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Animals use their sensory systems to sample information from their environ-
ments. The physiological properties of sensory systems differ, leading
animals to perceive their environments in different ways. For example,
eyes have different temporal sampling rates, with faster-sampling eyes
able to resolve faster-moving scenes. Eyes can also have different dynamic
ranges. For every eye, there is a light level below which vision is unreliable
because of an insufficient signal-to-noise ratio and a light level above which
the photoreceptors are saturated. Here, we report that the eyes of the snap-
ping shrimp Alpheus heterochaelis have a temporal sampling rate of at least
160 Hz, making them the fastest-sampling eyes ever described in an aquatic
animal. Fast-sampling eyes help flying animals detect objects moving across
their retinas at high angular velocities. A. heterochaelis are fast-moving ani-
mals that live in turbid, structurally complex oyster reefs and their fast-
sampling eyes, like those of flying animals, may help them detect objects
moving rapidly across their retinas. We also report that the eyes of A. hetero-
chaelis have a broad dynamic range that spans conditions from late twilight
(approx. 1 lux) to direct sunlight (approx. 100 000 lux), a finding consistent
with the circatidal activity patterns of this shallow-dwelling species.
1. Background
Natural environments present more information than any animal can perceive or
process. As a response, animals filter pertinent cues from available information, in
part through the functional constraints of their sensory systems [1]. For example,
visual systems sample environments at different spatial and temporal frequen-
cies. Eyes that sample in space at higher frequencies are able to resolve finer
spatial details. Likewise, eyes that sample in time at higher frequencies are able
to resolve finer temporal details [2,3]. Consequently, viewers with fast-sampling
eyes can resolve fast-moving scenes created by the viewermoving quickly, objects
in the environment moving quickly, or both happening at once [4]. Eyes vary
widely in their rates of temporal sampling. Some, like the eyes of the sea star
Acanthaster planci [5], sample as slowly as approximately 0.5 Hz and others,
like those of flying diurnal insects, sample as rapidly as 200–300 Hz [6].

Recently, we demonstrated that the eyes of the big claw snapping shrimp
Alpheus heterochaelis (figure 1a) provide spatial vision [7]. Spatial acuity in A. het-
erochaelis is similar to that of other decapod crustaceans from shallow aquatic
habitats [8,9]. Our discovery was noteworthy because it challenges the hypoth-
esis that snapping shrimp (Decapoda: Alpheidae) engage in heterospecific
behavioural associations (with partners such as goby fish) because they are
blind [10–12]. Additionally, our demonstration of spatial vision in A. heterochae-
lis supports evidence that snapping shrimp visually assess the claws of
conspecifics [13,14]. It is important for snapping shrimp to assess conspecifics
accurately because their conflicts can be lethal. Snapping shrimp can produce
cavitation bubbles with their snapping claws that, upon collapse, release
shock waves that can stun or kill conspecific rivals [15].
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Figure 1. Snapping shrimp have eyes with a broad dynamic range. (a) The
big claw snapping shrimp, Alpheus heterochaelis. (b) Response–stimulus
intensity (VlogI ) function for the eyes of A. heterochaelis (n = 8). The
shaded box represents the dynamic range of the eyes, which corresponds
to 5–95% of their maximum response magnitude. The error bars represent
± 2 s.e.m.
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We also demonstrated that the eyes of A. heterochaelis have
a temporal sampling rate of at least 49 Hz [7]. However, we
did not find their maximum critical flicker fusion frequency
(CFFmax), the flicker rate at which increasing light intensity
no longer leads to higher rates of temporal sampling by a
visual system. We did not assess CFFmax in our earlier
study because we did not use a sufficiently bright light
source. The eyes of decapod crustaceans are known to have
CFFmax values of 20–60 Hz [16], and if the eyes of A. hetero-
chaelis provide a higher rate of temporal sampling, it would
have consequences for how we interpret interactions between
snapping shrimp and other animals, including their hetero-
specific partners and conspecific rivals. To better
characterize how snapping shrimp perceive their environ-
ments, we assessed the CFFmax of the eyes of A.
heterochaelis using electroretinography (ERG). We also
measured the dynamic range of the eyes of A. heterochaelis,
the range of light intensities over which the photoreceptors
of an eye register increases or decreases in intensity.
2. Methods
(a) Animal collection and care
We collected A. heterochaelis from Oyster Landing (33°20’58.500 N
79°11’19.200 W) in North Inlet Estuary on 16 September 2019.
We transported animals to the University of South Carolina
(Columbia, SC, USA), where we held them individually in
natural seawater (NSW) at room temperature (approx. 22°C),
a salinity of 35 ppt, and a 12 h : 12 h light : dark cycle (Aqua
Illumination Prime HD LED; C2 Development, Inc., Ames, IA).

(b) Equipment for electroretinography
For ERG, we used equipment and methods described previously
[7]. We amplified DC signals using an AM Systems model 3000
AC/DC differential amplifier with headstage (Sequim, WA) set
to a low-pass cut-off frequency of 20 kHz, digitized signals
using an ADInstruments PowerLab model 8/35 data acquisition
board (Colorado Springs, CO) and compared signals using Lab-
Chart 8 Pro (ADInstruments). We dampened electromagnetic
and vibrational noise by taking recordings inside a custom-
built Faraday cage that was set atop a passively isolated air
table with an attached breadboard (ThorLabs SDH7512 and
B3048F; Newton, NJ). As electrodes, we used electrolytically
sharpened 0.2 mm tungsten rods (A-M Systems, Sequim, WA).
We placed these electrodes using Narishige MM-3 manual
micromanipulators (Amityville, NY).

We used a 150 W tungsten-halogen lamp (Spectral Products
ASBN-W150-PV; Putnam, CT) to generate light for test stimuli
and then adjusted the intensity and temporal dynamics of this
light using, respectively, a continuously variable, circular neutral
density filter (Edmund Optics 54-082; Barrington, NJ) and a Uni-
blitz LS3 high-speed shutter (Rochester, NY). For adapting
stimuli, we produced and controlled light with a 20 W tung-
sten-halogen lamp with an integrated shutter (Ocean Optics
HL-2000-HP-FHSA; Dunedin, FL), along with a continuously
variable, circular neutral density filter (Edmund Optics 54-082).

We quantified the absolute irradiance (integrated from 375 to
725 nm) of the test stimuli and adapting stimuli at a distance and
orientation similar to those of the preparations. To do so, we
used a spectrometer system with components from Ocean
Optics that included a Flame-S-VIS-NIR-ES spectrometer, a
QP400-1-UV-VIS optical fibre and a CC-3 cosine-corrector. To
calibrate the absolute response of the spectrometer, we used a
HL-3P-CAL Vis-NIR calibrated light source. We operated the
system using Ocean View software.

(c) Procedures for electroretinography
To prepare animals for ERG, we chilled them in ice cold NSW.
Next, to prevent animals from desiccating, we wrapped them
in a Kimwipe that had been soaked in chilled NSW. We then
attached animals to a nylon post by wrapping them in Parafilm.
To perform monopolar recordings, we placed the recording elec-
trode into an animal’s right eye and placed the reference
electrode, electrically coupled to ground, into the animal’s
dorsal thorax.

To find an appropriate stimulus intensity for assessing the
CFFmax of the eyes of A. heterochaelis, we calculated their
response–stimulus intensity (VlogI ) function. To do so, we
used ERG to record the response magnitudes of eyes (n = 8) to
white light stimuli of varying intensities [17]. In these trials, we
dark-adapted animals for 15 min, then presented a series of
stimuli in which each stimulus lasted for 1 s and was followed
by a 15 s dark period. The intensities of these stimuli ranged
from 1.97 × 1010 (approx. 0.01 lux, equivalent to a quarter
moon) to 1.57 × 1017 photons cm−2 s−1 (approx. 100 000 lux,
equivalent to direct sunlight). To analyse our results, we normal-
ized the response magnitudes of eyes, averaged these normalized
responses, and then fit a curve to the averaged results using the
Zettler modification of the Naka-Rushton function [18].

Next, we used ERG to assess the CFFmax of the eyes of
A. heterochaelis. Prior to recordings, we light-adapted animals for
15 min under white light with an intensity of 3.65 × 1016 photons
cm−2 s−1. We recorded the responses of eyes to a flickering white
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Figure 2. The eyes of A. heterochaelis have a temporal sampling rate of at least 160 Hz. (a) The eyes of A. heterochaelis (n = 6) have a CFFmax that exceeds 130 Hz,
as indicated by the averaged response powers of eyes to light stimuli flickering at different frequencies. (b) The eyes of A. heterochaelis (n = 8) have a CFFmax of at
least 160 Hz. In (a and b), the dashed horizontal lines represent a 5% power threshold and the error bars represent ± 2 s.e.m. Responses above the threshold value
indicate eyes are following the flickering stimulus. (c,d) Representative ERG recordings from the eyes of A. heterochaelis in which the top trace shows 20 cycles of the
flickering light stimulus and the lower traces show the corresponding responses of an eye. According to our FFT analysis, the eye represented in (c) did not follow
light stimuli flickering at 180 or 200 Hz (indicated by the grey box), whereas the eye represented in (d ) followed all stimuli.
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light stimulus with an intensity of 1.57 × 1017 photons cm−2 s−1 [17].
In all trials, we kept the adapting light on continuously, presented
stimuli in increasing steps of 10 Hz and determined the durations
of light stimuli and rest periods based on the requirements of the
ERG system. We ran three sets of trials, each with separate
groups of animals. In the first set of trials, we presented A. hetero-
chaelis (n = 6) with a series of light stimuli flickering at rates of
30–100 Hz in which each stimulus lasted for 0.75 s and was fol-
lowed by a 60 s rest period. In our second set of trials, we
presented animals (n = 6) with a series of light stimuli flickering
at rates of 60–130 Hz in which each stimulus lasted for 0.5 s and
was followed by a 60 s rest period. In our third set of trials, we pre-
sented animals (n = 8) with a series of light stimuli flickering at
rates of 100–200 Hz in which each stimulus lasted for 0.5 s and
was followed by a 90 s rest period.
(d) Data analysis
To assess the range of frequencies over which the eyes of
A. heterochaelis were able to follow flickering light stimuli, we
used R to implement an approach similar to Bok et al. [19]. We
prepared electrophysiological recordings for analysis by smooth-
ing them with a moving average algorithm and then linearly
detrending them. Next, we applied a fast Fourier transform
(FFT) to get the relative power of the FFT of the responses of
each eye at each frequency of stimulation. We generated power
curves for each eye and then normalized and averaged the
power curves to produce one averaged power curve for each of
the three sets of trials. To evaluate whether an eye was following
a light stimulus flickering at a particular frequency, we used a 5%
relative power threshold. We defined maximum critical flicker
fusion frequency (CFFmax) as the highest frequency stimulus for
which the averaged relative powers of the FFTs of the responses
of eyes (hereafter ‘averaged response powers’) remained above
the 5% power threshold.
3. Results
(a) The eyes of Alpheus heterochaelis have a broad

dynamic range
We generated a VlogI function for the eyes of A. heterochaelis
(n = 8) by plotting the magnitudes of their responses against
the intensities of the white light stimuli to which they were
exposed (figure 1b). Following Frank [18], we defined the
dynamic range of the eyes of A. heterochaelis as the irradiance
values spanning the 5–95% range of their maximum response
magnitudes. We found that the eyes of A. heterochaelis have a
dynamic range that spans nearly six log units of light intensity
(from 2.2 × 1012 to 9.6 × 1016 photons cm−2 s−1).

(b) The eyes of Alpheus heterochaelis have a high rate
of temporal sampling

We assessed the temporal sampling rates of the eyes of
A. heterochaelis by testing how they responded to flickering
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white light stimuli. In our first set of trials, we presented A.
heterochaelis (n = 6) with light stimuli flickering at rates of
30–100 Hz. The averaged response powers of eyes remained
above the 5% threshold for all frequencies [17]. This
prompted us to conduct a second set of trials in which we
presented a second group of animals (n = 6) with light stimuli
flickering at rates of 60–130 Hz. Again, the averaged response
powers of eyes remained above the 5% threshold for all fre-
quencies (figure 2a). We then conducted a third set of trials
in which we presented a third group of animals (n = 8) with
light stimuli flickering at rates of 100–200 Hz. Here, the aver-
aged response powers of eyes fell below the 5% threshold at
stimulus frequencies above 160 Hz (figure 2b). Values for
CFFmax varied between individuals: in the third set of
trials, eyes from 5 of the 8 animals followed the 160 Hz stimu-
lus (figure 2c) and eyes from 3 of these 5 animals followed all
of the stimuli (figure 2d ). The intensity of the flickering light
stimulus in these trials (1.57 × 1017 photons cm−2 s−1) fell
toward the upper end of the dynamic range of the eyes of
A. heterochaelis (figure 1b). Thus, we identified CFFmax

values for the eyes of A. heterochaelis because a brighter
light stimulus should not have increased their rates of tem-
poral sampling.
4. Discussion
We found that the eyes of A. heterochaelis have a CFFmax of at
least 160 Hz, with the eyes of some individuals having a
CFFmax of at least 200 Hz. These are the fastest rates of tem-
poral sampling yet to be reported for eyes from any
crustacean or from any aquatic animal. Previously, the high-
est rate of temporal sampling recorded from the eyes of a
decapod crustacean was 60 Hz, in the lobster Jasus edwardsii
[20], and the highest rate recorded from the eyes of a crus-
tacean was 120 Hz, in the isopod Ligia occidentalis [21].

Fast-sampling eyes are generally associated with flight.
The eyes of A. heterochaelis have a higher rate of temporal
sampling than those from any vertebrate, including birds
such as pigeons (143 Hz; [22]) and peregrine falcons
(129 Hz; [23]). The only eyes known to sample more rapidly
than those of A. heterochaelis are from flying diurnal insects
(200–300 Hz; [6]). Flying animals use their fast-sampling
visual systems to detect rapidly approaching objects [24].
Like flying animals, A. heterochaelis must detect and avoid
objects with high angular velocities. They must do so because
they are fast-moving animals that live in cluttered, turbid
oyster reefs in which sighting distances tend to be short.
Thus, A. heterochaelis will have frequent, sudden encounters
with nearby objects in its environment. We predict that a
fast-sampling visual system helps A. heterochaelis resolve
these objects despite their high angular velocities.

The eyes of A. heterochaelis have a dynamic range that
spans natural conditions ranging from late twilight (approx.
1 lux) to direct sunlight (approx. 100 000 lux). Like A. hetero-
chaelis, other shallow-dwelling decapod crustaceans have
eyes with dynamic ranges that span 5–6 log units of intensity
[8]. Eyes with a broad dynamic range are consistent with the
broad range of light conditions under which A. heterochaelis
are active. Acoustic recordings suggest that A. heterochaelis
are most active during low tides [25], indicating their periods
of peak activity can occur under light conditions as bright as
direct daylight or as dim as starlight.

Knowledge that snapping shrimp have fast-sampling eyes
with a broad dynamic range should influence how we inter-
pret their interactions with other animals. Like isopods from
the genus Ligia [21,26], snapping shrimp may use their fast-
sampling eyes to rapidly detect other animals and to resolve
images of objects that appear to move at high angular vel-
ocities because of their own quick movements. We predict
that A. heterochaelis can resolve rapidly moving predators or
prey under a wide range of light conditions. High-speed
vision may also allow A. heterochaelis to rapidly assess fea-
tures of conspecific rivals, such as the sizes of their claws
[13], when making decisions about whether or not to
engage in combat with them. To identify ecological factors
associated with high-speed vision in snapping shrimp, we
will compare temporal sampling rates between species with
different heterospecific partners and between species that
live in habitats ranging in spatial complexity from sand
flats to beds of seagrass to oyster reefs.
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