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Figure 1. Flower tracking in hawkmoths. We investigated the flower tracking performance of three hawkmoths species with different diel activity patterns (a). Black
dots denote experimental light intensities. Illuminance in (a) was measured at the position of the flower, facing the light source, while luminance was measured
from the flower face at a distance of 2 cm. Moths tracked and fed from robotic artificial flowers (b, example from D. elpenor; see the electronic supplementary
material), moving in a combination of sines of different frequencies (c). The Fourier transformation of the tracked flower shows the stimulus frequencies and
amplitudes (c), which were chosen to give equal velocities across frequencies. We used a system identification approach to describe the closed-loop behaviour
of a moth’s flower tracking (d ). The inner part of the closed loop contains the nervous system (sensory and motor circuits) and the mechanics (body and
wings). A simple time delay, as well as scaling factor, can be added to the inner part of the loop to model adaptations of the nervous system at different
light intensities or across species.
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spatial and temporal resolution reduce the visual informa-

tion content, especially at high frequencies. How do the

changes in visual sensitivity and resolution affect the flight

performance of insects active at variable light intensities?

The consequences of low-light intensity on flight perform-

ance have been observed in a number of species [9,22,23]. In

hymenopterans, both spatial and temporal summation in the

visual system have been proposed as the neural mechanisms

for the behavioural changes in dim light. Bumblebees as well

as hornets reduce their flight speed with decreased light

intensity, which has been suggested as a mechanism to

cope with the reduced temporal acuity of the visual system

caused by temporal summation [22,24]. In contrast, nocturnal

sweat bees do not change their flight speed during landing

[23] or tunnel flight [25], and spatial summation has been

suggested to underlay their high sensitivity at night. While

qualitative similarities and species-specific differences are

emerging, we do not yet understand from a quantitative,

much less a mechanistic, standpoint how the physiological

adaptations for low-light vision translate to behaviour differ-

ences across species.

Sponberg et al. [9] used system identification approaches

to assess how flower tracking changed with light intensity

in a crepuscular hawkmoth species. This approach enables

explicit testing of simple dynamics models for how temporal
processing could affect behaviour, while taking advantage of

the inherent feedback nature of sensorimotor processing.

They showed that the differences in flower tracking behaviour

at different light intensities were consistent with a simple tem-

poral delay in the nervous system, such as could result from

increased temporal summation in the nervous system in dim

light [13]. However, we do not yet know if this model gener-

alizes across species, especially those with different diel

activity patterns. Moreover, species active at different preferred

light levels might show shifts in their neural processing. These

adaptations could translate into behavioural differences, which

might also be captured by simple models if the underlying

sensorimotor processing is similar.

We thus chose to investigate different species of hawk-

moth active in vastly different light intensities (figure 1a).

The diurnal Macroglossum stellatarum, crepuscular Manduca
sexta and nocturnal Deilephila elpenor all share very similar

ecologies and flight strategies [26], enabling a natural

comparison of neural and behavioural strategies for flight

in dim light. Moreover, recent studies have provided detailed

insight into the visual systems of all three species and their

neural adaptations to different light intensities [16,19],

allowing us to directly compare our behavioural predictions

of temporal summation strategies to the corresponding

physiological measurements.
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We quantified the tracking behaviour of moths using a

system identification approach, where animals freely fly

and feed from a robotic flower. We investigated whether a

luminance-dependent adjustment of flight control was a gen-

eral feature in all three hawkmoth species, and whether the

same simple temporal delay model could be generalized

across species. Furthermore, we extended the investigation

to differences between species, and tested whether simple

delay dynamics explain the differences in tracking shown

by the three hawkmoth species.
 g
Phil.Trans.R.
2. Material and methods
See the electronic supplementary material for further details.
Soc.B
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(a) Behavioural experiments
Experiments on M. stellatarum and D. elpenor were performed as

similarly as possible to the previous experiments on M. sexta [9],

at Lund University, Sweden (see the electronic supplementary

material, m). In brief, artificial flowers (diameter of flower face:

46 mm) were designed and 3D printed from ABS plastic

(UPrint SE, Dimension), and mounted atop a fibreglass or stain-

less steel rod, which was connected to a bipolar stepper motor

(0.98/step resolution, 1/16 microstepping, Phidgets, Inc.). This

allowed for high-frequency, precise movements of the flower.

The flower was actuated with a sum-of-sinusoids stimulus com-

posed of 20 frequencies (0.2–20 Hz), all of which were prime

multiples in order to avoid harmonic overlap [27]. We analysed

frequencies up to 13.7 Hz, at which all animals still consistently

tracked the flower. The phase of each sinusoid was randomly

determined. The amplitudes were scaled to have equal power

in velocity (figure 1c). This scaling prevents the high frequencies

from being much faster and potentially saturating the moth’s

ability to keep up [9,28].

A small, adjustable white LED panel and a diffuser (CN-126

LED video light, Neewer) was mounted above the chamber, to

provide background illumination. The colour temperature of the

panel was 5400 K (a blueish-white peak), which ranges between

the colour temperature of horizon to overhead white daylight

and is the closest match to daylight spectra of commercially avail-

able light sources [9]. Light intensity was adjusted on the panel

and could be further lowered by neutral density filters placed in

front of the light source (see figure 1a for illuminance and lumi-

nance values in the different experimental conditions). All sides

of the arena were blacked out, except for the top. We illuminated

the arena with 850 nm IR LED light sources (LEDLB-16-IR, Larson

Electronics), which is outside the moth’s visual spectrum. Moths

were tracked using high-speed video cameras from above at

100 fps (MotionBLITZ EoSens mini, Mikrotron for experiments

with the other two species).

Moths were placed in the arena, left to warm up and start

flying, to then insert their proboscis into the nectary of the arti-

ficial flower and feed from it. Upon proboscis insertion, the

stimulus was started, and the moths tracked the movement of

the flower by adjusting their body position to stay centred with

the nectary (figure 1b,c; electronic supplementary material,

videos S1–S3). The lowest driving frequencies (0.2 and 0.3 Hz)

were 0.1 Hz apart, so a continuous 20 s of tracking data were

collected, giving a frequency resolution of 0.5 Hz and thereby sep-

arating these peaks. If moths touched the flower with their legs, or

lost contact with their proboscis, we excluded the trial. In each

video, we tracked a point on the moth’s head and thorax, and a

point on the nectary of the flower using the DLTdv5 software pack-

age [29]. From each moth, only one trial was obtained, resulting in

the following sample sizes: M. stellatarum (n ¼ 13/10/10 at 3000/
300/15 lx), D. elpenor (n ¼ 12/14/11 at 300/15/0.3 lx), M. sexta
(n ¼ 8/8/15 at 300/15/0.3 lx).

(i) System identification and data analysis
Flower tracking responses were confirmed to be linear and time

invariant (electronic supplementary material, figures S1 and S2,

methods), and can thus be described by two components: the

gain and the phase [9,10]). Gain and phase are the magnitude

and angle, respectively, of the complex-valued frequency

response of the moth tracking the flower. Averages and 95% con-

fidence intervals were calculated in the complex plane following

prior methods [30]. Because performance is a combination of

gain and phase, we also calculated the moth’s tracking error

[9,30] as a single metric to assess how well the moth tracked

the flower. Tracking error, e, is defined as the distance in the

complex plane between the moth’s actual frequency response

H(s) to the ideal tracking conditions (gain ¼ 1; phase ¼ 0):

1ðsÞ ¼ kHðsÞ � ð1þ 0iÞk: ð2:1Þ

To characterize the dynamics, we measured three characteristic fre-

quencies. The corner frequency is where the power in the tracking

response falls below 0.5, corresponding to a gain of 0.71. The fre-

quency at which the phase lag reaches p/2 radians indicates that

the animal is more than a quarter period out of sync. The frequency

where tracking error first exceeds unity indicates where the moth

would perform better by remaining stationary.

(ii) Fitting simple delays and scaling factors to the differences
within and between species

Flower tracking is an inherently closed-loop behaviour where the

moth’s sensory systems (vision and proboscis mechanoreception)

do not detect and minimize the absolute flower position but

rather the flower’s position relative to its body (the sensory

error, figure 1d ). To determine whether simple models of lumi-

nance-dependent neural processing could account for the

within- and across-species differences, we modelled the differences

between behavioural responses using two simple elements: (i) a

delay term, which is consistent with the slowing of nervous pro-

cessing and (ii) an open loop gain, termed scale factor, a, which

changes the strength of the responses to the perceived error

between flower and moth motion. The scale factor represents

an increase in sensitivity somewhere in the sensorimotor loop,

including visual or motor circuits. As these adjustments are

hypothesized to arise from luminance-dependent adaptations,

they must be modelled within the closed-loop feedback response

of the behaviour (see the electronic supplementary material,

methods).
3. Results and discussion
All three hawkmoth species successfully tracked the robotic

flower and showed general similarities in their tracking

responses across the frequency spectrum (figure 1c). At fre-

quencies between 1 and 4 Hz, all three species showed a

gain overshoot, thus producing larger tracking amplitudes

than the actual flower amplitude at these frequencies

(figure 2, first row). At the same time, the moths also

lagged more and more behind the flower movement

(figure 2, second row), and in combination, the overshoot

and phase lag led to steeply increasing tracking errors

(figure 2, last row). All phase responses demonstrated a flat-

tening or local maximum at some point above 4 Hz,

indicating that the response is not captured by simple first-

order dynamics. For higher frequencies of the flower trajec-

tory, the tracking gain decreased with increasing frequency,
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Figure 2. Flower tracking performance at different light intensities. Gain, phase and tracking error of the diurnal (a), crepuscular (b) and nocturnal (c) species, each
at three different luminance levels. Grey shades in (a) show frequency ranges of figure 3 summary statistics, based on the frequencies of natural flower movement
[9]; dashed lines in (c) show gain, phase and error values (0.71, 2p/2 radians, 1) of figure 4 summary statistics. Curves show the mean and 95% confidence
intervals of the mean, calculated in the complex plane [28].
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while the phase lag increased further. As a result, the tracking

error decreased again to level out around unity (as the gain

approached zero, figure 2, last row).

(a) All hawkmoth species showed behavioural
adaptations to changes in light intensity

Despite the general similarity of tracking responses, there

were distinct differences between species, as well as within

species, across light intensities. We first investigated the

latter, to quantify luminance-dependent adaptations in the
three hawkmoth species. There was no significant difference

in tracking performance at the characteristic frequency

values (gain ¼ 0.7, phase ¼ 2p/2, tracking error ¼ 1)

across light intensities (electronic supplementary material,

figure S3b). This indicates that all the moths had similar track-

ing dynamics (figure 2a–c). However, the responses did

diverge significantly in specific frequency bands. To broadly

summarize these differences, we compared tracking behav-

iour in the range of natural flower movements (0.2–1.7 Hz

[9]) and in a range of frequencies higher than those (1.7–

8.9 Hz). Therefore, we averaged the gain, phase and tracking
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