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ABSTRACT 

The nauplius and compound eyes of the shrimp, Pandalus borealis, 

have been investigated using electrophysiological and behavioural 

techniques. Ocellar potentials were used to determine the spectral 

sensitivity of the nauplius eye and to compare its characteristics 

with those of the compound eye. A peak of maximum sensitivity for the 

nauplius eye was found at 490 nm for female P. borealis, while male 

specimens had a maximum sensitivity at 510 nm. A similar situation was 

found for the compound eye, although differences between male and 

female were not as significant. Comparative studies using females of 

Pandalus montagui revealed a 490 nm peak restricted to the nauplius 

eye and a 510 nm peak for the compound eye. Behavioural studies carried 

out on larvae of P. borealis showed a strong positive phototaxis with 

a peak of activity between 490 and 525 nm, and ocellar potentials 

recorded from the larvae revealed sensitivity peaks at 510 and 490 nm. 

The significance of these findings is discussed in relationship to the 

environmental changes through which pandalid shrimps progress during their 

development. A preliminary histological examination of the eye exposed 

some structural characteristics which are discussed in relation with 

nauplius eye function. 
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INTRODUCTION 

Almost all crustaceans have a median eye (commonly known as the 

nauplius eye) usually situated close to the front of the brain. 

Elofsson has traced this organ throughout the Crustacea and described 

its morphology (Elofsson 1963, 1965, 1966a). He has also described the 

embryological development of the nauplius eye of decapods (Elofsson 1966 ) 

and has studied its fine structure in Pandalus borealis (Elofsson 1966°). 

The fine structure of the eye of a copepod Macrocyclops albidus has been 

described by Fahrenbach (1964) who has also examined the nauplius eye 

of Balanus cariosus (Fahrenbach 1965). 

This investigation deals with Pandalus borealis for three main 

reasons: 1.) It is the species that was used for a preliminary study 

by the author (Eaton 1968, Eaton and Boyd 1970). 2.) P. borealis is 

a typical deep water decapod which is fairly accessable in Nova Scotian 

waters and easily maintained in the laboratory. 3.) A good descriptive 

study of the nauplius eye of P. borealis exists (Elofsson 1963, 1966 , 

1966c). These reasons were background for the present study which was 

directed toward extending our information on the function of the nauplius 

eye. 

The nauplius eye of P. borealis consists of two main parts: the 

nauplius eye proper (sensu stricto) and the dorsal frontal organ. The 

nauplius eye proper is made up of three "cups" each containing three 

photoreceptor cells. A single ventral cup is directed forward and down, 



- 2 -

and two anterior lateral cups are directed dorsally and slightly forward. 

These three cups are connected to the brain by a median nerve containing 

nine axons, one for each photoreceptor cell. The dorsal frontal organ 

is a paired structure forming the lateral boundaries of the eye 

structure. Each half of the dorsal frontal organ is made up of a 

posterior lateral cup containing 30 photoreceptor cells in groups of 

three, and a curious extension which reaches from the posterior lateral 

cup forward and laterally to contact the integument of the "bee ocellaire" 

(Fig 1). The entire eye, including the extensions of the dorsal frontal 

organ, is sheathed in epineurium which is continuous with the brain 

covering. 

The cells of the nauplius eye proper are imbedded in a black screening 

pigment as are the proximal parts of the cells of the dorsal frontal organs. 

Axons leaving the posterior lateral cup cells traverse the pigment and 

form two lateral nerves which enter the brain on either side of the 

median nerve. The eye itself is about 200 ji long not including the dorsal 

extensions or the connecting nerves. More will be said about the eye 

and its surrounding tissues in connection with results from the present 

histological study. 

The photoreceptor cells themselves deserve some initial consideration. 

All sensory cells in the nauplius eye occur in groups of three and form 

a rhabdom where they come together, a feature which is common throughout 

invertebrates. The sensory cells are large (100 u long) with a large 

irregularly rounded nucleus. At the surface contacting the other two 



Figure 1. 

Horizontal section through the nauplius eye of Pandalus 
borealis. (d.f.e.) dorsal frontal organ extension, (a.I.e.) 
anterior lateral"cup", (pg) shielding pigment, (d.f.o.) dorsal 
frontal organ, (l.n.) lateral nerve, (m.n.) median nerve. 
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cells in a group, each cell develops a rhabdomere, a microvillous border 

with rather irregularly arranged and distributed microvlllae. This 

feature contrasts with the highly organized arrangement of microvlllae 

found in the compound eye of arthropods (Waterman 1966) which allows 

them to discriminate the plane of polorized light (Bainbridge and 

Waterman 1957, Shaw 1969). 

The presence of sensory cells with rhabdomeres, screening pigment, 

and nervous connection with the supra-oesophageal ganglion certainly 

marks the nauplius eye as a receptor organ developed for light perception. 

Also, the lack of any signs of reduction or loss of the structures 

mentioned above attests to its functional usefulness as a sensory organ. 

Because of the nauplius eye's similarity in basic cellular structure 

to many other simple photoreceptors, an extensive literature could be 

consulted for information on the electrical response of photoreceptor 

cells, and often the information so gleaned could be related directly 

to the nauplius eye. This was most useful due to the complete lack of 

previous physiological work on decapod nauplius eyes. One of the most 

closely related studies, apart from previous work carried out by the 

author (Eaton 1968), is that of Gwilliam (1963, 1965) who examined the 

shadow response of the barnacle as mediated by its nauplius eye. The 

electrical response of the eye and ocellar nerve of the barnacle 

appeared as a graded receptor potential uncomplicated by action potentials. 

Similar responses, characterized by a rapid voltage transient at the 

initiation of a light pulse, a sustained steady state depolarization during 
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the light pulse, and a rapid return to the polarized state at the cessation 

of the light pulse, have been recorded from individual photoreceptor cells 

of other arthropods. Information on the photoreceptors of Limulus far 

exceeds that of other arthropods, and a fairly complete understanding of 

the photoresponse of Limulus has been established. Smith, et al (1968) 

examined the light induced conductance changes of the photoreceptor cell 

membrane of Limulus and proposed that receptor depolarization was due to 

light induced changes in a metabolic sodium pump rather than direct changes 

in the conductance of the cell membrane. This hypothesis contradicted the 

more familiar view that depolarization was a result of a change in membrane 

conductance. New evidence to support the belief that membrane conductance 

changes were responsible for depolarazion was introduced by Brown et al 

(1969) for the photoreceptor cells of the barnacle, and by Millecchia and 

Mauro (1969), who demonstrated a similar light induced increase in membrane 

conductance for the ventral photoreceptor cells of Limulus, casting doubt 

upon the hypothesis of a metabolic sodium pump mechanism advanced by 

Smith et al (1968). 

Bass and Moore (1970) have proposed a mechanism to explain the 

depolarization of Limulus photoreceptor cells in response to very small 

quantities of light. Their model involves the unique structural character­

istics of retinular cells (i.e. the microvlllae of the rhabdomere), and 

explains how the arrangement of these structures provides for the ampli­

fication necessary for the absorption of one photon of light to produce 

a depolarization of the receptor cell. Because of the universal occurrence 
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of microvlllae in retinular cells of most invertebrates, the model of 

Bass and Moore (1970) might be applied throughout invertebrate photor­

eceptors. The present investigation was not intended to probe the 

detailed characteristics of photoreceptor cell membranes in Pandalus 

borealis« but rather, was directed at examining the spectral sensitivity 

of the photoreceptors. It is sufficient to note that the ocellar 

potentials of the nauplius and compound eyes of P. borealis resemble 

those of Limulus in basic shape. 

Spectral sensitivity is one of the more important characteristics 

of photoreceptors since it usually bears a direct relationship with the 

existing or potential habitat of an animal and determines some of the 

animal's behavioural activity. The ability of some flying insects to 

seek out nectar-bearing flowers is dependent upon a sensitivity to the 

ultraviolet light reflected by the flower petals. Ultraviolet sensitivity 

has been found in the honeybee, a nectar feeder (Goldsmith 1960); however, 

it has_ also been found in Notonecta irrorata (Bennett and Ruck 1970), in 

the lateral eye of the scorpion (Machan 1968) and in the median ocellus 

of Limulus (Wald and Krainin 1963, Chapman and Lall 1967) in which cases 

its usefulness is obscura. Spectral sensitivity and habitat of marine 

fishes have been related by Wald, Brown and Brown (1957) who found that 

species living at greater depths had ?V.-max's at shorter wavelengths 

that those species living in shallow water. The peak spectral sensitivities 

of the Lobster, 515 nm (Wald and Hubbard 1957),and the crayfish, Orconectes, 

565 nm (Goldsmith and Fernandez 1968), also reflect the coastal-marine and 

fresh water habitats of these two species. Fresh water bodies, because 
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of their relatively greater turbidity, tend to transmit longer wave­

lengths than water occurring in the open ocean (Tyler 1959). 

The occurrence of two peaks of spectral sensitivity in arthropod 

eyes has been studied closely, especially in the median ocellus of 

Limulus. Two different photoreceptor cells, UV cells and Visible cells, 

have been postulated for the median eye of Limulus, based on intracellular 

recording (Nolte and Brown 1969, Lall 1970). Mote and Goldsmith (1971) 

have located UV and Visible receptor cells in a single ommatidium of the 

cockroach compound eye by a technique of recording and marking intracel­

lular ly. Although most multiple visual systems revealed in arthropods 

have pigments that are widely separated spectrally (i.e. UV and Visible), 

there is one species in which pigment maxima occur close together 

Euphausia pacifica. Boden and Kampa (1965) discovered a trlmodal spectral 

sensitivity curve for this euphausiid with peaks at 465, 495 and 515 nm, 

a detail which should be considered in relation to the results of this 

study. 

The earlier study by the author (Eaton 1968) provided some interesting 

results from an electrophysiological investigation of the nauplius eye. 

Stainless steel electrodes were used to record ocellar potentials (O.P.'s) 

from the nauplius eye of Pandalus borealis and film records of O.P.'s 

were measured. This study was one of the first attempts to detect photo-

reception in the nauplius eye of decapods by a physiological method. A 

major peak of maximum spectral sensitivity ( A -max) was found at 475 nm 

except in one individual, smaller than the others, where it appeared to 

be at 500 nm, 



- 6 -

Further investigation into the significance of the latter finding 

was impossible at that time but it was suspected that size or age of 

specimens might have some influence on their A-max. Compound eyes of 

Pandalus were not thoroughly investigated at that time either,and an 

adequate comparison between compound and nauplius eyes could not be made. 

The present investigation was undertaken to extend the knowledge 

of photoreception in Pandalus borealis. Spectral sensitivity of a large 

size-range of shrimp was measured to determine whether the A-max of the 

nauplius eye was related to size, age, or sex. The compound eye was 

further studied for comparison with nauplius eye results. Both the nauplius 

and compound eyes of an associated species, Pandalus montagui, were 

studied for comparison with results from JP̂  borealis. Physiological and 

behavioral responses of Pandalus zoea to light were measured and results 

compared with those of adults. The use of more refined techniques, 

particularly in light control and data processing, allowed greater accuracy 

in recording and hence a higher level of confidence in results than was 

possible in the previous study (Eaton 1968). 
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MATERIALS AND METHODS 

(A) Collection and Maintenance of Animals 

Pandalus borealis and P. montagui, used in this study, were collected 

using an otter trawl in 50 to 100 m of water off Blacks Harbor In the 

Bay of Fundy. Shrimps were transported to the laboratory in seawater-

filled styrofoam coolers, where they were transfered to shallow plastic 

tanks (56 x 36 x 14 cm) and maintained at 5 C. Each specimen received 

3 
a 0.5 cm fragment of frozen fish once a week and water was changed once 

or twice a week. In this manner pandalids can be maintained 12 months 

in the laboratory in a state of apparent good health. 

Collections were carried out in February 1970 and 1971 and provided 

many gravid females. Eggs started to hatch in the laboratory by mid-

March and larvae were present in the tanks during March and April. 

A number of P. borealis stage I zoea were isolated in a 10 gallon glass 

aquarium containing aerated seawater. These larvae were fed newly 

hatched Artemia and some larvae survived as long as 5 months, reaching 

stage V zoea. Larvae from this population were used in behavioral and 

electrophysiological experiments. 
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(B) Histological Preparation 

Standard histological methods were used to prepare nauplius eye 

material for light microscopy. The bee ocellaire, removed from freshly 

killed animals, was fixed in Bouin's solution and dehydrated in alcohol. 

The material was then mounted in paraffin, sectioned, stained with 

aldehyde fuchsin, and counterstained with Halmi's stain. This prepar­

ation provided a good resolution of nervous and connective tissue, and 

although some problems were encountered in sectioning the calcareous 

exoskeleton, a number of good serial sections were obtained. 

Attempts to observe fresh tissue with phase-contrast microscopy 

were rather unproductive due to the disorientation of the various 

parts of the nauplius eye during extirpation and mounting of the fresh 

tissue. These attempts were made to assess the feasibility of using 

microspectrophotometry to identify pigments in the nauplius eye. 

Because photoreceptor cells could not be readily identified.microspect­

rophotometry was not attempted. 
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(C) Experimental Treatment 

(1) Behavioural Studies 

(i) Adults 

Several attempts were made to establish the photo-induced behavioural 

responses of adult shrimp. It was thought that by observing the 

animal's response to light, before and after systematic occlusion of 

individual photoreceptors, one could ultimately determine the receptor 

organ or organs involved. Adults of Pandalus borealis were observed 

under red illumination in aquaria of varying sizes to determine their 

normal movements, intra-species contact, and behavioural response to 

food. The response of shrimp to sudden illumination with white light 

was also examined. A 60 watt incandescent bulb, operated on a variable 

resistance to allow regulation of intensity, was used in these exper­

iments. 

An attempt was made to determine the existence of a photo-tactic 

response in adult shrimp,. Four P. borealis were placed in one of the 

shallow plastic tanks painted flat black inside and equipped with 

lighting devices allowing for the illumination of either end from above. 

The positions of the animals were checked hourly over a period of four 

days with the tank lighted at alternate ends on alternate days. 

Animals located in the middle of the tank were considered "no-choice" 

and were not counted. 

Because this method, with non-continuous position counts, might 

have lacked sufficient resolution to demonstrate a phototactic response, 
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some method of recording activity continuously was needed. The recording 

of continuous activity can be approached in two ways; electrically 

(Heusner and Enright 1966, Fielder and French 1970) and mechanically 

(Naylor 1958). After an unsuccessful attempt at following Heusner and 

Enrights' electrical design, a simple mechanical activity meter was 

devised (Fig. 2) which proved to be similar to that used by Naylor (1958) 

in his study on Carcinus. The device, a glass plate pivoted at the 

center and free to move about one centimeter at each end, operated on 

the principle of a balance. The weight of a shrimp depressed one end 

of the glass plate and caused a stylus, attached to the plate, to move 

against a rotating smoked drum. When the shrimp moved to the other end 

of the glass plate a tilt in that direction moved the stylus away from 

the drum. In this way one could obtaine a continuous record of the 

shrimp's position without subjecting either the observer or the animal 

to a regime of f-requant observations. In practice the device was enclosed 

in a dark box and activity in darkness monitored for 24-36 hrs. A dim 

white light was then turned on at one end of the aquarium for about 48 hrs. 

and moved to the other end for another 48 hrs. The amount of time the 

shrimp spent at each end of the tank during the 5-6 day trial was measured 

and the percentage time spent at each end determined. 

The lack of any overt light response made simple behavioural obser­

vation useless in assessing light perception; thus an attempt was made 

to produce a conditioned response to light using electric shock or food. 

Electric shock was tried but rejected in lieu of food as a conditioning 
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Figure 2 

Diagram of activity meter. D, rotating smoked drum; 
S, stylus; P, glass plate balanced at the center, C; 
W, small (8 L) glass aquarium filled with sea water; 
A, experimental animal; L, small 6 V lights. 
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stimulus. A single adult shrimp in an 8 1 aquarium was enclosed in a 

dark box fitted with red illumination and an observation port. A 40 

watt incandescent bulb mounted above the aquarium acted as the light 

stimulus. The conditioning stimulus, food (a very small fragment of 

fish), was introduced into the aquarium near the animal.and the light 

turned on at the shrimp's first reaction to the food. The light remained 

on until the food pellet was contacted. This process was repeated 

every 5 minutes, 6-12 times, then the effect of the stimulus light 

without food was tested and the response noted. An attempt was made 

to train five P. borealis to respond to light by this method. 

(ii) Larvae 

Larvae of P. borealis, on the other hand, possess a well developed 

positive phototaxis. This feature was used to examine the spectral 

response of larvae in three different experimental arrangements. 

In the first setup, a small 8 1 aquarium was shielded from stray 

light and illuminated from both ends. A red overhead light provided 

additional illumination when needed. Ten larvae were released simul­

taneously at the center of the tank and presented with a choice of 

swimming toward one of two lights of different spectral quality but of 

equal intensity. The positions of the larvae were recorded 5 minutes 

after their release. Three trials were performed for each of the 8 

spectral regimes tested (Table 1). One major drawback to this setup 

was loss of visual contact with larvae due to their small size, their 

relative transparency, and the low levels of light intensity employed. 



Table 1. Aquarium experiment with larvae of P. borealis. 

Test Filters 

Light Red 
Deep Red 

Yellow 
Orange 

Light Green 
Green 

Light Red 
Blue 

Light Red 
Light Red 

Light Green 
Blue-green 

Yellow 
Orange 

Light Red 
Light Red 

Distril 

19 
1 

15 
5 

6 
9 

0 
24 

9 
16 

21 
41 

27 
10 

18 
22 

Distribution No Choice Lost Chi-square Significance 

10 

12 

8 

16.20 

5.00 

0.60 

24.00 

1.96 

6.45 

7.81 

0.40 

.001 

.025 

N.S. 

.001 

N.S. 

.01 

.005 

N.S. 


