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Post-embryonic development of the lateral eye of Cloeon sp. (Ephe-
meroptera: Baetidae) as revealed by scanning electron microscopy

Susmita Gupta, Abhik Gupta & V.Benno Meyer-Rochow*

1. Introduction

Gupta, S., Gupta, A. & Meyer-Rochow, V. B. 2000: Post-embryonic develop-
ment of the lateral eye of Cloeon sp. (Ephemeroptera: Baetidae) as revealed by
scanning electron microscopy. — Entomol. Fennica 11: 89-96.

Post-embryonic developmental patterns of the lateral eyes of both male and fe-
male Cloeon sp. are described and compared with each other morphometrically
on the basis of scanning electron microscopy. In the larvae number of omma-
tidia, ommatidial size, and total corneal surface area of the eye increase towards
the subimaginal moult. It is then that clear differences between males and fe-
males begin to occur: while further increases in the number of ommatidia are
recorded from the lateral eye of subimago and imago females (accompanied by
decreasing facet sizes and interommatidial angles), males show decreasing num-
bers of ommatidia and total corneal areas in their lateral eyes as they prepare to
leave the water. Consequently, the lateral eyes of a female are larger than those of
amale imago. It appears that the enormous development of the dorsal eyes of the
males has occurred at the expense of the lateral eyes. In male as well as female
lateral eyes two major facet shapes are encountered: squares with rounded cor-
ners which are predominantly found in the central and upward looking areas,
and hexagons which are dominating the lateral and ventral-facing regions. The
different roles of the lateral eyes in male and female baetid mayflies is discussed
in relation to their flights and the intriguing idea is presented that females might
choose males with the largest dorsal eyes.
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ponent of the ecology of many boreal as well as
high altitude freswater systems and represent ex-

Mayflies (Ephemeroptera) are an important com-  cellent material for investigations on the effects
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of aquatic pollution and ecological inter-relation-
ships (Cummins 1973, Merritt et al. 1984). How-
ever, because of their unique features and unusu-
al development they are also extremely valuable
for functional and morphological studies. The
present paper deals with the post-embryonic de-
velopment of the eyes of a species of bactid may-
fly that has already been the subject of an earlier
SEM-study of the sensilla (Gupta et al. 1999).

The eyes, being photoreceptive organs, can be
expected to perceive changes in brightness and to
serve as instruments in both nymphs and adults
for estimating form, shape, and distance. Further-
more, they help (a) the adult males recognize fe-
males (usually against the sky in dim light) and
(b) the mature females to visually locate water-
surfaces from the air by “polarotaxis” (Schwind
1995, Kriska et al. 1998). Neither males nor fe-
males seek flowers or feed during their brief adult
life of usually only a couple of days for most spe-
cies. The functional capabilities of their photore-
ceptors are, thus, expected to show adaptations to
meet the different visual tasks.

Numerous authors have studied optical and
physiological characteristics of insect eyes, but
few (Butler et al. 1970; Sherk 1977, 1978a,b,c;
Cloarec 1980, 1984; Sakamoto et al. 1998) have
analysed the morphological changes that occur
from hatching to adulthood. What makes mem-
bers of the mayfly family Baetidae special
amongst the insects is that many species exhibit
an extraordinary sexual dimorphism in their com-
pound eyes: the males possess two large ‘turba-
nate’ dorsal eyes and two smaller lateral eyes,
whereas the females possess only the two lateral
eyes (Zimmer 1898, Streble 1960, Meyer-Rochow
1971, Horridge & McLean 1978, Burghause 1981,
Horridge et al 1982). A set of three ocelli is present
in both sexes.

Perhaps understandably, the huge dorsal eyes
of the males have received considerably more at-
tention than the lateral eyes (see review on
ephemeropteran eyes by Arvy and Brittain 1984).
It is known, for instance, that they contain almost
no screening pigment (Burghause 1981), that pho-
tomechanical changes upon dark/light adaptation
do not occur (Wolburg-Buchholz 1976, Burghause
1981) and that they are sensitive to ultraviolet
radiation (Meyer-Rochow 1981, Horridge ef al.

1982). In many respects, and this was first no-
ticed by Burghause (1977), they resemble the so-
called “dorsal rim ommatidia” known from other
insects. The similarity appears particularly strong
with the dragonfly eye’s so-called ”X-region”
(Sakamoto et al. 1998). The present paper, how-
ever, has little to add to the question of the dorsal
eyes, but focuses instead on the less well studied
lateral eyes.

2. Materials and Methods

Larvae of Cloeon sp. were collectd from Ward Lake, Shil-
long (25°34°N; 91°52°E). They were sorted into different
developmental stages on the basis of wingpad development
(Clifford 1970). Thus, larvae lacking wingpads were desig-
nated as stage 1, those having wingpads shorter than the dis-
tance separating the two wingpads were designated stage 2,
while stage 3 larvae had wingpads longer than the aforemen-
tioned distance. Those with dark wingpads were designated
as stage 4. At this stage of development, male and female
individuals were also distinguishable by the presence or ab-
sence of the dorsal eye and by their genitalia.

Subimagines were obtained by rearing nymphs in well-
aerated aquaria, and imagines by further maintaining the
subimagines in rearing boxes to get the imaginal moult. Be-
cause of the soft cuticle of in particular the subimagines and
imagines, we used a rather unconventional SEM preparation
method: all specimens were fixed for 2-4 hrs in 2.5 % glutar-
aldehyde buffered with 0.1M Na-cacodylate. This was then
followed by washing in buffer, post-fixation in 1 % osmium
tetroxide, dehydration in a graded concentration of acetone,
and drying by ’Critical Point Drying’ apparatus. Several heads
were mounted on brass stubs and coated with gold in a ’fine-
coat ion sputter’ JFC 1100. Observations were made in a SEM
(JSM 35CF), operated at 15 kV. Photomicrographs of the
lateral eyes of 10 male and 10 female Cloeon sp. at each
developmental stage were taken. Total corneal surface areas
of the eyes and facet sizes of different developmental stages
were measured from the photomicrographs. Where it was im-
possible to count the total number of ommatidia from the
micrographs, the average size of one facet was calculated
from 10 randomly chosen facets; total corneal surface area
of the whole eye was then divided by this value to give the
facet count (Meyer-Rochow et al. 1990). This method works
well, but cannot be used in cases where facet diameters vary
greatly in different parts of the eye. It was, therefore, used
only when we dealt with eyes that had not yet differentiated
into lateral and dorsal moieties. Statistical analyses like ’Stu-
dent’s t-test’, were carried out to see whether the differences
between various parameters were significant or not (Zar
1974). Facet diameter was defined as the longest diagonal
distance on the outer surface of a facet. Quter corneal con-
vexities, although recognized by us as important and chang-
ing during the development, could not be reliably measured
from the scanning electron micrographs.
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3. Results

3.1. Lateral eye, female

Stage 1 nymphs possess only two symmetrical
lateral compound eyes, which are not fully devel-
oped, having ommatidia with considerable inter-
ommatidial spaces (Fig.1). At stage 2 the lateral
eyes are much more pronounced and newly
formed ommatidia are roughly squarish in out-
line while ommatidia in the more central and lat-
eral areas are hexagonal in shape. From stage 1 to
2 there is a significant increment of facet size, facet
count, and total corneal surface area while from
stage 2 to 3 facet size and corneal surface area
alone increase significantly with facet count re-
maining basically the same as before. A similar
trend is observed at stage 4. Ommatidia at this
stage are clearly divisible into squarish facets in
the dorsal and forward-looking regions, and hex-
agonal ones at the sides and the periphery (Fig.
2). After the larval transformation into the subim-
ago, there is a significant reduction in ommatidi-
al size accompanied by a corresponding signifi-
cant increase in the total number of facets. Al-
though the total corneal surface area of the eye

Fig. 1. Lateral eye of female, 1%t stage larva. Bar = 50
mm.

Fig. 2. Lateral eye of female (magnified), 4™ stage larva.
Bar =10 mm.

records a marginal decrease, this is not found to
be statistically significant (t-test). At this stage
squarish ommatidia seem to predominate. After
the subimaginal moult, the lateral eyes of the im-
ago register a significant increase in total number
of facets and total corneal surface area while
changes in facet size are not significant and over-
all squarish facets are more common (Fig. 3 -5).
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Figs. 3-5. The compound eye of the female. Vertical bars
represent standard deviation.

Fig. 3. Mean ommatidial sizes in lateral eyes of female
1t stage larvae through to imago.
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Fig. 4. Mean total number of ommatidia in lateral eyes of
female 1*' stage larvae through to imago.
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Fig. 5. Means of total corneal surface area in lateral eyes
of female 1% stage larvae through to imago.

3.2. Lateral eye, male

Male larvae are detected by the presence of the
dorsal eyes which are first discernible at stage 2.
From stage 1 to 2 there is no significant differ-
ence in the size of the ommatidia while total
number of ommatidia and total corneal surface
area increase significantly. At stage 3 the devel-
oping dorsal eye appears to push the lateral eye
towards the outer margin of the head and all the
three monitored parameters reveal an increasing
trend. A similar trend is observed at stage 4. In
contrast, after the larval emergence to the subim-
ago when the dorsal eye has divorced itself from
the lateral eye, the latter exhibits significant re-
ductions for all three parameters monitored and
that same trend is repeated at the final moult to
the imago (Fig. 6-8).

3.3. Comparison of the lateral eyes of male and
female

At stage 2 facet count and corneal surface area
are significantly larger in the female, but facet size
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Figs. 6-8. The lateral compound eye of the male. Verti-
cal bars represent standard deviation.

Fig. 6. Mean ommatidial sizes of ommatidia in lateral
eyes of male 1¢' stage larvae through to imago.
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Fig. 7. Mean total number of ommatidia in lateral eyes of
male 1% stage larvae through to imago.
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Fig. 8. Means of total corneal surface area in lateral eyes
of male 1%t stage larvae through to imago.

does not show any significant difference. At stage
3, however, facet size is larger in the female with
facet counts remaining the same. Corneal surface
area remains larger in female nymphs. At stage 4
corneal surface area does not show any signifi-
cant difference between male and female nymphs
unlike during previous stages. At this stage fe-
males have a larger facet size while males have a
greater number of facets. At the subimago stage,
the corneal surface areas as well as total number
of the ommatidia in the lateral eyes are both higher
in females, but mean ommatidial size is more or
less equal in the two sexes. A similar trend is fol-
lowed in the imago: females have bigger lateral
eyes than males. The findings are summarized
together with their statistical significance param-
eters in Table 1.

4. Discussion

Major changes in the external morphology and
biometrics of the lateral eyes affect the relative
abundance of squarish and hexagonal facets, as
well as the size of individual ommatidia, total
number of ommatidia and total corneal surface
area of the eye. The differences between devel-
oping lateral eyes of males and females become
more and more apparent as the nymphs approach
the final moults and get ready to leave the water,
suggesting different visual tasks in the adult.
The post-embryonic development of the lat-
eral eye of both males and females during 1% to
4™ nymphal stages follows the same basic pattern
with few differences. Mean facet size is some-
what smaller, and facet count somewhat higher in
males as compared with females in most nym-
phal stages while the surface area is generally larg-
er in the female (Table 1). The distinctly different
trend shown by the subimago and imago as com-
pared with the nymphs is probably in response to
the transition from an aquatic to a terrestrial me-
dium. In the latter the eyes, understandably, have
to function in an entirely new photic environment
with patterns that move across the visual field in
different ways from those in the water, obviously
requiring different spatial and temporal sensitivi-
ties (Sherk 1978c). Furthermore, after emergence,
air no longer offers any colour filtration as done
in the water by the chlorophyll of the phytoplank-
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Table 1. Measurements and statistical analysis of ommatidia from male and female Cloeon throughout post-embry-

onic development.

Size of Ommatidia

Total number of ommatidia

Corneal surface area

Comparison  t-test df P Result t-lest df P Result t-test df P Result
2fvs 2m 1.03 9 Ns 2f=2m 6.7 H 0.001 2f>2m 5.47 12 0.001 2f>2m
3f vs 3m 5.68 9 0.001 3f=3m 1.22 9 Ns 3f=3m 4.43 8 0.01 3f>3m
4f vs 4m 6.65 11 0.001 4f=4m 7.35 8 0.001 4m>4f 0.68 8 Ns 4f>4m
Subf vs Subm  0.25 14 Ns Subf=Subm 25.99 12 0.001 Subf>Subm 17.03 10 0.001  Subf>Subm
Imf vs Imm 1.60 20 ns Imf=Imm 22.80 13 0.001  Imf>Imm 8.30 10 0.001 Imf>lmm

Explanations:

Ns = not significant; P = probability; df = degree of freedom

2f, 3f, 4f = 2n .39, 4" stage females; 2m,3m,4m = 2,349 4" stage males
Subf, Subm = subimago female and male; Imf, Imm = imago female and male

ton, the suspended and dissolved material in the
water, and by the water itself, which selectively
reduces the intensity of certain wavelengths such
as the ultraviolet and infrared (James & Birge
1938, Whitney 1938a,b, Tyler & Smith 1970).

The functional problems posed by the transi-
tion from water to air are especially acute for fe-
male nymphs of Cloeon sp., for not only do they
have to fly to find a mate, they are also obliged to
locate a suitable water body to lay their eggs once
having completed the mating process. They pos-
sess only one pair of lateral eyes unlike the males
which possess the additional pair of dorsal eyes,
although with regard to total body size there is no
difference between the two sexes. The deficiency
in the females of lacking the large dorsal eyes
appears to be, at least partially, overcome by re-
duced individual facet size along with a conco-
mittant increase in ommatidial number. Hence, in
the larvae, a relatively small number of ommatid-
ia view the same visual field that is seen by a much
larger number in the subimago and imago. This
suggests a greater need to see fine detail once the
insect has left the water. It has been shown by
several workers (Barlow 1952, Sherk 1977) that
a decrease in interommatidial angles leads to im-
provements in visual resolution, provided the
number of ommatidia increases while shape and
size of the eye basically remain the same. This is,
indeed, the situation encountered in Cloeon sp.
females.

The progressive reduction in facet size, facet
count, and total corneal surface area in males is
apparently due to the tremendous increase in the
dimensions of the dorsal eye (Table 1), diminish-
ing the overall importance of the lateral eyes in

their visual role, but perhaps preparing them for a
more specialized task. The decrease in size of the
lateral eye in males following the final two moults
need not necessarily mean that now less light en-
ters the eye; individual facets could exhibit much
greater convexities of their corneal surfaces in the
imago, allowing them to sample light from a wid-
er area. Resolving power of the eye, however,
would suffer. The preponderance of hexagonal
facets in the curved periphery (compared with the
perfectly square facets of the flatter dorsal eyes)
1s most likely a consequence of (a) the difficulty
of packing perfect squares on a curved surface
(Ball et al. 1986) and (b) the fact that hexagons
are the most economic system of packing maxi-
mum number of units (Land 1980, 1981). It may
also be a reflection of the way that even square
facets evolve from hexagonal ones (Land 1980).
Square facets are characteristic of reflecting su-
perposition eyes while refracting superposition
eyes have hexagonal facets (Land 1980, 1981).
Yet irrespective of whether the superposition is
caused by refraction or reflection, both kinds of
eye are known to be more efficient in nocturnal/
scotopic vision than apposition eyes, which are
characteristic of diurnal/photopic vision (Exner
1891, Land 1980, 1981). Hence, the curved pe-
ripheral areas of the lateral eye, being anatomi-
cally apposition in nature in both male and fe-
male (Meyer-Rochow 1973, Burghause 1981),
appear to be largely photopic in function.
According to Fischer (1991), males of the fam-
ily Baetidae aggregate in swarms, in which they
perform non-synchronized vertical dances. They
pursue anything flying overhead that vaguely re-
sembles a female (i.e. females of the wrong spe-
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cies, other insects, even birds (!(Fischer, pers.
comm.)). Apparently to reduce the probability of
chasing a conspecific male and wasting energy,
males keep a ’lateral eye’ on each other, while at
the same time peering upward with their highly
enlarged, powerfully sensitive dorsal eyes, which
are known to respond to UV-radiation (Meyer-
Rochow 1981, Horridge et al. 1982). The overlap
of the visual fields of the two dorsal eyes should
allow them to estimate distance: cf. Collett (1998).

The lateral eye undoubtedly needs to have a
certain amount of spatial and temporal resolution,
so0 as to help the dancing males avoid collisions
between neighbouring dancing males. At the same
time the dorsal eye needs to detect moving fe-
males against a background, often rich in UV-ra-
diation, but low in overall intensity (most may-
flies dance in twilight). Whether or not the males
depend on the lateral eye when pursuing a female
at close range, remains to be demonstrated, but it
would seem likely. The male, therefore, has to
blend overall light sensitivity with high flicker
fusion frequency and acuity, a combination that
according to Horridge et al. (1982) could have
resulted in the evolution of light-guides in the
dorsal eye of at least the males of the baetid ge-
nus Atalophlebia. In any case, a partition of the
eye into regions of special tasks and abilities, not
unlike those shown to exist in the bee eye (Lehrer
1998), appears to have taken place very early in
the evolution of the insect compound eye, butin a
much cruder and more obvious way.

Flight behaviour in females of the family Ba-
etidae is not very different from that of the males,
but speed and direction may vary and zig-zag
components (perhaps a procedure to extract depth
information from motion parallax: Voss and Zeil
1998) have been observed (Fischer 1991). 1t is
generally assumed that females, entering a swarm
of males and performing offering flights, detect
swarming males visually and that males (see
above) also recognize females by sight. We do
not know if that applies to all mayflies or whether
there are some species in which mating can occur
in darkness or with damaged eyesight; yet, on the
basis of sexually dimorphic sensilla we do not
want to rule out a pheromonal component totally
(Gupta et al. 1999). In the common scenario the
male, as soon as it has spotted a female, pursues
her and mates. Whether the female has much

choice in the matter is not known, but it is an in-
triguing idea that she might harbour a preference
for males with large eyes in the same way as fe-
males of stalk-eyed flies choose their male part-
ners with the widest eye-span (Wilkinson et al.
1998). Following matings, the females have to find
a suitable body of water to lay their eggs in. They
do that on the basis of partially and horizontally
polarized light from dark, shiny surfaces, e.g.
brownish lakes and streams. It was shown that they
may find asphalt roads more attractive than water
(Kriska et al. 1998), for unlike most other aquatic
insects in which the sensitivity maximum of the
polarization system lies in the UV, that of baetid
mayflies lies in the region of longer wavelengths
(Schwind 1995). The fact that even in the lateral
eye of the female areas with either predominant-
ly hexagonal or squarish facets occur, suggests
that some regional specialization has taken place
despite the lack of a separate dorsal eye. To what
extent and for what purpose the female uses the
different eye regions is unknown. An intriguing
but as yet untested idea is that female baetids
choose males with the largest dorsal eyes (see
above). This kind of sexual selection has been
shown to be of importance at least in stalked eye
flies (Wilkinson et al. 1998).

What we can say with confidence in conclu-
sion is that the lateral eyes in baetid larvae, adult
males and females not only differ morphologi-
cally, but face quite different functional tasks as
well. We can provide reasons for some of the dif-
ferences like the larger number of facets and the
smaller interommatidial angles in the lateral eyes
of the females, but, like others before us, we are
unable to explain why a portion of only the male
larval eye becomes transformed into perfectly
square facets upon maturation.
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