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Summary. 1. We examined the compound eyes of 2 spe- 
cies of gonodactyloid stomatopods, Gonodactylus oerste- 
dii and Pseudosquilla ciliata, using end-on microspectro- 
photometry of frozen sections of dark-adapted retinas. 

2. The cornea and crystalline cones of both species 
were virtually transparent from 350 to 700 nm. Primary 
screening pigment granules in the retinular cells had the 
broad absorption spectra typical of ommochromes. Col- 
ored vesicles, of unknown function, also were found in 
the cytoplasm of the retinular cells. The intrarhabdomal 
filters appeared to act as long-pass spectral filters, and 
had maximum optical densities in situ of 0.94 to 11.1. 

3. A variety of visual pigments were found in both 
species, each in a specific retinal region. Their maximum 
absorption peaked at wavelengths from 400 nm to well 
beyond 530 nm. 

4. Spectral sensitivity functions of all retinal regions 
were estimated. In both species, each of the 4 most dorsal 
ommatidial rows of the central band had a pair of nar- 
row spectral sensitivitity curves, usually separated by 50 
to 75 nm. These 4 pairs covered the spectrum from below 
400 to beyond 650 nm. The other 2 rows of the central 
band had identical, broad sensitivity functions. Spectral 
sensitivities of all peripheral ommatidia in each species 
were identical, but different from any region of the cen- 
tral band. 

5. These stomatopod species have retained the typical 
crustacean layered rhabdoms in the peripheral retina and 
the 2 most ventral rows of the central band, but have 
converted the photoreceptors of the 4 dorsal rows of 
the central band into as many as 8 narrowly tuned spec- 
tral classes. This design could serve a high-quality hue 
discrimination system. 
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I n t r o d u c t i o n  

The stomatopod crustaceans, or mantis shrimps, include 
4 superfamilies. Of these, mantis shrimps of the superfa- 

mily Gonodactyloidea are abundant inhabitants of shal- 
low, clear, tropical waters. They are noteworthy for their 
predatory strike, used to stun or destroy prey, and for 
their complex communication behavior (Caldwell and 
Dingle 1975). Their activity is largely diurnal (Dom- 
inguez and Reaka 1988), when their habitat is well lit 
with a broad spectrum of incident light. Gonodactyloids 
are brightly colored; single species are frequently poly- 
morphic in their coloration but also maintain color con- 
stancy in the markings most important for intraspecific 
communication (Dingle 1964; Caldwell and Dingle 
1975). Vision clearly plays a major role in their biology, 
and color appears to be very important to them. 

The eyes of gonodactyloids are remarkable, having 
triply overlapping visual fields in some directions of view 
(Demoll 1909; Horridge 1978). One function of this tri- 
ple overlap appears to provide the ability to measure 
depth by a form of 'monocular stereopsis', using the 
dorsal and ventral halves of the eye to triangulate a 
viewed object (Exner 1891; Cronin 1986; Schiff and 
Candone 1986). In the gonodactyloids, however, the cen- 
tral ommatidial band which separates these halves of 
the retina is very prominent and has large, unusual om- 
matidia. Marshall (1988) recently demonstrated that 
these ommatidia vary among the 6 rows making up the 
central band (see Fig. 1). The 2 most ventral ommatidial 
rows seem to be specialized for polarization analysis, 
but another 2 rows contain photostable filters within 
the rhabdoms, one above another in each row separated 
by a tier of photoreceptive microvilli. This organization, 
causing the various photoreceptor regions to be exposed 
to light of different spectral content, could clearly be 
the basis of a unique color vision system. 

The presence of the filters would produce photore- 
ceptors with several spectral sensitivity functions even 
if all of them contained the same visual pigment (Mar- 
shall 1988; Hardie 1988). In their main rhabdoms, 
formed from 7 retinular cells, other crustaceans appar- 
ently do have only a single visual pigment throughout 
the retina (Cronin and Forward 1988). The nocturnal 
squilloid species of stomatopod, Squilla empusa, itself 
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has  o n e  v i sua l  p i g m e n t  ( C r o n i n  1985) p r o d u c i n g  a s ingle  
spec t ra l  sens i t iv i ty  m a x i m u m  ( T r e v i n o  a n d  L a r i m e r  
1969). U s i n g  a s imi la r  v i sua l  p i g m e n t ,  a b s o r b i n g  m a x i -  
m a l l y  n e a r  505 n m ,  c o m b i n e d  w i t h  the  i n t r a r h a b d o m a l  
f i l ters ,  t he  g o n o d a c t y l o i d s  c o u l d  in p r inc ip l e  c o n s t r u c t  
a p o l y c h r o m a t i c  v i sua l  sys tem.  

We  t h e r e f o r e  set o u t  to  i den t i fy  t he  spec t ra l  sensi t iv i -  
t ies o f  the  v a r i o u s  types  o f  p h o t o r e c e p t o r s  in the  r e t inas  
o f  2 r e p r e s e n t a t i v e  species  o f  g o n o d a c t y l o i d  s t o m a t o -  
pods ,  Gonodactylus oerstedii a n d  Pseudosquilla ciliata. 
U s i n g  m i c r o s p e c t r o p h o t o m e t r y ,  we  d e t e r m i n e d  the  spec-  
t ra l  a b s o r p t i o n  o f  the  d i o p t r i c  a p p a r a t u s ,  o f  severa l  t ypes  
o f  p h o t o s t a b l e  p i g m e n t s  w i t h i n  the  r e c e p t o r  cells, a n d  
o f  the  i n t r a r h a b d o m a l  f i l ters.  W e  a lso  c h a r a c t e r i z e d  the  
v i sua l  p i g m e n t  p r e s e n t  in e a c h  class o f  r h a b d o m .  We  
f o u n d  t h a t  the  r e t inas  o f  each  o f  these  species  u n e x p e c t -  
ed ly  c o n t a i n  n o t  one ,  b u t  m u l t i p l e  v i sua l  p i g m e n t s  (see 
a lso  C r o n i n  a n d  M a r s h a l l  1989). T o g e t h e r  w i t h  the  
fi l ters,  these  p r o d u c e  a t  leas t  10 spec t ra l  c lasses  o f  p h o t o -  
r ecep to r s .  

Materials and methods 

Animals and experimental preparation. Two species of gonodacty- 
loid stomatopods were examined: Gonodactylus oerstedii and Pseu- 
dosquilla ciliata. Both were obtained from collectors in Florida 
and were used within 6 weeks of their arrival at the laboratory. 
Animals were maintained in marine aquaria, given small artificial 
burrows, and fed frozen shrimp meat. Under these conditions, sto- 
matopods remain healthy and vigorous for months. 

Individuals were dark adapted at least overnight, and common- 
ly for several days, before their eyes were removed. The removal 
of the eyes and all subsequent work was carried out in dim red 
light. In early preparations, the excised eyes were fixed overnight 
at 4 ~ in 0.5% glutaraldehyde in phosphate buffer (pH 7.4). The 
fixed eyes were subsequently cryoprotected by being immersed in 
a solution of  30% sucrose in the same buffer for several hours. 
Later preparations, however (including most of the results reported 
here), were made by quick-freezing extirpated eyes using fluorocar- 
bon (Freon) spray and using them immediately. Results obtained 
from these quick-frozen preparations were similar to those of the 
fixed and cryoprotected eyes, but generally had higher densities 
of the visual pigments. 

The cryoprotected or quick-frozen eyes were mounted in a 
cryostat maintained at - 3 0  ~ for sectioning. Whole eyes were 
used, being mounted so that sections were taken perpendicular 
to the photoreceptor axes of ommatidia of the central band. Sec- 
tions were cut at a thickness of 8 Ixm. For microspectrophotometry, 
the sections were mounted in a drop of buffer surrounded by a 
ring of silicone grease and sealed between 2 coverslips. Some sec- 
tions were used for measurements of the dimensions of components 
of the compound eye, particularly for lengths of rhabdoms, rhabdo- 
mal tiers, and intrarhabdomal filters (Table 1). 

Microspectrophotometry. A single-beam instrument controlled by 
a microcomputer was used. Its operation has been described pre- 
viously (Cronin 1985; Cronin and Forward 1988). In this work, 
a linearly polarized, circular scanning spot was used; its diameter 
could be varied from 1.5 Ixm to 5.0 lam, depending on the nature 
of the material being scanned; the various rhabdoms and filters 
ranged in diameter from about 3 ~tm to I0 Ixm. Scans were made 
from either 350 nm or 400 nm to 700 nm, with measurements taken 
at 1-nm intervals. First, a reference scan was taken in a clear region 
of the preparation. The beam was then placed in the sample region 
to be scanned; care was taken that the scan passed through little 
or no obstructing pigment or other material. 

If  the material to be scanned was photostable (cornea, crystal- 
line cone, pigment granules, or intrarhabdomal filters), the absorp- 
tion spectrum was obtained directly. The material was viewed, and 
the scanning beam was placed within it, in transmitted white light. 
Some classes of filters had peak absorbances too great for accurate 
measurement (O.D.>2.5). In these cases, scans were taken both 
of filters occupying the entire 8-1xm path of the section and of 
filters sectioned only partially and thus presenting lesser densities. 
By scaling the scans of the thinner filters to overlie the measurable 
regions of those occupying the entire thickness of the section, the 
correct axial densities of the filters could be obtained. 

Except for the fact that spectral measurements were taken ax- 
ially in sections of whole retinas, instead of across the axes of 
isolated rhabdoms, the procedure for obtaining absorption spectra 
of the visual pigments was as described previously (Cronin 1985; 
Cronin and Forward 1988). Rhabdoms to be scanned were selected 
and positioned under dim red illumination (Corning CS 2~51 filter, 
50% transmission at 619 nm). Each scanned rhabdom or rhabdo- 
mal tier was identified by its location in the retina, by its position 
in the section relative to any sectioned filters, and by the numbers 
of retinular cells contributing to the rhabdom at the scanned level 
(see also Marshall 1988). Two initial scans were made of dark- 
adapted material. If  these had identical shape, revealing a photo- 
chemically and mechanically stable preparation, the second scan 
was stored as the absorption spectrum of the dark-adapted rhab- 
dom. The rhabdom was then exposed to bright white light (passed 
through a Schott KG-3 heat-absorbing filter) for 2 to 5 min, using 
the substage illuminator of the photometric microscope, to photo- 
bleach the visual pigment. Crustacean visual pigments are known 
to have thermally stable metarhodopsin forms, but bright white 
light treatment rapidly bleaches the metarhodopsin (Goldsmith 
1978 a; Cronin 1985; Cronin and Forward 1988; Cronin and Mar- 
shall 1989). A subsequent spectral scan was made, and the differ- 
ence between this spectrum and the initial one was taken to be 
the absorption spectrum of the visual pigment. Frequently, the 
spectrum taken after photobleaching did not lie near the original 
spectrum at long wavelengths (>  650 nm). Such shifts were general- 
ly caused by movement of the preparation during the photobleach- 
ing exposure, and these scan pairs were rejected. In the case of 
G. oerstedii, which had rhabdoms of particularly narrow dimen- 
sions, many scans were unusable. As a result of this, and the fact 
that only a few of the narrow photoreceptors offered clear paths 
for the entire thickness of the section, fewer rhabdoms of each 
class were successfully analyzed in this species than in P. ciliata 
(see Table 2). 

Mathematical analysis. To identify the visual pigment present in 
each rhabdomal class of each species, the data were fit to rhodopsin 
template functions derived by G.D. Bernard using data from verte- 
brate retinall-based cone visual pigments (Bernard 1987). We chose 
this template because all visual pigments thus far identified in mar- 
ine Crustacea possess a retinal1 chromophore (Cronin and Forward 
1988). The template is an 8th-order polynomial expression which 
is normalized in both the frequency and absorbance dimensions 
(see Mansfield 1985; MacNichol 1986; Bernard 1987). This double- 
normalization procedure produces templates closely resembling the 
absorbance spectra of crustacean visual pigments (Lipetz and 
Cronin 1988). 

A least-squares procedure, similar to that used by Cronin and 
Forward (1988), was used to fit template spectra both to individual 
difference spectra from single rhabdoms, and to averaged difference 
spectra from all rhabdoms of a given class. First, the difference 
spectrum to be fit had any net baseline shift stripped by setting 
the average absorption from 651 to 700 nm equal to 0. The stripped 
spectrum was compared with template spectra having maxima at 
1-nm intervals from 400 to 600 nm. At each test wavelength, the 
difference spectrum was normalized by setting its average value, 
from 2 nm below to 2 nm above the test wavelength, equal to 
1 (when 400 and 401 nm were being tested, the average included 
0 or 1 points below the test peak, respectively). Then, the sum 
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of squares of deviations between the template spectrum and the 
data was computed for wavelengths from the peak to 75 nm above 
it. The test wavelength producing the minimum sum of squares 
was taken as the best fit. We matched the data to the long-wave- 
length limb of the template because in some crustacean species, 
visual pigment spectra derived from photobleaches depart from 
template spectra on their short-wavelength regions, apparently be- 
cause of the presence of stable photoproducts (Cronin and Forward 
1988; Lipetz and Cronin 1988). 

The results of the best-fit analyses of individual photobleaches 
were appropriate for statistical treatment. The number of statisti- 
cally identifiable classes of visual pigments was determined using 
the Student-Newman-Keuls test (Sokal and Rohlf 1969). 

Computations were also made of the spectral sensitivities of 
the various classes of rhabdoms, taking into account the absorption 
spectra of the intrarhabdomal filters, the absorption spectra of 
the visual pigments, the axial density of the visual pigment in the 
rhabdom, and the length of the rhabdom. The specific procedures 
used for these analyses are described in the Results section. 

2 3 4 .6 

Results 

The purpose of  this project was to determine the spectral 
sensitivities of  each of  the photoreceptor classes existing 
in the eyes of  representative species of  gonodactyloid 
stomatopod crustaceans, Gonodactylus oerstedii and 
Pseudosquilla ciliata. To do this, we had to learn the 
spectral absorption properties of  all optical elements in 
each eye (Fig. 1). These include (1) the dioptric appara- 
tus (cornea and crystalline cone), (2) the screening pig- 
ments and/or lateral filters surrounding the rhabdoms, 
(3) the 2 intrarhabdomal filters present in each of  rows 
2 and 3 of  the central band of  ommatidia, and (4) the 
visual pigments in each retinal region and tier. The re- 
suits will be presented for each of  these elements in turn. 

Dioptric apparatus: cornea and crystalline cone 

Absorption spectra were obtained from isolated whole 
corneas and 8-gm sections of  crystalline cones of  each 
species. Measurements were taken from 350 to 750 nm, 
and the results were similar for both species (Fig. 2). 
Absorption of  light by the cornea increased smoothly 
with decreasing wavelength below 450 nm, but even at 
the shortest wavelengths measured absorption remained 
below 0.06 density units. Absorbance in 8-gm sections 
of  the crystalline cones was generally less than 0.01 units 
throughout the scan. The corneas and cones of  both 
species may therefore be considered transparent; for 
wavelengths beyond 350 nm, their presence has little 
practical effect on the spectral distribution of  light enter- 
ing the retina. 

Screening pigments 

Many types of  colored, photostable pigments occur in 
crustacean eyes, including those of  stomatopods (Stowe 
1980; Sch6nenberger 1977). We observed a variety of  
reflecting pigments as well as primary and secondary 
screening pigments in the ommatidia of  both species. 
In particular, the rhabdoms were surrounded by a cy- 
lindrical curtain of  dark, ommochrome-containing gran- 

o,,,~ ~ KI45 U K8 U (~ornea 

[]R2367[] RI-7 �9 Nuclei 

Fig. 1. Diagram of the retina and dioptric apparatus of Gonodacty- 
lus chiragra, a typical gonodactyloid stomatopod, showing the cor- 
nea, crystalline cones, regions of secondary pigment, rhabdoms 
and rhabdomal tiers, and intrarhabdomal filters. Retinular cells 
are numbered as in Waterman (1981). Crystalline cones are the 
clear, paraboloid structures between the cornea and RS. Nuclei, 
indicated by circles, are those of the retinular cells. Scale bar (at 
bottom): 100 gm. Relative proportions of this retina are approxi- 
mately correct for G. oerstedii and Pseudosquilla ciliata as well; 
see Table 1 for dimensions of rhabdom tiers, and filters in these 
species. Abbreviations: | ~ ,  rows of the central band; DH, dorsal 
hemisphere of peripheral retina; VH, ventral hemisphere of periph- 
eral retina; RP, reflecting pigment; DP, distal screening pigment; 
BM, basement membrane; F1, distal intrarhabdomal filter; F2, 
proximal intrarhabdomal filter; R145, 3-part rhabdom produced 
by the 1st, 4th, and 5th retinular cells; R2367; 4-part rhabdom 
produced by the 2nd, 3rd, 6th, and 7th retinular cells; R8, rhabdom 
of the 8th retinular cell; R1-7, 7-part rhabdom produced by the 
retinular cells number 1 through number 7 

ules; some retinular cells also contained colored vesicles. 
The apparent colors of  the granules in our study species 
varied from neutral gray to golden-brown, depending 
on the retinal region. Spectral scans of  small patches 
of  granules revealed broad peaks of  absorption near 425 
and 525 nm, with a smoothly falling absorption beyond 
the second peak (Fig. 3, top 2 panels). In different retinal 
regions, the relative size of  each peak varied, but the 
general classes of  ommochromes were the same for both 
gonodactyloids. In P. ciliata, groups of  reddish vesicles 
were seen in some retinular cells of  row 3 of  the central 
band (Fig. 3, bot tom panel). These had absorption spec- 
tra much like those of  the intrarhabdomal filters of that 
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Fig. 2. Average absorption spectra of dioptric apparatus of eyes 
of Gonodactylus oerstedii (top panel) and Pseudosquilla ciliata (bot- 
tom panel). In each panel, the solid line represents average longitu- 
dinal absorbance of the entire cornea and the dotted line the longi- 
tudinal absorbance of an 8-1xm section of the crystalline cone. Ten 
scans were included in each average curve except that for G. oerste- 
dii cones, which was averaged from 3 scans 
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Fig. 3. Absorption spectra of colored granules and vesicles in the 
cytoplasm of retinular cells. Each plotted curve is a single scan. 
The top 2 panels show representative spectra from small groups 
of ommochrome granules. Top panel, Gonodactylus oerstedii: solid 
curve, central band row 3; dotted curve, central band row 5; 
dashed curve, peripheral retina. Middle panel, Pseudosquilla ciliata: 
solid curve, central band row 1; dotted curve, central band row 
2; dashed curve, peripheral retina. Bottom panel includes a scan 
of reddish vesicles in row 3 of the central band of P. ciliata 

row (Fig. 4). The ommochromes  and vesicles do not lie 
in the optical path,  and are normally separated f r o m  
the rhabdomeric microvilli by the per i rhabdomal  pali- 
sade. Their presence optically isolates each rhabdom, 
but presumably alters the spectrum of  light travelling 
down it very little. 

Intrarhabdomal f i l ters  

As described by Marshall (1988), gonodactyloid stoma- 
topods have two sections of  the rhabdomeric microvilli 
of  central band rows 2 and 3 replaced with vesicles con- 
taining colored pigments (Fig. 1). In each row, the distal 
filter (between the rhabdomere of  the 8th retinular cell 
and the main rhabdom) is designated as F1, and the 
proximal filter (between the 2 main rhabdomal  tiers), 
F2. Approximate  axial lengths of  the filters, measured 
in frozen sections of  the retina of  one individual each 
of  G. oerstedii and P. ciliata, are given in Table 1. 

Normalized absorption spectra of  these filter pig- 

ments are plotted in Fig. 4. Although the spectral shapes 
appear  to be distorted by contaminat ion and some scat- 
tering at short wavelengths, the row 2 spectra have a 
main peak with shoulders on either side, generally resem- 
bling the absorption spectra of  carotenoid pigments. The 
distal filter pigment of  row 2 appeared yellow, and the 
proximal filter orange, in both  species. The spectra of  
row 3 are broader  and have no fine structure. To the 
human  eye, both these filters looked red in P. ciliata, 
while in G. oerstedii the distal filter appeared pink and 
the proximal filter, blue. All the filters become increas- 
ingly transparent  at longer wavelengths, and in every 
case the distal filter becomes transparent  at a shorter 
wavelength than the proximal  filter (this effect is least 
apparent  in Row 3 of  P. ciliata). The filters appear  to 
work in pairs such that the distal filter removes short 
wavelengths f rom light entering the distal rhabdomal  
tier, and the proximal filter trims short wavelengths in 
the remaining spectrum still further before it enters the 
proximal rhabdom. 
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Fig. 4. Average absorption spectra of 
intrarhabdomal  filters in rows 2 and 3 of the 
central bands of Gonodactylus oerstedii (top 2 
panels) and Pseudosquilla eiliata (bottom 2 
panels). Each curve normalized to its peak, 
with the average peak absorbance indicated 
in the upper right corner of the panel. 
Abbreviations: F1, distal filter; F2, proximal 
filter. Numbers of curves included in each 
average were, for G. oerstedii: Row 2 F1, 2; 
Row 2 F2, 6; Row 3 F1, 6; Row 3 F2, 6. 
For P. ciliata, numbers were: Row 2 F1, 3; 
Row 2 F2, 3; Row 3 F1, 2; Row 3 F2, 5 

Table 1. Approximate lengths of rhabdoms, tiers, and filters in 
retinas of Gonodactylus oerstedii (body length 5 cm) and Pseudo- 
squilla ciliata (body length 8 cm). For locations of retinal regions, 
refer to Fig. 1. All lengths in p.m 

Retinal Region Gonodactylus Pseudosquilla 
oerstedii ciliata 

Peripheral Retina 260 350 

Rows of the Central Band: 

Row 1, Distal Tier 150 200 
Row 1, Proximal Tier 150 200 

Row 2, Distal Filter (F1) 15 12 
Row 2, Distal Tier 120 150 
Row 2, Proximal Filter (F2) 22 15 
Row 2, Proximal Tier 135 175 

Row 3, Distal Filter (F1) 15 12 
Row 3, Distal Tier 135 175 
Row 3, Proximal Filter (F2) 17 20 
Row 3, Proximal Tier 120 150 

Row 4, Distal Tier 150 200 
Row 4, Proximal Tier 150 200 

Rows 5 and 6 285 400 

The filters strongly modify the spectrum of light tra- 
velling down the rhabdom. In spite of  the fact that they 
are no longer than 22 ~tm, their maximum optical densi- 
ties range from near 1.0 to over 10 (Fig. 4). At the high- 
est densities, the semitransparent short-wavelength tails 
of  the filters become essentially opaque, producing pure 
long-pass filters. 

Visual pigments 

Retinas of  gonodactyloid stomatopods include at least 
18 classes of  photoreceptors (Fig. 1 ; Cronin and Mar- 

shall 1989). Seven of  these are the rhabdomeres of  the 
8th retinular cells (R8) of  central band rows 1 through 
6 and peripheral ommatidia. R8 rhabdomeres absorbed 
little light, and revealed no evidence of  photobleaching, 
in the spectral range of 400 to 700 nm. We therefore 
concentrated on the rhabdoms or rhabdomal tiers below 
the level of  R8. These 11 classes in the main rhabdom 
(retinular cells R1-R7)  are the 2 tiers in each central 
band row 1 through 4, plus the untiered rhabdoms of  
rows 5 and 6 and the peripheral retina (Marshall 1988). 
In the frozen sections, we were able to identify each 
of these regions or tiers by its location in the retina 
and by the number of  retinular cells contributing to it 
at the level of the section (see also Marshall 1988). 

Averaged results for G. oerstedii are given in Fig. 5 
and the statistical analyses of  individual scans are in 
Table 2. Corresponding results for P. ciliata are in Fig. 6 
and Table 2. There was no indication of  variation among 
individuals nor between sexes, so data from all individ- 
uals of  each species were treated equally. 

Instead of  finding an identical visual pigment in all 
rhabdomal regions, as we expected, virtually every class 
of  rhabdom and tier contained a visual pigment with 
a different 2ma X. With a few exceptions, described below, 
all of  the difference spectra for photobleaching were very 
well described by the template rhodopsin spectrum. We 
therefore conclude that the retinas contain a variety of  
visual pigments, that each retinal region contains a single 
class of  visual pigment, and that the photobleaching pro- 
cedure generally produces little or no photoproduct  with 
an absorption spectrum overlapping that of  the dark 
form of  the visual pigment. 

The overall pattern of the distribution of  the visual 
pigments was quite similar in the 2 species (Table 2, 
Figs. 5 and 6). In the tiered rhabdoms of  the central 
band, in rows 1 through 4, the distal tier always con- 
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tained a visual pigment absorbing at shorter wavelengths 
than that of  the proximal tier. In most  cases, the maxima 
of  the 2 visual pigments of  a single row differed by about  
25 nm. As with the in t rarhabdomal  filters, this arrange- 
ment permits the distal retinal regions to act as longpass 
filters for the proximal regions, but in this case the filters 
are the visual pigments themselves. In both  species, the 
visual pigments of  row 1 had maxima near 400 and 
430 nm, while those of  row 2 peaked near 500 and 
520 nm, and of  row 4 near 425 and 455 nm. Visual pig- 
ments in row 3 varied more between the species, but 
operated at the longest wavelengths, peaking between 
520 and 550 nm. Difference spectra in the 3rd row of  
the central band least resembled the template spectra, 
and in several cases these spectra had a pr imary maxi- 
mum between 400 and 411 nm. These exceptional spec- 
tra were not included in the overall averages (Table 2), 
but were averaged into the curves of  Figs. 5 and 6. Un- 

Table 2. Visual pigments of gonodactyloid stomatopod crustaceans. 
Results, summary and statistics, s.d. : standard deviation 

Species Retinal Region Number of 2m, ~ of 
Rhabdoms Rhodopsin 
(Animals) ( + s.d.) 
Sampled 

Gonodactylus 
oerstedii 

Pseudosquilla 
ciliata 

Row 1 Distal 4 (2) 401.25 (___0.96) 
Row 1 Proximal 4 (2) 421.5 (-I- 19.4) 
Row 2 Distal 4 (3) 503.0 (+4.32) 
Row 2 Proximal 6 (3) 521.5 (-I-8.76) 
Row 3 Distal 4 (2)* 524.75 (+2.99) 
Row 3 Proximal 5 (4) 551.0 (__+ 13.9) 
Row 4 Distal 3 (3) 424.33 (+25.1) 
Row 4 Proximal 4 (2) 459.0 (__+ 2.83) 
Row 5 4 (3) 488.0 (-t-8.37) 
Row 6 3 (2) 489.0 (+28.9) 
Peripheral Retina 4 (2) 528.25 (-t- 34.3) 

Row 1 Distal 12 (4) 403.17 (+6.46) 
Row 1 Proximal 9 (5) 432.56 ( _  19.8) 
Row 2 Distal 9 (5) 498.33 (+7.31) 
Row 2 Proximal 8 (4) 510.25 (-I- 13.4) 
Row 3 Distal 4 (3) § 529.0 (-I- 10.0) 
Row 3 Proximal 8 (5)* 539.63 (+5.50) 
Row 4 Distal 11 (5) 419.27 (___ 10.3) 
Row 4 Proximal 9 (5) 455.33 (-t- 18.6) 
Row 5 7 (4) 502.29 (-I- 13.7) 
Row 6 11 (7) 506.73 (___8.21) 
Peripheral Retina 11 (6) 498.09 (___ 10.9) 

* 1 additional rhabdom excluded from analysis (2.,ax = 401 nm) 
+ 2 additional rhabdoms excluded from analysis (2,~ax = 404 and 
411 nm) 
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photobleaching of visual 
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of the retina below the level of 
the R8 rhabdomere. Otherwise 
as in Fig. 4 

like the other rows, where no evidence was found for 
the presence of more than a single, monomorphic visual 
pigment, in row 3 it remains possible either that different 
rhabdoms contain different visual pigments, or that a 
single rhabdom can contain more than 1 visual pigment. 
Row 3 rhabdoms were unusually difficult to work with, 
being both small in diameter ( ~  4 to 5 gm) and heavily 
swathed in dense pigment. 

In each species, the 2 most ventral rows of the central 
band, rows 5 and 6, appeared to contain the same visual 
pigment. In G. oerstedii, it peaked near 490 nm, while 
in P. ciliata, the maximum was near 510 nm. A single 
visual pigment existed throughout the main rhabdoms 
of the entire peripheral retina of each species, peaking 
near 528 nm in G. oerstedii and near 498 nm in P. ciliata. 
The species differences between the visual pigments of 
the peripheral retinas are distinctly larger than between 
any other comparable retinal regions (Table 2). 

The photobleaches also permitted an estimate of the 
axial densities of the visual pigments in the rhabdoms. 
Although polarized, the scanning beam should have 
been affected only slightly by the probable anisotropy 
of the rhabdomeric microvilli (Waterman et al. 1969), 
since the beam traversed numerous microvillar bands 
in its path through the section. The magnitude of each 
photobleach is therefore a minimum estimate of visual 
pigment density. 

In the averaged difference spectra, the photobleach 
magnitude was estimated from the height of the best-fit 

template curve at its peak. Densities of visual pigment 
per gm, computed from the averaged photobleaches, are 
given in Figs. 5 and 6. Although these values varied, 
there was no particular pattern to the variation, and 
most densities were near 0.003 to 0.005 gm- 1. Maximum 
photobleaches observed in individual rhabdoms were 
somewhat larger, being near 0.008 gm-1 in all retinal 
regions, corresponding to absorption of 1.8% of axial 
light per gm. We assumed that the native density of 
the visual pigment is near this maximum value, and used 
it in the calculations of total rhabdomal absorbance de- 
scribed below. 

In a few cases, the averaged and stripped photo- 
bleach difference spectra included a negative region at 
medium wavelengths. This is best seen in the distal tiers 
of row 4 of G. oerstedii and rows 1 and 4 of P. ciliata. 
We think this is due to the conversion of some of the 
visual pigment initially present to a metapigment, ab- 
sorbing at longer wavelengths, which was not fully re- 
moved during the photobleaching exposure. Short-wave- 
length visual pigments of invertebrates commonly pro- 
duce metapigments absorbing at somewhat longer wave- 
lengths (Stavenga and Schwemer 1984). 

Visual pigments in the proximal tiers of row 1 of 
both species had best fits to the template near 400 nm, 
at the short-wavelength limit of the spectral scan. There- 
fore, their true peaks may lie slightly below 400 nm. 
If so, the difference would not exceed a few nm, since 
the averaged curves have a slope near 0 at 400 nm, and 
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Table 3. Results of Student-Newman-Keuls multiple range analysis of the data of Table 2. Data from all retinal regions of each species 
are ranked in ascending order of 2 . . . .  rounded to the nearest nm. Values not significantly different from each other (P>0.05) are 
underlined. Abbreviations: D, distal; P, proximal; Periph, Peripheral retina 

Gonodacty~s oerstedii 
Rank 1 2 3 4 5 6 7 8 9 10 ll 
2ma X 401 422 424 459 488 489 503 522 525 528 551 
Region Row tD Row 1P Row 4D Row 4P Row 5 Row 6 Row 2D Row 2P Row 3D Periph Row 3P 

Pseudosquillacd~ta 
Rank 1 2 3 4 5 6 7 8 9 10 11 
2ma x 403 419 433 455 498 498 502 507 510 529 540 
Region Row 1D Row 4D Row 1P Row 4P Pefiph Row 2D Row 5 Row 6 Row 2P Row 3D Row 3P 

the absorbance losses near 400 nm caused by photo- 
bleaching in this region were similar to those at the peaks 
of  the visual pigments in other parts of  the retina. 

The data were analyzed by the Student-Newman- 
Keuls multiple range test (Sokal and Rohlf  1969) to learn 
the minimum number of  statistically identifiable visual 
pigments present in each retina. In Table 3, regions con- 
taining visual pigments not differing significantly in 2ma X 
(P>0.05)  are connected by a common underline. In P. 
ciliata, 6 distinct classes are identifiable. The situation 
is less clear in G. oerstedii, since multiple non-overlap- 
ping classes occur; nevertheless, at least 4 types exist. 
There is considerable statistical uncertainty in the pho- 
tobleach data used in the test, caused by the small 
changes in absorbance and occasional interference from 
photolabile screening pigments. Individual photo- 
bleaches frequently produced particularly noisy spectra, 
causing additional scatter in the best-fit polynomials. 
It is probable that with additional data, several other 
distinct spectral classes would emerge. 

Spectral sensitivities 

Knowing the absorption spectra of  the intrarhabdomal 
filters and the visual pigments of  each part of  the retina 
(Figs. 4-6), plus the axial densities of visual pigment and 
the lengths of  each rhabdom and tier (Table 1), allowed 
us to model the spectral sensitivities of  all retinal regions. 
The computations assumed that the dioptric apparatus 
altered incoming light only negligibly beyond 400 nm, 
which is consistent with the absorption spectra of  Fig. 2, 
and that lateral filtering effects by the primary pigments 
(Fig. 3) could be ignored. It was also assumed that the 
photoreceptors contained little or no photoproduct ,  and 
that the R8 rhabdomeres overlying the main rhabdom 
had no absorbance above 400 nm (see Discussion). The 
modelling proceeded as follows. In the untiered rhab- 
doms (in central band rows 5 and 6 and the peripheral 
retina), at each wavelength, 4, sensitivity, S(2), was as- 
sumed to be proportional to the total absorptance, A (2), 
(fraction of  light absorbed) of  the visual pigment: 

S(2) oc A (4) = 1-10 a ~ ,  

where a(2) is the absorbance ( - l o g l o  [fraction of  light 
transmitted]) of  the visual pigment at 2. This was com- 
puted from the best-fit template spectrum, a unit absorb- 
ance of  0.008 ~tm- 1, and the length of  the rhabdom mea- 
sured in longitudinal cryosections (Table 1). In the tiered 
rhabdoms without filters (in central band rows 1 and 
4), the sensitivity of  the distal rhabdom was again pro- 
portional to the absorptance of  the visual pigment, com- 
puted as for the untiered rhabdoms: 

So(2)~AD(2). 

Light entering the proximal tier, however, was filtered 
by the visual pigment of  the distal tier. This light intensi- 
ty at each wavelength, Ip(2), is equal to: 

Ip (4) = Io (2). To (2), 

where To(2) is the transmittance (1 - absorptance) of  
the distal tier at each wavelength. We are concerned with 
relative sensitivity, so Io is set to 1 at all wavelengths; 
thus, Ip(2) is equal to To(k). Since the sensitivity of  the 
proximal tier was assumed to be proportional to the 
light absorbed by it, the correct sensitivity spectrum is: 

Sp(2) ocAp(2). Ip (2). 

Computation of  the spectral sensitivities in the tiered 
rhabdoms with intrarhabdomal filters (central band 
rows 2 and 3) is somewhat more complicated, since the 
filter and visual pigment at each level successively modi- 
fy the light travelling down the photoreceptor.  The spec- 
trum of  light traversing the distal filter (F1) and entering 
the distal rhabdom, ID(2), was obtained using the filter's 
measured absorbance spectrum and peak density 
(Fig. 4): 

I D (4) = 10-  a v, (,Z) 

The sensitivity of the distal tier was proportional to the 
product  of  this irradiance spectrum and the absorptance 
spectrum of  the distal visual pigment: 

SD(2) oclD(2)-AD(2), 

and the transmittance of  the entire tier was given by 
the product of  the transmittance spectra of  the distal 
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filter and distal visual pigment: 

To (2) = Iv (2). [ 1 -- A D (/].)]. 

The irradiance spectrum passing through the proximal 
filter and entering the proximal tier was the product 
of the irradiance spectrum entering the filter and the 
transmittance spectrum of the filter: 

Ip (2) = T D (2). Tv2 (2) = T D (2). 10-aF2 (x). 

Finally, the sensitivity spectrum of the proximal tier was 
proportional to the product of this last irradiance spec- 
trum and the absorptance spectrum of its visual pig- 
ment: 

sp(,~)~:Ip(~).Ap(~). 
All the computed sensitivity functions were normalized 
to their maxima and are plotted in Figs. 7 (G. oerstedii) 
and 8 (P. ciliata). In central band rows 1 through 4, 
each tier has a distinct, rather narrow spectral sensitivity. 
The maxima of the sensitivities of the 2 tiers are typically 
separated by about 40 nm, and the spectral sensitivities 
have steep slopes where they overlap. Each of the tiered 
rows operates in a particular spectral region, which is 
similar for both species. Row 1 is most sensitive between 
400 and 500 nm, row 2 between 500 and 600 nm, row 
3 between 550 and 650 nm, and row 4 between 400 and 
550 nm. Since the untiered rows have long, unfiltered 
rhabdoms, they possess the broad sensitivity spectra 
characteristic of photoreceptors with high absorbances. 

Discussion 

Absorption in dioptric elements 
of stomatopod compound eyes 

The eyes of gonodactyloid stomatopods are of apposi- 
tion design, so the dioptrics above the retina include 
only the cornea and crystalline cone. The cornea has 
a slightly increasing absorption with decreasing wave- 
lengths below about 400 nm, but even at 350 nm its total 
optical density remains well below 0.10 (Fig. 2). Absorp- 
tion by the crystalline cones is very low at all wave- 
lengths between 350 and 700 nm. Absorption by the cor- 
nea and crystalline cones has been measured in several 
other compound eyes, with similar results (Goldsmith 
and Fernfindez 1968; Carlson and Philipson 1972). The 
transparency of these ocular components does not affect 
to any significant degree the spectral composition of 
light passing through them. 

Photostable pigments in stomatopod eyes 

Two general classes of photostable pigments were exam- 
ined in this study, the pigments within the cytoplasm 
of retinular cells, including granules and colored vesicles, 
and the pigments of the intrarhabdomal filters. The pig- 
ment types most commonly encountered in the cyto- 
plasm were the ommochromes of pigment granules. Pre- 
sumably these granules are mobile, as they are in other 
crustaceans (Ludolph et al. 1973; Arikawa et al. 1987 a; 
see also Cronin 1989) and regulate light flux within the 

retina during light and dark adaptation. Their presence 
is unlikely to have much effect on the spectral content 
of light within the rhabdom, even when they are drawn 
up near it. As we observed (Fig. 3), ommochrome pig- 
ments invariably have broad, almost featureless spectra 
(Goldsmith 1978a; Stowe 1980), and the characteristic 
palisade surrounding crustacean rhabdoms (Shaw and 
Stowe 1982) prevents all but a few granules from abut- 
ting the rhabdom itself. Even if they were to trap a large 
fraction of light travelling down the photoreceptor, the 
effect of lateral filters in general is to prevent the spectral 
broadening that normally occurs in long photoreceptors 
(Snyder et al. 1973), not to shift the sensitivity maximum 
of the receptor. 

The colored vesicles do have steep changes in absorb- 
ance (Fig. 3), but their effect on rhabdomal absorbance 
is difficult to assess. They are unlikely to be mobile and 
probably remain outside the perirhabdomal palisade. 
Their purpose is apparently to act as a permanent lateral 
screen for the rhabdom, and they may also be a store 
for the pigment of the intrarhabdomal filters. We only 
noted such vesicles in the retinular cells of the 2nd and 
3rd ommatidial rows of the central band, together with 
particularly high densities of pigment granules. Photore- 
ceptors in these rows are filtered to longer wavelengths 
by the intrarhabdomal filters, giving them relatively low 
axial sensitivity, and thus they are susceptible to absorp- 
tion of stray light within the retina. This would corrode 
their sharp spectral tuning, and the dense barrier of pig- 
ments and vesicles shields these receptors from such 
noise. 

The intrarhabdomal filters are unique features of 
gonodactyloid stomatopod eyes. Schiff et al. (1986) first 
mentioned that some rhabdoms of these animals con- 
tained a reddish material, and Marshall (1988) demon- 
strated that at 2 levels in the rhabdoms of central band 
rows 2 and 3, optically dense, colored filters replaced 
what normally would have been regions of photorecep- 
tive microvilli. These filters have colors typical of carot- 
enoid pigments. Our results suggest that the filter pig- 
ments of row 2 are carotenoids, while the pigments of 
row 3 have broader, more poorly characterized spectra. 
These might be produced by mixtures of pigments, by 
esterification of carotenoids to astaxanthins, or by the 
formation ofchromoproteins (Goldsmith et al. 1984; Li- 
petz 1984). 

These filters clearly work together in pairs, with the 
distal member of each pair acting as a long-pass filter 
for the distal rhabdom and the proximal member operat- 
ing to trim further the spectral band crossing the distal 
retina. Filters of row 2 pass yellow (distal) and orange 
(proximal) light. Those of row 3 transmit red light; in 
G. oerstedii they separate near-red and far-red light, 
while in P. eiliata their transmission bands are much 
closer. 

Visual pigments of  gonodactyloid stomatopods 

The retinas of gonodactyloid stomatopods contain an 
astonishing variety of visual pigments, probably greater 
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than any other known case (Cronin and Marshall 1989). 
The diversity makes a clear contrast with the only stoma- 
topod retina previously examined, that of the squilloid 
species Squilla empusa. Main rhabdoms of that species 
contain a single photopigment, probably a rhodopsin, 
absorbing maximally at 507 nm (Cronin 1985). Gono- 
dactyloids, in contrast, have 5 or more visual pigment 
classes, peaking at wavelengths from 400 to 551 nm 
(Figs. 5 and 6, Tables 2 and 3 ; see also Cronin and Mar- 
shall 1989). The true number of visual pigments surely 
exceeds 5, since some of the classes not quite achieving 
significance at the 0.05 level in the Student-Newman- 
Keuls tests (Table 3) would probably become significant 
with more data, particularly in G. oerstedii where in 
many cases only a few rhabdoms were sampled per class. 
Also, these species have an additional visual receptor 
type most sensitive in the ultraviolet, as revealed by their 
pupillary responses (Cronin 1989). It is conceivable that 
the only distinct regions below the R8 rhabdomere with 
the same visual pigment are rows 5 and 6 of the central 
band. 

The retinas of some fishes contain a total of 5 visual 
pigments, including 4 cone pigments and 1 rod pigment 
(Hfirosi and Hashimoto 1983; Hfirosi 1985). Among in- 
vertebrates, flies also have 5 types (reviewed in Hardie 
1985). In the case of flies, some receptor classes view 
limited regions of the visual field. Stomatopods, with 
their triple eyes, view any location in the visual field 
of the central band with all photoreceptor classes simul- 
taneously. 

The visual pigment diversity of gonodactyloids could 
be produced by a variety of mechanisms. A small 
number of opsins could be linked to various chromo- 
phores. This system is common in fish, which use both 
retinal1 and retinal2 as chromophores (Bridges 1972; 
Bowmaker et al. 1988), thus producing visual pigment 
pairs separated in their maxima by about 20 to 30 nm 
(Dartnall and Lythgoe 1965). The only chromophore 
type thus far observed in marine crustaceans, however, 
is retinall (Cronin and Forward 1988). The averaged 
spectra of highest quality in Figs. 5 and 6 closely follow 
the form of the retinall-based template, so these visual 
pigments could all be true rhodopsins. If so, their spec- 
tral diversity does not arise through chromophore sub- 
stitution. 

Other possible means of producing spectrally varying 
visual pigments include producing a different opsin poly- 
peptide for every spectral type, altering a smaller number 
of opsin polypeptides before inserting each into the mi- 
crovillar membrane, or altering the microvillar environ- 
ment in some way which would affect the visual pigment 
molecules embedded in it. The absorption spectra of 
crustacean visual pigments are sensitive to their environ- 
ment; they are affected by local pH (Goldsmith 1978 b), 
and the pigment's absorption spectrum can change radi- 
cally when it is removed from the microvillus (Bruno 
and Goldsmith 1974; Larrivee and Goldsmith 1982). At 
this point, the cause of gonodactyloid visual pigment 
diversity remains hypothetical. 

Axial densities of visual pigments of the rhabdoms 

in stomatopods are similar to or slightly greater than 
in other crustaceans. Our average photobleaches pro- 
duced values between 0.002 and 0.008 Jam-1. These cor- 
respond to absorption of 0.5% to 1.8% of the light tra- 
velling down the rhabdom per ~tm. Reported densities 
from other crustaceans have a similar range, from 0.004 
to 0.006 lam -1 (Hays and Goldsmith 1969; Bruno et al. 
1973; Bruno and Goldsmith 1974; Cronin and Forward 
1988; Hiller-Adams et ai. 1988). Maximal photobleaches 
in single rhabdoms from all ocular regions produced 
absorbance losses of 0.006 to 0.010 OD ~tm -1. Since 
not all photobleaches remove all the visual pigment orig- 
inally present, these values probably are the best esti- 
mates of the density of the pigment in situ. 

The rhabdomere of the 8th retinular cell 

We attempted to measure difference spectra for photob- 
leaching from the R8 rhabdomeres of several rows of 
the central band, but obtained no evidence of any pig- 
ment there with any substantial initial absorbance be- 
tween 400 and 700 nm, or any measurable absorbance 
loss after phototreatment. This allowed us to disregard 
the effect of the R8 retinal component in our computa- 
tions of spectral sensitivity, but leaves us to answer the 
question of its function in vision. We hypothesize from 
indirect evidence that the R8 cells will be found to har- 
bor a visual pigment operating in the ultraviolet. This 
retinular cell type appears to contain visual pigments 
absorbing at short wavelengths in other crustaceans 
(Cummins and Goldsmith 1981; Martin and Mote 
1982). Both G. oerstedii and P. ciliata are known to 
have an ultraviolet-sensitive photoreceptor type contrib- 
uting to their pupillary responses (Cronin 1989). Since 
all classes of main rhabdoms in these species have visual 
pigments absorbing at longer wavelengths, R8 remains 
the best candidate for the UV receptor. With so many 
visual pigments acting beyond 400 nm, it will be interest- 
ing to learn whether several types of very short-wave- 
length photopigments exist as well. 

Spectral sensitivity and hue discrimination 

When the first descriptions of the retinal specializations 
of gonodactyloid stomatopods were published, the po- 
tential for a complex type of color vision was recognized 
immediately (Marshall 1988; Hardie 1988). Our current 
study shows that in addition to the photostable filters 
that were expected to produce multiple spectral classes 
of photoreceptors, there is an unanticipated polymor- 
phism in the visual pigments themselves (see also Cronin 
and Marshall 1989). Furthermore, the visual pigments 
act as filters as well. In the tiered rhabdoms without 
photostable filters the distal visual pigment, absorbing 
in the wavelength range about 25 nm below that of the 
proximal visual pigment, removes the incoming light in 
the main absorption band of the visual pigment it over- 
lies. This produces a steep rise in sensitivity in the proxi- 
mal rhabdomal tier corresponding to the rapid decrease 
in absorption of the distal tier, potentially permitting 
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very fine spectral discrimination in the region of the 
overlap. The 2 tiered rows with intrarhabdomal filters 
take this process one step further, using the filters to 
sharpen sensitivity on both sides of the visual pigment 
peaks, thus tuning the photoreceptors to narrow spectral 
regions. In the case of row 3, long-wavelength sensitivity 
is achieved only with a great sacrifice in sensitivity. If 
the visual pigments of this row are rhodopsins, they ab- 
sorb at the longest wavelengths yet seen in crustaceans; 
nevertheless, their absorption beyond 600 nm is very low 
and the filters block absorption well beyond the main 
absorption band. Altogether, the 4 rows of the central 
band with tiered rhabdoms contain 4 pairs of closely 
spaced, spectrally narrow photosensitivity functions. 
These have maxima spaced almost evenly throughout 
the spectrum at 25 to 40-nm intervals from 400 to 
625 nm (Fig. 9). 

No other retina is known to include photoreceptors 
forming more than 4 or 5 spectral classes. The fish and 
fly retinas mentioned above have 5 different visual pig- 
ments (H~rosi and Hashimoto 1983; H/lrosi 1985; Har- 
die 1985); there is also a butterfly species with penta- 
chromatic vision based on an unknown number of visual 
pigments (Arikawa et al. 1987 b). In addition, turtle reti- 
nas with 3 cone pigments, one rod pigment, and a set 
of oil droplets in the cone inner segments, may contain 
at least 5 spectral types (Ohtsuka 1985a, b). Note that 
in the vertebrate cases, the filters may produce additional 
spectral classes of photoreceptors based on the same 
visual pigment. In contrast, the stomatopods use their 
filters to sharpen the spectral sensitivities of photorecep- 
tors already containing a diversity of visual pigments. 

Because of the broad main absorption band of retin- 
oid-based visual pigments, there are theoretical limits 
on the number of photoreceptor spectral classes, with 
usable spectral discrimination, that can exist in the 300- 
nm wavelength range from 400 to 700 nm (Barlow 1982; 
Bowmaker 1983). In most photoreceptors, the spectral 
acceptance functions resemble those of the peripheral 
retinas of stomatopods (Figs. 7 and 8), due to their ele- 
vated absorbances. This limits potential discrimination, 
particularly among spectra with narrow-band detail 
(Barlow 1982). In the central band rows 1 through 4, 
stomatopods have circumvented this fundamental con- 
straint by optically filtering their photoreceptors, con- 

verting their naturally broad sensitivity functions (of 
which remnants can be seen in the distal tiers of rows 
1 and 4) into narrow, well tuned classes. Arnold and 
Neumeyer (1987) have demonstrated that in vertebrates, 
at least, spectral tuning can reduce hue discrimination 
in some spectral regions. The spectral sensitivity func- 
tions of mantis shrimps, however, overlap throughout 
their complete spectral range (Fig. 9), and could provide 
excellent hue discrimination at almost any spectral loca- 
tion. In principle, these animals could discriminate 
among spectra having similar overall shapes but varying 
in detail in particular spectral regions. This implies both 
that their photic environments contain spectra differing 
only in detail, and that discrimination among such spec- 
tra may be of particular biological importance to them. 
Govardovskii (1983) has made the similar point that 
oil-droplet filters in vertebrate cone photoreceptors may 
serve for increased discrimination between saturated and 
unsaturated hues. 

Except for central band row 3 of P. ciliata, the 2 
spectral sensitivity functions of each of the tiered rows 
resemble spectral opponent pairs. Because of their steep 
slopes in the regions where the functions cross, the pairs 
could offer outstanding spectral resolution within the 
wavelength range between their peaks. 

As in decapod crustaceans, the main rhabdoms of 
stomatopods include microvilli from 7 retinular cells. 
Marshall (1988) showed that in central band rows 1-4, 
each tier is built from the microvilli of 3 or 4 retinular 
cells, with the remainder of the 7 forming rhabdomeres 
in the other tier. The arrangement of 3 vs. 4 cells is 
identical to the polarization analysis system of decapod 
crustaceans, in which sets of axons from 3 or 4 retinular 
cells, each set arising from cells with identical microvillar 
planes, segregate and terminate on different postsynaptic 
cells (Waterman 1981; Sabra and Glantz 1985). Such 
organization provides 2 orthogonal polarization-analy- 
sis channels. Polarization-opponent interneurons are 
found in some insects (Labhart 1988); they are not 
known to exist in crustaceans but there has been relative- 
ly little effort to find them. However, polarization-sensi- 
tive interneurons do occur in stomatopods (Yamaguchi 
et al. 1976) and crabs (Leggett 1976). It is therefore quite 
possible that the postsynaptic connections of retinular- 
cell axons from rows 1 through 4 of the central bands 
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of gonodactyloids produce color-opponent or color-sen- 
sitive channels. The presence of true color vision is prov- 
en only for some fiddler crabs (Hyatt 1975); whether 
or not stomatopods can also discriminate hues requires 
demonstration using a behavioral approach. If the tiered 
rows are used for hue discrimination, microvilli in each 
tier should have orthogonal or random orientation to 
destroy the potential conflict between spectral and polar- 
izational sensitivity. Such microvillar arrangements are, 
in fact, observed (unpublished observations). 

The more typical, layered main rhabdoms of central 
band rows 5 and 6 and the peripheral retina are so simi- 
lar to those used by decapods for polarization analysis 
that it appears certain that this is their function, too 
(Marshall 1988). Furthermore, the fact that they are long 
and unfiltered produces broad, flat, efficient sensitivity 
functions (Figs. 7 and 8). Their presence may give gono- 
dactyloids duplex retinas like those of vertebrates. In 
analogy with cone photoreceptors, the tiered rhabdoms 
are relatively insensitive but offer high spectral resolu- 
tion. The more typical, banded rhabdoms are high-sensi- 
tivity units like rods. Any visual field viewed by the 
6 ommatidial rows of the central band is also imaged 
by 2 peripheral patches of ommatidia, so the gonodacty- 
loid visual system may be capable of parallel processing 
of color, polarization, distance, and intensity. 

During the course of this study we had the opportu- 
nity to examine the compound eyes of 2 species of mantis 
shrimps of the family Lysiosquilloidea, Lysiosquilla sca- 
bricauda and Coronis scolopendra. Like the gonodacty- 
loids, the lysiosquilloids have a 6-row central band of 
ommatidia (Manning et al. 1984; Schiff and Abbott 
1987). Also, retinal anatomy of the lysiosquilloids is very 
similar to that of the gonodactyloids (Marshall et al., 
unpublished). While we were unable to complete a sur- 
vey of all retinal regions of either species, our prelimi- 
nary results suggest that their retinas function much like 
those of the gonodactyloids. The spectral classes of visu- 
al pigments in the tiers of ommatidial rows 1 through 
4 of the central band were distributed in a similar fashion 
to what we have described here, the untiered rows 5 
and 6 had a single visual pigment peaking near 510 nm, 
and the peripheral retina had another middle-wave- 
length photopigment. We think that further investigation 
will reveal that at the retinal level, the basic features 
of vision in the lysiosquilloids and gonodactyloids are 
very similar. 

Vision in gonodactyloid stomatopods 

Although the necessary behavioral and electrophysiolog- 
ical proof is absent, it is obvious that the ocular speciali- 
zations of these 2 gonodactyloid species can produce 
a very sophisticated visual system. If our modelling is 
correct, they could have a color vision system that out- 
performs anything previously described. If further work 
supports these models, 2 major questions will remain 
to be answered: (1) How do these species actually use 
their eyes for color vision, polarization vision, form 

vision, and depth ranging? (2) What is the evolutionary 
significance of this design? 

Assuming that the 4 most dorsal rows of the central 
band serve a color-vision system, the animal would view 
only a strip of space in color; any object lying outside 
the strip would be seen by the monochromatic peripheral 
retina. It is difficult to predict how the stomatopod could 
integrate chromatic information throughout the 2-di- 
mensional visual field. Gonodactyloid compound eyes 
are very mobile, rotating on their axes as well as swing- 
ing in azimuth and elevation (Cronin et al. 1988). These 
movements may be used for a serial analysis of color 
over the surface of a viewed object. They could simulta- 
neously be significant for polarization analysis. We do 
not yet know how stomatopods actually operate their 
eyes for their natural visual tasks. 

What evolutionary significance underlies the extraor- 
dinary chromatic system of gonodactyloids? These ani- 
mals live in clear, shallow water and are active through- 
out the day (Caldwell and Dingle 1975; Dominguez and 
Reaka 1988). Therefore a broad spectrum of bright inci- 
dent light, doubtless sufficient for vision in the relatively 
insensitive tiered rhabdoms, is available (McFarland and 
Munz 1975). Stomatopods aggressively defend their bur- 
rows (Caldwell and Dingle 1975). They chemically re- 
cognize, and avoid, individuals who have previously bea- 
ten them (Caldwell 1979, 1985). Both G. bredini and 
P. ciliata are very polymorphic in their coloration (Din- 
gle 1964; personal observation). Nevertheless, their mer- 
al spots, used during communication, have species-spe- 
cific colors (Caldwell and Dingle 1975). Vision is likely 
to be very important for species identification and for 
recognizing individuals of one's own species. It could 
be involved in sex recognition, and probably is also used 
for detection and identification of prey and predators. 

Some aspects of ocular design in these animals must 
yet be worked out. What visual pigment classes exist 
in the 8th cell rhabdomere, and how do they contribute 
to overall spectral sensitivity in these species? How does 
the development of filters and tiers proceed? Because 
the amount of filtering depends on the length of the 
filter, vision in very small animals is likely to be quite 
different than in large ones; indeed, it is difficult to imag- 
ine how central band rows 1 to 4 operate in newly meta- 
morphosed juveniles. Their eyes must be rather different 
than those of the mature adults. Does the system main- 
tain spectral constancy as rhodopsin/metarhodopsin 
mixtures vary in the tiered rhabdomeres, and if so, how? 
Much remains to be learned about virtually all aspects 
of stomatopod biology before we will properly appreci- 
ate how their exceptional visual systems operate. 
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