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Animals are active at different times of the day and their activity schedules are shaped by competition,
time-limited food resources and predators. Different temporal niches provide different light conditions,
which affect the quality of visual information available to animals, in particular for navigation. We ana-
lysed caste-specific differences in compound eyes and ocelli in four congeneric sympatric species of
Myrmecia ants, with emphasis on within-species adaptive flexibility and daily activity rhythms. Each
caste has its own lifestyle: workers are exclusively pedestrian; alate females lead a brief life on the wing
before becoming pedestrian; alate males lead a life exclusively on the wing. While workers of the four
species range from diurnal, diurnal-crepuscular, crepuscular-nocturnal to nocturnal, the activity times
of conspecific alates do not match in all cases. Even within a single species, we found eye area, facet num-
bers, facet sizes, rhabdom diameters and ocelli size to be tuned to the distinct temporal niche each caste
occupies. We discuss these visual adaptations in relation to ambient light levels, visual tasks and mode of
locomotion.
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1. INTRODUCTION

Animal activity schedules are shaped by competition,
time-limited food resources and predators. In extreme
cases, animals have become strictly diurnal or nocturnal
in response to shifting selection pressures [1,2]. Different
temporal niches, however, provide different conditions for
information processing in fundamental behavioural tasks,
such as navigation and predator avoidance. Light levels
vary dramatically at different times of the day [3], which
change the availability and the salience of visual cues.
Animals cope with variation in ambient light intensities
to a certain extent by increasing or decreasing the sensi-
tivity of their visual system through pupil mechanisms
(e.g. [4]) or even by using different classes of photo-
receptors (e.g. vertebrate rods and cones). To extend or
limit their range of operation to dimly lit environments,
such as the deep sea or into the night, animals have
evolved specific adaptations to cope with vision in low
light (reviewed by [5,6]). The optical superposition com-
pound eyes of Crustacea and Insecta are extreme
examples of such modifications (e.g. [7,8]), but more
subtle ones can also be found in many insects that possess
apposition compound eyes, an eye design best suited for
high light levels. To increase photon capture rates, appo-
sition compound eyes become larger to accommodate
larger lenses and larger rhabdoms (e.g. [6,9,10]). In
addition, neural mechanisms serve to spatially and tem-
porally integrate photoreceptor signals, thus increasing
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the signal-to-noise ratio at the expense of temporal and
spatial resolution [11-13].

Substantial morphological and physiological adap-
tations are thus required to move from a day- to a
night-active lifestyle and these have been documented in
diverse and distantly related insect groups (reviewed by
[8]). As a consequence, it has been argued that temporal
niche partitioning could only be expected across distantly
related species [14]. However, evidence from dung bee-
tles [15], bees [16,17], wasps [18] and ants [19]
indicates that closely related species can occupy different
temporal niches and have evolved the necessary visual
adaptations. Moreover, the fact that in many insects, the
visual system is sexually dimorphic, with extreme cases
among flies [20—22], butterflies [23] and bees [24,25],
demonstrates that even within the same species, visual
systems differ depending on visual tasks.

Ants have a well-defined caste system with workers,
alate females and alate males. Caste-specificity in the
visual system of ants, however, has largely remained unex-
plored (see, however, [26]), although the external
morphological variation has been documented [27].
The differences in lifestyle and visual ecology between
ant castes are quite extreme. Ant workers are sterile
females and are exclusively pedestrian. Both diurnal and
nocturnal workers use vision to navigate, to track targets
and to avoid obstacles and predators, but remain in the
dark nest during resting periods. Alate females experience
diurnal or nocturnal light conditions when they fly from
the nest for mating, following which they shed their
wings, become pedestrian and lead the rest of their lives
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in the dark nest as the queen. They only use vision in a
brief but crucial stage of their life to control flight, to navi-
gate and to avoid obstacles and predators. Alate males
also experience either diurnal or nocturnal light con-
ditions when they leave the nest for mating. In addition
to the vision-related tasks carried out by alate females,
males also locate and track females and fight off
competitors [27].

We ask here to what extent visual specializations occur
both within and between species in a congeneric and sym-
patric group of Myrmecia ants in relation to the daily
activity rhythms and the distinct lifestyles of each caste.
Myrmecia have an unusual visual system compared with
other ants. With more than 3000 facets in each eye,
Myrmecia ants have the second largest eyes in the ant
world [19,28] and are unusually responsive to moving
visual targets [29].

2. MATERIAL AND METHODS

(a) Activity schedule of workers

We located several nests for each of four Myrmecia species,
Myrmecia croslandi, Myrmecia tarsata, Myrmecia nigriceps
and Mpyrmecia pyriformis in Canberra, ACT, Australia.
These ants are mostly sympatric and are often found foraging
on Eucalyptus trees. The foraging activity schedule of workers
(@) of each species was recorded at three nests during 2007 —
2010. A 30 cm diameter reference circle around the nest
entrance allowed us to count the number of outgoing and
incoming foragers in 10 min bins for a 24 h period. Light-
levels (M. pyriformis: [30]) and temperature (M. croslandi:
Jayatilaka 2010, personal communication) regulate daily
and seasonal foraging schedules, but workers remain faithful
to their respective temporal niches throughout the year.
Here, we report worker activity times averaged from three
nests from December to March, since this corresponds to
the period during which mating occurs.

(b) Activity schedules of winged forms

We recorded nest departure and mating times of alate males
() and females (Q) of the four species during 2007-2010.
Nuptial flights occurred usually following rain over 2—3 days
between December and March. Typically, the sexual forms
walk out of the nest, climb the nearest tree and fly off from
the tips of branches (M. croslandr), or walk away (M. tarsata;
see also [31]) or fly from the vicinity of the nest (M. nigriceps
and M. pyriformis). Mating in all species occurred on hilltops.
We recorded 18 matings in M. croslandi, six in M. tarsata
and 23 in M. nigriceps. We did not witness mating in
M. pyriformis, but are confident that alates did not leave
the nest during the night (see also [32]).

(c) Mapping the distribution of facet lenses

We covered compound eyes with a thin layer of colourless nail
polish to produce cornea replicas [25]. Once dry, the cornea
replicas were carefully removed and flattened on a micro-
scope slide by making incisions with a micro-scalpel. The
replicas were photographed in a Zeiss light microscope.
A custom-written program in MATLAB (Richard Peters, La
Trobe University) allowed us to mark each facet in the digital
photographs of these replicas and determine their area. From
this, we created maps of the facet array and determined the
distribution of facet sizes.
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(d) Histology

Ants were immobilized on ice, their mandibles removed and
head capsules opened. Optimal retinal fixation was achieved
by cutting the most ventral rim of the eye. Dissection
occurred at the activity times of each caste and for nocturnal
animals was carried out under red light. Specimens were
fixed for 2 h in 2.5 per cent glutaraldehyde and 2 per cent
paraformaldehyde in phosphate buffer (pH 7.2-7.5), fol-
lowed by a series of buffer washes and post-fixation in
2 per cent OsO, in distilled water for 2 h. Samples were
then dehydrated in an ethanol series, transferred to acetone
and embedded in Epoxy resin (FLUKA). Two-micron
thick cross-sections of ommatidia from the medio-frontal
region of the eye were cut on a Reichert Ultracut microtome
using glass or diamond knives. Sections for light microscopy
were stained with toluidine blue and digitally photographed
in a Zeiss microscope.

Workers of all four species exhibit distinct size poly-
morphism [19] and we wused the largest workers for
morphometrics and histology. Body length, head width and
diameter of the median ocellus were measured from
photographs of preserved specimens (7 =5). Eye area was
determined from the eye replicas of five animals of each
caste using IMaGge] (NIH, USA). Differences in morpho-
metric within or between species were
determined by an analysis of variance using JMP v. 8.0. We
used specimens from our own collections and from those
housed at the Australian National Insect Collection
(ANIC, CSIRO, Canberra, Australia).

measures

3. RESULTS

(a) Activity schedules

Daily rhythms of worker activity range from diurnal
M. croslandi, diurnal-crepuscular M. tarsata, crepuscular-
nocturnal M. mnigriceps and nocturnal M. pyriformis
(figure 1la; see also [19]). Except in M. pyriformis,
mating periods in all species correspond to activity
periods of workers. In M. pyriformis, workers leave the
nest in a short time window during the evening twilight
[30], forage throughout the night and return to the nest
in another narrow time window during the morning
twilight with little or no activity during the day. Mating,
however, occurs during the day [32].

(b) Variations in body and eye size
Alate females are larger than workers and males, except
in M. tarsata (M. croslandi: p < 0.001, F, 14 = 32.46;
M. tarsata: p = 0.088, F,14=2.997; M. nigriceps: p <
0001, F2’14 = 9496, M. pyriformis: p < 0001, F2’14 =
32.30; figures 16 and 2a). Body length of all castes
increases from the diurnal M. croslandi to the nocturnal
M. pyriformis (activity schedules indicated by pie-graph
pictograms in figure 16 and following figures). Irrespective
of their activity time, male ants have significantly smaller
heads compared with their respective workers and alate
females (figures 16 and 2b). Out of all species, only the
diurnal M. crosland: has a relatively larger head compared
with the crepuscular and nocturnal species (figure 2b).
Eye area increases in all castes from day- to night-
active species. Eye areas between castes are different in
the diurnal and diurnal-crepuscular species (M. croslandi:
» <0.001, F, 14 =289.1; M. tarsata: p < 0.001, F, 4=
170.8), but similar in crepuscular-nocturnal and
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Figure 1. Temporal niche partitioning both within and between species in Myrmecia ants. (a) Number of active workers aver-
aged over three nests (black solid line) and the time at which sexual forms leave the nest (red bar) and mate (blue bar). The
time at which winged forms of M. pyriformis leave the nest is unknown, but it is unlikely to happen at night. (b) Images of heads
of the three castes of each species to scale. Pie-graph insets show the percentage of activity of each caste carried out during the
day (white sectors) and at night (black sectors). Scale bar = 1 mm.

nocturnal species (M. nigriceps: p = 0.235, F, ;4 = 2.128;
M. pyriformis: p=0.084, F, 4= 6.309; figures 3a and
4a). Eye area is smallest in castes of M. croslandi, which
have the smallest body size and largest in M. pyriformis,
which have the largest body (figures 2a and 4a). However,
body size alone does not explain the variation in eye area.
For instance, males of M. rarsata are nearly twice the
length of males of M. croslandi (figure 2a), but have a
smaller relative eye area (figure 4b). Differences between
castes within species also indicate that eye area does not
increase linearly with body size (compare figures 2a
and 4b). For instance, in M. nigriceps, males have the
smallest body length, smallest head size and smallest
eyes among all castes, but have the largest relative eye
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area. Eye area does not scale linearly with head size
either. For instance, male ants have the smallest heads
in all species (figure 2b), but their relative eye area is
either slightly smaller than the alate female and workers
(in M. croslandi and M. tarsata) or similar (in M. nigriceps
and M. pyriformis; figure 4b).

(¢) Compound eye properties

Facet numbers differ between castes in all four species
(M. croslandi: p < 0.001, F, 14 = 63.39; M. rarsata: p <
0.001, F,;4=90.37; M. mnigriceps: p <0.001, F, 14 =
641.3; M. pyriformis:  p<0.001, F,;4=122.5;
figures 3a and 4c¢). Both facet numbers (figure 4c¢) and



1144 A. Narendra et al.

Caste-specific visual adapration in ants

(a) 30

20 +

10+

body length (mm)

025

—
S
=

0.20 -

0.15

head size relative
to body length
T
"

T

T T
M. tarsata M. nigriceps M. pyriformis

O © @
cO O @ O
¢sO O @ O

Figure 2. Morphometrics of the different castes of four
Myrmecia ant species. (a) Body length and (b) head width
relative to body length in workers (§, blue), alate females
(@, red) and alate males (&, green). Means + s.d., =5
for each caste. Otherwise conventions as before.
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facet sizes (figures 3b and 4d) increase gradually from
day- to night-active species. Males of M. nigriceps, the
only males that are active in dim light, have nearly 50
per cent more facets than the workers of their own
species and have the largest number of facets among all
castes and species. The frequency distribution of facet
sizes has a long tail in the workers and alate females,
which is absent in males (figure 36). This is perhaps a
reflection of the large facets found in the medio-frontal
region of workers and alate females, a region that is less
developed in the flying males (figure 3a). The largest
facets in male ants are distributed around the ventral,
anterior and posterior region of the eye. In all species,
the largest facet sizes of males are smaller than in conspe-
cific workers and alate females (figure 4d). Among castes
in all species, the largest facets are found in alate females,
except in M. pyriformis. In M. pyriformis, the largest facets
are present in the workers, which is the only caste in this
species to be active at night. The larger the facets, the
potentially better the resolving power and also the more
light that is captured by the eye. The cut-off optical fre-
quency is the finest resolvable spatial frequency
transmitted by lenses, which is the reciprocal of the Airy
disc half-width [33]. Based on facet sizes, males have
the poorest optical resolving power among conspecifics
(figure 4e).

The wider the rhabdoms (light sensitive portion of
photoreceptors) the more light is captured. Hence, as
expected, all diurnal castes have small rhabdoms and noc-
turnal castes have large rhabdoms. The large differences
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in rhabdom size between castes of the same species cor-
relate with their respective activity times. Workers of
M. pyriformis that are nocturnal have wider rhabdoms
(5.9 pm) than their strictly diurnal males (2.5 pm) and
alate females (4.2 pm; figures 3¢ and 4f). A similar, but
less exaggerated, pattern is seen in M. rarsata, where
diurnal-crepuscular workers have wider rhabdoms than
their strictly diurnal males and alate females (figure 4f).

Workers, alate females and males of all four Myrmecia
species have ocelli. The ocelli of alate females are more
similar to the pedestrian workers than to the flying
males. Irrespective of the time of activity, the flying
males have the largest median ocellus (figures 15 and
4g) with the night-flying male of M. nigriceps having
the largest (figure 4g,4). Differences both within and
between castes indicate that ocelli size does not increase
linearly with body size (figure 4%4). For instance, alate
females have the largest body size, but small ocelli,
while males with similar or smaller body size than alate
females have the largest ocelli. The day-flying males of
M. croslandi, M. tarsata and M. pyriformis have different
body lengths (figure 2a), but similar relative ocelli size.
The night-flying male M. nigriceps, in contrast, has the
largest ocelli, indicating that time of activity also deter-
mines the size of ocelli (figure 4/4). Comparison of
visual structures relative to head size would exaggerate
the investment made by males owing to their reduced
head size (figure 2b).

4. DISCUSSION

We have shown here that both between congeneric sym-
patric species and within species, animals can occupy
different light environments and possess visual adap-
tations that are finely tuned to their respective temporal
niches.

Compound eye specializations for different light
environments are well documented in insects with apposi-
tion eyes [9,17-19] and superposition eyes [15].
However, to the best of our knowledge, this study pro-
vides the first evidence of such specializations to occur
within a single species. Workers of M. pyriformis begin
activity during evening twilight, remain active throughout
the night and return to the nest during the morning twi-
light [30]. However, mating in this species occurs only
during the day. Myrmecia pyriformis castes thus experience
different light intensities and the night-active workers pos-
sess more and larger facets (figures 3a and 4d) and wider
rhabdoms (figure 4f) than do the alate females and males.
In M. rarsara, workers are active until after sunset whereas
mating occurs only in the day. Hence workers of
M. tarsata are equipped with rhabdoms that are nearly
twice the size as those in males (figures 3¢ and 4f).

In our study, we did not find compound eye features or
ocelli size to scale in proportion to body or head size, as
they do in other ants [34] and generally across species
[35—-38]. Larger insects tend to have more ommatidia
per eye, larger facets (and hence higher overall sensitivity)
and smaller interommatidial angles, resulting in higher
visual resolution [17,36,39—-42]. However, in Camponotus
pennsylvanicus castes have similar head sizes but winged
forms have more facets than workers, suggesting a non-
allometric relationship driven by visual processing needs
associated with flight and/or mating [43]. In fire ants,
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Figure 3. Properties of the compound eyes of workers, alate females and males of Myrmecia ants. (a) Eye maps, (b) facet size
distribution and (c¢) cross-sections through the ommatidia in the medio-frontal region at the level of the distal rhabdom. (a)
Eye maps are to scale with colour indicating the facet area (see inset colour bar; scale bar, 0.5 mm). See top left inset for orien-
tation: p, posterior; d, dorsal; a, anterior; v, ventral; (b) Relative frequency distribution of facet area for a worker, alate female and
alate male of each species. (¢) Rhabdoms are the dark circular structures at the centre of each ommatidium. Numbers in the inset
show mean rhabdom diameters (+s.d.; = 10 for each caste). Scale bar = 10 pm. Otherwise conventions as before.

the number of facets in the winged males (870 facets) and the flying alates (13 um; [26]). Our study thus confirms
alate females (589 facets) is much greater than in workers that there are within-species differences in selective pres-
(92 facets), while workers have larger facets (20 um) than sures on visual adaptations for different ambient light

Proc. R. Soc. B (2011)
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Figure 4. Compound eye properties of different castes of Myrmecia ants. (a) Absolute eye area; (b) eye area relative to body
length; (¢) number of ommatidia; (d) facet diameters (bar indicates the total range of facet diameters in each caste); (e) optical
cut-off frequency v., = A/A, where A = facet diameter (the largest facet diameter was used), A = wavelength (0.5 pm);
(f) rhabdom diameter; (g) diameter of the median ocellus and (%) ocellus diameter relative to body length. All values are
means + s.d. with n =5 for workers (J, blue), alate females (Q, red) and alate males (J, green). Otherwise conventions as

before.

intensities (day—night activity), for different modes of
locomotion (pedestrian—flight) and for different tasks
(male—female—worker) that lead to clear deviations
from simple proportional scaling relationships with body
or head size (see also [35]).

This is also true when we consider the ocelli of
Myrmecia ants. As in other insects [17,40,44,45], ocelli
are larger in night-active species. In the leafcutter ants
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(genus Arta), ocelli are larger in night-flying (0.28 mm
diameter) than in day-flying species (0.19 mm), scaling
with body size [34]. Regardless of whether ocelli provide
celestial compass information [46] and/or function as
horizon detectors for head stabilization [47] there thus
appears to be a need to increase light sensitivity in ocelli.
It is less clear why there should be a sexual dimorphism
in ocellar size in flying forms of Myrmecia ants, in contrast
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to what has been found in the leafcutter ants [34]. The
only difference in visual tasks we can identify between
males and alate females is that males may have to visually
locate, track and intercept the alate female. Does this task
generate additional selective pressure for increased light
sensitivity and a better signal-to-noise ratio in ocellar
photoreceptors and interneurons that allow faster or
more reliable control of head orientation?

Our results also raise the question why pedestrian
worker ants should need ocelli. Ocelli are particularly
common in individually foraging ant species (see http:/
antweb.org). One possibility is that ocelli provide celestial
compass information [46] and may provide this infor-
mation faster [48] than the polarization sensitive dorsal
rim of the compound eye [49].

(a) Adaptations, costs and trade-offs

We found that males of M. pyriformis, M. croslandi and
M. tarsata are all active during the day and thus have
smaller facet sizes, but an increased number of them to
increase sampling resolution. However, as ant species
and castes become more night active, rather than increas-
ing the diameter of facets, the number of facets increases,
a pattern that has also been found in carpenter bees [16]
and other ants [34,50]. This observation raises a number
of questions regarding the relative costs of modifying
different compound eye components that affect light
sensitivity. We know that eyes are costly because the con-
struction, maintenance and operation of photoreceptors
are energy consuming, and more so at low light intensities
[51]. However, it remains unclear what the relative costs
are of producing more ommatidia and of pooling
signals, compared with making facets and rhabdoms
larger. What contributions do more ommatidia make to
the overall size, carrying weight and energy consumption
of eyes compared with larger ones with larger facets and/
or larger rhabdoms?

The optical adaptations in night-active worker ants
involve a threefold increase in rhabdom diameter, a
nearly twofold increase in facet diameter and a doubling
of rhabdom length [19]. We unfortunately could not
measure the latter in the alates, but for the workers of
the species we studied, the values as measured in the
medio-frontal eye region are 170 pm for M. croslandi,
250 pm for M. rarsata, 300 pm for M. mnigriceps,
400 pm for M. pyriformis (major worker) and 260 pm
for M. pyriformis (minor worker; from the electronic
supplementary material in Greiner ez al. [19]). Together,
these modifications provide a 27-fold increase in optical
sensitivity [19]. This improvement in optical sensitivity
is modest considering that light levels at night are up to
100 million times dimmer than day light levels [3] and
thus on its own cannot explain how animals are able to
operate at night (see also [52]). As suggested before
(e.g. [11-13,53]), ants thus require spatial and temporal
integration of receptor signals to improve the signal-to-
noise ratio at low light levels. Given the severe pressure
on making information processing energy efficient [51]
it will be of general interest to compare the physiology
of photoreceptors and visual interneurons in the
alates—with a visual system fit for the control of flight—
with that of the pedestrian workers in both day- and
night-active Myrmecia ants. Given the fact that
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photoreceptors and visual interneurons in different
species of insects are exquisitely tuned to flight-speed
[54], flight style [55] and ambient light conditions
[6,56] we would expect to find differences not only in
photoreceptor speed, but also in the spatio-temporal
properties of lamina and lobula-plate neurons between
species and between alates and worker castes. It is of
additional interest that in ants, the same genome pro-
duces visual systems for both a life on the wing and for
a pedestrian mode of locomotion.
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