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Abstract. 1. We examined the retinas of 2 species of 
stomatopods in the superfamily Squilloidea, Cloridopsis 
dubia and Squilla empusa, and 2 species of the super- 
family Lysiosquilloidea, Coronis scolopendra and Lysio- 
squilla sulcata, using microspectrophotometry in the vis- 
ible region of the spectrum. 

2. Retinas of all species included numerous photo- 
stable pigments, such as green reflecting pigment, hemo- 
cyanin, colored oil droplets, and vesicles. Both lysio- 
squilloid species also had intrarhabdomal filters within 
specialized photoreceptors of the midband. 

3. Squilloid species contained a single visual pigment 
throughout all photoreceptors, with peak absorption at 
medium wavelengths (near 515 nm). Retinas of lysio- 
squilloids contained a diversity of visual pigments, with 
estimated )~m,, values ranging from 397 to 551 nm. 

4. Spectral sensitivity functions were estimated for the 
lysiosquilloid species based on estimates of visual pig- 
ment 2 . . . .  photoreceptor dimensions, and specific absor- 
bances of the visual pigments and intrarhabdomal filters. 
Ommatidia of midband Rows 1 to 4 contained pairs of 
narrowly tuned spectral receptors, appropriate for spec- 
tral discrimination, while ommatidia of midband Rows 
5 and 6, and all peripheral ommatidia, had broad spectral 
sensitivity functions. 

5. Lysiosquilloid stomatopods have retinas that close- 
ly resemble those of gonodactyloids both structurally 
and in their visual pigment diversity. In contrast, squil- 
loids have retinas that are much simpler. These differen- 
ces appear to be related to the habitats and activity cycles 
of species belonging to the 3 major superfamilies of 
stomatopod crustaceans. 
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Introduction 

Mantis shrimps, the stomatopod crustaceans, are dy- 
namic marine predators that take prey with a quick strike 
of their raptorial appendages, directed under visual con- 
trol (Caldwell and Dingle 1975). Their visual systems are 
very unusual. The optical arrangement of each com- 
pound eye allows a single point in visual space to be 
viewed simultaneously by 3 separate patches of ommati- 
dia (Exner 1891 ; Demoll 1909; Horridge 1978, Marshall 
1988). One of these 3 ommatidial groups, a region called 
the midband, is composed of parallel rows of ommatidia 
that encircle the eye. The other 2 are located dorsal and 
ventral to the midband, and are termed the hemispheres. 

Four modern superfamilies of stomatopods are recog- 
nized. In each of these, the eyes have distinctive features, 
among which are details of the structure of the midband 
(Manning et al. 1984a; Marshall et al. 1991 a, b). Bathy- 
squilloids, which inhabit the deep ocean and are thus very 
difficult to obtain, have poorly developed eyes with no 
midbands. Members of the other 3 superfamilies princip- 
ally inhabit shallow, tropical waters. In the Gonodacty- 
loidea, the midbands have 6 ommatidial rows (Manning 
et al. 1984a, b). Members of this group are particularly 
aggressive, commonly taking prey by stalking or am- 
bushing it, chasing it down, and disabling it with a 
smashing blow. Their eyes are very mobile and active 
(Cronin et al. 1988, 1991 ; Land et al. 1990). Perhaps the 
most impressive feature of the eye is the presence of 10 
or more spectral classes of photoreceptors in each retina. 
Eight of these classes reside in four specialized rows of 
the midband, which include such bizzare specializations 
as the tiering of photoreceptors and the presence of 
photostable filters within the actual photoreceptors 
(Marshall 1988; Cronin and Marshall 1989a, b, Marshall 
et al. 1991a, b). Clearly, eyes like these are competent 
sensory organs. 

Stomatopod species of the superfamilies Lysio- 
squilloidea and Squilloidea exhibit considerable size di- 
versity, being both larger and smaller than gonodacty- 
loids, but typically are less aggressive (Caldwell and 
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Ding le  1975). M o s t  species hun t  f rom bu r row s  in sandy  
or  m u d d y  subs t r a t a ,  ca t ch ing  p rey  by  s t abb ing  or  impa l -  
ing it wi th  the r a p t o r i a l  appendage .  Lys iosqu i l lo id  com-  
p o u n d  eyes a n d  re t inas  differ on ly  sub t ly  f rom those  o f  
g o n o d a c t y l o i d s ;  thei r  m i d b a n d s  also include 6 o m m a t i -  
d ia l  rows,  o f  which  the do r sa l  4 rows have t iered 
p h o t o r e c e p t o r s  a n d  i n t r a r h a b d o m a l  filters (Marsha l l  et 
al. 1991a, b). Since lys iosqui l lo ids  usua l ly  live in very 
sha l low water ,  o f ten  in te r t ida l ly ,  and  of ten  hun t  du r ing  
the day ,  m e m b e r s  o f  this super fami ly  migh t  benefit  f rom 
a p o l y c h r o m a t i c  visual  sys tem like tha t  o f  the g o n o d a c t y -  
loids.  

Squi l lo ids  a re  di f ferent  f rom the o the r  sha l low-wate r  
s t o m a t o p o d s .  M i d b a n d s  o f  thei r  eyes have  on ly  2 o m m a -  
t idial  rows,  c o n t a i n i n g  p h o t o r e c e p t o r s  no  different  f rom 
those  over  the rest  o f  the  eye (Schiff  1963; Sch6nenberge r  
1977; Schiff  et al. 1986; C r o n i n  1986; Mar sha l l  et al. 
1991 a). M i c r o s p e c t r o p h o t o m e t i c  e x a m i n a t i o n  o f  i so la ted  
r h a b d o m s  o f  the  squi l lo id  Squilla empusa reveals  only  
one class o f  visual  p i g m e n t  (Cron in  1985). Also ,  S. em- 
pusa spec t ra l  sensi t iv i ty  c a n n o t  be a l te red  by  c h r o m a t i c  
a d a p t a t i o n ,  which  p rov ides  i n d e p e n d e n t  evidence for  a 
single p h o t o r e c e p t o r  class (Trev ino  and  L a r i m e r  1969). 
Squi l lo ids  t end  to i nhab i t  wa te r  t ha t  is deeper  and  m o r e  
t u rb id  than  d o  lys iosqui l lo ids  o r  gonodac ty lo id s ,  and  
a p p e a r  c o m m o n l y  to  be act ive noc tu rna l l y  (F rog l i a  and  
G i a n n i n i  1989; C r o n i n  1992). One  migh t  therefore  expect  
thei r  re t inas  to  be specia l ized for  sensit ivity,  no t  
p o l y c h r o m a t i c i t y .  

To  b r o a d e n  ou r  u n d e r s t a n d i n g  o f  visual  design a n d  
visual  eco logy  o f  s t o m a t o p o d s ,  we u n d e r t o o k  a s tudy  o f  
p igmen t s  in the re t inas  o f  squi l lo id  and  lys iosqui l lo id  
s t o m a t o p o d s .  The  squi l lo ids  we chose  were Squilla em- 
pusa, f rom coas ta l  N o r t h  C a r o l i n a  ( U S A )  and  Cloridop- 
sis dubia f rom F l o r i d a  (USA) .  Lys iosqu i l lo ids  were Coro- 
nis scolopendra, also f rom eas te rn  F lo r ida ,  and  Lysio- 
squilla sulcata, f rom F rench  Polynes ia .  O u r  results  de-  
m o n s t r a t e  t ha t  squi l lo id  re t inas  p r o b a b l y  do  inc lude  on ly  
one  class o f  p h o t o r e c e p t o r s ,  bu t  t ha t  those  o f  the lysio-  
squi l lo ids  a re  as spec t ra l ly  complex  as those  o f  g o n o d a c -  
ty loids .  

Materials and methods 

Animals and experimental preparation. We examined 2 species of 
squilloid stomatopods (Squilla empusa and Cloridopsis dubia) and 
2 lysiosquilloid species (Lysiosquilla sulcata and Coronis scolopend- 
ra). All animals were either obtained from suppliers or collected by 
us in the field, and were used as soon as possible after their arrival 
in the laboratory. Animals were maintained at 25 ~ in marine 
aquaria on a 12 h light: 12 h dark cycle, given artificial burrows, and 
fed frozen shrimp and live brine shrimp. Mortality was very low 
under these conditions. 

Animals were first dark adapted in individual containers at least 
overnight, and commonly for several days. After this, all operations 
were carried out in the dark or under dim red light. Eyes were 
removed and were generally frozen immediately for cryosectioning, 
using fluorocarbon ("Freon") spray. In the case of S. empusa, the 
fresh retina was so fragile that eyes were fixed overnight in 2.5% 
glutaraldehyde in pH 7.5 marine crustacean Ringer's solution 
(Cavanaugh 1956) before quick-freezing. Spectrophotometric re- 
suits from fresh-frozen and fixed retinas were extremely similar, but 
the fixed material was much easier to section. 

Each frozen whole eye was mounted in a cryostat ( -  30 ~ and 
carefully oriented so that sections would be made perpendicular to 
rhabdomal axes in the midband. Sections were cut at 8, 10, or 12 l~m 
(depending on the quality of the sectioned material). Individual 
sections were mounted between coverslips for microspectro- 
photometry, in crustacean Ringer's solution surrounded by a ring 
of silicone grease. Material to be scanned for filters in L. sulcata was 
mounted in mineral oil, to reduce scattering of light as it entered and 
exited the section. 

Microspectrophotometry. The single-beam instrument was the same 
one used for previous work with stomatopods and other crus- 
taceans (Cronin 1985; Cronin and Forward 1988; Cronin and 
Marshall 1989b). Briefly, a linearly polarized circular scanning spot 
(diameter variable between 1.5 and 5.0 ~tm) was placed either in a 
clear path through a sectioned rhabdom (generally parallel to the 
photoreceptor's axis), or in appropriate other material (filters, oil 
drops, patches of pigment granules, etc.). Spectral scans were gener- 
ally made from 400 nm to 700 nm, with measurements at 1-nm 
intervals. A reference scan was first taken in a clear region of the 
specimen, followed by a measurement scan in the material of in- 
terest. If the material were photostable (e.g. filters, oil drops, lateral 
pigment), it was positioned under white light and the spectrum was 
obtained directly. In some intrarhabdomal filters the peak density 
of material was too great for accurate measurement (O.D.>2). 
Here, scans were also made of partial sections of the same filter 
classes, to provide the undistorted shape of the entire absorption 
spectrum. The correct peak axial densities were obtained by scaling 
the undistorted scans to overlie the measureable regions of scans of 
known path through the same filter types. 

Absorption spectra of visual pigments were obtained using the 
same techniques as we employed for gonodactyloid stomatopod 
photoreceptors (Cronin and Marshall 1989b). Rhabdoms were 
positioned under dim red illumination (Corning CS 2-61 filter; 50 % 
transmission at 619 nm), and 2 initial scans were made of the 
dark-adapted rhabdom. If these scans were identical, indicating a 
stable preparation, the data of second scan were stored. The rhab- 
dom was then exposed to a photobleaching exposure of bright white 
light for 2 to 5 rain, using the substage illuminator of the photomet- 
ric microscope, and another absorption spectrum measured. If this 
new spectrum revealed an absorbance loss but also overlaid, or 
nearly overlaid, the spectrum of the unbleached rhabdom at long 
wavelengths (> 650 nm; where visual pigments should have little 
absorbance), it was also stored. The difference between these 2 
spectral scans was taken as the absorption spectrum of the photo- 
bleachable visual pigment in the rhabdom. 

Mathematical analysis. Visual pigments present in the various clas- 
ses of rhabdoms were identified using the techniques of Cronin and 
Marshall (1989b). For analysis, difference spectra for photobleach- 
ing from all sampled rhabdoms of a given photoreceptor class were 
averaged. These averaged curves were then tested for fit against 
rhodopsin template functions derived by Bernard (1987). Tests were 
repeated at 1-nm intervals of the ~,,ax from 400 to 600 nm (380 nm 
to 600 nm for distal tiers in midband Row 1 ofL. sulcata). The best 
fit was defined as that producing the least sum of squares of devia- 
tions, from 25 nm below the wavelength of the maximum absor- 
bance to 75 nm above it. For maxima below 425 nm (405 nm in the 
case of L. sulcata distal Row 1), the sum of squares was computed 
from 400 nm (380 nm in L. sulcata distal Row 1), to 75 nm beyond 
the maximum, and corrected for the reduced number of squared 
deviations. See Cronin and Marshall (1989b) for further details. 

Results 

In this s tudy,  we were pa r t i cu l a r ly  in teres ted  in c o m p a r -  
ing vis ion in squi l loids  and  lys iosqui l lo ids  to  the gono-  
dac ty lo id  s t o m a t o p o d s  we s tud ied  earlier.  Therefore ,  we 
concen t r a t ed  on re t inal  p igments  tha t  wou ld  affect visual  
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Fig. 1. Diagrammatic view of the retina and dioptric apparatus of 
compound eyes of the squilloid species Squilla empusa. The animal 
providing eyes for this reconstruction was approximately 120 mm 
in length. Corneal facets are shaded and are underlain by parabo- 
loid crystalline cones. The rhabdomeres of the reduced 8th retinular 
cells overlie the untiered main rhabdoms, all of which have inter- 
digitated microvillar layers. DH dorsal hemisphere. VH ventral 
hemisphere; 1-2 Rows of the midband. BM basement membrane; 
RP white reflecting pigment; N nuclei of the retinular cells 

spectral sensitivity. These included an extensive variety 
o f  photos tab le  pigments  in addi t ion to the photosensi t ive 
visual pigments.  Examples  o f  all o f  these classes will be 
presented here. Refer to Figs. 1 and  2 for  or ienta t ion to 
the various retinal regions. T h r o u g h o u t  this paper,  we 
refer to par t icular  rows o f  the m i d b a n d  using proper  
nouns,  number ing  the rows dorsal ly  to ventrally.  Thus,  
R o w  1 is the mos t  dorsal  row, R o w  6 the m o s t  ventral.  

Photostable pioments 

Green refleetin 9 pigment. The tall, bean-shaped  eyes o f  
Squilla empusa and Lysiosquilla sulcata have an  irides- 
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Fig. 2. Diagrammatic view of the retina and dioptric apparatus of 
compound eyes of the lysiosquilloid species Coronis scolopendra. 
The animal providing eyes for this reconstruction was approximate- 
ly 60 mm in length. The rhabdomeres of the 8th retinular cells are 
long and well-developed. Diagonal hatching indicates tiered main 
rhabdoms; cross hatching indicates untiered main rhabdoms (num- 
bering of retinular cells R1 to R7 follows Marshall et al. 1991a). 
Dots adjacent to the distal tier of Row 3 suggest the location of 
lateral filtering pigment. DH dorsal hemisphere. 1-6 Rows of the 
midband. Otherwise as in Fig. 1. Lysiosquilla suleata is generally 
similar to C. scolopendra, except that it lacks the proximal filter of 
Row 2 and the lateral screen of Row 3 

cent golden or  greenish sheen, due to the presence o f  a 
green reflecting p igment  (Fig 1.; see also Marshal l  et al. 
1991b). Spectral measurements  demons t ra te  tha t  the 2 
species conta in  different pigments  at this level, bu t  bo th  
pigments  have very s t rong absorp t ion  at wavelengths  
below 450 nm and virtual t ransparency  beyond  500 nm 
(Fig. 3). The metallic appearance  o f  this p igment  in vivo 
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Fig. 3. Normalized absorption spectra of green reflecting pigment 
in Squilla ernpusa (dark trace) and Lysiosquilla sulcata (light trace). 
Each plotted curve is a single scan 
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Fig. 4. Normalized, averaged absorption spectra for photostable 
pigments in eyes of squilloid stomatopods. Top panel Squilla em- 
pusa: patches of hemocyanin crystals (light trace), yellow oil dro- 
plet (dark trace). Bottom panel Cloridopsis dubia: orange (light 
trace) and yellow (dark trace) oil droplets. Each trace represents 
an average of 2 or 3 individual scans 

is apparently due to its collection into thin, regular layers 
which may add structural colors. The color seen from 
outside the eye is thus due to a combination of pigmen- 
tary and structural effects. Due to its location, this pig- 
ment probably does not affect light within the actual 
photoreceptors. 

Hemocyanin. These same 2 species (S. empusa and L. 
sulcata) also contain an abundance of dark orange- 
brown hemocyanin crystals in the extracellular spaces of 
their retinas. A typical absorption spectrum is plotted in 
Fig. 4. This material may enhance oxygen storage or 
diffusion within the retina, but its location precludes it 
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Fig. 5. Normalized absorption spectra of lateral screening pigments 
in the retina of Coronis scolopendra. Dark trace: reddish vesicles in 
proximal region of Row 3 (average of 5 scans). Light trace: golden 
granules in Rows 5 and 6 of the midband, and in the hemispheric 
regions (average of 3 scans) 

from playing a major optical role (see also Sch6nenber- 
ger et al. 1980; Marshall et al. 1991b). 

Oil droplets. Retinas of stomatopods commonly contain 
refractile droplets that appear to be oil globules with 
dissolved pigments in them. These were particularly 
abundant in the squilloids we examined (Fig. 4). Retinas 
of Cloridopsis dubia were packed with orange-colored 
droplets (see Marshall et al. 1991b). Their contents had 
a broad and featureless absorption resembling that of 
hemocyanin (Fig. 4). In both S. empusa and C. dubia, 
yellow droplets existed within retinular cells. Their virtu- 
ally identical absorption spectra in the 2 species (Fig. 4; 
dark traces), with 2 peaks and a shoulder, indicated that 
they contained identical carotenoid pigments. It is not 
clear whether or not these colored droplets directly affect 
spectral sensitivity; certainly light scattered within the 
retina would be altered by their presence. 

Lateralfilters. In lysiosquilloids, the rhabdoms are com- 
monly wrapped in a sheath of strongly pigmented gra- 
nules or vesicles. Absorption spectra of these lateral 
pigments appear to vary with retinal region; 2 examples 
from Coronis scolopendra are given in Fig. 5. The reddish 
vesicles in Row 3 (Fig. 5, dark trace) absorb similarly to 
the distal filter in the same row (see below). The granules 
in Rows 5 and 6 (Fig. 5, light trace) absorb in a very 
different spectral region. There is no doubt that both of 
these pigments, and others like them in lysiosquilloid 
retinas, affect light travelling down the rhabdom by lat- 
eral filtering (Marshall et al. 1991 b). However, a proper 
analysis of their influence must wait for a detailed de- 
scription of such retinal properties as the distribution of 
refractive index in the rhabdom and its surroundings as 
well as the location, distribution, and absolute spectral 
absorption of  each lateral pigment. 

Intrarhabdomal filters. In stomatopods, unique photo- 
stable filters exist within the retinas of  species with 6-row 
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Table 1. Approximate lengths of rhabdoms, tiers, and filters in 
retinas of the lysiosquilloid stomatopods Coronis scolopendra and 
Lysiosquilla sulcata, determined from longitudinal sections of 
frozen retinas. See also Fig. 2. All lengths in gm 

Retinal Region Coronis  Lysiosquilla 
scolopendra sulcata 

Peripheral Retina 400 600 
(Retina Hemispheres) 

Rows of the Midband: 

Row 1, Distal Tier 240 220 
Row 1, Proximal Tier 180 250 

Row 2, Distal Filter (F1) 10 15 
Row 2, Distal Tier 280 300 
Row 2, Proximal Filter (F2) 20 
Row 2, Proximal Tier 225 250 

Row 3, Distal Filter (F1) 15 16 
Row 3, Distal Tier 285 350 
Row 3, Proximal Tier 280 220 

Row 4, Distal Tier 260 300 
Row 4, Proximal Tier 210 250 

Rows 5 & 6 430 500 

midbands (Marshall et al. 1991b). In this study we ob- 
served them in only the lysiosquiUoid species (see Fig. 2). 
Lysiosquilloid retinas often include 2 filters in midband 
Row 2, between the microviUi of  the 8th retinular cell and 
the distal tier of the main retina (F1) and between the 
proximal and distal tiers of the main rhabdom (F2); Row 
3 has a single filter at the F1 position (Marshall et al. 
1991b). This situation exists in Coronis scolopendra but 
Lysiosquilla sulcata has only 2 filters in its retina, at the 
F1 position in Rows 2 and 3. Some other species of 
Lysiosquilla also lack the F2 filter in Row 2 (Marshall et 
al. 1991a). 

The lengths of the various filters are given in Table 1, 
and normalized absorption spectra are plotted in Fig. 6. 
All filters in midband Row 2 were yellow in color. Those 
at the F 1 position in both species had identical spectral 
absorption, but the F2 filter in Row 2 of C. seolopendra 
had a spectrum that differed subtly from that of the F 1 
filter. Row 3 filters of both species were reddish but 
probably contained different pigments; that of L. suleata 
absorbed at slightly shorter wavelengths than that of 
C. scolopendra. The F 1 filters of Row 2 exhibited a main 
peak with an obvious shoulder on the long-wavelength 
tail, characteristic of carotenoid pigments. Spectra of the 
other filters were smooth and featureless. 

All filters were effective absorbers of light at their 
peaks; absorbances per txm were as great as 0.7, produc- 
ing peak densities ranging from 0.8 to 6.4 for the entire 
axial path through the filter. These values are sufficiently 
great to block transmission effectively at all wavelengths 
below those of the transparent long-wavelength tails. 

Visual pigments 

Squilloid species. Ommatidia throughout the retinas of 
squilloid stomatopods contain a single main rhabdom 
without tiers or intrarhabdomal filters, overlain by a min- 
iature R8 rhabdomere of unknown function (see Fig. 1). 
In each of the species we examined, all main rhabdoms 
of the midband and both hemispheres contained an 
identical visual pigment (Fig. 7). In Cloridopsis dubia, 
best-fit polynomial templates had their Xm~, near 510 nm, 
while in Squilla empusa the maximum was at 517 nm. The 
data and templates matched well throughout most or all 
of the spectrum in every case. With a single visual pig- 
ment, no tiering, and no filtering, spectral sensitivity 
throughout the retina must be broad and monochro- 
matic. 
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Fig. 6. Normalized, average absorption 
spectra of intrarhabdomal filters in Rows 
2 and 3 of midbands of Coronis 
scolopendra (top panels) and Lysiosquilla 
sulcata (bottom panels). The average 
peak absorbance for entire filters are 
given in each panel. Numbers of scans in 
each average curve: for C. seolopendra 
Row 2 F1, 4; Row 2 F2, 3; Row 3 F1, 
3; for L. suleata Row 2 F1, 8; Row 3 
F1 ,3  
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Fig. 7. Squilla empusa and Cloridopsis 
dubia. Normalized, average spectra for 
photobleaching of visual pigments in 
main rhabdoms of the peripheral retinal 
regions and the midband. Mean absor- 
bance change from 651 to 700 nm is set 
to 0 in each curve. Retinal locations of 
measurements, and number of  photo- 
bleaches included in each curve are in- 
dicated in the upper right corner of  each 
panel. The smooth trace is the best-fit 
template spectrum, fitted as described in 
the text; the wavelength of the peak ab- 
sorption of  the template curve is also in- 
dicated on each panel 
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Fig. 8. Coronis scolopendra. Normalized, average spectra for photo- indicated in the upper right corner of each panel. The smooth trace 
bleaching of  visual pigments in all retinal regions below the rhab- is the best-fit template spectrum, fitted as described in the text; the 
domere of  the 8th retinular cell. Mean absorbance change from 651 wavelength of the peak absorption of  the template curve is also 
to 700 nm is set to 0 in each curve. Retinal locations of measure- indicated on each panel 
ments, and number of  photobleaches included in each curve are 
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Fig. 9. Lysiosquilla sulcata. Normalized, average spectra for photobleaching of visual pigments in all retinal regions below the level of the 
rhabdomere of the 8th retinular cell. Otherwise as in Fig. 7 

Lysiosquilloid species. The retinas of lysiosquilloid sto- 
matopods are far more complex than those of the squill- 
oids. Like the gonodactyloid species we described 
previously (Cronin and Marshall 1989a, b), they contain 
11 photoreceptor classes below the level of the 8th reti- 
nular cells: 2 tiers per ommatidium in the midband from 
Row 1 to Row 4, 1 tier per ommatidium in midband 
Rows 5 and 6, and 1 tier throughout ommatidia of the 
hemispheres. Also like the gonodactyloids, each main 
rhabdomal tier in midband Rows 1 through 4 appears to 
contain a different visual pigment, with another visual 
pigment in midband Rows 5 and 6, and a final type in 
ommatidia of  the hemispheres (Figs. 8 and 9). In some 
cases, )~r,a~ values for the best-fit polynomial functions 
were very similar in different regions, leaving open the 
possibility that the same visual pigment occurred there. 
For example, in L. sulcata, Rows 5, 6, and the hemi- 
spheres all had maxima near 500 nm. 

In general, retinal material from L. sulcata was easier 
to work with, and produced better data, than material 
from C. scolopendra. In several regions of the latter 
species, averaged photobleach spectra were distorted and 
had shapes quite different from the templates, particular- 
ly in rhabdoms of Row 3 (Fig. 8). A few spectra from 
both species have photobleach difference spectra that 
drop below the baseline, revealing the probable presence 
of photoproducts, including bathochromic metapig- 
ments (see Cronin and Marshall 1989b). In these cases, 
our confidence that we have identified the correct loca- 
tion of the photopigment's maximum is obviously lower. 

Nevertheless, all templates and data matched well on the 
long-wavelength limb of the spectra, and even in cases 
where the quality of the data was particularly poor, the 
analysis is qualitatively correct. Maximum photo- 
bleaches throughout the retina were near 0.008 ~tm- 1 ; a 
typical value for stomatopods (Cronin and Marshall 
1989a, b) and other crustaceans (Hays and Goldsmith 
1969; Bruno et al. 1973; Cronin and Forward 1988; 
Hiller-Adams et al. 1988). 

The patterns of distribution of the visual pigments in 
the retinas of the 2 lysiosquilloid species provide other 
similarities to the earlier gonodactyloid data. In the 
tiered rows, the distal tier always contains a visual pig- 
ment lying at shorter wavelengths than that of the 
proximal tier, and generally separated from it by about 
25 nm (Figs. 8, 9; Table 2). This allows the visual pigment 
of the distal tier to act as a weak long-pass filter for the 
proximal tier. From shortest to longest absorption, the 
rows in both lysiosquilloid species (and both gonodacty- 
loids, see Cronin and Marshall 1989b) fall in the order 
1, 4, 2, 3. In work with C. scolopendra and in our previous 
work (Cronin and Marshall 1989a, b), we had noted that 
the photopigment of the distal tier of Row 1 may peak 
below 400 nm, the shortest scanned wavelength. Accor- 
dingly, we scanned rhabdoms in this region of L. sulcata 
from 380 to 680 nm, and tested from 380 to 600 nm. The 
best fit fell at a ~'max just 3 nm below 400 nm. 

Once we had a complete description of the dimensions 
of the tiers and filters of the retina, and the absorption 
spectra and axial densities of the filters and visual pig- 
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Table 2. Distribution of visual pigments, 
classified by wavelengths of maximum ab- 
sorption, in photoreceptors of lysio- 
squilloid and gonodactyloid stomatopods. 
Each value in the table is the ~'m,x (in nm) 
of the photopigment residing in a class of 
photoreceptors, determined by fitting av- 
eraged data from all measured photorecep- 
tors to polynomial template spectra. Val- 
ues for lysiosquilloids are from the present 
work; those for gonodactyloids are from 
Cronin and Marshall (1989b) 

Retinal Region Superfamily Lysiosquilloidea Superfamily Gonodactyloidea 

Coronis Lysiosquilla Gonodactylus Pseudosquilla 
scolopendra sulcata oerstedii ciliata 

Peripheral retina 494 499 528 498 
(Retinal hemispheres) 

Row 1 Distal Tier 407 397* 400 400 
Row 1 Proximal Tier 436 434 430 433 
Row 2 Distal Tier 489 492 505 498 
Row 2 Proximal Tier 518 516 525 517 
Row 3 Distal Tier 529 517 520 535 
Row 3 Proximal Tier 533 538 551 539 
Row 4 Distal Tier 441 416 429 425 
Row 4 Proximal Tier 468 461 460 452 
Rows 5 & 6 517 501 489 510 

* In L. sulcata, results from the distal tier of row 1 were tested for fit from 380 to 600 nm. 
In all other cases, the test range was from 400 to 600 nm 

o t! 
: g  ,o Row3 o .ow4 0 "~ t 

0 5  

.0 f Rows 5 & 6 ~- J Per iphery 

0 I , I I I 0 I 
400 soo ~oo ~oo 400 soo 600 700 

Wavelength (nm) 

Fig. 10. Coronis scolopendra. Computed sensitivity functions for all 
retinal regions below the 8th retinular cell. Method of computation 
explained in the text. Each row of the midband is plotted on a 
separate panel, except for Rows 5 and 6 which are presumed to 
contain the same visual pigment, with maximum absorption at 
517 nm. D distal; P proximal 

ments,  it became possible to model  the spectral sen- 
sitivities o f  all classes o f  pho to recep to r s  in the retinas o f  
lysiosquilloids. The model  conta ined the following 
assumpt ions :  (1) absorp t ion  above  the distal tip o f  the 
main  r h a b d o m  by the cornea,  crystalline cone, and R8 
rhabdomere  was negligible beyond  400 nm, (2) absorp-  
t ion spectra o f  the visual pigments  had the shape o f  the 
template,  and the pigments  had  an axial density o f  
0.008 g in-1 ,  (3) all light entering the distal tip travelled 
within the remainder  o f  the rhabdom,  passing th rough  
filters and visual pigments  and  not  undergoing  modifica- 

4 0 0  500 600 700 400  500  6 0 0  700 

Wavelength (nm) 

Fig. l l .  Lysiosquilla sulcata. Computed sensitivity functions for 
each class of photoreceptor, as in Fig. 7. D distal; P proximal 

t ion by lateral scattering, absorpt ion,  or  filtering, and (4) 
no pho top roduc t s  or  photos tab le  pigments  were present 
in the r h a b d o m  (other than the in t ra rhabdomal  filters). 
Details concerning the specific computa t ions  involved 
m a y  be found  in Cronin  and Marshal l  (1989b). 

Due  to the serial act ion o f  the tiers and filters (when 
present), each of  the 4 dorsal  rows of  the midband  in- 
cludes a pair  o f  spectral sensitivity functions (Figs. 10, 11). 
Except  in the distal tiers o f  Rows 1 and 4, where no pr ior  
filtering has occurred (except possibly by pho top igments  
in the R8 rhabdomere) ,  the sensitivity spectra are na r row 
and steep - features that  in principle should provide ex- 
cellent spectral discrimination, at the cost  o f  reduced 
absolute sensitivity. In mos t  cases the peaks o f  the 2 
functions are separated by abou t  50 nm;  thus, each pair  
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Fig. 12. Computed spectral sensitivity functions of the 4 tiered rows 
of the midbands of both lysiosquilloid species. All functions are 
plotted together to illustrate the range of spectral coverage in Rows 
1 through 4 

appears specialized for discrimination in a distinct spec- 
tral region. However, in Row 3 of both species, and Row 
2 of L. sulcata, where only a single, distal filter exists, the 
sensitivity spectra are very similar. These paired com- 
ponents of the retina should be relatively poor at making 
discriminations, unless the presence of lateral filters plays 
an unexpectedly great role in modifying light. 

Together, the 8 spectral sensitivity functions of each 
species cover the spectrum of environmental light from 
below 400 to beyond 600 nm (Fig. 12). With this 
coverage, and with the pairing of neighboring sensitivity 
classes, if the appropriate neural connections exist, these 
lysiosquilloids should be competent spectral discrimina- 
tors over a broad range of wavelengths. 

Discussion 

Vision in squilloid stomatopods 

Of the 3 common stomatopod superfamilies, squilloids 
have by far the simplest retinas. A single visual pigment 
is present, and since there are no filters and the retina is 
not tiered (Fig. 1), this produces a single spectral class 
(although the presence of an 8th retinular cell could add 
a second class). These results are consistent with what has 
been published before. Schiff (1963) investigated spectral 
sensitivity in eyes of the Mediterranean species, Squilla 
mantis, by observing the electrophysiological responses 
of single visual fibers. She reported the presence of a 
single maximum in the visible, near 545 nm, with a 
possible second peak in the near ultraviolet. The con- 
generic American species, S. empusa, reaches its peak 
sensitivity (measured using the electroretinogram of the 
entire eye) near 520 nm (Trevino and Larimer 1969). In 
this species there is no sign of a second maximum, nor 
does chromatic adaptation affect the sensitivity spec- 
trum. Isolated rhabdoms from S. empusa contained a 
single rhodopsin (Cronin 1985); the more systematic 
approach of our new study eliminates the possibility of 
a subpopulation of receptors in the midband with a 
different photopigment. The 10-nm difference between 
the current work (km,x = 517 nm) and the earlier work 
(~,m,, = 507 nm) could result from different approaches. 
In the previous work, isolated receptors were lightly fixed 
and scanned from the side. The rhabdoms were coated 

with a colored screening pigment, adhering to the length 
of the rhabdom, which could not be excluded from the 
beam of the microspectrophotometer. If this pigment 
was photoactive or photobleachable, its presence would 
have distorted the difference spectra. In any case, the 
present result is very close to the sensitivity maximum of 
Trevino and Larimer (1969). C. dub&, like S. empusa, has 
a single photopigment absorbing at medium wavelengths 
throughout the entire retina. Visual pigments in both 
these species are similar to those of the hemispheric 
regions of stomatopods from other superfamilies (see 
Tables 1 and 2). 

Vision in lysiosquilloid stomatopods 

In both their structure and function, lysiosquilloid reti- 
nas differ only slightly from those of the gonodactyloids. 
Members of both superfamilies have 6-row midbands, 
although the fraction of the eye devoted to the midband 
tends to be much smaller in lysiosquilloids. The only 
noteworthy difference between their retinas is the 
presence of 4 intrarhabdomal filters in gonodactyloids in 
contrast to 2 or 3 in lysiosquilloids, and lysiosquilloids 
may compensate for this difference by recourse to lateral 
filtration of light (Marshall et al. 1991a, b). Even the 
distribution of filters, where they occur in both super- 
families, tends to be similar: the distal filters are always 
yellow in Row 2, and either pink or red in Row 3; the 
proximal filter of Row 2 is almost always yellow or 
orange (see Cronin and Marshall 1989a, b; Marshall 
et al. 1991 b). 

The structural similarities between gonodactyloid and 
lysiosquilloid retinas extend to the arrangements of 
visual pigments. Values for all 4 documented species, 
grouped by retinal region, are provided in Table 2. In 
each species, )~max values for all the visual pigments of the 
entire retina cover a total range of 125 to 150 nm. How- 
ever, the maximum range across species in any single 
retinal region is only 34 nm, and in the 4 tiered rows of 
the midband, the 4 species vary in )~m,, in virtually every 
tier by less than 20 nm. There is a strong suggestion, 
therefore, that function has been conserved in all stoma- 
topods that have 6-row midbands. This point will be 
discussed more thoroughly later; for now, we simply 
point out that vision in the lysiosquilloids and gono- 
dactyloids must be rather similar. 

Photostable pigments in the retina 

Besides the intrarhabdomal filters, whose influence on 
spectral sensitivity is unquestionable, the retinas of all 
stomatopods contain numerous other photostable, 
strongly absorbing pigments (Cronin and Marshall 
1989b; Marshall et al. 199 l b). Most of these, such as the 
pigments of the oil droplets, hemocyanins, and green 
reflecting pigments, seem by their locations unlikely to 
alter vision in any direct way (Marshall et al. 1991b). But 
the pigments of the "lateral screens", cylinders of strong- 
ly absorbing granules or vesicles that surround rhab- 
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doms, are sufficiently close to the photoreceptors to alter 
their spectral transmission of light by lateral filtering (see 
Snyder et al. 1973 for a discussion of lateral filtering in 
arthropod rhabdoms). Mobile granules can act princip- 
ally to control the intensity of light in the photoreceptor 
(Cronin 1989). Since these contain ommochromes, the 
absorption of which is broad and flat, their effect during 
the pupillary response (Kirschfeld and Franceschini 
1969) is spectrally neutral. Lysiosquilloids (particularly 
Coronis scolopendra) also place strongly colored vesicles 
or granules, of unknown function, in the lateral curtain. 
We plan to investigate their interaction with the spectrum 
and polarization of light within photoreceptors. 

Visual pigment diversity in stomatopods 

An examination of Table 2 reveals several instances in 
which 2 or more retinal regions of a particular species 
contain similar photopigments (e.g. Row 2 proximal tier 
and Rows 5 and 6 in C. seolopendra). The other species, 
however, usually contain quite distinct photopigments in 
the same regions. This lends credence to the hypothesis 
that all the photopigments in each species, except those 
of Rows 5 and 6, are different. At present, we cannot 
account for this diversity. HPLC analysis reveals the 
presence of only a single chromophore class in stoma- 
topod retinas (Goldsmith and Cronin, in press), so we 
suspect that the diversity is due to the genetic expression 
of a different opsin in every photoreceptor type. 

Every ommatidium in stomatopod eyes includes an 
additional photoreceptor class of as yet unknown func- 
tion. This is the 8th retinular cell, which overlies the main 
rhabdom. Based on our preliminary studies using ul- 
traviolet microspectrophotometry and intracellular opti- 
cal physiological techniques (Cronin 1989), we believe 
that the rhabdomeres of these cells contain a photopig- 
ment maximally sensitive in the ultraviolet. If so, its 
presence is unlikely to alter spectral sensitivity in most 
classes of underlying rhabdoms. In Row 1, however, the 
8th cell rhabdomere is often very long (Fig. 2; see also 
Marshall et al. 1991a), and here it overlies the visual 
pigment with the shortest ~'max in the main retina. 
Therefore, if loaded with an ultraviolet-absorbing visual 
pigment, this rhabdomere could itself act as a filter, 
cutting off the short-wavelength limb of the sensitivity 
function of distal Row 1 rhabdoms. 

Visual ecology and evolution in stomatopods 

We have now explored retinal architecture and function 
in members of the 3 major, accessible superfamilies of 
modern stomatopod crustaceans. Two species have been 
selected from within each superfamily. A comprehensive 
work on stomatopod ecology has not yet been published, 
although numerous reports on particular groups or po- 
pulations are available (see, for example, Manning 1969; 
Caldwell and Dingle 1975; Dingle et al. 1977; Dingle and 
Caldwell 1978; Reaka and Manning 1987). Based on this 
literature, it appears that the species we have reported on, 

here and elsewhere, are completely typical members of 
their superfamilies. 

Squilloid stomatopods inhabit soft substrates, gener- 
ally digging burrows in mud or silt (Caldwell and Dingle 
1975; Dingle and Caldwell 1978; Matsuura and Hamano 
1984). Depending on the species, the depth of water 
above the burrows ranges from intertidal to several 
meters, and because of the muddy substrate, this overly- 
ing water is usually murky and turbid. Cloridopsis dubia 
occurs intertidally to subtidally in turbid water (Manning 
1969), and Squilla empusa digs its burrows at depths 
greater than 1 m, also in turbid water (Myers 1979). 
There is some evidence that species of Squilla are active 
primarily at night (Froglia and Giannini 1989; Cronin 
1992), and the optical design of their eyes is consistent 
with a low-light environment (Cronin 1986). It is 
therefore a reasonable hypothesis that these animals 
commonly use their eyes in a dimly-lit, low-contrast 
world; under such circumstances, they can maximize 
photon catch by using appropriate optics to feed light 
into long, spectrally monomorphic photoreceptors. The 
same circumstances could explain the observation that 
some squilloids apparently have abandoned or greatly 
reduced the rhabdomere of the 8th retinular cell 
(Sch6nenberger 1977; Marshall et al. 1991 a). If this is in 
fact an ultraviolet photoreceptor class, it would be of 
little use in a squilloid world. One paradoxical feature of 
squilloid biology is the observation that although most 
species are relatively drab and monomorphic in colora- 
tion, some are very colorful. One common name for 
C. dubia is the "rainbow mantis", reflecting its lovely 
blues, green-yellows, and reds. It is difficult to under- 
stand why an animal that lives in a mud burrow in cloudy 
water and that has a monochromatic retina would 
choose to be so colorful. 

Lysiosquilloids also dig burrows, but they select hard, 
sandy, frequently intertidal substrates (Manning 1969; 
Caldwell and Dingle 1975; Dingle et al. 1977). In 
Moorea, French Polynesia, we collected Lysiosquilla sul- 
cata for this work from burrows in white sand, in water 
2 to 5 m deep. Coronis seolopendra was collected from 
intertidal sand flats in eastern Florida. Such shallow 
locations, combined with the relatively clear water that 
overlies hard sand, provide lysiosquilloids with a bright, 
broad-spectrum photic environment during the day. On 
the other hand, the same environment tends to be rela- 
tively colorless and featureless, resembling a white or 
gray plain with a bright whitish canopy when viewed 
from the burrow entrance. Species of Lysiosquilla itself 
tend to be about as colorless as the squilloids, but they 
are often marked with strongly contrasting bands. Many 
lysiosquilloids (including C. scolopendra) are polymor- 
phically colored as well (Manning 1969; Manning and 
Reaka 1989). Frequently, lysiosquilloids are sit-and-wait 
predators, hunting from the burrow entrance. We can 
reasonably hypothesize that their polychromatic vision 
is useful in a bright, broad-spectrum world for finding 
prey, avoiding predators, and facilitating intraspecific 
interactions. On the other hand, lysiosquilloids common- 
ly hunt at night at well; this implies that while vision may 
be useful for predation, it is clearly not essential. 
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Of  modern stomatopods, members of  the Gonodacty-  
loidea are without doubt  the most spectacular in body 
coloration, complexity of  behavior and habitat, and reti- 
nal specialization. Most gonodactyloids live in such hard 
substrates as coral, rubble, or calcareous algae, at shal- 
low depths in very clear water (Caldwell and Dingle 
1975; Reaka and Manning 1987), though some in- 
dividual species inhabit a diversity of  habitats extending 
to beyond 100 m in depth. Pseudosquilla ciliata tends to 
build or occupy burrows under hard objects on sandy 
bottoms, while Gonadactylus oerstedii inhabits holes in 
coral or coralline algae. Because the water is clear and the 
substrate is rough, the visual world of  a typical gono- 
dactyloid s tomatopod is a 3-dimensional, fine-grained 
pattern of  color, texture, and detail. Many species are 
marked with bright and complicated color patterns. Both 
P. ciliata and G. oerstedii are noted for their color poly- 
morphism (Dingle 1964; Dingle et al. 1977). There is 
little doubt  that gonodactyloids could make good use of  
a polychromatic visual system. The problem before us 
now is to determine which of  the range of  possibilities is 
the most critical determinant of  their retinal function. 

Differences among groups of  modern mantis shrimps 
are sufficiently large that considerations of  ocular evolu- 
tion are, perforce, speculative. We propose that the 
squilloid type of  eye could have been derived from any 
crustacean apposition eye simply by folding the ommati- 
dial array to produce parallel optical axes in separated 
ommatidia. This would have been particularly straight- 
forward in a tall eye, characteristic of  crustacean in- 
habitants of  fiat terrain (Zeil et al. 1986) and of  many 
modern s tomatopod species. As this folding duplicated 
vision at the ends of  the eye, the simple geometry of  the 
system would produce ommatidia near the eye's equator 
also aimed perpendicular to the eye's vertical axis; these 
could have become the ancestors of  the midband. The tall 
eyes of  squilloids, with 2-rowed, unspecialized midbands, 
may still resemble this early s tomatopod eye, although 
the presence of  even a simple midband in these animals 
implies some unknown, special function. 

The ommatidia of  the midband would not  be required 
for "monocular  stereopsis" ; in fact, their involvement in 
depth ranging should be undesirable since they would 
reduce the baseline. In a sense, then, their role in vision 
became unconstrained, leaving them as raw material for 
evolution. While it is doubtful we could ever reconstruct 
the evolutionary path that was taken, the primary event 
was probably the tiering of  photoreceptors,  as we see 
today in Rows 1 through 4. Tiering in itself produces 
spectral filtering, even with a single visual pigment; the 
addition of  photostable filters and the multiplication of  
photopigment classes would tend increasingly to tune up 
spectral analysis in ommatidia of  this part  of  the mid- 
band. Rows 5 and 6 could simultaneously have enhanced 
adaptations for analysis of  polarized light (see Marshall 
et al. 1991 a). The product  was an eye that was typically 
crustacean in the hemispheres (except for the visual over- 
lap), but strongly specialized to detect chromatic and 
polarization contrast  in the midband. As we have in- 
dicated before, the color vision functions of  Rows 1 to 
4 seem to "borrow" for color vision the circuitry that 

other crustaceans use for polarization vision (Cronin and 
Marshall 1989b; Marshall et al. 1991b). 

The great similarities between lysiosquilloid and 
gonodactyloid retinas, which extend even to the par- 
ticular classes of  visual pigments residing in regions of  
the retina (Table 2), suggest that their eyes share a 
common ancestry. The gonodactyloids apparently added 
some bells and whistles to the ancestral eye by multiply- 
ing and diversifying filter classes (Marshall et al. 1991a, 
b). Some of  this specialization, which exists even at the 
species level in some genera, could relate to the particular 
needs of  species. But considering the possibilities, evolu- 
tion from the ancestral type appears to have been ex- 
tremely conservative. Probably, it is best to view lysio- 
squilloid and gonodactyloid retinas as high-quality de- 
signs with generalized functions, on which there has been 
little selection pressure to advance. 

This conception of  s tomatopod vision leaves us with 
numerous inconsistencies and paradoxes. Why are some 
squilloids colorful? Why do lysiosquilloids with funda- 
mentally similar retinas vary among species in body col- 
oration, including both black-and-white and colored 
types? Why do some species of  gonodactyloids exclusive- 
ly occupy habitats deeper than 50 m, where light is 
dimmer and spectrally narrowed, and yet retain 
polychromatic retinas with their greatly reduced sensitiv- 
ity? These puzzles must be solved before we can be 
confident that we truly understand the role that vision 
plays in s tomatopod lives. 
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