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Abyssorchomene plebs
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5600 US 1 North, Fort Pierce, Florida 34946

Abstract. Although the visual systems of animals living
in the cold, dark water of the deep sea have been investi
gated for some time, little is known about vision in animals
inhabiting polar oceans, where temperatures are even colder
and irradiance fluctuates dramatically with ice cover and
season. Physiology of the compound eye of the amphipod
Abyssorchomene plebs (Gammaridea: Lysianassoidea), a
common Antarctic benthic scavenger, was studied electro
physiologically by electroretinography. A. plebs has a
monochromatic visual system with a spectral sensitivity
maximum at 487 nm, and higher sensitivity at ultraviolet
wavelengths than predicted by a visual pigment template.
While irradiance sensitivity determined from V/log I curves
is comparable to that of mesopelagic crustaceans, temporal
resolution calculated from response waveform dynamics
and as determined by critical flicker fusion frequency sug
gest that the A. plebs eye is slower than that of crustaceans
from the deep sea. A. plebs photoreceptors are physiologi
cally adapted for a slow lifestyle in a low-light environment,
where maximizing photon capture occurs at the expense of
detecting fast events in the visual scene.

Introduction

Visual systems may be uniquely adapted structurally and
physiologically to the light environment in which they must
function (reviewed in Lythgoe, 1979). Structural adapta
tions include modifications to dioptric elements, to photo
receptor arrangement, and to presence or absence of tapetal
reflectors, while physiological adaptations may be to spec-
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tral (wavelength) sensitivity, absolute irradiance sensitivity,
and temporal resolution (reviewed in Land and Nilsson,
2002). Often, these adaptations are trade-offs. For example,
all else being equal, a fast eye with high temporal resolution
will not be as sensitive to light as a slower eye that is
capable of sampling photons over a longer time interval
(Warrant, 1999).

One environment in which visual adaptations have re
ceived considerable attention is the deep sea. Many animals
living at mesopelagic depths (200-1000 m) have eyes effi
cient at capturing both the dim downwelling light and
luminescence from other organisms (reviewed in Warrant
and Locket, 2004). Crustaceans are quite successful at these
depths and posses a wide range of eye designs and physi
ological abilities to capture prey, avoid predators, and find
mates in low light (reviewed in Marshall et al., 2003).

Because of its low light levels and stable cold tempera
tures, the mesopelagic is similar in many ways to shallower
benthic habitats of polar oceans, a region where some crus
tacean groups, most notably the amphipods, are quite suc
cessful (reviewed in Arntz et ai., 1994). Although the met
abolic adaptations of polar and deep-sea crustaceans are
often similar (Vetter and Buchholz, 1998), too little is
known about the sensory capabilities of polar crustaceans to
assess whether the sensory adaptations are also similar.
Accordingly, a characterization of the visual adaptations in
crustaceans from polar habitats would be instructive, both
for understanding how neural systems function in extremely
cold environments and for further characterizing the eco
logical role of vision in dim habitats.

In this study, we examined aspects of the visual physiol
ogy of the Antarctic amphipod Abyssorchomene plebs (Hur
ley, 1965) (Gammaridea: Lysianassoidea). This species is a
common benthic scavenger that lives at depths from 10 to
800 m and has a circumpolar distribution (Rakusa-Suszczew-



AMPHIPOD VISION 141

Figure 1. Abyssorchomene plebs. Lateral photomicrograph of A. plebs
anterior, showing one of its dark, pear-shaped compound eyes. Photomi
crograph by Roberta Hannibal, University of California, Berkeley; repro

duced by permission.

ski, 1982; Nyssen et aI., 2005). Meyer-Rochow and Tiang
(1979) described the compound eye of A. plebs, which hilS
about 260 ommatidia with the five retinular cells per rhab
dom typical of other amphipods (Hallberg et aI., 1980). To
characterize basic aspects of visual function in A. plebs, we
determined photoreceptor spectral sensitivity, irradiance
sensitivity, and temporal resolution electrophysiologically
at 3 0c. Because the retinal screening pigments of A. plebs
have been shown to migrate upon light adaptation at 0 °c as
well as in the absence of light when the temperature is
raised 10°C (Meyer-Rochow and Tiang, 1979), we also
tested the effect that light adaptation and a 4 °c temperature
increase (to 7°C) in the dark had on irradiance sensitivity
and temporal resolution.

Material and Methods

Specimen collection

Specimens of Ahyssorchomene plebs (Fig. I). were col
lected in February 2006 from McMurdo Sound, Antarctica
(77° 50.885' S, 166° 39.533' E) at a depth of about 18 m off
McMurdo Station. A canvas bag baited with frozen fish
(Trematomus bernacchii) was lowered to the bottom
through an ice hole and recovered after about 24 h. Scav
enging individuals were picked from the fish and immedi
ately placed in light-tight containers and maintained over
night at 4 0c. Although brief exposure to the relatively
bright surface light may have slightly damaged their pho
toreceptors, they should have recovered prior to experi-

ments (Meyer-Rochow and Tiang, 1979). Specimens were
transported in darkness at 4 °c over the next 4 days to the
Harbor Branch Oceanographic Institution (Fort Pierce, Flor
ida), where all experiments were conducted. At Harbor
Branch, the amphipods were maintained without feeding in
darkness at I °c with periodic changes of seawater. No
mortality was observed during transport or over the follow
ing 2 weeks of experimentation.

Experimental setup

The spectral sensitivity, irradiance sensitivity, and tem
poral resolution of the photoreceptors were determined elec
trophysiologically by recording electroretinograms (ERGs).
Under dim red light, live specimens of A. plehs (non
ovigerous females; mean length = 14.7 ::t::: 2.2 mm, SD)
were attached dorsally to the plastic head of a pin with
cyanoacrylate gel adhesive (Loctite Corp.), and mounted in
an acrylic support within a chilled seawater bath (0-3 °c,
except where indicated below). Water level was adjusted
such that about one-quarter of the animal's eye was in air
above the water surface while the rest of the eye and the
body were submerged in water with a temperature gradient
of 3 °c at the surface, decreasing over l cm to 0 0c. Thus,
the experimental temperature was considered to be 3 0c.
Although we attempted to conduct the experiments closer to
the ilmbient temperatures of McMurdo Sound (-1.86 °C;
Arntz et aI., 1994), we encountered problems in maintaining
the bath at that temperature in a 24°C room. In the de
scribed preparation, the amphipods remained alive and ac
tive during experiments lasting up to 4 d. Single-ended
ERGs were made by placing a metal microelectrode (13-15
mD; FHC Inc.) subcorneally in the portion of the eye above
the water, and grounding the seawater bath with an AgCl
coated wire. A.C. recordings were digitized and stored in
LabView, ver. 6.1 (National Instruments) for later analysis
of peak-to-peak response heights.

The monochromatic stimulus light (Spectral Products,
model CM I 10 monochromator) was directed onto the eye
of the specimen via one branch of a bifurcated, randomized
fiber optic light guide (EXFO). In this way, the whole eye
was bathed in diffuse light, although all ommatidia were not
likely to have been uniformly stimulated. A Uniblitz shutter
(model VS25) provided a stimulus flash duration of 75 ms,
and stimulus irradiance was adjusted using a neutral-density
wheel driven by a stepper motor, both of which were under
computer control. Irradiance was calibrated at 10-nm inter
vals with a photometer (UDT Instruments, model S370)
using a calibrated radiometric probe. Spectral purity at test
wavelengths without the use of blocking filters was verified
by a spectroradiometer (~15-nm FWHM (full width half
maximum), 320-700 nm; Optronie Laboratories, model
0L754). A fiber optic illuminator (Dolan-Jenner, DC-950)
connected to the other branch of the light guide provided
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accessory illumination during electrode placement and
chromatic adaptation experiments. White light from the
lamp was filtered for electrode placement using an orange
longpass filter (Melles Griot, OG590), and for adaptation to
selected wavelengths (chromatic adaptation) using interfer
ence filters (381-nm, Ealing #35-3458, 14-nm FWHM; 478
nm, Ealing #35-3094, 14-nm FWHM). Irradiance of the
adapting light was controlled by neutral-density filters.

Spectral sensitivity experiments

Spectral sensitivity experiments (n = 8) began when the
response to a dim test flash had remained constant for 1 h,
indicating the eye was dark adapted. Spectral sensitivity of
the dark-adapted eye was determined by stimulation with
75-ms test flashes of monochromatic light and adjusting
irradiance to reach a defined criterion response at each
wavelength tested (330-630 nm). The criterion response
was either 40 or 50 J.LV, which was about 20 J.LV above
background noise for each preparation. A test flash of stan
dard wavelength and irradiance was periodically given
throughout the experiment to confirm that the eye remained
dark adapted and was not affected optically due to pro
longed air exposure. If the response to test flashes was
variable for a given preparation, further experiments were
not conducted, and previous experiments on that animal
were not used in analyses. Chromatic adaptation experi
ments were conducted after the dark-adapted spectral sen
sitivity was determined by light-adapting the eye at either
381 nm (UV, n = 3) or 478 nm (blue, n = 4), waiting until
a constant response to a dim test flash was observed for 1 h,
then re-testing spectral sensitivity at all wavelengths. Irra
diance of the adapting light was set to reduce the sensitivity
of the eye by 1 log unit at the adapting wavelength.

Data for the spectral sensitivity of dark-adapted animals
were plotted as the reciprocal of the irradiance required to
evoke the criterion response at each wavelength, and nor
malized to the wavelength of maximunl sensitivity. Tem
plates for A I-based visual pigment (rhodopsin) absorbance
(Govardovskii et al., 2000) were used to calculate the ab
sorptance curve that produced a minimum sum of squares fit
to the spectral sensitivity data (Stavenga et at., 1993). To
achieve this best fit, values for "-max and visual pigment
specific absorbance were optimized, while rhabdom length
was assumed to be 54 J.Lm (measured from fig. 2B in
Meyer-Rochow and Tiang, 1979).

[rradiance sensitivity experiments

Irradiance sensitivity was determined by presenting
75-ms light flashes of varying irradiance and measuring the
magnitude of the ERG. The wavelength of maximum sen
sitivity (480 or 490 nm) determined for a given dark
adapted animal in the spectral sensitivity experiment was
used to determine that specimen's irradiance sensitivity.

Each subsequent stimulus flash was not presented until the
response to a dim test flash (as described above) had recov
ered to dark-adapted levels. Irradiance sensitivities of four
specimens were tested at 3°C, and for two of these speci
mens, the temperature was raised to 7 °c and the experi
ment repeated. This temperature is higher than A. plebs
would experience in nature but lower than its upper lethal
temperature (8°C; Rakusa-Suszczewski, 1982). Examining
visual physiology at abnormally warm temperatures is of
interest given that structural changes in A. plebs photore
ceptors similar to those occurring during light adaptation
occur in response to such temperature increases (Meyer
Rochow and Tiang, 1979). Irradiance sensitivity for a single
specimen at 3 °C was also tested after chromatic adaptation
with 381 and 478 nm light as described above.

Peak-to-peak ERG amplitudes (V) were measured and
modeled as a function of log irradiance (log I), using the
Zettler modification of the Naka-Rushton equation (Naka
and Rushton 1966a,b; Zettler, 1969; Frank, 2003). The
model slope (m) and the log irradiance evoking 50% of the
maximum response amplitude (log K) were calculated to
provide an estimate of sensitivity for the A. plebs eye (Barth
et al., 1993; Frank, 2003). The eye's dynamic range, defined
as the log irradiance range evoking 5%-95% of the maxi
mum response amplitude, was also calculated as a measure
of photoreceptor sensitivity (Laughlin and Hardie, 1978).

Temporal resolution experiments

Temporal resolution of the A. plebs eye was quantified
using two methods: (1) response waveform dynamics, and
(2) flicker fusion frequency. Waveform dynamics of the
ERGs in response to individual flashes of light were ana
lyzed for (a) response latency, defined as the amount of time
elapsed from the onset of the light stimulus until the onset
of the photoreceptor response, and (b) time-to-peak, defined
as the amount of time elapsed from the onset of the light
stimulus until the peak response. Both parameters were
calculated from flashes yielding response amplitudes about
10% of the maximum amplitude, as determined from the
V/log I curves (Frank, 1999, 2003). Response latency and
time-to-peak were determined for dark-adapted specimens
at 3 °c (n == 4) and 7 °c (n == 2).

Flicker fusion frequency experiments involved presenting
the eye with square pulses from a flickering stimulus light,
generated by cycling a computer-controlled electromagnetic
shutter in the light path, for 2 s at a given frequency with a
50:50 light/dark ratio, and recording the corresponding
ERG (see Frank, 1999). The frequency at which the eye
could no longer respond to individual light flashes over a
0.5-s interval was defined as the critical flicker fusion fre
quency (CFF). As the irradiance of the stimulus light is
increased, CFF increases to a maximum and then plateaus
(Glantz, 1968). Experiments began by determining CFF for
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stant and equal to that of dark-adapted individuals (P ==
0.371, one-factor repeated measures ANOVA) (Fig. 3B).
Wavelength-specific changes in response waveforms (e.g.,

Frank and Case, 1988) did not occur during chromatic
adaptation experiments.

Figure 3. Spectral senSItIVIty of Abyssorchomene plebs under chro
matIc adaptatIon. (A) Spectral senSItIVIty curves for a SIngle representatIve
speCImen under dark adaptatIon (CIrcles), blue adaptatIon (478 nrn; tnan
gles), and UV adaptatIon (381 nrn; squares). The Inverse Irradiance (11

photons cm-2 s-1) reqUIred for the cntenon response (50 J.LV) IS plotted as
a function of wavelength (nm). (B) UV:blue response ratio plotted as
means wIth standard errors for dark-adapted (n = 5), blue-adapted (n = 5),
and UV-adapted (n = 4) speCImens RatIo IS constructed as the mean ERG
amphtude at 350, 370, and 390 nm dIVIded by the mean amphtude at 470,
480, 490, and 510 nm.

Chromatic Adaptation

Figure 2. Spectral SenSItIVIty of dark-adapted Abyssorchomene plebs.
CIrcles are mean relatIve vIsual sensitIVIty wIth standard errors (n = 8)
plotted as a functIon of wavelength (nm) The best-fit absorptance curve for
an AI-based VIsual pIgment (sohd hne, Stavenga et al, 1993, Govard
OVSkll et al., 2000) has a Amax of 487 nm and VIsual pIgment speCIfic
absorbance of °013 J.Lm-} when optImIzed for a rhabdom length of 54

J.Lm.

the irradiance evoking an ERG amplitude 20-J1-V above
background noise. CFF was then determined for 0.5-10g
increases in irradiance until three successive irradiance in
creases did not result in CFF increases, providing a maxi
mum CFF value. Test flashes of dim light (as described
above) were given after each stimulus train to ensure that
the eye recovered to its initial state of adaptation before the
next stimulus train was presented. Experiments were con
ducted on seven dark-adapted specimens at 3°C, five of
which were again tested under light-adaptation (478 nm) at
3°C. Three specimens tested under both light and dark
adaptation at 3 °C were also tested under dark adaptation at
7°C.

Results

Spectral sensitivity

The spectral sensitivity function for dark-adapted speci
mens of Abyssorchomene plebs shows a major peak in the
blue, with a minor sensitivity peak in the ultraviolet (UV).
The best-fit visual pigment absorptance curve has a A.max of
487 nm and visual pigment specific absorbance of 0.013
I-tm- 1 (residual sum of squares == 0.123) (Fig. 2). Chro
matic adaptation with either 381 nm (UV) or 478 nm (blue)
light resulted in a loss of visual sensitivity (Fig. 3A), yet the
ratio of mean UV response (350,370, and 390 nm) to mean
blue response (470, 480, 490, and 510 nm) remained con-
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Log Irradiance (photons cm-2 S-1)

Temporal resolution

Waveform dynamics (response latency and time-to-peak)
were calculated for light flashes evoking 10% of the max
imum V/log I response. A significant difference is present in
both the response latency (P = 0.012, two-sample Student's
t-test) and time-to-peak (P < 0.001, two-sample t-test) for
dark-adapted individuals at 3 °C relative to those at 7°C,
with a delayed response at the colder temperature (Fig. 5;
Table 1). Likewise, maximum critical flicker fusion fre
quency (CFF) increased with an increase in temperature,
having a QIO of 1.92 (Fig. 6; Table 1). Maximum CFF
values were significantly less for dark-adapted individuals

Irradiance sensitivity

V/log I data for dark-adapted animals at 3 °c (n = 4)
were sigmoidal and modeled using the Naka-Rushton equa
tion (Fig. 4A). Parameters derived from the model fit that
quantify the irradiance sensitivity of A. plebs are slope (m;
0.569), log K (11.75 log photons cm- 2 S-l), and dynamic
range (4.49 log photons cm-2

S-l). Two dark-adapted spec
imens were tested at both 3 and 7 °c (Fig. 4B), with only
minimal change in model parameters with the temperature
increase (for 3 and 7°C, respectively: m = 0.687,0.763; log
K = 12.2, 12.13 log photons cm-2 s-\ dynamic range =
3.72,3.35 log photons cm-2 S-l).

A single specimen was tested at both 3 and 7 °c while
dark adapted, and at 3 °C while light adapted to UV and
blue light (Fig. 4C). These data were plotted as actual ERG
amplitudes, and not normalized to VIVmax, in order to main
tain differences present under the treatments. Light-adapted
curves at 3 °C are shifted to higher irradiances relative to
dark-adapted curves at both 3 and 7°C. Accordingly, log K
values for dark-adapted specimens at 3 and 7 °C were 12.7
and 12.61 log photons cm-2

S-l, respectively, while light
adapted specimens at 3 °C had larger log K values of 13.16
(UV adapted) and 13.49 (blue adapted). However, the func
tional form of the V/log I curves remained the same for all
treatments with this specimen; model slopes (m) were from
0.722 to 0.796, and dynamic ranges were from 3.22 to 3.55
log photons cm -2 s-I, showing no apparent trend with light
adaptation.

Figure 4. Irradiance sensItivIty of Abyssorchomene plebs. (A) V/log I
curve for dark-adapted specImens (n = 4) where circles are mean normal
Ized ERG amplItudes (V/Vmax) WIth standard error plotted as a functIon of
Irradiance (log photons cm-2 s-1). SolId line represents the best-fit Naka
Rushton model. (B) V/log I curves as In panel A for dark-adapted speci
mens (n = 2) tested at 3 °C (CIrcles, solId lIne) and agaIn at 7 °C (tnangles,
dotted lIne). (C) V/log I curves for a sIngle specimen under dark adaptatIon
at 3 °C (filled CIrcles), dark adaptation at 7 °C (filled triangles), blue
adaptatIon at 3 °C (478 nm, open dIamonds), and UV adaptatIon at 3 °C
(381 nm, open squares). Data are ERG amplItudes (mV) as a functIon of
Irradiance (log photons cm-2

S-1). Solid lines represent the best-fit Naka
Rushton models.
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Figure 5. Abyssorchomene plebs ERG to a single lIght flash Corneal
pOSItIve (downward) ERG to a dIm (4.07 X 1011 photons cm- 2 S-I) flash
of 490-nm lIght at 3 °C (solId lIne) and 7 °C (dotted lIne) The shutter was
open for 75 ms, shown as a square pulse above the traces An arrow pOInts
to the delayed onset of the response at 3 °C relatIve to 7°C. The
peak-to-peak ERG amplItude at both temperatures IS 82 J.LV

at 3 °C (11.7 Hz) than at 7°C (15.0 Hz) (Fig. 6), yet neither
of these treatments yielded results significantly different
from those for animals adapted to blue light at 3 °C (14.0
Hz) (Table 1; P == 0.006, one-factor ANOVA; pairwise
comparisons using the Holm-Sidak test).

Discussion

The spectral sensitivity of Abyssorchomene plebs was
preliminarily investigated by Meyer-Rochow (1980), who
observed a sensitivity maximum between 474 and 513 nn1
by using an in vivo optical method. Similarly, our electro
retinograph data suggest a blue spectral sensitivity n1axi
mum of 487 nn1 for A. plebs. Visual spectral sensitivities
around this wavelength region are typical of open-ocean
crustaceans, including Antarctic krill (Euphausia superba),
whereas coastal-dwelling crustaceans often have longer sen
sitivity maxima (Frank and Widder, 1999; Johnson et al.,
2002; reviewed in Marshall et aI., 2003). For example, the
coastal Arctic amphipods Pontoporeia affinis and P. femo
rata have spectral sensitivity maxima in the green at 550 nm
(Donner, 1971).

Visual spectral sensitivities are often interpreted as eco
logical adaptations to light conditions that n1aximize photon
capture or enhance visual contrast in a specific habitat or for
a specific behavioral function (reviewed in Lythgoe, 1979;
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Figure 6. Temperature effects on Abyssorchomene plebs cntlcal

flIcker fUSIon frequency CFF plotted as a functlon of relatlve flash IrradI
ance for 3 dark-adapted speCImens (squares, CIrcles, and tnangles) deter
mIned for each at 3 °C (filled symbols, solId lIne) and 7 °C (open symbols,
dashed lIne)

Marshall et a!., 2003). The spectral composition of light at
benthic habitats of McMurdo Sound is not well character
ized and depends in part on water column depth and clarity
(e.g., an10unt of colored dissolved organic material), as well
as on physical and biological aspects of the overlying sea
ice. Broad-spectrum sunlight is filtered first by snow and
ice, then by seawater, both of which maximally transmit
blue light of about 475 nm (Maykut and Grenfell, 1975;
Arrigo et aI., 1993). If high concentrations of land-derived
organic n1aterial or phytoplankton are present in the ice or
water, the spectral maximum of transmitted light is shifted
to longer green and yellow wavelengths (Arrigo et aI., 1993;
Robinson et aI., 1995). This shift may not be as dramatic in
Antarctic coastal water as it is elsewhere, because without

Table 1

Temporal resolution of Abyssorchomene plebs photoreceptors

Treatment

Dark-adapted, 3 °C
Dark-adapted, 7 °C
Blue-light-adapted, 3 °C

Response latencyi
(ms)

122 (±:6)
83 (±:2)

Time-to-peak!
(ms)

165 (±: 1)
138 (±:2)

Max CFF2

(Hz)

11.7 (±:0.33)
15.0 (±:O 58)
14.0 (±:O 58)

1.92 (±:0.32)

Mean values are given wIth standard errors In parentheses.
!n = 4 and 2, for 3 °C and 7 °C treatments, respectlvely
2n = 7, 3, and 5, for each treatment, respectIvely.
3n = 3
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major rivers, land-derived organic inputs are limited to
glacial ice deposits (Isla et al., 2006). The observed spectral
sensitivity of A. plebs at blue wavelengths with substantial
sensitivity in the UV fits with its occurrence over a wide
range of seafloor depths in McMurdo Sound (10-800 m;
Rakusa-Suszczewski, 1982). As this species may exhibit
ontogenetic and seasonal vertical migrations (Rakusa
Suszczewski, 1982), further study of its spectral sensitivity
with stage and season may be interesting, as would detailed
study of the spectral quality of its habitat.

A curious feature of the spectral sensitivity function for
A. plebs is high sensitivity in the UV-A (350-390 nm) (Fig.
2). Some sensitivity in this region is expected due to the
f3-band of the rhodopsin molecule (---20% of the "-max

a-band; Stavenga et al., 1993), but A. plebs is more sensi
tive in this region than predicted by the rhodopsin template,
and its sensitivity is shifted to longer wavelengths (370-nm
maximum). While these features suggest that a second vi
sual pigment may be present, the lack of wavelength-spe
cific waveform changes and chromatic adaptation effects
(Fig. 3) does not support a dichromatic visual system in A.
plebs; adaptation to both 381- and 478-nm light resulted in
similar losses of sensitivity at both UV and blue wave
lengths. Similar findings from electroretinography of the
land crab Gecarcinus lateralis (Lall and Cronin, 1987) and
the ctenid spider Cupiennius salei (Barth et al., 1993) were
interpreted as resulting from multiple visual pigments. An
alternative, though unlikely, hypothesis to a dichromatic
visual system for explaining the heightened UV sensitivity
of A. plebs is that a UV-absorbing pigment transfers quantal
energy to a rhodopsin/metarhodopsin absorbing at longer
wavelengths (e.g., Minke and Kirschfeld, 1979; Hamdorf et
al., 1992). It is not possible from the present data to deter
mine if a UV-sensitizing pigment hypothesis could explain
the UV sensitivity of A. plebs, but intracellular recording
and microspectrophotometry would help to evaluate this
possibility. All data at present suggest that A. plebs has a
monochromatic visual system (sensu Marshall et al., 2003).

While it is not possible to use electroretinography for
determination of absolute sensitivity to light (see Frank,
2003), relative comparisons can be made with other studies
using similar techniques, although it is possible that differ
ences among organisms in neural architecture may affect
the recordings. The dynamic range of the dark-adapted A.
plebs eye is 4.49 log photons em-2 s-} at 3°C, which fits
with the value of about 4 log units commonly observed for
arthropods from a range of habitats (Laughlin and Hardie,
1978; Barth et al., 1993; Frank, 2003). The log K for
dark-adapted specimens of A. plebs (11.75 log photons
em- 2

S- 1) is most similar to that of crustaceans from the
deep sea; for a variety of deep-sea crustaceans, log K values
determined using the same methods described in this study
are 10.31-12.21 log photons cm- 2

S-l (Frank, 2003), while
for the semi-terrestrial crabs Uca thayeri and U. pugilator,

which live in a much brighter light environment, log K is
higher (13.9 and 14.8 log photons cm-2

S-l; N. McMullen,
Florida Atlantic University, unpubl. data). Downwelling
irradiance on the seafloor at the collection site (18 m) with
overcast skies during austral summer (25 Jan 2006) was
3.4 X 1012 photons cm-2

S-l, calculated as photosynthet
ically active radiation (PAR) from irradiance at 1-m depth
using an empirically determined attenuation coefficient
(Biospherical Instruments PUV-541, cosine collector; KpAR

= 0.498). Although photoreception is feasible for A. plebs
under these shallow summer conditions, its visual capabil
ities during austral winter and at deeper depths of its range
are not clear.

Both optical and physiological adaptations are commonly
employed to increase photon capture for vision in dim light
habitats (reviewed in Laughlin, 1990; Warrant and Locket,
2004). Optically, A. plebs has sacrificed spatial resolution to
increase photon capture by having relatively few, large
ommatidia (---260 ommatidia, 40-50 /-Lm wide; Meyer
Rochow and Tiang, 1979). Similar optical adaptations are
seen in other lysianassid amphipods (Hallberg et al., 1980).
Physiologically, its temporal resolution, as indicated by
waveform dynamics of ERGs and maximum CFF, is quite
low (Figs. 5, 6; Table 1). For comparison, Plesionika ros
signoli, a pandalid shrimp living as deep as 1000 m, had the
largest response latency (57.3 ms) and lowest maximum
CFF (14.3 Hz), and therefore the slowest eye, from among
13 species of mesopelagic crustaceans studied at 5 °C by
Frank (2003).

However, when comparing temporal resolution among
different studies, one must consider the experimental tem
peratures and durations of the stimulus light flash because
elevated temperature will decrease response latency and
increase maximum CFF (Table 1), while longer stimulus
flashes may slightly decrease response latency (T. Frank,
unpubl. data). If a QIO of 2 is assumed for P. rossignoli, its
response latency and maximum CFF at 3 °C (66 ms and
12.4 Hz) would still indicate a faster eye than that of
dark-adapted A. plebs at the same temperature (122 ms,
11.67 Hz). Considering stimulus flash duration, the latency
data from P. rossignoli (Frank, 2003) are in response to
100-ms flashes, whereas the latency data from A. plebs are
calculated from 75-ms flashes. It is unlikely that this differ
ence in flash duration is responsible for the magnitude of the
latency difference between the two species (56 ms at 3°C),
as unpublished data from two species of caridean shrimp
(Pasiphaea multidentata and Dichelopandalus leptocerus)
demonstrated that differences between response latencies to
stimulus flashes of 50 and 100 ms in the same animal are
less than 3 ms (T. Frank, unpubl. data).

The spatial (optical) and temporal (physiological) adap
tations of the A. plebs eye increase photon capture at the
expense of resolving fine detail and capturing fast visual
events (e.g., Warrant, 1999). As a benthic scavenger (Nys-
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sen et aI., 2005), A. plebs does not need to image fast
moving prey, and likely relies on chemoreception for locat
ing carrion (Janecki and Rakusa-Suszczewski, 2004). Slow
photoreceptors also require less energy (Laughlin et aI.,
1998), which fits with the opportunistic lifestyle of a scav
enging amphipod. Maintaining visual sensitivity in low
light conditions may aid in the avoidance of predators, such
as notothenioid fishes (Foster et aI., 1987; La Mesa et aI.,
2004).

Previous studies with A. plebs have shown that light
adaptation at 0 °C and an increase in temperature to 10°C
in the dark cause similar migrations of screening pigment
granules in retinular cells, but microvillar damage absent
under light adaptation was severe in the dark at 10°C
(Meyer-Rochow and Tiang, 1979, 1982). We found that
raising the experin1ental temperature fron1 3 to 7 °C had
little effect on the irradiance sensitivity of A. plebs, but light
adaptation reduced sensitivity (Fig. 4B, C). This suggests
that at the environmentally unrealistic temperature of 7°C,
the A. plebs eye is still functional, and any screening pig
ment migration or microvillar damage that had occurred did
not affect irradiance sensitivity.

The temporal resolution of A. plebs photoreceptors did
not increase significantly with light adaptation (Table 1).
After light adaptation, most arthropods have shortened pho
toreceptor response tin1es due to changes in voltage-gated
ion channel dynan1ics, resulting in increased photoreceptor
speed (Wong, 1978; Weckstrom and Laughlin, 1995). No
table exceptions are slow-moving tipulid flies and most
deep-sea crustaceans, which are thought to conserve energy
by maintaining slow photoreceptor response dynamics
when light adapted (Laughlin and Weckstrom, 1993; Frank,
2003). A. plebs appears to have a similar strategy, although
intracellular methods are needed to fully characterize its
n1en1brane properties and compare them to well-studied fly
n10dels (e.g., Laughlin and Weckstrom, 1993).

In contrast to light adaptation, photoreceptor response
dynamics did increase with temperature. The QI0 for this
effect (1.92) is similar to those reported for the change in
temporal resolution with temperature in both flies (TatIer et
aI., 2000) and tunas (Fritsches et aI., 2005). The experimen
tal temperature increase likely accelerated the phototrans
duction cascade, as our Qlois near the range of 2-3 ex
pected for biochemical reactions (Juusola and Hardie,
2001). Unlike some insects and predatory fish that are
thought to improve temporal resolution through thermoreg
ulation of their visual systems (e.g., Fritsches et aI., 2005),
A. plebs shows no indication of being capable of thermo
regulation, and therefore should maintain the extremely
slow photoreceptor temporal dynamics resulting from its
stable, cold environment. Collectively, our electrophysio
logical data suggest that the A. plebs eye is adapted for a
slow lifestyle in a low light environment, where maximizing

photon capture occurs at the expense of detecting fast events
in the visual scene.
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