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The intrarhabdomal filters in the photoreceptors of compound eyes of 32 species of mantis shrimps 
(Crustacea: Stomatopoda), representing seven families within the superfamilies Lysiosquilloidea and 
Gonodactyloidea, were surveyed by microspectrophotometry of filters in fresh cryosections of the 
retina. A total of up to four classes of filters exist in stomatopodsz two each in Rows 2 and 3 of the 
~db~. All ly~~~oid species lacked the proximal filter in Row 3; a few also lacked the proximal 
Row 2 cl-. While most gonodactyloid species had all four possible classes, in some species the 
proximal filters of Row 3 and (in one case) Row 2 were missing. In all, at least 11 distinct spectral 
classes of pigments were fo&. Absorption spectra suggested that the filter pigments were probably 
carotenoids or carotenoproteins, although the distal filter of Row 3 was often exceptional, appearing 
to contain a mixture of pigments. While the types of pigments found in the filters of the various species 
generally followed taxo~~c lines, n~ero~ exceptions were found that were aplenty related to 
the ecological requirements of the various species. 
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INTRODUCTION 

The inner segments of cone photoreceptors of many 
species of vertebrate animals-including representatives 
of ail classes-ontain strongly colored oil droplets 
(Walls, 1942; Muntz, 1972). These droplets act as spec- 
tral filters, trimming the spectrum of light reaching the 
photosensitive outer segment of the cone. The filtering 
serves to modify the spectral sensitivity of the cone and 
can create new spectral classes of photoreceptors with- 
out the requirement for additional types of visual pig- 
ments, though other fictions may also exist (Muntz, 
1972; Lythgoe, 1979; Goldsmith, Collins & Licht, 1984; 
Goldsmith, 1990; see also Ohtsuka, 1985a, b). 

Photoreceptor filtering is a tactic also common in 
invertebrates, particularly among animals with com- 
pound eyes. The filtering can occur by means of interfer- 
ence phenomena both in transmission and reflection, or 
with the use of dispersed, pigmentary filters lying some- 
where in the light path above the photoreceptor cells or 
laterally alongside them (see review of Miller, 1979). 
Although the function of this filtering is not always 
known, in at least some cases it alters spectral sensitivity 
(Leggett, 1979; Stowe, 1980) and can even lead to color 
vision in the presence of a single underlying visual 
pigment (Kong, Yau & Wasserman, 1980). 

The only invertebrates known to have filter pigments 

truly analogous to the oil droplets of vertebrates, mod- 
ifying light as it passes through the photoreceptor itself, 
are the stomatopod crustaceans or mantis shrimps 
(Marshall, 1988; Hardie, 1988). Here, however, the filters 
are deployed quite differently from the vertebrate case. 
They occur in stomatopod species that are members of 
the superfamilies Lysiosquilloidea and Gonodacty- 
loidea, all of which have compound eyes bisected by a 
midband of six parallel rows of ommatidia (Manning, 
Schiff & Abbott, 1984; Marshall, Land, King BE Cronin, 
1991a, b). The filters are found only in photore~pto~ of 
two of the midband rows, Row 2 and Row 3, where they 
replace a segment of what would normally be photore- 
ceptive microvilli within the rhabdom. Because of this 
location, they are termed “intrarhabdomal filters”. 
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A special feature of the organization of filters within 
these photoreceptors is that they are commonly tiered, 
and thus act in series. The distal filter lies at the top of 
the main rhabdom, just beneath the rhabdomere of the 
eighth retinular cell, while the proximal filter separates 
two successive segments of the main rhabdom (Marshall, 
1988; Cronin, 1990; Marshall et al., 199la, b). Not only 
do the filters of a single o~atidium frequently have 
different spectral transmission, but they separate regions 
of the rhabdom containing different visual pigments 
(Cronin & Marshall, 1989a, b; Cronin, Marshall & 
Caldwell, 1993; Marshall et al., 1991a) The system thus 
produces a plethora of photoreceptor spectral classes, 
each narrowly tuned to a particular band of the spec- 
trum of visible light. Lysiosquilloid mantis shrimps 
typically have both distal and proximal filters in Row 2 
and only the distal filter of Row 3, while gonodactyloids 
usually have both filter classes in both rows; however, 
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individual species in both superfamilies may lack one or 
more classes of filters. The filters themselves are built of 
small vesicles, which presumably contain the filter pig- 
ment (perhaps in lipid solvent), and are formed by the 
same retinular cells that produce photosensitive mi- 
crovilli (Marshall et al., 199la, b). 

oil were essentially identical to those obtained in 
aqueous media. 

In our current research we are endeavoring to under- 
stand the complex spectral and polarizational capabili- 
ties of the compound eyes of mantis shrimps, and to 
relate these abilities to the environmental limitations and 
ecological requirements that these species face. We there- 
fore set out to categorize the retinas, including the filter 
pigments, of a broad taxonomic assortment of species 
representing a variety of habitats. Here, we present our 
findings for 32 stomatopod species, describing the distri- 
butions, absorption spectra, and possible composition of 
their intrarhabdomal filters. 

MSP was performed using a single-beam instrument 
that has been described previously (Cronin, 1985; 
Cronin & Marshall, 1989b). A circular, linearly polar- 
ized spot 2 or 5 pm in diameter was used for scanning. 
This spot was placed in filters either longitudinally or 
laterally; filters ranged in diameter from about 3 to 
10pm. Spectral data were obtained at 1 nm intervals 
from 400 to 700 nm. Absorbance values were computed 
by comparing the amount of light passing through the 
filter at each wavelength with the amount of light 
measured when the beam was placed in a clear area of 
the preparation. 

To compute specific absorbance values, the length of 
the path the scanning beam took through the filter was 
estimated whenever possible; this was simplest for entire, 

METHODS 

Animals and experimental preparation 

TABLE 1. Stomatopod species surveyed in this report 

Species Site of collection 

In this project, we wished to survey as great a diversity 
of stomatopod crustaceans as possible, both taxonomi- 
tally and biogeographically. A total of 32 species was 
obtained; their taxonomic assignments and collection 
sites are given in Table 1. We collected specimens of 
most study species and maintained them in the labora- 
tory until they could be examined. In three cases (Pseu- 
dosquilla ciliata, Pullosquilla thomassini, and 
Acanthosquilla sp.), data were obtained from individuals 
that were captured as planktonic larvae and which 
subsequently molted to juveniles in captivity. A few 
species were obtained from aquarium suppliers. We 
identified each species through the use of standard keys; 
in a few questionable cases identifications were 
con&med by R.L. Manning, Curator of Crustacea in the 
National Museum of Natural History of the Smithso- 
man Institution. In three instances (Gonodactylus n. sp., 
Pseudosquilla n. sp., and Chorisquilla n. sp.), data were 
obtained from new, as yet undescribed species. We were 
unable to identify one species of Acanthosquilla, orig- 
inally collected as a larva in French Polynesia (Table 1). 
The classification scheme follows that presented by 
Manning (1980). 

Superfamily Lysiosquilloidea 
Family Lysiosquillidae 

Lysiosquilla maculata 
Lysiosquilla scabricauda 
Lysiosquilla sulcata 

Family Nannosquillidae 
Acanthosquilla sp. 
Acanthosquilla digueti 
Coronis scoiopendra 
Nannosquilla decimspinosa 
Pullosquilla thomassini 

Superfamily Gonodactyloidea 
Family Gonodactylidae 

GonodactyluF a#inis 
Gonodactylus aloha 
GonodactyluF austrinus 
Gonodnctylur bredini 
Gonodactylus chiragra 
Gonodactylus falcatus 
Gonodactylus epinosa 
Gonodnctylus festae 
Gonodactylus hendersoni 
Gonodactylus oerstedii 
Gonodactylus platysoma 
Gonodactylus n. sp. 
Mesacturoides spinosocarinatus 

Family Hemisquillidae 
Hemisquilla ensigera 

Microspectrophotometry (MSP) 

Retinas were prepared for MSP by quick-freezing 
freshly removed eyes using cryogenic spray. Frozen eyes 
were mounted in a cryostat maintained at - 25 to 
- 30°C and sectioned at thicknesses from 8 to 14 pm. 
Sections containing intrarhabdomal filters were 
mounted in mineral oil within a ring of silicone grease 
between coverslips. Mineral oil was chosen as a mount- 
ing medium because its elevated refractive index reduced 
scat&&g of light from the scanning beam, and because 
intrarhabdomal filters were physically and spectrally 
more stable in this medium than in aquatic media. 
Except for evidence of reduced beam scatter and filter 
degradation, spectral shapes of filters scanned in mineral 

Family Odontodactylidae 
Odontodactylus breoirostris 
Odontodactylus scyllarus 

Family Protosquillidae 
Chorisquilla trigibbosa 
Chorisquilla n. sp. 
Echinosquilla guerini 
Haptosquilla glyptocercus 
Haptosquilla stoliurts 
Haptosquilla trispinosa 

Family Pseudosquillidae 
Pseudosquilla ciliata 
Pseudosquilla n. sp. 

Species are categorized taxonomically; also given is the locality of 
collection. 

Kaneohe Bay, Oahu, Hawaii 
Ft. Pierce, Fla 
Moorea, French Polynesia 

Moorea, French Polynesia 
Panama (Pacific coast) 
Ft. Pierce, Fla 
Panama (Pa&c coast) 
Mootea, French Polynesia 

Sulawesi. Indonesia 
Kaneohe Bay, Oahu, Hawaii 
Panama (Atlantic coast) 
Panama (Atlantic coast) 
Philippines (from suppliers) 
Sulawesi, Indonesia 
Moorea, French Polynesia 
Panama (Pacific coast) 
Kaneche Bay, Oahu, Hawaii 
Florida Keys, Fla 
Moorea, French Polynesia 
Moorea, French Polynesia 
Lizard Island, Australia 

Catalina Island, Calif. 

Waianae, Oahu, Hawaii 
Philippines (from suppliers) 

Lizard Island, Australia 
Liird IsIand, Australia 
Waianae, Ot&y Hawaii 
Lizard Island, Australia 
Sulawesi, Indonesia 
Lizard Island, Australia 

Eastern Florida(from suppliers) 
Moorea, French Polynesia 
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laterally scanned filters (where the path was the same as 
the diameter). Nevertheless, some filters had absorbance 
values that were too great for accurate measurement 
(O.D. > 2.5) even in lateral scans. In these cases, peak 
densities of distorted or partial scans taken over measur- 
able paths (e.g. the diameter of the filter in a lateral scan) 
were calculated by scaling full spectra taken using ma- 
terial of unknown thickness (e.g. thinly sectioned filters 
or near the edges of obliquely sectioned filters) to overlie 
the undistorted regions of partial scans, through ma- 
terial of known path, where densities remained below 
O.D. 2.0. Since absorbance spectra have the same shape 
at all peak densities, by resealing we were able to 
recapture the “missing” absorbance values near the peak 
regions of very dense material. 

In all study species, we measured the spectra of a 
number of filters in each class. Typically, we attempted 
to obtain spectral scans from 10 or more filters per class, 
although this was not always possible. The absorption 
spectra presented in the figures were obtained by averag- 
ing the best scans obtained; these curves usually are 
averages of 2-10 individual scans. 

Our terminology is as follows. Rows of the midband 
in a compound eye are numbered 1-6, dorsal to ventral, 
and each row is identified by a proper noun, such as Row 
1 or Row 3. Only Rows 2 and 3 contain filters (Cronin 
8z Marshall, 1989a, b; Cronin et al., 1993; Marshall, 
1988; Marshall et al., 1991a, b). The filters at the top of 
the distal tier of the main rhabdom (just below the level 
of the eighth retinular cell) are called “distal filters”; 
filters at the junction of the distal and proximal tiers are 
termed “proximal filters”. 

RE5WL.l-S 

The compound eyes of all members of the stomatopod 
crustacean superfamilies Gonodactyloidea and Ly- 
siosquilloidea have six ommatidial rows in their mid- 
bands. Such eyes may have up to four classes of 
intrarhabdomal filters in their retinas: a proximal and a 
distal filter in each of midband Rows 2 and 3. Typically, 
retinas of lysiosquilloid stomatopods lack the proximal 
filter in Row 3, and thus have only three filter classes, 
while gonodactyloids have all four classes. However, in 
the course of our survey we noted a number of excep- 
tions to these general patterns. These exceptions, which 
were always represented by the absence of an expected 
filter class, have an uneven taxonomic distribution. It 
seems simplest, therefore, to present our overall results 
in accordance with a straightforward taxonomic scheme. 

Superfamily Lysiosquilloidea: family Lysiosquillidae 

Lysiosquilloid stomatopods commonly live in bur- 
rows excavated in soft sediments (soft sand or mud), 
acting as sit-and-wait predators at the burrow entrance. 
They take prey by snagging or impaling it with a 
raptorial appendage that is well armed with a row of 
spines on the hinged, terminal dactyl segment. 

Three species from the family Lysiosquillidae were 
included (Table 1, Fig. l), all members of the genus 
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FIGURE 1. Normalized absorption spectra for the intrarhabdomal 
filters of lysiosquilloid stomatopods in the family Lysiosquillidae. The 
name of each species is given at the top of each panel. Each curve is 
an average of scans from several different filters. Distal filters are 
plotted with thin lines; the spectrum for the distal filter of Row 2 
always lies to the left of the spectrum for the distal filter of Row 3. The 
retina of Lysiosquillu maculu~o posseses distal filters in both Rows 2 
and 3 and a proximal filter in Row 2 (thick line); those of L. 

scabricauda and L. sufcura possess only the two distal filters. 

Lysiosquilla. Members of this genus can be very large 
animals (up to 40 cm in length). They construct burrows 
in fine, muddy sand, from which they hunt at both day 
and night. All surveyed species had yellow filters, of 
nearly identical spectral absorbance, at the distal pos- 
ition in Row 2 and red filters, again with identical spectra 
across species, in the distal Row 3 position. However, 
two species, L. sulcata and L. scabricauda, lacked a 
proximal filter in Row 2. The third species, L. maculuta, 
had an orange-colored filter in this position (Fig. 1). 

Superfamily Lysiosquilloidea: family Nannosquillidae 

We were able to survey five species within the Nan- 
nosquillidae (Table 1, Fig. 2). Nannosquillids are typi- 
cally much smaller than lysiosquillids, but also live in 
burrows in fine or muddy sand. All our species had three 
filters. Filters at the distal positions in Row 2 (yellow) 
and Row 3 (red) appeared to be identical to those of 
species of Lysiosquilla, except in N. decimspinosa, where 
the absorption of the distal filter in Row 3 ‘lay about 
25 nm to longer wavelengths than in the other species. 
Furthermore, except for Coronal scolopendra, the proxi- 
mal Row 2 filters (orange) in these species were identical 
to each other and also to that of L. maculuta. In contrast, 
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the proximal Row 2 filter of C. scolopendra was yellow, 
absorbing at slightly longer wavelengths than the distal 
filter above it. 

Superfamily Gonodactyloidea: family Gonodactylidae 

Gonodactyloid stomatopods usually capture prey by 
smashing or stunning it with blows from a specialized 
raptorial appendage. Most species hunt during the day 

Coronis scolopendra 

Nannosquilla decimspinosa 
D 

‘I 

FIGURE 2. Normalized absorption spectra for the intrarhabdomal 
filters of lysiosquilloid stornatopods in the filmily Nannosquiliidae. The 
name of each species is given at the top of each panel. Retinas of all 
spMjes had distal titers in Rows 2 and 3 and a proximal filter in Row 
2. Each curve is an average of scans from severai di@ent filters. Distal 
filters are plotted with thin lines and proximal filters with thick lines; 
from kft to right the spectral maxima always fall in the order of distal 

Row 2, proximal Row 2, distal Row 3. 
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from burrows in hard coral or stony substrata; they may 
leave the burrow to hunt cursorially at times. Members 
of the family Gonodactylidae are medium-sized stoma- 
topods (3-15 cm long) living in association with coral in 
shallow, tropical marine waters throughout the world. 
Our survey included 12 species of the genus Gonodacty- 
lus, and also ~esacturoides ,~pinosocarinatus (Table 1, 
Fig. 3). 

All species had all of the four possible filters. In every 
case, the distal Row 2 filter (yellow) had an identical 
flat-topped absorption spectrum with a barely percepti- 
ble shoulder on the long-wavelength limb. The other 
filters varied among the species. All Gonodactylus species 
but one had apparently identical blue filters in the 
proximal Row 3 position, while G. ~~~~~ and M, 
spinosocarinatus had a purple-red filter at that location. 
The proximal filter in Row 2 of all species of Gonodacty- 
Zus except G. chiragra was orange. Although its spectrum 
varied somewhat, the peak fell near 470 nm, and there 
were shoulders on each side of the peak, as well as a 
concave long-wavelength tail (Fig. 3). However, the 
proximal Row 2 filter of G. chjragra was red, while that 
of M. spinosocarinatus was yellow (absorbing almost 
identically to the yellow distal filter above it). 

The most variable filter class observed in these ani- 
mals, or for that matter in any of the stomatopod 
families we examined, was the distal filter in Row 3. Such 
filters appeared to be a pale pink or purple in most 
species of Gonodactylus, but were red in G. espinosa, G. 
Agnes, and &f. spjnusocar~natus. Moreover, spectra of 
the “pink” types varied in detail among all the species 
where they occurred. Indeed, a similar extent of vari- 
ation was often observed between individuals of the 
same species, and even between ommatidia in the same 
retina. Composition of these “pink” filters will be dis- 
cussed in more detail later. 

Superfamily Gonodactyioidea: family Hem~squ~~~~dae 

This family contains only one genus, Hemisquilla; we 
obtained the species H. ensigera from the Channel 
Islands of California (Table 1). It is fairly large 
( x 25 cm), and lives in burrows in mud at depths 
between 5 and 25 m. Its retina contains only two filter 
classes (Fig. 4), a yellow distal Row 2 filter and a red 
distal Row 3 one, both resembling the distal filters of 
species of Lysiosq~il~a. Like some species of ~y.~iosqu~~la, 
this gonodactyloid lacks proximal filters. 

Superfamily Gonodactyloidea: family Odontodactykdae 

Odontodactylids are moderately large (5-25 cm). 
While both our study species (Table 1) are commonly 
associated with coral reefs, they tend to be active under 
conditions that are more light-limits than those experi- 
enced by other gonodactyloids. ~dont~~iy~~ scyilarus 
is often active at twilight or night, while 0. brevirostris 
lives atypically deep for a stomatopod (10-100 m). Fil- 
ters were the same in both species of Odontodactylus: 
Row 2 contained two apparently identical yellow filters 
reminiscent of those of the lysio~uilloid C. scofopendra, 
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FIGURE 3. Normalized absorption spectra for the intrarhabdomal filters of gonodactyloid stomatopods in the family 
Gonodactylidae. The name of each species is given at the top of each panel. Retinas of all species had distal and proximal 
filters in Rows 2 and 3. Each curve is an average of scans from several different filters. Distal filters are plotted with thin 
lines and proximal filters with thick lines; from left to right the spectral maxima always fall in the order of distal Row 2, 

proximal Row 2, distal Row 3, and proximal Row 3. 

while Row 3 contained a distal orange-red filter and a 
proximal red one (Fig. 4). 

Superfamily Gonodactyloiaka: family Pseudosquillidae 

This family also contains a single genus, Pseudosquilla. 
Its small to moderate-sized species (2-10 cm) live among 
coral rubble or in burrows in seagrass beds at shallow 
depths. We collected two species for our work (Table 1); 
both had identical assortments of filters (Fig. 4). Row 2 
included a yellow distal filter and an orange proximal 

filter; the absorption spectra of the orange filters was 
distinctly unlike any other spectrum recorded from any 
other genus. Filters of Row 3 were like those of M. 
spinosocarinatus, with a distal red filter overlying a 
proximal red-purple type. 

Superfamily Gonodactyloidea: family Protosquiliiabe 

Protosquillids, of which we examined six species 
(Table 1) make up a diverse assortment of small-to- 
medium sized species (2-10 cm) living in coral rock or 
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rubble; some species are normally confined to burrows 
(Chorisquilia, Echinosquilla), while others may hunt ag- 
gressively outside their homes (Haptosquillu glyptocer - 
cw). Echinosquilla guerini is unusual in that it lives 
deeper than most gonodactyloids, being commonly 
found at depths exceeding l&20 m. It was also the only 
gon~actyloid we obtained whose retina had only three 

’ Hemisquilla ens&era A 

Pseuabsquilla n. sp. 

1 

* 

Wavelength (nm) 

FIGURE 4. Normalized absorption spectra for the in~r~~~~ 
titers of ~~~tylo~d stomatopods in the families ~e~~~~~ (E 
ensigeru)~ Odontodactylidae (species of ~~~r~c~y~~) and Pseu- 
dosquillidae (species of Pseudosquilia). The name of each species is 
given at the top of each panel. Retinas of all species had distal and 
proximal 5lters in Rows 2 and 3. Each curve is an average of scans 
from several ditferent filters. Distal filters are plotted with thin lines 
and proximal filters with thick lines; from left to right the spectral 
maxima always fall in the order of distal Row 2, proximal Row 2, distal 

Row 3, and proximal Row 3. 

filter types, lacking the proximal Row 3 class (Fig. 5). 
The distal filter of Row 3 was red, absorbing similarly 
to such other species as those of Lysiusquilla (Fig. 1). 
Row 2 also gave evidence of degeneracy in this species; 
absorption spectra of both yellow filter types were 
identical. 

The other protosq~llids (Fig. 5) had filter types 
essentially identical to those of most species of 
Gonodactylus, with yellow and orange filters in the distal 
and proximal Row 2 positions, respectively, and with 
“pink” distal filters in Row 3 overlying blue proximal 
ones. 

Densities of the Jilters in viuo 

Despite their ~cro~opic dimensions, the intrarhab- 
domal filters are strong absorbers. Average peak ab- 
sorbances, per pm, for all classes of filters for which we 
could obtain data are given in Table 2. Generally, the 
yellow filters in the distal position in Row 2 had 
moderate maximum absorption, in a range near 0.2 O.D. 
pm-‘. Most other classes absorbed maximally at about 
0.346 O.D. pm-‘. Filters can be 30pm or more in 
length (Marshall et al., 199Ia), so total absorption at the 
peak can exceed 15 density units. Even at values con- 
siderably lower than these, the filters act entirely as 
long-pass devices, allowing the transit only of photons 
having wavelengths in the transparent long-wavelength 
tail regions of the filters. 

In contrast to the generally elevated absorption values 
of most filter classes, the “pink” type of distal Row 3 
filters had unusually low absorption, typically near 0.1 
density units pm-‘. These values are sufficiently differ- 
ent from those of the other filter classes to suggest that 
the pigments of the “pink” filters are chemically distinc- 
tive. Even so, with filter lengths of 15-30 pm, total 
absorption by the “pink” filters often reached l--2 
density units. 

Cam~osition of the jilters 

Identification of the chemical nature of the filter 
pigments must be tentative at present. In general, the 
shapes of the spectral absorption curves fall into two 
main classes. One class, typified by many distal filters of 
Row 2 (e.g. those of all lysiosquilloids) and by the 
proximal Row 2 filters of G~~~~~~ and Pseu- 
dosqu~~~a species, has a main peak w&h a shoulder on 
each side. Such spectra are characteristic of carotenoids, 
although in nonpolar solvents [typically used for spe.c- 
troscopy of carotenoids (see Vetter, Englert, Rigassi & 
Schwieter, 1971)] the shoulders become distinct side- 
peaks. The other shape class has a smooth, almost 
symmetrical form, in some cases with a minor hut&R or 
shoulder on the lung-wave~u~ limb. This class is 
typified by most other Wers except the *‘pink” type of 
distal filter in Row 3, and is ah+ typ&i of cargttntids 
and many carotenoprotdas (‘vet&r et al., 1971). 

The blue filters of gonoda&y&ids, pr-escmt in all 
species we examined of Ganalactylus, Char~k, 
and Haptosquilla, are probably carotenopr.&eins, 
which are common in crustaceans and have peak 
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FIGURE 5. Normalized absorption spectra for the intrarhabdomal filters of gonodactyloid stomatopods in the family 
Protosquillib. The name of each species is given at the top of each panel. Retinas of all species except E. guerini had 
distal and proximal filters in Rows 2 and 3; E. guerini lacked the proximal filter in Row 3. Each curve is an average of 
scans from several different !Wers. Distal filters are plotted with thin lines and proximal filters with thick lines; from left 
to right the spectral maxima fall in the order of distal Row 2, proximal Row 2 (in E. guerini these two filters had identical 

absorption), distal Row 3, and proximal Row 3 (when present). 

absorption at wavelengths from 560 to 620 nm 
(Cheeseman, Lee & Zagalsky, 1967; Zagalsky, Ceccaldi 
& Daumas, 1970; Eliopoulos & Findlay, 1990). Crus- 
tacean carotenoproteins usually have the keto-caroten- 
oid astaxanthin as their chromophore. We noticed that 
in permanent slide mounts of retinal sections, blue filters 
gradually changed their colors over a period of weeks 
through purple, finally becoming a permanent purple- 
red color. This color change apparently indicated the 
gradual alteration of the protein component, with the 
formation of the less complex /3-form of the pigment (see 
Cheeseman et al., 1967; Zagalsky et al., 1970, 1990; 
Findlay, Pappin, Brett & Zagalsky, 1990). The process 
was reproduced in a matter of hours by mounting a 
retinal section in permanent mounting medium and 
recording the spectrum of a blue filter at intervals, 
heating the preparation gently on a hotplate between 
records. With such treatment, the filter’s spectrum 
gradually shifted to shorter wavelengths [Fig. 6(A)]; 
when the shift eventually stabilized, the filter’s color was 
purple-red. Evidence that the color change was due to a 
simple interconversion, and not to a transition through 
a number of intermediates, was obtained as follows. The 
starting (blue) spectrum and the final (red) spectrum 
were smoothed and added together in various pro- 

portions in an attempt to match the intermediates 
through which the filter passed as it changed color. In 
every case the data could be well matched (particularly 
at long wavelengths, where scattering is least) by a 
mixture of the spectra at the end points [Fig. 6(A)]. The 
ability to match all intermediate spectra indicates that 
the color change is simply due to a gradual conversion 
of the complex, polymeric a-form of the carotenoprotein 
to the simpler (generally dimeric) /?-form (see Zagalsky 
et al., 1990; Findlay et al., 1990). Even after extensive 
heating, absorption at long wavelengths never reached 
the baseline, suggesting that the chromophore itself was 
never released. 

DISCUSSION 

Are all filter pigments carotenoids? 

We suspect that the yellow, orange, and red filter 
pigments are, in fact, carotenoids. Their absorption 
spectra, with smooth, almost symmetrical shapes oc- 
casionally with shoulder regions adjacent to the main 
peak, resemble those of typical carotenoids as well as the 
absorption spectra of the carotenoid-containing oil 
droplets of turtle and avian retinas (Lipetz, 1984; Gold- 
smith et al., 1984). A diverse assortment of carotenoid 
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pigments occurs throughout the invertebrates, including 
arthropods (Matsuno, 1990). The spectral absorption of 
fresh filters of the blue class, and its changes with heating 
or fixation, strongly suggest the presence of a caroteno- 
protein. Extracts from stomatopod retinas, when exam- 
ined by HPLC, contain numerous classes of carotenoids 
(T.H. Goldsmith, personal communication). It seems 
reasonable to assume that many, or most, of the filter 
types described thus far include carotenoids or 
carotenoproteins. 

somehow be protected from the lipid surrounding them 
when mounted for microspectrophotometry. Perhaps 
the vesicles of which these filters are built (Marshall 
et al., 199la) isolate them from the mineral oil mounting 
medium and stabilize the pigments. 

Unlike the pigments in the cone oil droplets of ver- 
tebrates, those of the intrarhabdomal filters do not 
readily disperse in mineral oil medium; in fact, they are 
more stabie in such an environment than in an aqueous 
medium. If they are carotenoids, therefore, they must 

Astaxanthin is by far the most common chramophore 
in crustacean blue carotenoproteins (Zagalsky et al., 
1970, 1990), and we suspect its presence here as well. 
While in most gonodactylids and protosquillids the blue 
color announces the presence of the massive cl-form of 
carotenoprotein, the B-form itself appears to be a filter 
pigment in several other proximal Row 3 filters, e.g. 
those of species of Pseudosquih and in Mesacturoides 
s~~nosocur~~tus [Fig. 6(B)]. Carotenoproteins are abun- 
dant in crustaceans (Zagalsky et al., 1990). 

TABLE 2. Wavelengths of maximum absorption (nm) and peak absorbance values (per pm) of intrarhabdomal filters in 
study species 

Row 2 Row 2 Row 3 Row 3 
Distal filter Proximal filter Distal filter Proximal filter 

--~_ ~ __” _.._ -.-_- .- _ . _ _ _.. .~ ~~~~ ~~~~~~ 

Su~rfamily Lysiosq~oidea 
Family Lysiosquitbdae 

Lysiasquillo moculata 
Lysiasquilla scobricauda 
Lysiasquilla sulcata 

Family Nannosquillidae 
Acanthasquilla sp. 
Ac~thasqu~la digueti 
Caranis sca3opendra 
~~0s~iIla ~ci~pinasa 
Puiiasqui~la tomasina 

Superfamily Gonodactyloidea 
Family Gonodactylidae 

Ganadoctylus afinis 
Gonadactylus aloha 
Gonadactylus oustrinus 
Gonodoctyius bred&u 
Gan~ctyl~ chiragru 
Gan~~iylus espinasa 
Ganadoctylus faicatus 
Ganaokctylus festae 
Ganaoktylus hendersoni 
Gana&ctylus aerstedii 
Ganadoctylus platysama 
Gona&ctylus n. sp. 
Mesacturoides sphndasus 

Family Odontodactylidae 
Odantadactylus brevirastris 
Odantadactylus scyllarus 

Family Protosquillidae 
ChartsquiNn trigibboso 
Char~qu~~la n. sp. 
E~~~no~ilia guerini 
~optas~i~a giyptacerfus 
Hoptosquiila staiinris 
HoptasquMa trtspinasa 

Family Pwtdosquillidae 
Pseudasquilla ciliata 
Pseudasquilta n. sp. 

465 0.21 
465 0.13 
461 0.26 

497 0.17 
464 0.25 

513 0.35 
514 0.38 
515 0.40 

463 0.10 497 0.19 512 0.38 
461 0.32 495 0.38 514 0.45 
466 0.08 458 0.24 521 0.30 
462 0.34 501 0.26 525 0.41 
462 0.26 492 0.24 5I2 0.56 

463 0.18 469 0.38 512 0.31 535 
459 0.15 469 0.27 547 0.05 578 
456 0.22 471 0.53 510 ? 573 
455 0.24 470 0.35 506 0.07 573 
452 0.20 520 0.49 563 0.06 575 
465 0.30 476 0.46 528 0.38 564 
455 0.20 470 0.34 542 0.07 570 
460 0.15 473 0.51 502 0.08 588 
448 0.22 466 0.47 547 ? 569 
460 0.18 474 0.38 577 0.10 579 
458 0.17 467 0.32 519 0.04 579 
456 0.32 476 0.57 510 0.07 580 
455 0.19 458 0.24 512 0.25 535 

462 0.16 - 512 0.51 

462 0.19 
463 0.18 

0.13 522 0.39 529 0.26 

0.19 518 0.36 531 0.42 

471 0.13 
473 0.18 
454 0.24 
455 0.16 
455 0.20 
454 0.11 

0.26 550 
0.25 573 
0.25 511 
0.22 519 
0.45 531 
0.20 510 

458 0.33 
468 0.27 

464 
459 

473 
471 
499 
475 
463 
471 

512 
514 

0.51 522 
0.35 528 

0.12 
0.15 
0.35 
0.06 
0.99 
0.03 

0.57 
0.50 

576 0.24 
576 0.28 

571 0.26 
577 0.34 
585 030 

537 0.62 
535 0.60 

-~ 

-. 

- 

- 

0.34 
0.28 
0.48 
0.54 
0.56 
0.35 
0.25 
0.34 
0.67 
0.45 
0.49 
0.76 
0.22 

_ 

-Indicates that the species lacks tifters of the given class; ? indicates that specific absorption data were not obtained. 
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Wavelength (rtm) 

FIGURE 6. (A) Change in spectral absorption of a blue, proximal 
Row 3 filter from G. oerstedii after heating for various lengths of time. 
The original spectrum lies farthest to the right; successive spectra shift 
gradually towards the left; each curve is normalized to its maximum. 
Raw data are indicated by dots at I-nm intervals. The data from the 
rightmost (first) and the leftmost (last) curves were smoothed over 
3-nm intervals to produce the solid lines for these two spectra. The 
intermediate spectra were fit by mixtures of the spectra at the two 
endpoints; the resulting curves are indicated by thin lines. For the 
successive intermediate curves, right to left, the mixtures include 40%, 
67%, 82%, and 92% of the final (red) component. Note that the data 
are well fit, particularly on the long-wavelength limb, by the synthetic 
curves. (B) A comparison of the leftmost curve from (A) (thick line, 
presumably representing spectral absorption by the p-form of the 
carotenoprotein) with absorption spectra of proximal Row 3 filters 
from P. ciliata, Pseudosquilla n. sp., G. afinis, and M. spinosocarinatus 

(thin lines). The generally excellent fit suggests that the /I-form of the 
carotenoprotein is used in these filters. 

losing their color within minutes after exposure to 
aqueous buffers (the color is reasonably stable in mineral 
oil, however). Taken together, these data suggest that 
these filters may be formed of a combination of com- 
ponents, perhaps a carotenoid type in conjunction with 
another pigment. Retinas of stomatopods include a 
diversity of pigment classes (Marshall et al., 1991b); the 
relatively flat and featureless spectra of the distal Row 
3 filters could indicate the presence of an ommochrome 
(see Cronin & Marshall, 1989b). Further evidence that 
the “pink” filters contain a mixture of a typical red 
pigment with another pigment derives from the obser- 
vation that while all species of Gonoducfylus but two 
have “pink” filters, the exceptional species (G. espinosa 
and G. u#inis) have red filters in the distal Row 3 
position, and this filter’s absorption is similar to other 
red filters in this location (see the discussion of distal 
Row 3 filters below). Note that wherever “pink” filters, 
occur, they always overlie blue types in the proximal 
position. 

A spectral classification of the intrarhabdomal jilter 
pigments 

The diversity of spectral types of filters, and the 
astonishing variability among species, is initially bewil- 
dering. Upon inspection, however, clear patterns become 
apparent. Some of these encompass almost all the species 
we examined, others are taxonomically reliable, yet 
others vary among taxa, and a few unique species- 
specific patterns are also evident. We have grouped 
spectra among the various filter classes so as to present 
an orderly classification. 
Row 2 distal filters. All distal filters in Row 2 are 

yellow in appearance. They fall into two neat, distinct 

Carotenoids typically have peak extinction coefficients 
(E,,) near 125,0001cm-‘mol-1 (Vetter et al., 1971) 
which corresponds to a concentration of 0.8 mM for 
each 0.1 density unit pm-‘. If the filters contain caroten- 
oids, therefore, the concentrations would be between 1 
and 5 mM, in a range similar to that of the visual 
pigment in rhabdomeric membranes (Goldsmith & 
Wehner, 1977). This is somewhat lower than the concen- 
trations in the oil droplets of vertebrate cones. For 
example, Lipetz (1984) estimated that in turtle cones, 
carotenoid concentrations range from a low of 9 mM in 
some yellow oil droplets to over 500 mM in dense red 
droplets. Cone oil droplets are unitary structures, unlike 
the intrarhabdomal filters which are built of numerous 
membrane-bound vesicles, so one might expect them to 
have higher total concentrations of pigments. 

The “pink” class of distal Row 3 filters is unique. Not 
only do the filters of this type have unusually low 
absorption, but their spectral shapes are quite variable- 
even in a single retina. Rarely do the shapes of the 
absorption spectra resemble any carotenoid spectrum; 
instead, they are usually broadly flat-topped with a 
steeply falling long-wavelength limb. Also unlike the 
other classes, these filters are highly unstable, typically 

A - 

B - 

Wavelength (nm) 

FIGURE 7. The two classes of Row 2 distal filters; all filters appear 
yellow. For the comparison, the long-wavelength tails were brought to 
the abscissa by averaging values from 675 to 700 nm and subtracting 
the averages from the data for the entire spectrum before normaliza- 
tion. (A) All lysiosquilloid species plus species of Hemisquilla, Odanto- 
dactylus, and Pseudosquilla. (B) All gonodactyloid species in families 

Gonodactylidae and Protosquillidae. 



288 THOMAS W. CRONIN et a!. 

spectral classes (Fig. 7). One type, found in all lysiosquil- 
loid stomatopods and in gonodactyloid stomatopods in 
families Hemisquillidae, Odontodactylidae, and Pseu- 
dosq~l~dae, has a main peak with an obvious shoulder 
on the long-wavelength limb and a less prominent one 
below the main peak [Subclass A, Fig. 7(A)]. All these 
filters evidently contain an identical pigment, for their 
spectra superimpose almost precisely except for mis- 
matches that are probably due to variations in the 
quality of the data, revealed by continuousIy falling 
absorption in the long-wavelength taiis. The second 
class, found in gonodactyloids of families Gonodactyli- 
dae and Protosquillidae, has a broader, almost flat peak 
and only a hint of a shoulder on the long-wavelength 
limb [Subclass B, Fig. 7(B)]. Once again, the spectra 
superimpose very well, indicating the presence of a single 
pigment throughout the class; the spectral shape re- 
sembles that of /I-apo-8’-carotenoate in ethanol (Vetter 
et al., 1971). Conceivably, these two classes of yellow 
filters contain the same pigment in different solvents; 
Marshall et al. (1991b) noted that the ultrastructura~ 
appearance of the vesicles making up these filters varies 
somewhat among species. 

Row 2proximalfilter.s. Although this filter class does 
not occur in all species, it nevertheless has the greatest 
spectral diversity of any single class, producing five 
distinct types (Fig. 8) of various colors. The first type 
[Subclass A, Fig. 8(A)] is yellow and has the same 
spectral absorption as the distal Row 1 filters, clearly 
containing the same pigment. Unexpectedly, the filter in 
this location is sometimes paired with a distal yellow 
filter differing subtly in its absorption (as in C. scolopen- 
dra), although in M. sp~osocar~t~, E. guerini, and 
species of Udontodactylus it falls below an identical distal 
filter. 

Three orange-colored subclasses occured in our 
species. Gonodactylus, Haptosquilla, and Chorisquilla all 
had orange proximal Row 2 filters of relatively short 
absorption with both long- and shop-wavelength shoul- 
ders and a long, concave tail [Subclass B, Fig. 8(B)]. 
However, these filters did range in spectral location over 
about 25 nm [Fig. 8(B), Table 21, suggesting that there 
is some variation in the identity of the pigment. The 
gradual tailing off of absorption at long wavelengths, 
unlike the abrupt decline seen in most other filter classes, 
suggests that these orange pigments could be 
carotenoproteins (see Cheeseman et al., 1967). In fact, 
these pigments invariably co-occur with blue or purple 
carotenoproteins in the corresponding proximal position 
in Row 3. The other two orange-colored subclasses had 
invariant, standard carotenoid-type spectra; Subclass C 
[Fig. 8(C)] occurred in several lysiosquilloids, and Sub- 
class D [Fig. 8(D)] occurred only in species of Pseu- 
dosquilla. Only one species, G. chiragra, had a 
red-colored filter in Row 2 [Subclass E, Fig. 8(E)]. 

FIGURE 8. The five classes of Row 2 proximal JSS.. For .tbe 
comparison, the ~n~-wa~~~ taiis were brou&t to the abscisas by 
averag@ vatues from 6775 to 100 nm and s~~~~ the avcmges 
from the data for the e&e spectrum before nonm&xatio~~ (A) Y&k 
filters of C. scolopendra, 0. bievirostris, 0. scybms, and 4 guerlrri. (El) 
Orange filters of all species of Clrorirqarilla, Gomdactyius (em@ G. 
chiragru), and Zfaptosquilla. (C) Omnge titers of L. maculata and all 
nannosquilbd lysiosquilloids except C. sco~opet&u. (Dj Oran@ filters 

of both species of Fs~~~i~la. (E) Red fzk of G. chiragru. 

Row 3 distal~lters. These filters, which occurred in all 
species, were either “pink” or red and feif into three 
subclasses (Fig. 9). We grouped all “pink” filters, from 
species of Gonodactylus (except G. afinis and G. es- 
pinosa), Chorisquilla, and Haptosquilla into a single 

subclass [Subclass A, Fig. 9(A)]; their diversity- p~ob&Ny 
stems from a variable combination of ti$onents (see 
above). The second, orange-red type ~stlbclass B, 
Fig. 9(B)], was possessed by most lysi (except 
N. ~c~~p~osa), by go~~I~ids in fan 
H~~~~ and ~on~~ae, and by E. grceylirti. 
A third type [Subclass C, Fig. 9(C)], present only in G. 
aflinis, was red and had an absorption spectrum plaad 
slightly to longer wavelengths than that of Sube!ass~B, 

Wavelength (nm) 
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differing from that of any other filter found in this 
survey. The final type, found in N. akimspinosa, G. 
espinosa, M. spinosocarinatus, and Pseudosquilla was 
deep red and had a distinct long-wavelength shoulder 
[Subclass D, Fig. 9(D)]. 

Row 3prox~a~~iters. We recognized three subclasses 
of these (Fig. 101, found only in some gon~actyloid 
species. Subclass A [Fig. 10(A)], in species of Odonto- 
dactylus, had a bright red color. The pigment of this filter 
was probably the same one used in the red distal Row 
3 filters, Subclass D [Fig. 9(D)]. Purple-colored filters 
occurred in the proximal position in Row 3 of Pseu- 
dosquilla, G. a&r&, and M. sp~osocarinat~ [Subclass B, 
Fig. 10(B)]. Finally, the blue ~rotenoprotein-confining 

Wavelength (i-km) 
FIGURE 9. The four ciasses of Row 3 distal filters. For the compari- 
son, the long-wavelength tails were brought to the abscissa by averag- 
ing values from 675 to 700 nm and subtracting the averages from the 
data for the entire spectrum before normalization. (A) “Pink” filters 
of all species of Chorisquilla, Haptosquilla, and Gonodactyius (except 
G. afinis and G. espinosa). (B) Red filters of all lysiosquilloids (except 
N. akcimspinosa), plus E. guerini, H. ensigera, and both species of 
Odontorlcrcrylus. (C) Red filter of G. a&ris. (D) Deep red filters of N. 
derimspfnosa, G. espinosa, M. spinosocarinatus, and both species of 

“R u,3-II 

Pseudosquilla. 

L! I L I 
400 500 600 700 
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FIGURE 10. The three classes of Row 3 proximal filters, found only 
in some gonodactyloids. Because 1, values for these spectra fell well 
beyond 500 nm, data were not corrected for possible elevated baselines 
at long wavelengths. (A) Deep red tikers of species of O~t~ctyl~. 
[B) Red-purple filters of G. afinis, M. spinosocariaatus and species of 
Pseudosquilla. (C) Blue filters of all species of Chorisquilla, Gonodacty- 

lus, and Haptosquilla. 

proximal filter [Subclass C, Fig. 10(C)] occurred 
throughout species of Gonodactylus (except G. afinis), 
C~or~qui~la, and ~aptosquilla. The precise location of 
its absorption spectrum ranges over about 25 nm, 
suggesting that the protein component may vary some- 
what among species. It is important to note that since all 
of these purple and blue filters (Subclasses B and C) are 
overlain by filters that absorb strongly at short wave- 
lengths, their function in uivo is to transmit long- 
wavelength light. Their apparent transmission below 
500 nm is irrelevant, both because of their great density 
(Table 2) and because the distal filters and photoreceptor 
tiers remove the shorter wavelengths. 

To obtain spectra of the highest quality representing 
the various pigments found in stomatopod filters, se- 
lected spectra of each shape (where it seemed clear that 
only a single spectral type existed, taken from one or 
more class and subclass) were averaged. The resulting 
curves are plotted in Fig. 11. While we are as yet unable 
to assign identities with confidence to the pigments, it is 
obvious that a very impressive diversity of pigmentary 
types must be employed. For comparison with ver- 
tebrates, a survey of the cone oil droplets of 20 avian 
species revealed the presence of only six colored classes, 
containing only four different carotenoid pigments either 
singly or in binary mixtures (Goldsmith et al., 1984). The 
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variation in turtle retinas is probably similar (Lipetz, 
1984; Ohtsuka, 1985a, b). Mantis shrimps obviously 
enjoy the use of a far greater diversity of filtering 
pigments than do vertebrates. 

Taxonomic aspects of intrarhabdomal jilters 

When we began this survey, we expected to find either 
that the filter types were taxonomically rigid, showing 
little or no variation at the family (or certainly genus) 
level, or that there would be little taxonomic constancy, 
and that all the filter types would vary exclusively with 
environment. In fact, the truth seems to lie between these 
extremes. Some filter types, e.g. the distal filters in Row 
2, strictly follow stomatopod taxonomy. Some are quite 
constant throughout a genus, but vary at the family 
level; examples are the distal Row 3 type of Nannosquil- 
lids and the proximal types in Rows 2 and 3 of Proto- 
squillids. Finally, some filters vary among species of a 
single genus; the best examples are the proximal Row 2 
and the distal Row 3 filters of Gonodactylus. In some 
cases, even the presence of a particular filter class is 
irregular within a genus; in Lysiosquilla, some species 
have three filter classes (e.g. L. maculata), and some have 
only two [e.g. L. sulcata and L. scabricauda; a similar 
situation exists in the congener L. tridecimdentata (Mar- 
shall et al., 199lb)l. 

Functions of stomatopod intrarhabdomal $lters 

While the role of retinal filters, including cone oil 
droplets, is still a matter of debate (see Goldsmith, 1984, 
1990), no one doubts that the functions include contrast 
enhancement and the improvement of color vision by 
spectrally modifying receptor sensitivity. The mantis 
shrimps have elegantly improved spectral tuning by 
serially filtering light in a single, tiered rhabdom. The 
design produces multiple narrow-band spectral classes of 

400 500 600 700 

Wavelength (m) 

FIGURE 11. A summary of all 11 classes of intrarhabdomal filtering 
pigments found in the retinas of gonodactyloid and lysiosquilloid 
stomatopod crustaceans included in this study. Each curve is an 
average of the best spectra gathered across species. Proce&ng from 
left to right, the spectra represent the following classes and subclasses: 
Row 2 distal A, Row 2 distal B, Row 2 proximal B, Row 2 proximal 
C, Row 2 proximal D, Row 3 distal B, Row 3 distal C, Row 2 proximal 
E, Row 3 distal D, Row 3 proximal B, and Row 3 proximal C. Row 
2 proximal Subclass A is identical to Row 2 distal A and B, as are Row 
3 distal C and Row 3 proximal A. Row 3 distal A is not included 
because it includes a diversity of “pink” filtering pigments or mixtures. 

photoreceptors, each confined to a slice of the spectrum 
(Cronin & Marshall, 1989a, b, Cronin et al., 1993; 
Marshall et al., 1991b). In fact, because retinoid-based 
visual pigments have naturally broad bandwidths, spec- 
tral filtering is the only reasonable way to increase the 
number of photoreceptor classes within the band of 
wavelengths from 350 to 700nm (see Barlow, 1982; 
Bowmaker, 1983). 

All this filtering does not come cheaply. It is paid for 
in the currency of sensitivity, for most photons are 
caught by the filters and not by the photoreceptors. The 
cost is particularly great for the receptors paired with the 
red and blue filters, where relatively few long-wavelength 
photons trickle through, and these must be trapped by 
visual pigments having inherently low absorption at long 
wavelengths (see Cronin & Marshall, 1989a, b; Cronin 
et al., 1993). Obviously, such a system can only operate 
under photopic conditions and at depths where long- 
wavelength light has not yet been absorbed by water. 

We remain confident that the distributions of the 
multiple classes and subclasses of the intrarhabdomal 
filters of the stomatopod crustaceans are evolutionarily 
linked to the photic environments, water qualities, and 
activity cycles of the various species. Understanding the 
complex patterns described in this paper requires a 
thorough investigation of light and its variation in 
stomatopod habitats. We are currently engaged in an 
investigation of just this nature. 

REFERENCES 

Barlow, H. B. (1982). What causes trichromacy? A theoretical analysis 
using comb-filtered spectra. Vision Research, 22, 635643. 

Bowmaker, J. K. (1983). Trichromatic colour vision: Why only three 
receptor channels? Trend in Neuroscience, 6, 4143. 

Cheeseman, D. F., Lee, W. L. & Zagalsky, P. F. (1967). 
Carotenoproteins in invertebrates. Biological Reviews, 42, 132-160. 

Cronin, T. W. (1985). The visual pigment of a stomatopod crustacean, 
SquiRa empusa. Journal of Comparative Physiology, 156, 679-6%7. 

Cronin, T. W. (1990). Visual pigments and spectral mechanisms in the 
Crustacea. In Wiese, K., Kreuz, W.-D., Tautz, J., Reichert, H. & 
Mulloney, B. (Eds), Frontiers in crustacean neurobiology (pp. 5865). 
Basel: Birkhauser. 

Cronin, T. W. & Marshall N. J. (1989a). A retina with at least ten 
spectral types of photoreceptors in a stomatopod crustacean. 
Nature, 339, 137-140. ’ 

Cronin, T. W. & Marshall, N. J. (1989b). Multiple spectral classes of 
photoreceptors in the retinas of gonodactyloid stomatopod crus- 
taceans. Journal of Comparative Physiology, 166A, 261-275. 

Cronin, T. W., Marshall, N. J. & Caldwell, R. L. (1993). Photoreceptor 
spectral diversity in the retinas of squilloid and lysiosquilloid 
stomatopod crustaceans. Journal of Comparative Physiology, I72A, 
339-350. 

Findlay, J. B. C., Pappin, D. J. C., Brett, M. & Zagalsky, P. F. (1990). 
Carotenoproteins. In Krinsky, N. I., Mathews-Roth, M. M. & 
Taylor, R. F. (Eds), Carotenoids. Chemistry and biatogy (pp. 59-74). 
New York: Plenum Press. 

Goldsmith, T. H. (1990). Optimization, constraint, and history in the 
evolution of eyes. Quarterly Review of Biology, 6.5, 281-322. 

Goldsmith, T. H. & Wehner, R. (1977). Restrictions on rotational and 
translational diffusion of pigment in the membranes of a rhab- 
domeric photoreceptor. Journal of General Physialogy/?V, 453-490. 

Goldsmith, T. H., Collins, J. S. & Licht, S. (1989). The cone oil 
droplets of avian retinas. Vision Research, 24, 1661-1671. 

Hardie, R. C. (1988). The eye of the mantid shrimp. Nature, 333, 
4999500. 



FILTERS IN MANTIS SHRIMP RETINAS 291 

Kong, K.-L., Yau, M.-F. & Wasserman, G. S. (1980). Filter-mediated 
color vision with one visual pigment. Science, 207, 783-786. 

Leggett, L. M. W. (1979). A retinal substrate for colour discrimination 
in crabs. Journal of Comparative Physiology, 133, 159-166. 

Lipetz, L. (1984). Pigment types, densities and concentrations in 
cone oil droplets of Emydoidea blandingii. Vision Research, 24, 
605-612. 

Lythgoe, J. N. (1979). The ecology of oision. Oxford: Clarendon Press. 
Manning, R. B. (1980). The superfamilies, families, and genera of 

recent stomatopod crustacea, with diagnoses of six new families. 
Proceedings of the Biological Society of Washington, 93, 362-372. 

Manning, R. B., Schiff, H. & Abbott, B. C. (1984). Eye structure and 
the classification of stomatopod Crustacea. Zoologica Scripta, 13, 
41-44. 

Marshall, N. J. (1988). A unique colour and polarisation vision system 
in mantis shrimps. Nature, 333, 557-560. 

Marshall, N. J., Land, M. F., King, C. A. & Cronin, T. W. (1991a). 
The compound eyes of mantis shrimps (Crustacea, Hoplocarida, 
Stomatopoda). I. Compound eye structure: The detection of polar- 
ised light. Philosophical Transactions of the Royal Society of London 
B, 334, 33-56. 

Marshall, N. J., Land, M. F., King, C. A. & Cronin, T. W. (199lb). 
The compound eyes of mantis shrimps (Crustacea, Hoplocarida, 
Stomatopoda). II. Colour pigments in the eyes of Stomatopod 
crustaceans: Polychromatic vision by serial and lateral filtering. 
Philosophical Transactions of the Royal Society of London B, 334, 
57-84. 

Matsuno, T. (1990). Animal carotenoids. In Krinsky, N. I., Mathews- 
Roth, M. M. & Taylor, R. F. (Eds), Carotenoids. Chemistry and 
biology (pp. 59-74). New York: Plenum Press. 

Miller, W. H (1979). Ocular optical filtering. In Autrum, H. (Ed.), 
Handbook of sensory physiology (Vol. VII, Part 6A, pp. 699143). 
Berlin: Springer. 

Muntz, W. R. A. (1972). Inert absorbing and reflecting pigments. In 
Dartnall, H. J. A. (Eds), Handbook of sensory physio/ogy (Vol. VII, 
Part 1, pp. 530-565). Berlin: Springer. 

Ohtsuka, T. (1985a). Relation of spectral types to oil droplets in cones 
of turtle retina. Science, 229, 874877. 

Ohtsuka, T. (1985b). Spectral sensitivities of seven morphological 
types of photoreceptors in the retina of the turtle, Geoclemys reevesii. 
Journal of Comparative Neurology, 237, 145-154. 

Stowe, S. (1980). Spectral sensitivity and retinal pigment movement in 
the crab Leptograpsus variegatus (Fabricius). Journal of Experimen- 
tal Biology, 87, 73-98. 

Vetter, W., Englert, G, Rigassi, N. & Schwieter, U. (1971). Spectro- 
scopic methods. In Isler, 0. (Ed.), Carotenoids (pp. 189-266). Basel: 
Birkhauser. 

Walls, G. L. (1942). The vertebrate eye and its adaptive radiation. 
Bulletin 19, Cranbrook Institute of Science, Bloomfield Hills, Mich. 

Zagalsky, P. F., Ceccaldi, H. J. & Daumas, R. (1970). Comparative 
studies on some decapod crustacean carotenoproteins. Comparatiue 
Biochemistry and Physiology, 34, 579-607. 

Zagalsky, P. F., Eliopoulos, E. E. & Findlay, J. B. C. (1990). The 
architecture of invertebrate carotenoproteins. Comparative Bio- 
chemistry and Physiology, 978, l-81. 

Acknowledgements-This material is based on research supported by 
the National Science Foundation under Grants Nos BNS-85 18769 and 
BNS-8917183. We gratefully thank the staffs of the Lizard Island 
Research Station, the Richard B. Gump South Pacific Biological 
Research Station, the Catalina Marine Science Center, and the Hawai- 
ian Institute of Marine Biology for their assistance with this research. 
This is Contribution No. 14 of the Richard B. Gump South Pacific 
Biological Research Station. 


