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A B S T R A C T

Fruit flies, Drosophila melanogaster, are active over a range of light intensities in the wild, but lab-reared flies are
often tested only in bright light. Similarly, scarce feeding during larval stages—common in nature—generates
smaller adults, and a wide range of eye sizes not found in well-fed lab colonies. Both dimmer light and smaller
eyes limit light capture and have undetermined effects on visual behaviors such as flight. In this study, we used
moving sinusoidal gratings to test spatial acuity, temporal acuity, and contrast threshold of female flies of
varying eye sizes at different light intensities. We also investigated vision in the smaller and often neglected male
fruit flies. As light intensity drops from 50.1 lx to 0.3 lx, flies have a reduced spatial acuity (females: from 0.1 to
0.06 cycles per degree, CPD, males: 0.1 to 0.04 CPD) and temporal acuity (females: from 50 Hz to 10 Hz, males:
25 Hz to 10 Hz), and an increased contrast detection threshold (females: from 10% to 29%, males: 19% to 48%).
We find no major sex-specific differences after accounting for eye size. Visual abilities in both small (eye area of
0.1–0.17 mm2) and large flies (0.17–0.23 mm2) suffer at 0.3 lx compared to 50.1 lx, but small flies suffer more
(spatial acuity: 0.03 vs 0.06 CPD, contrast threshold: 76% vs 57%, temporal acuity: 5 Hz vs 10 Hz). Our results
suggest visual abilities of small flies suffer more than large flies at low light levels, possibly leading to size- and
light intensity-dependent effects on foraging, navigation, and flight.

1. Introduction

1.1. Light intensity and visual signal noise

The light intensity at which an animal is active can affect several
aspects of its life, including foraging, navigation, and mating. Under
dim light, some animals continue to extract visual information while
others rely increasingly on non-visual sensory modalities (Warrant,
2008a). For flying insects, dim light can reduce the visual ability to
detect objects, such as food, obstacles, predators, or mates (for example,
(Stöckl et al., 2017a, 2017b)), or hinder foraging activity (Kelber et al.,
2006), navigation (Warrant & Dacke, 2011; Warrant, 2008b), flight
control, and landing precision (Baird, Fernandez, Wcislo, & Warrant,
2015; Theobald, Coates, Wcislo, & Warrant, 2007). As light intensity
falls, performing such behaviors becomes challenging because visual
capabilities may be limited by high relative visual signal noise (Warrant
& Dacke, 2011; Warrant, 2008b).

A main cause of signal noise in dim light is the stochastic nature of
photon absorption. Photon capture follows a Poisson distribution, and
thus the degree of uncertainty of photon capture called ‘photon shot
noise’ is given by the standard deviation, n , where n is the number of

photons. If the visual system collects n photons and the photon shot
noise is n , then the signal-to-noise ratio (SNR) is n

n
, or n (de Vries,

1943). So under low light intensity, SNR is low due to fewer photons
being captured by the eye. For reliable vision, high SNR is essential (de
Vries, 1943; Rose, 1942). In addition to photon shot noise, intrinsic
physiological noise at the photoreceptor level (transducer noise) can
further limit SNR (Honkanen, Immonen, Salmela, Heimonen, &
Weckstrom, 2016; Lillywhite & Laughlin, 1979; Rieke & Baylor, 1996).
The overall signal-to-noise ratio for visual information can thus vary at
different light intensities.

Many insects, especially nocturnal flyers, have adaptations to in-
crease their light sensitivity or photon capture and thus improve SNR
for visual behaviors. For example, superposition eyes, larger apertures,
wider and longer photoreceptors, and shorter focal length can all in-
crease the number of photons captured and thus the sensitivity
(Warrant, 2017). Fruit flies, for example, possess neural superposition
compound eyes. In this eye type, each point in space is sampled by
multiple photoreceptors from different adjacent ommatidia that con-
verge upon the same synaptic units in the brain, which allows for in-
creased sensitivity in dim light. Reliability of visual signals can also be
increased by having slow-responding photoreceptors with higher gain
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(Frederiksen, Wcislo, & Warrant, 2008). In addition, neural summation
of visual information over the spatial domain can improve vision
(contrast sensitivity) in dim light (for example: (Stöckl, O’Carroll, &
Warrant, 2016; Theobald, Greiner, Wcislo, & Warrant, 2006; Warrant,
1999, 2008b)). Fast-moving or flying insects need better temporal
acuity, and thus under dim light conditions, summation over the tem-
poral domain may trade off with their flight ability (for example,
(Sponberg, Dyhr, Hall, & Daniel, 2015; Theobald, Warrant, & O’Carroll,
2010). Hence animals that are active at different light intensities may
exhibit an optimum performance at certain preferred light intensities.

1.2. Light intensity and fruit fly activity pattern

Drosophila melanogaster are light sensitive and favor certain light
intensity ranges for activity. In a lab environment, they prefer dim light
(5–10 lx) for feeding, grooming, and resting, and thus they are con-
sidered either crepuscular or diurnal but prefer shaded environments
with low light intensities (Rieger et al., 2007). Their choice of certain
light intensities can shift their temporal niche. On moonlit nights, or at
moonlit intensities in the lab, flies respond by shifting their activity into
the night (Bachleitner, Kempinger, Wülbeck, Rieger, & Helfrich-Förster,
2007). Under lab conditions, fruit flies are thought to show a bimodal
activity pattern with peaks during early dawn and late dusk (Rieger
et al., 2007). However another study showed that under simulated
natural conditions where flies were kept in individual tubes (‘activity
units’) outdoors, their activity peaks in the afternoon (Vanin et al.,
2012). The authors concluded that under the simulated natural condi-
tions, flies are diurnal rather than crepuscular or nocturnal. Interest-
ingly, under those conditions activity is also temperature-dependent.
An interaction between temperature and light is known to affect ac-
tivity pattern (Majercak et al., 1999) and the time of day can also in-
fluence the fruit fly’s innate color preference (Lazopulo, Lazopulo,
Baker, & Syed, 2019). Whether fruit flies are diurnal or crepuscular has
been debated, but these studies agree that flies have preferences for a
range of light intensities depending on various other environmental
factors. Although fruit flies can be active at different light intensities,
how visual abilities vary under these conditions is not systematically
studied in this ubiquitous model system, hence this study.

1.3. The effect of size variation in fruit flies on their vision in dim light

Body size in Drosophila melanogaster dictates how small eyes are and
as a result certain visual abilities (Currea, Smith, & Theobald, 2018).
Body size variation is common in fruit flies under natural conditions
due to factors such as food scarcity or high larval density (Shingleton,
Estep, Driscoll, & Dworkin, 2009). Ad libitum feeding in lab colonies, on
the other hand, does not lead to the same size variation. It is possible to
generate a high variation in body size (1.67–2.34 mm) and eye size
(0.07–0.19 mm2) under lab conditions through limited feeding at late
larval stage (Currea et al., 2018). Comparing optical parameters such as
ommatidial diameters and interommatidial angles of large and small
flies shows that small flies lose more contrast sensitivity than spatial
acuity. Behavioral estimates by Currea et al. (2018) have shown that
small flies then recover contrast sensitivity by sacrificing temporal
acuity through neural summation. Due to size-related structural dif-
ferences, vision in small flies can be expected to face more challenges
under low light conditions. Reduced light and eye size can lead to low
SNR for many visual behaviors. But how flies of different eye sizes
overcome signal noise at different light levels and how their spatio-
temporal visual abilities are affected in dim light is not known.

Fruit flies are sexually dimorphic with males almost half the size of
females. Although vision in female fruit flies has been well studied,
vision in male flies is often neglected. Studying male fruit fly spatio-
temporal visual abilities may thus be useful especially in understanding
their role in mating behavior.

In this study we used psychophysics experiments in a virtual reality
arena to understand the implications of light intensity and eye size on
spatio-temporal visual abilities of female and male Drosophila melano-

gaster. We tested this behaviorally by comparing spatio-temporal visual
abilities of large and small female flies under different light intensities.
We asked whether male flies have different spatio-temporal visual
abilities than females at different light intensities. We also compared
males and females in the same range of eye sizes to identify any sex-
specific differences in their visual abilities.

Fig. 1. Virtual reality setup used for measuring
spatio-temporal vision in fruit flies. (A) Size varia-
tion in Drosophila melanogaster (adapted from
Currea et al. (2018)). Ad-libitum food during late
larval stage leads to larger flies but limited larval
food availability leads to smaller flies. (B) Com-
puter generated visual stimuli (moving gratings of
various contrasts, and spatial and temporal fre-
quencies) are projected onto the flight arena with
back projection material on all the walls. A neutral
density filter in front of the projector is used to
control the total light intensity inside the flight
arena. (C) A view from inside the flight arena where
a fly is tethered facing the side where the stimulus
is projected. (D) Steering response of the fly corre-
sponding to the direction of moving gratings (left or
right) is measured using an infrared (IR) light setup.
The infrared light casts shadows of each wing onto
photodiodes which measure the wing beat ampli-
tude. Left minus right wing beat amplitudes
(ΔWBA) gives the steering effort for each wing
stroke. An example plot shows the average ΔWBA
for 30 flies over a trial. During the bar fixation,
ΔWBA is zero. Within each trial, ΔWBA from the
last 2000 ms were averaged and subtracted from
the average of the first 30 ms (shaded areas). Left
and right turns during the trial are indicated.
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2. Materials and methods

2.1. Subjects

Lab-reared Drosophila melanogaster were fed standard media and
maintained at 21 °C on 12 h:12 h light and dark cycle. To generate flies
of varying body and eye sizes (Fig. 1A), we isolated the larvae in a jar
without food during their third instar just prior to the wandering stage
following Currea et al. (2018). Once the flies eclosed, adults were
transferred to a jar with standard media and used for experiments
3–5 days post-eclosion. The flies were cold anaesthetized on a Peltier
device and mounted on a rigid tungsten rod (0.02 mm diameter) using
UV glue (Bondic) on the mesothorax. To avoid any effects of head
movement, their heads were immobilized by gluing to the pronotum
(unlike in Currea et al. (2018)). The mounted flies were placed upside
down during their recovery. To avoid fatigue prior to testing them, a
small piece of paper was placed on their legs to stop them from flapping
their wings after recovery.

2.2. Flight arena

Before testing, flies were dark adapted in a room with no lights for
at least 20 min. Then each fly was suspended in the center of the arena
(Fig. 1B) as described before (Cabrera & Theobald, 2013; Currea et al.,
2018). A tethered fly was placed facing the front panel of the arena
where moving sinusoidal gratings were projected from a digital pro-
jector (Lightspeed designs, frame rate = 360 fps), eliciting optomotor
responses. The wing beats of the fly in response to the stimulus were
captured using an infrared light emitting diode that casts shadows onto
a pair of photodiodes (Fig. 1C). The difference between the left and
right wing beat amplitude (ΔWBA) is proportional to the yaw torque
(Gotz, 1987; Tammero, Frye, & Dickinson, 2004) and gives the steering
effort for the wing stroke (Fig. 1D).

2.3. Stimulus

The grating stimulus can be defined by a sine function:
= +G x t c f x f t( , ) sin( )s t , where x is a spatial co-ordinate, t is time, c is

Michelson contrast, fs is spatial frequency, and ft is temporal frequency.

Michelson contrast was measured for the gratings as −

+

I I

I I

( )

( )

max min

max min
where

Imax and Imin are the maximum and minimum intensity of the grating.
Spatial frequency refers to the frequency of luminance change over
distance, and temporal frequency refers to the frequency of the sinu-
soidal pattern moving at constant speed. The sine gratings were or-
iented vertically and the motion was to either the left or right direction.

To measure the spatio-temporal visual abilities of flies, we con-
ducted three psychophysics experiments using moving sinusoidal
gratings of 10 different contrasts, and spatial and temporal frequencies
in a random order. Each of the gratings was tested moving left and right
separately. To estimate spatial acuity we presented 10 spatial fre-
quencies (0.166, 0.125, 0.1, 0.083, 0.066, 0.05, 0.04, 0.031, 0.025,
0.02 Cycles Per Degree (CPD)), at the highest contrast that we could
achieve (87%) and a temporal frequency of 10 Hz. Similarly, to esti-
mate the temporal acuity we presented 10 temporal frequencies (0.1,
0.2, 0.5, 1, 2, 5, 10, 20, 50, 100 Hz) at 0.04 CPD at the highest contrast
(87%). To estimate contrast threshold (and its inverse, contrast sensi-
tivity) we tested 10 different contrasts (87, 76, 67, 57, 48, 38, 29, 19,
10, 0%) at 0.04 CPD and 10 Hz. The spatial and temporal frequency
values of 0.04 CPD and 10 Hz were chosen as they were roughly op-
timal for maximizing turning responses in the temporal and spatial
domains respectively. Each experiment consisted of open-loop se-
quences of sinusoidal gratings for 300 frames interspersed by 200
frames of closed-loop vertical bar fixation. A sampling rate of 1000 Hz
(1 sample per ms) was used to collect wing beat amplitude data. During
the closed-loop bar fixation, the fly’s wing beats controlled the position

of the bar, which is known to increase responsiveness to experimental
gratings (Heisenberg & Wolf, 1979). Each fly was tested only once and
any fly that was not responsive for the whole duration of the experi-
ment was removed from the analysis.

2.4. Light intensity

A neutral density filter in front of the projector was used to control
the total light intensity inside the flight arena. For each of the above
experiments, we tested flies under different light intensities in a random
order. To test the effect of light intensity on spatio-temporal vision in
females, we first tested seven different light intensities: 50.1, 16.3, 7.6,
3.9 (close to twilight intensity), 1.8, 0.6, 0.3 (moonlight intensity) lx.
Based on the results of this test, to study the effect of eye size on vision,
and also spatio-temporal vision in males, we tested them under three of
the seven intensities: the highest intensity (50.1 lx), close to twilight
intensity (3.9 lx) and moonlight intensity (0.3 lx). The light intensities
were measured at the fly’s position inside the arena using a light meter
(Gossen Starlite 2).

2.5. Eye area measurement

For eye size experiments, one eye of each of the mounted flies was
imaged under a stereo microscope under different focus levels. The area
of the eye was then obtained from the focus stack using an in-house
developed software (Currea et al., 2020, in prep). We divided flies into
groups of small (smaller than the median eye area) and large (larger
than the median).

2.6. Data analysis

The difference between the left and right wing beat amplitude
(ΔWBA) was normalized such that a positive value is in the direction of
moving sinusoidal grating. Within each trial, the ΔWBA from the last
2000 ms were averaged and subtracted from the average of first 30 ms.
We used one-sample t-test (α = 0.05) to check whether ΔWBA for each
stimulus was significantly different from 0. In cases where there was a
discontinuity in the responses being significantly different from 0, as at
0.3 lx in Fig. 2A and thereafter, we allowed one such gap and con-
sidered the next stimulus value at which the response was significantly
different from 0 as a threshold. We used the threshold value for de-
tection of different stimuli to infer spatial acuity, contrast threshold and
temporal acuity. We then compared the absolute values of spatial
acuity, contrast threshold and temporal acuity across different condi-
tions as in Currea et al. (2018).

3. Results

3.1. Light intensity dependent spatio-temporal vision in female fruit flies

Our first aim was to test spatial acuity, contrast threshold and
temporal acuity of female flies under 7 different light intensities. The
highest spatial frequency that female flies responded to (spatial acuity)
dropped from 0.1 to 0.08 CPD at light intensity lower than 3.9 lx
(Fig. 2A). It further reduced to 0.06 CPD at moonlight intensity
(Fig. 2A). The average ΔWBA response for different spatial frequencies
at moonlight intensity also reduced to almost half that at the highest
light intensity (Fig. 2A). The lowest contrast that the flies responded to
(contrast threshold) was 0.1 at 50.1 lx, which increased to 0.19 at 1.8 lx
and further increased to at most 0.48 at dimmer light intensities, and
this slower rate of increase in contrast threshold as light levels drop
indicates possible spatial summation (Fig. 2B). The average ΔWBA re-
sponse for different contrasts at moonlight intensity reduced sub-
stantially compared to that at the highest light intensity (Fig. 2B). At
light intensities higher than 3.9 lx, the highest temporal frequency that
the flies responded to (temporal acuity) was 50 Hz, which reduced to
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20 Hz at 1.8 and 0.6 lx, and to 10 Hz at 0.3 lx, indicating temporal
summation in dim light conditions (Fig. 2C). The peak response at 0.3 lx
also appears to be shifted to a lower temporal frequency of 5 Hz from
10 Hz at 50.1 lx (Fig. 2C), but no such clear peak shift was observed for
spatial frequencies and contrasts (Fig. 2A and B).

3.2. Size dependent spatio-temporal vision in female fruit flies under

different light intensities

The next aim was to determine whether spatio-temporal abilities of
the flies under different intensities are eye-size-dependent. Eye area of
the female flies ranged from 0.1 to 0.23 mm2 (median = 0.17 mm2).
Flies with the eye area of 0.1–0.17 mm2 were grouped as small and
those with an area of 0.17–0.23 mm2 as large flies. Small flies had si-
milar spatial acuity (0.1 CPD) to large flies at 50.1 lx and 3.9 lx, but a
much lower spatial acuity (0.03 CPD vs 0.06 CPD in large flies) at 0.3 lx
(Fig. 3 first row). At 50.1 lx, flies showed spatial aliasing at the highest
spatial frequency (Fig. 3A first row). That is, they turned in the opposite
direction to that of the moving gratings, which is commonly observed in
flies at high spatial frequencies (Götz, 1965). At 0.3 lx, compared to
large flies, small flies had higher contrast threshold (small flies: 0.76,
large flies: 0.57) and lower temporal acuity (small flies: 5 Hz, large flies:
10 Hz; Fig. 3B second and third row). At 3.9 lx, small flies have similar
contrast threshold (0.19) but lower temporal acuity than large flies
(small flies: 10 Hz, large flies: 20 Hz; Fig. 3C second and third row).
However at 50.1 lx, small flies had slightly higher contrast threshold
(small flies: 0.19, large flies: 0.1; Fig. 3A second row) and lower tem-
poral acuity (small flies: 20 Hz, large flies: 50 Hz; Fig. 3A third row).
With decreasing light intensity, temporal acuity values reduced for both
large and small flies (Fig. 3A–C third row).

3.3. Spatio-temporal vision in male fruit flies

We tested spatio-temporal visual abilities of male flies under 3 dif-
ferent light intensities to compare them to females. Male fruit flies had
on average smaller eyes (0.14–0.19 mm2; average = 0.16 mm2) than
females (0.10–0.23 mm2; average = 0.17 mm2). Males had similar
spatial acuity, contrast threshold, and temporal acuity as females at
50.1 lx and 3.9 lx (Fig. 2 and Fig. 4), but a lower spatial acuity (0.04
CPD; Fig. 4A) at 0.3 lx and much reduced mean response in general
(Figs. 2A–C and 4A–C). The peak response at 0.3 lx was clearly shifted
to lower temporal frequency of 5 Hz from 10 Hz at 50.1 lx (Fig. 4C).

3.4. Spatio-temporal visual abilities of males and females of the same eye

size range

To understand sex-specific differences in fruit fly vision, we com-
pared males and females of the same eye size range (0.14–0.19 mm2).
Median eye area for both sexes was 0.17 mm2, and mean ± SD were
0.169 ± 0.013 and 0.166 ± 0.015 mm2 for females and males re-
spectively. At 50.1 lx, males and females had the same spatial acuity,
contrast threshold, and temporal acuity (Fig. 5A). At 3.9 lx, males had
the same spatial acuity as females, but slightly lower contrast threshold
and higher temporal acuity (Fig. 5B). At 0.3 lx, males had roughly si-
milar reduced spatio-temporal visual abilities although female data are
more variable in their response to spatial frequencies and contrasts
(Fig. 5C).

4. Discussion

Under natural conditions, fruit flies are exposed to a broader range
of light intensities and exhibit a wider range of body sizes than in the
lab. Here we studied how reduced light intensity and eye size affect
spatial acuity, contrast threshold, and temporal acuity in fruit flies. We
show that the spatio-temporal visual abilities in both males and females
reduce when the light levels are below twilight intensity (Figs. 2 and 4).
At moonlight intensity, small flies have more reduced spatio-temporal
visual abilities than large flies (Fig. 3C).

4.1. Spatio-temporal vision in fruit flies is light intensity dependent

As light levels drop, there is a need to improve sensitivity more than

Fig. 2. At light levels lower than twilight intensity, female fruit flies (n = 30)
have reduced spatio-temporal visual abilities. (A) The highest spatial frequency
that the flies respond to (spatial acuity) is reduced at light intensities less than
3.9 lx. (B) The lowest contrast that the flies can respond to (contrast threshold)
is increased at light intensities dimmer than 1.8 lx. (C) The highest temporal
frequency that the flies respond to (i.e., temporal acuity) is reduced at 0.3 lx.
Differential wing beat amplitudes (ΔWBA) show the steering effort of flies
tested in the virtual reality arena. Mean ± SE of ΔWBA is plotted, see methods
for details. Dashes below the x-axes indicate sample ΔWBA is not significantly
different from 0 (one-sample t-test, p ≥ 0.05).
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spatial acuity. Hence animals that are active at low light intensities tend
to have optical and neural strategies to improve sensitivity in dim light
(Warrant, 1999). Optical strategies such as increased facet diameter can
improve sensitivity but simultaneously reduce spatial acuity (Land,
1997). Neural strategies such as spatial and temporal summation can
again improve contrast sensitivity but at the expense of spatial and
temporal acuity (Warrant, 1999, 2008b). Compromising temporal
acuity in dim light is useful because it increases visual SNR, improving
contrast sensitivity by suppressing photon noise.

Our data show that at moonlight intensities male and female fruit
flies lose both spatial and temporal acuity in order to rescue contrast
sensitivity, to an extent. This suggests they cannot detect faster and
finer details under moonlight intensities. When comparing males and
females of similar body sizes, we find no major sex-specific differences
in their spatio-temporal vision (Fig. 5), suggesting the differences be-
tween Figs. 2 and 4 are only size-related, not sex-related. Among fe-
males, compared to the highest intensity we tested (50.1 lx), while
spatial acuity reduced considerably below 3.9 lx, contrast threshold
increased below 1.8 lx, and temporal acuity reduced at the much lower
moonlight intensity of 0.3 lx (Fig. 2). This implies that as light levels

reduce, to improve contrast sensitivity, females sacrifice spatial acuity
first, and then temporal acuity. Given the importance of temporal
acuity for fast-moving and flying insects, this result is expected. Ad-
ditionally, peak values for the temporal tuning curve at 0.3 lx shift to
lower temporal frequencies compared to that of 50.1 lx (5 Hz vs 10 Hz:
Figs. 2C and 4C). Interestingly however, in Manduca sexta, optomotor
response assays showed that the peak or preferred temporal frequency
and time to respond to change in motion does not decrease at low light
intensity (Parthasarathy & Willis, 2018) which is in contrast with the
results of Stöckl, O’Carroll, and Warrant (2017b) that showed reduction
in the peak temporal frequency at low light intensity based on motion-
sensitive neuron activity in the Lobula complex of different hawkmoths.
In an optomotor behavior assay, while the intensity dependent tem-
poral tuning in flies can help process slower visual motion in dim light,
retaining the speed of response in dim light may be more important for
hawkmoths such as Manduca sexta depending on their visual ecology.
Flies may also need to slow down to overcome the loss of temporal
acuity at moonlight intensity. Indeed, in dim light, hornets (Spiewok &
Schmolz, 2006) and bumblebees (Reber et al., 2015) reduce their flight
speed to cope with reduced temporal acuity due to temporal

Fig. 3. Different spatio-temporal visual abilities in large and small female flies (n = 25 each) under different light intensities. (A) At 50.1 lx, small flies have the same
spatial acuity as large flies but have a slightly increased contrast threshold and reduced temporal acuity. (B) At 3.9 lx (~twilight intensity), small flies achieve same
spatial acuity and contrast threshold as large flies presumably by sacrificing their temporal acuity, confirming the results of Currea et al. (2018). (C) At 0.3 lx
(~moonlight intensity), spatial acuity and temporal acuity of small flies are reduced more than large flies while contrast threshold is increased. Flies with an eye area
in the range of 0.17–0.23 mm2 were considered large, while 0.10–0.17 mm2 were considered small. Mean ± SE of ΔWBA is plotted, see methods for details. Dashes
below the x-axes indicate sample ΔWBA is not significantly different from 0 (one-sample t-test, p ≥ 0.05).
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summation. An exception to this is the nocturnal sweat bee Megalopta

genalis which does not change flight speed (Baird et al., 2015) but takes
more tortuous paths in dim light (Theobald et al., 2007) indicating that
it could be using spatial summation rather than temporal summation to
regain visual contrast. The relative balance between spatial and tem-
poral summation depends on the ecology and behavioral needs of the
animal (Warrant, 1999). For fast flying insects, reduced temporal acuity
can affect flight behaviors. As the image motion increases, integration
time is reduced, which can lead to increased spatial summation (Klaus
& Warrant, 2009). For a given light level, there is an optimum combi-
nation of summation to rescue sensitivity (Klaus & Warrant, 2009;
Snyder, Stavenga, & Laughlin, 1977). This balance between sensitivity

and spatio-temporal acuity may even be adjusted to match the re-
quirements of different visual pathways— such as object detection,
looming, and widefield motion detection pathways—in the brain
(Stöckl et al., 2017b).

We also find that flies respond more strongly at higher light in-
tensities (Figs. 2 and 4), which could be due to a higher SNR. Changing
the gain of the response when the visual cues are unreliable or hard to
detect may help minimize metabolic costs associated with neural sig-
naling (Maimon, 2011; Niven & Laughlin, 2008). In fact, such response
modulation is known to be state-dependent in flies—higher response
gain during flight than walking (Chiappe, Seelig, Reiser, & Jayaraman,
2010; Maimon, 2011; Maimon, Straw, & Dickinson, 2010). During in-
sect flight, octopamine is released (Goosey & Candy, 1980) and can
modulate the response properties of motion sensitive neurons (de Haan,
Lee, & Nordström, 2012). Activation of the octopaminergic neurons is
also involved in multisensory modulation of a fly’s innate aversion to
small visual objects (Cheng, Colbath, & Frye, 2019). It is possible that
the optomotor response in our study may be similarly graded according
to reliability or noise from sensory cues during flight. This graded re-
sponse allows flexibility of visually driven behavioral responses, as seen
in our case. Whether spatial summation of signals (in lamina monopolar
cells) and temporal summation in dim light could lead to reduced re-
sponses in downstream motor neurons via octopaminergic pathway
remains to be tested. We also expected responses to reduce at lower
spatial frequencies as in (Theobald, 2017), but we found such response
reduction only at low intensities (Figs. 2A and 4A). Possibly, high light
levels afforded enough visual information to steer, even in response to
lower spatial frequencies.

4.2. Smaller flies suffer more than large flies at moonlight intensity

Although there are many studies in the literature on insect low light
responses and eye size effects, surprisingly, Drosophila melanogaster

hasn’t been systematically studied in this respect. Smaller insects typi-
cally have fewer and smaller ommatidia, lower spatial acuity, and lower
sensitivity than larger individuals or species (ants (Palavalli-Nettimi,
Ogawa, Ryan, Hart, & Narendra, 2019), aphids (Doring & Spaethe,
2012), bumblebees (Kapustjanskij, Streinzer, Paulus, & Spaethe, 2007;
Spaethe & Chittka, 2003; Taylor et al., 2019), bees (Jander & Jander,
2002), butterflies (Rutowski, Gislén, & Warrant, 2009), fruit flies
(Currea et al., 2018), moths (Fischer, Meyer-Rochow, & Müller, 2014).
Whether the visual abilities in smaller individuals suffer more in dim
light, especially in Drosophila melanogaster, is not well understood. Due
to miniature body and eye size, some insects are apparently restricted to
a diurnal lifestyle (Fischer et al., 2014; Fischer, Meyer-Rochow, &
Müller, 2012; Fischer, Müller, & Meyer-Rochow, 2011). Smaller sting-
less bees, for example, limit their activity to brighter times of the day
(Streinzer, Huber, & Spaethe, 2016). We can thus expect that larger flies
may similarly have an advantage in dim light conditions.

As expected, we found that at moonlight intensity small flies have
lower spatial and temporal acuity, and a higher contrast threshold
(Fig. 3C). The lower spatial acuity of small flies at moonlight intensity
could be due to low SNR and a high degree of neural summation in dim
light. Photon shot noise in small flies with smaller lenses and less
photon capture is similar to the photon noise in dim light. The neural
adaptations for dim light, such as spatial and temporal summation,
might help small eyed flies recover their vision to an extent. Hence at
dimmer intensity, small flies may need to rely more on summation than
large flies and thus have lower spatio-temporal acuity than large flies.
As light intensity reduces from 50.1 lx to 0.3 lx, the extent of temporal
summation (evident from temporal acuity values) steadily increases
(Fig. 3A–C last row) as predicted theoretically (Klaus & Warrant, 2009).
At twilight intensity, small flies are able to maintain a similar contrast
threshold as large flies due to temporal summation, consistent with
findings of an earlier study (Currea et al., 2018). However at a brighter
intensity of 50.1 lx, temporal summation may not be necessary and thus

Fig. 4. Spatio-temporal visual abilities of male fruit flies (n = 31) are reduced
at moonlight intensity. Spatial acuity (A), contrast threshold (B), and temporal
acuity (C) changed at 0.3 lx in male fruit flies. Males have an eye area of
0.14–0.19 mm2. Mean ± SE of ΔWBA is plotted, see methods for details.
Dashes below the x-axes indicate sample ΔWBA is not significantly different
from 0 (one-sample t-test, p ≥ 0.05).
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small flies have a slightly higher contrast threshold than large flies
(Fig. 3A). Although the energetic cost of neural summation and acute
vision is not quantified, it is likely to affect the dim light adaptations in
small flies if they were to use neural summation to a different extent
than large flies. Such possible physiological differences between small
and large flies remain to be tested.

5. Conclusions and future directions

This study has addressed the implications of eye size differences in
fruit flies and visual capabilities under dim light conditions. We showed
that both female and male fruit flies lose spatio-temporal visual abilities
as light levels drop. Under dim light conditions, vision in small flies is
more reduced than in large flies. Although such data are known in a few
other insect species, the current study adds to the growing literature of
a widely-studied model system, Drosophila melanogaster. Tethering re-
stricts the flies in our study from using multisensory cues (such as air
flow, odor, haltere balance) that could alter flight behaviors. Whether
the differences in vision are reflected in their free flight behaviors under
different light intensities is yet to be confirmed. It is possible that to
cope with reduced visual abilities, small flies might avoid being active
at low light intensities. If they are active, they may change their visual

attention selectively towards areas with high perceivable information at
a given light intensity (Palermo & Theobald, 2019). Alternatively, the
precision and accuracy of their flight control behaviors, collision
avoidance, and landing response may be affected under dim light
conditions.
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