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The light characteristics of an ecosystem drive evolutionary adaptations in visual traits,
enhancing the diversity and abundance of species living there. The visual systems
of crustaceans are highly diverse and often correspond to the optical properties of
their preferred environments. Although habitat depth is known to greatly influence
visual specialization in marine crustaceans, it remains unclear whether depth drives
visual adaptions in nocturnal species. Slipper lobsters (Scyllaridae) are nocturnal
benthic marine crustaceans distributed throughout a wide range of depths. In order
to understand the visual adaptive capabilities of slipper lobsters inhabiting different
depths, we characterized the eye structures of a shallow-water species (Parribacus
japonicas), an intermediate-depth species (Scyllarides squammosus) and a deep-water
species (lbacus novemdentatus). Moreover, we measured by electroretinogram (ERG)
the spectral sensitivities and temporal resolutions for each species using the following
light stimuli: UV (Amax 386 nm), blue (Amax 462 nm), green (Amax 518 nm), yellow
(Mmax 590 nm), and red (Amax 632 nm). Our histological experiments show that all
three species possess a typical superposition compound eye with square facets,
and their ERG measurements revealed a single sensitivity peak for each species.
Notably, peak spectral sensitivity corresponded to habitat depth, with the estimated
peak for I. novemdentatus (493.0 £ 9.8 nm) being similar to that of S. squammosus
(617.4 £ 2.1 nm), but lower than that of P japonicus (637.5 + 9.9 nm). Additionally,
the absolute sensitivities at respective peak wavelengths for I. novemdentatus and
P, japonicus were higher than that of S. squammosus. No differences were observed
among the three species for maximum critical flicker fusion frequency (CFFmax) across
light stimuli. However, R japonicus had lower CFFmax values than the other two species.
These data suggest that all three nocturnal slipper lobsters are likely monochromatic
and well adapted to dim light environments. Significantly, the deep-water slipper lobster
displayed higher spectral sensitivities at shorter wavelengths than the shallow water
species, but temporal resolution was not compromised.

Keywords: spectrum sensitivity, temporal resolution, slipper lobster, nocturnal animal behaviors, habitat depth,
mesopelagic animal
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INTRODUCTION

Light plays an important role in aquatic ecosystems. In
underwater environments, light penetration influences
various biogeochemical processes that determine the primary
productivity of the ecosystem and also impact the activities and
behavioral patterns of marine organisms (Mascarenhas and Keck,
2018). Optical properties in ocean systems are largely influenced
by depth, as water molecules scatter and absorb downwelling
sunlight to affect spectral bandwidth and reduce intensity
(Pope and Fry, 1997). In clear pelagic seas, seawater quickly
absorbs longer light wavelengths, whereas shorter wavelengths
can penetrate deeper, giving deep open oceans a pronounced
blue color. In contrast, absorption and scattering by suspended
particles, such as detritus and dissolved organic matter, may
reduce the blue/green light transition distance in turbid systems
(Gallegos et al., 1990). This red-shift in coastal waters and
estuaries may reduce the penetration depth of blue and green
light (Renema, 2018). At night or in deep-water regions that
sunlight cannot reach, bioluminescence is the primary source
of illumination and it plays important roles in both intra- and
inter-specific interactions (reviewed in Haddock et al., 2010;
Martini and Haddock, 2017).

Crustaceans are found in all parts of the marine environment
and they exhibit a remarkable degree of sensory system
variation. The evolutionary adaptations that drive variability in
visual traits are thought to be attributable to light availability
in those habitats. For example, eye size and structure of
Sergestes spp. (Sergestidae) vary considerably according to habitat
depth (Welsh and Chace, 1938). Similarly, differential spectral
sensitivity has been reported for crustaceans inhabiting distinct
optical environments. For instance, most decapods studied to
date are either monochromatic or dichromatic, but some taxa
inhabiting shallow-water or reef regions may possess more
than two types of photoreceptors to perceive color (reviewed
in Marshall et al., 2003). Taxa inhabiting shallow-water areas
often have multiple visual pigments tuned to absorb longer
wavelengths, such as red or yellow light (reviewed in Marshall
etal, 1999). In contrast, deep-sea crustaceans cannot detect such
longer wavelengths, with these species only having one short-
wavelength visual pigment for UV/blue or green light (reviewed
in Marshall et al., 1999). In addition to color perception, temporal
resolution is important for animals, as this property determines
their ability to detect movement. Species with greater sensitivity
to light intensity often exhibit slower photoreceptor transduction
and longer summation times, representing a potential adaptive
trade-off for light-limited environments (reviewed in Marshall
et al., 2003). Frank (2000) showed that mesopelagic crustaceans
at greater habitat depths display lower critical flicker fusion
frequencies (CFFs), a measure of temporal resolution. Apart from
depth, crustaceans that actively move at night are expected to
exhibit adaptations to dim-light environments (Gerrish et al.,
2009). Although habitat depth is known to drive visual adaption
in crustaceans, it is unclear if such depth-related visual adaptive
shifts occur in nocturnal species.

Slipper lobsters (Scyllaridae) are closely related to furry or
spiny lobsters (Palinuridae) and can be recognized by their

enlarged and flattened antennae (Lavalli and Spanier, 2007).
The family comprises a total of 20 known genera and 89
species distributed across four subfamilies (Arctidinae, Ibacinae,
Scyllarinae, and Theninae) (Yang et al., 2012). All species are
found in warm waters worldwide, residing at depths ranging from
very shallow to > 800 m (Webber and Booth, 2007). Many slipper
lobsters—especially those of the genera Scyllarides, Parribacus,
and Ibacus—are commercially important (Spanier and Lavalli,
2007), and these are considered emerging species of aquacultural
value in many Asian countries (Rudloe, 1983; Wakabayashi et al.,
2019). Slipper lobsters are primarily nocturnal (Lavalli et al,
2007). Nevertheless, their stalked eyes are well developed (Lau
et al,, 2009), suggesting that they potentially possess a wide field
of vision. A previous study showed that the vertical positions and
relative distances between the eyes, endowing the visual angle
of the stereopsis field, vary according to habitat and/or depth
ranges (Spanier et al., 2011). Furthermore, gross anatomical and
ultrastructural comparisons of rhabdom structure have indicated
that the slipper lobster may be sensitive to polarized light
(Lau et al., 2009). Although those studies have addressed some
important features of the slipper lobster visual system, visual
traits of nocturnal species have not yet been thoroughly evaluated
(reviewed in Lavalli et al., 2007).

In this study, we aimed to identify properties of the visual
systems of nocturnal slipper lobsters inhabiting different depths.
We examined three slipper lobster species, i.e., the Japanese
mitten lobster (Parribacus japonicus, Ibacinae), the blunt slipper
lobster (Scyllarides squammosus, Arctidinae), and the smooth
fan lobster (Ibacus novemdentatus, Ibacinae) (Figure 1; Yang
et al., 2012). These three species are common Scyllaridae in
the waters of northeastern Taiwan. Both P. japonicus (shallow
water: 0-25 m depth; Wahyudin et al., 2017) and S. squammosus
(intermediate depth: 17.5-90.5 m depth, but most abundant at
25-35 m; O’Malley, 2011) inhabit the euphotic zone, though
P. japonicus has occasionally been recorded in the intertidal
zone. In contrast, I. novemdentatus is usually captured in deeper
waters of the mesophotic and aphotic zones (50-300 m depth,
Groeneveld et al., 2019). We examined the anatomical features
of each species’ eye by conventional histological methods. Then,
we studied how the visual systems respond after dark adaption to
better understand how visual traits impact nocturnal behavioral
patterns. We applied electroretinograms (ERG) to test species’
spectral sensitivities and temporal visual responses using a series
of light-emitting diodes (LED).

MATERIALS AND METHODS

Experimental Animals

Living P. japonicas (20.02 =+ 1.10 cm, mean total
length =+ Standard Error, n = 6), S. squammosus (17.48 £ 1.24 cm,
n = 5) and I novemdentatus (16.30 & 0.37 cm, n = 5) were
obtained from the Heping Island Fish Market and Wushi
Harbor. P. japonicas and S. squammosus were captured off the
northeastern coast of Taiwan by scuba divers with permits issued
by a local fishermen’s association. Both species were collected at
depths of 5-35 m 2 h after sunset. I. novemdentatus specimens
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FIGURE 1 | A cladogram showing the evolutionary relationships among the
three focus species of this study (based on Yang et al., 2012).

were collected during the night at depths of 200-400 m by a
trawler vessel, which was operated by licensed fishermen.

I. novemdentatus specimens were packaged in bags of seawater
and oxygen, and covered with black plastic to protect them
from ambient light, before being brought from Wushi Harbor
to a laboratory in National Taiwan Ocean University (NTOU).
Before experiments, 1. novemdentatus were kept in 90-L cooler
boxes with aerated seawater at a density of one lobster per
30 L. The temperature of the room was controlled at 18°C, and
the light:dark photoperiod was set to L8D16 with dim light (c.
10 Ix) during the light period. The lobsters were fed with frozen
shrimp and clams twice per week, and seawater was replaced
after feeding. The purchased P. japonicas and S. squammosus
specimens were reared in the Chaojing Ocean Center (National
Museum of Marine Science & Technology). The animals were
kept in 100-L aquaria with a natural photoperiod and running
seawater at 25°C. As for I. novemdentatus, frozen shrimp and
clams were provided as a food source. Three days before each
experiment, individual P. japonicas or S. squammosus were
moved to NTOU and kept in the same conditions as described
above for I. novemdentatus. All experiments were conducted
during the 16-h dark period, adhered to 3R ethical principles
(replacement, reduction, and refinement) (Russell and Burch,
1959), and followed the guidelines on animal experiments of
the Institutional Animal Care and Use Committee of National
Taiwan Ocean University, Taiwan.

Electrophysiology Apparatus

A simplified and low-cost ERG apparatus was assembled
following Kanmizutaru et al. (2005) and it was used to
determine spectral sensitivities and temporal responses of slipper
lobsters. The animals were tied onto an eppendorf tube rack
(21.3 x 11.3 x 2.7 cm) using fine cable ties and wrapped in
nylon mesh. The right eyestalk was fixed upward using Scotch
removable mounting putty. This experimental setup was then
placed on a desktop vibration isolation plate (54 x 64 cm, Herz
Co., Yokohama, Japan) located inside a lightproof test chamber
(76 cm x 82 cm x 84 cm). The internal layer of the chamber was
covered with a copper screen (0.173 mm, 60 mesh) to provide

electric shielding. During recordings, a small tube was used to
irrigate lobster mouthparts with precooled oxygenated seawater.

A recording electrode (an epoxy-insulated tungsten
microelectrode, 76.2 mm in length, 245 pm in diameter, 5
MQ; A-M System, WA, United States) was placed on the midline
of the right eye. A reference electrode of similar specifications
was placed in a hole on the carapace near the eye that had been
made using a pen-type mini grinder (Octopus, Taipei, Taiwan)
with a fine drill head (0.8 mm, Tamiya, Shizuoka, Japan). EEG
paste (Ten20® conductive EEG paste, D.O. Weaver and Co.,
Aurora, Co, United States) was used to cover the ends of the
electrodes, thereby enhancing conductivity of evoked potentials
from the tissue to the electrodes.

Retina-evoked potentials were enhanced using a DP-
301 differential amplifier (Warner Instruments, Hamden,
CT, United States) and fed into software (LabChart v8, AD
Instruments, Sydney, Australia) through a PowerLab 4/35
analog-digital converter (AD Instruments). The amplifier’s band
pass filter was set at 0.1-10 kHz, and the analog-digital converter
sampling frequency was fixed at 40 kHz.

Light stimuli were generated using LEDs, which are smaller
and cheaper than conventional lamps with narrow band-pass
filters (Matsumoto et al., 2010). Moreover, the short response
time of LEDs can be used to test temporal responses, and their
light intensities can be adjusted precisely by setting the pulse
width (duty cycle). For our experiments, a white light LED
fitted with a 50% long-wave pass edge filter (450 nm, Titan
Electro-Optics Co., Taipei, Taiwan) was used for preliminary
ERG tests to determine appropriate dark-adaption timespans
(Figure 2). Additionally, five monochromatic LEDs—UY, blue,
green, yellow, and red—were used for ERG experiments
(Table 1). An infrared (IR) LED with a peak emission of 780 nm
(“max) was applied in a preliminary test, but no ERG response was
observed under IR flash stimulation. Hence, we did not explore
IR light responses any further. The LEDs were powered by an
LP2002D adjustable DC power supply (Lodestar Electronics Co.,
Taipei, Taiwan). A collecting mirror was mounted on each LED,
condensing the light beam angle to 12°. A BU-1A05] ultra-high
speed relay (0.25 mS operating time and 0.05 mS release time,
Toward Co., Hsinchu, Taiwan) was used to control the duty
cycle of LEDs along with a DF1906 function synthesizer (NF
Co., Yokohama, Japan). Duty cycles were adjusted from 25 to
100% (Supplementary Data 1) at a frequency of 250 Hz, which is
higher than the known critical flicker fusion frequencies of most
crustaceans. A PowerLab A/D converter controlled the on/off
switch according to the synthesizer trigger function. During ERG
tests, the light source was placed above the lobster and pointed
directly at the fixed eye at a distance of 5 cm (red) or 15 cm
(other colors). All operations were performed in a dark room
maintained at a temperature of 18-20°C and under dim red
light (~680 nm).

Spectral Sensitivity

Before spectral sensitivity tests, each lobster was restrained and
placed in the test chamber for dark adaption; 1 h for P. japonicas
and S. squammosus, and 2 h for I. novemdentatus. A preliminary
test demonstrated these times to be sufficiently long to obtain
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FIGURE 2 | Spectral emissions for each color of LED utilized in this study, measured at a distance of 15 cm and standardized to the peak emission.

the maximum response amplitude (Supplementary Data 2).
The duration of the light stimulus was 100 ms, and a series of
neutral density (ND) filters (Titan Electro-Optics Co., Taipei,
Taiwan) were used to reduce the light intensity in 14 stages, from
—0.3 to —4.2 log units (0.3 unit per stage). At each stage, the
output of the LED was adjusted between 25-100% duty cycle
(Supplementary Data 3).

ERGs were collected starting from the lowest light stimulus
(-4.2 log of ND filters and 25% duty cycle), and were adjusted
in a stepwise fashion with a minimum scale of 1% duty cycle
increase in stimulus intensity (Supplementary Data 3). Peak
light intensity at each wavelength and step was determined using
a MK350N spectrometer (UPRtek Co., Hsinchu, Taiwan) and
converted to photon flux (mol/m?/s). Stimulus flashes were given
at 1 min intervals until we obtained a defined criterion response
of 30 LV above the average of background noise (in our system,
the noise was usually below 20 pV) (Frank and Case, 1988; Frank
et al., 2012). Before meeting the response criterion, the light
stimulus was below the threshold sensitivity, so the light flashes

TABLE 1 | LEDs used as light sources for the ERG recordings.

Color Peak FWHM LED Voltage Manufacturer
(X max)
White 457 nm 204 nm D15vP2 3.0V Archon, China
uv 386 nm 26 nm Mc45-22° 3.2V  Grand Halo Tech, Taiwan
Blue 462 nm 24 nm Mc46-35° 3.2V  Grand Halo Tech, Taiwan
Green 518 nm 34 nm Mc46-34P 3.2V  Grand Halo Tech, Taiwan
Yelow 590nm 18nm PJ3Y2418130° 2.4V  Grand Halo Tech, Taiwan
Red 632 nm 19 nm Mc46-38° 2.0V  Grand Halo Tech, Taiwan

Spectral emissions for each LED are given in Figure 2. FWHM, full width at half
maximum.

aThis LED was removed from an underwater photoflood lamp (D15VR, Archon Co.,
Shenzhen, China).

bObtained from ICshop, Taipei, Taiwan.

would not cause light-adaption in the eye (Frank et al., 2012;
Caves et al., 2016).

To compare the spectral sensitivity data, we plotted the
reciprocal of the intensity required to produce the criterion
response for each color. In addition, curve fitting was performed
on the reciprocal of the thresholds for each lobster normalized
to a 0-100% scale, where 100% corresponded to the region
of the spectrum at which highest sensitivity was observed. To
estimate the peak of spectral sensitivity of each species, we fitted
an absorbance curve to the spectral sensitivity data for each
individual using a visual pigment template (Stavenga et al., 1993)
based on the least sum of squares method (Nergaard et al., 2008).
Data fitting was performed using R software with the package
“Perceptual Analysis, Visualization and Organization of Spectral
Color Data (pavo)” (Maia et al., 2013, 2019). The correlation
between spectral sensitivity data and the template curve was
evaluated by a Pearson correlation test (SPSS v. 20). A dataset
was excluded if the coefficient (r) between the spectral sensitivity
data and the template curve was < 0.95 or the significance value
(p) was > 0.05.

Temporal Resolution

Critical flicker fusion frequency (CFF) is defined as the highest
flicker rate that the eye can follow at any intensity. CFF increases
as the stimulus intensity rises, until it reaches a plateau (Frank,
1999). In our study, we used the maximum CFF (CFFpax) in
response to square pulses of light with a constant 50% duty cycle
generated by the DF1906 function synthesizer to quantify the
temporal resolution for each species.

The LEDs used for these experiments were the same as those
used in the spectral sensitivity test (Table 1). The test was initiated
at an irradiance level that could clear ERG signals. PowerLab was
used to control flash duration, and the duration of the pulse trains
was 1 s. The response to a dim-light test flash at an intensity of
approximately the threshold level was monitored between every
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pulse train. Subsequently, flickering stimuli were not given until
the response to the test flash had recovered to the dark-adapted
level. After every pulse train, the ERG signal of the time domain
was analyzed by Fast Fourier Transform (FFT). If the power of the
FFT at the frequency of stimulation was significantly greater than
the background noise, the animal was considered able to resolve
a stimulus of that frequency (Ryan et al., 2017). The frequency
of the stimulus pulse was increased by 1-2 Hz from 20 Hz until
fusion occurred. Upon reaching the CFF, the light intensity was
increased by 0.3 log for the following pulse train. CFFpax was
defined at the stimulus intensity that no longer resulted in a
higher flicker rate (Frank and Case, 1988; Frank et al., 2012).

Morphology and Anatomical Structure

After the ERG tests, the three species of lobsters were euthanized
under light adaption using an ice slurry (Diggles, 2019). Then,
the eyestalks were cut off, and the eyes were split into halves with
a razor blade. For histological observation, the eyes were fixed in
Bouin’s solution at room temperature, followed by dehydration
through a graded ethanol series (70, 80, 90, and 100%) for 1 h
in each grade. Samples were next incubated three times in histo-
clear for 1 h on a shaker (S101; Yisheng Technology, Co., Ltd.,
Pingtung County, Taiwan), and then the samples were dipped in
paraffin. Sagittal sections across the middle part of the eye were
made at 10 pm thickness using a microtome (RM2245; Leica
Biosystem, Wetzlar, Germany) and placed on glass microscope
slides. Sections were deparaffinized in histo-clear for 10 min and
dehydrated through a graded ethanol series (100, 90, 80, and 70%)
for 10 min in each grade. Sections were stained with hematoxylin
and eosin and then dehydrated through a progressive aqueous-
ethanol series (70-100%). Finally, the samples were mounted in
Entellan new (Merck Millipore, Burlington, MA, United States)
and covered with a coverslip. The structure of the eye was
observed under a light microscope (ApoTome.2; Carl Zeiss,
Aalen, Germany).

Eyes collected for scanning electron microscopy were fixed
immediately in a mixture of 4% paraformaldehyde and 2.5%
glutaraldehyde, buffered with 0.1 M phosphate buffer (pH 7.2)
for 1 day, and then post-fixed for 2 h in 2% OsOj solution with
0.1 M phosphate buffer (pH 7.2). The samples were then rinsed
three times in the phosphate buffer and dehydrated through
a graded series of ethanol for 30 min at each grade. After
samples were critical point dried (Hitachi HCP-2 critical point
dryer), the tissues were mounted on stubs and coated with gold
(Hitachi E101 ion sputter). The tissues were then examined with
a scanning electron microscope (Hitachi S-2400) at 15 kV. Light
micrographs were used for measurements of clear-zone width,
and scanning electron micrographs were used for measurements
of the surface area of each facet.

Statistics

As some of the data were not normally distributed according
to the Shapiro-Wilk normality test (p < 0.05), non-parametric
statistical analyses were deployed. Multiple group comparisons
were performed using both the Friedman test and the one-way
Kruskal-Wallis test, followed by post hoc analysis with a Dunn test

(Olsvik et al., 2005). Data from just two groups were compared
using the non-parametric Mann-Whitney U-test (SPSS v. 20).

RESULTS

Anatomical Structures of Slipper Lobster
Eyes

First, we evaluated the gross morphological features of the
eyes of each species. The distance between the eyes (ED)
of S. squammosus was 68.9 + 0.8% (mean £ SE) of the
anterior carapace width (ACW, Spanier et al., 2011), which was
significantly higher than that of 1. novemdentatus (21.6 & 0.5%)
and P. japonicus (49.0 = 1.1%) [df = 2, p = 0.001 and 0.042,
respectively; Dunn’s post hoc comparison after one-way Kruskal-
Wallis test (p = 0.001)]. Notably, the ED:ACW ratio was not
statistically different between I. novemdentatus and P. japonicus
[df = 2, p = 0.35; Dunn’s post hoc comparison after one-way
Kruskal-Wallis test (p = 0.001)].

All three examined species had ellipsoid eyes with square
facets in an orthogonal array (Figure 3). The outlines of the facets
delineated the corresponding ommatidia, and a small concavity
was observed at the center of each facet (Figure 3). The average
areas of corneal facets were 3,091 + 176 um? for S. squammosus,
3044 + 166 pm? for I. novemdentatus, and 2,943 + 161 pm? for
P. japonicas, which were not statistically different among species
(df =2, p = 0.67; one-way Kruskal-Wallis test).

Although the clear zone between outer structures and the
retina were far narrower in P. japonicas [0.300 %+ 0.022 pm,
df = 2, p = 0.001 in comparison to both other species;
Dunn’s post hoc comparison after one-way Kruskal-Wallis test
(p < 0.001)] than for the other two species (S. squammosus:
0.450 + 0.020 pwm, I novemdentatus: 0.349 + 0.007 pm),
histological sections showed that all three species had a typical
superposition eye (Figure 4).

Spectral Sensitivity

Next, we evaluated ERG responses in the slipper lobsters
for several regions of the light spectrum, ie., UV (hmax
386 nm), blue (Amax 462 nm), green (Amax 518 nm), yellow
(Mmax 590 nm), and red (Amax 632 nm) (Figure 5). Our
data reveal that all three species had distinct dark-adapted
sensitivities to different spectra (df = 4, S. squammosus
p = 0.001; 1. novemdentatusr p = 0.001; P. japonicas p = 0.022,
Friedman test). Additionally, intermediate-depth S. squammosus
and deep-water I. novemdentatus displayed higher dark-adapted
sensitivities to blue and green wavelengths than red light
[df =4, S. squammosus p = 0.004 and 0.001; . novemdentatus
p = 0.003 and 0.002, respectively; Dunn’s post hoc comparison
after one-way Kruskal-Wallis test (p < 0.001 in both species)].
However, the shallow-water species P. japonicas appeared to
be most sensitive to yellow light, and its yellow sensitivity was
significantly greater than for red light [df = 4, p = 0.014,
respectively; Dunn’s post hoc after one-way Kruskal-Wallis
test (p = 0.003)]. Additionally, our results indicate that
intermediate-depth S. squammosus displays an overall lower
light sensitivity compared to the other two species. More
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15x and 400x. The arrow points to the concavity on the facet.

FIGURE 3 | SEM images of the right eye of slipper lobsters. (A,B) S. squammosus 15x and 400x, (C,D) /. novemdentatus 15x and 400x, and (E,F) P, japonicas

specifically, its sensitivities were significantly lower than deep-
water I. novemdentatus for shorter UV and blue wavelengths
[df = 2, p = 0.045 and 0.047, respectively; Dunn’s post hoc
comparison after one-way Kruskal-Wallis test (p = 0.044 and
0.038)], and its sensitivities were also lower than shallow-water
P. japonicus for the yellow spectrum [df = 2, p = 0.014; Dunn’s
post hoc after one-way Kruskal-Wallis test (p = 0.008)] (Figure 6).

A single peak absorbance curve was fitted to the spectral
sensitivity data for each individual specimen. We excluded
two samples of P. japonicas (Pearson’s r = 0.855 and
0.651; p = 0.065 and 0.234, respectively) and one sample
of S. squammosus (Pearson’s r = 0.700; p = 0.188) from
our statistical analysis. The remaining data revealed that the
wavelengths for estimated peak sensitivities were distinct for the
three species (Figure 7). The peak wavelength for deep-water

L. novemdentatus (493.0 &= 9.8 nm; means + SE, n = 5) was
lower than that of shallow-water P. japonicas (537.5 & 9.9 nm,
n =4) [df =2, p=0.010 for each comparison; Dunn’s post hoc
comparison after one-way Kruskal-Wallis test (p = 0.013)], but
there was no significant difference between the peak wavelengths
for I. novemdentatus and S. squammosus (517.4 £ 2.1 nm, n = 4).

Temporal Resolution

In addition to evaluating spectral sensitivities, we also measured
ERG responses under the flicker test for all three species
(Figure 8). CFFy,y values did not differ among colors for the
three species (df = 4, I. novemdentatus p = 0.504; S. squammosus
p = 924; P. japonicus p = 247; Friedman test). Overall, shallow-
water P. japonicus displayed the lowest CFF . of all three tested
species. The CFF,y for P. japonicus was significantly lower than
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FIGURE 4 | Representative histological sections of slipper lobster eyes (10x).
All three species had a clear zone between the rhabdoms and the distal
pigment cone cell, a hallmark of superposition eyes. (A) S. squammosus,

(B) . novemdentatus and (C) R, japonicas. C: cornea, Co: cones, DP: distal
pigment, CZ: clear zone, Rh: rhabdoms and Ax: axons. Scale bar represents
0.1 mm.

that of deep-water I. novemdentatus for UV, green, yellow, and
red wavelengths [df = 2, p = 0.013, 0.004, 0.005, and 0.004,
respectively; Dunn’s post hoc comparison after one-way Kruskal-
Wallis test (p = 0.017, 0.005, 0.006, and 0.005)] (Figure 9).

DISCUSSION

In this study, we provide essential biological information
regarding the visual system of nocturnal slipper lobsters
residing at various vertical depths in the Pacific Ocean. Our
analyses indicate diverse spectral and temporal sensitivities
among nocturnal species from different habitat depths. Our
morphological analysis revealed all three nocturnal slipper
lobster species possess square facets in their eyes, implying
that they have “refracting” superposition eyes in which images
are focused by reflecting light off the sides of the four-sided
crystalline cones (Land, 1976). Moreover, we observed a clear
zone between the rhabdoms and distal pigment. Meyer-Rochow
and Gaél (2004) suggested that such clear zones enhance light
sensitivity and they may be relatively large in species inhabiting
dim-light environments. Apposition eyes are thought to be
an ancestral crustacean trait and may be present in the early
life stages of most decapods (reviewed in Luque et al., 2019).
However, the compound eyes of slipper lobsters with their
superposition optical structures may improve vision under dim-
light conditions (reviewed in Meyer-Rochow, 2001; Cronin
and Porter, 2008). Such refracting superposition eyes have
also been reported for other benthic decapods in deep-water
systems, such as the crab superfamilies Homolodromioidea,
Dromioidea, and Homoloidea (Luque et al., 2019), and this
type of eye is associated with some nocturnal arthropods
(Meyer-Rochow and Gal, 2004). Given their possession of
these specialized eye structures, we infer that these slipper
lobsters have excellent dim-light vision, which would assist
them in their nocturnal activity patterns (Lavalli et al., 2007;
Goldstein et al., 2015) and facilitate adaptation to habitats of
different depths.

Studies comparing the temporal resolution and visual
sensitivity of marine decapods to different colors are
relatively uncommon. For species having compound eyes
harboring multiple classes of photoreceptors, different
wavelengths of monochromatic light could stimulate those
various photoreceptors. Accordingly, multiple monochromic
wavelengths of light stimuli would result in more than one
CFFmax value in a flicker ERG test (Nakagawa and Eguchi,
1994). Our data revealed only one peak in each of the slipper
lobster spectral sensitivity curves, and the temporal resolutions
did not differ significantly among colors. Therefore, these
nocturnal species likely only possess one class of photoreceptor,
and probably display monochromatic vision, at least under
dark adaption. Although some decapods, such as panchromatic
mantis shrimp (Odontodactylidae) have multiple visual pigments
for photosensitivity (Marshall and Oberwinkler, 1999; Thoen
et al,, 2014), the spectral sensitivities of most decapods that have
been studied to date are either monochromatic or dichromatic
(reviewed in Marshall et al, 1999). Those species typically
have two distinct peaks at UV/blue (~400 nm) and blue-green
(480-540 nm) wavelengths, or only one peak at a wavelength
of 470-500 nm (reviewed in Marshall et al., 2003). However,
no significant correlations between the number of spectral
sensitivities and habitat depth or light environment have yet
been reported. Several cleaner shrimps inhabiting shallow coral
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FIGURE 5 | ERG traces for slipper lobsters. Data for (A) S. squammosus, (B) I. novemdentatus, and (C) P, japonicas are shown. Typical ERG traces taken from
appropriate light stimuli for each spectrum. The color of each line represents the color of each stimulus. The intensities of the color stimuli were c.
1072-10° mol/m?/s for I. novemdentatus and c. 10"1=10" mol/m?/s for S. squammosus and P, japonicas.

reefs, e.g., Lysmata amboinensis (Lysmatidae), Ancylomenes
pedersoni  (Palaemonidae), and Urocaridella antonbruunii
(Palaemonidae), present a single sensitivity peak (Frank et al,
2012). Hermit crabs are considered shallow-water or terrestrial
species, and three Paguridae (Pagurus annulipes, P. longicarpus,
and P. pollicaris) were found to display a single absorption peak

in visual pigment curves (Cronin and Forward, 1988). Some
deep-sea shrimps (Oplophoridae: e.g., Janicella spinacauda,
Oplophorus gracilirostris, O. spinosus, and Systellaspis debilis)
(Frank and Case, 1988) and some littoral crabs (Portunidae:
Callinectes sp. and Carcinus sp.) (Martin and Mote, 1982) have
two spectral sensitivity peaks.
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The light environment of the photic zone is mainly dominated
by sunlight (reviewed in Mascarenhas and Keck, 2018) but, at
mesopelagic depths, bioluminescence is the primary source of
external light. In deep-water regions, a blue-shifted sunlight
spectrum exists, and bioluminescence from decomposers, such as
bacteria, may be an important visual cue for deep-sea scavengers
to find food (Widder, 2010). It is generally believed that the most
common bioluminescence emission spectrum is blue, with the
second most common spectral range being green (Widder, 2010).
For example, in situ observations have demonstrated that the
emitted light spectra of marine creatures collected at depths of
500-1,000 m are mostly blue-green, with a peak at 455-535 nm
and a full-width half-max (FWHM) of 30-80 nm (Johnsen et al.,
2012). The spectral sensitivity peaks (Amax) of diverse decapods
that inhabit varying depths, i.e., species within Palinuridae,
Chirostylidae, Eumunididae, Galatheidae, Munidopsidae,
Nephropidae, Gecarcinidae, Grapsidae, Ocypodidae, Polychiidae,
Portunidae, Sesarmidae, Varunidae, Alpheidae, Alvinocarididae,
Eugonatonotidae, Lysmatidae, Oplophoridae, Oplophoroidea,
Palaemonidae, Pandalidae, Pasiphaeidae, Penaeidae, Penaeoidea,
and Sergestidae (details of the species and respective references
are shown in Supplementary Data 4), indicate that hmax might
shift toward blue (Amax 470-490 nm) with increasing depth
(Figure 10; Grober, 1990; Layne et al, 1997; Marshall et al,
2003; Matsuda and Wilder, 2010, 2014; Frank et al., 2012; Caves
et al.,, 2016; Kingston et al., 2019, 2020; Jessop et al., 2020; Qian,
2020). Additionally, although UV light cannot penetrate to
abyssal depths (>1,000 m), some Oplophoridae decapods there
exhibit a single spectral peak at a wavelength as low as 400 nm
(reviewed in Marshall et al., 2003; Figure 10). Nevertheless, we

acknowledge that the regression curve shown in Figures 10, 11
was built from published data on a limited number of species,
and the data cited therein was derived from various scales
and experimental approaches. Based on our measurements,
the peak sensitivity of deep-water I. novemdentatus is at a
similar wavelength to that of other decapod species inhabiting
regions below the mesophotic zone [e.g., Eugonatonotus crassus
(Eugonatonotidae), Heterocarpus ensifer (Pandalidae), Eumunida
picta (Eumunididae), Munidopsis erinacea (Munidopsidae), and
Munidopsis tridentate (Munidopsidae)] (Frank et al, 2012).
These species are typically found at depths of 525-700 m (i.e.,
in the aphotic zone), and their spectral peaks range from 487 to
497 nm (Figure 10).

Slipper lobsters in the euphotic zone, especially P. japonicus,
may be more sensitive to longer wavelengths than shorter ones.
Previous studies have shown that decapods living in coastal
waters display spectral sensitivity peaks at relatively longer
wavelengths. For example, Portunus xantusii (Portunidae)
(Grober,  1990),  Hemigrapsus  edwardsii  (Brachyura),
Leptograpsus variegtus (Brachyura) (reviewed in Marshall
et al., 2003), and some cleaner shrimps (Lysmata amboinensis,
Ancylomenes pedersoni and Urocaridella antonbruunii) (Caves
etal., 2016) are most sensitive to light at 510-533 nm (Figure 10).
ERG experiments have also shown that decapods living in
shallow freshwater or turbid water systems, such as freshwater
Macrobrachium rosenbergii (Palaemonidae) (Matsuda and
Wilder, 2014) and Palaemonetes paludosus (Palaemonidae)
(Goldsmith and Fernandez, 1968), may have sensitivity peaks
at even longer wavelengths, such as 563 or 539 nm. Likewise,
euryhaline Litopenaeus vannamei (Penaeidae) that usually
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inhabits mangroves and estuarine systems exhibits a visual The visual systems of aquatic animals often reflect their
sensitivity peak at 544 nm (Matsuda and Wilder, 2010), probably  light environments (Guthrie and Muntz, 1993). In particular,
due to the high turbidity of such habitats. sensitivity to luminal intensity and the temporal properties of
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The 90% confidence level is shown (dashed lines).

crustacean visual systems have been shown to vary according and temporal resolution has been hypothesized, since increased
to ecological and phylogenetic constraints (reviewed in Luque photoreceptor integration time may enhance photon capture
et al., 2019). Therefore, a trade-off between visual sensitivity ~and contribute to greater sensitivity to dim light. However,
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an increased temporal summation time is expected to reduce
temporal resolution (reviewed in Marshall et al., 2003). For
species living in dim light, the benefit of improved photon
capture may far outweigh the loss in temporal resolution. For
instance, many nocturnal and deep-sea crustaceans have highly
sensitive superposition eyes, but also display high spatial and
long temporal summation times that reduce resolution (reviewed
in Warrant, 2004). Regrettably, due to technical difficulties, we
could not conduct in situ habitat spectral assessments, which may
provide more profound insights into the relevance of spectral
sensitivity to optical environments.

Visual response dynamics are expected to match the
particular habitat and lifestyle of a given marine species
(Autrum, 1958). By plotting CFFpax values against habitat
depth for several species, we observed a roughly exponential
regression curve that indicated that the CFFp,x is generally
reduced with greater vertical depth for decapods from
the families Chirostylidae, Eumunididae, Munidopsidae,
Ocypodidae, Polychiidae, Portunidae, Sesarmidae, Alpheidae,
Eugonatonotidae, Lysmatidae, Oplophoridae, Palaemonidae,
Pandalidae, Pasiphaeidae, Penaeoidea, and Sergestidae (see
Supplementary Data 4 for details and Figure 11; Grober, 1990;
Layne et al., 1997; Collin et al., 2000; Frank, 2003; Frank et al,,
2012; Matsuda and Wilder, 2014; Caves et al., 2016; Kingston
et al., 2019, 2020; Qian, 2020). This result may be expected
because at greater depths, the environment is darker at greater
depths than in shallow waters. Furthermore, our data show
that the temporal resolution of euphotic S. squammosus and
P. japonicas is similar to shallow-water or terrestrial decapods

(from 25.6 Hz for Portunus xantusii to 39 Hz for Lysmata
amboinensis) (Grober, 1990; Matsuda and Wilder, 2014; Caves
et al., 2016; Jessop et al., 2020; Qian, 2020). Notably, the highest
measured CFFp,¢ (> 160 Hz) among crustaceans was reported
for the snapper shrimp (Alpheus heterochaelis) (Kingston
et al, 2020). Both the shallow-water and intermediate-depth
slipper lobsters we sampled were within the linear regression
range of CFFp, values (Figure 11). However, deep-water
I. novemdentatus displayed a relatively higher CFF,,x than most
other decapods found in the mesophotic zone or those occurring
at depths > 400 m (Figure 11). Thus, our results indicate that
the absolute sensitivity of deep-water I. novemdentatus is higher
than that of the intermediate-depth species, S. squammosus, but
not at the evolutionary expense of temporal responsiveness. It
remains unclear if I. novemdentatus undertakes diurnal vertical
migration, as reported for some other mesopelagic crustaceans
(review in Brierley, 2014). Nevertheless, the high temporal
resolution of I. novemdentatus suggests that it could possess
visual acuity similar to that of euphotic species.

In summary, our morphological and electrophysiological
results indicate that nocturnal S. squammosus, P. japonicas, and
I. novemdentatus are well adapted to dim-light environments.
For each species, our data suggest the presence of a single-
class photoreceptor supporting monochromatic vision, but all
species detected spectra ranging from 386 to 632 nm. Among
the three species we assessed, absolute visual sensitivities and the
wavelengths of highest sensitivity differed, with these differences
potentially reflecting the different habitat depths and light
environments they inhabit. Overall, the deep-water slipper
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lobster, I. novemdentatus, seems to have the best temporal
resolution when compared to other slipper lobsters or decapods
inhabiting the same depth range. Moreover, its spectral sensitivity
conforms to the visual features displayed by other species of
the aphotic zone, potentially enabling it to forage by detecting
bioluminescence. This study of the visual abilities of nocturnal
slipper lobsters not only contributes to our understanding of
the basic biology of these three species, but it may also have
important applications in designing fishing gear and practices
to improve efliciencies and prevent bycatch, both of which can
promote environmental sustainability.
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