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Abstract. The temporal characteristics of the visual sys-
tems of eight species of mesopelagic crustaceans were stud-
ied using the clectroretinogram (ERG). Experiments were
conducted on shipboard. using dark-captured specimens
collected off the south coast of Cuba. As one would expect
based on the relative intensity differences in their light
environments. the deepest living species. Systellaspis debi-
lis and Sergia filictum, have low maximum critical flicker
fusion frequencies (CFFs) of 21-25 Hz, whereas the shal-
lower living species Oplophorus gracilirostris and Janicella
spinacanda have higher maximum CFFs (31-32 Hz). One
of the shallowest living species, Funchalia villosa, has an
unusually low maximum CFF (24 Hz). which may be a
function of working with a dark-adapted eye. Two of the
bilobed euphausiid species, Nematobrachion flexipes and N.
sexspinosus, have very high maximum CFFs (44-57 Hz),
comparable to those of surface-dwelling crabs, even though
they live between 400 and 600 m. The maximum CFF of
Stylocheiron maximum, a shallower living bilobed eu-
phausiid. is only 36 Hz, indicating that maximum CFF
among the euphausiids cannot be correlated with depth of
occurrence. The unusually high flicker fusion frequency of
the deeper living euphausiids may be correlated to their
preference for bioluminescent prey.

Introduction

Autrum'’s studies of insect photoreceptors in the 1950s
gave rise to the idea that the response dynamics of the retina
match the habitat and lifestyle of the organism. In these
classic studies, he established that the eyes of rapidly mov-
ing day-active species have better temporal resolution, as
indicated by flicker fusion frequencies of 200-300 Hz. than
the eyes of slower moving night-active forms, with flicker
fusion frequencies of 10-20 Hz (Autrum, 1950, 1958; Au-
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trum and Stocker, 1952). These extracellular studies, using
the electroretinogram (ERG). which is the summed mass
response from a large number of receptor cells, were later
supported by studies on the intracellular responses of single
cells (Howard er al., 1984: de Souza and Ventura, 1989).
Since the light environment of mesopelagic crustaceans is
similar to that of nocturnal insects, one might predict that
they wonld also have fairly low temporal resolution, and
that temporal resolution would be correlated with daytime
depth of occurrence. Although the spatial resolution, which
is a function of the structure and optics of photoreceptors.
has been studied in a number of mesopelagic species (see
Cronin, 1986: Land, 1990. for review). the temporal reso-
lution, which is a function of the membrane properties of the
receptor cells themselves (see Weckstrom and Laughlin.
1995, for review). has reccived little attention. As shown by
the theoretical analysis of Srinivasan and Bernard (1975),
visual acuity is dependent on both the spatial resolution and
the temporal resolution of the eye, because for most organ-
isms. visual targets are rarely stationary. Either the organ-
isms themselves are actively moving, so the environment is
in motion with respect to their photoreceptors, or their
photoreceptors are moving because of muscle tremor or
nystagmus. Srinivasan and Bernard (1975) determined that
at angular velocities (of the object with respect to the
organism viewing it) above a critical value, spatial resolu-
tion is more dependent on the temporal properties of the
photoreceptor cells than on the structural optics of the eye.
Therefore, for any comprehensive analysis of the visual
system of an organism, both the spatial and temporal char-
acteristics of the photoreceptor need to be studied.

Studies on temporal resolution in mesopelagic organisms
are rare, due to the difficulties in collecting visually com-
petent organisms and keeping them alive during transport
back to shore-based labs. The only published study on the
temporal characteristics of the visual systems of mesope-
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tagic organisms is by Moeller and Case (1995), in which
they demonstrated that two species of deep-sea crustaceans
have very low flicker fusion frequencies (8-12 Hz), com-
pared to much higher maximum flicker fusion frequencies
(50-60 Hz) for shallow-water crabs (Brocker, 1935; Cro-
zier and Woll, 1939). However, Moeller and Case (1995)
measured the critical flicker fusion frequency at threshold
light intensities. which is difficult to compare between spe-
cies because (1) the threshold sensitivity of a crustacean eye
measured using the ERG technique varies considerably
from preparation to preparation (pers. obs.), and (2) critical
flicker fusion frequency is dependent upon the intensity of
the stimulus light (Brocker, 1935: Crozier and Wolf, 1939;
Crozier et al., 1939). A less problematic characteristic to use
for comparative studies of temporal resolution is the maxi-
num critical flicker fusion frequency. This is the maximum
flicker rate that the eye is capable of following at any light
intensity. In the current study, the maximum critical flicker
fusion frequencies of the photoreceptors of eight species of
mesopelagic crustaceans from a variety of depths (250-900
m) were examined using ERG recordings. The results of
these experiments indicate that several species from this
dim light environment have surprisingly high maximum
flicker fusion rates. These unusually high rates do not ap-
pear to be a function of depth of occurrence, but rather,
appear to be more closely correlated with the biolumines-
cence of the preferred prey.

Materials and Methods

Animal collections

The crustacean species used in this study (Table 1) were
collected off the south coast of Cuba on a research cruise
aboard the RV Sewward Johnson, with a 2.4 X 1.8 m Tucker

Table

Daytime depth distribution of crustaceans in this study

Species Depth (m)*

Family Euphausiacidae
Stvlocheiron
Nematobrach SPINOSUS
Nematobraclu pes

Family Oplophorid
Janicella spina
Oplophorus gracilis

250-500 (1)
400-600 (1)
450-600 (1)

axumim

500-600 (2)
500-650 (2)
Svstellaspis debilis 600-900 (2)
Family Penaeidae
Funchalia villosa
Family Sergestidae
Sergia filictiun

300-500 (3)

600-900 (4}

* Numbers in parentheses indicate the
1978: (2) Hopkins er al., 1989; (3) Hopku
Hopkins, 1992.

rce of the data: (1) Roger,
al., 1994, (4) Flock and

trawl fitted with a thermally insulated, light-tight closing
collecting container (cod-end). The light-tight cod-end was
closed at depth, ensuring that the organisms inside were not
exposed to damaging light levels at the surface, as studies
have demonstrated that even low levels of light can cause
permanent structural and physiological damage to the pho-
toreceptors of light-sensitive species (Loew, 1976; Nilsson
and Lindstrom, 1983; Frank and Case, 1988b). Once at the
surface, the cod-end was detached from the net and carried
into a light-tight room, where it was opened and species
were sorted under dim red light. Specimens were main-
tained in chilled (8°C), aerated seawater in 1-qt containers,
which were placed inside light-tight boxes. All trawling was
conducted between the hours of 2200 and 0500.

Electrophysiological recordings

The species in this study ranged in size from 20 mm body
length (the euphausiids and Janicella spinacauda) to 80 mm
body length (Oplophorus gracilirostris). They were
mounted on an acrylic plastic holder and suspended in a
chilled (8°C) seawater bath with the dorsal surface of the
eyes just above the level of the water. In this configuration,
which allowed their pleopods to remain free to generate
respiratory water currents around the gills, the crustaceans
remained alive and healthy for the duration of experiments
lasting up to 12 h. A tungsten microelectrode (10 um tip: F.
Haer and Co.) was placed subcorneally in the left eye. A
reference electrode was placed in the right eye, which was
then covered with black petroleum jelly (petroleum jelly
mixed with black oil-based paint) to block all light input to
this eye. This dilterential recording technique was used so
that background noise was subtracted from the signal before
amplification. A silver chloride electrode grounded the wa-
ter bath. Electrodes were placed in the eyes under dim red
light (>650 nm: Wratten Filter 79B). Signals were ampli-
fied with a Haer Microclectrode Amplifier (Model X
Cell-3) used in conjunction with a high-impedance probe to
eliminate electrode polarization artifacts (Kugel, 1977).
Low-frequency filters were set to minimal filtering (0.01-
0.1 Hz) to minimize distortion of the AC-umplified signal.
Data were digitized using a program written in LabView
(National Instruments. Inc.), and stored to disk for later
analysis.

This study was conducted on shipboard because the or-
ganisms used will not survive transport to a shore-based
laboratory. Due to the difficulties inherent in working on a
moving and rolling vessel, only extracellular electrophysi-
ology was possible.

Light stimuli

Test lashes of 490 nm light from an American Instru-
ments SA monochromator (Model H-20) were delivered to
the eye via a fused silica light guide, positioned so the circle
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of light at the output was larger than the eye. A piece of lens
tissue between the light guide and the eye served as a
diffuser. Flash duration was controlled by a Uniblitz shutter
(Model T132) under computer control, such that a 50% duty
cycle (50:50 light:dark ratio) was maintained. Irradiance
was controlled with a neutral-density wheel driven by a
stepper motor under computer control, and calibrated with a
UDT optometer (United Detector Technology Model S370)
and radiometric probe with poiut calibrations provided by
UDT.

Procedure

Although mesopelagic crustaceans are refatively insensi-
tive to red light (Frank and Case. 1988a). the dim red
preparation light did produce a small degree of light adap-
tation. Therefore, after electrode placement. the specimen
was dark-adapted until the response to a test flash. given
every 5 min, had not changed for 1 h, indicating that the eye
was in its fully dark-adapted condition. A flickering light
stimulus of 1.5-s duration was then presented to the dark-
adapted eye. To ensure that every flicker stimulus was
presented to a fully dark-adapted eye. a dim 100-ms test
flash that elicited a 50-pV response (the smallest response
reliably discernible from background noise) in the fully
dark-adapted eye was presented to the eye after every flicker
stimulus. and the eye was allowed to re-dark-adapt until the
test flash response had recovered to 50 uV. before the next
flicker stimulus was presented. The flicker rate for subse-
quent stimuli was increased until critical flicker fusion was
achieved: this is defined as the point at which the eye can no
longer produce a modulated electrical signal that remains in
phase with the flickering light. Irradiance was then in-
creased by one log unit, and the flicker rate of the stimulus
light was increased until fusion was again achieved. Maxi-
mum critical flicker fusion frequency (CFF) is defined as the
point at which further increases in irradiance do not result in
a faster flicker fusion frequency. All maximum CFFs are in
reference to dark-adapted eyes.

The responses to single 100-ms flashes of 490-nm light of
varying irradiances were also measured, starting from irra-
diances generating a threshold response. and continuing to
the point at which further increases in irradiance produced
no further increases in response amplitude. In some prepa-
rations, the response was not saturated at the maximum
stimulus light irradiance. For those preparations in which
response saturation was reached. the log I, was determined;
this is the log of the stimulus irradiance eliciting a response
that is 10% of the maximum amplitude. The log 1, was
used as an estimate of the relative sensitivity of the photo-
receptors (after de Souza and Ventura, 1989).

For all species, latencies were measured using a response
amplitude that was 10% of the maximum response. Re-

sponse latency is defined as the time from the start of the
light stimulus to the start of the ERG.

Results

The critical flicker fusion frequency measured via the
extracellular electroretinogram is dependent on a variety of
factors, namely adaptational state, background intensity,
stimulus intensity, and the subtended visual angle of the
source. In this study. all factors, with the exception of the
stimulus intensity, were equal for all the species: they were
all completely dark-adapted before being presented with a
flickering light stimulus. the background intensity was 0.
and the eye was always bathed with a circle of light that was
larger than the eye itself. The only variable factor was the
stimulus intensity. Although the irradiance of the light
source was calibrated, the response to the light stimulus
depended on the position of the electrode in the eye. so that
a 100-pV response might be generated by a dim stimulus in
one specimen and a brighter stimulus in another specimen
of the same species. As shown in Figure 1. the CFF de-
pended on irradiance level. with lower irradiances evoking
lower CFFs and higher irradiances evoking higher CFFs.
Therefore, to ensure that the same parameter was measured
tor all species in this comparative study. the maximum CFF.
which is the highest flicker rate that the eye is capable of
following at any intensity, was used.

Maxinuan critical fusion frequency

The maximum CFFs were measured for eight species of
mesopelagic crustaceans from a variety of depths (Table 1).
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Figure 1. Flicker fusion trequency (Hz) as a function of irradiance
(photons cm 2s™ ") for Oplophorus gracilirostris. Flicker fusion frequency
increases as the irradiance increases, up to the maximum critical flicker
fusion frequency (arrow). the point at which further increases in irradiance
do not result in a more rapid flicker fusion frequency.
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Three species, Sergia filictum, Systellaspis debilis, and Fun-
chalia villosa, had relatively low maximum CFFs, between
20 and 25 Hz (Table 1), as one would expect from species
coming from a very low light environment. A representative
example of an ERG is shown for Systellaspis debilis in
Figure 2A. Three species, Oplophorus gracilirostris, Jani-
cella spinacanda, and Stylocheiron maxinuon, had some-
what higher rates. between 31 and 36 Hz: and two species,
Nematobrachion flexipes and Nematobrachion sexspinosus,
had extremely high CFFs. considering their dim light envi-
ronment. ol 44 and 57 respectively (Table 11). A represen-
tative example of an ERG for N. sexspinosus is shown in
Figure 2B.

Sensitivity

The overall sensitivity of the eye was estimated by de-
termining the log of the irradiance (log 1,,) required to
produce a response that was 10% of the amplitude of the
maximum response the eye was capable of generating. In
several preparations, the maximum response was not seen,
and the log 1, could not be determined. As shown in Table
11, there is a trend towards lower sensitivity to light as the
response dynamics of the eye speeds up. Systellaspis debi-
lis, the species with the lowest maximum CFF. had, accord-
ing to the log 1. the most sensitive eye, while N. sexspi-
nosus, the species with the highest maximum CFF, has the
lowest sensitivity to light.

Response latency

As an indicator of the speed of transduction in the pho-
toreceptors of the various species, latency from the start of
the light stimulus to the start of the photoreceptor response
was measured. using a response amplitude that was 10% of

Tabte 11

Mean values for temporal resolution (max CFF), sensitivity (Log 1,,)
and response latencies obtained from ERG data

Log 1,4 Latency
Species Max CFF (Hz) (photons cm 257 1) (ms)

Systellaspis d 21(x£0.6;n=4) 8.9(+0.06) 58(+6.9)
Funchalia villos. 24(x05:n=2) 93(=0.0) 75 (+2.0)
Sergia filiction (= 1) NA NA
Janicella spinacai '3n=3) 94(20.06) 49 (*+3.5)
Oplophorus

gracilirostris 1=2) 94(%£0.09) 42(*5.5)
Stylocheiron maximum 3¢ 10.0 42
Nematobrachion

fexipes (1.0 10.2 (+0.38) 22(%£0.5)
Nematobrachion

sexspinosus 56 (*2.0;n ] B(=0.18;n=2) 16(%£2.5)

Species are ranked by max CFF, from lowest to highest. Standard errors
and number of specimens tested are in parenthesis.
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Figure 2. Representative examples of species with low and high
flicker fusion frequencies. ERG designates the response recorded from the
eye: S designates the flickering light stimulus. The data shown are from the
last 0.4 s of the 2-s stimulus pulse. (A) The ERG from Systellaspis debilis
was able to follow the stimnlus light at 20 Hz cycle for cycle; at 22 Hz, the
ERG response was lagging behind the light stinulus and “missing™ cycles.
(B) The ERG from Nematoscelis sexspinosus was able 1o follow the
shmulus light at 60 Hz. A1 63 Hz, the ERG appears 10 be in phase with the
stimulus light, but careful examination of the data shows that 25 flashes of
light were given, but only 23 responses were produced. By 65 Hz, the lag
is even greater. and the ERG is clearly “missing” cycles. The CFF of this
specimen is 60 Hz, since this is the last recorded frequency at which the
ERG was ahle to match. cycle for cycle, the phase of the stimulus light.

the maximum amplitude. Species with lower flicker fusion
frequencies also have longer latencies, indicative of slower
eyes, and species with higher flicker fusion frequencies have
eyes with much faster response dynamics (Table 11).

Discussion

The vertical distributions of the species examined in this
study have not been determined for the south coast of Cuba.
The vertical distribution data in Table 1 are for the Gulf of
Mexico. except for the cuphausiids. Since Gulf of Mexico
water originates in the Caribbean Sea (Nowlin, 1971), and
both areas have Jerlov’s Type | or 1 A water (Jerlov, 1976),
it is likely that these two areas would have similar species
assemblages and distribution patterns. The abundance of the
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three species of cuphausiids in this study was extremely low
in the Gulf of Mexico (Kinsey and Hopkins, 1994), as it was
off the coast of Cuba (pers. obs.), and comprehensive data
on depth distribution are not available for these areas. The
data presented in the table are for the tropical Pacific, where
Jerlov’s Type 1 or 1A water is also present. The depth
distributions of nine relatively abundant cuphausiid species
in the Gulf of Mexico (Kinsey and Hopkins. 1994) were
compared with those provided by Roger (1978) for the same
species in the tropical Pacitic, and the depth ranges proved
to be the same in the two areas. Therefore, it is likely that
the data presented for the vertical distribution of Nemato-
brachion flexipes, N. sexspinosus, and Stvlocheiron maxi-
mum in the tropical Pacific would also apply to the Gulf of
Mexico.

Depth vs. critical flicker fusion

Shallower depth ranges do not necessarily mean a
brighter light environment: an organism found at 300 m in
murky water might see significantly less light than an or-
ganism found at 500 m in very transparent water. However,
in this study, the depth of occurrence is an indication of
relative light intensity. as the water is all Jerlov's Type | or
1A (Jerlov, 1976). Most of the species in this study live
betow 400 m. At 400 m during the day, in Jerlov’s type |
water, downwelling ambient light has been reduced to less
than 0.0001% of the surface irradiance (Jerlov, 1976). This
1s about as bright as the moonlight seen by nocturnal insects,
in that light from a full moon is 0.0001% of daytime
tllumination (Munz and McFarland. 1973; Land. 1981).
Therefore. one would expect mesopelagic crustaceans to
have relatively low maximum CFFs. indicative of low tem-
poral resolution. as has been found in nocturnal insects
(Autrum, 1950, 1958, 1984; Howard er al., 1984; de Souza
and Ventura. 1989: Laughlin and Weckstrom, 1993). In
addition, one might expect the deepest dwelling species,
which live in the dimmest light, to have the lowest maxi-
mum CFEFs. This is certainly the case for the two decpest
living species in this study—an oplophorid, Systellaspis
debilis, and a sergestid, Sergia filicnun—which have max-
imum CFFs of 20-25 Hz (Fig. 3). equivalent to those of the
nocturnal slow moving insects studied by Autrum (1950,
1958). Oplophorus gracilirostris and Janicella spinacauda
are in the same family as S. debilis, but have higher maxi-
mum CFFs—between 31-32 Hz. Their daytime depth range
is about 100 m shallower than that of S. debilis (Fig. 3). so
a higher maximum CFF is not unexpected. A previous study
by Moeller and Case (1995) reports a critical flicker fusion
frequency of 12 Hz for Oplophorus spinosus, which has a
depth distribution similar to that of O. gracilirostris. How-
ever, those authors were using a light that was only 1 log
unit above the irradiance that produced a threshold re-
sponse. and as shown by Figure 1. a much lower critical
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Figure 3. Maximum critical flicker fusion frequency (CFF) as a func-
tion of daytime depth distribution for the eight species in this study.

flicker fusion frequency would result from such a dim light
stimulus.

At first glance. the very low maximum CFF of the
penaeid, Funchalia villosa, is somewhat puzzling. It is one
of the shallowest living species. and also possesses an eye
with a fairly high spatial resolution (Herring and Roe,
1988). High spatial resolution is usually correlated with a
higher light environment. and is also associated with a
comparatively higher temporal resolution (Srinivasan and
Bernard, 1975). However, these measurements of maximum
CFF were made in a completely dark-adapted eye: the eye
of F. villosa. which is of the superposition type, possesses
migrating screening pigments, which changes the eye from
a spatially acute. apposition-like eye during the day to an
eye with less spatial resolution. but greater sensitivity. at
night (Herring and Roe. 1988). Maximum CFF is known to
be higher in the light-adapted vs. the dark-adapted eyes of
shallow-water crustaceans that possess mobile screening
pigments (Crozier and Wolf. 1939; Crozier et al., 1939;
Brocker, 1935). but mobile screening pigments are usually
not found in mesopelagic species (see Hallberg and Elofs-
son. 1989. for review). F. villosa appears to be an exception
to this rule. Looking at the other species in this study, the
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screening pigments in the photoreceptors of Oplopliorus
spinosus (Welsh and Chace. 1937: Land, 1976: Gaten et al.,
1992). a close relative of O. gracilirostris with the same
depth distribution, and Systellaspis debilis (Gaten et al.,
1992) do not appear to be mobile. Although some species of
sergestids may possess screening pigments (Welsh and
Chace. 1938). 1t is not known whether these are mobile.
Chun (1896), Zimmer (1956). and Meyer-Rochow and
Walsh (1978) found no evidence of the migration of screen-
ing pigments in euphausiid eyes. and while Kampa (1965)
indicates that some migration does occur. Land ez al. (1979)
conclude that this migration is not of sufficient magnitude to
affect the spatial resolution of the eye. It remains to be seen
whether F. villosa, whose spatial resolution is clearly higher
when its screening pigments are in the light-adapted posi-
tion, will also demonstrate a higher temporal resolution
under light adaptation that is more consistent with its day-
time depth distribution. Future studies will include deter-
mining the temporal resolution of F. villosa, as well as that
of other species without migrating screening pigments, un-
der light-adapted conditions.

The three euphausiid species in this study (Nematobra-
chion sexspinosus, N. flexipes, and Stvlocheiron maximian)
all have bilobed eyes, and Chun (1896) determined (mor-
phologically) that the upper lobe, which is oriented upwards
toward the brighter downwelling light, has higher spatial
resolution than the lower lobe. which is oriented downwards
towards dimmer upwelling light. Due to limitations set by
working on shipboard. the responses from receptor cells in
the upper lobe could not be 1solated from responses from
receptor cells in the lower lobe. Therefore. it remains to be
determined whether the temporal resolution differs between
the two lobes. However. it is clear that two of these species.
N. sexspinosus and N. flexipes, have the highest maximum
CFFs of all the species in this study. comparable to CFFs
reported for shallow-water crabs (Brocker. 1935; Crozier
and Wolf. 1939). This is unexpected. because their daytime
depths of occurrence are in the middle of the depth distri-
bution for the eight species in the study (Fig. 3). These two
species live at a depth at which the downwelling light
intensity is roughly the same as that experienced by noc-
turnal insects under a full moon (see above), yet they have
a substantially higher maximum CFF (40 -60 Hz) than most
nocturnal insects (10-20 Hz; Autrum, 1950, 1958). Laugh-
lin and Weckat 1993) demonstrated that the benefits of
high temporal 1 1 are limited for nocturnal. generally
slow moving in 1 that the metuabolic price for im-
proving the tempora idth of vision is substantial. In
addition to the metub 15e, fast photoreceptors have
a lower sensitivity than photoreceptors (Laughlin,
1990). which would be a disti dvantage to organisms
living in a light-imited envirot . However, these con-
clusions were drawn for terrestrial organisms, and other
factors must be taken into account in the oceanic realm.

Critical flicker fusion and bioluminescence

Although the crustaceans in this study share the same
light regime as nocturnal insects with respect to background
illumination, many of their prey are bioluminescent. Biolu-
minescence. which 1s very rare in the terrestrial environ-
ment. is an extremely common phenomenon in the oceanic
realm. In the mesopelagic zone (200-900 m). luminescence
has been found in up to 75% of the fish species (Herring and
Morin, 1978) and 79% of the shrimp species (Herring.
1976). Nocturnal terrestrial insects must image dark objects
against a dimly lit background. so a higher temporal reso-
lution, with the resulting decrease in contrast sensitivity,
would be a considerable disadvantage. In the ocean, it might
be advantageous for predatory carnivorous species to sac-
rifice sensitivity for the ability to more accurately track a
glowing or flashing prey item.

All euphausiid species with bilobed eyes possess an ex-
tremely elongated second or third thoracic leg, some with
clawlike chelae at the end. which is hypothesized to be an
adaptation for active carnivorous feeding (Mauchline and
Fisher, 1969). It some of these species specialized in cap-
turing bioluminescent prey, the greater contrast between a
bioluminescent prey item against a dim background vs. a
dark prey item against a dim background would make it
advantageous for these species to sacrifice sensitivity (and
hence contrast detection) in return for greater temporal
resolution (and hence tracking ability). This rationale would
likewise explain the puzzling result that Srylocheiron max-
inuan, which is also a bilobed enphausiid with an elongated
thoracic appendage, has the shallowest depth distribution of
the three euphausiid species but also the lowest maximum
CFF (Fig. 3). S. maximuni eats primarily copepods in the
genera Oirliona, which is nonluminescent, and Oncaea, of
which only one species is known to be bioluminescent (see
Herring, 1985. for review), and this bioluminescent species
is not present in the Gulf of Mexico (Kinsey and Hopkins,
1994). Since the biomass and species distribution off Cuba
1s similar to that of the Gulf of Mexico, it is likely that S.
maximmm s eating primarily nonbioluminescent prey in
Cuban waters as well. On the other hand. the primary prey
item of N. sexspinosus and N. flexipes. the two species with
the highest critical flicker fusion frequencies, is an active
bioluminescent copepod called Pleuromamma (Hu, 1978;
Kinsey and Hopkins, 1994), all species of which emit some
form of bioluminescent spew (see Herring, 1985, for re-
view). To further support the argument that this visual
adaptation is driven by bioluminescence, the Nemarobra-
chion species, as mentioned above. have a deeper depth
range than S. maxinum, but possess a less sensitive eye.
according to the log I,, values (Table II). Following Au-
trum’s hypothesis. one would predict that the organism
from the dimmer light regime would have the more sensi-
tive eye with slower response dynamics (assuming similar
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activity levels). However, because the Nematobrachion spe-
cies are specializing in bioluminescent prey. the advantages
of a higher temporal resolution might outweigh the advan-
tages of a more sensitive eye.

Other species, however, might benefit from having an eye
with lower temporal resolution. If the preferred biolumines-
cent prey were a slow moving item that glowed, such as
some species of gelatinous zooplankton, or marine snow
colonized by bioluminescent bacteria, an eye with a lower
temporal resolution—assuming this meant a longer infegra-
tion time (see below)—would actually be advantageous.
This benefit would only apply to a dim “slow™ signal, such
as a glow or a flash with a slow rise time; a brief dim flash
with a rapid rise time would be equally ditficult to detect by
either slow or fast photoreceptors (for a comprehensive
discussion of frequency coding, see Laughlin, 1981; Laugh-
lin and Weckstrom, 1993),

As stated above. the advantage of possessing an eye with
a lower flicker fusion frequency depends on the assumption
that a fower CFF is correlated with a longer integration time.
The integration times of the eyes of the species in this study
have not been measured, but de Souza and Ventura (1989)
found that critical duration. another temporal characteristic
of a photoreceptor that is determined electrophysiologically,
is directly related to integration time, so that a long critical
duration indicates a long integration time. Since the maxi-
mum CFF can be equated to the reciprocal of the critical
duration (Matin, 1968), the low CFFs of most of the crus-
taceans in this study (the Nematobrachion species being the
exception) indicate that they possess photoreceptors with
fairly long integration times, and therefore might be well
adapted for detecting dim. glowing bioluminescence. The
conclusion that eyes with lower CFFs have slower response
dynamics is supported by the latency data, in that the eyes
with lower maximum CFFs also have longer response la-
tencies (Table 11).

In conclusion, it appears that while the mesopelagic light
environment is similar to that of nocturnal insects with
respect to background light, the temporal resolutions of
several species found in this environment are substantially
higher than would have been predicted on the basis of
background light alone. In addition, the hypothesis that
temporal resolution would be correlated with daytime depth
distribution is not supported by these data. However, this
preliminary study indicates that when bioluminescence is
taken into account, Autrum’s hypothesis that the response
dynamics of the retina match the habitat and lifestyle of the
organism appears to be valid in the oceanic realm as well as
in the terrestrial environment.

Acknowledgments

I thank Discovery Channel for allowing me to participate
on their expedition off the coast of Cuba, and the captain

and crew of the RV Seward Johnson for their great assis-
tance with animal collection. I also thank Dr. Simon Laugh-
lin for his valuable advice, and Dr. Edith Widder, Dr. Sénke
Johnsen, and Ms. Erin Fisher for their helpful comments on
the manuscript. Additional funding for this work was pro-
vided by NSF Grant No. #OCE-9313972 to T. M. Frank and
E. A. Widder. Harbor Branch Oceanographic Institution
Contribution #1270.

Literature Cited

Antrum, H. 1950.  Die Belichtungspotentiale und das Sehen der Insekien
(Untersuchungen an Calliphora und Dixippus). Z. Vergleich. Physiol.
32: 176-227.

Autrum, H. 1958.  Electrophysiological analysis of the visual systems in
insects. Exp. Cell Res. 5: 426-439.

Auntrum, H. 1984. Comparative physiology of invertebrates: Hearing
and vision. Pages 1-19 in Foundations of Sensory Science. Vol I,
W. W, Dawson and J. M. Enoch, eds. Springer-Verlag, Berlin.

Auntrom, H., and M. Stécker. 1952, Uber optische Verschmelzungsfre-
quenzen und stroboskopisches Sehen bei Insekten. Biol. Zentr. 71:
129-152.

Briocker, H. 1935, Untersuchungen iiber das Sehvermogen der Ein-
siedlerkrebse. Zool. Jahrb. Abt. Allgem. Zool. Physiol. Tiere 55: 399 —
430.

Chun, C. 1896. Atlants: Biologische Studien iiber pelagische Organis-
men. Zoologica T: 1-260.

Cronin, T. W. 1986. Photoreception in marine invertebrates. Am. Zool.
26: 403-415.

Crozier, W. J., and E. Wolf. 1939. The flicker response contour for the
crayfish. J. Gen. Physiol. 23: 1-10.

Crozier, W. J., E. Wolf, and G. Zerrahn-Wolf. 1939. The flicker
response contour for the isopod Asellus. J. Gen. Physiol. 22: 451-462.

de Sonza, J. M., and D. F. Ventura. 1989. Comparative study of
temporal summation and response form in hymenopteran photorecep-
tors. J. Comp. Physiol. 165: 237-245.

Flock. M. E., and T. L. Hopkins. 1992. Species composition, vertical
distribution, and food habits of the sergestid shrimp assemblage in the
eastern Gulf of Mexico. J. Crust. Biol. 12: 210-223.

Frank, T. M., and J. F. Case. 1988a. Visual spectral sensitivities of
biotuminescent deep-sea crustaceans. Biol. Bull. 175: 261-273.

Frank, T. M., and J. F. Case. 1988b.  Visual spectral sensitivities of the
biotuminescent deep-sea mysid, Gnathophausia ingens. Biol. Bull.
175: 274 -284.

Galen, E., P. M. J. Shellon, and P. J. Herring. 1992. Regional mor-
phological variations in the compound eyes of certain mesopelagic
shrimps in relation to their habitat. J. Mar. Biol. Ass. UK 72: 61-75.

Hallberg, E., and R. Elofsson. 1989. Construction of the pigment shelf
of the crustacean compound eye: A review. J. Crust. Biol. 9: 359-372.

Herring, P. J. 1976. Bioluminescence in decapod crustacea. J. Mar.
Biol. Ass. UK 56: 1029-1047.

Herring, P. J. 1985. Bioluminescence in the Crustacea. J. Crust. Biol. 5:
557-573.

llerring, P. J., and J. G. Morin. 1978. Bioluminescence in fishes. Pp.
273-239 in Biohoninescence in Action, P. J. Herring, ed. Academic
Press, New York.

Herring, P. J., and H. S. J. Roe. 1988. The photoecology of pelagic
oceanic decapods. Svmp. Zool. Soc. Lond. 59: 263-290.

llopkins, T. L., J. V. Garlner, and M. E. Flock. 1989. The caridean
shrimp (Decapoda: Natantia) assemblage in the mesopelagic zone of
the eastern Gulf of Mexico. Bull. Mar. Sci. 45: 1-14.



144 T. M. FRANK

Hopkins, 1. L.. M. E. Flock. J. V. Gartner, Jr., and J. J. Torres. 1994.
Structure and trophic ecology of a low latitude midwater decapod and
mysid assemblage. Mar. Ecol. Prog. Ser. 109: 143-156.

Howard, J., A. Dubs, and R. Payne. 1984, The dynamics of photo-
transduction in insects. A comparative study. J. Comp. Physiol. 154A:
707-718.

Hu, V. J. H. 1978. Relationships between vertical migration and diet in
four species of euphausiids. Limnol. Oceonog. 23: 296-306.

Jerlov, N. G. 1976. Alarine Optics. Elsevier, Amsterdam.

Kampa, E. M. 1965. The euphaunsiid eye—a re-evaluation. Vision Res.
St 475-481.

Kinsey, S. T., and T. L. Hopkins. 1994. Trophic strategies of enphau-
siids in a low-latitude system. Mar. Biol. 118: 651-661.

Kugel, M. 1977.  The time course of the electroretinogram of compound
eyes in insects and its dependence on special recording conditions. J.
Exp. Biol. T1: 1-6.

Land, M. F. 1976. Superposition images are formed by reflection in the
eyes of some oceanic decapod crustacea. Nature 263: 764-765.

Land, M. F. 1981, Optics and vision in invertebrates. Pp. 471-392 in
Handbook of Sensory Physiology, Vol VII/6B. H. Autrum, ed. Springer-
Verlag. Berlin.

Land, M. F. 1990. Optics of the eyes of marine animals. Pp. 149-166 in
Light and Life in the Sea, P. ). Herring, A. K. Campbell, M. Whitfield,
and M. Maddock, eds. Cambridge Univ. Press. Cambridge.

Land, M. F., F. A. Burton, and V. B. Meyer-Rochow. 1979. The
optical geometry of euphausiid eyes. J. Comp. Physiol. 130: 49-62.

Langhlin, S. B. 1981. Neural principles in the peripheral visual systems
of invertebrates. Pages 133-280 in Handbook of Sensory Physiology.
Vol. VII/6B, H. Autrum. ed. Springer-Verlag. Berlin.

Langhlin, S. B. 1990. Invertebrate vision at low luminances. Pp. 223-
250 in Night Vision. R. F. Hess, L. T. Sharpe. and K. Nordby. eds.
Cambridge Univ. Press, Cambridge.

Laughlin, S. B, and M. Weckstram. 1993.  Fast and slow photorecep-
tors—a comparative study of the functional diversity of coding and
conductances in the Diptera. J. Comp. Physiol. 172: 593-609.

Loew, E. R. 1976. Light and photoreceptor degeneration in the Norway
lobster. Nephrops norvegicus (L.). Proc. Roy. Soc. Lond. 193B: 3144,

Matin, L. 1968. Critical duration. the differential luminance threshold.
critical fiicker frequency and visual adaptation: a theoretical treatment.
J. Opt. Soc. Am. 58: 404-415.

Mauchline, J., and L. R. Fisher. 1969. The biology of euphausiids.
Pages 1-454 in Advances in Marine Biology. Vol. 7, R. S. Russel and
M. Yonge. eds. Academic Press, London.

Meyer-Rochaw, V. B., and S. Walsh. 1978. The eyes of mesopelagic
crustaceans. 1. Thysanopoda tricuspidata (Evphausiacea). Cell Tiss.
Res. 195: 59-79.

Moecller, J. F., and J. F. Case. 1995. Temporal adaptation in visnal
systems of deep-sea crustaceans. Mar. Biol. 123: 47-54.

Munz, F. W.,and W. N. McFarland. 1973.  The significance of spectral
position in the rhodopsins of tropical marine fishes. Vision Res. 13:
1829-1874.

Nilsson, H. L., and M. Lindstrom. 1983.  Retinal damage and sensitivity
loss of a light-sensitive crustacean compound eve (Cirolana borealis),
electron microscopy and electrophysiology. J. Exp. Biol. 107: 277-292.

Nowlin, W. D. 1971.  Water masses and general circulation of the Gulf of
Mexico. Oceanol. Int. 6: 28 -33.

Roger, C. 1978. Bioecological Sheets on Tropical Pacific Euphausiids.
Orstom, Paris.

Srinivasan, M. V., and G. D. Bernard. 1975. The effect of motion on
visual acuity of the compound eye: A theoretical analysis. Vision Res.
15: 515-525.

Weckstrom, M., and S. B. Langhlin. 1995, Visual ecology and voltage-
gated ion channels in insect photoreceptors. Trends Neurosci. 18:
17-21.

Welsh, J. H., and F. A. Chace, Jr. 1937. Eyes of deep sea crustaceans.
1. Acanthephyridae. Biol. Bull. 72: 57-74.

Welsh, J. H., and F. A. Chace, Jr. 1938. Eves of deep sea crustaceans.
11. Sergestidae. Biol. Bull. 74: 364-375.

Zimmer, C. 1956. Euphausiacea. Pages 1-286 in Bronns Klassen des
Tierreichs. Bd. 5. H. E. Gruner, ed. Geest and Portig, Leipzig.



