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SUMMARY

As animals move through the world, images of surfaces and edges in the environment move across the retina, 

a visual signal known as optic flow.1 Optic flow is beneficial for several processes, perhaps most notably nav

igation,2 but it poses a conundrum. When faced with optic flow, the optomotor body, head, and eye move

ments reflexively minimize optic flow to maintain a stable retinal image.3 This retinal image stabilization is 

essential for normal visual function.4,5 How then can an animal move through the world yet maintain a stable 

retinal image? Birds are known for their remarkable head stability and also exhibit a variety of eye move

ments, including rapid and stabilizing vestibular and optokinetic eye movements.6,7 However, it remains un

known if they move their eyes during flight.8,9 We developed an onboard camera system to separately track 

eye movements and record optic flow from homing pigeons (Columba livia domestica; hereafter pigeons) 

released several kilometers from their home loft. During flight, the eyes of pigeons exhibit slow, temporal 

eye movements consistent with a divergent optokinetic response. These eye movements matched optic 

flow along the horizon generated by forward flight. Head-restrained pigeons exhibited binocular divergent 

eye movements in response to computer-generated visual stimuli simulating self-translation. These results 

are consistent with pigeons stabilizing the horizon in the lateral visual fields during flight. By contrast, during 

landing, pigeons exhibited large, convergent binocular eye movements directed toward the perch, allowing 

for stereopsis. In summary, both optokinetic and convergent eye movements appear important for avian 

flight control.

RESULTS

Pigeons make slow naso-temporal eye movements 

during flight

To determine whether pigeons make eye movements during 

flight, we developed a miniature, battery-powered eye-tracking 

system (Figure 1A). A single-board computer, battery, and iner

tial measurement unit (IMU) were carried as a backpack (27 g), 

while the small camera (90 Hz; <1 g) was oriented perpendicular 

to the head and level with the eye via a custom-fitted mask 

(Figure 1B; 3 g). Based on the dimensions of the camera and dis

tance to the eye, the eye-tracking system obscured a strip 13◦– 

20◦ in width across the upper half of the monocular visual field. 

We used DeepLabCut10 to track the pupil and features around 

the margins of the eye. Eye positions were translated into their 

horizontal and vertical components in an ego-centered reference 

frame based on the orientation of the lower margin of the eye 

ring, which aligns closely with the global horizon across behav

iors,11 confirmed by recording a portion of flights with a wide- 

angle lens (Figure 1C). To reduce the impact of camera vibration 

caused by locomotion, the pupil position was determined rela

tive to stable features on the head (Figure 1D; Video S1). After 

categorizing behavior based on data from the onboard IMU 

(Figure 1E), we translated relative pupil positions to eye-in- 

head angle (Figure 1F) via an individual-specific calibration pro

cedure (Figure S1; see STAR Methods).

We collected data from 5 individuals and 16 flights, totaling 

27 min of flight, 29 min of standing, and 9 min of walking 

(Video S1). Eye movements were generally limited to ±5 deg of 

the neutral position, consistent with previous work in pigeons.13

Free-moving pigeons blinked frequently while flying (2.2 ± 

0.4 Hz), walking (2.1 ± 0.2 Hz), and standing (1.4 ± 0.3 Hz), inter

rupting eye tracking, shown as gaps in the eye position data 

stream (Figure 1G; Video S1). As a form of low-pass filtering 

robust to these gaps, we used least-squares linear fits to extract 

the velocity of the eye (slope) and changes to eye-in-head posi

tion occurring during blinks (offset between successive fits). As 

rapid eye movements represent a break in stable tracking, we 

detected and removed saccades (Figures 1H and 1I), essentially 

grouping blinks and saccades together. Saccades were rare 
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Figure 1. Pigeons make slow temporal eye movements during flight 

(A and B) Equipment for recording eye movements, shown isolated and mounted on a pigeon. 

(C) DeepLabCut was used to track the pupil and outer margin of the eye ring, an unfeathered region surrounding the eye,12 shown overlayed on an example frame. 

(D) The orientation of the lower eye ring was used to separate horizontal (red) and vertical (blue) directions in head-centered coordinates. 

(E) An onboard IMU was used to categorize behavior. 

(F) Eye position during a short trial. Positive is dorsal/nasal, and negative is ventral/temporal, for vertical/horizontal eye position. 

(G) Zoomed regions for flight (left) and standing (right). Gaps represent blinks. Eye velocity and displacement for each interblink interval were determined by linear 

regression (transparent lines). 

(legend continued on next page) 
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(Figure 1J) but resulted in similar changes to eye position as 

blink-associated eye movements (Figures 1K and 1L), suggest

ing a shared function.

To test whether rapid eye movements were associated with 

blinking, we performed a permutation test with trial and behavior 

included as nested factors. We compared the change in position 

during blinks to a distribution of null changes selected from the 

same trial and behavior. Each null value was generated by sam

pling eye position changes across an equal number of randomly 

selected time windows (Figure 1M), and each matched in dura

tion to a blink interval (see STAR Methods for additional details 

on statistical tests). No permutations resulted in changes greater 

than the actual data (p < 0.001), indicating that blinks are asso

ciated with rapid eye movements, as in mammals.14 Blinking 

may therefore function as a simple form of saccadic suppres

sion.15 An added benefit of blinking during rapid eye movements 

is that this coordination minimizes interruptions to visual 

perception.

We next asked whether birds exhibit slow eye movements 

during flight. It is widely assumed that animals with laterally 

placed eyes, like pigeons, should lock their eyes in place be

tween rapid eye movements to simplify self-motion percep

tion.7,16 Self-motion produces optic flow, which can be used to 

infer elevation,17 heading,18,19 avoid collisions,20 and regulate 

speed.21 Slow eye movements during flight would corrupt the 

optic flow signal reaching the brain and thereby complicate 

self-motion perception and flight control. Nevertheless, 

restrained birds,22 Drosophila,23 and humans24 exhibit slow 

eye movements in response to optic flow—so-called optokinetic 

eye movements. Compensating for optic flow in this way could 

help to preserve spatial detail by reducing motion blur25,26 and 

facilitate the detection of moving objects.27 We recently demon

strated that head-restrained hummingbirds compensate for op

tic flow simulating flight with divergent optokinetic eye 

movements.9

If pigeons compensate for optic flow through optokinetic eye 

movements, the eye should frequently drift in the temporal 

direction during flight, as forward flight generates primarily 

nasal-to-temporal optic flow. In notable contrast, eye move

ments generated by the vestibulo-ocular reflex (i.e., head rota

tions28) would have a roughly even direction distribution of 

both nasal and temporal and perhaps also dorsal and ventral 

movements.29 As well, pigeons are known to fly with a remark

ably stable head between head saccades.8 Walking pigeons 

bob their heads,30 and our equipment did not directly record 

head movement. Thus, we focus on comparing oculomotor 

behavior between flight and standing, as the head is held stable 

between head saccades during both of these behaviors.8

A temporal bias was apparent in both eye displacements 

(Figure 1N) and velocities (Figures 1O and 1P) during flight but 

not standing. To test whether these observed differences were 

significant, we performed a randomization test by reshuffling ve

locities between behaviors from the same individual and 

comparing the true difference in means between behaviors to 

the distribution of null differences. Horizontal velocities differed 

significantly between flight and standing (p < 0.001), whereas 

vertical velocities did not (p = 0.076).

The temporal bias during flight requires a mechanism to reset 

eye position, as the eye would otherwise quickly hit the limit of its 

range of motion. This occurs during blinks and their associated 

rapid eye movements, as indicated by the inverse relationship 

between the direction of eye movements between blinks and 

those occurring during blinks (Figure 1Q, left). Because an in

verse relationship could be seen as an artifact of our method 

of extracting eye movements, we performed a similar compari

son for standing (Figure 1Q, right), but in this case, we found 

no relationship.

To explore these slow eye movements further, we plotted the 

eye position across all interblink and intersaccadic intervals, 

aligned to their starting position. We elected to perform this anal

ysis for the 9 most direct flights (n = 4 birds) from the distant 

release site to the home loft (Figure 1R). Given their durations 

and distance covered—163 ± 13 s for a displacement of 

2.05 km—these flights should have minimal self-rotation relative 

to self-translation. We compared these data to standing data 

from the same birds. There was a significant temporal drift during 

all 9 flights (non-overlapping 95% CIboot). For one bird, the eye 

also drifted temporally while standing, though the magnitude of 

this drift was less than occurred during flight for the same animal. 

Together, these data indicate that flying pigeons consistently 

make slow temporal eye movements, suggesting that birds 

exhibit an optokinetic response during flight.

Slow temporal eye movements match optic flow 

generated by flight

We next asked if the slow temporal eye movements we recorded 

in free flight matched the optic flow produced by flight. We modi

fied our eye-tracking system with an outward-facing camera ori

ented along the optical axis of the eye (60◦ lateral from straight 

ahead31) to record a bird’s-eye view during flights from the 

same release location (Figure 2A; Video S2). This camera 

captured data for approximately 120◦ horizontally and 100◦

(H and I) Interblink intervals containing saccades (black) were separated from those without (red) using a velocity threshold and split at the saccade into two 

distinct interblink intervals. 

(J) Saccades were rare. 

(K and L) Eye movements during blinks and saccades, measured as the offset between successive interblink intervals, had similar magnitudes and directions, 

suggesting a shared function. 

(M) Blink-associated eye movements were larger than expected for their durations, relative to null distributions generated from randomly sampled intervals from 

the same trial. Representative null shown in white. 

(N–Q) (N) Changes to eye position during interblink intervals were biased toward the temporal direction in flight but not standing—also evident in eye velocities 

(O) and (P)—and (Q) opposite to those occurring during blinks/saccades. Vertical lines in (O) and (P) are medians, and rectangles are 95% CIboot, for each 

distribution. 

(R) Eye position, when aligned to their horizontal onset, showed consistent temporal drift across 9 direct flights, suggesting optic flow compensation (solid line, 

mean; shaded area, 95% CIboot). 

See also Figure S1 and Video S1.
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vertically, occupying a large portion of the pigeon’s monocular 

visual field. We aligned each video (34 flights, 11 birds) to the 

same ego-centered reference frame as our eye movement 

data by transforming the video to a rectilinear perspective, 

detecting the horizon across 100 pseudo-random frames 

(Figure 2B), and then reprojecting the video to an equirectangular 

projection based on this fixed offset (Figure 2C). We then calcu

lated optic flow for each degree of visual angle by tiling the video 

with overlapping patches (to fill the non-rectangular region of 

video data), correcting the horizontal components for equirec

tangular distortion in proportion to the cosine of latitude32

(Video S3; see STAR Methods).

Figure 2. Optic flow along the horizon matches slow eye movements during flight 

(A) Equipment for measuring optic flow in flight. 

(B) Example camera frame, transformed to rectilinear perspective, with automated horizon detection (red line). 

(C) The median position of the horizon from 100 pseudo-random frames was used to reproject each video into a common set of bird-centered coordinates, shown 

in (C). Optic flow was computed by tiling each video with square patches (red and black dots show patch centers) and computing the median flow across any 

overlapping regions. Horizontal flow values were adjusted based on latitude to account for the distortion created by the equirectangular projection. 

(D) Optic flow was segmented by excluding head saccades, as indicated by flow greater than 2 SD above a 1s moving mean (magenta). Remaining segments 

(gray rectangles) represent windows of optic flow analogous to interblink intervals for eye movements. 

(E) Median flow vectors after removing head saccades, spaced at 5◦ intervals, for the flight shown in (B)–(D). 

(F) To summarize the optic flow across trials, we calculated spatial medians across a consistent set of 20◦-by-20◦ ROIs. ROIs near and beyond the edge of each 

video were dropped. 

(G and H) Across all 34 flights, horizontal (G) and vertical (H) optic flow during flight by location in the visual field. 

(I and J) Velocities (I) and directions (J) of the eye mirror but do not exceed those of optic flow along the horizon during flight, which is consistent with ocular 

compensation for optic flow. Optic flow data in (I) and (J) are compared with the starred panel in (G) and (H). 

See also Videos S2 and S3.
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As mentioned previously, behaving birds interrupt periods of 

head stabilization with rapid reorientations of the head, known 

as head saccades, during which optic flow is disrupted and birds 

frequently blink.8,33 We removed optic flow generated by head 

saccades by employing a moving threshold (Figure 2D), leaving 

only optic flow produced by translation of the stable head 

(Figure 2E) separated into discrete chunks analogous to inter

blink intervals. To summarize the optic flow across trials, we 

calculated the median flow across a consistent set of 

20◦ × 20◦ regions of interest (ROIs) (Figure 2F).

Horizontal flow velocities varied consistently across the visual 

field, with the distribution of velocities centered near zero in the 

dorsal nasal region of the visual field and becoming increasingly 

negative in both ventral and temporal directions (Figure 2G). Ver

tical flow velocities, by contrast, were centered near zero in the 

dorsal temporal region of the visual field and became increas

ingly negative in both ventral and nasal directions (Figure 2H). 

This is consistent with Gibson’s original representation of optic 

flow during flight with a primarily cloudless sky.1

Velocities occurring along the horizon were relatively constant 

and closely matched both the magnitudes (Figure 2I) and direc

tions (Figure 2J) of eye movements during flight. This suggests 

that flying pigeons make slow temporal eye movements to stabi

lize optic flow occurring near the lateral horizon.

Pigeons execute slow, divergent eye movements to 

visual motion simulating flight

Self-translation generates optic flow on both sides of the animal, 

but our camera equipment was only able to record data for one 

eye due to weight limitations. To test whether pigeons will 

execute slow temporal eye movements in both eyes simulta

neously—i.e., divergent optokinetic eye movements—we 

studied head-restrained pigeons34 (n = 5), permitting simulta

neous recording from both eyes and eliminating vestibular input. 

We positioned pigeons in a flying posture and presented visual 

stimuli on screens positioned on either side of the animal 

(Figure 3A). Eye position was extracted from dorsal-laterally 

positioned cameras (100 Hz) by tracking the orientation of an el

lipse fit to each pupil (Figure 3B; see STAR Methods).

All birds were able to simultaneously compensate for visual 

motion simulating both backward (NT-NT) and forward (TN-TN) 

translation (Figures 3C and 3D, respectively) through eye-in- 

head movements. Pigeons tracked visual motion regardless of 

the direction of stimuli shown to the opposite eye and kept their 

eyes stable during stationary stimuli (Figure 3E).

In outdoor trials, flying pigeons exhibited slow temporal eye 

movements (Figures 1N–1R). These head-restrained experi

ments using simulated optic flow demonstrated that pigeons 

can simultaneously stabilize temporal optic flow displayed to 

both eyes (Figure 3C). Thus, the monocular pattern of temporal 

eye movements that we characterized during free flight likely 

represents a binocular pattern of divergent eye movements. As 

these slow eye movements were consistent with the speed 

and direction of optic flow along the horizon in the lateral visual 

fields (Figures 2I and 2J), we propose that pigeons exhibit a 

divergent optokinetic response to optic flow during flight.

Pigeons make large convergent eye movements when 

landing

Finally, we revisited a pattern of oculomotor behavior apparent 

during landing, during which there was a large and consistent 

change in eye position (Figure 4A; Video S1). Specifically, for 

the period 1–0.25s prior to substrate contact, the eye shifted 

an average of 5.4◦ ± 2.3◦ forward and 2.5◦ ± 1.7◦ downward 

Figure 3. Restrained pigeons compensate for simulated optic flow with slow eye movements 

(A) System for recording binocular optokinetic responses in head-restrained pigeons (N, nasal; T, temporal). A fan was placed before the bird to generate feather 

vibration. Stimulus spatial frequency: 0.8 cycles per degree; square wave; velocities of 0◦ s− 1, 0.62◦ s− 1, 1.24◦ s− 1, and 2.48◦ s− 1. 

(B) Example frame (left) from a leveled camera used for head-fixed recording. Ocular orientation was determined by fitting an ellipse to the pupil (right). 

(C and D) Representative trials from 5 individuals (rows) demonstrate the capacity for divergent and convergent optokinetic in response to simulated forward 

(NT-NT) and backward (TN-TN) translation, respectively. Horizontal grid with 5◦ spacing; vertical grid with 2 s spacing; stimulus velocity 1.24◦ s− 1. 

(E) Optokinetic responses of the left eye for combinations of stimuli shown to the left (columns) and right (rows) eyes. Colors indicate stimulus speeds, shown 

overlayed on all recorded data (gray). Pigeons consistently exhibited compensatory responses for motion simulating translation in both NT-NT and TN-TN 

stimulus combinations, validating the capacity for this behavior in flight.
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(Figure 4B). However, this pattern was based on few landings 

(n = 12) as the camera often collided with the wings.

To better understand eye movements during landing, we 

trained pigeons (n = 3) to make repeated perch-to-perch flights 

(n = 216) within an indoor flight arena while recording eye posi

tion (Figures 4C and 4D; Video S4). In addition to horizontal 

and vertical eye position, for two birds with conspicuous iris fea

tures, we also measured torsional eye movements. Averaging 

position across landings by time, maximum deflections of 

10.8◦ forward (Figure 4E) and 10.7◦ downward (Figure 4F) 

occurred 433 ms and 89 ms prior to perch contact for these short 

flights. Computing the vector sum of trial-averaged horizontal 

and vertical eye positions through time suggests that pigeons 

Figure 4. Pigeons converge their eyes dur

ing landing, suggesting frontal fixation 

(A) Representative horizontal (top) and vertical 

(bottom) eye position for 2.5 s of homing flight, 

landing, and standing outside in the field (n = 12). 

Vertical dashed line indicates the timing of sub

strate contact. Positive is dorsal/nasal, and 

negative is ventral/temporal. 

(B) Mean horizontal (top) and vertical (bottom) eye 

position during homing flight, landing (1–0.25 s 

prior to substrate contact), and standing. The eye 

tended to shift nasal and down prior to landing. 

(C) To test if this pattern is stereotypical of landing, 

pigeons (n = 3) were trained to fly repeatedly be

tween two perches indoors, spaced 4 m apart. 

(D) Representative frames from a single perch-to- 

perch flight, I. pre-takeoff, II. flight/landing, and III. 

post-landing. Note the ventro-nasal offset in eye 

position and, also, the increased visibility of the 

temporo-dorsal sclera at II. flight/landing. 

(E and F) (E) Horizontal and (F) vertical eye posi

tions for 216 landings, aligned to the timing of 

substrate contact (t = 0). Dark lines are the mean 

position at each time step. 

(G) The relative vector sum of the horizontal and 

vertical eye position suggests fixation on the point 

of landing. 

(H) Torsional eye position for two individuals with 

trackable iris features. Timing of torsion differed 

between individuals, but both exhibited intorsion on 

their approach to the perch, consistent with fixation. 

See also Figure S1 and Video S4.

use eye-in-head movements to maintain 

a stable image of the perch during 

approach (Figure 4G). Both birds for 

which we could measure torsional eye 

position consistently rotated the top 

margin of their eyes in the nasal direction 

(intorsion) by a maximum of 4.1◦ at 56 ms 

prior to perch contact, though the dy

namics of these movements varied be

tween individuals (Figure 4H).

DISCUSSION

Although eye movements have been 

considered insignificant during avian 

flight,8,35–37 we conclude that pigeons use slow, divergent eye 

movements during flight and large, convergent movements dur

ing landing. The divergent movements were consistent with an 

optokinetic response—eye movements that minimize image 

slip—to optic flow in the lateral visual fields along the horizon. 

We base this conclusion on the following evidence: (1) during 

flight, pigeons exhibit primarily temporal eye movements with lit

tle to no vertical component (Figures 1O–1Q); (2) in the lateral 

visual fields along the horizon, optic flow is nearly always tempo

rally directed and of similar speed to the slow eye movements 

(Figures 2I and 2J); (3) above the horizon, optic flow contains a 

small but clear upward component (Figure 2H); (4) below the ho

rizon, optic flow contains a strong downward component 
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(Figure 2H); and (5) under laboratory conditions, pigeons stabi

lize temporal optic flow at similar speeds using binocular, diver

gent eye movements (Figures 3D and 3E). Though the number of 

animals in our study is somewhat small due to the challenges 

associated with recording from free-moving pigeons, these pat

terns were highly stereotyped.

Optokinetic responses during locomotion have been consid

ered maladaptive,16,38 as they distort the optic flow field and 

thereby complicate guidance; however, they may also provide 

perceptual benefits. Because birds exhibit remarkable head sta

bilization during flight,8,39–41 without optokinetic eye move

ments, stationary features, such as navigational landmarks,42

would blur due to image motion produced by the translation of 

a stable head. Moving objects, such as predators or flock mates, 

are also easier to detect against a stable background.25 Slow, 

divergent eye movements may therefore increase the saliency 

of visual information critical for flight.

Importantly, because the optic flow field during translation is 

not uniform (Figures 2G and 2H), stabilizing any single region 

does not eliminate visual motion elsewhere. Stabilizing the 

lateral visual field through the optokinetic response, which is 

driven by retinal ganglion cells distributed across the 

retina,43,44 has the added benefit of also stabilizing the lateral 

fovea, which feeds the tectofugal and thalamofugal pathways 

for object identification.45,46 However, other regions of the 

retina will still experience retinal slip that could be used for other 

aspects of flight control, including obstacle avoidance and 

navigation.20,47,48

During landing, pigeons made large, convergent eye move

ments (Figure 4). Peahens also make similar convergent eye 

movements when jumping.49 Potentially, convergence could 

allow for stereopsis based on retinal disparity cues.50 The pigeon 

retina contains two regions of high visual acuity—the lateral 

fovea, projecting to the sides of the animal, and the area dorsalis, 

projecting down and forward.51,52 During feeding bouts, pigeons 

shift their eyes forward by ∼12◦, presumably to attain a higher- 

resolution, binocular view of food items by bringing the area dor

salis of each eye into register.53,54 These shifts scale during 

pecking with the distance between the eye and the food 

item,55 similar to what we observed during landing (Figure 4G). 

Importantly, binocular fixation does not require stereopsis.50,56

Pigeons can peck and land accurately even when one eye is 

covered.55,57 Instead, convergence could cause the optic flow 

field to expand more symmetrically around the perch, improving 

guidance58 and perception of time to collision.59 Importantly, we 

do not reconstruct gaze during landing and instead infer perch 

fixation based on the similarity between these eye movements 

and those during feeding.53,54

As technology continues to improve,60,61 we anticipate more 

studies will use head orientation and position—through head- 

mounted cameras and sensors—to track flying birds. This 

work demonstrates that eye movements for shifting and stabi

lizing gaze during flight are not insignificant. Given their small 

size, however, if the goal is to document visual attention,62

then head orientation should be sufficiently accurate, at least 

outside of landing. If the goal is related to perception of optic 

flow or visual pursuit, then researchers should carefully 

consider how eye movements modify visual motion occurring 

at the retina.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All procedures were approved by the University of British Columbia Animal Care Committee in accordance with the guidelines set out 

by the Canadian Council on Animal Care. Homing pigeons (Columba livia domestica) were provided by a local breeder (Ferndale, 

Washington, USA), who was responsible for maintenance and care. We did not determine the sex of animals involved in this study, 

as this is notoriously difficult in pigeons.

All eye tracking and optic flow flights occurred back to their natal home loft. Birds were transported in plastic pigeon baskets that 

allowed for light and airflow secured to the bed of a vehicle. Pigeons were always released in groups of 10–16 to provide some pro

tection from local predators. Pigeons were selected for inclusion in the study based on recommendations from the breeder and their 

immediate return to the home loft during test flights from the distant release site (2.05 km north of home loft). The release site was 

chosen as the closest accessible open field, wherein we could visually scan for predators before release. These birds were fitted with 

backpacks and allowed to move freely around the loft for 2 hours under constant observation for signs of discomfort and abnormal 

patterns of locomotion. Adjustments to backpack fit were made as needed.

Once properly fit, we allowed pigeons to acclimate for 1–2 weeks to the unweighted backpack, during which we continued to 

release them at least every other day from the release site. After this, we fit each bird with ‘‘mock’’ equipment, consisting of a steel 

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data analysis code in 

MATLAB, Python, and R

Dryad 10.5061/dryad.3j9kd51zx

Raw eye data Dryad 10.5061/dryad.3j9kd51zx

Raw optic flow data Dryad 10.5061/dryad.3j9kd51zx

Video data Dryad 10.5061/dryad.3j9kd51zx

Experimental models: organisms/strains

Homing pigeon, Columba 

livia domestica

Local hobbyist N/A

Software and algorithms

R version 4.4.1 R https://www.r-project.org/

DeepLabCut Mathis et al.10 https://github.com/ 

deeplabcut/deeplabcut

Python V 3.12.4 Python https://www.python.org/

MATLAB R2024a Mathworks Inc. https://www.mathworks. 

com/products/new_ 

products/release2024a.html

Other

Raspberry Pi Zero 2 W Adafruit https://www.adafruit.com/ 

product/5291

Adafruit LSM6DSOX + 

LIS3MDL

Adafruit https://www.adafruit.com/ 

product/4517

Mini size Camera 5MP 

OV5647 sensor, MELIFE – 30 

CM

Amazon ASIN B092Z9M5V3

350 mAh battery Adafruit https://www.adafruit.com/ 

product/2750

TrackPack Marshall Radio Telemetry https://marshallradio.com/ 

ww/product/trackpack- 

mounting-system/

HD14F 1021 lens, 1.0 mm 

focal length

Aliexpress HD14F1021
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bar the approximate mass and size of the camera system, and allowed an additional 1–2 weeks of acclimation during which we 

continued training flights. Pigeons that failed to return immediately from training flights were dropped from the study. Each study 

bird was also fitted with a specific mask. We attached the mask and allowed the bird to move freely around the loft for 2 hours under 

constant observation for signs of discomfort and abnormal patterns of locomotion.

METHOD DETAILS

Eye and optic flow tracking equipment

Our system for recording eye movement (Figure 1A) and optic flow (Figure 3A) was based on the Raspberry Pi Zero 2 single-board 

computer (Raspberry Pi Foundation, Cambridge, England, UK). Inertial data (80 Hz) were provided by combination LSM6DSOX + 

LIS3MDL – Precision 9 DoF IMUs (Adafruit, New York, New York, USA). Cameras (∼90 Hz, 640 x 480 pixels) utilized a 5 MP 

OV5647 sensor with a 30 cm FFC sold by ‘‘MELIFE’’ through Amazon (Seattle, WA, USA). Videos were saved in H.264 format to a 

microSD card using the picamera library with the exposure mode set to ‘‘sports’’ to minimize motion blur. Systems were each pow

ered by a single lithium-ion battery (350–450 mAh) manufactured by Shenzhen PKCell Battery Co. LTD (Shenzhen, China). These 

components were connected and wrapped in wire-harness tape to protect the bird from any sharp edges.

All parts of the system aside from the camera and lens were attached to a backpack constructed of Velcro (Manchester, New 

Hampshire, USA) with straps made from Teflon tubular ribbon (TrackPack, Marshall Radio Telemetry, North Salt Lake, Utah, 

USA). The total mass of this equipment varied depending on the amount of tape and averaged around 30 g (6%–9% of body 

mass, depending on the animal). Less than 3 g of this mass were on the head. The system was capable of recording for ∼25 min, 

depending on the size of battery and outdoor temperature. Due to weight and power limitations, we were unable to include a 

GPS in these trials. We also attempted to include a high-speed IMU on the head, but this proved problematic due to multiple cables 

running from the backpack to the head and the added mass on the head.

It is likely that a 30 g mass affects some aspects of pigeon flight that were not evaluated. However, it is important that only 3 g were 

attached to the head of the bird, and the total equipment mass represents an additional 6%–9% of body mass. This addition is within 

the range of natural body mass fluctuations of pigeons.63 Also, pigeons equipped with added mass will lose body mass within a few 

weeks to compensate for artificial loading.64

The camera and lens were attached to custom-fitted masks made from leather, similar to traditional Dutch falconry hoods but with 

the side panels removed (Figure 1A). For eye tracking, the camera was attached via a semi-flexible metal arm (Figure 1B). This metal 

arm allowed us to adjust the camera orientation to align with the optical axis of the focal eye just before release and prevent injury to 

the pigeon if the camera were to collide with a solid object. For recording optic flow, the camera was attached directly to the mask via 

cyanoacrylate glue and oriented along the optical axis of the eye (Figure 3A)—60◦ lateral from straight forward.31 This orientation was 

confirmed by photographing the attached camera and mask from above just before release. The total mass on the head was <3 g.

Cameras came equipped with lenses having fields of view of 70◦. To confirm that the lower eye ring aligned with horizontal,11 we 

manually replaced the lens of a single camera with a 120◦ lens from a separate camera and used this for a portion of flights (5 flights, 2 

birds). Given our method of calibration (see Eye tracking and Calibration of eye tracking camera sections below) this wider field of view 

does not impact our measurement of eye position. For optic flow recordings, we replaced lenses with wide-angle lenses having a 

focal length of 1.0 mm (Huidongbao, Shenzhen, CN).

Experimental procedure

We recorded data for a given bird after successful acclimation and fit testing. Training flights were intended to ensure that birds knew 

the route home and would spend less time circling the release site, where they were vulnerable to predators. Equipped birds were 

released alongside 8–14 other pigeons, typically with one other equipped bird and 3–6 individuals with ‘‘mock’’ equipment. As we 

continued to train non-equipped birds while recording data from others, the number of training flights ranged from 10 to 30 depending 

on the bird. All outdoor flights were conducted between July and August of 2022. A wider set of animals was used for optic flow 

flights, as we found that more animals were amenable to this equipment than the eye tracking setup.

Outdoor eye tracking and optic flow flights occurred back to the pigeon home loft, either from a distant release site or from just 

outside the home loft (3 eye tracking flights from 3 birds, released <100 m from home loft). These latter flights were intended to 

test equipment and are included to increase the amount of data for standing for those individuals. We attempted to obtain data 

for three complete flights from the distant release site for each individual included in the study. Some birds were removed after 

one or two flights because they chose to land rather than immediately return home, increasing risk of predation. Rather than risk their 

safety, we opted to switch to a different bird that had completed all training flights with the ‘‘mock’’ weight. Such behavioral variation 

is a known feature when training homing pigeons.

On the day of recording, focal birds were transported to the release site along with conspecifics. Their ‘‘mock’’ weight was removed 

and immediately replaced with the camera system. Systems were configured to start recording video and inertial data upon power 

up. The hood was attached and inspected to ensure proper fit. Then, focal birds were placed in a release container. This container 

was opened alongside one containing conspecifics so that equipped birds could leave voluntarily alongside their flock-mates. Birds 

that failed to leave voluntarily were not released. After birds left their containers, we returned to the home loft, often arriving after the 

flock. Once equipped birds entered the loft, we retrieved the camera equipment and replaced it with ‘‘mock’’ equipment before 

downloading video and inertial data.

ll

e2 Current Biology 36, 1–10.e1–e5, August 3, 2026 

Please cite this article in press as: Lapsansky et al., Pigeons make slow, divergent eye movements during flight and large, convergent eye movements 

when landing, Current Biology (2026), https://doi.org/10.1016/j.cub.2026.06.015

Report 



Data processing

We processed data using a combination of Python (V 3.12.4) and MATLAB R2024a (MathWorks Inc., Natick, Massachusetts, USA). 

To enable high frame rates, videos were recorded as H.264 video streams, which lack timecode information. For this reason, inertial 

data were saved alongside the system time, which was also burned into the lower margin of each frame (Figures 1C and 3B). These 

timestamps were beyond the margins of data analyzed for both eye tracking and optic flow videos. Videos in H.264 were converted to 

MKV video format with a framerate of 90 Hz for ease of use. However, timestamps were extracted from each video frame via optical 

text recognition in Python and were used to synchronize the two data streams using MATLAB.

We used gyroscope data to automatically categorize data by behavior—flying, landing, walking, and standing (Figure 1E), though 

we visually checked all flights manually. For each flight, we first removed minor gyroscope bias measured when the sensor was 

motionless on a flat and stable surface. These IMUs had exceptionally low values of bias and any fixed offset would not affect our 

method of categorizing behavior, as our thresholds were based on visual inspection of both IMU signal and video data.

We then synchronized the gyroscope data with video data using the pchip method on MATLAB. We then computed the sum of the 

absolute gyroscope signal as overall dynamic body rotation (ODBR), analogous to ODBA,65 to quantify motion of the body. Based on 

inspection of video data, we found the gyroscope was better able to separate behaviors, especially between walking and when birds 

were stationary but panting. Panting often occurs after flight to dissipate metabolic heat.66,67 Takeoff and landing were determined 

manually from the gyroscope and video signals. We categorized data as from flight between takeoff and landing. We categorized 

data as from walking when ODBR was > 2 rad s-1 after landing. We categorized data as from standing when the bird had landed 

and was not within 2 s of walking. Outside of these categorizations, behavior was assigned as ‘‘non-specific’’ and data were not 

analyzed further.

Indoor landing data were processed similarly, except that we used acceleration rather than gyroscope data to categorize behavior, 

as the birds were only permitted to fly (ODBA > 20 m s-2) between perches or to stand (ODBA < 4 m s-2) on those perches.

All behavioral classifications were confirmed by viewing video data.

Eye tracking

We determined eye position by tracking 8 points around the margins of the pupil alongside stable features on the head (10–30 for 

outdoor trials, 4 for indoor landings) using DeepLabCut (ResNet-50).10 Individual models were trained for each trial, as stable features 

varied between birds and were more conspicuous on some days than others. Files from DeepLabCut were then imported into 

MATLAB for processing.

We used markers on the front and back corners of the eye ring to determine both the orientation of the head in the camera view—to 

separate horizontal and vertical components of eye motion in an ego-centered reference frame—and the eye ring size—used to 

convert displacements in pixels to degrees of eye-in-head angle (see Calibration of eye tracking system section below). From 

both, we removed spikes when the camera bumped the wing or objects, filled these gaps via linear interpolation, and smoothed 

the data using a 1st-order Savitzky-Golay filter with a 3-second window.

For the other markers, we filtered out those with low confidence (thresholds ranged from 0.99–0.998) based on the output from 

DeepLabCut and expanded filtering by 100 ms on either side. Blinking obscures pupil markers. Thus, we determined the timing 

of blinks based on when any pupil marker had confidence below this threshold. We confirmed the accuracy of this method of detect

ing blinks by plotting non-filtered markers over the video data, frame-by-frame in MATLAB.

We rotated the remaining markers based on the orientation of the head such that ego-centered vertical movements occurred along 

the y-axis and horizontal along the x-axis. Then, we computed the position of the pupil relative to the stable head markers, in pixel 

units, by fitting an ellipse to the 8 pupil markers. This position was converted to displacement relative to the median position during 

flight. Displacement was converted to millimeters using the eye ring size in pixels (above) and the known size for each individual from 

separate scale photographs. Finally, the displacement in millimeters was converted to eye-in-head angle [based on68] using the esti

mated radius of rotation of the eye (distance between the pupil and the center of rotation of the eye) as

θ = sin− 1

(
Displacement (mm)

Radius of rotation (mm)

)

To detect saccades, we smoothed the eye-in-head angle using a 200 ms median filter.69 Saccades were detected when horizontal 

or vertical velocities exceeded 40 deg s-1, confirmed by manual inspection of the position data. Median filtered data was used only for 

saccade detection.

Pigeons blinked frequently while flying (2.2 ± 0.4 Hz), walking (2.1 ± 0.2 Hz), and standing (1.4 ± 0.3 Hz), interrupting eye tracking. 

Eye position also frequently changed during these interruptions. Given these features of the data, we found that typical smoothing 

algorithms for eye movement data either produced unnatural artifacts or aggressively trimmed the data because the window size was 

large relative to the length of each segment of data. As a form of low-pass filtering robust to blinks, we used least-squares linear fitting 

to extract the velocity of eye movements during each interblink interval (slope) and changes to eye position occurring during blinks 

(offset between successive fits).
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Calibration of eye tracking system

To calibrate the eye tracking system, we estimated eye’s radius of rotation for each bird. We first modified the eye tracking system to 

record the eye from above (Figure S1A). We tracked four markers on the dorsal, ventral, rostral, and caudal margins of the pupil using 

DeepLabCut while birds made horizontal eye movements, which we elicited by gently rotating their head side to side.

In MATLAB, we computed the midpoint of the rostral–caudal marker pair for every frame. For each frame, we then constructed a 

ray that passed through this midpoint and was perpendicular to the line connecting the rostral and caudal markers. In the camera 

view, these rays radiate from the eye’s center of rotation (Figure S1A). We estimated the intersection of these rays by minimizing 

the sum of squared distances to all such paths. The 2-D radius of rotation was then calculated as the mean distance between the 

rostral–caudal midpoint and the best-fit intersection point. Finally, we converted this 2-D distance to a 3-D estimate of radius of rota

tion by using the vertical-to-horizontal aspect ratio of the pupil, defined by the four markers, which indicates the perspective of the 

camera assuming a circular pupil.

We tested whether this process would provide a precise estimate of radius of rotation by repeating the procedure for a subset of 

birds on separate days under different light levels. We found the estimates were highly repeatable (Figure S1B). Between individuals, 

radii ranged from 3.7–5.5 mm and were correlated with both eye width (Figure S1C) and body mass (Figure S1D).

Binocular oculomotor response to translational optic flow

For head-fixed recordings of eye movement, a subset of pigeons (n = 5) were habituated to a head restraint system based on.34 Pi

geons were suspended in a flight posture from a custom-made ‘‘Abba’’70 and a small fan was used to generate feather vibration in the 

dark. The head was oriented as in flight, with an approximate eye-to-bill angle of 30 deg.11 Stimuli were generated using PsychoPy (v. 

2023.1.3) and presented on two 144 Hz LCD monitors (ASUS VG248QG, ASUSTeK Computer Inc., Taipei, Taiwan) set to sRGB color 

mode, resulting in gratings with a Michelson contrast of 0.99. The monitors were oriented perpendicular to the bird and positioned 

30 cm away on either side, occupying approximately 83 deg horizontally and approximately 45 deg vertically on either side of the 

animal.

Stimuli consisted of square-wave gratings with a spatial frequency of 0.8 cyc deg-1 and horizontal speeds of 0, 0.62, 1.24, or 2.48 

deg s-1. Each recording session consisted of a set of trials in random order with each condition repeated five times. Each trial began 

with a static pattern for 1 second, followed by stationary gratings for 1 second, followed by 10 seconds of motion of those same grat

ings in either the temporo-nasal (TN) or naso-temporal (NT) direction. In trials where both gratings had non-zero speeds, both gratings 

moved at the same speed but in random directions (e.g., 1.24 deg s-1 TN to the right eye and 1.24 deg s-1 NT to the left eye, but not 

2.48 deg s-1 TN to the right eye and 1.24 deg s-1 NT to the left eye).

To track the position of the pupil, two cameras (Prosilica GE 680, Allied Vision, Stadtroda, Germany) recording at 100 Hz (lossless 

AVI formatd) were positioned using tripods over the left and right sides of the bird to shoot over the top of each monitor (Figure 2A). We 

used a combination of thresholding and contour segmentation to fit an ellipse to each pupil and determine the orientation of that el

lipse through time. Raw orientations were imported to MATLAB, wherein we synchronized these data with the timing of stimuli output 

by PsychoPy. For each trial, we normalized the orientation of the pupil relative to the median orientation during the 1 s blank period at 

the start of each trial.

Optic flow tracking

As with eye tracking videos, optic flow videos were recorded as H.264 video streams. H.264 compression is lossy and can introduce 

compression artifacts. We chose to maximize the recording rate of these videos (90 Hz) to reduce image displacement per sample 

and the impact of these compression artifacts. In contrast, recording videos in a lossless format (e.g., PNG stack) using this or other 

lightweight hardware is only possible at low frame rates (5–10 Hz).

Recordings were encoded to MKV video files using ffmpeg (FFV1 codec) before being converted to PNG image stacks. We then 

transformed image stacks to a rectilinear perspective using the LensDistortion tool in NukeX (Foundry, London, UK). This function 

used a 3rd-order polynomial division model of radial image distortion. Model parameters are estimated by minimizing the curvature 

of lines in the video that are known to be straight,71,72 which we manually digitized (25 per video) using the LensDistortion tool. 

Straight features consisted mainly of lines on a quilter’s ruler but also included the bars of the transport container or truck, in 

some cases. We then cropped the corners to remove highly stretched regions, resulting in rectangular, rectilinear image stacks 

for each video.

Optic flow cameras were oriented along the optical axis of the eye—60◦ lateral from straight forward (1). This orientation was 

confirmed by photographing the camera and mask from above after attaching the system to the bird and just before release. How

ever, these cameras were sometimes tilted slightly downward or upward, and/or rolled about this 60◦ yaw orientation. To align each 

video (34 flights, 11 birds) to the same ego-centered reference frame as our eye movement data, we detected the tilt and roll of the 

horizon across 100 pseudo-random frames. These frames were randomly selected from the 3rd quartile of each flight, as birds tended 

to be highest above the trees during this period, improving horizon detection. The horizon was detected automatically via a covari

ance approach written in Python, which assumes that the horizon is the line that maximizes the variance between the sky and the 

ground and minimizes the within-region variance.73 We found this method performed well for our optic flow videos. The median 

tilt and roll of the horizon, along with the fixed yaw of 60◦, were used to position the rectilinear frames into the equirectangular 

projection.
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Rectilinear images were reprojected into equirectangular space (1800 by 900 pixels) using cubic interpolation based on their hor

izontal and vertical fields of view. These values were calculated from the sensor size, focal length of the lenses, and aspect ratio of the 

rectilinear images (image width / image height), as

hFOV = 2 ∗ atan((sensor width) = (2 ∗ focal length))

vFOV = 2 ∗ atan

(

tan

(
hFOV=2

Aspect ratio

))

We confirmed that these fields of view were accurate by separately recording a lens calibration tool (Arducam, Nanjing, CN). We 

wrote custom Python code to perform this transformation via parallel computing but confirmed that it matched the output from both 

the v360 plugin from ffmpeg and SphericalTransform tool in NukeX given the same input parameters.

Dense optical flow was calculated in Python using the Dense Inverse Search (DIS) algorithm with parameters set for highest pre

cision.74 This algorithm is both fast and has similar or higher accuracy than alternative methods at these settings.75

Python’s optical flow methods assume a rectangular frame, but video data occupied a non-rectangular region dependent on the 

camera roll, pitch, and yaw, and the reprojection. To maximize the coverage area of optic flow data, we generated a set of overlapping 

rectangular patches within the bounds of the video data and computed the optical flow within each patch. We calculated optic flow 

(units: pixel frame-1) for each pixel location as the median across overlapping patches after correcting the horizontal components for 

equirectangular distortion in proportion to cosine of latitude.32

In an equirectangular projection, horizontal distortion increases with latitude, in proportion to the cosine of latitude, as the image at 

the poles is stretched to occupy the same width as the equator. We corrected for this distortion by multiplying the horizontal compo

nent of the flow at each location by the cosine of the latitude (-90◦ to 90◦) at that location.

To save memory, we reduced the spatial resolution of optic flow data from Python to one value per degree of visual angle (rather 

than one per pixel location) and imported to MATLAB for processing. In MATLAB, optic flow data were synchronized with inertial data 

(see above) and converted to units of deg frame-1.

Head saccades generated fast, coherent optic flow across the entire frame. We categorized optic flow as generated by head sac

cades when the magnitude of optic flow, computed as the vector sum of median horizontal and vertical flow across the entire frame, 

exceeded its 1 second moving average by greater than two standard deviations. The accuracy of this threshold was confirmed by 

viewing the video data and prevented maneuvers around obstacles (e.g., trees) from being categorized as head saccades. Removing 

optic flow generated by head saccades left only discrete segments of optic flow produced by translation of the stable head.

To summarize the optic flow across trials, we computed the median flow (units: deg frame-1) across a consistent set of 20◦ x 20◦

ROIs. First, we calculated the median horizontal and vertical flow within each region at each frame step. Then, we summed the optic 

flow occurring during each saccade-free segment of data for that region and divided by the duration of the segment (units: deg s-1). 

Each of these values represents a sample of optic flow occurring in that region of the visual field for the period of time between head 

saccades.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and plotting were conducted in R (version 4.4.1) with plots created using ‘ggplot2’ version 4.0.0. Details of statistical 

tests can be found in the main manuscript and figure captions. All data and code associated with this manuscript will be posted on 

Dryad upon acceptance. The number of individuals varied by experiment. Data in Figure 1 are from 16 trials from 5 birds, generating 

data for 27 min of flight, 29 min of standing, and 9 min of walking. Data in Figure 2 are from 34 trials from 11 birds. Data in Figure 3 are 

from 5 birds, wherein stimulus conditions were ordered randomly and recorded in series on a single session. Data for landings out

doors (Figures 4A and 4B) are based on 12 landings of 4 birds. We then confirmed convergence during landing by measuring eye 

position across 212 landings from an additional 3 individuals trained to fly perch to perch in the lab (panels C–H).
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