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Summary. a Compound eyes of larval and first postlarval 
grass shrimp (Pa laemone tes  pug io  Holthuis) were studied 
with light and electron microscopy following adaptation 
to darkness or bright light. Larvae have well-developed ap- 
position eyes, including 3 main types of accessory screening 
and reflecting pigments and a fourth class of putatively 
reflective granules recently described in adult shrimps. 
Rhabdoms contain orthogonally layered microvilli, and by 
the last larval stage, 8 retinular cells. Ocular accessory pig- 
ments in both light- and dark-adapted larvae are distributed 
much like those of light-adapted adults, but the distal mass 
of reflecting pigment is concentrated dorsally in larvae and 
ventrally in adults. Since larvae swim upside-down, reflect- 
ing pigment is oriented downward in all developmental 
stages and may function for countershading. Light and dark 
adaptational migrations of all 3 major accessory pigments 
commence abruptly at metamorphosis to the first postlarva. 
Upon dark adaptation in postlarvae, superposition optics 
remain impossible because (1) distal screening pigment mi- 
grates only slightly, (2) no clear zone has developed, and 
(3) the crystalline cones remain circular in cross section. 
Nevertheless, a slight improvement in photon catch is ex- 
pected due to extensive redistributions of reflecting pigment 
and retinular cell screening pigment granules. 
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Accessory pigment migrations are an important mechanism 
of light and dark adaptation in many compound eyes. These 
migrations are controlled by ambient light intensities and/or 
hormones, and are often also influenced by die1 biological 
rhythms (Bennitt 1924; Parker 1932; Kleinholz 1961; Au- 
trum 1981 ; Rao 1985). Most studies of ocular pigment mi- 
grations in crustaceans have been limited to adults. Descrip- 
tions of larval eyes (e.g., Parker 1890; Eloffson 1969; Fin- 
cham 1984) typically make no mention of light or dark 
adaptation. In the few studies where ocular pigment migra- 
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1 A preliminary report on this research has appeared in the form 
of an abstract (Douglass 1985) 

tions have specifically been investigated in non-adults (Her- 
rick 1891; Meyer-Rochow 1975; Hafner et al. 1982), no 
consistent ontogenetic pattern has emerged. 

The ontogeny of ocular pigment migrations is of  partic- 
ular interest in a number of decapod crustaceans because 
the compound eyes undergo a major optical transformation 
from apposition eyes in larvae to superposition eyes in 
adults (Land 1981 a, b, 1984; Nilsson 1983; Fincham 1984). 
In both types of eye, light arrives at individual photorecep- 
tive units (rhabdoms) mainly from one direction, thereby 
forming an image on the retina as a whole. Apposition 
eyes collect relatively little light, and are typical of diurnal 
species. Each rhabdom is optically isolated from its neigh- 
bors and receives incoming rays only through a narrow 
aperture. In superposition eyes, imaging rays enter through 
a wider aperture that spans a number of neighboring facets, 
and (at least when dark-adapted) individual rhabdoms are 
much less isolated. As a result, superposition eyes are well- 
suited for low light intensities and often occur in nocturnal 
or deepwater species. Superposition eyes traditionally have 
been classified as either "refracting" or "reflecting," ac- 
cording to the focusing mechanism they employ (reviews 
by Land 1981a, b, 1984; Cronin 1986). A newly described 
third type depends upon both mechanisms (Nilsson 1988). 

Adult Palaemone t e s  have reflecting superposition eyes, 
as the crystalline cones are square-sided and lack major 
refractive index gradients. In addition, light- and dark- 
adaptational pigment movements bring about a daily opti- 
cal transformation between apposition (light-adapted, LA) 
and superposition (dark-adapted, DA) configurations 
(Land 1981 a), so functionally these are "facultative super- 
position" eyes. In PaIaemone t e s  spp., pigment movements 
bring about an estimated 2-log unit change in light-captur- 
ing efficiency (Land 1984). Three main classes of  accessory 
pigments migrate: distal cell screening pigment (DCSP), re- 
tinular cell screening pigment (RCSP), and reflecting pig- 
ment (RP) (Parker 1897). Fig. 1 illustrates the distribution 
of these pigments in the newly hatched zoea larva. 

This is the first of 2 reports on the ontogeny of pigment 
migrations and superposition optics in Palaemone tes .  The 
current study covers postembryonic life through metamor- 
phosis to the first postlarva. In the second paper (in prepa- 
ration), time courses and intensity ranges for postlarval pig- 
ment migrations will be described, and the gradual attain- 
ment of a working superposition eye will be documented. 
The results provide new insights into the evolution and 
developmental timing of superposition optics. 



290 

Materials and methods 

Collecting and rearing of animals 

Ovigerous Palaemonetes spp. were collected at low tide 
from the Newport River Estuary, Morehead City N.C., 
USA. In contrast with sympatric adults of this genus, P. 
pugio zoeae are easily distinguished by the abdominal chro- 
matophore pattern (Broad 1955; Broad and Hubschman 
1962). Newly hatched zoeae were examined from each 
brood to ensure that only P. pugio were used. Larvae were 
maintained in 20 ppt seawater filtered to remove particles 
larger than 5 ~tm, fed newly hatched Artemia nauplii (Great 
Wall Brand, Trentsin China), and kept at 20-25~ C on a 
14:10 LD cycle. The light phase began at 0700 h, with illu- 
mination by Sylvania Cool White fluorescent bulbs at 
1 • 1 7 6  -1. 

Light and dark adaptation 

Just prior to use, larvae were staged according to morpho- 
logical criteria selected from Broad (1955). Larvae and post- 
larvae were light-adapted or dark-adapted prior to fixation 
for light or transmission electron microscopy. Preliminary 
observations on larval eyes suggested little difference be- 
tween LA and DA pigment distributions, while dark-adap- 
tation of juveniles produced large-scale pigment migrations. 
Therefore, in order to pinpoint when migrations begin, sub- 
sequent experiments focused on the last 2 (9th and 10th) 
zoeal stages and early postlarvae. 

LA shrimp were exposed to controlled lighting condi- 
tions in an otherwise dark room. The light beam from the 
lens of a slide projector was passed through a diffuser and 
filtered (Schott heat filters and Corning 4-94 filter) to 
mimic a typical underwater spectral distribution in estuar- 
ine water (e.g., Forward and Douglass 1989). The beam 
was reflected downward to a light-adapting site surrounded 
on all sides by flat black surfaces. Variations in water tem- 
perature (+  2 ~ C or less) were too small to affect rates of 
migration or final pigment distributions (Congdon 1907; 
Bennitt 1924; Meyer-Rochow and Tiang 1982). 

Light intensity (always at least 1.1 • 1019 q - m - 2 - s  1) 
was measured just under the water surface with a Biospheri- 
cal QSL-100 quantal irradiance meter (San Diego Calif., 
USA, sensitivity range 400-700 nm). All quantitative mea- 
surements of pigment distribution were from eyes adapted 
to 4 • 1020 to 7 • 1020 q . m  2"S-1, which approximates the 
intensity of full sunlight at the surface of a body of water 
(e.g. Munz and McFarland 1973; Forward and Douglass 
1989). 

Shrimp were fixed during 1 of 2 periods: 0815 to 1220 h 
(light phase) or 2300 to 0230 h (dark phase). For "light 
phase" experiments, animals were first placed in total dark- 
ness at approximately the end of a light phase, all larvae 
having been staged just prior to this. At the beginning of 
the next light phase, shrimp were either light-adapted for 
3 h or kept in darkness during this period (total dark adap- 
tation time 11-16 h). For "da rk  phase" experiments, LA 
shrimp were moved from rearing lights to adapting lights 
just before the light phase would have ended, DA shrimp 
were placed in total darkness at this time, and all were 
fixed 3-8 h later. No difference was noted beween light 
phase and dark phase pigment distributions, and only light 
phase animals were used for quantitative measurements. 

Preparation for light and electron microscopy (LM and EM) 

LM. At the end of light- or dark-adaptation, shrimp were 
immediately heat-fixed by dipping in 55-58 ~ C, 20 ppt sea- 
water to prevent additional movements of pigment granules 
before chemical fixation was complete (Parker 1897). After 
15 s in the hot dip, shrimp were promptly immersed in a 
chemical fixative at room temperature and decapitated. The 
fixative consisted of 1.4% glutaraldehyde, 5.0% formalde- 
hyde (freshly made from paraformaldehyde), and 0.1 M 
phosphate buffer at pH 7.0. 

LA shrimp were heat-fixed in room lights adjacent to 
the adaptation apparatus. For DA shrimp, a very dim red 
flashlight equipped with a deep red cutoff filter (multiple 
layers of DuPont No. K 210 FCRD cellophane) was used 
briefly during transfer to the hot bath. Eyes were fixed 
in a light-tight box (ca. 20-25 ~ C) for 2 to 7 h, rinsed in 
phosphate buffer with 0.4 M sucrose, dehydrated in a 
graded ethanol series and embedded in LR White resin 
(hard grade, Ernest Fullam Co., Schenectady NY, USA). 

EM. Procedures were identical to those for LM, with the 
following exceptions. Heat-fixing was omitted, and after 
4.5 h in glutaraldehyde/formaldehyde, shrimp were post- 
fixed for 1 h in phosphate-buffered 1% OSO4. Ethanol de- 
hydration was followed by infiltration with propylene oxide 
and embedment in epon (Poly/Bed 812, Polysciences Inc., 
Warrington, Pa., USA). 

Data acquisition and analysis 

Heads of previously staged "tenth zoeae" were re-checked 
for any that had metamorphosed. Eyes were sectioned on 
Sorvall MT-2B ultramicrotomes at orientations parallel to 
the longitudinal axis of the eyestalk. Sections were either 
horizontal, separating dorsal and ventral parts, or vertical, 
separating anterior and posterior parts. (The conventional 
terminology of frontal and transverse planes does not apply 
due to the mobility of the eyestalk.) For LM, ca. 0.9 I.tm 
sections were cut with glass knives and either left unstained, 
or stained briefly with 1% toluidine blue or methylene blue 
in 1% borax. Eye diameters were measured from mid-eye 
sections by positioning an ocular micrometer scale across 
the eyestalk, along an imaginary line at the proximal limit 
of pigmentation. The lateral radius was measured from this 
line. For EM, silver sections cut on a diamond knife were 
placed on Formvar-coated slotted Cu/Pd grids and stained 
with 1% uranyl acetate and Sato's lead (Sato 1968). 

The distributions of accessory pigments were studied 
subjectively in stained and unstained sections taken from 
various levels. In order to obtain quantitative information 
as well, pigment locations were measured from color trans- 
parencies of unstained, longitudinal, horizontal ommatidial 
sections using 2 methods outlined in subsequent paragraphs 
(details in Douglass 1986). Both methods employed a zoom 
lens to project transparencies onto a rectangular template 
comprised of 32 "ommatidial regions." The projected om- 
matidium was aligned with the template (see Fig. 10), using 
the zoom lens to adjust image size if needed. This procedure 
normalized projected ommatidial lengths so that pigment 
densities could be compared statistically in each region. Sec- 
tions were considered sufficiently "longitudinal" for quan- 
tification if at least 75% of the rhabdom (usually 90-100%) 
and a nearly whole crystalline cone were both visible. Only 
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eyes which had yielded such a section from 3 ommatidia 
were used. 

In the first method of measuring pigment distributions, 
an image-digitizing camera (Microneye Bullet, Micron 
Technology, Boise, Idaho, USA) was used to generate black 
and white digital images of ommatidia from darkfield trans- 
parencies. The Microneye was mounted on a micromanipu- 
lator for precise alignment of the digitized image with the 
ommatidial template, image "exposure level" was adjusted 
by eye, and the template was removed before storing the 
image on a computer. The total number of pixels represent- 
ing pigment was calculated in each ommatidium, and in 
order to normalize for slight variations in section thickness, 
regional pigment densities were expressed as percentages 
of this total. Darkfield photos were employed because they 
produced the best digital images. The accuracy of these 
data compared favorably with preliminary data, obtained 
by a far more laborious method that entailed superimposing 
a fine grid on the template and counting the grid intersec- 
tions where pigment was present. 

The black and white "Microneye" images do not distin- 
guish between reflecting and screening pigments, but a hu- 
man observer can. Therefore, for each ommatidium ana- 
lyzed with the Microneye, a matching brightfield transpar- 
ency was projected onto a digital bitpad (Summagraphics 
Corp, Fairfield, Conn., USA), using the ommatidial tem- 
plate already described. RP granules usually occur in dense, 
well-defined masses; the outlines of these masses were 
traced and their areas computed in each ommatidial region. 

A Student's t-test was used to evaluate differences be- 
tween means, and the Z statistic (Walpole 1974) for differ- 
ences between proportions. All quantitative comparisons 
employed 1 eye/animal. 

Results 

First zoea. The compound eyes are prominent (Fig. 2a), 
with diameters surpassing 1/10 of the total body length 
and already 1/3 of adult size. The eye is slightly flattened 
dorsoventrally, with a horizontal diameter of ca. 310 gm 
in vivo. Although they remain unstalked until the first zoeal 
molt, each eye is already well-differentiated and has an esti- 
mated 130 to 180 hexagonally arranged facets. Accessory 
screening pigments form a dense central mass visible 
through a peripheral transparent zone that corresponds 
roughly to the crystalline cones (Fig. 1). If  brightly illumi- 
nated from above, the pigment mass appears golden or 
greenish-yellow, due to a distal layer of reflecting pigment 
described below. A small dark pseudopupil is also visible. 

In horizonal and vertical sections, eye diameters are ca. 
260 and 200 gm, respectively. In vertical sections from 
heads of newly hatched zoeae (Fig. 2b), the future eyestalks 
already contain a clearly-differentiated lamina, medulla, 
and lobula complex (Strausfeld and Nfissel 1981). Each om- 
matidium contains a well-developed rhabdom, crystalline 
cone, and cornea. Crystalline cones are round in cross-sec- 
tion (Fig. 2c, d) and, as they lack the long proximal exten- 
sions typical of superposition eyes, are generally shorter 
than the rhabdoms (Fig. 2e). 

Nuclei of cone and corneal cells (Fig. 2 c-e) are easily 
recognized by their characteristic "adul t"  positions in the 
ommatidium (e.g., Parker 1981 ; Debaisieux 1944). RP cell 
nuclei, distinguished by their frequently irregular profiles 

Fig. 1. Schematic longitudinal section through 3 dorsal ommatidia 
in compound eye of newly hatched zoea, showing greatest detail 
near central ommatidium. BL basal lamina; C cone cell; CR corne- 
al cell; CU cuticular facet; R rhabdom. Cross-sections (at right) 
show various ommatidial levels (dotted lines). Black shading: cell 
nuclei. Diagonal hatching: reflecting pigment. Small dots: screening 
pigment granules. Arrows enclose approximate level occupied by 
distal cell screening pigment; remaining screening pigment belongs 
to retinular cells, x 900; Bar: 20 gm 

and the surrounding RP granules, occur at various levels 
above and below the basal lamina, and also distal to the 
rhabdom tips. 

Large numbers of other cell nuclei are crowded between 
the cones. There is good reason to believe that the most 
distal of these nuclei belong to distal screening pigment 
cells. First, these nuclei are arranged in a well-defined layer 
forming a hexagonal array around each cone (Fig. 2c). This 
geometry results in two nuclei per ommatidium, matching 
the pattern of DCSP cells present in adult decapods (Parker 
1891). Furthermore, during early postlarval development 
(Douglass 1986), these nuclei remain distal while the others 
move proximally to the distal ends of the rhabdoms. As 
for this latter group, it belongs mostly (if not entirely) to 
retinular cells, since (1) retinular cells clearly exist in zoeae 
and there are no other reasonable candidates for their nu- 
clei, and (2) the aforementioned relocation of these nuclei 
puts them in the adult location of retinular cell nuclei. 

Rhabdoms are longest in the dorsal and posterior eye, 
and range from 4 to 6 gm in diameter and ca. 50 to 60 gm 
long. In stained or phase-contrast LM views, fine striations 
are often visible. Ultrastructural examination (Fig. 2 f) con- 
firms that the striations are due to alternating layers of 
microvilli arranged in the orthogonal pattern typical of 
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Fig. 2A-F.  First zoeae. A Newly hatched zoea, ventral view. e 
Compound eye. ~ • 43; Bar: 0.5 mm;  B vertical section through 
head, showing anterior portions of compound eye (e), rostrum 
(r), and optic ganglia (la lamina; m medulla; lo lobula complex). 
x 190; Bar: 100 lam; C-E  vertical sections at successively deeper 

levels of eye. Dorsal is toward top; C nearly grazing section illus- 
trating cuticular facets (cu), crystalline cone cell nuclei (c 4 cells 

per cone), distal screening pigment cell nuclei (arrows), and cornea 
cell nuclei (arrowhead). • 605; Bar: 50 lam; D cross-section of crys- 
talline cones (c) surrounded by retinular cell nuclei (arrowheads). 
•  Bar: 50 ~m; E longitudinal section through 2 crystalline 

cones (c) and a rhabdom (r). Arrowheads indicate several retinular 
cell nuclei; arrows, reflecting pigment. Stained with toluidine blue. 
x 450; Bar: 50 ~tm; F approximately longitudinal section through 
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adult decapod rhabdoms. One rhabdom contained over 
120 such layers, each ca. 4-6 microvilli thick. The palisade 
of vacuoles or cisternae which typically surrounds adult 
crustacean rhabdoms (Shaw and Stowe 1982; Doughtie and 
Rao 1984) was not observed. 

In LM, RP is clearly distinguishable from screening pig- 
ment in sufficiently thin sections, even when left unstained. 
RP granules typically occur in dense aggregations with dis- 
tinct outlines (Figs. 2e, 3), and appear yellow-brown in 
brightfield illumination or white-blue in darkfield. Screen- 
ing pigments appear dark brown or black in brightfield 
and glittering shades of brown in darkfield. The most distal 
screening pigment appears particularly dense, but a distinct 
boundary is not consistently visible between this presump- 
tive DCSP and the more proximal RCSP. 

In EM, DCSP and RCSP granules are both very elec- 
tron-dense and remain difficult to distinguish. Incomplete 
preservation of cell membranes often precluded the identifi- 
cation of entire DCSP and RCSP cell boundaries, and gran- 
ule size distributions also appear similar in these two cell 
types (Douglass 1986). RP granules appear very electron- 
transparent (Fig. 4) or contain a small, dense globular body 
(cf. Fig. 8 c) that may represent partially-dissolved remains 
of the original contents. 

The overall distribution of screening pigment is in the 
form of a hemisphere which envelops the distal tips of the 
rhabdoms and whose origin lies below the basement mem- 
brane. Screening pigment is most concentrated in 2 masses, 
one extending from below the basal lamina to the proximal 
ends of the rhabdoms, the other surrounding their distal 
ends (Fig. 1). This distal mass is concluded to be DCSP 
because its location matches that of DCSP in adult PaIae- 
monetes (Parker 1897; Doughtie and Rao 1984), and start- 
ing with the first postlarva, this mass migrates further distad 
upon dark-adaptation. The dense proximal mass is RCSP 
within the axons of retinular cells (Parker 1897). Although 
RCSP granules are less abundant at mid-rhabdom level, 
the rhabdoms themselves are closely enveloped by a thin, 
almost monolayered sleeve of this pigment (Figs. 3, 4). 

An additional mass of particularly large DCSP-like 
granules is located along the proximo-ventral side of the 
eye, adjacent to the most ventral ommatidia and distal to 
the basal lamina (Fig. 3). This mass of large screening pig- 
ment (LSP) granules extends toward the posterior but not 
the anterior side of the eye. 

RP granules form 2 layers (Fig. 3). The inner layer is 
adjacent to the first optic neuropil and extends across the 
entire base of the eye in a sheet up to 5 gm thick. The 
outer layer is the most distal of all pigments, and forms 
a continuous convex network surrounding the proximal 
portions of the crystalline cones. This distal sheet gradually 
thickens from only 0-1 gm ventrally to about 4 lam dor- 
sally. A similar thickening is observed from posterior to 
anterior portions of the eye. Broad sleeves and fingers of 
RP that extend proximad from the distal sheet are usually 

rhabdom fixed < 24 h after hatching, showing orthogonal layering 
of microvilli. Upper 2 arrowheads enclose layer of microvilli cut 
in cross-section, lower 2 arrowheads show layer cut in approximate- 
ly longitudinal section. Meeting point of microvilli from 2 retinular 
cells is indicated. Unusual cytoplasm in figure was observed only 
in dorsal eyes of newly-hatched zoeae, but may be fixation artifact. 
x 7620; Bar: 2 ~tm 

Fig. 3. Unstained vertical section through pigmented portion of 
newly hatched zoeal eye. Reflecting pigment (arrowheads) is con- 
centrated dorsally (to right); bl basal lamina; lsp large screening 
pigment granules; r rhabdom, x 595; Bar: 30 lam 

midway between adjacent rhabdoms, hence optically sepa- 
rated from the photoreceptors by DCSP and RCSP. 

In conclusion, first zoeae have well-developed eyes with 
all the morphological features typical of apposition optics 
(Land 1981a, b); facets are hexagonal, crystalline cones 
are round in cross section and lack proximal extensions, 
and rhabdoms are longer than the cones and optically iso- 
lated by pigment granules. 

Later  zoeal stages. The basic organization of the eyes chan- 
ges little between hatching and metamorphosis to the post- 
larva. The facets remain in an hexagonal array, and both 
cones and rhabdoms are still approximately circular in 
cross-section. Nevertheless, by zoeal stages IX and X the 
eyes are 390 to 450 gm wide (horizontal sections), contain 
several hundred ommatidia, and are more nearly hem- 
ispherical than in the first zoea. A new type of granule 
visible only in EM has appeared in DA eyes near the bases 
of the cones (Figs. 5, 6). These granules are very electron- 
transparent and approximately cylindrical (ca. 170 nm in 
diameter and up to 600 nm long). None of these granules 
was observed in the single LA tenth zoeal eye examined 
with EM. 

Rhabdoms of stage X zoeae range from about 65 to 
I10 ~tm long and 3 to 4 ~tm in diameter. All 8 "adul t"  
retinular cells are present, as evidenced by the arrangement 
of cell membranes in distal cross sections (Fig. 7). (Fixation 
problems precluded similar observations on earlier stages.) 
As in adult decapods (Shaw and Stowe 1982; Doughtie 
and Rao 1984), cells R1-R7 contain screening pigment, 
while the more distal cell body of R8 has 4 unpigmented 
lobes. The numbers of layers of microvilli are similar to 
the first zoea, but each layer has increased in thickness 
from 4-6 to 9-13 microvilli. In contrast to DA rhabdoms, 
many LA rhabdoms are now surrounded by a small pali- 
sade. In some eyes, small masses of RP now extend from 
the proximal layer toward the basal lamina, occasionally 
projecting to the bases of the rhabdoms where a new RP 
concentration will develop in postlarvae. 

First postlarvae. Unexpectedly, the normal trend of increas- 
ing eye-size with age is temporarily reversed at metamor- 
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Fig. 4. Cross-sections of rhabdoms in ventral portion of eye. Arrow- 
heads reflecting pigment granules; arrow retinular cell screening 
pigment granule. First zoea, x 4140; Bar: 5 jam 

Fig. 5. Lucent granules (arrows) along edge of cone (c) and inter- 
spersed among distal cell screening pigment granules. Dark- 
adapted tenth zoea, x 13300; Bar: 1.5 jam 

Fig. 6. Lucent granules (arrows) and crystalline cone (c) in cross- 
section, dark-adapted tenth zoea. x 12800; Bar: 1.5 ~tm 

Fig. 7A, B. Demonstrat ion that  retinular cells 1-8 are present in 
tenth zoea. A Ommatidial  cross section at distal rhabdom level; 
B diagram of A showing rhabdom (R), 4 lobes of eight retinular 

cell (R8), and retinular cells of main rhabdom (RI R7). R1-R6  
remain unnumbered because it is not known whether section origi- 
nated from dorsal or ventral ommatidium (cf. Shaw and Stowe 
1982). x 8540; Bar: 3 gm 

Fig. 8A-C.  First postlarval eyes. A Ventral margin of light-adapted 
eye (vertical section). Large screening pigment (LSP) granules are 
located distal to basal lamina (arrowheads). Lucent granules (ar- 
rows) occur near both ends of rhabdoms (R). C crystalline cone; 
RP reflecting pigment granules, x 2850, Bar: 10 jam ; B lucent gran- 
ules mixed with distal cell screening pigment granules in distal 
portion of light-adapted eye. x 18200; Bar: 1 jam; C reflecting 
pigment granules with stalked inclusions (arrows). x 18500; Bar: 
I jam 
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Table l. Changes in ocular dimensions between last-stage zoeae 
and first postlarvae. Data are means__+ standard deviations from 
light- and dark-adapted eyes. N= number of eyes or ommatidia. 
Three ommatidia were measured from each eye. P = results of Stu- 
dent's t-tests comparing tenth zoeal and postlarval measurements 

Lengths Tenth (N) First (N) P 
(lam) zoeae postlarvae 

Eye diameter 432+ 18.4 (10) 314+ 17.5 (10)  40.001 
Lateral eye radius 195 + 19.1 (10) 171 + 14.5 (8) <0.01 
Proximal pigmented 31+ 5.3 (10) 42+ 5.7 (8) <0.001 

region 

Ommatidia 161 + 17.5 (30) 120 + 14.7 (30)  40.001 

Rhabdoms 81+13.2 (30) 52__ 8.2 (30)  ,~0.001 
Outer ommatidia 80+ 9.2 (30) 68+ 8.2 (30)  40.001 

phosis (Table 1). Although total body lengths of  tenth zoeae 
(6.3-6.7 mm) and first postlarvae (6.3 mm) are much the 
same (Broad 1955), the mean eye diameter in tenth zoeae 
is 38% larger than in postlarvae. While the pigmented re- 
gion proximal to the basal lamina has actually grown 
thicker, the lateral ocular radius as a whole has shortened 
due to ca. 36% and 15% reductions in rhabdom and outer 
ommatidium lengths, respectively. 

Other noteworthy changes have also occurred. The dis- 
tal RP layer is now thicker ventrally instead of  dorsally 
(Fig. 8a), and a fully developed middle RP layer has ap- 
peared at the proximal rhabdom level. (Meanwhile, there 
is no longer a postero-anterior gradient in distal RP.) The 
mass of  LSP granules remains located ventrally and posteri- 
orly and is more highly developed than in early zoeae 
(Figs. 8 a, 9). Finally, the small electron-lucent granules are 
more numerous than in larvae. These granules were ob- 
served around the bases o f  the cones in both LA and DA 
eyes, and deep within the retina in LA eyes (Fig. 8 a, b). 

In spite of  these numerous morphological changes, eyes 
of  LA first postlarvae still retain the general appearance 
of  apposition eyes. The ratio of  rhabdom to outer ommati- 
dium length has begun to diminish, but rhabdoms are still 
nearly as long as outer ommatidia, and the facets remain 
in a hexagonal array. 

The commencement o f  ocular pigment migrations 
at metamorphosis 

Light- and dark-adaptational pigment migrations begin 
abruptly at metamorphosis.  Most  DA tenth zoeal eyes ex- 
hibit nearly the same pigment distributions as the first zoeal 
eye pictured in Fig. 3. D A  postlarvae show major redistri- 
butions of  all 3 main pigment types (Fig. 9). RP has concen- 
trated in the middle layer, where it forms thick dense sleeves 
encircling the proximal 1/3 to 1/2 of  each rhabdom. Mean- 
while, almost all RCSP has migrated proximal to the base- 
ment membrane;  the rest remains just distal to it. DCSP 
has migrated distad, but only a short distance. Further 
DCSP migration appears to be hindered by a lack of  free 
space related to 2 factors: (1) crystalline cones have yet 
to develop the long proximal extensions present in adults; 
and (2) retinular cell nuclei still occupy nearly all of  the 
volume between the cones. 

LA and DA eyes from tenth zoeae and postlarvae were 
subjectively scored as either " L A  type" (overall pigment 

Fig. 9. Dark-adapted first postlarval eye fixed 2-3 d after metamor- 
phosis (darkfield, unstained horizontal section). Anterior to right. 
Arrowheads mark reflecting pigment at proximal rhabdom level, 
unlabelled arrows mark cuticle; dp distal cell screening pigment; 
lsp large screening pigment granules; rcp retinular cell screening 
pigment; n retinular cell nuclei, x 370; Bar: 50 lim 

distribution closely matching that of  a typical LA tenth 
zoea) or " D A  type" (showing an obvious change in RP, 
DCSP, or RCSP distribution). All eyes examined fit clearly 
into 1 of  these 2 categories. DA postlarvae had metamor- 
phosed < 3 d prior to fixation and were therefore unlikely 
to have molted yet as postlarvae; LA postlarvae were 1-6 d 
from metamorphosis. Among tenth zoeae, 77% of  DA eyes 
(n=13)  and 100% of  LA eyes (n=13)  were " L A  type."  
Although these proportions differ significantly (Z test, P <  
0.05), the contrast between postlarval eyes was far greater, 
0% of DA eyes (n=10)  vs. 100% of  LA eyes ( n = 9 ;  P <  
0.001). Moreover, comparison of  all DA animals shows 
a highly significant difference between " L A  type" larvae 
and postlarvae (P < 0.001). 

These results indicate that light-/dark-adaptational pig- 
ment migrations normally do not occur long before the 
metamorphic molt, and are always operational soon after 
metamorphosis. In 2 DA postlarvae known to have meta- 
morphosed < 10 h and < 15 h prior to fixation, all 3 pig- 
ments had already migrated, further suggesting that migra- 
tory capacity arises quite near the time of  molting. If  this 
capability begins just before the metamorphic molt, this 
could explain the occasional " D A  type"  tenth zoeae. These 
animals, though still wearing a larval cuticle at the time 
of  fixation, may have been just on the verge of  molting, 
with physiological transformations already well underway. 

Pigment distribution measurements 

Larvae. The quantitative measurements confirm that aver- 
age overall pigment distributions in " L A  type" LA and 
DA tenth zoeae are nearly the same (Fig. 10a). Pigmenta- 
tion is entirely absent from the distal 7 to 9 regions of  the 
ommatidium, rises sharply just distal to the rhabdom tip, 
is slightly reduced in the mid-rhabdom region, then returns 
to a fairly high level until well below the basal lamina. 
The higher relative pigment density in DA ommatidial re- 
gions 9 through 11 coincides with the presence of  slightly 
longer rhabdoms in the DA sample. Thus, the actual dis- 
tance from the rhabdom tips to the distal limit of  pigmenta- 
tion is about the same in DA and LA tenth zoeae. 
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OMMATIDIAL REGION 
Fig. 10A-C. Ommatidial pigment distributions in light-adapted 
(o---o) and dark-adapted ( o - - e )  shrimp eyes. Percent total pig- 
ment (ordinate, -+- s.e.) is plotted at 32 ommatidial regions (abscissa) 
defined by ommatidial template (top offigure). As described (Meth- 
ods), each ommatidium was aligned in template with external edge 
of cuticular facet at left (region 1), basal lamina between regions 22 
and 23 (vertical line spanning figure), and cone (C) and rhabdom 
(R) centered in template as shown. Overall pigment distributions 
in tenth zoeae (A) and postlarvae (B), and reflecting pigment distri- 
butions in postlarvae (C) are shown. Average locations of rhabdom 
tips indicated with arrows in each figure. In A only, light-adapted 
(LA) and dark-adapted (DA) tip locations differed slightly. N= 15 
in each treatment (3 ommatidia x 5 eyes). LA and DA postlarvae 
were 1-6 and 2-3 days from metamorphosis, respectively 

Postlarvae. The clear qualitative differences between LA 
and DA postlarval pigmentation are also confirmed and 
extended by the digitized data (Fig. 10b). The average LA 
pigment distribution is very similar to that of LA tenth 
zoeae, and a dramatic change from this pattern is evident 
in DA eyes. The pigment has become divided into two dis- 
tinct masses, and a slight movement of DCSP is clearly 
demonstrated. The separate measurements of RP distribu- 
tions (Fig. 10c) also show major changes between LA and 
DA eyes. In LA postlarvae, RP is concentrated in the two 
"larval" layers, proximal to the basal lamina (51.5%) and 
distal to most other pigment (29.9%, regions 10-12). Only 
16.0% is at the bases of the rhabdoms (regions 18-22), and 
2.6% at the distal rhabdom level (regions 13-17). Following 
dark adaptation, the great majority of RP is in the new 
middle layer (regions 18-22, 75.2%; regions 15-17, 2.7%). 
The distal RP layer has thus diminished to 4.3% of the 
total while also migrating distally, ahead of the DCSP. 

Discussion 

General ontogeny of  the eye 

Though not necessarily related to the ontogeny of superpo- 
sition, several features of larval and postlarval eyes merit 

discussion with regard to general ocular development, spec- 
tral sensitivity, or polarization sensitivity. 

First, various cell nuclei have been identified in first 
zoeal eyes. Among the numerous inter-cone nuclei, the most 
distal layer belongs to distal pigment cells, while most (or 
all) of the remaining nuclei represent retinular cells. This 
description is consistent with several investigations of other 
macruran crustaceans. The hexagonal arrangement of distal 
pigment cell nuclei around the crystalline cones has been 
noted in early larval stages of lobster (Homarus americanus; 
Parker 1890), and snapping shrimp (Alpheus saulcyi; Her- 
rick 1891), and Hafner et al. (1982) also identified this 
group of nuclei with distal pigment cells of larval crayfish. 
Although our assignment of the remaining inter-cone nuclei 
to retinular cells agrees with Parker (1890), ultrastructural 
observations of unusual cytoplasmic morphology in this 
region (Doughtie and Rao 1984; Douglass 1986) leave open 
the possibility of additional cell types. 

The demonstration of R8 in shrimp larvae is noteworthy 
with regard to spectral sensitivity, since there is convincing 
evidence from crayfish that R8 is a violet receptor, while 
R1-7 are green receptors (Cummins and Goldsmith 1981). 
The 4-lobed, adultlike R8 morphology observed in the Pa- 
laemonetes tenth zoea (Fig. 7) suggests that this photorecep- 
tor may already be functional. As for the first zoea, Fin- 
cham (1984) has reported only 7 retinular cells in the closely 
related Palaemon serratus, but the published electron micro- 
graph was taken from the proximal region of the retina, 
where the profile of R8 is expected to be small and not 
in contact with the rhabdom (Doughtie and Rao 1984). 
Thus, R8 may be present well before the tenth zoeal stage. 

The presence of orthogonally layered microvilli in rhab- 
doms of first zoeae (Fig. 2 f) suggests that the polarization 
sensitivity widely associated with this morphology in adults 
(Shaw and Stowe 1982) may already function in shrimp 
larvae. Indeed, a larval brachyuran crab is known to exhibit 
polarotaxis as early as stage II (Via and Forward 1975). 

We have noted that the dorsal concentration of distal 
RP granules in larvae changes suddenly to a ventral concen- 
tration in postlarvae. This observation coincides with the 
behavioral change from an upside-down (larval) to an 
upright (postlarval) posture first noted by Sollaud (1923), 
and agrees partially with Hubschman's (1963) report that 
the entire eyestalk rotates about 180 ~ during the first 2- 
3 postlarval instars. It appears, then, that the eyes retain 
their larval orientation with respect to the world while the 
rest of the body rotates around them. Certain details, how- 
ever, remain in some doubt. First, the change to a ventral 
concentration of distal RP is complete in the first postlarva, 
suggesting that the eyestalk may rotate faster than Hubsch- 
man (1963) believed. Second, the ventral position of the 
LSP granule mass remains unchanged following metamor- 
phosis. Assuming that the eyes do rotate, it appears that 
either the LSP-containing cells migrate across the eye, or 
LSP granules are rapidly catabolized on one side of the 
eye just as new ones are synthesized on the other side. 
Clearly, more detailed observations are needed to establish 
the true sequence of events. 

The "lucent granules" in distal screening pigment cells 
of tenth zoeae and first postlarvae are forerunners of a 
more elaborate system recently described in adult P. pugio 
and a pelagic shrimp (Doughtie and Rao 1984; Ball et al. 
1986). (These authors call the granules "platelets," but their 
3-D structure is not actually plate-like.) Although no optical 
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observations are available from shrimp, these granules 
closely resemble the so-called reflective "platelets" of am- 
phibian chromatophores (e.g., Bagnara 1983). Assuming 
that lucent granules of shrimp do reflect light, they may 
serve in adults to increase the efficiency of superposition 
reflections from the sides of the cones. 

Optical consequences of  pigment migrations in postlarvae 

Eyes of LA and DA larval grass shrimp contain a dense 
hemispherical mass of accessory pigments that surrounds 
the rhabdoms and extends slightly beyond their distal ends. 
This is essentially the same "apposition" pigment distribu- 
tion that LA postlarvae and adults have, and as such is 
expected to enhance the directional sensitivity of each rhab- 
dom at the expense of light-capturing efficiency (cf. Land 
1981a, b; Cronin 1986). By itself, the dense outer shell 
of RP, DCSP, and RCSP confers a high degree of direction- 
al sensitivity on the retina by blocking rays that do not 
approach nearly on-axis with a photoreceptor. (Microspec- 
trophotometry (MSP, Douglass 1986) demonstrates that 
RP and the screening pigments block light transmission 
equally well.) The crystalline cones are expected to refine 
directional sensitivity further by deflecting nearly on-axis 
rays initially directed toward a rhabdom tip via a neighbor- 
ing facet. Studies of 2 larval palaemonids indicate that the 
crystalline cones are nearly optically homogeneous, with 
a refractive index of about 1.40 to 1.43 (Palaemon, Land 
1981b; Macrobrachium, Nilsson 1983). Fig. 11 a illustrates 
the limiting case for a typical larval Palaemonetes ommati- 
dium, with a ray approaching the base of the cone at a 
nearly grazing angle. Any rays incident on the cone at equal 
or greater angles will be refracted away from the rhabdom 
and blocked by RP and DCSP. Nilsson (1983) has made 
a similar prediction for larval Macrobrachium. 

Since most off-axis rays are already prevented from en- 
tering the rhabdom, the role of RCSP is effectively limited 
to attenuating nearly on-axis rays that have already entered 
the rhabdom. Refractive indices of arthropod rhabdoms 
(ca. 1.40, Kirschfeld and Snyder 1975) are much lower than 
those of accessory pigment granules (>  1.7, Zyznar 1970). 
Thus, in " L A  type" eyes with RCSP granules directly adja- 
cent to the microvilli, a portion of the light within the rhab- 
dom will " leak" into the screening pigment, attenuating 
the light signal (cf. Kirschfeld and Franceschini 1969; Nils- 
son et al. 1988). 

In the preceding analysis, the optical effects of the acces- 
sory pigments are discussed as if they exhibit only light- 
screening properties. Although this assumption is justified 
for DCSP and RCSP, which exhibit very low reflectances 
by MSP, RP reflects substantial amounts of light (Douglass 
1986). Nevertheless, RP in larvae and LA postlarvae ap- 
pears restricted to a light-screening role, as it is almost 
always separated from rhabdoms by a layer of DCSP or 
RCSP. The putatively reflective lucent granules are similar- 
ly shielded from direct interaction with rhabdoms. 

Dark-adaptational pigment migrations in early postlar- 
vae are qualitatively similar to those observed in adult Pa- 
laemonetes (Parker 1897; Doughtie and Rao 1984), but 
since they occur without superposition morphology, they 
are expected to improve photon catch only slightly. The 
eye still lacks a clear zone distal to the rhabdoms, so DCSP 
does not migrate far. Any rays reflected from sides of neigh- 
boring crystalline cones should be blocked by screening pig- 
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Fig. l 1 A-C. Predicted optics of light- and dark-adapted postlarval 
eyes. AX ommatidial axis; CO crystalline cone; RH rhabdom; BL 
basal lamina; stippled, accessory pigments. A Exclusion of off-axis 
rays by crystalline cone in light-adapted eyes. Ray R approaches 
rhabdom from outside of crystalline cone, but is refracted by cone, 
then absorbed/scattered by accessory pigments. Snell's Law pre- 
dicts angle of refraction 0r= arcsin[(no/ni) sin(0.]. 0o is angle of 
incidence, no and n~ refractive indices outside and inside of cone, 
respectively. Here, 0o=86 ~ no=1.3367 (for 20%o seawater), and 
ni= 1.40, the lowest reported value (Nilsson 1983). B Blocking of 
potential superposition rays in dark-adapted first postlarval eyes. 
Photons on-axis with rhabdom RH may be either transmitted 
through cone as depicted by R1, or reflected (R2, by total internal 
reflection or lucent granules), but ultimately are blocked by distal 
cell screening pigment. C Increased photon-catch in dark-adapted 
first postlarval eye. Total internal reflections should be more effi- 
cient because screening pigments have moved away from rhabdom, 
and light that still escapes from rhabdom is likely to reflect diffusely 
from exposed reflecting pigment (hatched) 

ment before reaching the retina (Fig. 11 b). Even if these 
rays were not blocked, no reflecting superposition image 
could form because the cones remain round in cross section. 
A small improvement in photon catch is nevertheless ex- 
pected upon dark adaptation (Fig. 11 c). Total internal re- 
flections should increase because the pigment-free cyto- 
plasm now has a lower refractive index than the rhabdom. 
Moreover, photons that escape a rhabdom without being 
absorbed by visual pigment can now be reflected by exposed 
RP (Fig. 11 c). Since RP also has good light-screening prop- 
erties, light scatter to other rhabdoms should meanwhile 
remain low. This combination of more efficient internal 
reflections and exposed RP should enhance absolute sensi- 
tivity with little change in directional sensitivity. 

Reflecting pigment as camouflage 

We have noted two major changes at metamorphosis in- 
volving accessory ocular pigments; the onset of light/dark- 
adaptational pigment migrations, and a ventral-to-dorsal 
shift in distal RP distribution. Only the former change has 
significance for superposition; instead, the latter may func- 
tion in ocular camouflage. Palaemonetes are unusually large 
among larval decapods, so probably are valuable prey for 
planktivores, and the prominent eyes are likely the most 
conspicuous part of an otherwise nearly transparent body. 
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Even if its thickness did not  vary, an RP shell over the 
much darker screening pigments could reduce the visibility 
of the eyes against a sufficiently bright background. Nilsson 
and Nilsson (1983) have proposed such a function for RP 
in an adult benthic isopod. In  an aquatic environment,  how- 
ever, the contrast of an object with its background depends 
highly on the viewing angle. This problem is minimized 
in many organisms by countershading, in which the ventral 
surface of the body is more reflective than the dorsal surface 
(Lythgoe 1979). In the same way, the dorsoventral gradient 
in distal RP appears to countershade grass shrimp eyes. 
Larval palaemonids swim tail-first and upside-down, but  
immediately assume an upright posture upon  metamorpho-  
sis. The concurrent switch from a dorsal to a ventral RP 
concentration seems ideal for maintaining ocular counter- 
shading at all developmental stages. 

General conclusions 

Except for lacking superposition morphology and pigment 
migrations, the visual system of larval grass shrimp already 
shows a great many adultlike features. The compound eyes 
contain several dozen ommatidia,  all 3 major  accessory pig- 
ments, well-developed rhabdoms with orthogonal layering, 
and at least by zoeal stage X, all 8 retinular cells. This ad- 
vanced morphology suggests that the visual system is fully 
functional in most respects, a conclusion strengthened by 
the presence of vigorous phototactic responses (e.g. Plate 
1924; Wilson et al. 1985). 

Given its overall developmental advancement,  the ab- 
sence of ocular pigment migrations and superposition optics 
from the larval eye is striking. Moreover, since pigment 
migrations already are operational in certain somatic chro- 
matophores of first zoeae (Broch 1960; personal observa- 
tions), there is clearly no fundamental  incompatibil i ty be- 
tween pigment movements and larval physiology. The opti- 
cal benefits of migratory ocular pigments would certainly 
be multiplied if the larval eye also possessed superposition 
morphology. Among the issues we discuss in the second 
paper of this series (in preparation) are possible evolution- 
ary constraints upon earlier development of superposition 
morphology. 
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