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1. Interspecific diversity in the visual pigments of stomatopod crustaceans was characterized
using microspectrophotometry. We examined the 10
visual pigments in main rhabdoms in retinas of 3 species of each of two genera of stomatopod crustaceans of
the superfamily Gonodactyloidea, Gonodactylus (G.
oerstedii, G. aloha, and G. curacaoensis) and Odontodactylus (0. scyllarus, 0. brevirostris, and O. "havanensis").
Species were selected to provide a matched diversity of
habitats.
2. In each genus, visual pigments varied in "~maxin
several regions of the retina, as revealed by analysis of
variance. The variation within closely related species of
the same genus implies that visual pigments can evolve
rapidly in stomatopods.
3. In photoreceptors of the peripheral retina, which
are devoted to spatial vision, visual pigment ~max
decreased as the depth range of the various species
increased, a typical pattern for marine animals. In
contrast, visual pigment ~maxin photoreceptors of retinal regions devoted to polarization vision (midband
Rows 5 and 6) is not obviously correlated with the
spectral environment, implying that polarization information may be confined to particular spectral
ranges. Visual pigments of the tiered rows of the midband, which are committed to spectral analysis, span
a larger spectral range in shallow-water than deepwater species.
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Introduction
The past decade has been a period of exciting research
into questions concerning how visual pigments function and the means by which their functions are amenable to evolutionary adjustment (reviews: Applebury
and Hargrave 1986; Mollon 1989; Goldsmith 1990).
The field has been given new impetus by the first
description of the rhodopsin polypeptide by Hargrave
et al. in 1983, followed soon after by the clarification of
the genetics specifying the visual pigments responsible
for color vision in humans by Nathans et al. in 1986.
A major finding is that relatively small changes in
protein sequence can produce substantial functional
alterations in the operation of visual pigments. For
example, only a few amino acids need be altered to
produce shifts of 10 nm or more in spectral absorption
(Neitz et al. 1991). Therefore, evolution of visual pigments is expected to be rapid, and closely related species could express high levels of variation in the spectral
absorbances of their visual pigments.
Studies of how the spectral properties of visual systems vary in nature suggest a different conclusion. In
a variety of animal groups and habitats, visual pigments vary little or not at all in their spectral absorption. For instance, work with a species pair in the
butterfly genus Lycaena (Bernard and Remington 1991)
found that photoreceptor classes were identical in both
species, despite the fact that these classes were differentially distributed within the retinas of the 2 species.
A more inclusive study by Peitsch et al. (1992) found
that the spectral sensitivities of 43 species of hymenopteran insects varied only slightly, with all species
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Table 1 Wavelengths of
maximum absorption of best-fit
polynomials to averaged data
for photobleaches of all main
photoreceptor classes (see Figs.
1-6). Also given is the number of
photobleaches included in each
averaged spectrum
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Retinal region

Gonodactylus
Oerstedii

Odontodactylus
Aloha

Curacaoensis Scyllarus

Brevirostris Havanensis

-)~max (n)

Row 1 distal
Row 1 proximal
Row 2 distal
Row 2 proximal
Row 3 distal
Row 3 proximal
Row 4 distal
Row 4 proximal
Rows 5 and 6
(combined)
Peripheral retina

400 (4)
432 (4)
506 (8)
524 (8)
521 (6)
551 (5)
428 (3)
452 (4)

400 (5)
442 (6)
513 (8)
525 (6)
531 (7)
551 (6)
443 (5)
473 (5)

400 (7)
434 (7)
494 (13)
520 (10)
435 (8)
467 (9)

400 (10)
430 (10)
487 (10)
509 (10)
528 (10)
546 (1)
429 (11)
451 (12)

402 (8)
457 (12)
495 (14)
524 (10)
511 (6)
535 (6)
452 (10)
460 (14)

428 (12)
459 (18)

501 (13)
527 (5)

517 (12)
510 (6)

511 (20)
467 (10)

506 (20)
503 (11)

489 (26)
490 (11)

501 (26)
475 (24)

possessing receptors absorbing near 340, 430, and
535 nm (a few species had an additional receptor class
peaking near 600 nm). These measurements were made
electrophysiologically, and it is possible that most or all
species have nearly identical visual pigments in the
3 principal receptor classes. Another striking example
is to be found in the old world monkeys and apes,
where every species surveyed has trichromatic vision
with receptors peaking near 430, 535, and 565 nm
(Mollon 1989; B o w m a k e r et al. 1991; Jacobs 1993).
A n u m b e r of credible explanations have been advanced to account for this evolutionary conservatism.
Most of these assume that the interspecific constancy is
a reflection of similar visual requirements t h r o u g h o u t
the group. Thus, all lycaenid butterflies must find mates
and host plants (Bernard and Remington 1991), bees
must detect typical flowers against typical backgrounds
(Menzel and Schmida 1993; Chittka and Menzel 1992),
and old-world primates must find ripe fruit against
foliage (Mollon 1989; Osorio and Bossomaier 1992;
Nagle and Osorio 1993). O t h e r explanations suggest
that it may be difficult to change visual pigment spectral absorption without disturbing related functions
such as thermal stability, q u a n t u m efficiency for photoisomerization, or phototransductive effectiveness (see
G o l d s m i t h 1990; Cronin et al. 1994a).
Nevertheless, visual pigments sometimes vary within
t a x o n o m i c groups. The best-documented cases occur in
teleost fishes. In four sympatric species of the cichlid
Haplochromis, 3 had identical sets of visual pigments,
but the 4th was distinctive (Vandermeer and Bowmaker 1995). In pioneering work with salmon over
2 decades ago, Bridges and his coworkers (Bridges and
Yoshikami 1970; Bridges and Delisle 1974) not only
found that visual pigments were different between isolated populations of salmon, but were also able to
estimate that the changes must have occurred on time
scales on the order of tens of thousands of years.
The s t o m a t o p o d crustaceans, or mantis shrimps,
provide an attractive subject for studies of visual pig-

407 (7)
446 (12)
485 (9)
520 (10)

ment variation a m o n g closely related species. This is
because the main r h a b d o m s (retinular cells 1-7) of each
retina contain 10 different visual pigments (Cronin and
Marshall 1988a, b; Cronin et al. 1993, 1994b). Eight of
these reside in 4 specialized rows of ommatidia formed
into an equatorial midband, another is found in 2 additional midband rows, and the 10th occurs t h r o u g h o u t
all o m m a t i d i a outside the midband (called the peripheral retina). Thus, these animals provide a large
assortment of pigments with the potential to vary
a m o n g species. The sheer abundance of visual pigments
may well permit r a n d o m spectral deviation in individual spectral classes with little or no overall effect on
visual function. Moreover, several p h o t o r e c e p t o r
classes are spectrally constrained by dense overlying
filters which are often identical a m o n g the species of
one genus (Marshall 1988; Marshall et al. 1991b;
Cronin et al. 1994c). Changes in visual pigments underlying these filters should have little effect on their
spectral sensitivity. An additional attraction of stomatopods is that they are strictly marine invertebrates,
which should be useful for comparison both with the
freshwater vertebrate species groups noted above for
their diversity and with the terrestrial vertebrates and
invertebrates noted for their lack of it.

Fig. 1 Gonodactylus oerstedii. Normalized average spectra for
photobleaching of visual pigments in all retinal regions below the
level of the rhabdomere of the 8th retinular cell. The number of
photobleaches contributing to each spectrum is given in Table 1.
Mean absorbance change from 651 to 700 nm is set to 0 in each case.
The smooth curves represent the best-fit template spectrum (see
text), with the 2ma~for each curve given on the panel. In the 4 dorsal,
tiered ommatidial rows of the midband (Rows 1 through 4), data of
both tiers are given; the proximal tier is represented by the small
points and thin curve, while the distal tier is represented by the larye
points and thick curve. Data from the ventral 2 rows of the midband
(Rows 5 and 6) are combined, since these ommatidia contain identical visual pigments. In a few cases, some data points are not illustrated when the scatter of the plotted points extends beyond the plot
area. D: distal tier; P, proximal tier
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Pacific, respectively, and G. curacaoensis, a deep-living
Caribbean species9 All these species are of similar size
(about 5 cm body length) and body plan. Odontodactylus included O. "havanensis" and O. brevirostris, similar, moderate sized, deep-leaving species from the
Caribbean and central Pacific, as well as O. scyllarus,
a much larger species found over a broad depth range
throughout the Indopacific region. Our results indeed
show that visual pigments vary substantially within
each genus9

We therefore examined visual pigment absorption
spectral diversity by combining previously published
data with new results in 2 genera of gonodactyloid
stomatopods: Gonodactylus
and Odontodactylus.
Each genus was represented by 3 species, selected
to compare between geographical isolates (one species
pair in each genus), and between different habitat
types (the third species in each). Therefore, Gonodactylus were represented by G. oerstedii and G. aloha,
shallow-water species from the Caribbean and central

Gonodactylus oersWdii
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near the island of Oahu, Hawaii (Cronin et al. 1994b, 1995), while G.
curacaoensis and O. "havanensis" were collected in the course of
a saturation mission at the undersea laboratory Aquarius (a resource
of the National Undersea Research Center) in the Florida Keys. All
animals were brought to our laboratory in Baltimore and examined
as soon as possible, generally within a month after capture9 In the
laboratory, animals were kept in marine aquaria at ~ 25~ illuminated by daylight fluorescent lamps and fed fresh and frozen shrimp.
All species thrived under these conditions.

Materials and methods
Animals
We hand-collected most of our study specimens, but those of Gonodactylus oerstedii and Odontodactylus scyllarus were obtained from
professional suppliers. G. aloha and O. brevirostris were obtained

Gonodaetylus aloha
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Experimental preparation and

microspectrophotometry

further treatment to stabilize the tissue, but comparisons between
fixed and fresh material showed no evidence of spectral alterations in
the visual pigments9 Frozen eyes were mounted in a cryostat at
- 30~ and sectioned at thicknesses of 10 lam to 14 gin. Individual sections were mounted between coverslips in a ring of silicone
grease for MSP, using pH 7.5 marine crustacean Ringer's containing
2.5% glutaraldehyde to encourage photobleaching. In a few cases,
sections were mounted in mineral oil rather than Ringer's in an
attempt to stabilize photoreceptors in Row 3.

We followed our routine procedures for carrying out microspectrophotometry (MSP); see Cronin and Forward (1988), Cronin and
Marshall (198%) and Cronin el al. (1994b)for details. All procedures
were carried out in the dark or under dim red light. In brief, eyes
were removed from animals dark-adapted overnight or longer, and
in most cases were immediately flash-frozen using fluorocarbon
spray, In a few cases eyes were lightly fixed in glutaraldehyde before
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substage illuminator of the photometric microscope, and a third scan
was taken. When a bleach was observed, the difference between the
second and third scans represented the rhodopsin lost during the
photobleach, and this was used for further analysis9

The microspectrophotometer is of single-beam design, typically
scanning from 400 to 700 nm. A small circular, linearly polarized spot
(1.5 gm or 5 gm in diameter) was placed in the material to be scanned9
Retinal location was ascertained using the characteristic structure of
stomatopod retinas (see Marshall et al. 1991a). Most scans were made
parallel to the receptor's long axis, but in some preparations this was
impossible and scans were made obliquely to or across the longitudinal axis9 After a pair of scans of the dark-adapted material (to check
for physical and photochemical stability), the preparation was bleached by treatment for at least 2 min with bright white light, using the

Analysis

to

Our primary objeclive was determine whether or not the rhodopsins in homologous receptor classes of closely related species vary

Odontodaetylus scyllarus
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in their spectral position9 We therefore required a sizable data set
that would be amenable to statistical treatment, so we attempted to
gather data from as many photoreceptors of each class as possible9
Generally, we successfully measured about 10 of each type. In some
species (particularly in Gonodactylus) the quality of the material
prohibited this, and we sometimes obtained 5 or (rarely) fewer
spectra per type.
For the best estimate of the spectral position of each type of
photopigment, all photobleach data from each photoreceptor class
of each species were averaged9 Each resulting curve was fitted using

a least-squares procedures (described in Cronin et al. 1994b) to
Bernard (1987) rhodopsin template spectra peaking at 1-nm intervals. While these fits estimate the spectral absorption of the photoreceptors quite well, they provide no means for deciding whether
there is significant variation between receptor classes, as they contain no information about experimental variability9 Therefore, to
compare among species, the individual bleach spectra were also
examined using the same fitting procedure. The }~maxof the best-fit
spectrum for each bleach represented a single data point, and standard analysis of variance techniques could be applied to the data sets
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thus constructed (1-way anova for groups with unequal sample
sizes; see Sokal and Rohlf 1969)9 Each analysis therefore included
data from 3 species, with typically about 10 photoreceptors per
species9
When variation among groups (species) was statistically significant for a given photoreceptor class, the species were examined
further using the Student-Newman-Keuls test (Sokal and Rohlf
1969). This permitted us to identify which individual species differed
significantly from others.

Results

Brief synopsis of results by species
As described in the Introduction, we maximized the
chances of finding intraspecific variation in visual pigments within a single genus by selecting species in each

Odontodactylus "havanensis"
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genus from a diversity of geographical locations and
habitats. Overall results from the 6 study species are
summarized in Figs. 1 to 6 and Table 1. Throughout
this paper, we refer to the 6 ommatidial rows of each
midband as Row 1 to Row 6, with Row 1 being the
most dorsal. Rows 1 to 4 are anatomically divided
into two tiers (Marshall 1988; Marshall et al. 1991a),
which are called the distal tier and proximal tier.
The organization of stomatopod retinas is well illustrated in Marshall et al. (1991a), Fig. 16; see
also Cronin and Marshall (1989a), Fig. 1. Data
from Rows 5 and 6 of the midband have been combined
for analysis, since these 2 rows contain identical
visual pigments (Cronin and Marshall 1989a; Cronin
et al. 1993, 1994b).

Gonodactylus oerstedii
This species is found throughout the Caribbean. Our
specimens were collected from a population living in
barely subtidal water in the Florida Keys, and therefore
experiencing intense, broad-spectrum illumination.
Visual pigments of this species have been described
before (Cronin and Marshall 1989a, b), but additional
measurements have been incorporated in this study
(Fig. 1). G. oerstedii has a broad spectral range covered
by the 10 rhodopsis of its rhabdoms, providing a typical example of a stomatopod species living in shallow
tropical waters (Cronin et al. 1994a).

Gonodactylus aloha
The habitat for this species is very similar to that of
G. oerstedii, but it comes from the central Pacific; in
our case, off the northeast coast of Oahu. Data from
this species have appeared before (Cronin et al. 1995),
but are illustrated here for direct comparison to the
other species. Despite its similarity in photic environment to G. oerstedii, several individual photoreceptor
classes appear to absorb at wavelengths at least 10 nm
different from those of its congeneric species (Fig. 2,
Table 1).

Gonodactylus curacaoensis
G. curacaoensis is found throughout the Caribbean,
occupying a range of depths subtidally from 2 m to
below 20 m. It presumably is adapted to function in the
narrowed spectrum and dimmed light present below
15 m, even in clear tropical waters. We collected specimens for this study at depths of about 15 to 20 m; only
one individual was available for MSP. The retinas of
both its eyes had degenerate photoreceptors in midband Row 3, which is always the most red-sensitive
region in stomatopod eyes (Cronin et al. 1994b), pos-
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sibly an effect of the lack of red light at the depth of
collection. Many of its other photoreceptor classes absorbed quite differently from those of G. oerstedii or G.
aloha, and its peripheral photoreceptors had a photopigment absorbing at shorter wavelengths than was the
case in any other species (Fig. 3, Table 1).

Odontodactylus scyllarus
The Indopacific is the home of this species, where it
occupies a range of depths (from 1 m to >30 m) in
clear water, being active during the day (though anecdotes suggest it may forage at night on occasion). Data
for this species and O. brevirostris were published
in Cronin et al. (1994b), and are included here for
completeness (Fig. 4, Table 1). Like shallow-water species of Gonodactylus, the visual pigments of its main
rhabdoms cover the range from 400nm to near
550 nm.

Odontodactylus brevirostris
This species is found in the Pacific; our specimens were
collected west of Oahu from about 10 m to >25 m
depth. It is much smaller than O. scyllarus, and is
primarily active in midmorning and midafternoon,
when the spectrally restricted light is fairly bright at
the collection site (Cronin et al. 1994a, b). Unlike
the other 2 study species that live well below the
intertidal zone, our specimens had functional photoreceptors in the red-sensitive Row 3, although the
rhodopsins there appear to be placed at least 10 nm
to shorter wavelengths than in other species (Fig. 5,
Table 1).

Odontodactylus "havanensis"
We collected specimens of this species in the Florida
Keys at depths of from 20 m to 35 m. The Caribbean
species was considered identical with O. brevirostris
(Manning 1969), but our specimens had quite different
markings from the Pacific species. On re-examination,
R.B. Manning (personal communication) now suspects
that its former name, O. havanensis, should be restored.
Since its status is not formally established, we here use
quotes around the species name; specimens have been
placed in the Natural History Museum of the Smithsonian Institution for taxonomic resolution. As
a group, its visual pigments are distinct from those of O.
brevirostris (Fig. 6, Table 1), lending weight to its being
considered a different species. As in G. curacaoensis,
which was collected in the same general area as O.
"havanensis", both receptor tiers of Row 3 contain no
detectable visual pigment.
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Fig. 7 Distribution of visual
pigments in species of Gonodactylus. Each symbol indicates the
mean ']'max for photoreceptors in
a given retinal region of one
species. When limits of the
standard error of the mean are
larger than the plotted symbol,
they are indicated by a range
bar. C): G. oerstedii. ~: G. aloha.
0: G. curacaoensis. Numbers of
photoreceptors contributing to
each point are given in Table 2.
D: distal tier; P: proximal tier
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Variation among species within each genus
The data of Figs. 1-6 certainly suggest the presence of
considerable interspecific variation in visual pigment
2max. However, they provide no statistical basis for
discriminating among the various best-fit spectra. In
addition, many data sets are extremely noisy, making
the assignment of a "best fit" somewhat questionable.
Therefore, we made comparisons among species by
analyzing on a rhabdom-by-rhabdom basis. As described in the Methods section, a template spectrum
was fitted to each individual photobleach. In a few
cases, no reasonable fit could be found within 100 nm
of the peak of a particular photobleach, and these
bleaches were discarded from further analysis. Since
photobleaches can be smaller than 0.005 density unit,

barely larger than the average level of noise, occasional
failures to fit are expected. From these individual fits,
the mean of the wavelength of best fit and its standard
error were estimated. These are given for Gonodactylus
in Table 2 and Fig. 7, and for Odontodactylus in Table
3 and Fig. 8.
Despite a reasonable amount of scatter, the standard
errors of the mean are consistently small, generally
_+5 nm or less. Only in G. oerstedii, where the fewest
measurements could be taken, do standard errors exceed _+10 nm, e.g. 14.5 (n = 3) in the distal tier of Row
4 and 13.39 (n = 5) in the peripheral retina. The means
are usually close to the position of the template fit to
the overall data in each class. The largest difference is
about 21 nm for O. brevirostris, proximal tier of Row 1;
the great majority of cases differ by less than _+3 nm.
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with 2,~,x in the range 400 600 nm). F values for each photoreceptor
class and level of significance of variation are given in the next-tolast column (n.s., not significant; *, P < 0.05; **, P < 0.01; ***,
P < 0.001). In each case where F was significantly different from 0,
the Student-Newman-Keuls multiple range test was applied; the
classes resulting from this analysis are defined in the final column

Table 2 Results of analysis of variance on data from individual
rhabdoms of species of G o n o d a c t y l u s . Single photobleaches of rhabdonas from each photoreceptor class were fit with rhodopsin polynomials; the mean and standard error of the mean (s.e.) of best fits
are given below as well as the number (n) of rhabdoms contributing
(the n values are sometimes lower than in Table 1 because in some
cases the photobleach data could not be well fit by any polynomial

Retinal region

Classes

G. o e r s t e d i i

G. aloha

G. c u r a c a o e n s i s

Mean 2m,x 4- s.e. (n)

Mean 2m,x 4- s.e. (n)

Mean 20,~x _+ s.e. (n)

F

Row 1 distal
Row 1 proximal

401.25 4- 0.48 (4)
421.50 4- 9.28 (4)

402.80 _+ 2.08 (5)
438.60 _+ 4.97 (5)

406.43 _+ 4.81 (7)
436.00 _+ 5.51 (7)

0.482 n.s.
1.682 n.s.

Row 2 distal
Row 2 proximal

504.38 + 1.58 (8)
526.38 + 1.76 (8)

513.17 _+ 0.98 (6)
526.78 _+ 1.74 (5)

492.77 4- 2.42 (13)
517.70 _+ 1.93 (10)

20.625 ***
7.741 **

Row 3 distal
Row 3 proximal

522.60 4- 2.66 (5)
551.00 4- 6.21 (5)

529.78 _+ 1.32 (5)
551.20 _+ 3.20 (5)

-

5.886 *
0.002 n.s.

Ga > Go
Go = Ga = Gc

Row 4 distal
Row 4 proximal

424.33 4- 14.50 (3)
459.00 • 1.41 (4)

442.40 4- 2.46 (5)
474.60 4- 4.04 (5)

442.20 _+ 5.52 (5)
468.37 4- 4.48 (8)

1.871 n.s.
2.577 n.s.

Go = Ga = Gc
Go = Ga = Gc

Rows 5 and 6
(combined)
Peripheral retina

496.46 • 4.35 (13)
526.60 4- 13.39 (5)

518.58 4- 1.75 (12)
508.33 • 4.81 (6)

503.05 4- 2.53 (20)
484.10 _+ 9.51 (10)

11.707 ***
4.679 *

Go = Ga = Gc
Go = Ga = Gc
Ga > Go; Ga > Go; Go > Gc
Go = Ga; Go > Gc; Ga > Gc

G a > Go; G a > Gc; Go > Gc
G o > Gc; Go = Ga; G a = Gc

Table 3 Results of analysis of variance on data from individual rhabdoms of species of O d o n t o d a c t y l u s . Otherwise as in Table 2
Retinal region

Classes

O. s c y l l a r u s

O. b r e v i r o s t r i s

O. " h a v a n e n s i s "

Mean 2m.x + s.e. (n)

Mean 2max + s.e. (n)

Mean 2m.x 4- s.e. (n)

Row 1 distal
Row 1 proximal

401.00 _+ 0.56 (10)
432.55 _+ 3.49 (9)

414.38 _+ 9.05 (8)
436.08 _+ 7.68 (12)

409.14 4- 5.70 (7)
447.00 4- 3.82 (12)

1.508 n.s.
1.761 n.s.

O s = O b = Oh
O s = O b = Oh

Row 2 distal
Row 2 proximal

486.30 _+ 1.04 (10)
508.80 _+ 0.57 (10)

492.23 +_ 2.23 (13)
515.90 4- 4.77 (10)

480.44 _+ 4.14 (9)
517.20 4- 2.36 (10)

5.131 *
2.138 n.s.

O s = Ob; O s = Oh; O b > O h
Os = O b = Oh

Row 3 distal
Row 3 proximal

524.50 i- 3.87 (10)
546 (1)

514.83 _+ 5.64 (6)
531.00 _+ 6.60 (4)

-

2.128 n.s.
1.034 n.s.

O s = O b = Oh
Os = O b = Oh

Row 4 distal
Row 4 proximal

426.11 4- 2.89 (9)
454.58 _+ 3.26 (12)

447.90 _ 2.97 (10)
461.86 _+ 2.60 (14)

426.27 + 3.36 (11)
457.61 4- 2.53 (18)

16.030 ***
1.561 n.s.

Os = Oh; O b > Os; O b > Oh
Os = O b = Oh

Rows 5 and 6
(combined)
Peripheral retina

505.25 -4-_1.01 (20)
502.36 4- 1.51 (11)

490.46 _+ 2.47 (26)
481.00 _+ 4.24 (11)

495.24 _+ 2.93 (25)
474.39 _+ 4.39 (23)

9.016 ***
10.278 ***

Os > Oh; O s > Oh; O b = Oh
Os > Ob; Os > Oh; O b = Oh

Thus the data seem well grouped and representative,
and should provide good discrimination among classes
in the analysis of variance.
In each genus, 10 means can be compared, for a total
of 20 tests, Of these, 9 visual pigment classes were found
to vary, with very high significance levels (P < 0.001) in
5 cases, indicating considerable intraspecific variation
within each genus. Furthermore, the result is conservative because of the relatively strict statistical criterion,
the small numbers of samples, and the large amount of
scatter in some interesting cases. Visual pigments vary
in every ommatidial class except for those of Row
1 (where the lower limits of the analysis are constrained
by the lower limit of the scan, 400 nm), and seem
particularly prone to vary in the parts of the retina that
specialize in polarization analysis (Rows 5 and 6) and in
spatial vision (the peripheral retina).

F

An examination of the classes formed by the StudentNewman-Keuls analysis indicates that each species has
some unique photopigments (Tables 2 and 3, see also
Figs. 7 and 8). In Gonodactylus, photopigments of all
3 species are significantly different in the distal tier of
Row 2 and in Rows 5 and 6; while in Odontodactylus, O.
scyllarus differs from both other species in Rows 5 and
6 and the peripheral retina, and O. brevirostris differs
from the others in the distal tier of Row 4.
Discussion

Variability of stomatopod visual pigments
Our results show definitively that visual pigments
are quite variable among closely related stomatopod

382
species. In contrast to our expectations, we found that
much of the variation occurs in parts of the retina that
are not heavily filtered (the filtering itself, which varies
little between congeneric species, was expected to
nullify random variation in 2max). Instead, the photoreceptors of the peripheral retinas, which are probably
responsible for spatial and motion vision (Schiff
and Candone 1986; Cronin et al. 1992) differ the most
(see Figs. 7 and 8). In both genera, the polarization
detectors of Rows 5 and 6 (Marshall 1988; Marshall
et al. 1991a) also are significantly variable. In this
case, the variation is relatively easy to detect statistically because sample sizes tend to be large and data
from these photoreceptors tend to be of high quality.
The tiered but unfiltered Rows 1 and 4 show the least
absolute levels of variation (Table 1; Figs. 7 and 8)
as well as the least statistical evidence of it (Tables 2
and 3). We consider potential explanations for these
patterns of variation below.
Ecology of visual pigment diversity
Although our study was not intended to focus on
ecological constraints that may affect visual pigment
sets in the retinas of individual stomatopod species, we
would like to offer some thoughts on visual pigment
function of these species in the context of photic environment. Obviously, it is spectral sensitivity rather
than visual pigment absorption alone that is ecologically relevant (see Cronin et al. 1994a), and in stomatopods lateral and serial filtering can strongly
modify visual function (Cronin and Marshall 1989a, b;
Marshall et al. 1991b). However, visual pigment
absorption varies, is evolutionarily tunable, and is
the ultimate determinant of which photons are caught.
The fits to average bleach spectra (Figs. 1-6, Table 1)
are probably the best estimates of visual pigment
'~max since the largest bleaches (which provide the
highest-quality data) contribute the most to the
overall spectrum. Means of individual scans, on the
other hand, can be greatly affected by small, noisy
single bleaches that produce fits far from the true
value.
As noted above, the peripheral retina is responsible
for spatial vision. Here, the photoreceptors of the
various genera show the well-established pattern of
decreasing 2max with increasing species depth. Thus,
Gonodactylus oerstedii, G. aloha and Odontodactylus
scyllarus have peripheral receptors with maxima beyond 500 nm, while G. curacaoensis, O. brevirostris, and
O. "havanensis" are nearer to 475 nm. While in itself this
fits in well with theory, no ready explanation exists for
the 25-nm variation in peripheral photoreceptors of the
shallow-water species. Note particularly the very similar G. oerstedii and G. aloha, themselves separated by
almost 20 nm. Nor is it easy to account for the spectral
locations of polarization receptors of Rows 5 and 6,
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which as a group are poorly correlated with those of
the periphery. As extreme examples, peripheral photoreceptors of the deep-living G. curacaoensis are some
40 nm below those of Rows 5 & 6, while in shallowwater G. oerstedii the periphery is placed about 25 nm
to longer wavelengths. Perhaps this decorrelation is
due to the systematic variation in the degree of polarization (% polarization, or p), which in water does not
vary in the same way as the irradiance spectrum
(Ivanoff and Waterman 1958; Seliger et al. 1994). In
particular, in shallow water p reaches a minimum at
wavelengths where the water itself is most transparent;
so offsetting the 2maxof polarization receptors may well
be a perceptual adaptation. This question deserves further study.
The four dorsal, tiered rows of the midband contain
specialized spectral photoreceptors (Cronin and Marshall 1989a, b; Marshall et al. 1991b; Cronin et al.
1994a). It seems futile to attempt an explanation of
their individual spectral positioning, but a general
trend is that deeper living species pack these 8 receptor
classes into a narrower spectral band than shallower
species, primarily by downshifting the long-wavelength
receptors of Rows 2 and 3 (Cronin et al. 1994a). This is
seen in the significantly different classes of Row
2 (where the deeper G. curacaoensis and O. "havanensis"
have shorter 2ma• than their congeners) and may be true
in Row 3, where O. brevirostris has shorter )~max(though
not significantly so) than O. scyllarus.
The most dramatic effect of photic environment on
the photoreceptors of the midband is the complete loss
of measurable visual pigment in long-wavelength Row
3 receptors in the deepest-living species of each genus.
In cryosections, these receptors appeared to be collapsed and full of screening pigment. MSP scans in the
occasional clear paths through these receptors in both
O. "havanensis" and G. curacaoensis showed no sign of
any visual pigment in either the direct spectra or the
photobleaches. A few filters were present, though contaminated with screening pigment; and these had the
expected absorption spectra. Thus, those of O.
"havanensis" were identical to those of O. scyllarus
and O. brevirostris, while the occasional Row 3 filters
of G. curacaoensis were like the corresponding ones of
the deep-living Australian species G. affinis (see Cronin
et al. 1994c). Both O. "havanensis" and G. curacaoensis
have extensive depth ranges (Manning 1969). Since
their various populations must be in genetic contact
via their planktonic larvae, they are unlikely to be
evolutionarily divergent. It is attractive to speculate
that the Row 3 receptors of these species are operational in shallow-living populations and simply
degenerate in individuals living at depths where too
few long-wavelength photons are available to support
functionality. This hypothesis should be tested
using a much larger sample size, drawn from populations of single species collected over a range of
depths.
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Proximate explanations for stomatopod visual pigment
diversity
As indicated in our Discussion so far, the visual
pigments of closely related stomatopod species vary
considerably, and this variation clearly has a functional
basis. With the data in hand, however, it is not yet
possible to explain how differences in the visual pigments of particular photoreceptors are generated. It is
highly unlikely that the variations are due to chromophore substitution, both because only retinal1 seems to
exist in stomatopod retinas (Goldsmith and Cronin
1993) and because the observed shifts are not characteristic of chromophore substitution (Bridges 1972). Other
reasonable hypotheses to explain the diversity include
alternate splicing of a single fundamental gene or species-specific post-translational modification of the same
gene product (neither is documented for visual pigments), hybridization between closely related genes
(Neitz et al. 1989; Merbs and Nathans 1992), alterations in the ionic or membrane environment of
a single visual pigment (Crescitelli 1978; Motoyama
et al. 1986), expression of selected genes from a large
potential set (Neitz et al. 1989), and the expression of
species-specific visual pigment genes.
While all of these involve evolutionary changes,
the expression of species-specific genes is most directly
associated with visual pigment evolution and is currently the best explanation for the diversity we have
observed. It will be interesting to learn how the visual
pigments of a species vary in populations that are
genetically coupled but that occupy different photic
environments. Variation among these will imply that
visual pigment tuning can occur from within a single
genomic source, while constancy will be a strong indicator of a single species gene product for each observed
variant. This approach should be combined with characterization of the genes specifying stomatopod visual
pigments.
The results of our study reveal that visual pigments
can be altered on small evolutionary scales in some
animals. Paradoxically, the greater significance of this
finding may apply to those species groups in which
variation is n o t observed! If visual pigments are so
easily modified, strong constraints must operate
to oppose diversification in such groups as old world
primates or flower pollinating hymenopterans. The
study of visual function will continue to provide
fundamental insights into the evolution of sensory
systems.
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