry (Shrimpton et al., 2021). Following
Kilmer and Rodriquez (2017), we fit preliminary standardized
major axis (SMA) regressions to log-transformed eye diameter
vs. body length for each species using smatr v.3.4.8 (Warton
etal., 2012). This allowed us to assess which species had sufficient
data for subsequent analyses and revealed intraspecific allometric
slopes. Allometric slopes (B) with 95% confidence intervals that
were <1, >1, or included 1 indicated either negative, positive,
or isometric scaling, respectively (Supplementary Table 1).
Negative allometry indicated that eyes grow slower than the body,
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positive allometry indicated that eyes grow faster than the body,
and isometry indicated equal growth rates of the eyes and body.
Neosergestes edwardsii (n = 7) was found to have insufficient
data to produce a significant correlation between eye and body
size and thus, was excluded from two subsequent approaches
testing whether sergestid species differed from one another in
adult eye-body allometric slope.

To perform pairwise comparisons of allometric slopes, we
fit a SMA regression of log-transformed eye diameter vs. body
length with species as a covariate for all species except N.
edwardsii (n = 15). Pairwise comparisons of allometric slopes
between species were adjusted with a Sidak correction, and
alpha was set to 0.05 for corrected p-values. However, because
this SMA approach treats species as independent and unrelated,
we also employed a mixed-model approach to compare adult
allometries, as these can account for non-independent data
structures (Harrison et al., 2018). Thus, in a second analysis,
we used linear mixed models (LMM) in the lme4 v.1.1.25
package (Bates et al, 2015) to fit log eye diameter as the
response variable, log body length as a fixed effect, and species
identity as a random effect (Table 2). Following Firmat et al.
(2014) and Shrimpton et al. (2021), we ran two separate
models fitted with restricted maximum likelihood (REML): a
variable intercepts model assuming a common allometric slope
among species and a variable slopes model allowing different
slopes and intercepts among species. Model fits were then
evaluated using Akaike’s information criterion (AIC) scores
(Burnham et al., 2011).

Finally, because some specimens were measured fresh, while
others were fixed in paraformaldehyde or stored in EtOH, we
also explored whether including preservation type improved the
fit of linear mixed models of allometry. The outputs of the
previous LMM analyses indicated a better fit of the variable-
slopes model than the fixed-slopes model (Table 2). Thus, to
test the effects of preservation type on model fit, we used
maximum likelihood (ML) to fit two variable-slopes models that
either (1) excluded preservation type or (2) included preservation
type as a fixed effect and compared model fits using AIC.
Preservation type was assigned as a fixed effect because it only
had three levels, while random effects should have at least
five levels (Harrison et al., 2018). Finally, as preservation type
was shown to have a significant effect on model fit, we ran
a set of representative analyses to test whether preservation
type had significantly impacted the study conclusions. As
paraformaldehyde had a greater effect than EtOH on eye-body
allometry, we removed paraformaldehyde-fixed specimens from
the dataset and reproduced the individual SMA regressions and
the LMM comparison of slopes.

The static allometry analyses therefore, were comprised of
four sets of linear models: (1) individual SMA regressions for
each species (n = 16 species; Supplementary Table 1); (2)
a cross-species SMA regression yielding pairwise comparisons
of allometric slopes (n = 15; Supplementary Table 2); (3)
LMM comparison of slopes treating species as a random effect
(n = 15; Table 2); and (4) LMM testing of preservation effects
(n = 15; Table 2) and a reproduction of SMA and LMM analyses
for data validation (Supplemental Material). The number of

models, their composition, and results are summarized in the
tables listed above.

Evolutionary Allometry: Ecological
Correlates of Relative and Absolute Eye
Size

Next, we investigated the evolutionary allometry of sergestid eyes,
examining how average eye size scales with body size among
all sampled species (n = 16). Despite the differences observed
in adult eye-body static allometry, species means of eye and
body sizes were used for evolutionary allometry. This approach
followed previous studies of eye-body allometry (e.g., Howland
et al., 2004), allowing us to capture variation that exists across
differently-sized adults. Here, we used phylogenetic comparative
methods to account for the non-independence of data from
closely related species. We fit a phylogenetic generalized least
squares (PGLS) regression to log-transformed species means of
eye diameter vs. body length in caper v.1.0.1, which typically
uses maximum likelihood to estimate the phylogenetic signal of
model residuals (; Pagel, 1999). However, \ cannot be reliably
estimated for sample sizes of less than 20 species (Freckleton
et al., 2002); therefore, we ran two iterations of this PGLS
regression to represent bounded extremes of A: one with A
fixed at 0 (%o, no phylogenetic signal in residuals and potential
independent evolution along branches) and one with A\ fixed
at 1 (h1, high phylogenetic signal and covariance as expected
under Brownian motion). This approach bookends the true
value of \ and is appropriate for small sample sizes (Kamilar
and Cooper, 2013). Significant effects maintained at both %o
and X; indicate that patterns are likely robust, regardless of
what the true value of X is. Residuals from the fitted regression
(at N1) were examined and plotted as measure of “eye size
investment,” with positive and negative residuals indicating how
large or small an eye is for a given body size compared to
what is predicted from the regression for evolutionary eye-
body allometry.

We then used the same approach to test for ecological
correlates of relative eye We conducted separate
PGLS regressions of log-transformed species means of eye
diameter vs. body length with the following covariates: (i)
daytime x nighttime depth; (ii) maximum reported depth; (iii)
DVM distance; (iv) habitat type; and (v) light organ type. These
ecological variables were tested across separate PGLS models
rather than building one additive model to preserve statistical
power given the high ratio of ecological states to the number of
species sampled. Again, each model was fit twice, first at ko and
then at \;.

While it is important to consider eye size in the context of
body size (i.e., relative eye size), absolute eye size sets the optical
aperture for light detection and has direct functional implications
for vision. Thus, we also used a PGLS approach in caper to run
linear regressions of eye diameter (unlogged and uncorrected for
body size) vs. the ecological covariates. Again, these covariates
were tested across separate PGLS regressions as outlined above
to avoid overparameterization, and each was run in two models
with X fixed at 0 and 1.

size.
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TABLE 2 | Comparison of linear mixed models of sergestid eye-body allometry using Akaike'’s information criterion (AIC).

Part I: Allometric slope comparison

Model Assumption AlC AAIC
Eye ~ body + (1 | species identity) Common slope -1,084 30
Eye ~ body + (1 + body | species identity) Variable slopes -1,114 0
Part ll: Assessment of preservation effects

Model Assumption AlIC AAIC
Eye ~ body + (1 + body | species identity) Variable slopes -1,123 30
Eye ~ body + preservation type + (1 + body | species identity) Variable slopes -1,153 0

Log-transformed species means of eye diameter and body length (mm) were considered in each model. Part | assessed whether eye-body allometric slopes differ among
sergestid species (a random effect) and was fit with restricted maximum likelihood (REML). Part Il assessed the effects the preservation type (a fixed effect) on model fit

and was fit with maximum likelihood (ML).

Plotting of eye diameter against day and night depths
suggested that these relationships may change at transitions from
the epipelagic (0-200 m) to the mesopelagic (200-1,000 m)
zone and from the mesopelagic to the bathypelagic (>1,000 m)
zone. To explore this possibility, we ran three additional sets (:
fixed at 0 and 1) of PGLS models (Supplementary Tables 3-
5), examining (i) eye diameter vs. daytime depth x zone
(mesopelagic or bathypelagic), (ii) body length vs. daytime
depth x zone (mesopelagic or bathypelagic), and (iii) eye
diameter vs. nighttime zone (epipelagic or mesopelagic).
Nighttime depth was excluded from the third analysis (eye
diameter vs. nighttime zone) as the data showed no linear
relationship between eye diameter and nighttime depth, but a
potential difference in mean eye diameter between the epipelagic
and mesopelagic zones.

The evolutionary allometry analyses therefore, were
comprised of four sets of linear models each run in two
iterations at bounded extremes of A (%o and A;): (1) an initial
PGLS analysis of average eye-body allometry across sergestids
(n = 16 species; Table 3), (2) a set of PGLS analyses testing the
relationships between each ecological variable and relative eye
size (n = 16; Table 3), (3) a set of PGLS analyses testing the
relationships between each ecological variable and absolute eye
size (n = 16; Table 4) and (4) a set of PGLS analyses testing
relationships between eye size, body size, and oceanic zones as
outlined above (n = 16; Supplementary Tables 3-5). The number
of models, their composition, and results are summarized in the
tables listed above.

Sighting Distance Modeling

Finally, to examine the implications for visual function, we
modeled the maximum distance at which each species might
detect a bioluminescent point source of light based on species
means for absolute eye size. A point source is defined as the
light detected from a singular point in space because the angular
size of the stimulus is below the resolution limit of a given
animal’s vision (Johnsen, 2012). Following Schweikert et al.
(2020), bioluminescence sighting distances were modeled given a
hypothetical situation of each species observing a bioluminescent
point source of light under the same environmental conditions.
The actual conditions under which sergestids might visualize

one another’s bioluminescence remains unknown. However, as
the sergestids tested here are sympatric and overlap in depth
distributions (Felder et al., 2009), it is not unreasonable that
different species might encounter a similar visual scenario in situ.
Holding all parameters constant except absolute eye size allowed
us to assess the functional implications of eye size for this group.

We used an approach originally developed by Nilsson et al.
(2014), and then modified by Ruxton and Johnsen (2016),
that uses information on eye aperture, retinal physiology (i.e.,
integration rate), environmental light, and the optical properties
of a visual target to estimate the maximum distance at which
sergestids might detect a bioluminescent point source. In each
model, we set ambient light conditions to absolute darkness
in order to approximate conditions in the bathypelagic zone
or shallower water during a new moon phase. This approach
yields a best-case scenario (and thus, maximum distance) that
sergestids might visualize a point source of light. Previous
work has suggested that sergestid vision is monochromatic and
spectrally sensitive to the blue-light emissions of their own
bioluminescence (Frank and Widder, 1999; Lindsay et al., 1999).
Thus, for ecological relevance, we set the bioluminescent point
source as an emission from a sergestid found sympatrically to the
species examined here (Vereshchaka et al., 2014). Information on
the emission intensities of sergestid bioluminescence is limited,
but at least one report by Lindsay et al. (1999) estimated the
maximum emission intensity of Sergestes similis as ~19 x 10'0
photons/s, which is a reasonable estimate contained within the
range of emissions intensities previously reported across deep-sea
fauna (103-10!! photons/s; Mensinger and Case, 1990; Herring,
2000).

The sighting distance model for a bioluminescent point source
is shown below (for full derivation see Schweikert et al., 2020):

2 cA EAt
r=-w|l——
¢ |83\ 1+/1+ (2.842Ny)At

Sighting distance (r) is a function of the beam attenuation
coefficient of water at 480 nm (c), aperture diameter (A),
photoreceptor diameter (d), emittance of the bioluminescent
point source (E), integration time of the eye (At), and the
photons absorbed per second for a one-meter-wide aperture in
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TABLE 3 | Summary of phylogenetic generalized least squares (PGLS) models of relative eye size in sergestid shrimps.

Part I: PGLS model fits

Model Y F-Statistic DF Adjusted R? P
Eye ~ body 0 103 0.06 1,14 0.87 <0.0001
Eye ~ body 1 74.0 0.06 1,14 0.83 <0.0001
Eye ~ body + organ 0 83.6 0.04 3,12 0.94 <0.0001
Eye ~ body + organ 1 41.8 0.05 3,12 0.89 <0.0001
Eye ~ body + day x night 0 29.6 0.06 4,11 0.88 <0.0001
Eye ~ body + day x night 1 19.5 0.06 4,11 0.83 <0.0001
Eye ~ body + max depth 0 63.8 0.05 2,13 0.89 <0.0001
Eye ~ body + max depth 1 39.9 0.06 2,13 0.84 <0.0001
Eye ~ body + DVM 0 69.7 0.05 2,13 0.90 <0.0001
Eye ~ body + DVM 1 451 0.05 2,13 0.85 <0.0001
Eye ~ body + habitat 0 51.7 0.06 2,13 0.87 <0.0001
Eye ~ body + habitat 1 35.4 0.06 2,13 0.82 <0.0001
Part lI: Ecological covariate main effects

Model Covariate by F-Statistic Sum of squares DF P
Eye ~ body + organ Organ 0 9.67 0.03 2 <0.01
Eye ~ body + organ Organ 1 4.92 0.02 2 <0.05
Eye ~ body + day x night Day 0 2.55 0.01 1 >0.05
Eye ~ body + day x night Night 0 1.85 0.01 1 >0.05
Eye ~ body + day x night Day x night 0 0.03 0.0001 1 >0.05
Eye ~ body + day x night Day 1 1.22 0.004 1 >0.05
Eye ~ body + day x night Night 1 1.83 0.006 1 >0.05
Eye ~ body + day x night Day x night 1 0.08 0.0003 1 >0.05
Eye ~ body + max depth Max depth 0 3.77 0.01 1 >0.05
Eye ~ body + max depth Max depth 1 1.76 0.006 1 >0.05
eye ~ body + DVM DVM 0 5.18 0.01 1 <0.05
Eye ~ body + DVM DVM 1 3.40 0.01 1 >0.05
Eye ~ body + habitat Habitat 0 0.90 0.003 1 >0.05
Eye ~ body + habitat Habitat 1 0.32 0.001 1 >0.05

Log-transformed species means of eye diameter and body length (mm) were considered in each model. All models were run with \ set to either O or 1, accounting for
the lowest and highest possible bounds of phylogenetic signal in model residuals, respectively. Significant p-values are shown in bold. Alpha level is set to 0.05. For each
model, body length was a significant predictor of eye size (p < 0.05) though these are not listed in the main effects (Part ll) as we were interested in effects on eye size
after accounting for body size (i.e., relative eye size). Both residual standard error (SE) and degrees of freedom (DF) are listed. The terms ‘day’ = mean daytime depth;
‘night’ = mean nighttime depth, 'DVM’ = diel vertical migration distance, and ‘max depth’ = maximum reported depth.

the sighting direction of interest (Np), which is set to zero because
we are considering water without ambient light. The Lambert-
W function (the inverse function of y = xe*) is represented by
W. All parameter values for the model were derived from the
published literature and were held constant across species, except
for aperture diameter (A) representing original data from this
study. The photons absorbed per second from the background
light was set to zero. The beam attenuation coeflicient was
assumed to be constant for depths > 200 m and was taken from
Ruxton and Johnsen (2016). Photoreceptor diameter was set to
3 pm (Land and Nilsson, 2012), and because aperture diameter
is roughly equivalent to eye diameter in sergestid superposition
eyes (Hiller-Adams and Case, 1988), aperture diameter was set to
the mean eye diameter for each species. Integration time for all
species was set to 0.05 s, which was calculated using the average
of known critical flicker fusion rate of shrimps in the family
Sergestidae (Frank, 2000).

Outputs of the sighting distance models (i.e., absolute sighting
distances) are reported in meters. To better understand the
significance of these sighting distances to each species, we
converted absolute sighting distance (m) to a relative measure of
sighting distance in number of mean body lengths for a given
species. Finally, we fit an OLS regression of relative sighting
distance vs. body length to better understand how sighting
distance scales with species size. As the output of this OLS
regression was nonsignificant, showing no support for a change
in relative sighting distance with species size, we then averaged
bioluminescence sighting distance to better understand how this
aspect of visual performance is shared among sergestids.

Data Analysis and Reproducibility

Data were analyzed with R 4.0.2 (R Core Team, 2020) in RStudio
1.3.1093 (RStudio Team, 2020). Morphological data are available
in the Supplemental Excel File 1, and code to reproduce all
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TABLE 4 | Summary of phylogenetic generalized least squares (PGLS) models of absolute eye size in sergestid shrimps.

Part I: PGLS model fits

Model N F-Statistic SE DF Adjusted R? P
Eye ~ organ 0 6.68 0.29 2,13 0.43 0.01
Eye ~ organ 1 2.70 0.31 2,13 0.18 >0.05
Eye ~ day x night 0 8.75 0.24 3,12 0.61 <0.01
Eye ~ day x night 1 6.01 0.24 3,12 0.50 <0.01
Eye ~ max depth 0 12.7 0.28 1,14 0.44 <0.01
Eye ~ max depth 1 5.04 0.30 1,14 0.21 <0.05
Eye ~ DVM 0 3.76 0.35 1,14 0.16 >0.05
Eye ~ DVM 1 0.37 0.35 1,14 —0.04 >0.05
Eye ~ habitat 0 0.82 0.38 1,14 —0.01 >0.05
Eye ~ habitat 1 0.01 0.35 1,14 —-0.07 >0.05
Part ll: Ecological covariate main effects

Model Covariate r F-Statistic Sum of squares DF P
Eye ~ organ Organ 0 6.68 1.10 2 0.01
Eye ~ day x night Day 0 10.7 0.61 1 <0.01
Eye ~ day x night Night 0 0.11 0.006 1 >0.05
Eye ~ day x night Day x night 0 15.4 0.87 1 <0.01
Eye ~ day x night Day 1 1.00 0.06 1 >0.05
Eye ~ day x night Night 1 0.03 0.002 1 >0.05
Eye ~ day x night Day x night 1 17.0 0.97 1 <0.01
Eye ~ max depth Max depth 0 12.7 1.03 1 <0.01
Eye ~ max depth Max depth 1 5.04 0.46 1 <0.05

Species means of eye diameter (mm) were considered in each model. All models were run with \ set to either O or 1, accounting for the lowest and highest possible
bounds of phylogenetic signal in model residuals, respectively. Main effects are only shown for significant models listed in Part I. Significant p-values are shown in bold.
Alpha level is set to 0.05. Both residual standard error (SE) and degrees of freedom (DF) are listed. The terms ‘day’ = mean daytime depth; ‘night’ = mean nighttime
depth, ‘DVM’ = diel vertical migration distance, and ‘max depth’ = maximum reported depth.

analyses and diagnostic checks of regressions are annotated
in RMarkdown and available on GitHub." Examination of
model diagnostics indicated slight bimodality of the residuals
in some PGLS regressions, but no obvious outliers of these
residuals were found.

RESULTS

Static Allometry: Intraspecific

Eye-to-Body Size Scaling

Standardized major axis regressions showed significant eye-body
allometry for all species except N. edwardsii (Supplementary
Table 1). Across species, allometric slope estimates ranged
substantially from 0.8 in Sergia tenuiremis to 2.38 in P. vigilax
(Figure 1). Species from the -sergia group generally had slopes
less than 1 (eyes that grow slower than the body), whereas
those from the -sergestes group generally had slopes greater
than 1 (eyes that grow faster than the body; Figure 1 and
Supplementary Table 1). However, only four (-sergestes) species
had significantly non-isometric eye-body allometry where 95%
confidence intervals of B excluded 1: P. vigilax, Sergestes
atlanticus, Allosergestes sargassi, and Allosergestes pectinatus. The

Uhttps://github.com/knthomas/sergestid-eyes

slopes of these four species were all greater than 1, ranging from
1.84 to 2.38, indicating a significantly faster growth of the eye
relative to the body for these -sergestes species.

Comparing the allometric slopes across species, we found that
linear mixed models allowing for variable slopes fit the data better
than those assuming a common slope across species (AAIC = 30;
Table 2). This is consistent with the finding of the SMA
regression with species as a covariate, which also indicated that
eye-body allometry varies between sergestids (likelihood ratio
statistic = 78.4; df = 14; p < 0.0001). Of the 105 Sidak-corrected
pairwise comparisons of allometric slopes across species, 32
significant differences (p < 0.05) were detected (Supplementary
Table 2). These differences were largely explained by the four
species with positive allometry mentioned above (P. vigilax, S.
atlanticus, A. sargassi, and A. pectinatus). Their slopes did not
differ from one another, but did differ from the slopes of all other
species. Inspection of the regression intercepts (o) indicated that
-sergia species generally had larger eyes for a given body size than
-sergestes species (Figure 1). These data also show that species
with the highest allometric slopes had the smallest absolute eye
and body sizes, suggesting a relationship between relative growth
rate of the eye and overall size (Figure 1).

Finally, we examined the effects of preservation type on
eye-body allometry between species by adding preservation
type as a covariate, which we found to improve model
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FIGURE 1 | Static allometry. Adult eye-body size allometry is shown for 15 species of sergestid shrimps. Neosergestes edwardsii was not included as a regression
could not be fitted due to low sample size. Eye-body allometry for the (A) -sergestes and (B) -sergia groups have been separated, with the regression lines of the
opposing groups shown in grey. Data for each species are indicated by combinations of symbol and coloration. Asterisks indicate species with significantly
non-isometric eye-body allometry. Lines indicate standardized major axis (SMA) regressions of logyg eye diameter vs. logig body length.

50 100

30 Challengerosergia hansjacobi
Body length (mm)

fit (AAIC = 30; Table 2). Comparison of model intercepts
indicated that preservation type had a significant, but small
effect on eye-body allometry. Specifically, specimens preserved
in EtOH had a slightly lower intercept (o = —1.37) than fresh
specimens (a = —1.35), and those fixed in paraformaldehyde
had a slightly higher intercept (a = —1.31), yielding relatively
smaller and larger eye sizes compared to the body after
preservation, respectively (Supplementary Figure 1). Because
preservation type is represented unevenly across species, we
could neither determine the role of preservation type separate
from species effects nor apply a correction for preservation
type to subsequent analyses. However, the analyses evaluating
the effect of preservation type on the study conclusions
indicated that removing the paraformaldehyde fixed specimens
did not change the outcomes of the SMA and LMM
analyses of static allometry. Specifically, the four -sergestes
species having the only significant non-isometric eye-body
allometry were maintained and the allometric slopes remained
significantly different across sergestids (see all results in
previously cited Github repository). Though the preservation
methods did not appear to affect our study conclusions,
their slight but differential effects call for an emphasis on
fresh-specimen sampling where possible in future studies of
crustacean allometry.

Evolutionary Allometry: Ecological
Correlates of Relative and Absolute Eye
Size

Initial examination of eye-body allometry across species means
indicated negative allometric scaling in the uncorrected and
corrected PGLS regressions (ho: p = 0.93 and A;: B = 0.82
Figure 2 and Table 3), indicating that eye size becomes relatively
smaller across sergestid species as body size increases. Examining
the ecological correlates of this relationship with subsequent

PGLS regressions, light organ type and DVM distance were the
only two variables to significantly correlate to relative eye size.
Whereas light organ type significantly correlated to relative eye
size both before and after phylogenetic correction (ho: p < 0.01
and A\j: p < 0.05), DVM distance was only a correlated in
the uncorrected model representing independent evolution (ho:
p < 0.05and Aj: p > 0.05; Figure 3 and Table 3).

For light organ type, species with organs of Pesta (the -
sergestes group) consistently had smaller relative eye sizes (\o:
o = —1.24, SE = 0.02, t = 439, p < 0.001; hy: o = —1.19,
SE = 0.03, t = 3.06, p < 0.01) than those in the photophore-
bearing (-sergia) group (ho: o = —1.13; hj: a = —1.08), with
eye-to-body size ratios of these groups at 0.028 (£0.005 sd)
and 0.032 (40.003 sd), respectively (Figures 3, 4). For DVM
distance, relative eye size increased slightly with increasing
DVM distance at Ao (B = 0.0001, SE = 0.00005, t = 2.28,
p < 0.05). Neither the depth variables (mean daytime depth,
mean nighttime depth, maximum reported depth) nor habitat
type correlated significantly with relative eye size (Table 3).

In contrast to relative eye size, the ecological correlates of
absolute eye size were light organ type, mean daytime depth, and
maximum reported depth (Figure 3 and Table 4). Light organ
type significantly correlated to absolute eye size before correction
(%o: p < 0.01) but not after (x;: p = 0.1; Figures 3, 4). The same
was true for mean daytime depth (ho: p < 0.01 and ry: p = 0.3);
however, the interaction of mean daytime and nighttime depths,
and maximum reported depth, were significant correlates both
before and after phylogenetic correction (ho: p < 0.01 and Ai:
p <0.01).

As with relative eye size, absolute eye size was smaller in
species with organs of Pesta (the -sergestes group; ho: i = 0.83,
SE = 0.10) than in photophore-bearing (-sergia) species (\o:
w =1.37,SE =0.15, t = 3.59, p < 0.01; Figure 4). As for the depth
metrics, absolute eye size increased with increasing depth, though
for mean daytime depth, that trend only held to 1,000 m depth -
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FIGURE 2 | Evolutionary allometry. Mean eye-body size allometry is shown for -sergia (green) and -sergestes (purple) groups of sergestid shrimps. Lines indicate
phylogenetic generalized least squares (PGLS) regressions of logg eye diameter vs. logig body length. Models were run with % set to either O (solid line) or 1
(dashed line), accounting for the lowest and highest bounds of phylogenetic signal in model residuals, respectively. Images represent a subset of sergestid shrimps
and were used with permission from the photographer, ©DantéFenolio.
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FIGURE 3 | A summary of sergestid eye-size ecology. Data are presented for -sergia (green) and -sergestes (purple) groups of sergestid shrimps across a phylogeny
adapted from Golightly et al. (2022). (A) Mean eye size (filled circle) and body size (open circle). The legend indicates how the eye diameter (top) and body length
(bottom) scale in absolute terms. (B) Allometric slopes (B) from adult eye-body size standardized major axis (SMA) regressions of logyg eye diameter vs. logig body
length. White lines indicate allometric slopes that are significantly different from 1 (non-isometric). (C) Residuals from the PGLS regression of sergestid evolutionary
eye-body allometry (at %) indicates a measure of eye investment, with negative and positive residuals indicating how small or large an eye is for a given sergestid
body size compared to what is predicted by the model. (D) Mean depth distributions and (E) light organ types. The moon symbol indicates mean nighttime depth,
the sun symbol indicates mean daytime depth, the diel vertical migration (DVM) distance is shown by the black line, and the open circle indicates maximum reported
depth. The asterisks indicate species that occupy a benthopelagic habitat. Depth estimates were taken from published literature, see Table 1 for citations.
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the transition from the mesopelagic zone to the bathypelagic
zone (Figure 5). Subsequent PGLS regressions indicated that the
interaction of zone and daytime depth significantly correlated
to absolute eye size at both values of N (ho: p < 0.0001
and \j: p < 0.0001; Figure 5 and Supplementary Table 3).
This pattern was also reflected in sergestid body size at both
values of h (ho: p < 0.001 and X;: p < 0.01; Figure 5 and
Supplementary Table 4). No relationship was found between
eye size and nighttime depth zone at either value of N (ho:
p =0.62 and \;: p = 0.77; Supplementary Table 5). Nighttime
depth, DVM distance, and habitat type were not correlated with
absolute eye size in either the corrected or uncorrected PGLS
regressions (Table 4).

Sighting Distance Modeling

The sighting distance models indicated that based on species
means for absolute eye size, the maximum distance for detecting a
standardized bioluminescent point source on a black background
differs among sergestids by a factor of three (Figure 6
and Supplementary Table 6). The shortest sighting distance
threshold was 1.11 m for A. pectinatus and the maximum was
3.77 m for R. robusta, scaling positively with increased eye size
and body size as would be expected (Figure 6). Considering these
sighting distance thresholds in relative terms (and perhaps, in a
more ecological context), we examined sighting distance as the
number of body lengths for a given species. Fitting a regression
to these data indicated that relative sighting distance does not
differ across sergestids of different body sizes (F(1 14y = 3.0,
R? =0.12, p = 0.11). Taking the mean of these relative distances,
we found that sergestids can detect a bright bioluminescence
point source against a black background around 63.5 (£9.6 sd)
body lengths away.

DISCUSSION

Constraints on energy resources and available light in the deep
sea should place strong selection pressure on eye size, which is a
fundamental determinant of visual ability (Warrant and Locket,
2004). Investigating eye size among sergestids, our results show
significant differences in eye growth rate and average eye size
that are correlated to different aspects of sergestid ecology and
result in variable thresholds of bioluminescence sighting distance.
As it is not possible to accurately estimate phylogenetic signal
(\) across 16 species (Freckleton et al., 2002), we duplicated
each analysis with and without a maximum-possible phylogenetic
correction. We found different ecological predictors of relative
and absolute eye size, with depth metrics only correlating
to absolute size, DVM distance only correlating to relative
eye size, and light organ type the only significant predictor
of both. Neither relative nor absolute eye size significantly
correlated to habitat type (pelagic vs. benthopelagic), indicating
that occupation of the benthopelagic (punctuated by DVMs to the
pelagic; Flock and Hopkins, 1992) has no observable relationship
to eye size among these sergestids.

Considering the relationship between eye size and light organ
type, as well as the role of absolute eye size in visual performance,

we examined sighting distance thresholds of bioluminescence,
finding that thresholds fall within <3.77 m and vary between
sergestids by a factor of three. In relative terms, we found
that all sergestids under the test conditions share a common
bioluminescence detection threshold at ~64 body lengths. This
suggests the maintenance of relative visual ability, at least for
maximum sighting distance of a standardized bioluminescent
point source, that scales evenly with species size. Together, our
study reveals patterns of eye growth rate and average eye size
in sergestids, identifying different ecological factors that may
underlie the relative energetic investment in eyes (i.e., relative eye
size) and the optical basis of visual capability (i.e., absolute eye
size). These findings suggest an important relationship between
vision and intraspecific bioluminescence in particular, and the
ability to detect bioluminescence over an ecologically relevant
range, providing new insights into the visual ecology and eye size
evolution of this diverse deep-sea group.

Intraspecific Eye Size by Phylogenetic
Group, Ecology, and Body Size

Our results show that adult static eye-body allometry - an
indicator of eye growth rate - differs substantially across
sergestids. The -sergestes group contained the only four
species with significantly non-isometric allometry: P. vigilax,
S. atlanticus, A. sargassi, and A. pectinatus, which had the four
highest allometric slopes and thus, the fastest growing eyes
relative to the body of all sergestids sampled. One explanation
for rapid eye growth in the -sergestes group might be to meet
the visual demands of relatively shallow waters. Specifically, -
sergestes species occupy shallower waters than -sergia species
both throughout ontogeny (Flock and Hopkins, 1992) and at
adulthood (see Golightly et al., 2022), with those four species
(with the fastest eye growth rates) occupying on average 150 m
nighttime and 440 m daytime depths (Table 1). At these relatively
shallow depths, animals are exposed to higher ambient light levels
and stronger predation risk (Jerlov, 1976; Hamner, 1996); thus,
rapidly increasing eye size may help these species to accomplish
tasks such as detecting prey and avoiding predators in these
brighter light conditions. Previous work supports a relationship
between eye size and predation risk, with one study indicating
larger eye sizes associated with increased predator abundance in
amphipod crustaceans (Glazier and Deptola, 2011) and another
indicating predator-induced pupil enlargement in teleost fish
(Vinterstare et al., 2020).

Despite rapid growth rates, these four -sergestes species
ultimately had the smallest average absolute eye size compared
to the remaining sampled species (Figure 1). Although this trend
appears related to several ecological factors (addressed later by
evolutionary allometry), a further explanation may relate to a law
of diminishing returns for how visual performance (i.e., sighting
distance) scales with eye size in pelagic habitats (Nilsson et al.,
2012). Increasing the size of smaller eyes provides greater returns
in visual performance than increasing larger eyes by the same
magnitude (Nilsson et al., 2012, 2014). Thus, higher growth rates
may be particularly advantageous for animals with smaller eyes.
This claim is further supported by our finding that the two species
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with the lowest eye growth rates (P. grandis; B = 0.94 and R.
robusta: B = 0.84) also had the largest absolute eye sizes (Figure 1
and Supplementary Table 1).

This connection between eye growth rate and absolute size
brings up an additional consideration about nutrient availability
in the deep sea. An early survey of deep-sea crustaceans indicated
that body size increases until the start of the bathypelagic
zone (1,000 m) then begins to taper off (Mauchline, 1972).
Increasing body size with depth is predicted to provide metabolic
advantages, such as resource allocation for producing fewer, but
larger offspring than those produced by smaller species found in
shallower waters (Mauchline, 1972; Rex and Etter, 1998). Large
animals (and offspring) can feed upon a wider range of material
and have greater mobility for traveling long distances in search
of food and mates (Mauchline, 1972; Rex and Etter, 1998). Our
data supported this trend, with sergestid body size increasing
until 1,000 m and decreasing thereafter (Figure 5). Some of the
largest-bodied and deepest-dwelling species also had some of the
lowest eye growth rates (with eyes growing slower than body)
found among sergestids. This allocation of resources toward the
rate of body growth over eye growth suggests that the metabolic
advantage of increasing body size may be greater than visual
advantage of fast eye growth at greater depths. Despite these low
eye growth rates, deeper-dwelling species end up with the largest
absolute eye sizes - a trend that we later relate to body size and
visual performance.

Of all species, S. tenuiremis had the lowest eye growth rate
relative to body size by a factor of three. Correspondingly, S.
tenuiremis had the deepest daytime depth average (1,750 m)
and was the only sergestid studied here to lack bioluminescent
light organs entirely (Vereshchaka, 2000). This observation may
provide additional support for a relationship between eye growth
and the capacity for conspecific bioluminescent signaling, but is
presented with caution, as eye-body allometry in S. tenuiremis
did not differ from isometry and only represents a single
non-bioluminescent species. Thus, among sergestids -
environmental light level, predation risk, gains in visual

performance, nutrient availability, and the capacity for
bioluminescent signaling present several potential explanations
for patterns of adult eye-body allometry found here.

Eye Size and Bioluminescence

Of the ecological correlates tested, light organ type was the
only significant correlate of both relative and absolute eye size,
suggesting that sergestid eye size evolution has been guided, at
least in part, by visual demands of bioluminescent signaling.
Specifically, larger relative and absolute eye sizes were found
in species with dermal photophores than in those with larger
organs of Pesta (Figure 4), suggesting that species invest more
resources in their eyes for improved visual ability when they have
smaller (and putatively dimmer) bioluminescent light organs. As
sergestid light organs, such as organs of Pesta (Herring, 1981),
are comprised of individual luminescent units (photocytes), it
stands to reason that larger organs are comprised of either more
or thicker-diameter photocytes that are capable of emitting a
greater intensity of light. Looking to the largest-bodied species
for an example, we see a ten-fold difference in the diameter of the
largest dermal photophore (on the antennal scale) of R. robusta at
~0.2 mm (Vereshchaka, 2000) and the largest organ of Pesta in E.
arcticus at ~2 mm (Foxton, 1972). Therefore, as sergestid dermal
photophores are much smaller than organs of Pesta, they might
produce weaker signals that are more difficult to visually detect
or spatially resolve.

For putative bioluminescent signaling, it remains unknown
whether these shrimps resolve individual light organs, light organ
patterns, or if they rely on temporal emissions (flashes) from
some or all light organs combined (Schweikert et al., 2020).
Either way, one might expect the much smaller size of dermal
photophores to produce dimmer emissions that require larger
eyes for detection—a prediction that was supported by our
findings. Though we were unable to consider unlensed vs. lensed
photophores as separate states due to low sample size (and thus
low power), examination of the data suggests that animals with
unlensed photophores may have the largest absolute eye sizes
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(Figure 4). As lenses are thought to concentrate and guide light
emissions (Denton et al., 1970; Cavallaro et al., 2004), it is possible
that unlensed photophores emit more diffuse light than lensed
photophores, ultimately requiring larger eyes.

Our findings add to a growing body of work that indicates
an important relationship between bioluminescence and vision
in deep-sea crustaceans. A previous survey of deep-sea shrimps
(including three sergestid species) found that spectral sensitivity
was better tuned to bioluminescence emission spectra found
commonly in the deep sea than to downwelling light (Frank and
Widder, 1999). In another survey of deep-sea crustaceans, larger
relative eye sizes were found in species (including sergestids)
with light organs than in those lacking the trait, which was
suggested by the authors to help the animals form aggregations
and identify mates through conspecific signaling (Hiller-Adams
and Case, 1988). This putative relationship between eye size
and conspecific signaling has also been supported by previous
work on ostracods, indicating that the presence and size of
eyes in males (compared to females) is related to a need
for bioluminescent signaling (e.g., Morin, 1986; Oakley, 2005).
In line with these findings, our results show that sergestid
eye sizes are correlated with the morphology (and putative
brightness) of bioluminescent organs, suggesting a role of
sergestid bioluminescence in conspecific signaling.

Currently, sergestid bioluminescence has not been
documented to function in conspecific signaling and is
primarily thought to serve in counterillumination camouflage,
in which ventral bioluminescence replaces sunlight blocked by
the body, reducing predation risk from viewers below (Warner
et al., 1979; McFall-Ngai, 1990). Growing evidence suggests that
conspecific signaling may be predicted in some -sergia species,
after findings of sexual dimorphism in photophore pattern
(Herring, 2000, 2007). Therefore, our finding that animals with
photophores (i.e., -sergia spp.) have larger eyes than species
with organs of Pesta (-sergestes spp.) suggests that both groups
might rely on conspecific signaling or, alternatively, that only
photophore-bearing species (-sergia spp.) rely on conspecific
signaling, requiring comparatively larger eyes.

Implications for Visual Performance

With our results highlighting the importance of bioluminescence
as a correlate of eye size, we aimed to better understand the
relationship between these factors by modeling maximum
sighting distances of bioluminescence under best-case
environmental conditions (i.e., darkness) based on the mean eye
size for each species. The arrangement and emission intensities
of bioluminescent light organs among sergestids have yet to
be fully characterized, preventing us from modeling visibility
differences related to each light organ type. Instead, we modeled
maximum sighting distances of a standardized bioluminescent
source, revealing the best-case scenario of sighting distance
based on eye size differences alone. We estimated that sergestid
species can visually detect a point-source of bioluminescence
from distances of 1.11-3.77 m (Figure 6), falling in the range
of a previous study of sergestid sighting distances (<7.57 m)
that considered greater possible variation in bioluminescence
emission intensities (Schweikert et al,, 2020). These sighting

distances are ecologically relevant for possible conspecific
signaling, as the species sampled here are known to occur in
multi-species swarms (Bracken-Grissom, pers. observation;
Vereshchaka, 2009), with some species found at abundances of
up to 20 individuals per m> (Vereshchaka, 2009). With diverse
genitalia and clasping organs on males, sergestids are thought
to reproduce by copulation (Genthe, 1969; Vereshchaka, 2009).
Therefore, the detection of bioluminescence even at short
ranges may support a need to find and identify conspecifics for
aggregation or copulation (Foxton, 1972; Vereshchaka, 2009).

Knowing that larger eyes permit greater sighting distances,
we then asked whether larger-eyed species have relatively greater
sighting distances than smaller-eyed species, and for the given
test conditions, the answer appears to be no. By standardizing
sighting distances by body length, we found that relative sighting
distance of a given bioluminescent point source does not differ
among species, averaging 63.5 body lengths. As eye size scales
with body size with only slight negative allometry (Figure 2
and Table 3), one would expect this finding, that relative
sighting distance remains constant with increasing body size
across all species under standardized external conditions. This
finding helps place the allometry results in an ecological context,
suggesting that although absolute visual performance varies with
eye size, relative visual performance may hold constant to body
size in sergestids. Here, that reveals a shared detection distance
for bioluminescence (63.5 body lengths), which may or may
not relate to shared behaviors of these species requiring close
proximity of conspecifics, such as swarming and copulation
(Vereshchaka, 2009).

Eye Size, Depth, and the Diel Vertical

Migration

In addition to light organ type, mean daytime depth, maximum
reported depth, and DVM distance were significantly correlated
with sergestid eye size (Figure 3). Unexpectedly, the relationships
between these ecological variables and eye size were mutually
exclusive; mean daytime and maximum reported depth
correlated only with absolute eye size and DVM distance
correlated only with relative eye size. This finding, that larger
relative eye sizes correlate to more extensive DVMs, but not to
deeper depths, suggests that migration distance imposes visual
demands distinct from the average depths occupied by sergestids.

For many deep-sea animals, including sergestids, diel changes
in the light field are thought to trigger DVM behavior (Widder
and Frank, 2001), with a leading hypothesis (i.e., preferendum
hypothesis) suggesting that animals migrate to stay within a
preferred illumination level, known as an isolume (Ewald, 1910;
Rose, 1925; Russell, 1926; Cohen and Forward, 2016). Animals
with greater DVM distances may have lower intensity isolumes
as they migrate to greater depths in order to maintain constant
illumination during the day. Thus, farther migration distances
may coincide with greater eye investment to allow a low intensity
isolume to be detected.

Absolute eye size (representing the optical capability of vision)
was correlated to depth, with three significant predictors found
across depth variables: mean daytime depth, its interaction
with nighttime depth, and maximum reported depth. Across
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these models, we found that absolute eye size increased with
depth, suggesting that sergestids require progressively larger
eyes (for enhanced sensitivity, acuity, or both) as sunlight
dims and the scene becomes dominated by bioluminescent
light. Further examination of daytime depth revealed that the
transition between the photic and aphotic oceanic zones present
an interesting division in sergestid eye size evolution. Across
daytime depths, eye size (and body size) steadily increases across
the epipelagic and the mesopelagic zones, but then decreases in
the bathypelagic zone (Figure 5). This trend is also found among
certain deep-sea fishes (Munk, 1965; Warrant, 2000), suggesting
that larger eyes and enhanced visual ability may not be necessary
(or attainable) with the absence of sunlight and limited nutrients
in bathypelagic waters.

Our finding that absolute eye size correlated to depth, but
relative eye investment did not, was driven by the fact that eye
size and body size co-vary with changes in depth (Figure 5). This
tight correlation between eye and body size makes it difficult to
determine whether changes in eye size over depth are driven by
selection on vision or are simply a byproduct of selection on body
size (described above; Mauchline, 1972; Rex and Etter, 1998). It
is well established through allometric studies that larger animals
tend to have larger eyes (Hughes, 1977; Land and Nilsson, 2012),
and we also found strong eye-body allometry in sergestids. Thus,
a coincidental relationship is possible, with eye size passively
scaling with changes in body size over depth.

An alternative interpretation, however, is that in addition to
the metabolic and reproductive benefits of increasing body size,
body size may increase with depth in order to support the growth
of larger eyes, as has been suggested in giant squids (Nilsson
etal., 2012). Increasing eye size is energetically costly (Niven and
Laughlin, 2008), and the deep sea is energy limited (Warrant and
Locket, 2004), suggesting that deep-sea eye size may be under
strong selection that could drive changes in body size. The factors
selecting for eye size and body size are difficult to disentangle
and require further study across animal groups, eye types, and
ecologies found in the deep sea.

Study Limitations

Perhaps due to the relative inaccessibility of the deep sea, only
a handful of comparative studies of eye size exist on the animals
inhabiting this realm (Marshall, 1971; Locket, 1977; Hiller-Adams
and Case, 1988; Warrant, 2000; de Busserolles et al., 2013). Well-
resolved molecular phylogenies are less common among deep-sea
taxa than shallow or terrestrial groups, but are necessary to
account for evolutionary relationships among species that may
influence the distribution of eye size and other traits. Here, we
studied a diverse group of shrimps (family Sergestidae) with an
available molecular phylogeny and were still met with several
study limitations. The first concerns how the ecological variables
were distributed across our subtree. For example, all species with
an organ of Pesta were closely related (representing the -sergestes
group), with a single evolutionary transition to photophores
(representing the -sergia group). Future studies that incorporate
a greater diversity of species — with more independent transitions
between light organ types — will provide more convincing
evidence for possible functional relationships and coevolution

between bioluminescence and eye size. A second limitation was
our inability to apply a corrective factor to our analyses to account
for preservation effects on eye-body allometry across the species
sampled. Subsequent comparison of analytical outcomes with
and without the inclusion of paraformaldehyde-fixed specimens
however, helped validate the conclusions presented here. A third
limitation of our dataset was that we were unable to estimate
phylogenetic signal (), as our sample size was <20 species
(Freckleton et al., 2002). In response, we assumed the highest
possible phylogenetic signal (A1) in our data and examined our
results with and without applying a corresponding correction,
revealing the ecological correlates to eye size most robust to the
possible effects of shared descent. Overall, these findings provide
some support that a correlation exists between eye size and these
ecological variables, with our confidence in these relationships
depending on the true value of \ (phylogenetic signal).

Study Conclusion

The deep sea is light limited, and increasing eye size can enhance
light detection. In turn, large eyes are metabolically expensive
and energy constraints in this habitat would suggest that eye
size evolves under strong selection, making the deep sea a
valuable system for investigating the factors that influence eye
size. Overall, we found that higher eye growth rates are found
in sergestids with smaller absolute eye sizes, a relationship that
might be related to ecology and/or to the cost of diminishing
returns to vision by increasing already large eye sizes. The
ecological correlates of absolute eye size and relative eye size
differed, perhaps owing to patterns of body size that either yield
metabolic benefits at greater depths, support the growth of large
eyes, or both (Mauchline, 1972; Rex and Etter, 1998); however,
both absolute and relative eye size correlated to light organ type.
These findings suggest that bioluminescence plays a particularly
important role in the evolution of sergestid vision and that these
animals may be reliant on bioluminescent signaling. Models
of maximum sighting distance thresholds for bioluminescence
estimated absolute and relative detection ranges that appear
relevant to sergestid reproductive ecology, also suggesting a
possible function of conspecific visual signaling that — taken with
the findings of other sergestid studies - remains an attractive and
important area for future deep-sea crustacean research.
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