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Differences in spatial resolution and contrast sensitivity of flight
control in the honeybees Apis cerana and Apis mellifera

ABSTRACT
Visually guided behaviour is constrained by the capacity of the visual
system to resolve detail. This, in turn, is limited by the spatial
resolution and contrast sensitivity of the underlying visual system.
Because these properties are interdependent and vary nonuniformly, it is only possible to fully understand the limits of a
specific visually guided behaviour when they are investigated in
combination. To understand the visual limits of flight control in bees,
which rely heavily on vision to control flight, and to explore whether
they vary between species, we tested how changes in spatial
resolution and contrast sensitivity affect the speed and position
control of the Asian and European honeybees (Apis cerana and
Apis mellifera). Despite the apparent similarity of these species, we
found some interesting and surprising differences between their
visual limits. While the effect of spatial frequency and contrast on
position control is similar between the species, ground speed is
differently affected by these variables. A comparison with published
data from the bumblebee Bombus terrestris revealed further
differences. The visual resolution that limits the detection and use
of optic flow for flight control in both species of honeybee is lower than
the previously anatomically determined resolution and differs from
object detection limits of A. mellifera, providing evidence that the
limits of spatial resolution and contrast sensitivity are highly tuned to
the particular behavioural task of a species.
KEY WORDS: Contrast sensitivity, Flight control, Insect, Spatial
resolution, Visual information, Optic flow

INTRODUCTION

The ability to use vision to guide behaviour is constrained by the
visual system’s capacity to resolve important information in the
visual scene. This capacity is defined by two properties: spatial
resolution (the ability to discriminate between two adjacent
features) and contrast sensitivity (the minimum discriminable
contrast between two features), where the latter reaches its
maximum at mid-range spatial frequencies and tapers off at both
low and high spatial frequencies (Uhlrich et al., 1981). For optimal
guidance of behaviour, visual systems should optimize these
two capacities for specific visual tasks. Task-dependent variations
in contrast sensitivity have indeed been found in humans
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(Robson, 1966; Kelly, 1979; Barten, 1993), birds (Haller et al.,
2014) and bumblebees (Chakravarthi et al., 2017).
Obtaining reliable visual information is particularly important for
flight, where visual control of speed and position is essential for
avoiding collisions with obstacles. Flying insects control their flight
using optic flow – the pattern of image motion generated on their
eyes as they move through the world (Srinivasan et al., 1991, 1996).
The ability of insects to detect and use these patterns is ultimately
limited by the anatomy and physiology of their compound eyes
(Land, 1997; Stavenga, 2003, 2004; Warrant et al., 2007; Rigosi
et al., 2017). However, not all visually guided behaviours work at
these absolute limits of the visual system and different behavioural
tasks may require the optimization of either spatial resolution or
contrast sensitivity. For example, from anatomical measures
(Somanathan et al., 2009), the spatial resolution of the Asian
honeybee Apis cerana was estimated as about 0.8 cycles deg−1,
while behavioural investigations using a static-pattern discrimination
task recorded a maximal spatial resolution of approximately
0.26–0.36 cycles deg−1 (Zhang et al., 2014), and similar differences
have been found for the European honeybee Apis mellifera (Rigosi
et al., 2017). The resolution that limits the detection and use of optic
flow for flight control has not yet been determined in these species.
In a recent study, Chakravarthi et al. (2016) found that when
detecting a stationary grating, the bumblebee Bombus terrestris has
a peak contrast sensitivity of 1.57 (64% contrast) at a spatial
frequency of 0.09 cycles deg−1. In the same species, the peak
contrast sensitivity for flight control was found to be at least 33 (3%
contrast) at a spatial frequency of 0.21 cycles deg−1 (Chakravarthi
et al., 2017). This suggests that the limits of visually guided
behaviour in bumblebees are context dependent, although it remains
unclear whether this dependency is similar across other species.
The aim of the present study was to better understand how contrast
sensitivity and spatial frequency constrain and shape the behaviour
of animals and to investigate how consistent the limits of visual
behaviour are between both closely related and more distantly related
species. To do this, we used the same experimental paradigm to
compare the limits of flight control in the Asian honeybee A. cerana
and its close relative the European honeybee A. mellifera – the two
species have a similar body size and eye anatomy (Somanathan et al.,
2009). We also compared our results with those of Chakravarthi et al.
(2017), who performed similar experiments on a more distant
relative, the bumblebee B. terrestris. Understanding the similarities
and differences in the visual limits of flight control behaviour in
these species may provide important insights into the constraints of
their pollination activities. Moreover, they are all model species for
experimental investigations into visually guided behaviour and the
limits of their visual resolution have previously been investigated
using other methods, providing us with a useful basis from which to
obtain a more comprehensive picture of how species, behavioural
context and analytical approach affect estimates and tuning of spatial
resolution and contrast sensitivity.
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session. Foragers flying through the tunnel towards the feeder were
filmed at 50 frames s−1 using a video camera (Sony HDR-CX730)
mounted 150 cm above the tunnel.

MATERIALS AND METHODS
Animals and experimental setting

Experiments were performed using foragers from a colony of
Apis cerana Fabricius 1793 maintained in Agumbe Rainforest
Research Station (13°51′N, 75°08′E), India, and a colony of
Apis mellifera Linnaeus 1758 maintained at the Department of
Biology, Lund University (55°43′N, 13°12′E), Sweden. A sucrose
feeder (28 cm long, 5 cm wide and 4 cm deep) in a white plastic box
was placed at the end of a plywood experimental tunnel (200 cm
long, 30 cm wide, 30 cm high) behind a 15-cm-high vertical white
plastic sheet, such that it was not visible to bees flying towards it
(Fig. 1A). The tunnel floor was lined with white matte laminated
paper, the top was covered with netting and the walls displayed
different patterns (see below). To create a uniform light intensity
along the length of the tunnel, it was shaded by a white cotton cloth
(Fig. 1A). The average luminance in the tunnel and surroundings
was similar for the two species and across all trials (A. cerana:
∼1900±400 lx; A. mellifera: ∼2000±1000 lx), with no flights being
recorded at light intensities below 750 lx.
Initially, bees were trained to fly along the tunnel and collect
sucrose solution by gradually moving the feeder from the entrance
towards its final position at the end. The bees then returned to the
hive with their sucrose reward. Within each 30 min experimental
session, individual foragers would return to the feeder a maximum
of 5–6 times. Bees were also allowed to fly through the tunnel for
30 min before each session. During this time, both tunnel walls
displayed randomized check patterns to minimize potential effects
of previous asymmetric test conditions or wall following (Serres
et al., 2008) on flight behaviour in the subsequent experimental

B

During each experimental session, the ‘constant wall’ of the tunnel
was uniformly grey while the ‘variable wall’ displayed one of the
test gratings (Fig. 1). To estimate the highest spatial frequency
that the bees can resolve, the variable wall displayed sinusoidal
gratings of spatial wavelengths 0.10, 0.15, 0.20, 0.40, 0.65, 0.80 and
2.0 cycles cm−1, equivalent to spatial frequencies of 0.04, 0.05,
0.08, 0.12, 0.18, 0.21 and 0.51 cycles deg−1 when seen from the
midline of the tunnel (Table 1; distance to the variable wall dy1 in
Fig. 1B). These gratings had 87% Michelson contrast (MC;
Michelson, 1927) determined as:
MC ¼
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The intensity maximum (Imax) and intensity minimum (Imin) of the
gratings were measured with a photometer (Hagner ScreenMaster,
B. Hagner, Solna, Sweden) with the human photopic spectral
sensitivity. To estimate the lowest visual contrast that bees could
detect for a given spatial frequency, we used gratings with spatial
frequencies of 0.10, 0.20 and 0.40 cycles cm−1, with Michelson
contrasts of 87%, 39%, 22%, 14% and 3%.
The test gratings were presented in a pseudo-randomized order
and equally often on the two walls. Thus, of the 50 flights analysed
in each condition, 25 flights were filmed when the variable wall was
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Fig. 1. Experimental set-up and original
flight paths of bees. (A) Schematic illustration
of the experimental set-up. Honeybees were
trained to enter the tunnel (blue arrow) and fly
towards the feeder placed inside the feeder
box. The trajectories were filmed using a
camera mounted on a horizontal beam
between two tripods. Screens on both sides
and on top of the set-up were used to
guarantee even illumination. The blue line
shows the axis of the tunnel. (B) Illustration of
parameters used in the analysis. (C) Flight
tracks of Apis cerana and Apis mellifera flying
through the middle section of a tunnel with two
grey walls (control; top row), and tunnels with
the variable wall displaying a low spatial
frequency grating (0.10 cycles cm−1) and a
high spatial frequency grating
(2.0 cycles cm−1). Note that the spatial
frequency of the gratings is not to scale.
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Table 1. Apparent spatial frequencies of sinusoidal gratings

Pattern
wavelength
(cycles cm−1)

Pattern
wavelength when
viewed at 90 deg
from midline
(cycles deg−1)

Apparent spatial frequency
(median [IQR]) for average distance
from the wall (cycles deg−1)
Apis cerana

Apis mellifera

0.10
0.15
0.20
0.40
0.65
0.80
2.0

0.04
0.05
0.08
0.12
0.18
0.21
0.51

0.04 [0.03 0.04]
0.05 [0.05 0.06]
0.08 [0.07 0.08]
0.12 [0.10 0.14]
0.18 [0.14 0.21]
0.21 [0.17 0.25]
0.51 [0.42 0.61]

0.04 [0.03 0.04]
0.05 [0.05 0.06]
0.07 [0.06 0.07]
0.11 [0.11 0.13]
0.18 [0.15 0.21]
0.22 [0.18 0.25]
0.49 [0.39 0.61]

IQR, interquartile range.

on the right side and 25 flights when the variable wall was on the
left side. The data for each condition were then pooled. As the
control condition, both tunnel walls were covered with the uniform
grey pattern, creating a symmetric situation, in which we filmed
25 flights.
Data analysis

The position of the bee was determined from each video frame over a
distance of 100 cm in the middle section of the 200 cm long tunnel
using an automated tracking program (Lindemann, 2005). Position
data were converted from pixels to millimetres using a calibration
pattern placed 15 cm above the tunnel floor (the approximate altitude
of bees flying through the tunnel). Occasional flights that contained
backward loops, crashes with the walls or other bees, or hovering
by the top netting were excluded from the analysis. The lateral
position of each bee with respect to the distance from the variable
wall (y-position; dy2 in Fig. 1B) was calculated for each frame and
averaged for each flight. This value was also used to calculate the
average perceived spatial frequency of the grating covering the
variable wall as experienced by the bee during each flight.
Estimates of spatial resolution and contrast threshold were based
on the assumption that bees could resolve/detect the grating presented
on the variable wall when their lateral position and/or speed in an
experimental condition differed significantly from the lateral position
and speed in the control condition with two uniformly grey walls.
Statistical tests were performed using ANOVA with Dunnet’s
post hoc multiple comparison test (Quinn and Keough, 2002).
RESULTS
The effect of spatial frequency on lateral position

First, we tested how the lateral position of the bees varied with the
spatial frequency of the sinusoidal grating presented on the variable
wall while the constant wall was a uniform grey. Representative
flight trajectories are shown in Fig. 1C, detailed results of all
conditions are provided in Fig. 2A and statistics are presented in
Table 2. In Fig. 2A, we present the mean lateral position of the bees
as a function of the apparent spatial frequency, which depends on
the bee’s distance to the variable wall (dy2, in Fig. 1B), and therefore
differs slightly between species.
The mean lateral position of both A. cerana and A. mellifera was
affected by the spatial frequency of the grating. Bees of both species
flew further from the variable wall and closer to the constant wall
when the grating had a spatial frequency of 0.10, 0.15 or
0.20 cycles cm−1. Unlike A. cerana, A. mellifera also appeared to
fly closer to the constant wall when the grating had a spatial
frequency of 0.4 cycles cm−1 (which corresponds to an apparent
spatial frequency of 0.12 and 0.11 cycles deg−1, respectively; see

Table 2). At higher spatial frequencies, the bees instead flew along
the midline of the tunnel, as they did in the control condition.
This result suggests that, as long as the bees could resolve the
gratings, they flew farther from them in an attempt to balance the
perceived magnitude of optic flow experienced in each eye. When
they could no longer resolve the gratings, they perceived them as
uniform grey (i.e. similar to the constant wall) and thus flew along
the midline of the tunnel. Overall, these results indicate that, for
directed forward flight, A. mellifera has a higher spatial resolution
threshold (between 0.11 and 0.18 cycles deg−1 apparent spatial
frequency) than A. cerana (between 0.08 and 0.12 cycles deg−1
apparent spatial frequency).
The effect of spatial frequency on ground speed

In the same flights as above, A. cerana consistently flew faster than
A. mellifera throughout all conditions (Fig. 2B). The ground speed
of both species was affected by spatial frequency, but the response
to the different test conditions differed. When the spatial frequency
of the grating on the variable wall was 0.65 or 2.0 cycles cm−1,
A. cerana flew at the same speed as in the control condition, but for
all lower spatial frequencies, ground speed was significantly
reduced. In contrast, ground speed in A. mellifera only differed
significantly from the control condition in one experimental
condition, when the grating had a spatial frequency of
0.2 cycles cm−1, but not with higher or lower spatial frequencies.
To further explore the effect of spatial frequency on ground speed,
we also compared the data against the condition with the lowest
spatial frequency (0.10 cycles cm−1, or 0.04 cycles deg−1 apparent
spatial frequency; see Table 2), which both species could resolve. In
A. cerana, we found that ground speed was the same for spatial
frequencies of 0.4 cycles cm−1 or lower, indicating that ground speed
is not affected by spatial frequency for gratings that can be resolved.
In A. mellifera, this comparison once again showed that ground speed
does not vary significantly between spatial frequencies except for
0.65 cycles cm−1, when the bees flew slightly faster.
The effect of contrast on lateral position

Next, we investigated the effect of contrast on the lateral position of
the bees. For these experiments, we used gratings of 0.10, 0.20 or
0.40 cycles cm−1 at five different contrasts. Detailed results of all
conditions are provided in Tables 3 and 4, and Fig. 3. The results
suggest that contrast affected lateral position for all tested spatial
frequencies in both species. For A. cerana, lateral position did not
differ from the control condition at 3% contrast at 0.10 cycles cm−1
and at 3% and 14% contrast at 0.40 cycles cm−1 (Table 3, Fig. 3A,
C,E), suggesting that they perceived these test gratings as grey.
Under all other conditions, A. cerana flew closer to the constant
wall. This suggests that the contrast sensitivity for A. cerana lies
somewhere between 7 and 33 for 0.10 cycles cm−1, is higher
than 33 for 0.20 cycles cm−1 and lies between 4.5 and 7 for
0.40 cycles cm−1. For A. mellifera, lateral position differed
significantly from the control in all conditions apart from 3%
contrast at 0.40 cycles cm−1, suggesting a contrast sensitivity higher
than 33 for 0.10 and 0.20 cycles cm−1, and between 7 and 33 for
0.40 cycles cm−1 (Tables 3 and 4, Fig. 3A,C,E). Taken together,
these results suggest that A. mellifera in general have a higher
contrast sensitivity than A. cerana.
The effect of contrast on ground speed

Overall, contrast affected ground speed in both A. cerana and
A. mellifera at all tested spatial frequencies. Once again, however, the
effect differed between the species (Tables 3 and 4, Fig. 3B). In all
3
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test conditions, A. cerana was flying at a significantly lower ground
speed than in the control. However, when comparing against flights
with 87% contrast for each spatial frequency, only ground speed in
the control (0% contrast) and 3% contrast at 0.10 cycles cm−1 was
significantly higher (Table 4), suggesting that differences in
contrast above 3% have little effect on ground speed in A. cerana.
For A. mellifera at 0.1 cycles cm−1, however, ground speed was
significantly lower than the control at 3%, 14% and 22% contrast but
increased to control levels at 39% and 87%. At 0.20 cycles cm−1,
ground speed was lower than the control for all contrasts and at
0.40 cycles cm−1, it was lower than the control for all contrasts except
3% and 87%.
DISCUSSION

We investigated the spatial resolution and contrast dependency of
the visual system regulating flight control in two closely related
honeybee species, A. cerana and A. mellifera. Overall, we found
that spatial frequency and contrast do affect position control and

ground speed in both species although the specific responses are
surprisingly different.
Apis mellifera has a higher spatial resolution for flight control
than A. cerana, but lower than that of B. terrestris

Our results suggest that the spatial resolution limit of visual flight
control in A. cerana lies between 0.08 and 0.12 cycles deg−1
while the spatial resolution limit for A. mellifera appears to be
slightly higher, lying between 0.11 and 0.18 cycles deg−1. These
results represent conservative estimates as they are based upon
measurements of the spatial frequency of the gratings as they would
appear in the lateral field of view. If the bees are measuring optic
flow for flight control in more frontal visual areas, as bumblebees do
(Baird et al., 2010; Linander et al., 2015), then these limits would be
even higher. For example, if the bees measure optic flow at a 45 deg
angle frontally, these values become more similar to the estimate of
maximal resolution obtained with two gratings in a dual-choice test
(see Table 5): 0.26–0.36 cycles deg−1 for A. cerana (Zhang et al.,
4
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Fig. 2. Effect of apparent spatial frequency of gratings on the variable wall of a tunnel on the lateral position and ground speed of A. cerana, A. mellifera
and Bombus terrestris. (A) Lateral position (calculated as the average distance to the variable wall) as a function of the average apparent spatial frequency
of the grating. Circles give the median apparent spatial frequency and lateral position, whiskers represent the second and third quartiles. (B) Ground speed
at the apparent spatial frequency of the grating. Circles give the median apparent spatial frequency and ground speed, whiskers the second and third quartiles.
See Table 2 for statistics. Data on B. terrestris from Chakravarthi et al. (2017). Note that the spatial frequency of the gratings is not to scale.
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Table 2. Effect of spatial frequency on lateral position and ground speed of Apis cerana and Apis mellifera
Lateral position
A. cerana: control condition (grey walls)
F7,438=25.51; P<0.0001; n a=446
Spatial frequency (cycles cm−1)
Spatial frequency (cycles deg−1)
Total number of flights
Significance level

0.10
0.04
50
P=0.004

0.15
0.05
50
P<0.0001

0.20
0.08
75
P<0.0001

0.40
0.12
50
P=0.25

0.65
0.18
51
P>0.99

0.80
0.21
95
P>0.99

2.0
0.51
50
P>0.99

Ground speed
A. cerana: control condition (grey walls)
F7,438=14.50; P<0.0001; n b=446
Spatial frequency (cycles cm−1)
Spatial frequency (cycles deg−1)
Significance level
A. cerana: data from 0.04 cycles deg−1
F7,438=14.50; P<0.0001; n b=446
Spatial frequency (cycles deg−1)
Significance level

0.10
0.04
P<0.0001

0.15
0.05
P<0.0001

0.20
0.08
P<0.0001

0.40
0.12
P=0.001

0.65
0.18
P=0.09

0.80
0.21
P=0.01

2.0
0.51
P>0.99

Grey
P<0.0001

0.05
P>0.99

0.08
P>0.99

0.12
P=0.16

0.18
P<0.0001

0.21
P<0.0001

0.51
P<0.0001

0.18
47
P=0.90

0.22
44
P=0.78

0.49
39
P>0.99

Lateral position
A. mellifera: control condition (grey walls)
F7,343=20.54; P<0.0001; n a=351
Spatial frequency (cycles deg−1)
Total number of flights
Significance level

0.04
49
P<0.0001

0.05
54
P<0.0001

0.07
46
P<0.0001

0.11
43
P=0.04
Ground speed

A. mellifera: control condition (grey walls)
F7,343=5.15; P<0.0001; n a=351
Spatial frequency (cycles deg−1)
Significance level
A. mellifera: data from 0.04 cycles deg−1
F7,343=5.15; P<0.0001; n a=351
Spatial frequency (cycles deg−1)
Significance level

0.04
P=0.84

0.05
P=0.26

0.07
P=0.02

0.11
P=0.84

0.18
P=0.4

0.22
P=0.15

0.49
P>0.99

Grey
P=0.89

0.05
P=0.86

0.07
P=0.13

0.11
P>0.99

0.18
P=0.02

0.22
P=0.63

0.49
P=0.80

Data were obtained by ANOVA with Dunnet’s post hoc multiple comparison for the conditions shown.
Total number of flights (including the control data, n=25) analysed. bTotal number of flights (including the control data, n=29) analysed.

2014) and 0.25 cycles deg−1 for A. mellifera (Srinivasan and
Lehrer, 1988).
The smallest high-contrast objects that A. mellifera could be
trained to detect from a background were circular discs with a
diameter of 3 deg (Lehrer and Bischof, 1995), which would translate
into a spatial frequency of merely 0.17 cycles deg−1, similar to the
resolution threshold found in our study for A. mellifera (Table 5).
Subsequent studies have estimated the detection threshold for
circular stimuli to lie between 3.7 and 5 deg (Giurfa et al., 1996;
Giurfa and Vorobyev, 1998; Hempel de Ibarra et al., 2001; Wertlen
et al., 2008; see Table 5), possibly because they used targets with
lower achromatic contrast to the background.
For both species, the behaviourally measured limits of spatial
resolution presented in this and earlier studies are coarser than
the anatomically estimated limits (using acceptance angles):
∼0.8 cycles deg−1 for A. cerana (Somanathan et al., 2009) and
∼0.6 cycles deg−1 for A. mellifera (Greiner et al., 2004); however, these
are values obtained for the frontal visual field. The average acceptance
angles of light-adapted photoreceptors looking at the horizon in
A. mellifera have recently been determined electrophysiologically as
2.5 and 1.9 deg in the lateral and frontal visual fields, respectively (full
width at half maximum; Rigosi et al., 2017), translating into a potential
spatial resolution limit of 0.4 cycles deg−1 in the lateral visual field and
0.5 cycles deg−1 in the frontal visual field. The difference between the
electrophysiologically and the behaviourally determined resolution
could be explained by the fact that small objects (below the spatial
resolution threshold) still elicit a response because of the high contrast

sensitivity of the photoreceptors, rather than the actual angular size of
the object (O’Carroll and Wiederman, 2014). Complex behaviours,
however, like flower searching, require supra-threshold stimuli seen in
more than one ommatidium (Giurfa et al., 1996; Hempel de Ibarra et al.,
2001), leading to a lower resolution.
The finding that flight control has coarser spatial resolution than
the anatomically or physiologically defined limits is consistent
with the conclusions of a similar study performed in the bumblebee,
B. terrestris (Chakravarthi et al., 2017). In this species, the limit of
spatial resolution for flight control was estimated at 0.21 cycles deg−1,
while the anatomical estimation (using interommatidial angles;
Spaethe and Chittka, 2003) was 0.55 cycles deg−1. It is also
interesting to note that, for the gratings that the bumblebees could
resolve, they generally flew further away from the wall bearing the
grating than either honeybee species tested here (see grey data points
in Fig. 3A,C,E, taken from Chakravarthi et al., 2017). This finding
suggests that not only do bees of different species have different limits
of spatial resolution for flight control but also the strength of their
flight control behaviour appears to vary.
Apis mellifera and B. terrestris have higher contrast
sensitivity for flight control than A. cerana

For one spatial frequency (0.2 cycles cm−1 or 0.08 cycles deg−1),
A. cerana had a contrast sensitivity above 33 (the inverse of contrast
threshold, in this case 3%) but for both higher and lower spatial
frequencies, contrast sensitivity was lower. The contrast sensitivity of
A. mellifera, however, was above 33 for all frequencies except for the
5
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Table 3. Effect of contrast on lateral position and ground speed in Apis cerana and Apis mellifera
Lateral position
Apis cerana: control condition (grey walls)
Spatial frequency: 0.10 cycles cm−1; F5,269=8.6; P<0.0001; n a=275
Contrast
Significance level
Spatial frequency: 0.20 cycles cm−1; F5,294=16.39; P<0.0001; n a=300
Contrast
Significance level
Spatial frequency: 0.40 cycles cm−1; F5,293=11.27; P<0.0001; n a=299
Contrast
Significance level

3%
P=0.18

14%
P=0.001

22%
P=0.001

39%
P<0.0001

87%
P=0.002

3%
P=0.003

14%
P=0.001

22%
P<0.0001

39%
P<0.0001

87%
P<0.0001

3%
P=0.98

14%
P=0.24

22%
P=0.002

39%
P<0.0001

87%
P=0.15

Ground speed
Apis cerana: control condition (grey walls)
Spatial frequency: 0.10 cycles cm−1; F5,269=17.22; P<0.0001; n a=275
Contrast
Significance level
Spatial frequency: 0.20 cycles cm−1; F5,294=15.46; P<0.0001; n a=300
Contrast
Significance level
Spatial frequency: 0.40 cycles cm−1; F5,293=3.82; P=0.002; n a=299
Contrast
Significance level

3%
P=0.048

14%
P<0.0001

22%
P<0.0001

39%
P<0.0001

87%
P<0.0001

3%
P<0.0001

14%
P<0.0001

22%
P<0.0001

39%
P<0.0001

87%
P<0.0001

3%
P=0.031

14%
P=0.002

22%
P=0.036

39%
P<0.0001

87%
P=0.002

Lateral position
Apis mellifera: control condition (grey walls)
Spatial frequency: 0.1 cycles cm−1; F5,272=13.20; P<0.0001; n b=278
Contrast
Significance level
Spatial frequency: 0.2 cycles cm−1; F5,272=11.77; P<0.0001; n b=278
Contrast
Significance level
Spatial frequency: 0.4 cycles cm−1; F5,271=10.76; P<0.0001; n b=277
Contrast
Significance level

3%
P<0.0001

14%
P<0.0001

22%
P<0.0001

39%
P<0.0001

87%
P<0.0001

3%
P=0.003

14%
P<0.0001

22%
P<0.0001

39%
P<0.0001

87%
P<0.0001

3%
P=0.98

14%
P=0.04

22%
P<0.0001

39%
P<0.0001

87%
P=0.02

Ground speed
Apis mellifera: control condition (grey walls)
Spatial frequency: 0.1 cycles cm−1; F5,272=33.20; P<0.0001; n b=278
Contrast
Significance level
Spatial frequency: 0.2 cycles cm−1; F5,272=12.89; P<0.0001; n b=278
Contrast
Significance level
Spatial frequency: 0.4 cycles cm−1; F5,271=7.39; P<0.0001; n b=277
Contrast
Significance level

3%
P<0.0001

14%
P<0.0001

22%
P<0.0001

39%
P=0.63

87%
P=0.76

3%
P<0.0001

14%
P<0.0001

22%
P<0.0001

39%
P<0.0001

87%
P=0.025

3%
P=0.318

14%
P<0.0001

22%
P<0.0001

39%
P=0.021

87%
P=0.72

Data were obtained by ANOVA with Dunnet’s post hoc multiple comparison for the conditions shown. Bold indicates significance.
Total number of analysed flights (including the control data, n=25). bTotal number of analysed flights (including the control data, n=29).

highest tested frequency, 0.4 cycles cm−1 (0.12 cycles deg−1). These
results are consistent with free-flight experiments on A. mellifera that
found no effect of reducing the contrast of square-wave gratings down
to 15% (Srinivasan et al., 1991) or 10% (Baird et al., 2005) on lateral
position and speed control, respectively.
In experiments similar to those conducted here, the bumblebee
B. terrestris was also found to have a peak contrast sensitivity
greater than 33 for a broad range of spatial frequencies, suggesting
that the motion detection systems underlying flight control in bees
generally have very high contrast sensitivity. In a second species
of bumblebee, Bombus impatiens, only patterns with 5% contrast
have been tested, and only for a single spatial frequency
(0.03 cycles deg−1), resulting in an estimate of at least 20 for their
contrast sensitivity (Dyhr and Higgins, 2010).
Spatial contrast sensitivity has also been estimated in
discrimination tasks. In dual-choice tests with vertical and

horizontal square-wave gratings, A. mellifera could detect 8%
contrast at 0.09 cycles deg−1, equivalent to a contrast sensitivity of
at least 12.5 (Srinivasan and Lehrer, 1988), but the threshold was
not determined. In a similar paradigm, B. terrestris was found to
have a contrast sensitivity of 1.57 (64% contrast; Chakravarthi et al.,
2016), which is much lower than that measured for flight control in
the same species (Chakravarthi et al., 2017), but experimental
conditions may have contributed to this low value (Chakravarthi
et al., 2016).
High contrast sensitivity for moving stimuli is a general property
of insect vision. In A. mellifera, reactions to stimuli as small as
0.6×0.6 deg have been recorded electrophysiologically in the frontal
visual field and 0.75×0.75 deg in the lateral visual field (Rigosi
et al., 2017). This leads to an estimation of the lowest contrast that
can be detected by single photoreceptors of laterally looking
ommatidia of A. mellifera of around 9% (Rigosi et al., 2017).
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Table 4. Effect of contrast on ground speed of Apis cerana and Apis mellifera compared with patterns with 87% contrast
Ground speed
Apis cerana
Spatial frequency: 0.10 cycles cm−1; F5,269=29.86; P<0.0001; n a=275
Contrast
Significance level
Spatial frequency: 0.20 cycles cm−1; F5,294=28.42; P<0.0001; n a=300
Contrast
Significance level
Spatial frequency: 0.40 cycles cm−1; F5,293=9.42; P<0.0001; n a=299
Contrast
Significance level
Apis mellifera
Spatial frequency: 0.10 cycles cm−1; F5,272=46.05; P<0.0001; n b=278
Contrast
Significance level
Spatial frequency: 0.20 cycles cm−1; F5,272=35.80; P<0.0001; n b=278
Contrast
Significance level
Spatial frequency: 0.40 cycles cm−1; F5,271=17.57; P<0.0001; n b=277
Contrast
Significance level

0
P<0.0001

3%
P<0.0001

14%
P=0.17

22%
P=0.51

39%
P=0.27

0
P<0.0001

3%
P=0.98

14%
P=0.05

22%
P=0.97

39%
P=0.97

0
P<0.0001

3%
P=0.47

14%
P=0.99

22%
P=0.88

39%
P=0.81

0
P=0.89

3%
P<0.0001

14%
P<0.0001

22%
P<0.0001

39%
P>0.99

0
P=0.18

3%
P<0.0001

14%
P<0.0001

22%
P<0.0001

39%
P<0.0001

0
P=0.009

3%
P=0.81

14%
P=0.002

22%
P<0.0001

39%
P<0.0001

Data were obtained by ANOVA with Dunnet’s post hoc multiple comparison with 87% contrast. Bold indicates significance.
Total no. of analysed flights (including the control data, n=25). bTotal no. of analysed flights (including the control data, n=29).

However, because the signals from six photoreceptors in one
ommatidium converge onto the neurons in the next optic neuropil –
a system that reduces noise by the square root of 6 – the contrast
sensitivity at later processing stages in the visual system is likely to
be higher, with a threshold closer to 4% (equating to a contrast
sensitivity of 25; see Rigosi et al., 2017). The bees in the present
study were probably using information coming from a wide field of
view involving many ommatidia. This could further enhance the
signal-to-noise ratio and, with it, contrast sensitivity, thereby
explaining the minimum value of 33 recorded in the present study
for both A. cerana and A. mellifera. The electrophysiologically
determined contrast sensitivity of wide-field motion-sensitive
neurons in the optic lobe of A. mellifera of ∼30 for moving
grating lies within a similar range (Bidwell and Goodman, 1993).
Generally, wide-field motion-sensitive neurons of insects including
butterflies, flies and hawkmoths have been shown to have contrast
sensitivities between 20 and 100 (Dvorak et al., 1980; Maddess
et al., 1991; O’Caroll et al., 1996; Stöckl et al., 2016; O’Caroll and
Wiederman, 2014).
Ground speed and its response to changes in spatial
frequency and contrast differ between species

While the effect of spatial frequency and contrast on position
control was similar across A. cerana, A. mellifera and B. terrestris,
it is notable that the effect of these variables on ground speed varied
between the species. For low spatial frequencies, A. cerana flew
slower in comparison to the control condition but increased its
speed when – according to lateral position data – it could no longer
resolve the gratings. Conversely, spatial frequency had no
systematic effect on speed in A. mellifera. This is consistent with
the findings of Baird et al. (2005). These results with A. mellifera
are similar to those found in bumblebees B. terrestris, using the
same experimental paradigm as the present study (Chakravarthi
et al., 2017).
Variations in the effect of spatial frequency on flight control
observed across the species do not appear to be related to the actual
speed at which the bees fly because A. mellifera flew approximately
twice as fast as B. terrestris and A. cerana flew between 200 and

1000 mm s−1 faster than A. mellifera (Fig. 3B,D,F). These general
differences in speed responses were also present in the control
condition, where median ground speed was 632 mm s−1 in
B. terrestris, 1244 mm s−1 in A. mellifera and 1927 mm s−1 in
A. cerana (see Fig. 2B). This indicates that, even in the presence of
weak optic flow cues, each of these species appears to have different
preferred set-points for speed control.
Differences in speed response between the species were also
observed when the grating contrast changed. Apis cerana tended to
fly faster when the grating was or appeared to be grey than when
they could detect the contrast – in which case, speed remained
constant. Apis mellifera also tended to fly faster when the grating
was or appeared to be grey but decreased its speed for the lower
detectable contrasts, before flying faster again. We found this
difference in ground speed response to contrast intriguing so, to
better understand it, we calculated the speed response for the same
conditions in B. terrestris using data from Chakravarthi et al. (2017).
Interestingly, we found yet another response to differences in
contrast. Bombus terrestris appeared not to change their speed in
any systematic manner in response to changes in contrast. It is quite
surprising that these three species all display different speed
responses to changes in grating contrast, particularly the closely
related A. cerana and A. mellifera, while their position responses are
very similar. Behavioural differences between these two species
have also been recorded with respect to their foraging ranges – with
A. mellifera having a larger range than A. cerana (He et al., 2012) –
and with respect to their learning and memory performance –
with A. cerana being superior to A. mellifera (Qin et al., 2012).
While there is no obvious explanation for these differences
given that these species can occupy the same ecological niche
and are morphologically very similar (Somanathan et al., 2009),
some clues might arise from exploring their physiological and
anatomical bases.
These findings suggest that position and speed control may be
regulated by different systems of motion vision in these species,
something that was also suggested for B. terrestris by Linander
et al. (2015). Although the basis of these differences is not clear,
this result highlights the fact that ground speed control can vary
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Fig. 3. Effect of the contrast of gratings on the variable wall of a tunnel on the lateral position and ground speed of A. cerana, A. mellifera and
B. terrestris. Lateral position (A,C,E) and ground speed (B,D,F) as a function of the Michelson contrast of the grating. Circles give the median apparent spatial
frequency and lateral position, whiskers represent the second and third quartiles. Results with grating with 0.10, 0.20 and 0.40 cycles cm−1 (from top to bottom)
are shown. See Tables 3 and 4 for statistics. Data on B. terrestris from Chakravarthi et al. (2017). Note that the spatial frequency and contrast of the gratings
are not to scale.

radically between insect species and that findings from one
species cannot necessarily be generalized to others. More
systematic and detailed comparative studies in other insect
species would be fruitful in understanding how wide-spread
such differences are.

Concluding remarks

The aim of the present study was to further explore the limits of
visually guided behaviour in insects by describing the spatial
resolution and contrast sensitivity limits of visually guided flight
control in the honeybees A. cerana and A. mellifera.
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Table 5. Behaviourally determined thresholds of spatial resolution in bees
Minimum pattern
wavelength
(cycles deg−1)

Reference

Species

Stimulus

Behavioural response

Minimum visual
angle (deg)

Apis cerana

Sine wave stationary
gratings
Sine wave gratings in
relative motion
Square object
Square wave gratings

Object discrimination

2.8–3.8

0.26–0.36

Zhang et al., 2014

Lateral position

1.2–8.3

0.08–0.12

This study

Object discrimination
Optomotor response in
walking bees
Object discrimination
Object detection

5.7a
2.1

0.18a
0.48

Baumgärtner, 1928
Hecht and Wolf, 1929

4
6–11a

0.25
0.17–0.09a

Lateral position

5.5–8

0.12–0.18

Srinivasan and Lehrer, 1988
Lehrer and Bischof, 1995;
Giurfa et al., 1996; Giurfa
and Vorobyev., 1998;
Hempel de Ibarra et al.,
2001; Wertlen et al., 2008
This study

Object discrimination

3.6–14a

0.27–0.07a

Object discrimination

4.8

0.21

Spaethe and Chittka, 2003;
Wertlen et al., 2008; Dyer
et al., 2008
Chakravarthi et al., 2016

Lateral position

4.8

0.21

Chakravarthi et al., 2017

Object discrimination

2.8–2.9

0.35–0.36

Macuda et al., 2001

Lateral position

7.1

0.14

Dyhr and Higgins, 2010

Object detection

18.8a

0.053a

Dyer et al., 2016

Apis mellifera

Square wave grating
Point object

Bombus terrestris

Bombus impatiens

Tetragonula carbonaria

Sine wave gratings in
relative motion
Point object

Sine wave stationary
gratings
Sine wave gratings in
relative motion
Sine wave stationary
gratings
Sine wave gratings in
relative motion
Point object

a

Values were calculated considering the visual angle of a single object as half the resolvable wavelength. A full cycle of an equivalent grating would be twice the
angle of the single object.
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