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Visual function and its specialization at the level of the retina were studied in 13 species of stomatopod 
crustaceans, representing three superfamilies: ~~a~~idea, L~Uoidea, and Squilloidea. We 
measured a~en~~on and h-radiance spectra in the- ~~on~nt of each species, at the actual depths 
and times of activity where we observed individuals. We also characterized the intrarbabdomal illters 
of all study species and determined tbe absolute spectral sensitivity functions and approximate photon 
capture rates of all photoreceptor classes below the level of the 8th retinular cell in seven of these 
species. Sballow-water gouodactyloid species have four distinct classes of intrarhabdomal illters, 
producing photoreceptors that are relatively h&sensitive but which have the broadest spectral coverage 
of all. Deep-water go~a~~~ and all Iy~~~Uoi~ have filters that are spectrally less diverse. 
These species often discard the proximal filter classes of one or more receptor types. As a result, their 
retinas are more sensitive but have reduced spectral range or diversity. The single squilloid species 
has the most sensitive photoreceptors of any we observed, due to the lack both of hrtrarhabdomal illters 
and tiered photoreceptors. Photon absorption rates, at the times of animal activity, were similar in 
most photoreceptor classes of all species, whether the receptors were tiered or untiered, or filtered or 
unfiltered. Tlms, the retinas of stomato~ are specialized to operate at similar levels of ~ulation 
at the times and depths of actual use, while evidently untying the greatest possible potential for 
spectral coverage and discrimination. 
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INTRODUCTION 

Of all the visual organs produced during the billion-year 
history of the animal kingdom, the compound eyes of 
stomatopod crustaceans must be ranked among the most 
unusual. One unique feature is that each eye is composed 
of three distinct ommatidial regions. These are a dorsal 
and a ventral hemispheric array, each viewing extended 
regions of visual space and an equatorial midband, the 
ommatidia of which sample only a narrow strip of space 
roughly 5-1Odeg wide (Exner, 1891; Hoi-ridge, 1978; 
Cronin, 1986; Marshall, 1988). Some ommatidia in both 
hemispheres have visual fields which overlie those of 
the midband ommatidia, producing triple vision in the 
midband’s field of view. 

Squilloidea), however, are common in tropical marine 
waters. Most live in very shallow water, intertidally or 
barely subtidally, on sandy or muddy substrata or in 
coral reefs. Nevertheless, a number of species live well 
below the subtidal zone, at depths ranging from a few 
tens to several hundreds of meters. While the overall 
triple eye design is retained in all of these species, it is 
obvious that their visual requirements must vary tremen- 
dously. 
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Modern stomatopods, or mantis shrimps, are classed 
into four superfamilies. All species of one superfamily, 
the Bathysquilloidea, inhabit the deep sea and are 
infrequently encountered. Members of the other three 
superfamilies (Gonodactyloidea, Lysiosquilloidea and 
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The structure of the midband itself varies among the 
three more common superfamilies (Manning, Schiff &z 
Abbott, 1984; Marshall, Land, Ring & Cronin, 
1991a, b). The squilloids have rnidbands with only two 
ommatidial rows, possessing ommatidia apparently 
identical to those of the h~isphe~c regions. 
Gonodactyloids and lysiosquilloids, in contrast, have 
six-row midbands and each of the ommatidial rows is 
unique. The four most dorsal rows have main rhabdoms 
divided into two tiers, with each tier containing a 
different visual pigment (Cronin BE Marshall, 1989a, b; 
Cronin, Marshall & Caldwell, 1993, 1994b). In two of 
these rows, photostable, colored filters are present which 
further alter the spectral sensitivity of the underlying 
rhabdomeres (Marshall, 1988; Marshall et al., 1991 b; 
Cronin, 1990, Cronin, Marshall & Caldwell, 1994a). The 
remaining two ventral rows of the midband, which are 
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simpler in structure, are probably employed for polariz- 
ation vision (Marshall ef uf., 1991a). 

Thus, the eyes of gonodactyloid and lysiosquilloid 
stomatopods are regionally specialized: form vision in 
the hemispheres, multiple spectral analysis in the 
four dorsal rows of the midband, and polarizational 
analysis in the midband’s two ventral rows. The mid- 
band’s field of view is essentially one-dimensional, but 
those of the hemispheres are extended; to coordinate 
their function, stomatopods have unusual eye move- 
ments. The eyes are stabilized for most of the time with 
respect to extended portions of the visual world, but 
carry out stereotyped scanning movements apparently 
for spectral and polarizational analysis (Land, Marshall, 
Brownless & Cronin, 1990; Cronin, Marshall & Land, 
1991). Ommatidia of the hemispheric arrays appear to be 
responsible for fixation, stabilization, tracking and poss- 
ibly for directing the ocular scans (Cronin, Yan & Bidle, 
1992). 

These extraordinary sensory organs evolved in the 
demanding photic environment of the sea. Light under- 
water is dimmer and restricted both spectrally and 
angularly, compared to light in air (Dartnall, 197.5; 
Jerlov, 1976; Loew & McFarland, 1990). Even more 
significant may be the lower contrast of submerged 
objects (Lythgoe, 1972); in fact, many marine animals go 
to some extremes to reduce further their own contrast 
against the submarine spacelight (Lythgoe, 1979). The 
complex spectral and polarizational analysis available to 
mantis shrimps could, in principle, greatly enhance 
object visibility. 

Yet there are great variations in light quality experi- 
enced by different species of mantis shrimps and these 
animals pay a high price for visual multifunctionality. 
The tiered photoreceptors are short and absorption of 
light by the filters removes a large portion of the 
incoming photons. Thus, ommatidia of the dorsal mid- 
band are less sensitive than those elsewhere in the eye. 
When light is very limited, as for nocturnal species or 
species inhabiting turbid or deep water, further alter- 
ations become necessary to maintain retinal function. 
Some modifications may be optical, to increase the 
delivery of quanta to the receptors (see Marshall & 
Land, 1993a, b), but one would also expect changes to 
be made at the level of the retina itself. 

The high level of development of mantis shrimp 
retinas, the diversity of species inhabiting various water 
types and active at different times of the day, and the 
additional restrictions imposed upon species living at 
greater depths, provide a natural laboratory in which to 
explore how visual systems evolve for optimal function. 
We therefore set out to examine a variety of stomatopod 
crustacean species, differing in taxonomic assignment, 
habitat, activity cycle and depth. We measured the 
spectra of light available for vision at their times of 
activity, we characterized their intrarha~omal photo- 
stable filters and for seven species we also determined 
their visual pigments and spectral sensitivity classes 
throughout the retina. Our results permit a close exam- 
ination of visual evolution in a unique group of animals. 

METHODS 

Animals and terminology 

In this study we wished to include an assortment of 
stomatopod crustaceans representing a diversity of taxo- 
nomic groups and habitats and having a broad geo- 
graphic distribution (see Table 1). Our study species were 
either collected by us in the field, or were supplied by 
professional collectors. Animals were generally main- 
tained in the laboratory for brief periods before examin- 
ation. 

As described above, stomatopod compound eyes con- 
sist of two hemispheric regions (dorsal and ventral) 
divided by a midband containing two or six ommatidial 
rows. We refer to photore~ptors of the dorsal and 
ventral hemispheres as the “peripheral retina”. Rows of 
the midband are identified by “Row” and numbered 
from dorsal to ventral. Thus, Row 1 is the most dorsal 
row and Row 6 the most ventral. The intrarhabdomal 
filters and photoreceptive tiers nearest the cornea are 
termed “distal” and the filters and tiers lower down are 
“proximal”. 

Computation of spectral sensitivity functions 

Microspectrophotometry was used to characterize the 
intrarhabdomal filters of 13 lysiosq~lloid and 
gonodactyloid species, as well as the visual pigments in 
the various retinal regions of four gonodactyloid, two 
lysiosquilloid and one squilloid species. Our techniques, 
as well as much of the original data related to the 
spectral absorption of the filters and visual pigments are 
presented elsewhere (Cronin & Marshall, 1989b; Cronin 
et al., 1993, 1994a, b). 

Spectral sensitivities for all main rhabdoms and tiers 
(below the level of the 8th rhabdomere) were computed 
using the absorption spectra of the filters and visual 
pigments, the dimensions of the filters and rhabdoms 
and the amount of light absorbed per pm of filter or 
rhabdom; see Cronin and Marshall (1989b) and Cronin 
et al. (1993, 1994b) for details. Absorption spectra of 
visual pigments were represented by their best fits to 
template spectra derived by Bernard (1987), at a specific 
axial absorbance of 0.008 pm-‘. Optical data required 
for these computations were taken from Marshall el at. 
(1991a) and Marshall and Land (1993b). 

Environmental radiometry 

Downwelling irradiance was measured at 13 discrete 
wavelengths, from 410 to 694 nm, using a Biospherical 
Instruments MER- 1015 scanning spectroradiometer 
equipped with a cosine collector (see Forward, Cronin & 
Douglass, 1988). Irradiance spectra were gathered either 
by placing the meter on the bottom in habitats known 
to be occupied by our study species, or by having a diver 
swim with the instrument down to the bottom and back 
to the surface. Data were collected continuously and 
averaged into bins at depth intervals of 0.1 or 1 .O m, 
depending on the total depth. All spectra presented in 
the figures were obtained on clear, sunny days. 



FUNCTIONAL SPECIALIZATION IN MANTIS SHRIMP RETINAS 2641 

Spectra of the vertical, downwelling, diffuse attenu- 
ation coefficient (&) were obtained from the original 
data by comparing intensities (r) at the measured wave- 
lengths (A) at two depths (z, and z2), using the relation- 
ship (Jerlov, 1976): 

Z(l),, = Z(i),, e-k~(A)‘(r~-z~). (1) 

In some cases, irradiance spectra were measured at 
times when animals were not themselves active. To 
determine spectral irradiance at times of actual activity, 
measurements were taken from nearby locations at the 
appropriate times, in very shallow water, and irradiance 
was determined at the depths inhabited by the animals 
from the attenuation spectra measured in the species 
habitat. 

RESULTS 

Each of the three major superfamilies of stomatopod 
crustaceans exhibits special features in compound eye 
design. Furthermore, within these taxa individual species 
vary in details of ocular structure, habitat and activity 
cycle. Our primary objective in this study was to exploit 
this intrinsic diversity, relating eye design and visual 
sensitivity of a variety of mantis shrimp species to the 
photic environments in which their eyes are used. The 
species included in this paper are listed in Table 1, 
together with their geographic locations, habitats and 
the timing of the active phases of their activity cycles. 
Details concerning the relevant radiometric measure- 
ments (date, time and depth) are given in Table 2. 

Factors that we considered were water quality (as 
spectral attenuation of light), downwelling irradiance 
spectra at locations inhabited by our study species, 
absorption spectra of intrarhabdomal filters and spectral 

and absolute sensitivities of the various photoreceptor 
classes. Each of these will be discussed in turn. 

Water quality: spectral attenuation 

Diffuse attenuation coefficients for downwelling light 
(kd, m- ‘) were computed throughout the spectrum (from 
410 to 694 nm) from downwelling irradiance spectra at 
two or more depths for all but one of the study sites 
given in Table 2 (water in the habitat of Lysiosquilla 
maculata was too shallow to permit the calculation of 
kd). Representative results are given in Fig. 1; sites 
occupied by squilloid species are plotted with dashed 
lines, by lysiosquilloid species with dotted lines and by 
gonodactyloids with solid lines. The waters of the habi- 
tats we surveyed varied in their attenuation of light over 
a very large range, from the clear ocean waters off 
Hawaii, Moorea and the Great Barrier Reef, to the 
turbid estuaries and inlets of the east coast of the United 
States. 

The three major superfamilies did not fall into exclu- 
sive groups based on water clarity. In general, though, 
waters inhabited by squilloids tended to attenuate light 
the most and those by gonodactyloids the least (Fig. 1). 
Besides occupying decidedly murky water, the squilloids 
live subtidally and are mainly active during or after 
twilight (Table 1); so vision must always be difficult for 
them. Gonodactyloids, in contrast, emerge from their 
burrows in very clear water during the day, or at least 
after dawn and before dusk (Table 1). This means that 
even the deeper-living species experience conditions suit- 
able for vision. The lysiosquilloids tended to occupy 
water of intermediate quality, but some species were 
found in water that was quite clear, and others in rather 
turbid water. Their activity cycles included both diurnal 
and nocturnal activity phases generally coupled to the 

Species 

TABLE 1. Stomatopod species surveyed in this report 

Field site Habitat Active phase 

Superfamily Squilloidea 
Oratosquilla oratoria 
Squilla empusa 

Superfamily Lysiosquilloidea 
Coronis scolopendra 
LysiosquiNa maculata 

Lysiosquilla scabricauda 

Lysiosquilla sulcata 

Superfamily Gonodactyloidea 
Echinosquilla guerini 

Gonodactylus ajirzis + 
Gonodactylus espinosa 

Gonodactylus oerstedii 
Haptosquilla trispinosa 
Hemisquilia ensigera 
Mesacturoides spinosocarinatus 
Odontodactylus brevirostris 
Pseudosquilla ciliata 

Kaneohe Bay, Oahu, Hawaii Subtidal in mud 
Core Sound, NC. Subtidal in sand and mud 

Ft. Pierce, Fla 
Lizard Island, Australia 
Ft. Pierce, Fla 
Moorea, French Polynesia 

Waianae, Oahu, Hawaii 
Lizard Island, Australia 
Moorea, French Polynesia 
Florida Keys 
Lizard Island, Australia 
Catalina Island, Calif. 
Lizard Island, Australia 
Waianae, Oahu, Hawaii 
Florida Keys, Fla 

Intertidal/subtidal in muddy sand 
Intertidal in sand 
Intertidal/subtidal in muddy sand 
Subtidal in sand 

Deeper than 10m in coral rock 
Subtidal to > 10 m in coral rubble 
Forereef in surf zone 
Subtidal in coralline algae 
Subtidal in coral rubble 
Deeper than 5 m in muddy sand 
Subtidal (> 5 m) in coral rubble 
Deeper than 10 m in coral rock 
Subtidal in seagrass beds 

Nocturnal 
Nocturnal 

Low tide 
Low tide 
Low tide 
Crepuscular 

Crepuscular 
Diurnal 
Diurnal 
Diumal/crepuscular 
Diurnal 
Crepuscular 
Diurnal 
Crepuscular 
Diurnal 

Species are categorized taxonomically; also given are the locality of field work with the species, typical habitat, and phase of the daya or tidal 
cycle when the species is most likely to be active (see Basch & Engel, 1989; Caldwell et al., 1989; Cronin, 1992; Cronin et al., 1993, 1994b; 
Dominguez & Reaka, 1988; Froglia & Giannini, 1989). 

*We were unable to ship specimens of G. amis from Australia for microspectrophotometry. The specimen whose filters are described in this 
report was from a similar habitat in Ujang Pandang, Sulawesi, Indonesia. 
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TABLE 2. Species surveyed and associated sites for environmental radiometric measurements 

Species Radiometry site Date Local time Deoth 

Superfamily Squilloida 
Oratosquilla oratoria 
Squilla empusa 

Superfamily Lysiosquillidea 
Coronis scolopendra 
Lysiosquilla maculata 
Lysiosquilla scabricauda 
Lysiosquilla sulcata 

Superfamily Gonodactyloidea 
Echinosquilla guerini 
Gonodactylus afinis 
Gonodactylus espinosa 
Gonodactylus oerstedii 
Haptosquilla trispinosa 
Hemisquilla ensigera 
Mesacturoides spinosocarinatus 
Odontodactylus brevirostris 

Hawaii Institute of Marine Biology, Coconut Island, Oahu 
Middens Creek, Core Sound, NC. 

Sebastian Inlet, near Ft. Pierce, Fla 
Research Beach, Lizard Island Research Station, Australia 
Ft. Pierce Inlet, Ft. Pierce, Fla 
Lagoon, Cooks Bay, Moorea, French Polynesia 

Reef off Lahilahi Point, Waianae, Ohahu, Hawaii 
Cobia Hole, Lizard Island, Australia 
Inlet to Cooks Bay, Moorea, French Polynesia 
Reef flat near Little Torch Key, Fla 
Blue Lagoon, Lizard Island, Australia 
Willow Cove, Catalina Island, Calif. 
Blue Lagoon, Lizard Island, Australia 
Reef off Lahilahi Point, Waianae, Oahu, Hawaii 

29 June, 1992 
19 July, 1990 

26 June, 1990 0712 
5 July, 1991 1730 

25 June, 1990 1245 
12 July, 1991 1213t 

30 June, 1992 1524 
25 June, 1991 1231 
12 Jtily, 1991 1213 
28 June, 1990 1040 
28 June, 1991 1157 

4 December, 1992 1823 
28 June, 1991 1157 
30 June, 1992 1524 

1120 
1537* 

2.3 m 
0.8 m 

0.5 m 
0.8 m 
0.9 m 
2.5 m 

10.7 m 
16.0m 
0.5 m 
0.6 m 
l.Om 
7.6 m 
5.0 m 

10.7 m 
Pseudosquilla ciliata Grassbeds near Little Torch Key, Fla 28 June, 1990 1135 0.8 m 

In two cases, irradiance data were collected at times when the resident species were not generally active. These data were corrected to the times 
of actual activity, as described in the text. All times given are Standard Time (when necessary, Daylight Time was changed to Standard Time). 

*Data were corrected to a local time of 1700 for computations of quantum catch. 
tData were corrected to a local time of 1600 for computations of quantum catch. 

times of low tide (Table 1). Therefore, visual conditions Relationship between irradiance spectra and spectral 
for them range from extremely favorable to virtually absorption by intrarhabdomal Jilters 

Wavelength b-m> 

FIGURE 1. Spectra of diffuse attenuation coefficients for downwelling 
light (k,,, per m), computed from radiometric data at representative 
sites. Solid lines are from sites occupied by gonodactyloid stomatopods 
(G), dotted lines are from lysiosquilloid sites (I.,), and dashed lines are 
from squilloid sides (S). (Not all gonodactyloid sites are plotted, as 
their attenuation spectra all fall in the very lowest region of the plot. 
See Table 2 for more information about field sites.) In order of 
increasing minimum k, values, the curves fall in the following sequence: 
Waianae (Oahu) (G), Cooks Bay Inlet (Moorea) (G), Blue Lagoon 
(Lizard Island, Australia) (G), Willow Cove, Catalina Istand (CaIifor- 
nia) (G), Cooks Bay Lagoon (Moorea) (L), Little Torch Key (Florida) 
(G), Fort Pierce Inlet (Florida) (L), Hawaii Institute of Marine Biology 
(Oahu) (S), Sebastian Inlet (Florida) (L), and Middens Creek (North 

Carolina) (S). 

Normalized irradiance spectra for downwelling light 
in gonodactyloid habitats, together with normalized 
absorption spectra for the intrarhabdomal filters, are 
given in Fig. 2 (shallow-water species) and Fig. 3 
(deeper-water species). Here, we selected representative 
species from the full vertical range of environments for 
which we could obtain radiometric data. Since the 
irradiance spectra were measured at the actual sites 
occupied by the various species, at times when the 
animals were active, these data should accurately reflect 
photic conditions associated with such visual tasks as 
predation, mate selection and predator avoidance. 

Several trends are noteworthy in this data set. The 
shallowest-living species, particularly Gonodactylus es- 
pinosa, Gonodactylus oerstedii and Haptosquilla 
trispinosa, have four distinct classes of filters, placed to 
transmit various bands within the incident-light spec- 
trum. At long wavelengths, the 50% absorbance points 
of their filters range from about 500 through roughly 
650 nm. One can view these sets of filters as being 
designed to block the shorter wavelengths of the spec- 
trum at successively longer cutoff points. Filters ab- 
sorbing at the longest wavelengths have a secondary 
minimum at wavelengths near 400-450 nm (thus appear- 
ing blue to the human eye), but since these filters are 
extremely dense and are overlain by filters that block this 
spectral region (Cronin et al., 1994a), their blue trans- 
mission is irrelevant to spectral sensitivity. Their visual 
function is to serve as “far-red” transmitting filters, 
restricting vision to the very longest wavelengths of 
incoming light. Like the species just described, the barely 
subtidal Pseudosquilla ciliata has four separate classes, 
but as a group the filters span a smaller range. This 
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Wavelength (nm) 

FIGURE 2. Superfamily Gonodactyloidea, shallow-water species, Normalized absorption spectra of intrarhabdomal 
filters (solid lines) and normalized irradiance spectra of downwelling light in habitats (dotted lines). Each panel is 
labehed with the species name; also given are the depth at which irradiancc was measured and the it-radiance maximum 
for normalization (in units of photons.cm-2.nm-‘.sec-‘). Sites for collection of irradiation data are given in Table 2; 
each listed species was actually observed in the habitat selected for radiometry. Distal filters are plotted with thin 
lines and proximal filters with thick lines; absorption spectra of fiiters in Row 2 always lie to the left of Row 3 filter 

spectra. 
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species commonly hunts in seagrass beds (Table 1) and 
it is possible that its vision is adapted to the dimmer, 
filtered light penetrating the grasses. 

Animals living in a vertical range of depths, from 
near the surface to intermediate depths, where light is 
becoming spectrally restricted (e.g. Gonodacfylus 
afinis and Mesacturoides sFinosocuri~a~s), replace the 
“far-red” filter class with one transmitting at consider- 
ably shorter wavelengths (50% absorbance wavelength 
x 600 nm; see Fig. 3). Gonodactylus afinis is particu- 
larly noteworthy, since it alone of nine species of 
Gonodacrylus that we have surveyed has a filter in 
the proximal Row 3 position that transmits at intermedi- 
ate (rather than far) red wavelengths (Cronin et al., 
1994a). It is also the only Gonoductylus that we have 
sampled that consistently lives well below intertidal 
depths. The proximal and distal filters in Row 2 in 
these species are also much more similar in their 
spectral location than those of corresponding shallow- 
water species; in M. s~~osocari~at~, both Row 2 filters 
are spectrally identical. Such modifications should per- 
mit the delivery of more photons to the proximal tiers 
of Rows 2 and 3. Enhancement of sensitivity could 
compensate for the limited light available at these 
depths. 

Species of gonodactyloids that are restricted only to 
deeper water adapt to the narrower, dimmer spectrum of 
incident light in several ways (Fig. 3, lower panels), As 
in species from intermediate depths, the proximal filters 
(when present) of Rows 2 and 3 absorb similarly to 

the distal filters of the same row, reducing additional 
photon loss at the junction of the tiers. Some species 
~Hem~qui~la ensigera, Ec~~nosqu~ila guerini) eliminate 
the proximal filter class in Row 3, which normally 
absorbs at the longest wavelengths and H. ensigera has 
also disposed of its proximal class in Row 2. Odonto- 
dactylus ~r~~rostris has a proximal Row 3 filter, but its 
absorption lies at shorter wavelengths than is the case for 
any of the shallow-water species. These alterations again 
produce assortments of filters that generally match the 
spectrum of incident light. 

Lysiosquilloid retinas have filter types and distri- 
butions (relative to the light spectrum) that are 
quite different from those of gon~a~tyloids (Fig. 4). 
Lysiosquilloid species lack the long-wavelength 
filter type normally present in proximal Row 3 (Marshall 
et al., 1991b; Cronin et al., 1993, 1994a), despite the 
broad spectrum of light available during the day in 
lysiosq~lloid habitats (Fig. 4) Furthermore, the remain- 
ing distal filter class in Row 3 transmits at shorter 
wavelengths than does the corresponding filter of shal- 
low-water gonodactyloids (cf Fig. 4 with the top four 
panels of Fig. 2) and two species of Lysiosquilla possess 
no proximal filter in Row 2. Thus, compared to 
gon~actyloids, the retina is simplified and probably 
more sensitive. These changes are likely to be adap- 
tations to the somewhat murky water inhabited by 
lysiosquilloids, as well as modifications to increase reti- 
nal sensitivity for use during the period of the nocturnal 
activity phase. 
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Relationship between irradiance spectrum and spectral 
sensitivity 

We have obtained visual pigment absorption spectra 
and retinal dimensions for all photoreceptor classes 
below the rhabdomere of the 8th retinular cell for seven 
species of mantis shrimps (Cronin & Marshall, 1989a, b; 
Cronin et al., 1993, 1994b). Together with the absorption 
spectra and dimensions of the intrarhabdomal filters, 
these data can be used to estimate relative spectral 
sensitivities for all of these photoreceptor classes. In 
addition, if the facet diameter (A) and focal length v) of 
the dioptrics and the acceptance aperture (d) and length 
(x) of the rhabdom are known, the absolute sensitivity 
spectra S(n) of the various rhabdoms and tiers can 
readily be computed, following the formula of Land 
(1981): 

2 A2 
S(i) = % . 7 .&.(I -em”‘““). 00 (2) 

In this case, the final (exponential) term represents the 
fraction of entering light actually absorbed by the rhab- 
dom at wavelength A; k(1) is the spectral absorption per 
pm of the photoreceptor and x is the total length of the 
receptor in pm. This formula holds strictly for the 
untiered retinal regions, but the computational sequence 

used by Cronin and Marshall (1989b) or Cronin et d. 
(1993, 1994b) actually determines the fraction of light 
originally incident upon the distal rhabdom (or filter) tip 
which is absorbed by each tier of the rhabdom. This 
quantity can be substituted for (1 -e k’i’r) in the 
equation. Equation (2) provides sensitivities in units of 
sr . d2. As described later, if d is in units of cm and radiant 
intensity (R) is provided in the units pho- 
tons. steradian _ ’ . cm ‘. nm ’ s ‘, then the number of 
photons absorbed per second by a given photoreceptor 
is equal to the product of S(n) and R(%). 

Data for A and .f were obtained from Marshall 
et al. (199 1 a) and Marshall and Land (1993b); in some 
cases (noted in Table 3) the current study species 
were not represented in those papers and similar 
species were substituted. This is acceptable because 
ocular optics remain similar throughout a given 
genus. Table 3 gives values used in our computations. 
Values for the inverse quotient, f/A, are given in the 
Table instead of A/f [required for equation (2)] because 

f/A is equivalent to the F-number of the dioptrics, 
providing a standard indicator of image brightness (the 
lower the F-number, the brighter the image). Table 3 
also shows the 1,,, values of the visual pigments used in 
the analysis. 

1 Gonodactylus affinis 

. . 
‘,..., 

0 ! I 4 
400 500 600 7( 

Mesacturoides spinosocarinatus 

400 500 600 700 

Wavelength (m-n) 

FIGURE 3. Superfamily Gonodactylidae, deep-water species. Normalized absorption spectra of intrarhabdomal filters and 
normalized irradiance spectra of downwelling light. Otherwise as in Fig. 2. 
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FIGURE 4. Superfamily Lysioquillaidea. Normalized absorption spectra of intrarbabdomal filters and normalized b-radiance 
spectra of downwelling light. Otherwise as in Fig. 2. 

Figures 58 show the results of our com~~tati5~s* In 
each column of each figure, the top panel illustrates 
average radiance (photons*stetadian- ’ -cm-‘+ nm- ’ 
. s _’ I), normalized to its maximum. This is taken directly 
from the irradiance values by dividing by 2x, the number 
of sr in a hemisphere. The second row of panels (in Figs 
5, 6 and 7) shows normalized spectral sensitivity func- 
tions for each of the four tiered rows of the retina (Rows 
1-4, distal and proximal tiers). The third and fourth set 
of panels (Figs 5, 6 and 7; bottom panel only in Fig. 8) 
shows the absolute sensitivities (sr.cm2) of the four 
tiered rows and the two untiered retinal regions, respect- 
ively, All figures are plotted to the same vertical scale so 
that the sensitivities of all species can be directly com- 
pared. It is important to note that these sensitivities are 
computed for particular dimensions of the entrance 
aperture to the rhabdom, which can change with light or 
dark adaptation. Except for Squilia empusa, all histologi- 
cal preparations used for m~surements of apertures 
were from light-adapted retinas, so it is likely that higher 
sensitivities would exist in retinas af most species after 
dark adaptation. 

Figure S provides plots of data relating to the shaliow- 
living gonod~tyloid species G. oerstedii and P, ciliuta. 
The habitats of these species are illuminated with a 
bright, broad spectrum of light and the retinas contain 
filters with a series of well-separated absorption 
spectra (Fig. 2). The tiered rows of the retina include 
eight distinct, generally narrow, neatly separated spec- 
tral sensitivity functions. These peak at wavelengths 
from 400 nm to beyond 675 nm, spaced at intervals of 
* 40 nm and hence cover a 300”nm spectral range, 
Compared to G. oerstedii, absolute sensitivities are 
considerably greater throughout the retina of P. ciliata. 
In both species, however, the severe filtering substan- 

tially decreases sensitivity in Rows 2 and 3, a situation 
which becomes par~~ularly serious in the proximal tiers, 
The lack of tiering and filtering in rhabdoms of Rows 5 
and 6 and the peripheral retina produces broader 
and flatter sensitivity functions in these retinal regions. 
Nevertheless, because of a combination of increased 
F-number and decreased input aperture (Table 31, 
~hoto~ptors here have sensitivities roughly compar- 
able to those of the tiered receptors, although rhabdoms 
of Rows S and 6 are more sensitive than those of the 
periphery. 

Light available to the deeper-living gonodactyloid 
species H. ensigera and 0. ~reoiro~~r~ has a narrower 
spectrum and a lower intensity (Figs 3, 6). spectral 
sensitivity functions have peaks ranging up to about 
630 nm, providing a fairly good match to the spectrum 
of the average downward radiance. Absolute sensitivity 
functions are elevated, and once more the untiered 
photoreceptors have broader spectral absorption, but 
similar similar peak sensitivities, in camparison to the 
tiered receptors. Filtering is less extreme than in the 
retinas of shallower-living species. Hemisquilla ensigera 
has disposed of its proximal filters entirely (Fig. 3), 
and the shift of the transmission region of the 
proximal filters of 0. br~~ro~tr~~ to shorter wave- 
lengths (compared to C. oerstedii and P. ciliata) greatly 
elevates photon catch by the underlying middle-wave- 
length rhodopsins. This leads to relatively enhanced 
sensitivities in the proximal tiers of Rows 2 and 3; in fact, 
Row 3’s proximal tier is distinctly more sensitive than 
the distal tier in both these deep-water species. This is 
possible because this tier ccmtains a rhodopsin absorbing 
at longer wavelengths than that of the distal tier, which 
can catch more of the transmitted long-wavelength 
photons. 
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Like these deeper-living gonodactyloid species, 
lysiosquilloids (Coronis scolopendra and Lysiosquilla sul- 
cata, Fig. 7) also filter their retinas less drastically than 
do shallow-water gonodactyloids. Even in the filtered, 
tiered rows of the midband, sensitivity thus remains 
reasonably high. The absence of proximal filters in Row 
3 tends to collapse the two spectral sensitivity functions 
of this row into the same spectral region (a similar effect 
is seen in H. ensigera), apparently reflecting a trade of 
spectral range and discrimination for sensitivity (see also 
Cronin et al., 1993, 1994b). Spectral coverage overall in 
L. sulcata provides a satisfactory match to the somewhat 
narrowed spectrum of light available in the subtidal 
waters it inhabits, but C. scolopendra has a retina which 

is not only more sensitive than L. sulcata’s, but which 
does not sample the full available spectrum. Sensitivity 
appears to be of paramount concern to this species. In 
both species, untiered and tiered photoreceptors have 
similar peak sensitivities. 

The final study species for which spectral 
sensitivity data are available is the squilloid S. empusa 
(Fig. 8). The retina contains no filters, is not tiered 
and has similar optics and the same visual pigment 
in both the two-row midband and the periphery 
(Table 3). Thus, all photoreceptors have an identical, 
highly elevated and broad sensitivity spectrum which is 
effective at catching photons even at wavelengths beyond 
600 nm. 

TABLE 3. Optical data for compound eyes of stomatopod species used in this report for computations of spectral 
sensitivities 

Species Region 
F-number Aperture Visual pigment 

(f/A) (4 pm) A,,, (nm) 

Hemisquiiia ensigera 

Lysiosquilla sulcatat 

Coronis scolopendra Midland Row 1 4.4 10 D: 407 p: 436 
Row 2 5.1 10 D: 489 p: 518 
Row 3 4.5 10 D: 529 p: 533 
Row 4 5.2 10 D: 441 P: 468 
Rows 5 and 6 5.2 10 517 

Peripheral retina 6.3 7 494 

Gonodactylus oerstedii+ Midland Row 1 1.3 7 D: 400 P: 430 
Row 2 6.8 7 D: 515 P: 525 
Row 3 5.6 12 D: 520 P: 551 
Row 4 6.8 7 D: 429 p: 460 
Rows 5 and 6 6.8 7 489 

Peripheral retina 11.0 5 528 

Midland Row 1 5.2 12 D: 414 p: 451 
Row 2 4.9 11 D: 499 P: 510 
Row 3 4.1 12 D: 510 P: 535 
Row 4 5.1 11 D: 443 P: 473 
Rows 5 and 6 5.6 10 501 

Peripheral retina 5.4 7 501 

Midland Row 1 7.1 8 D: 397 P: 434 
Row 2 7.1 8 D: 492 p: 516 
Row 3 5.9 8 D: 517 P: 538 
Row 4 8.8 8 D: 416 P: 461 
Row 5 and 6 6.4 8 501 

Peripheral retina 8.7 8 499 

Odontodactylus brevirostris Midland Row 1 6.3 
Row 2 5.6 
Row 3 4.6 
Row 4 5.8 
Rows 5 and 6 5.1 

Peripheral retina 6.3 

10 
10 
10 
10 
10 
I 

10 
10 
10 
10 
10 
7 

10 
10 

D: 402 P: 457 
D: 495 P: 524 
D: 511 P: 535 
D: 452 P: 460 

488 
490 

Pseudosquilla ciliata Midland Row 1 
Row 2 
Row 3 
Row 4 
Rows 4 and 5 

Peripheral retina 

Squilia empusa $ Midland Rows 1 and 2 
Peripheral retina 

5.7 
5.5 
4.1 
5.5 
5.4 

11.1 

3.0 
3.0 

D: 400 P: 433 
D: 498 P: 517 
D: 535 p: 539 
D: 425 P: 452 

510 
498 

517 
517 

F-numbers were computed from data in Marshall et al. (199la) and Marshall and Land (1993b). Where indicated, 
similar species were substituted for our actual study species, as explained in the text. Also included are the 
h, values for the visual pigments of each retinal region, taken from Cronin and Marshall (1989a, 1989b) 
and Cronin et al. (1994a, b). D, distal tier; P, proximal tier. 

*Optical data from G. chiragra were used for this species. 
tOptica1 data from L. tridecimdentata were used for this species. 
SOptical data from Oratosquilla solicitans were used to compute F-numbers for this species. 
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Gonodactylus oerstedii 
R max 7.1 x 10 l3 

0 I 

Pseudosquilla ciliata 

RlUX 6.3 x 10 I3 

,,... ..,, 
:‘.“. . .._ 

:’ -........,, 
,:’ ‘... 

Wavelength (nm) 

FIGURE 5. Superfamily Gonodactyloidea, shallow water species Gonodacrylns oerstedii and Pseudosquilla cifiata. This figure 
and Figs 6, 7 and 8 are all plotted to the same vertical scale to facilitate comparison of sensitivity curves. Top row of panels: 
Normalized radiance spectra; the radiance maximum for normalization (R,,,_, photons.rm-2.nm-‘.sr-‘.sec-‘) is given for 
each species. Second row of panels: Normalized spectral sensitivity functions for both tiers of the 4 tiered rows of the midband. 
-, Row 1; -----, Row 2; -.--, Row 3, ---, Row 4. Distal tiers are plotted with thin lines, proximal tiers with thick lines. 
(Except in the case of G. oerstedii, in the species of Figs 5-7 the receptors’ spectral sensitivity maxima invariably fall in the 
following order, from shortest to longest wavelengths: distal Row 1, distal Row 4, proximal Row I, proximal row 4, distal 
Row 2, proximal Row 2, distal Row 3, proximal Row 3. Gonodactylus oerstedii has a weakly absorbing distal filter in Row 
3, producing a distal Row 3 sensitivity function that lies between the distal and proximal function for Row 2 and a rising tail 
of the proximal Row 3 spectral sensitivity function at wavelengths below 450 nm.) Third row of panels: Sensitivity spectra for 
both tiers of the 4 tiered rows of the midband (in steradians.cm*; plotting conventions as in 2nd panel row). Bottom row of 
panels: Sensitivity spectra for Rows 5 and 6 of the midband (thick lines) and the peripheral retina (thin lines). (Spectral 
sensitivity functions for the proximal tiers of Rows 2 and 3 differ from those presented in Cronin and Marahall (1989a, b) 

due to the correction of an earlier computational error and the inclusion of new data for filter absorption.) 

Photon capture in stomatopod photoreceptors 

An examination of Figs S-8 reveals immediately that 
there is considerable variation in sensitivity both within 
the retina of a single species and across the retinas of 
different species. To permit comparisons to be made 
among our seven study species, we have plotted the 
maximum sensitivities of each photoreceptor class as 
histograms on a logarithmic scale (top row of Fig. 9, 
gonodactyloid species and Fig. 10, lysiosquilloid and 
squilloid species). Several interesting features are re- 
vealed by these graphs. 

For each species, the peak sensitivities of all photo- 
receptors throughout the retina tend to be rather similar. 
The shortest-wavelength receptor classes, in Rows 1 and 
4, tend to have the greatest sensitivities, while the filtered 
Rows 2 and 3 in gonodactyloids and lysiosquilloids 
frequently are far less sensitive. Even here, the two tiers 
tend to have similar sensitivities to each other. The 
principal exceptions are the filtered rows in shallow- 
water gonodactyloids (G. oerstedii and P. ciliata), where 
the proximal tiers are less sensitive than the distal tiers 
by about 1 log unit in Row 2 and by more than 2 log 
units in Row 3. The reductions occur both because the 
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serial filtering delivers fewer photons to the proximal 
tiers and because the proximal tiers contain visual 
pigments that absorb at relatively short wavelengths 
compared to the spectrum of light transmitted by the 
filters (see Cronin & Marshall, 1989a, b). In contrast, the 
proximal tiers of the filtered rows of gonodactyloid 
species that live in deeper waters and of both lysiosquil- 
loid species, have peak sensitivities that resemble, or 

even exceed, those of the distal tier. This results from the 
shorter cutoff wavelengths of the filters of these retinas 
(when present) and the relatively better match between 

the transmitted spectra of light and the absorption 
spectra of the resident visual pigments. 

peripheral rhabdoms tend to have somewhat reduced 
peak sensitivities because they are fed with light through 
optics of relatively greater F-number and relatively 
lower acceptance apertures (Table 3, Figs 9 and 10). 
However, since these receptors are longer and undergo 
no serial filtering, their sensitivity spectra are flatter than 
those of the rest of the retina (Figs 5-8) providing them 
with a potentially greater total photon catch. Comparing 
across species, typical peak sensitivities of photo- 
receptors vary only over about a log unit, from 
< 10P8 sr .crn* in G. oerstedii to just under 10 ~’ sr ‘cm* 

in S. empusa. 

The untiered rhabdoms of Rows 5 and 6 of the 
midband (Rows 1 and 2 in squilloids) and of the 
peripheral retina have peak sensitivities in the same 
range as those of the tiered receptors. In fact, the 

We computed the potential photon capture rates by 
each photoreceptor class by taking the product of the 
radiance spectra (in units of photons. steradian ’ 
.cm ?.nm--‘.sec-‘, top panels of Figs 5-8; see also the 
headings to each column in Figs 9 and 10) and 

Odontodactylus brevirostris Hemisquilla ensigera 
R max 1.9 x 1o13 R, 2.8 x 10 I3 

s P) 1.O.. 
:’ 

P .. 3 
Od 
z 

0.0 ._I 1 . . . . . . . 

Wavelength (nm) 

FIGURE 6. Superfamily Gonodactyloidea, deep-water species Odontodactylus breuiroslris and Hemisquilla ensigera. Otherwise 
as in Fig. 5. 
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Coronis scolopendra 

R, 1.1 x 10 l3 
.,.. I... __,. __...~’ -‘.l.. . . . . . . _,_ (_.’ -.._ 

..I. 

Lysiosquilla sulcata 

~ 

Wavelength (MI) 

FIGURE 7. Superfamily Lysiosquilloidea, Lysiosquilla sulcafa and Coronis scolopendra. Otherwise as in Fig. 5. 

the sensitivity curves (in units of sr-cm*; Figs 5-8, 
bottom panels). If the total product is computed as 
the sum of individual values in I-nm segments, the 
nm-’ term in the radiance units is removed, and 
the result is then equal to total photons captured 
per second in the given photic environment. Since 
light was originally measured as total do~we~ling 
irradiance and subsequently converted to radiance 
(irradiance per steradian), the photon capture rate rep- 
resents an average from all upward-looking ommatidia. 
This average is most useful for comparing among 
species; but since the irradiance spectra were actually 
obtained at times when animals were likely to be active, 
it also serves as a very rough estimate of the required rate 
of arrival of quanta within the retina for optimal visual 
function. 

Most photoreceptor classes of all species capture 
about IO’ photons per second (bottom panels of Figs 9 

and 10). Thus, the elevated sensitivities of Rows 1 and 
4 effectively compensate for the filtering out of the 
shortest wavelengths by seawater. Fewer photons are 
taken by Row 3 photoreceptors in several cases, particu- 
larly in the deeper-living species (e.g. 0. brevirostris, H. 
emigera and L. szdcata). Minimal photon captures, only 
several thousand per second, occur in the proximal tiers 
of rhabdoms of Row 3 in the shallow-water gonodacty- 
loid species G. oerstedii and P. ciliuta. (The photon 
capture rate of the proximal tier of Row 3 in G. oerstedii 
was probably underestimated by 30-40%, since the 
receptor’s sensitivity curve extends beyond the measured 
spectrum of light; see Fig. 5.) Rows 5 and 6 consistently 
capture the greatest numbers of photons per unit 
time; as discussed later, this is probably related to the 
need for their receptors to divide the photons into 
two populations for polarization vision. Despite the fact 
that the peripheral rhabdoms have similar lengths to 
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those of midband Rows 5 and 6 and much flatter 
absorption and sensitivity spectra than the receptors of 
the tiered rows, these receptors capture photons at 
similar rates to the rest of the retina. Even in S. empusa, 
where sensitivity is greatly elevated (Fig. 8), the extreme 
attenuation of coastal waters, coupled with the tendency 
of the animal to become active in dim-light conditions, 
reduces typical photon capture rates to values compar- 
able to those of the retinas of species with polychromatic 
midbands. 

DISCUSSION 

By examining ocular design and its impact on retinal 
function in a diverse group of stomatopod species, 
together with biologically relevant aspects of the photic 
environments that these species experience, we hoped 
to achieve a basic understanding of how visual 

OJ! : ! : ! 
4.00 500 600 ’ 

FIGURE 8. Superfamily Squilloidea, Squilla empusa. Since squilloids 
have only a 230~ midband whose ommatidia have similar sensitivity 
spectra to ommatidia of the peripheral retina, only a single spectral 
sensitivity function is plotted to represent photoreceptors throughout 

the retina. 

performance may become optimized in these and other 

animals. Our findings do, in fact, shed some light on 

evolutionary adaptation in the compound eyes of mantis 
shrimps. More generally, our conclusions may be 
extended to other types of eyes and particularly to eyes 
that simultaneously perform several types of analyses of 
visual space (e.g. for form, spectrum, and polarization). 
Marshall et al. (1991a) and Marshall and Land (1993b) 
have already considered optical design in stomatopod 
compound eyes; in this study we confine our concerns to 
the functional specialization of the actual retina. 

Adaptation to oae~+ull light quality: water clarity and time 
qf a~tiuity 

Eyes of squilloid stomatopod species are anatomically 
the simplest, with only two ommatidial rows in the 
midband and no evidence of photoreceptor specializ- 
ations such as tiering or filtering. These species fre- 
quently are found in rather turbid water (Fig. 1) and 
have a largely nocturnal activity pattern (Froglia & 
Giannini, 1989; Cronin, 1992). Lysiosquilloid species 
have eyes of intermediate complexity, with six-row mid- 
bands including four sets of tiered main rhabdoms and 
two or three classes of photostable, intrarhabdomal 
filters (Marshall, 1988; Marshall et al., 1991a, b; Cronin 
et al., 1993, 1994a). Various species of these mantis 
shrimps inhabit waters that range from clear to turbid 
(Fig. 1) and many of them are active during diurnal and 
nocturnal low tides (see Cronin et al., 1993). We view 
lysiosquilloid eyes as being moderately specialized, 
capable of functioning under a range of conditions of 
light quality and quantity. The final major superfamily 
of stomatopods is the gonodactyloids. Like lysiosquil- 
loids, they have six-row midbands, four of which have 
special, tiered photoreceptors. Their retinas usually have 
four, but occasionally only three or even two, classes of 
intrarhabdomal filters. Virtually all gonodactyloids in- 
habit clear water (Fig. 1) and are active primarily during 
the day or at twilight (Dominguez & Reaka, 1989; 
Caldwell, Roderick & Shuster, 1989; Cronin, 1992; 
Cronin et af.,l994b). Eyes of most of our gonodactyloid 
species include adaptations that provide the greatest 
spectral coverage consistent with the light available in 
their habitats. 

Adaptations of ~ntrar~~d~rnal filters 

Squilloid retinas contain no intrarha~omal filters 
and their eyes have several other modifications that 
favor sensitivity. Since the squilloids frequently are 
inhabitants of the most light-limited environments, it is 
difficult to know whether an ultimate concern for photon 
capture has encouraged their eyes to discard the spectral 
analysis system present in lysio~uilloids and gonodacty- 
loids, or whether they illustrate a primitive, simpler 
type of eye design which was never polychromatic and 
which was therefore “pre-adapted” for low-light en- 
vironments. 
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Gonodactyhs oerstedii 
1.6x lOI6 

Pseudosquilla ciliata Odontodactylus brevirostris Hemisquilla ensigera 

TsllRdiaace: IAx10’6 Tti ,tu,i~~oe : 2.7 x Id5 Total Rdiancz : 4.8 x IO” 

- _ 1 2 3 4&l% 1 2 3 4 ;,PR 1234i6PR 1234i65 
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FIGURE 9. Superfamily Gonodactyloidea. Top row of panels: Histograms of maximum sensitivities (steradians*cm2, log scale) 
of each row of the midband, by tier (in each pair, the distal tier is plotted to the left and the proximal tier to the right). Rows 
5 and 6 have identical sensitivities and are pIotted as a single histogram; ommatidia throughout the peripheral retina (PR) are 
also grouped into a single histogram. Bottom row of panels: Photon capture rates (photons.sec-i, log scale) for each retinal 
region, computed by taking the products of the radiance curves and spectral ~nsitivity curves in Figs 5 and 6. The heading 
for each column gives the total radiance in the spectral band 4t0 to 694 nm (total photons.cm-*.sr-' .sec-‘), at typical times 

of activity for each species, from which photon capture rates are calculated. 

Stomatopods that have six-row midbands (lysiosq~l- 
loids and gono~ctyloids) vary their filter populations in 
two ways: reducing diversity and (on occasion) eliminat- 
ing some classes entirely. Shallow-living species have 
three (lysiosquilloid) or four (gonodactyloid) filter types 
whose spectral transmission functions are spread 
throughout the spectrum of available light. Species that 
live somewhat deeper than the intertidal zone may 
reduce the number of filters, particularly by eliminating 
the proximal filter of Row 3. When present, this class 
transmits in the longest-wavelength band of all classes of 
intrarhabdomal filters (see also Cronin et al., 1994a), 
which by itself limits the sensitivity of its underlying 
photoreceptors. The reduction in illumination potenti- 
ates the extremely low photosensitivity of middle-wave- 
length rhodopsins to long-wavelength light. Of course, 
no lysiosquilloid species possesses the proximal Row 3 
filter; as with the squilloids it is impossible to know 
whether this is an adaptation or a “pi-adaption”. On 
the other hand, elimination of a filter class that is 
normally present in closely related species surely rep- 
resents adaptation to diminished light. For instance, the 
gonodactyloid E. guerini, which lives at depths beyond 
10 m and is active only under the dim-light conditions of 
early dawn and late dusk, has no proximal Row 3 filter. 
Three of our study species also lacked a proximal Row 
2 filter. These species live at greater depths than typical 
members of their superfamilies (H. ensigera, L. sulcata), 
or in less clear water (H. ensigera, L. scabricauda), or 

have diumal/n~tumal activity patterns (L. sulcata, 
L. scabricauda >. 

While dispensing with a proximal filter class increases 
sensitivity of the underlying photoreceptor, it could 
reduce differences in spectral sensitivity between the 
proximal and distal receptor tiers. If so, spectral dis- 
donation would be compromised. A better solution 
might be to adjust spectral sensitivities in the filtered 
rows to fit the spectral distributions of incoming photons 
and thus maintain absolute sensitivity. But stomatopods 
appear to be limited in their abilities to produce long- 
wavelength rhodopsins. Their lon~t-wavelength visual 
pigments reside in proximal Row 3 photor~pto~, 
achieving I,,, values between 540 and 550 nm (Cronin et 
al., 1993, 1994b; see Table 3). Paired with typical 
proximal Row 3 filters, which have 50% transmittance 
wavelengths at x 600 mu or beyond (Figs 2 and 3; see 
also Cronin et al., 1994a), these photopi~ents inher- 
ently produce insensitive photoreceptors. Nevertheless, 
in species like M. spinosocarhatus, living at roughly 5 m 
depth and 0. breuirosti, found below 10 m, Row 3 
proximal filters exist which absorb only at relatively 
short wavelengths. These can transmit sufficient light for 
vision (Figs 3 and 9) while main~i~ng the potential for 
good spectral discrimination between the tiers (Fig. 6). 
Thus, while 0. brevirostris and E. guerini (which has no 
proximal Row 3 filter) may inhabit the same deep reefs 
and be active at similar times, 0. brevirostris probably 
has a superior spectral analysis system. 
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Not surprisingly, some vertebrates have arrived at the 
same solutions to the problem of maintaining vision in 
light-limiting environments. In particular, the colored oil 
droplets that are associated with cone photoreceptors in 
diurnal avian retinas are much less numerous in the 
retinas of nocturnal birds (Lythgoe, 1979). Here, also, 
species that must be active in dim light have bartered 
spectral diversity for sensitivity. 

Photoreceptor sensitivity and quantum catch 

Sensitivities of mantis shrimp photoreceptors range 
over about a log unit, but when light conditions at 
typical times of activity are considered, quantum c$tch 
rates in receptors throughout most retinas are estimated 
to be about 10’ per sec. Of course, the precise retinal 
illumination depends on the time of activity, the level of 
light adaptation of the retina and the nature of the scene 
being viewed. In our calculations, we restricted our 
attention to photic conditions in which the animals were 
actually observed to be active and we presumed that 
there was no reduction in the light delivered to the 
photoreceptors due to photomechanical adaptation. 
Even though all of our species were probably also active 
under rather different conditions of illumination and 
may be capable of light adaptation using a pupillary 

mechanism active over z 2-3 log units of brightness 
(Cronin, 1989; see also Howard, Blakeslee & Laughlin, 

Coronis scolopendra 

Total Radiance : 2.5 x lOI 

&6 

1987), the results of the analysis we present here can 
serve for a qualitative comparison among species. De- 
spite impressive variations in depth, spectral quality, 
time of activity and transparency of the water, our study 
species inhabit very similar visual environments at the 
level of the retina. 

In general, the tiered rows without filters (Rows 1 and 
4) and the rhabdoms of the peripheral retina are all 
stimulated to similar extents, while Rows 5 and 6 tend 
to collect about twice as many photons as other retinal 
regions. Rows 5 and 6 are adapted specifically for the 
analysis of polarized light (Marshall, 1988; Marshall 
et al., 1991a), having thin, alternating, interdigitating 
layers of rigidly orthogonal microvilli. With their light 
equally divided between two populations of receptor 
cells [homologous to the spectral classes of the tiered 
photoreceptors (see Cronin & Marshall, 1989b; Marshall 
et al., 1991a, b)], the light absorption by each population 
is similar to the tiered spectral types. For comparison, 
human cone photoreceptors capture about lo3 photons 
per set in “good interior lighting”, or about lo2 per 
integration time (Osorio & Bossomaier, 1992). Even 
operating at considerably shorter integration times 
(Land et al., 1990) and receiving light indirectly by 
reflection from objects in their surroundings, stoma- 
topod rhabdoms obviously should capture a sufficient 
supply of photons. As an example, with a typical “dwell” 

Lysiosquilla sulcata 
Total Radiance. : 1.3 x 10” 

L 

Squilla empusa 
Total Radiance : 1.3 x lOI 

1 2 3 4 5 PR 
&6 

Retinal Region 

1 2 3 4 5 PR 
&6 

FIGURE IO. Superfamilies Lysiosquilloidea and Squilloidea. Otherwise as in Fig. 9, except that original data appeared in 
Figs 7 and 8. Squilloids have midbands with only 2 ommatidial rows and untiered rhabdoms. 
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time of 25 msec (Land et al., 1990) most photoreceptors 
would catch about 2.5 x lo5 quanta per integration time 
directly from the radiant light field, a capture rate that 
leaves plenty of overhead for the reduced flux arriving by 
reflection from imaged objects. 

The observation that photon capture rates in rhab- 
doms of the peripheral retina are similar to those of the 
midband is somewhat unexpected. These rhabdoms are 
long and untiered, with flat-topped spectral sensitivity 
functions (Figs 5-8), but their sensitivities are reduced by 
their smaller diameters and high F-number optics (Table 
3). We had previously postulated that the peripheral 
retina (as well as the receptors of Rows 5 and 6) could 
provide a duplex function to the retina as a whole, being 
operational in dim light after the tiered and filtered rows 
had become unable to function (see Cronin & Marshall, 
1989b). Our new findings show that all the various 
receptor classes operate in similar conditions of bright- 
ness. Thus, the division of function is probably not for 
range fractionation, but instead may exist for parallel 
processing of spectrum, polarization, form and motion. 
Like insects (Lehrer, Srinivasan, Zhang & Horridge, 
1988; Srinivasan & Lehrer, 1989) mantis shrimps appar- 
ently process motion and spatial vision (which probably 
is handled by the extended peripheral ommatidial ar- 
rays) via monochromatic neural pathways. 

Whereas midband Rows 1 and 4 are quite sensitive 
and thus compensate for the reduction in violet and blue 
light underwater, the filtered rows (Rows 2 and 3) are 
often less well stimulated than the other tiered rows of 
the midband. Both tiers of these rows are similarly 
desensitized in the lysiosquilloids and in the deeper-liv- 
ing gonodactyloids (Figs &lo), by as much as 2 log units 
compared to the rest of the retina. In the shallow-water 
gonodactyloid species Gonodactylus oerstedii and P. 
cilia& the filters reduce the rate of photon capture 
moderately in the distal tiers and drastically in the 
proximal ones-by nearly 3 log units in proximal Row 
3 (as mentioned earlier, proximal Row 3 in G. oerstedii 
may be somewhat better stimulated than our calcu- 
lations suggest). In fact, even in the very brightly lit 
habitats of these species, the photoreceptors are ab- 
sorbing only about 5 x lo3 photons per set directly from 
the radiant light field-and far fewer indirectly, even 
from objects that reflect red light. 

In view of the highly diminished stimulation of these 
red-sensitive receptors, there must be considerable selec- 
tion pressure maintaining an ability to detect and dis- 
criminate light at wavelengths well beyond 600 nm. The 
far-red transmitting filters in the proximal Row 3 pos- 
ition in retinas of shallow-water gonodactyloids push red 
spectral sensitivity virtually to the breaking point (Figs 
2 and 5). Even the deep-living 0. brevirostris has a pair 
of long-wavelength receptors in Row 3 (Fig. 6); their 
apparent facility at trapping photons (Fig. 9) is some- 
what exaggerated because our computations were for the 
population we studied, living at about 10m depth. 
0. brevirostris is found to depths of well beyond 100 m 
(Manning, 1969) where very few long-wavelength pho- 
tons remain to be caught. 

We therefore infer that “red” photons carry infor- 
mation of special importance to many mantis shrimp 
species. This could also explain why the lysiosquilloids 
and some gonodactyloids continue to employ red distal 
filters in Row 3 despite the absence of proximal filters 
and well-separated spectral sensitivity curves for the two 
tiers. Row 3 would continue to indicate the presence of 
long-wavelength light in a particular part of the visual 
field, even if a more precise analysis of its spectral 
position was impossible. At this point, however, we are 
unable to suggest what information these photons may 
carry, although it may be noteworthy that many mantis 
shrimps have red markings. 

Evolution of visual systems for spectral analysis of light 

Scotopic visual systems are optimized for sensitivity 
and are thus typically monochromatic. On the other 
hand, spectrally diverse visual pigments in photopic 
systems are commonly associated with the enhancement 
of visual contrast (see Lythgoe, 1972, 1979; Munz & 
McFarland, 1973; McFarland & Munz, 1975; Crescitelli, 
McFall-Ngai & Horwitz, 1985; Forward et al., 1988; 
Goldsmith, 1990; Jacobs, 1993). It seems a safe assump- 
tion that the polychromatic retinas of most mantis 
shrimps are concerned with contrast enhancement. In 
fact, the pairing of spectral classes within tiers of the 
same ommatidium could produce multiple spectral con- 
trast systems having no role in a true color vision system. 
However, the presence of paired photoreceptors of es- 
sentially identical spectral sensitivity in species lacking 
proximal filters in Row 3 is indirect evidence that 
spectral location (i.e. “hue”) is itself of interest to mantis 
shrimps. 

Mantis shrimps receive, process and analyze infor- 
mation about the spectral content of a stimulus very 
differently from animals proven to have color vision. 
Their polychromatic system (and polarizational system) 
has a linear field of view (Marshall, 1988; Cronin & 
Marshall, 1989a, b; Cronin et al., 1993; Marshall et al., 
1991a, b) and the eyes must scan to correlate spectral 
and spatial vision (Land et al., 1990). Their spectral 
classes are more numerous than those of other animals, 
exist in pairs and have exceptionally narrow tuning 
curves. Despite these differences, an examination of 
color vision in other animals may lead us to a better 
comprehension of the visual concerns of stomatopod 
crustaceans. 

Hypotheses about the evolution of photopic, 
polychromatic visual systems fall into three major 
classes. The first class involves the general enhancement 
of visual contrast for most objects against most 
backgrounds. In these cases, the visual system is 
thought to be specialized not so much for detecting 
particular objects, as for distinguishing typical 
foreground from typical background. This hypothesis 
is often used to account for multiple-receptor systems 
in fish (Munz & McFarland, 1973; Loew & Lythgoe, 
1978; Lythgoe 8r Partridge, 1991) and also for some 
dichromatic terrestrial vertebrates (Lythgoe & Partridge, 
1989). 
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In the second class of hypotheses, color vision is 
thought to be associated with making certain, well- 
defined discrimination tasks. For example, in bees, 
trichromacy appears to be optimized for detection of 
flower colors against leafy backgrounds (Chittka & 
Menzel, 1992; Menzel & Shmida, 1993), while in pri- 
mates (including humans) it enhances contrast of fruits 
and other colorful objects against green vegetation 
(Bowmaker, Astell, Hunt & Mollon, 1991; Osorio & 
Bossomaier, i992). In each of these examples, the 
trichromatic system is almost invariant among species 
(Bowmaker et al., 1991; Peitsch, Fietz, Hertel, DeSousa, 
Ventura & Menzel, 1992), implying that species in each 
group must carry out similar types of discriminations. 

The final class of hypotheses about color vision postu- 
lates that it is used for particular, species-specific tasks. 
For example, in Lycaena butterflies, species appear to be 
spectrally tuned for mate discrimination and for finding 
food plants (Bernard & Remington, 1991). Also, in some 
fish, complex color vision systems may be associated 
with species-specific coloration and communication 
{Levine, Lobal & MacNichol, 1980; Endler, 1991). 

These hypotheses are by no means mutually incom- 
patible. In a given retina, some receptor classes may be 
used for general contrast enhancement (e.g. against the 
submarine spacelight field), some for enhancement of 
particular objects (e.g. specific prey types) and some for 
discrimination of species-specific signals. In most 
species, color vision no doubt serves other roles in 
addition to contrast enhancement (see review of Jacobs, 
1993). 

And how do the mantis shrimps fit into this picture? 
Their multiple, narrow spectral sensitivity functions 
should serve a high-frequency spectral discrimination 
system (Barlow, 1982; van Hateren, 1993). These ani- 
mals must detect predators and prey against spectrally 
broad submarine light fields, but they also presumably 
locate prey within the visually complex mosaic afforded 
by coral reef substrates and (in gonodactyloids, at least) 
they communicate using high-contrast, species-specific 
colors (Caldwell & Dingle, 1975; Hazlett, 1979). The 
gonodactyloids, therefore, may comply with all three 
classes of hypotheses. Interestingly, shallow-water 
gonodactyloids in several different families possess simi- 
lar or identical types of intrarhabdomal filters-and thus 
presumably have similar spectral photoreceptor classes 
(Fig. 2; see also Cronin et al., 1994a). This implies that, 
again like bees and higher primates, these diverse species 
face similar discrimination problems. 

On the other hand, lysiosquilloids and deep-water 
gonodactyloids have spectrally simpler retinas, 
suggesting that their vision serves a more limited range 
of functions. In these cases, the visual world is also 
simpler. Lysiosquilloids are fairly colorless animals (see 
Cronin et al., 1993). They and the gonodactyloid 
H. ensigeru (Basch & Engle, 19891, live on sandy or 
muddy bottoms where the major visual requirement is 
the detection of objects against a simple, virtually fea- 
tureless and monochromatic background. Thus, the 
same assortment of visual tasks that occupies shallow- 

water gonodactyloid species can be carried out in deeper 
water or under dim light with a less complex set of 
spectral receptor classes. 

In conclusion, our survey has led us to understand 
some means by which the species of one animal group, 
the stomatopod crustaceans, have specialized retinal 
function in a variety of habitats. The approach has been 
to compare spectral placement and diversity of photo- 
receptor systems to spectral characteristics of the photic 
environment. Clearly, such a perspective (which is by no 
means an original one) is far more successful with 
photopic, multispectral systems than with scotopic sys- 
tems, where the spectral locations of photoreceptors and 
visual pigments have never been satisfactorily explained 
(Lythgoe, 1972, 1979; Forward et al., 1988; Goldsmith, 
1990). The connection between spectral sensitivity and 
environmental light is likely far more direct in photopic 
than scotopic vision. This is because the primary job of 
bright-light visual systems is to use the supply of light to 
perform a variety of discriminations, which is best done 
in regions where photons are abundant. Scotopic sys- 
tems, on the other hand, are probably optimized for the 
greatest possible conversion of photons into signal. In 
such a task, optics, receptor design, thermodynamic 
stability of visual pigments and components of the 
transduction cascade and quantum efficiency-as well as 
other potential, unexplored constraints-all play critical 
roles in receptor optimization. We still lack a full 
appreciation of the interplay of these factors. 

Despite the success just claimed, limitations continue 
to constrain our understanding of stomatopod polychro- 
matic vision and by extension, spectral aspects of animal 
vision in general. We believe that new approaches are 
now required to address the persistent questions of 
contrast enhancement and spectral properties of the 
visual world. Fortunately, with the advent of digital, 
spectroradiometric, imaging systems, artificial sensors 
can now be built that have the potential to provide us 
with an “animal’s-eye” view of the world. The use of 
such devices in natural habitats should offer us exciting 
new windows into animal vision. 
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