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Abstract 

Birds are highly dependent on vision to guide their flight during goal-directed tasks. 

They shift their visual attention primarily through head reorientation, with limited eye 

movement; however, measuring head orientation in free-flying birds is a significant 

technical challenge. While the gaze strategies of some birds have been studied in 

considerable detail in laboratory environments, studies of visual guidance in natural 

environments have largely been limited to inferences based on GPS-derived flight 

trajectories. This thesis aims to advance our understanding of how birds use their visual 

system to guide target-directed flight, using novel instrumentation to measure the gaze 

strategy of homing pigeons (Columba livia) and peregrine falcons (Falco peregrinus) 

flying in their natural environments. 

We use GPS-derived flight tracks to explore the visual mechanisms available to 

pigeons to compensate for wind drift, finding that they partially compensate for lateral 

displacement caused by the wind performing better than a naive strategy requiring no 

knowledge of the wind. We then describe the development of a custom-built sensor, 

incorporating a GPS receiver and head-mounted inertial measurement unit (IMU), 

which measures bird position and head orientation. Using this instrumentation, we find 

that pigeons coordinate angular head saccades with their wingbeats. Our results also 

reveal that vertical head stabilisation is enhanced when flying with flock companions, 

largely via increased wingbeat frequency. The focus of pigeons’ visual attention during 

homing flight is measured with the sensor, allowing specific points of interest to be 

identified in the landscape that do not lie on the bird’s track. Finally, we find that in the 

closing phases of predatory pursuit, peregrine falcons continuously track their target 

position using either their frontally or laterally facing fovea. Refined iterations of the 

exploratory technique developed here have the potential to revolutionise our 

understanding of large-scale spatial cognition and short-range guidance in birds and 

may, in turn, lead to applications in the design of visually-guided unmanned aerial 

systems. 
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Chapter 1. General introduction 

Birds display a number of target-oriented aerial capabilities that outperform most human-

engineered autonomous flying vehicles, and do so in a way that is more robust to 

environmental disturbances and turbulence. Some examples of these sophisticated aerial 

capabilities include navigating to a fixed goal from unfamiliar or familiar locations 

(Wallraff 2005; Guilford & Biro 2014), flocking (Pettit et al., 2015; Usherwood et al., 

2011; Nagy et al., 2010), avoiding collisions with obstacles (Lin et al., 2014; Bhagavatula 

et al., 2011), intercepting aerial prey targets (Brighton et al. 2017; Kane & Zamani 2014; 

Kane et al. 2015; Tucker et al. 2000), tight turning manoeuvres (Ros & Biewener 2017; 

Kress et al. 2015), and landing on perches (Lee et al., 1993; Davies and Green, 1990). 

These complex flight behaviours are largely guided by vision. As a result, birds are the 

most visually-dependent class of vertebrates with highly developed visual systems and 

larger eyes relative to their body size than any other animal (Jones et al., 2007). While it is 

evident that birds use visual information to command flight behaviours, the mechanisms 

by which this visual information is acquired and fed into guidance commands remains 

largely unknown.  

Recent advances in high-speed video and miniaturised onboard sensors have allowed an 

insight into the precise trajectories, as well as the visual sampling strategies, used by birds 

during flight. This thesis aims to advance our understanding of the mechanisms underlying 

the visual guidance of target-directed flight in birds, and the way in which birds stabilise 

and direct their visual system to extract the information required to implement these 

mechanisms. This is achieved using novel onboard instrumentation to study homing 

navigation in pigeons (Columba livia) and predatory pursuit in peregrine falcons (Falco 
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peregrinus). The nature of this thesis is highly interdisciplinary, drawing on visual ecology, 

control engineering and biomechanics. However, the core contribution of this work 

examines the boundary between three related, but distinct, areas of avian research: visual 

ecology, visually-mediated guidance and visually-mediated navigation. The distinction 

between these areas of research, their modes of analysis and ultimate aims are detailed 

below. 

1.1 Avian vision 

Birds rely more heavily on vision that any other terrestrial vertebrate (Jones et al., 2007). 

This is demonstrated by their large eyes relative to the size of their heads occupying 50% 

of cranial volume compared with 5% in humans (Land, 1999). They also enjoy a world 

rich in colour often with four or five spectral classes of cones, compared to three in humans, 

with the additional colour sensitivity in the ultraviolet range (Jones et al., 2007). Like many 

sensory systems, visual systems tend to reflect the environment in which they operate and 

therefore there is much variation in sensory system within the avian class according to their 

ecology (Martin, 2009). One such variation is the regions of specialisation within the retina 

of with high photoreceptor cell densities, fovea. Although many animal species lack true 

fovea (primates are the only foveate mammals) (Fite and Rosenfield-Wessels, 1975), fovea 

are typically found in species for which acute vision is a distinct necessity for survival. The 

two species that form the focus of this thesis, homing pigeons and peregrine falcons, are 

both bifoveate with a fovea in the temporal region of their visual field in addition to the 

central fovea allowing them to fixate distant objects. This allows them to see clearly along 

more than one visual axis (Benson et al., 2017). Although no detailed measurements of 

peregrine falcon’s visual fields exist, Figure 1.1 shows an orthographic projection of the 
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boundaries of the retinal fields in the American Kestral (Falco sparverius). This visual 

field configuration with a large region of binocular overlap and large blind area is common 

in diurnal raptors that rely on vision for aerial predation (O’Rourke et al., 2010). However, 

prey species such as the pigeon have much smaller regions of binocular overlap and smaller 

blind areas to maximise their perceptual range in help detect approaching predators.  

 

Figure 1.1 – Orthographic projection of the boundaries of the retinal fields of an American 

Kestral, reproduced from (O’Rourke et al., 2010). 

1.2 Avian navigation 

The study of avian navigation has a long history dating back over 100 years (Wallraff, 

2005). Early experiments displaced wild birds to demonstrate their impressive ability to 

home from unfamiliar locations (reviewed in: Wiltschko and Wiltschko, 2003). This 

research is typically undertaken with the ultimate aim of better understanding animal 

spatial cognition (Guilford and de Perera, 2017). Despite the inherent difficulties in 

understanding the perceptual abilities of different species and how this relates to their 

spatial representation of the world, it has been possible, through experimentation, to 

understand the different mechanisms and cues involved in spatial reasoning and their 

relative importance. Amongst others, these cues include magnetic fields, polarised light, 

gravitation fields, visual landmarks, olfactory cues and path integration based on 
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proprioception. Homing pigeons have become the central model for the study of avian 

navigation, with research aiming to understand the hierarchy of cues used by birds to 

navigate at different spatial scales (Wiltschko and Wiltschko, 2003). In the past 20 years, 

the field has been transformed by the development of miniature GPS loggers that can be 

used to precisely track the trajectories taken by navigating birds (Meade, 2005; Biro et al., 

2002; von Hünerbein et al., 2001).  

Kramer’s (1957) map and compass model represents the enduring paradigm for long-

distance avian navigation from unfamiliar locations. Under this model, the navigational 

process consists of two separate steps: the map step where birds determine their own 

position in space and calculate the correct bearing to home, then the compass step where 

they use some compass mechanism to fly in the calculated direction. The specific sensory 

modalities that form the basis of each mechanism have been the focus of much debate since 

the model was proposed (Wallraff, 2005). For the map step, Papi (1971) and Wallraff 

(1970) have argued for the importance of atmospheric factors such as odour cues. They 

observed better homing performance from birds kept in lofts open to the atmosphere 

compared to those kept in protected lofts. In addition, Baldaccini et al., (1975) showed that 

deflecting the direction of the wind at the home loft leads to a predictable effect on birds' 

subsequent homeward orientation. A 90 degree deflection in air passing through the loft  

(so northerly winds appear to come from the east) led to an approximate 90 rotation of the 

vanishing bearings of the bird when released from a novel location. Although the exact 

nature of these atmospheric cues is unknown, Wallraff and Andreae (2000) showed 

evidence of a number of potential airborne hydrocarbons that vary across orthogonal 

gradients allowing positional information to be estimated. One of the most commonly cited 

alternatives to the olfactory map hypothesis is one based on geomagnetic fields (Walcott 
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1978). While the use of magnetic information as a navigational cue is seen in a variety of 

species (Walker et al., 2002), the evidence for a magnetic map in pigeons is tenuous 

(Wallraff 1983). 

The sun and magnetic compasses are favoured in the literature as directional cues for 

pigeons navigating from unfamiliar locations. Kramer (1953) first suggested the role of 

solar cues in providing directional information. The use of the sun compass has been 

robustly demonstrated using clock shift experiments (Schmidt-Koenig 1958) which 

artificially manipulate birds’ light/dark cycle leading to predictable deflections in 

homeward orientation: each hour that the birds are shifted away from their natural cycle 

leads to a 15 degree deviation in homeward trajectory from that shown by controls. 

However, in some cases, pigeons have been shown to navigate just as successfully in 

overcast skies (Wiltschko 1987) suggesting that the birds are not fully reliant on their solar 

compass. Keeton (1972) demonstrated instead that birds with magnets attached to their 

beaks homed worse than controls on overcast days indicating a role for a magnetic 

compass, however, these results have not been replicated. Wallraff (2005) suggests that the 

inconsistency of results from magnet experiments may be explained by the difficulty in 

humans detecting whether or not solar information is available and the relative importance 

of the sun compass under different experimental protocols.  

Although the mechanisms described above are clearly also available to pigeons navigating 

within their familiar area, the extent to which different cues are used is unclear (Guilford 

and Biro, 2014). Early experiments which fitted pigeons with frosted lenses that impaired 

their vision did not find any negative effect on homing ability within 2 km of their home 

loft (Schmidt-Koenig & Schlichte 1972). However, recent experiments have shown that 
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the visual preview of a familiar site before release increases homing performance of 

pigeons compared with controls but has no effect at unfamiliar sites (Braithwaite & 

Guilford 1991). Further evidence for the use of visual features in familiar area navigation 

is provided by the observation that individuals will recapitulate previous routes when 

released multiple times from the same location (Meade et al., 2005). However, using only 

the birds’ GPS tracks, it is difficult to infer the information content of the underlying 

landscape and as a result the precise nature of these visual cues remains elusive (Guilford 

& Biro 2014). 

1.3 Short-range guidance 

In contrast to navigation, the study of short-range visual guidance in birds has a more recent 

history, borrowing modes of analysis from the extensive insect literature on the topic 

(reviewed in: Altshuler and Srinivasan, 2018). In this context, guidance is defined as the 

process by which visual information is collected and applied to command flight 

manoeuvres. This research is typically undertaken by mechanical engineers who aim to 

understand the mechanisms underpinning avian flight in the context of human engineered 

systems, and ultimately to gain inspiration from birds to improve the design of unmanned 

aerial vehicles (UAVs). The majority of this work has been undertaken in a laboratory 

setting involving precise, high-frequency measurements of flight kinematics and 

aerodynamics, often using high-speed video footage. Such experiments have allowed 

researchers to begin to identify the underlying controller used by birds to steer flight (Lin 

et al., 2014) and the role of rapid head movements in turning (Kress et al. 2015; Ros & 

Biewener 2017), but do not necessarily represent natural flight behaviours. A few notable 
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exceptions have studied predatory pursuit in raptors using GPS loggers (Brighton et al., 

2017) and onboard cameras (Kane et al., 2015; Kane and Zamani, 2014). 

This thesis bridges the boundary between the fields of visual guidance and navigation by: 

(i) taking a guidance approach to studying short-range navigation and, (ii) measuring many 

of the quantities of interest in laboratory-based experiments, such as wingbeat 

characteristics and head movements, but for freely flying birds in their natural environment.  

1.4 Thesis structure 

This thesis is structured into a series of papers, each with a self-contained introduction and 

discussion. However, the experimental methodology and instrumentation detailed in 

Chapter 3 is not repeated across subsequent chapters to avoid repetition. Here, I provide a 

brief summary of the motivation and aims driving the work in each chapter.  

In Chapter 2, I take a guidance approach to study the challenge faced by birds flying 

towards a target through a moving air mass: wind drift. Wind drift compensation has been 

studied extensively for migrating birds (Liechti, 2006; Green and Alerstam, 2002; 

Hedenstrom and Alerstam, 1995) and short-term gust responses have been studied in a 

laboratory (Quinn et al., 2017). However, the compensation for lateral drift is relatively 

poorly understood for birds flying over intermediate timescales in their natural 

environments. I borrow terminology from the missile guidance literature to frame this 

problem in the same context as pursuit, where the target is moving. This chapter uses GPS-

tracked homing pigeons and guidance-based simulations to help understand the underlying 

visual mechanism used for drift compensation. However, it also highlights the complex 

nature of flight in natural environments and the limitations of simplifying models in 
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attempting to understand the nature of visual cues based only on GPS-derived flight 

trajectories.  

In subsequent chapters, I explore the role of vision in guiding flight more explicitly by 

developing instrumentation to measure how birds direct and stabilise their gaze throughout 

flight. Like most animals with advanced visual systems, birds have specialised regions of 

their visual field (foveae) that they shift to interrogate their visual environment. However, 

unlike many other animals, gaze shifts in birds are predominantly determined by head 

movements as opposed to eye movements (Land 2014). This enables head movements to 

act as a good proxy for gaze shifts, and head orientation to act as a reliable indicator of 

gaze direction (Eckmeier et al., 2008).  

In Chapter 3, I describe the development and validation of novel instrumentation that is 

used to simultaneously record the flight trajectories and head orientation of birds flying in 

their natural environments. The instrumentation consists of a dorsally-mounted GPS logger 

and a head-mounted inertial measurement unit (IMU) containing a three-axis gyroscope, 

accelerometer and magnetometer. The use of onboard GPS units to track bird flight paths 

has become common (Brighton et al., 2017; Wilmers et al., 2015; Freckleton and Iossa, 

2010; Meade, 2005; Biro et al., 2002; von Hünerbein et al., 2001), and the use of 

accelerometers is becoming increasingly widespread (Taylor et al., 2017; Williams et al., 

2015; Portugal et al., 2014). However, few studies have used integrated IMUs combining 

gyroscope and accelerometer readings to measure flight dynamics (Kano et al., 2018; 

Reynolds et al., 2014; Usherwood et al., 2011; Gillies et al., 2008). The instrumentation 

described here builds on previous technological developments to enable us to directly 

measure how birds interrogate their visual environment. Chapter 3 reviews the design of 
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this equipment and some of the limitations that should be carefully considered when 

analysing the output.  

To effectively extract visual information from their environment, birds require a stabilised 

visual system. Image stabilisation simplifies the visual processing required by reducing 

motion blur and is achieved by combining visual, vestibular and cervical reflexes (Gioanni 

and Vidal, 2012; Wallman and Letelier, 1993). While extensive laboratory-based studies 

exist of gaze stabilisation in birds (Gioanni 1988a; Gioanni 1988b; Ros & Biewener 2017; 

Kress et al. 2015; Haque 2004), I am only aware of one study that explores gaze 

stabilisation for birds flying in their natural environment (Pete et al., 2015). Chapter 4 uses 

the head-mounted sensor described above to investigate the coordination between 

wingbeats and angular head saccades in pigeons during homing flights. By releasing birds 

with and without conspecifics, I was also able to compare the modulation of translational 

head stabilisation in response to close visual stimuli (their flock companions). 

Understanding the function of shifts in gaze in birds, as well as the resulting focus of visual 

attention, has begun to attract growing scientific interest. However, experiments to date 

have been primarily laboratory-based (Kress and Lentink, 2015; Eckmeier et al., 2008), 

and gaze shifts have been under studied for birds flying in their natural environments where 

they have important adaptive significance for navigation and vigilance. In Chapter 5, I use 

the head-mounted sensor to examine the periods of fixation between gaze shifts in freely 

homing pigeons. I attempt to identify the factors underlying shifts in gaze, and points in 

the landscape that align with lines projected from the birds’ foveae during each fixation 

period. This novel and exploratory approach to studying visual attention could identify the 
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salient cues of bird navigation in natural environments with important implications for 

spatial cognition. 

In Chapter 6, I build on previous work that used GPS data to determine the guidance law 

implemented by peregrines during pursuit (Brighton et al., 2017) by incorporating 

information on head movements using the head-mounted sensor. This allowed me to 

differentiate between possible gaze strategies adopted during pursuit in relation to the 

visual environment and to the target. This was achieved by taking the reverse approach to 

that described in Chapter 5; instead of determining the focus of visual attention using head 

orientation by assuming a set of fovea angles, I assume that the peregrine is focussed on 

the target and determine where on their visual field the target is fixated. This also allowed 

me to explicitly test existing hypotheses relating to the region of the visual field used to 

fixate the target at different distances from the pursuer (Tucker et al. 2000).  

1.5 Overarching themes 

The primary aim of this thesis is to advance our understanding of the ways in which birds 

deploy their visual system to guide target-directed flight. However, a number of additional 

topics are tackled across multiple chapters. Firstly, although wind is most explicitly dealt 

with in Chapter 2, I treat wind as an important factor to consider when interpreting ground 

tracks to infer navigation and guidance mechanisms. This is true in Chapters 5 and 6 for 

the interpretation of body orientation from GPS data in a moving air mass where I 

incorporate wind estimates into the analyses. Secondly, the use of the same instrumentation 

to study two species of bird with very distinct behavioural repertoires enables a direct 

comparison of their gaze strategy. This allows an analysis of the different visual 

requirements of an aerial predator and its prey and also demonstrates that the technique 
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developed here is applicable to the study of a broad range of species. Finally, in each 

chapter, I describe how further developments from the findings of this thesis could be used 

to aid the design of human-engineered systems. Visual sensors are emerging as an 

important source of input for autonomously controlled UAVs because they are lightweight 

and can capture large amounts of spatial data. However, engineers are confronted by many 

of the same challenges faced by birds such as image stabilisation, target tracking, visual 

processing and drift detection. As such, the development and implementation of robust 

vision-based guidance algorithms for autonomous flight in turbulent, unpredictable, GPS-

denied environments, inspired by avian visual systems, is an important goal with significant 

commercial interest. I carefully consider the potential of avian research in achieving this 

goal but highlight the need to appreciate the evolutionary constraints under which avian 

visual systems have evolved. 
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Chapter 2. Homing pigeons partially 

compensate for wind drift when released 

within sight of their goal 

2.1 Abstract 

When left uncorrected for, wind causes birds to drift away from their desired path. To reach 

their destination, birds must compensate for wind drift by adjusting their heading and 

speed. The compensation for wind drift has been widely studied in migrating birds but has 

received relatively little attention for birds guiding their trajectory over shorter distances. 

Recent technological advances have allowed detailed flight trajectories to be examined in 

relation to the wind field using onboard tracking devices. Here, we analysed GPS tracks 

from 44 homing pigeons (Columba livia), released within sight of their destination, along 

with time-averaged local wind data to differentiate between the possible visual mechanisms 

used by the birds to compensate for the effect of wind. We found that pigeons are capable 

of compensating for wind, but they do so imperfectly, resulting in curved trajectories which 

are displaced laterally in the direction of the crosswind. Track simulations revealed that in 

high crosswinds, pigeons perform better than a naive drift compensation strategy (‘pure 

pursuit’) which requires no knowledge of the wind field. The analyses presented here 

suggest instead that the birds are able to directly or indirectly detect the wind field and 

partially compensate for drift using a range of mechanisms that include guidance and the 

use of landscape features. 

  



Chapter 2: Wind drift compensation in homing pigeons    

13 

 

2.2 Introduction 

The task faced by a bird flying through the air to a desired goal requires an impressive 

display of guidance relying on a variety of cues (Chapman et al., 2008). This task is made 

substantially more complex when the air mass is moving at speeds of the same order of 

magnitude as the bird’s airspeed (Emily L.C. Shepard et al., 2016). Without adjustment, a 

flying bird will experience wind drift when the wind direction is not parallel with the bird’s 

intended heading, leading to lateral displacement from the desired path. The resulting 

ground track vector (𝑉⃗⃗ ) is the vectorial sum of the wind vector (𝑊⃗⃗⃗⃗ ) and the bird’s air 

velocity vector (𝑈⃗⃗ ) (Figure 2.1). In order to remain on its intended track while experiencing 

a crosswind, a bird must therefore make compensatory adjustments to its air velocity vector 

(i.e. airspeed and heading). In a constant wind field with perfect knowledge of the wind 

vector, a bird can achieve perfect drift compensation by adjusting its heading by a deviation 

angle (δ). Given the large energetic cost associated with flight (Pennycuick, 1978), it is 

reasonable to assume that birds have evolved wind drift compensation mechanisms that 

allow them to minimise their cost of transport (Liechti et al., 1994). Indeed, empirical 

evidence for compensatory adjustments to heading or airspeed has been found in the 

analysis of soaring in steppe eagles (Aquila nipalensis) (Taylor et al. 2016), in migrating 

birds (Hedenström et al. 2002, Hedenström & Åkesson 2016) as well as in insects 

(Reynolds et al., 2010; Chapman et al., 2008). 
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Figure 2.1 — Triangle of velocities representing the flight of a pigeon. The pigeon is flying 

with a certain air velocity vector (𝑈⃗⃗ : airspeed and bird heading) while being drifted by the 

wind vector (𝑊⃗⃗⃗ : wind speed and direction). The bird's resulting movement across the ground 

(𝑉⃗ : groundspeed and track angle) is the vectorial sum of the air and wind vectors (𝑉⃗  = 𝑈⃗⃗  + 

𝑊⃗⃗⃗ ). If 𝑉⃗  is the desired track and the wind field is constant, the pigeon can, in principle, add a 

deviation angle (δ) to its heading to fully compensate for the effect of wind. Wind support (𝑊⃗⃗⃗ 𝑠) 

and crosswind (𝑊⃗⃗⃗ 𝐶 ) are the two horizontal components of the wind vector resolved with 

respect to the mean ground vector.  

A large body of work has used optical techniques and radar tracking to study bird migration 

paths in response to wind conditions (Hedenström et al. 2002, Green et al. 2004, Alerstam 

1979). Recent technological advances have allowed detailed flight trajectories to be 

examined in relation to the wind field using onboard tracking devices (Taylor et al. 2016, 

Tarroux et al. 2016, Mandel et al. 2008, Bohrer et al. 2012). The orientational abilities of 

homing pigeons have attracted considerable research attention in recent decades (Biro et 

al., 2003; Burt et al., 1997; Wallraff, 1994)with investigators attempting to identify the 

mechanisms and cues that pigeons adopt when orienting within both unfamiliar (Wallraff, 

𝑊

𝑈

𝑉

𝑊 

𝑊𝐶
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2005) and familiar (Guilford & Biro 2014) areas. Free-flying homing pigeons also offer a 

convenient study system for investigating guidance and control over shorter timescales by 

precision tracking their homing trajectories in relation to the wind field. Here, homing 

pigeons (Columba livia) were fitted with GPS loggers and released within sight of their 

target, the home loft, to explore the underlying mechanisms available to the bird to 

compensate for wind drift where the goal is visible.  

Given that wind drift can have a large impact on the energy and time required for efficient 

orientation (Liechti et al. 1994), leading to large errors if uncorrected, it is reasonable to 

assume that pigeons have evolved mechanisms that allow them to compensate for the effect 

of the wind on their flight path. When the bird’s target is in sight, there are a number of 

possible visual mechanisms that could be used to compensate for drift. Here, we consider 

them from a guidance perspective, borrowing terminology from the missile guidance 

literature typically used to describe pursuit. Although pursuit strategies are typically used 

to describe guidance with respect to a moving target, this is equivalent to the pursuit of a 

stationary target in a moving air mass. The mechanisms that we consider are: (i) pure 

pursuit - requiring no knowledge of the wind field, (ii) deviated pursuit – where the wind 

is sensed and drift is corrected for before it has happened, and (iii) the use of landscape 

features directly below. These mechanisms are discussed further below.  

(i) If the goal is in sight, the simplest mechanism available to a bird to compensate for wind 

drift is to adjust its airspeed vector so it always points at the target. This guidance strategy 

is referred to as ‘pure pursuit’ in the missile guidance literature (Shneydor 1998). It requires 

no knowledge of the wind vector and corrects for the effects of wind drift after they have 

happened. This geometric rule has been shown to match pursuit trajectories in flies (Land, 
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1993), goshawks (Kane et al., 2015) and fish (Lanchester and Mark, 1975). This strategy 

will be used here as a null model against which to test short range navigation in pigeons 

where the target, the home loft, is stationary. If this simple strategy is adopted, and a bird 

flies directly towards a single landmark directly ahead when there is a non-zero crosswind, 

the bird will be subject to wind drift. This will result in a curvilinear track, displaced in the 

direction of the crosswind (Guilford and Taylor, 2014).  

(ii) With some knowledge of the wind vector, a bird can perform better than pure pursuit 

by adding a deviation angle to its heading, orienting itself into the wind. This guidance 

strategy is referred to here as ‘deviated pursuit’. It corrects for the effects of wind drift 

(whether wholly or partially) before they have happened but requires some explicit or 

implicit knowledge of the crosswind to compute the deviation angle (δ — Figure 2.1). If a 

perfect deviation angle is selected by the bird, and is constantly adjusted for the changing 

wind field, this would enable the bird to take the direct line between its current position 

and the target.  

The deviation angle can be estimated by the bird in a number of ways. Prior to take-off, the 

bird may use mechanoreceptors near its feather follicles that are sensitive to the magnitude 

of flow to estimate wind direction (Brown and Fedde, 1993). However, in steady 

conditions, it is not possible to mechanically detect the wind speed of a mass of air in which 

you are drifting (Chapman et al., 2011). In contrast, there are a number of possible visual 

mechanisms that allow drift to be sensed when airborne. For example, using the relative 

parallax between landmarks in front of and behind the target, or using a fixed azimuthal 

reference such as the sun or a magnetic compass, against which to compare the azimuth of 

your goal (Srygley and Oliveira, 2001). If the azimuth of the goal relative to the reference 
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changes while the bird is flying towards it, this indicates that wind drift has occurred that 

can be compensated for by adjusting the deviation angle until the azimuth of the loft 

remains unchanging. Alternatively, translational optic flow, the pattern of apparent motion 

of the visual scene across an animal’s retina, can theoretically be used estimate lateral drift 

in low-altitude flight (Taylor et al. 2016; Guilford & Taylor 2014). Lateral translational 

optic flow, perpendicular to the animal’s air vector, can be used to sense crosswind speed 

and direction and has been observed in bumblebees to help reduce lateral drift due to wind 

(Riley et al., 1999). Although the use of optic flow has been demonstrated for gap 

negotiation in budgerigars (Melopsittacus undulatus) (Bhagavatula et al., 2011), it is unclear 

whether birds are able to use optic flow cues during variable altitude flight. 

(iii) Homing pigeons often incorporate linear landscape features such as roads, hedge lines, 

field boundaries and rivers into their habitual routes (Meade et al. 2005; Mann et al. 2011; 

Guilford et al. 2004; Lau et al. 2006). In addition to providing a navigational aid, linear 

features could provide an obvious mechanism to detect and compensate for drift (Bruderer, 

1978) that is distinct from the guidance mechanisms discussed above. Some observational 

evidence for the use of linear features for drift compensation exists for migratory birds that 

were found to preferentially align their flight path with the Hudson river during high 

crosswinds (Bingman et al., 1982). Additionally, Richardson (2000) observed that higher 

concentrations of migrants were found over linear features in high crosswinds during the 

day than for similar wind conditions at night. This was taken as further evidence that linear 

features were being used, when available, for drift compensation. If pigeons are making 

use of linear features to compensate for wind, the extent of linear feature following should 

vary with wind characteristics. 
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The mechanisms described above make some specific predictions regarding the flight 

trajectories that pigeons are expected to take in relation to the wind field. We attempt to 

differentiate between some of these mechanisms using simulations to compare the tracks 

expected under these mechanisms against GPS-derived flight data. However, given the 

complex nature of navigation, the detailed structure of homing trajectories will also reflect 

a combination of mechanistic and functional factors such as the navigational mechanism 

used, homing experience, predator avoidance and homing motivation. Releasing the birds 

within sight of their target from familiar release sites goes some way to reducing their 

reliance on navigational mechanisms, allowing the impact of wind on flight structures to 

be more clearly assessed and giving a greater degree of certainty relating to their preferred 

track.  

2.3 Methods 

2.3.1 Subjects 

Forty-four homing pigeons (Columba livia), aged between 2 and 8 years and reared at the 

University of Oxford Field Station at Wytham (51.782872 N, -1.317358 W), were used as 

subjects. Experiments took place over 3 years from 2015 to 2017 from April to August 

each year. All subjects were familiar with the area surrounding the loft and had been 

recently released from each release site prior to experimentation. The feather condition and 

flight behaviour of birds were monitored throughout the study and water and food was 

provided ad libitum.  
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2.3.2 Release sites and testing 

Two release sites were selected within direct sight of the white buildings surrounding the 

pigeons’ home loft in opposite directions from the loft (Table 2.1). GPS logging devices 

(Qstarz BT-Q1300ST, approx. 15 g) were attached dorsally using custom made elasticated 

harnesses around the subject’s body which were worn throughout the study duration. For 

every flight, the GPS devices logged geographical longitude and latitude at 5 Hz. Between 

testing, when the birds were in their home loft, the elastic harnesses were fitted with 

Plasticine dummy weights equivalent in size to the GPS loggers. The GPS units typically 

provide an absolute horizontal positioning accuracy of ≤7.8 m (95% of data falls within 

this range of the actual position) although dynamic tests with these devices have found that 

the relative positioning accuracy is substantially better than this over short flights (Brighton 

et al., 2017). GPS devices were turned on and attached to the bird at least 5 min before each 

release in an attempt to minimise initial positioning errors. Each bird was allowed 15 

seconds to survey the landscape after fitting the GPS prior to release and each release was 

separated by a two min period after the previous subject had been released in order to 

eliminate group homing behaviour. Testing was only conducted on clear days when the 

sun’s disc was visible in the sky with the exception of one release in July 2017 that was 

carried out in misty conditions from Wytham Hill where the visibility was ~30 m. The five 

flights conducted on this day were not included in the main analysis but were used as a 

comparison for when the loft was not visible from the release site. 
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Site  Latitude Longitude Bearing to 

loft (deg) 

Beeline 

Distance 

to loft (m) 

Number of 

flights  

(1) Wytham Hill 51.774825 N -1.321878 W 19.4 950 115 

(2) Kings Mill Lock 51.789200 N -1.307700 W 221.3 950 32 

Table 2.1 - Release sites selected equidistant from the home loft in opposite directions. 

Latitude and longitude given in decimal degrees. 

Wind data were recorded using a WS2083 Professional Wireless Weather Station (Aercus 

Instruments, UK) installed at the loft, 5 m above ground level which logged average wind 

direction and wind speed every minute. Wind data were processed using Cumulus Weather 

Station Software (Sandaysoft, v1.9.4). 

2.3.3 Track and wind analysis 

Data processing and analysis was conducted using MATLAB (MathWorks, vR2017a). 

Time-stamped positional fixes were downloaded after recovery of the GPS trackers using 

dedicated software (Qsports v3.7, Qstarz). In the case of logger failure, the track was 

eliminated from subsequent analysis (n = 11). GPS data were screened for accuracy and 

precision using methods described by Brighton et al. (2017) by analysing the discrepancy 

between differenced groundspeed estimates and the Doppler velocity from the GPS device. 

This resulted in the elimination of 1 track leaving 147 flight tracks for subsequent analysis. 

Latitude and longitude were converted to meters using a Universal Transverse Mercator 

projection and cropped to between 50 m and 800 m from the home loft. At the start of the 

track, this excluded take off and the first few seconds of the flight and the initial climbing 

phase. By this point, the bird will have had the opportunity to assess the wind vector based 

on the drift experienced. At the end of the track, the crop excluded circling from subsequent 

analyses. Each track was then translated so that the start position was aligned exactly to the 
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position of the release site in order to minimise the error arising from GPS inaccuracy. This 

meant that track positioning error is therefore zero at the start of the flight, but expected to 

drift through time and hence expected to be largest at the end of the flight. See Chapter 6 

for an assessment of the importance of this correction. Altitude data from the GPS devices 

were found to be insufficiently accurate to explore whether the birds maintained the 

constant flight altitude required for drift corrections using lateral optic flow and were not 

analysed further. 

The lateral displacement was calculated throughout each flight — the distance between the 

bird’s current position and the beeline, measured perpendicular to the beeline – and then 

averaged across the flight. This gave a measure of the extent and direction of lateral 

displacement of each flight relative to the beeline between the release site and the loft. If 

pigeons were minimising the cost of transport, and were capable of perfect drift 

compensation, they would fly the beeline distance to the loft and have a mean lateral 

displacement of zero which is equivalent to a route efficiency of 1 (Meade et al. 2005) .  

Mean airspeed (U) was estimated using the ground velocity vector (𝑉⃗⃗ ) and wind vector (𝑊⃗⃗⃗⃗ ) 

and used to parameterise the pursuit model describe below. The effect of wind support on 

the bird’s choice of airspeed was then analysed using a regression analysis, as has been 

done for other species (Hedenström & Åkesson 2016; Taylor et al. 2016). For each track, 

wind support (𝑊⃗⃗⃗⃗ 𝑠: the length of the wind vector parallel to the direct line between the 

release site and loft) and the crosswind (𝑊⃗⃗⃗⃗ 𝐶: the length of the wind vector perpendicular to 

the direct line between the release site and loft) were calculated using wind data collected 

at the loft and averaged over the flight time. These quantities have been defined in relation 

to the bird’s intended ground vector similar to Liechti et al. (1994)  rather than in relation 
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to the bird’s air velocity vector as in (Safi et al. 2013; Taylor et al. 2016) and averaged over 

the entire flight rather than calculated instantaneously. Positive wind support values 

represent a tailwind and negative values represent a headwind while positive crosswind 

values represent wind moving from right across the bird’s track and negative values 

represent the reverse. For each flight, the predicted deviation angle (δ — Figure 2.1) was 

calculated using the equation: 𝛿 = sin−1 (
𝑊𝐶

𝑈
). The crosswind vector was multiplied by the 

duration of the flight in seconds to give the required ‘crosswind effect’, the distance that 

the birds would have drifted laterally if no attempt to compensate for wind drift had been 

made. 

2.3.4 Track simulations 

Trajectories were simulated for each flight using the naive ‘pure pursuit’ model described 

above, parameterised by the mean wind vector (wind direction and speed) and the bird’s 

mean airspeed (estimated by subtracting the bird’s ground vector from the wind vector). 

Starting at the first track point, the simulated bird always keeps its heading aligned with 

the target, moving at a constant airspeed until it reaches the loft. The mean lateral 

displacement was then calculated using the method described above for each of the 

simulated tracks and compared in a linear regression model against observed data. Figure 

2.2 shows an example of two GPS-derived tracks (orange) along with simulated tracks 

under pure pursuit (blue) for the given wind field (red arrow) where the bird is displaced 

less (Figure 2.2A) or more (Figure 2.2B) than predicted using this model. Due to the 

uncertainty in the model input parameters, pure pursuit trajectories were also simulated for 

the whole range of airspeeds (10.3 – 23.5 m/s), wind speeds (0 — 11.4 m/s) and wind 

directions (0 – 360 deg) which were recorded. This allowed us to graphically compare the 
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range of crosswind correction and mean lateral displacement predicted from simulations 

against the observed data. 

           

Figure 2.2 — Examples of pure pursuit simulated track (blue) and GPS derived track (orange) 

for 2 flights with different wind conditions (red arrow) flying towards the home loft (L). The 

dotted black line is the direct line between the flight start and loft used to calculate the mean 

lateral displacement (MLD). (A) Bird experiences less lateral displacement (MLD: -28.9 m) 

than track simulated using pure pursuit (MLD: -58.1 m) with the following parameters: wind 

speed = 3.7 m/s, wind direction = 70 deg, mean airspeed = 18.9 m/s. (B) Bird experiences 

more lateral displacement (MLD: 122.0 m) than track simulated using pure pursuit (MLD: 

52.0 m) with the following parameters: wind speed = 4.8 m/s, wind direction = 271 deg, mean 

airspeed = 15.6 m/s. In both cases, the bird is laterally displaced in the direction of the 

crosswind experienced. 

Deviated pursuit trajectories were simulated for each flight by adding a constant deviation 

angle (𝛿) to the pure pursuit model across the flight. For each flight, the deviation angle 

was optimised to fit the GPS data by minimising the sum of distances between each GPS 

derived point and the simulated bird trajectory for that same point in time. Figure 2.3 shows 

an example of a GPS derived track (orange) along with a track simulated using pure pursuit 

(blue, 𝛿 = 0 deg) and a track simulated using deviated pursuit with an optimised deviation 

L L

(B)(A)
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angle (green, 𝛿 = 17.6 deg). Additional trajectories are simulated for a range of deviation 

angles around the optimum. 

 

Figure 2.3 – Example GPS track (orange) plotted with simulated tracks using pure pursuit 

(blue) and deviated pursuit (thick green) for a deviation angle that is optimised to the track 

(𝛿  ̂= 10.6 o) along with 4 additional trajectories for a range of deviation angles (thin green). 

Pure pursuit is a special case of deviated pursuit where δ = 0. The ‘predicted deviation angle’, 

the angle that would lead to a direct track between release site and loft given a constant wind 

field for this flight is -31.8 deg. The red arrow indicates the wind vector used to parameterise 

these simulations (wind speed = 10.4 m/s, wind direction = 252 deg), along with mean airspeed 

= 18.4 m/s. 

2.3.5 Linear feature detection 

To evaluate the use of linear features as an aid for wind drift compensation, we took three 

steps. Firstly, we developed a method to objectively determine whether or not the tracks 

from each site have a greater tendency than expected by chance to fall over linear features, 
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described below. Secondly, where there was evidence for linear feature following at a site, 

we determined whether the extent of linear feature following varied with the crosswind 

experienced. Finally, we attempted to determine whether any relationship between 

crosswind and linear feature following was simply a result of a greater tendency to be 

blown over linear features in a crosswind as opposed to the birds selecting to align their 

track with linear features. This was achieved by repeating the second analysis but instead 

comparing the linear feature following from simulated null trajectories against the 

crosswind.  

In order to objectively identify linear features in the area of interest, an edge image was 

produced (Figure 2.4B) by running a Canny edge detection on an aerial image (Figure 

2.4A) covering the region of interest using similar methods to Lau et al. (2006). The 

resulting binary image was scaled so that each pixel represented 1 m2 with a value of 1 

over edges or 0 between edges. The tracks were then overlaid on top of the binary image 

(Figure 2.5) and each GPS point was categorised as either over an edge (if an edge occurred 

within the 5 m2 area around the point, to account for GPS error), or as not over an edge. 

This allowed the proportion of the track following linear features to be estimated. This 

method has distinct advantages over previous efforts to quantify the degree of linear feature 

following (Lipp et al., 2004) as it does not require linear features of interest to be 

subjectively identified.  

To objectively identify whether the trajectory taken by the bird overlies edge features of 

the landscape to a greater degree than expected by chance, we compared the proportion of 

the trajectory that fell over edges against a null distribution. This distribution was generated 

for each flight using 1,000 simulated deviated pursuit trajectories (parameterised by the 
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wind vector, start position and air speed). We used evenly spaced deviation angles between 

the predicted deviation angle (leading to a direct track between release site and loft) and a 

deviation angle of zero (𝛿 = 0, pure pursuit) (Figure 2.3). For each simulated trajectory, the 

proportion of points over edges was calculated using the binary edge image and added to 

the distribution against which to compare the value from the GPS-track. The range of 

deviated pursuit trajectories generated for each flight represents a plausible set of tracks — 

80% of null distributions cover the range of the GPS-derived track against which it is 

compared. However, the interpretation of edge alignment values against these null 

distributions should be treated with caution as they clearly do not represent all possible 

paths that the bird could take to the loft. Nevertheless, this allowed us to characterise each 

flight using an edge alignment percentile relative to the null distribution. 

2.3.6 Statistical analysis 

Statistical analyses were conducted in R (v3.5.1; R Core Team 2008). To test for the effects 

of learning across multiple flights, we applied a linear mixed model (LMM) using the R 

package ‘lme4’ (Bates et al., 2014). We tested for the effect of release number (the number 

of releases from each site) on route efficiency, including bird ID as a random factor. We 

tested the significance using a likelihood-ratio test comparing the full model with a model 

without the effect in question. The assumptions were verified using visual inspection of 

plotted residuals. The regression analyses, used to compare guidance model simulations 

against GPS-track data, treat each flight as independent and do not control for bird ID in 

order to simplify the interpretation of the slope coefficients. 
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Figure 2.4 — Linear Feature detection method. Canny edge detection of an aerial image (A) 

to produce a binary image (B) of the flight area. Release sites 1 (Wytham Hill) and 2 (Kings 

Mill Lock) are labelled along with the home loft ‘L’. 
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Figure 2.5 – Binary edge image with all cropped GPS-derived tracks overlaid in red. 147 

trajectories are plotted from 44 birds.  
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2.4 Results 

All birds arrived home in non-zero wind conditions and therefore must have adopted some 

mechanism that allowed them to compensate for wind drift, either before or after the drift 

had the opportunity to take effect. The birds all homed immediately after release without 

stopping en route, suggesting that they were highly motivated to home and that their 

patterns of movement were dominated by navigational decisions to this end. 

Unsurprisingly, given the proximity of the release sites to the loft, and the familiarity of all 

birds with the surrounding area, route efficiency (the beeline distance between the release 

site and the loft divided by the length of the path flown) was not found to increase 

significantly with release number from the same site (LMM, χ2 = 0.063, df = 1, p = 0.80). 

Visual inspection of flights for each individual indicated little route stereotypy for any 

individual.  

A linear regression model was used to examine the relationship between mean groundspeed 

(V) and mean wind support (Ws) for each flight; data were bootstrapped to control for the 

effect of unbalanced sampling of individuals. Parameter estimates are the means of 1,000 

regressions, each generated from a sample including one randomly selected flight per bird 

(n = 44). Note that mean wind support is the component of the wind vector parallel to mean 

ground vector (Figure 2.1) and therefore in the absence of a change in airspeed in response 

to wind, we would expect these two variables to be linearly related with a slope of one. 

Indeed, we found mean groundspeed to increase with wind support (F (1, 144), R2 = 0.57, 

p < 0.001), according to the following equation V = 20.7 + 1.16 Ws with a slope that did 

not differ significantly from one (95% CI: 0.93 — 1.41). Therefore, we found no evidence 
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for airspeed adjustments but the strength of this relationship gives some confidence in the 

wind data collected.  

2.4.1 Crosswind explains some variation in lateral drift 

When all tracks are plotted and coloured by the crosswind effect (Figure 2.6), it becomes 

obvious that much of the track variation is accounted for by crosswind (the component of 

the wind vector perpendicular to the beeline track) where the direction of lateral 

displacement is typically in the same direction as the crosswind experienced. This indicates 

that the mechanism adopted by the pigeons to compensate for wind is not perfect and the 

bird uses a poor estimate of the wind field, either detected visually once airborne or 

mechanically before take-off, to adjust its heading. Figure 2.7 demonstrates this 

relationship for all flights where the mean lateral displacement (the average distance 

between each point and the most direct track) is plotted against the crosswind correction 

(the lateral distance that the bird would have been drifted over the duration of the flight if 

no corrections had been made). A chi-square test of independence confirmed the 

relationship between the sign of the crosswind effect and the sign of mean lateral 

displacement (χ2 (1) = 43.5, p <0.001). To test whether the extent of lateral drift increases 

with larger wind speeds we used Spearman’s rank correlation coefficient to test whether 

absolute mean lateral displacement increases monotonically with absolute crosswind 

speed. We found this to be statistically insignificant (rs (147) = 0.137, p = 0.0782), although 

only marginally so.  
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Figure 2.6 – 147 GPS-derived trajectories from 44 pigeons released from sites 1 or 2 and 

coloured by crosswind effect (the product of crosswind and flight duration), cropped to 

between 800 m and 50 m of the home loft (L). The circle indicates the 800 m cropping radius 

with the start of tracks plotted at 50% opacity. Crosswind effect is positively signed when 

blowing across the track from the right (clockwise deflection from direct line between release 

site and loft) and negatively signed when blowing across the track from the left. Figure scaled 

to meters with the loft at the origin. The black arrow indicates north. 

 



Chapter 2: Wind drift compensation in homing pigeons    

32 

 

 

Figure 2.7 — Crosswind effect (crosswind speed multiplied by flight duration) against the 

mean lateral displacement, both in meters, for all flights (n = 147). The red shaded area 

represents pure pursuit simulated data for each combination of the whole range of airspeeds 

(10.3 – 23.5 m/s), wind speeds (0 — 11.4 m/s) and wind directions (0 – 360 deg) recorded 

across all flights. For positive crosswind effects, when the blue dots fall below the red shaded 

area the bird has experienced less drift than predicted by pure pursuit and vice versa for 

negative crosswind effects. 

2.4.2 Guidance model simulations 

GPS-track data were compared against data simulated using the naive pure pursuit model 

for the given airspeed, wind speed and wind direction and used to predict the mean lateral 

displacement from the beeline. There was a positive correlation between observed mean 

lateral displacement and data simulated under the pure pursuit model (R2 = 0.35, n =147), 

with a slope of observed versus predicted of 0.59 (t = 8.11, p < 0.001, n =147). However, 

the 95% confidence interval (0.45, 0.74) does not include 1 suggesting that the birds are 
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compensating by more than expected under this strategy, which indicates that the birds are 

behaving as if they have some knowledge of the wind. Pure pursuit model output for the 

whole range of wind and airspeeds recorded within and across all flights is shown as the 

red shaded area in Figure 2.7. This shows that at low crosswind speeds (and hence lower 

crosswind effect), the strategy used by birds sometimes leads them to be displaced more 

than predicted by pure pursuit. However, at higher crosswind speeds, the birds are able to 

compensate for crosswinds better than predicted by pure pursuit. The simulations also 

revealed that birds took 27.6% ± 11.2 (mean ± sd) less time to reach the loft than predicted 

under pure pursuit. Note, however, the model does not account for variation in airspeed 

through the flight, because it uses the mean airspeed for each flight simulation. The 

simulations demonstrated that it is always possible to reach the loft using pure pursuit either 

when wind support is positive, or when the wind support is zero (pure cross wind or no 

wind) but the bird’s airspeed is greater than the wind speed. However, the analysis 

presented in Figure 2.7 suggests that the birds are using a different strategy. 

Deviated pursuit should theoretically allow the bird to compensate better for crosswinds if 

an appropriate deviation angle is selected. To assess whether the birds were using deviated 

pursuit, we analysed the relationship between predicted deviation angle (which would lead 

to a direct track between release site and loft, given the wind conditions) and the optimised 

deviation angle (the deviation angle that was found to best fit the observed GPS-track). The 

strength of these correlations gives an indication of how complete the drift correction is. 

At the Wytham hill release site we found a weak positive relationship between predicted 

and optimised deviation angles (R2 = 0.33, p < 0.001, n = 115) with a slope that differs 

significantly from 1 (95% CI: 0.95, 0.53). The relationship is less clear for Kings Mill Lock 

release site (R2 = 0.19, p = 0.084, n = 32) but again the slope is significantly lower than 1 
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(95% CI: 0.92, 0.17). The slope of less than 1 for both release sites indicates that if the 

birds are using deviated pursuit, they tend to select deviation angles that are smaller than 

required for perfect drift compensation.  

2.4.3 Linear features analysis  

Our results suggest that linear features may aid drift compensation when there is a positive 

crosswind (across the track from the right) at Kings Mill Lock. To demonstrate this, we 

first conducted a sign test on the edge alignment percentile, an indicator of linear feature 

following (see 2.3.5), for each site to test the hypothesis that the median edge alignment 

percentile was 50. We found no evidence for linear feature following at Wytham Hill 

(median edge alignment percentile = 54.5, sign = 59, n = 115, p = 0.67), but we did find 

evidence for linear feature following at Kings Mill Lock (median edge alignment percentile 

= 81.4, sign = 27, n = 32, p < 0.01). We subsequently set out to test whether this linear 

feature following was associated with the crosswind experienced by running a regression 

model on the proportion of the track that aligned with linear features against the mean 

crosswind for each flight (Figure 2.8A). Regression lines were fitted separately for both 

positive and negative crosswinds, as this relationship will depend on the availability of 

linear features in either direction from the track. We found that positive crosswinds (from 

the right) are strongly associated with the proportion of the track that aligns with linear 

features (R2 = 0.54, F(1,25) = 27.2, p < 0.001) while negative crosswinds (from the left) 

do not show a significant relationship with linear feature alignment (R2 = 0.18, F(1,5) = 

0.98, p = 0.39). We cannot conclude much for negative crosswinds given the small sample 

size (n = 6). However, for positive crosswinds, the birds’ tracks are more likely to align 

with crosswinds when the crosswind is stronger. This could be because the birds are using 
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the linear features to compensate for drift in high crosswinds, or it could simply result from 

landscape bias meaning they are more likely to be drifted over linear features with a strong 

wind from the right.  

We found that the median proportion of linear feature alignment from simulated trajectories 

was not associated with positive (R2 = 0.01, F(1,25) = 0.2, p = 0.65) or negative (R2 = 0.04, 

F(1,5) = 0.158, p = 0.71) crosswinds (Figure 2.8B). This suggests that the result described 

above (Figure 2.8B) is not simply explained by the birds being more likely to drift over 

linear features in strong winds. The median proportion of linear feature following was 

determined from the 1,000 simulated deviated pursuit trajectories and is considered the null 

expectation for each flight. The simulations used evenly spaced deviation angles between 

the predicted deviation angle and a deviation angle of zero, described in 2.3.5. 
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Figure 2.8 – Proportion of tracks aligning with linear features against crosswind experienced 

for 32 flights from Kings Mill Lock. Regression lines fitted with R2 values shown separately 

for crosswinds coming from the right (right side of green line) and from the left. 95% 

confidence bounds are shown as red dashed lines. (A) Proportion aligning with linear features 

from GPS-derived tracks. (B) Median proportion aligning with linear features from simulated 

null trajectories using deviated pursuit (see 2.3.5). 

2.5 Discussion 

We investigated the visual mechanisms adopted by homing pigeons to correct for the effect 

of wind. The results indicate that pigeons are able to compensate for the effects of wind, 

R2 = 0.54R2 = 0.18

R2 = 0.01R2 = 0.04
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(A) GPS
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however, they do so imperfectly as their tracks are displaced in the direction of the 

crosswind experienced. While our simulations show that it is possible for birds to use a 

naive pure pursuit strategy to compensate for drift with no knowledge of the wind field, 

the birds tend to experience less lateral displacement than expected from this strategy. Our 

results also suggest that the birds may be using deviated pursuit but with too small a 

deviation angle that leads to only partial compensation. However, the weak fit of the 

predicted deviation angles to measured deviation angles may suggest that the birds are 

using a different mechanism. There is some evidence that linear features could help to 

augment drift compensation, at least for the Kings Mill Lock release site. Overall, our 

results highlight the complex nature of homing navigation and drift compensation, even 

when the target is in sight, and suggest that pigeons may flexibly use a range of visual cues 

depending on the wind field and the variety of cues available. 

2.5.1 Pigeons are drifted less than expected by pure pursuit 

Pure pursuit is the naive model for understanding how compensation for wind drift might 

be achieved. It requires continuous correction using information on the orientation of a 

single discrete target throughout the flight with no knowledge of the wind field or an 

external reference system, such as the sun compass. The pure pursuit model simulations 

above explain some variation in mean lateral displacement. However, at low crosswind 

speeds, birds tend to be displaced to a greater extent than predicted by the pure pursuit 

model, while at higher crosswind speeds, they experience less lateral displacement than 

predicted. At low crosswind speeds over the short distances flown here, the costs associated 

with incorrect drift correction are low and track variation is more likely to reflect other 

factors such as the navigational mechanism used, individual idiosyncrasies or predator 
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avoidance. The fact that the pigeons’ tracks tend to be displaced less than pure pursuit at 

high crosswinds implies some knowledge of the wind. This could simply be learning from 

the drift experienced at the start of the flight to deviate the pursuit in the right direction, 

albeit not to the extent required to correct wind drift perfectly. The pure pursuit model 

presented here relies on the simplifying assumptions that the wind field remains constant 

throughout each flight and airspeed is not adjusted in response to wind. While we did not 

find any evidence for airspeed adjustments, adjustments over this scale may not be 

detectable using the course wind measurements used in this study. 

2.5.2 Deviated pursuit  

At higher crosswind speeds (>5 m/s), Figure 2.7 suggests that the birds are using a more 

effective mechanism to compensate for drift than pure pursuit. This could, in principle, be 

achieved by adding a deviation angle to their heading based on an estimate of the crosswind 

speed. However, we find only a weak correlation between predicted deviation angle (the 

angle which would lead to a direct track between release site and loft, given the wind 

conditions) and optimised deviation angle (the angle that was found to best fit the observed 

GPS-track) with a slope of less than one. This suggests that if the birds are using deviated 

pursuit, they are underestimating the deviation angle required to compensate fully for the 

wind, but the extent of under-compensation is not consistent between flights. Alternatively, 

the birds may not be using deviated pursuit in the simple form in which it has been modelled 

here and instead using a more sophisticated method of drift compensation. Our findings 

could also reflect the limitations of our model in capturing a flight using wind data averaged 

across the flight.  
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Our results do not allow us to differentiate between possible mechanisms for detecting 

lateral drift which could be used to estimate the best deviation angle to use. However, 

assuming that the birds in this study were motivated to take the most direct route back to 

the loft, our finding that trajectories are displaced in the direction of the wind suggests that 

information used to sense drift is imperfect. Given the reliance of pigeons on solar and 

magnetic cues for navigation (Wallraff, 2005), it is plausible that these play a role. If the 

pigeons in this study used only lateral optic flow to detect and compensate for wind drift, 

and did so near perfectly — as is observed in bumble-bees (Bombus terrestris) (Riley et 

al., 1999), this would have resulted in geographical tracks that were independent of wind 

direction. However, given that the crosswind analysis presented above shows that the birds 

in this study were laterally displaced by the wind, is it clear that this is not the case. The 

strength of optic flow cues will vary with altitude, and therefore the extent to which birds 

are able to use optic flow cues for drift compensation when flying at altitude is unclear and 

requires further investigation. Deviated pursuit is not the only mechanism that could be 

used to implement drift compensation using optic flow cues. For example, the birds could 

simply attempt to eliminate the component of translational optic flow perpendicular to their 

heading (Bhagavatula et al., 2011). In this case, the absolute value of optic flow, which 

varies with altitude, may not be of importance.  

2.5.3 Linear features may aid drift compensation at Kings Mill Lock 

Our results provide preliminary evidence that linear features, such as hedgerows, are used 

by pigeons to compensate for wind drift compensation as well as acting as a navigational 

aid (Figure 2.8). We found that when the crosswind was positive (blowing across the track 

from the right), the birds spent more time over linear features in stronger winds. Our results 



Chapter 2: Wind drift compensation in homing pigeons    

40 

 

suggest that this is not simply because the structure of the landscape leads them to be drifted 

over more linear features when wind blows from that direction as we found that simulated 

deviated pursuit tracks did not align with linear features to a greater extent in stronger 

winds. However, this result must be treated with caution as it assumes that the simulated 

trajectories are a plausible set of trajectories for the given wind speed. Nevertheless, there 

is one hedgerow in particular at Kings Mill Lock that appears to act as a bound for 

trajectories that have been drifted south or east relative to the beeline track (Figure 2.5). 

This could, therefore, be acting as a convenient visual measure of drift for birds from this 

site where instead of seeking the linear feature as a means of drift correction, the birds may 

follow a simple rule that tells them not to cross a linear feature from the direction of the 

lateral drift relative to their intended track that is sensed by some other means. Although it 

is not possible to conclusively determine whether linear features are aiding drift 

compensation from Kings Mill Lock, our analysis shows that it is either something that 

should be controlled for in future studies of drift compensation, or should be explicitly 

tested. However, designing such an experiment is problematic as it is difficult to 

manipulate the landscape or select release sites that make it possible to differentiate the 

track structure arising from drift compensation mechanisms from navigational 

mechanisms.  

We found no evidence for linear feature following at Wytham Hill. The difference between 

release sites may reflect the difference in alignment of linear features with the intended 

track direction (seen clearly in Figure 2.5). Given that the loft was clearly visible from both 

release sites, linear features are unlikely to offer much navigational assistance. However, 

the Wytham Hill release site is elevated by 40 m relative to the loft which may mean that 

the loft is a more obvious initial target for the birds upon release, when compared with 



Chapter 2: Wind drift compensation in homing pigeons    

41 

 

Kings Mill Lock, leading to less reliance on other navigational cues. The difference in use 

of linear features between release sites may explain the different findings from the 

deviation angle analysis at each site; birds released from Kings Mill Lock in high winds 

may not use deviated pursuit because they have access to a different mechanism.  

2.5.4 Limitations 

Due to the complexity of the underlying navigation mechanism, it is not possible to infer 

precisely the intended flight track or ultimate motives of the birds, even when in sight of 

the loft. However, it is assumed in the analysis above, that the costs in terms of energy and 

time are significant enough, even over short distances, for pigeons to attempt to minimise 

lateral drift and that these adjustments are apparent from their ground track. The validity 

of this assumption is hard to test, but the poor fit of the data to the guidance models 

demonstrates either that the birds are using a different strategy, or that it is not possible to 

determine the relationship based on GPS-derived tracks. Additionally, we assume that the 

most direct route to the loft is always the most efficient but this might not always be the 

case. Our results highlight the limitations in reducing complex flight behaviours to simple 

guidance models. A further limitation of the guidance models used in this Chapter is that 

they assume that the bird is focussing on their target, the loft, at all times. In Chapter 5 we 

show that this assumption is unlikely to be true which may further help to explain the poor 

fit of the data here to the guidance models. 

The largest source of error in the analysis presented in this chapter arises from the fact that 

wind was measured at the loft rather than along the track and treated as constant throughout 

the flight. Despite the short flight durations (~ 60 s), in reality the wind is likely to have 

varied considerable in speed and direction throughout the flight and may be substantially 
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different at the loft compared with the flight altitude of the bird. Without better quality 

wind data, discussed below in future directions, it is hard to develop the analysis of visual 

mechanisms far beyond that described here. 

2.5.5 Future directions 

Future studies of wind drift compensation in short range flights in birds should make use 

of higher quality, high frequency wind data in order to build a more detailed picture of the 

effect of flow on flight trajectories. This should also account for the altitude at which birds 

fly as flow can be laminar at high altitudes but highly turbulent near the ground with strong 

gusts that have a large effect on flight (Emily L. C. Shepard et al., 2016). In a laboratory 

setting, wind tunnels provide a convenient way to challenge birds to fly in a known airflow 

(Quinn et al. 2017). For free-flying birds, however, collecting data on airflow is more 

challenging. Data from onboard airspeed sensors (pitot tubes) can be combined with track 

data to provide an accurate estimate of the wind vector. These sensors have been used 

effectively in steppe eagles (Reynolds 2016)  and Andean Condors (Williams et al., 2015). 

However, both these species have a body mass >5 times that of the pigeons used in this 

study and the sensors are not yet sufficiently miniaturised to be deployed on smaller birds 

(but see Takahashi & Shimoyama (2018) for recent developments). As a minimum, we 

recommend that future studies use a portable anemometer to measure wind conditions at 

the release site for comparison with the data collected at the loft.  

The analysis presented here has shown that wind plays an important role in shaping the 

structure of homing pigeon trajectories and is a crucial factor to consider when interpreting 

ground tracks to infer navigational mechanism. As an example, when analysing the 

deflection of pigeon tracks released from the same release site used in this study (release 
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site 1 — Wytham Hill), Armstrong et al., (2013) concluded from releases over 3 days that 

this site biases the orientation of the pigeons in a generally clockwise manner, possibly due 

to the topography. The crosswind analysis presented above shows that from 16 days of 

releases from this site, the direction of lateral displacement can be largely explained by 

wind direction and no apparent bias was found. Historical wind data from Upper Seeds 

Weather Station (ECN meteorology data accessed July 2015) revealed that on all three 

release days used by Armstrong et al., there was a moderate westerly wind which is 

sufficient to account for the apparent ‘release site bias’ that the authors reported. Therefore, 

we recommend that future studies include wind in their analysis whenever they are 

concerned with the structure of trajectories. 

At present, the development of robust control algorithms for flight in turbulent, high flow 

environments remains a major challenge for drone autonomy in GPS denied environments 

and bio-inspired visual algorithms are likely to play an important role in future 

developments. The insights gained from the wind compensation mechanisms employed by 

birds could, therefore, have great potential for the implementation of robust vision-based 

guidance algorithms in autonomous unmanned aerial vehicles.  
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Chapter 3. Instrumentation and data 

analysis 

3.1 Abstract 

The use of onboard sensors has become widespread in the study of bird flight to track the 

trajectory and dynamics of their flight. However, few researchers have attempted to use 

onboard devices to assess the sensory information available to birds. An understanding of 

the ways in which birds direct their visual system in order to extract visual information is 

an important prerequisite for an understanding of guidance and cognition. Therefore, the 

development of sensors capable of accurately recording gaze shifts during flight is an 

important goal with significant value. We developed a sensor combining a head mounted 

inertial measurement unit (IMU) and a back-mounted GPS receiver capable of recording 

bird head orientation and body position during flight in natural environments. This chapter 

describes the development of this sensor, the analysis of sensor data to draw biological 

insight, and validation experiments that aim to assess the performance of the sensor and 

the effect that it has on the behaviour of birds. While we find no detectable effect of a head-

mounted sensor on flight performance, we highlight the need for further miniaturisation of 

future iterations of head-mounted devices. 

3.2 Introduction 

Most animals with advanced visual systems have one or more specialised regions of their 

retina with high visual acuity (foveae) that they shift to attend to visual targets using both 

head and eye movements (Land 2014). Visual attention can offer valuable insights into 

cognition and lead to a deeper understanding of complex behaviours in non-verbal subjects. 
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Eye-tracking has been used successfully as a technique to study visual attention in human 

and non-human primates for several decades (Kano and Call, 2014; Holmqvist et al., 2011). 

However, unlike primates, birds have limited eye mobility and therefore tend to use head 

movements to shift their gaze, aided by their light heads and highly flexible necks (Gioanni 

1988). Laboratory studies have found that during walking and feeding, 80-90% of gaze 

shifts in pigeons are accounted for by head movements (Haque, 2004). A recent study 

tracking both head and eye movements in free-flying pigeons confirmed that eye movement 

is restricted to less than 5 deg during flight (Ivo Ros, pers. comm.). As a result, bird head 

orientation provides a good proxy for gaze direction and a number of laboratory-based 

studies have therefore measured only head orientation when studying the gaze strategy in 

birds (Friedman 1975; Erichsen et al. 1989; Stamp Dawkins 2002; Eckmeier et al. 2008; 

Fux & Eilam 2009; Kress et al. 2015; Ros & Biewener 2017). However, measuring head 

movements for freely flying birds in their natural environment is a significant technical 

challenge that has rarely been attempted (but see: Land 1999). 

The miniaturisation of microelectronic sensors in recent decades has spurred new avenues 

of research, allowing animal-borne instrumentation to give fresh insights into their 

movement and behaviour. A rapidly growing body of research has adopted the use of these 

devices to study the dynamics of bird flight. The use of onboard GPS units to track bird 

flight paths has become common (Brighton et al., 2017; Wilmers et al., 2015; Freckleton 

and Iossa, 2010; von Hünerbein et al., 2001) and the use of accelerometers is becoming 

more widespread (Taylor et al., 2017; Williams et al., 2015; Portugal et al., 2014; 

Usherwood et al., 2011). However, the use of integrated inertial measurement units (IMUs) 

combining gyroscope and accelerometer sensors to study bird flight dynamics is still 

relatively uncommon (Kano et al., 2018; Reynolds et al., 2014; Gillies et al., 2008). A 
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significant proportion of the work undertaken in this thesis was contingent on the 

development of a head-mounted IMU designed to measure the head movement of pigeons 

(Columba livia) and peregrine falcons (Falco peregrinus) in free flight. This chapter will 

outline the rationale for using this equipment over other approaches, the technical details 

involved in the development of the sensor and an assessment of the device performance. 

We will also discuss the limitations and constraints surrounding the use of this 

instrumentation and quantify the effect that head-mounted sensors may have on flight 

performance in pigeons. 

Past approaches adopted to study how birds direct and stabilise their gaze during flight 

have relied on ground video analyses of flight in natural environments (Land, 1999), head-

mounted cameras (e.g. Kane & Zamani, 2014), or took place in closed flight arenas using 

high-speed cameras (Kress and Lentink, 2015; Eckmeier et al., 2008). While high-speed 

video footage in closed flight arenas allows the most precise measurement of head 

orientation during flight, this approach is limited to very short-range flight behaviours. The 

setup developed here allows gaze direction to be studied in free flight during guidance tasks 

outside the confines of a flight arena, allowing long-range flight behaviours to be studied. 

The sensor also has distinct advantages over head-mounted video data in that it does not 

require the analysis of unstabilised video footage. Unlike video data, where the field of 

view is limited to the lens being used, this sensor can capture information on the bird’s 

entire visual field.  

The instrumentation described in this Chapter was developed in collaboration with 

Fumihiro Kano of Kyoto University and was used to collect the data reported in Chapters 
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4 – 6 of this thesis. It was also used to collect additional pigeon data reported by Kano et 

al., (2018). 

3.3 Instrumentation 

The primary objective was to develop a sensor capable of simultaneously recording bird 

position and head movement during free flight. To accurately capture natural flight 

dynamics and behaviour, the sensors needed to have minimal effect on the subject to which 

it was attached. The main limitation in the design of animal-borne sensors is their weight 

and size. For flying animals, many studies apply the rule that the instrumentation must 

weigh less than 5% of the animal’s body mass (Kenward, 2001). However, the evidence 

supporting the use of this arbitrary value is limited (Portugal & White 2018) and we made 

every effort to reduce sensor weight beyond this value. To capture the rapid head 

movements and detailed flight trajectories of the peregrines and pigeons in this study, we 

required the sampling frequency and logging capacity of the device to be sufficiently high 

which dictated the choice of sensor and microprocessor. While numerous commercially 

available devices containing a GPS and IMU exist, such as drone autopilot systems, the 

requirement here was to have a lightweight detachable sensor mounted on the bird’s head 

with the logging unit mounted dorsally meaning that the device needed to be custom-built 

for this purpose. 

3.3.1 Sensor hardware 

We designed, built and programmed the head-mounted sensor and logging unit using 

commercially available electronics (Figure 3.1). The microcomputer (Adafruit M0 Feather, 

USA, New York), running an ARM Cortex M0 processor, was attached to a GPS receiver 
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(Adafruit MTK3339 GPS, -165 dBm sensitivity, 66 channels) along with a micro-SD card 

(32 GB; SanDisk, USA, California), and a LiPo battery (110 mAh, 3.7V). The 9-DOF 

inertial measurement unit (Adafruit BNO055 Absolute Orientation Sensor) contained a 

three-axis gyroscope, accelerometer, and magnetometer. The GPS receiver logged position 

data at 10Hz while the inertial measurement unit logged at 60 Hz. The sensor was 

connected to the microcontroller via four thin, flexible cables (28 AWG) with a length 

chosen to allow the sensor to be attached to the bird’s head without restricting its movement 

(pigeons: 130 mm, peregrines: 180 mm). These cables were periodically replaced during 

experiments, or whenever sensor data became scrambled. The sensor cables were 

connected to the logging board via a plug which could be easily detached as a safety 

mechanism allowing the bird to detach the sensor if the wires were to get tangled.  

Figure 3.1 – Complete onboard instrumentation unit with an inertial measurement unit (IMU) 

(right) attached via thin cables to the logging unit, GPS module and battery (left).  

The device weighed 21.7 g, 1 g of which was the head-mounted unit, and had the physical 

dimensions: 120  21  8 mm. The head-mounted sensor was attached using 3M double 

Back-mounted unit

- Adafruit Microcomputer

- GPS receiver (MTK3339) 

- Micro-SD card reader

- LiPo battery (110 mAh)

Head-mounted unit

Adafruit BNO055 9-DOF sensor

- 3-axis gyroscope 

- 3-axis accelerometer

- 3-axis magnetometer 
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sided tape to a custom-built wire mask (3.6 g) for the pigeons (built by Fumihiro Kano) 

and a modified eye-less leather hood (4.9 g) for the peregrines (built by Martin Cray). The 

pigeon mask was constructed from thin wire covered in soft fabric, twisted to follow the 

outline of the bird’s skull. The mask avoided contact with the bird’s throat and instead was 

secured around the base of the beak meaning that it would not interfere with breathing. The 

GPS module and logging unit were carried in custom-built elasticated backpacks for 

pigeons, described in Chapters 2 and 4. For peregrines, the device was attached dorsally 

using Velcro to a 3D printed attachment (designed and built by Malcom Beard) to a 

removable harness with Teflon ribbon straps (Marshall Direct Ltd, Lancashire, UK), 

described in Chapter 6. 

3.3.2 Data logging 

The device was programmed using the open-source Arduino IDE (v1.8.5) to 

simultaneously log time-stamped IMU and GPS data to separate text files. The code was 

optimised to maximise the sampling rate of the board by logging only the minimum 

recommend GPS sentence output ($GPRMC). Altitude data were excluded as it was found 

from static tests to produce an unacceptably large error, as was found in previous tests of 

GPS performance (Reynolds 2016). The output from the log files is summarised in Table 

3.1. The microprocessor board had two LEDS, one of which was programmed to flash at 

high frequency when the IMU data were logging successfully, and the other when the GPS 

had a satellite fix. Logged data were downloaded from the microSD card and imported into 

MATLAB (R2017b, Mathworks) for post-processing and analysis. 
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Table 3.1 — Summary of sensor measurements used in this study. 

3.4 Data processing 

3.4.1 GPS processing 

As a first check for loss of satellite signal, GPS tracks were overlaid onto satellite images 

using Google Maps API (Bar-Yehuda, 2015) in MATLAB R2017b, Mathworks. No 

unexpected jumps in the position measurements were found in any of the tracks which 

would have resulted from the loss of satellite signals in any of the tracks. Latitude and 

longitude were then converted from decimal degrees to meters using a Universal 

Transverse Mercator projection for the given latitude. GPS data were then screened using 

an internal validation method for loss of precision by comparing the highly accurate 

Doppler shift groundspeed estimate against the noisier differenced groundspeed estimate, 

see methods described in Brighton et al. (2017). 

3.4.2 IMU calibration and sensor fusion 

While the microelectromechanical sensors used in the device detailed above offer a 

convenient means of state estimation for a range of applications, these sensors are only 

accurate if properly calibrated. Prior to each experiment, three calibration procedures 

Sensor Logged parameter Unit Sampling 

frequency 

IMU x,y,z acceleration 

x,y,z rate of angular rotation 

x,y,z magnetic field strength 

m/s2 

deg/s 

µT 

60 Hz 

 

GPS Position  

UTC time 

Satellite fix 

Doppler groundspeed  

Course 

decimal degrees 

hhmmss.ss 

binary 

knots 

deg 

10 Hz 
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(outlined below) were performed allowing calibration data to be collected and used during 

post-processing. The gathering of calibration data for each sensor is described below. 

For an ideal set of three orthogonal magnetometers with an equal gain and no magnetic 

field distortions, the length of the magnetic field vector should be constant in all directions. 

Therefore, the xyz components of the magnetic field vector will lie on a perfect sphere in 

the sensor board axes. However, both hard and soft iron distortions are caused by magnetic 

fields generated by ferromagnetic materials on or around the instrumentation unit leading 

the magnetic field vectors to form an ellipsoid. For the hard iron case, the magnetic fields 

generated are permanent leading to a sensor bias error. For the soft iron case, the materials 

generate a magnetic field that depends on its alignment with the Earth’s magnetic field 

lines, and therefore causes a scale factor error (Renaudin et al., 2010). Distorted magnetic 

field vectors can therefore be transformed to lie on a sphere using a certain offset and scale 

factor (Caruso, 2000). Optimised offset and scale factors were calculated for each flight 

using methods and code adapted from Reynolds (2016). Prior to each flight, the sensor was 

rotated about all axes in an attempt to record the magnetic field vector in as many 

orientations as possible. This guaranteed that enough orientations were considered in the 

computation of the calibration offset and scale factors. For the pigeon experiments, which 

made use of a wire mask, this calibration was conducted with the mask attached to the 

sensor in order to account for ferromagnetic distortions arising from the mask. Calibrated 

magnetometer readings were subsequently used to estimate the board yaw direction. This 

first required corrections to be applied for the difference between true north and magnetic 

north (declination angle) and for the difference between the horizontal plane and the 

magnetic field vector (inclination angle) for the specific location. 
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Accelerometer readings are also affected by scale factor and offset errors. These can be 

accounted for using the same method described above for the magnetometer, but by 

assuming that an ideal set of orthogonal accelerometers will form a sphere of radius g (9.81 

m/s2) in the sensor axes. Unlike the magnetometer case above, the acquisition of 

accelerometer calibration data is done statically as the objective is to gather measurements 

of the gravity vector in all three accelerometer axes; movement of the sensor would record 

accelerations other than the gravity vector. A 3D printed cube was designed and built for 

this purpose (by Malcom Beard) with a slot for the sensor allowing it to be placed in each 

of the 6 orientations and held for 5 seconds. These static positions were automatically 

detected in MATLAB and transformed to a sphere centred at the origin with radius g using 

a scale factor and offset for each flight. These calibration variables were then used to 

transform the raw accelerometer data. 

When integrated, angular rate data from gyroscope sensors can be used to estimate the state 

of the board if the initial attitude is known. However, gyroscopes suffer from random noise 

and systematic errors which can lead to large cumulative error and therefore are often fused 

with accelerometer data. To calibrate the gyroscopes, static tests were carried out for 1 

minute prior to each flight to calculate the systematic error associated with each axis. This 

error was then subtracted from each flight. The offset was never more than ± 3.2 deg/s. 

Gyroscope readings are also known to drift over time due to temperature variations which 

was not accounted for here. However, the effect of this is unlikely to be significant over 

the range of temperatures (~10 deg – 20 deg) and logging durations (max 30 min) used in 

this study (Xia et al., 2009). 
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3.4.2.1 Sensor fusion 

To determine the direction of the bird’s gaze, the absolute orientation of the board (the 

board attitude) was estimated by fusing data from the inertial measurement sensors. This 

was done using a state-estimation algorithm based on an extended Kalman filter (EKF), 

designed for a drone autopilot and available open-source (Barton, 2012). The algorithm 

provides an estimate of the board attitude, expressed as Euler angles: roll, pitch and yaw. 

The version of the code used in this thesis was customised by Reynolds (2016) for a similar 

application. Some further modifications were implemented for the data analysed in this 

study to account for the magnetic inclination and different sampling rate. The extended 

Kalman filter iteratively predicts the Euler angles based on values from previous time steps 

which are updated with current observations from all three sensors. The performance of 

this algorithm is quantified below. 

3.4.3 Sensor performance 

The quantification of GPS error when studying bird flight dynamics has been reported on 

in great detail elsewhere (Brighton et al., 2017) and therefore here we only discuss a basic 

test to verify the reliability of this device under expected flight conditions. During testing, 

attempts were made to minimise GPS error by always allowing 5 min of sitting time for 

the device to acquire an accurate satellite fix before starting experiments. We also ensured 

that the patch antenna was not obscured and had a clear view of the sky by placing the 

antenna pointing away from the bird. 

In order to benchmark the performance of both the GPS and IMU sensors, the device was 

mounted on a commercially available quadcopter (Phantom 4, DJI) to mimic some of the 

manoeuvres that the board was likely to experience when mounted on a bird during flight. 
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The device was attached using 3M tape to the top of the drone body (~8 cm above the 

drone’s centre of mass). The drone was commanded to perform fast rotations (~200 deg/s, 

similar to bird head saccades) and sharp banks, which are known to negatively affect GPS 

accuracy (Reynolds 2016). The Phantom has a built-in GPS and IMU producing data which 

is fed into the drone’s autopilot and used to control its attitude and position. While the exact 

nature of the algorithm used to filter and fuse GPS and IMU data for state estimation is 

proprietary, the estimated Euler angles and GPS position data are available to download 

from the drone after each flight (recorded at 10Hz). Given the impressive ability of this 

drone to hold its altitude and position, and to recover its attitude after sharp manoeuvres, it 

was assumed that these represent highly accurate estimates of the drone’s state. A close 

correspondence between these values and those calculated independently using the device 

developed here using the extended Kalman filter would therefore give confidence in the 

methods used in this study. To minimise the effects of ferromagnetic distortions from the 

drone on our sensor, calibration data were collected using the methods described above 

after being mounted on the drone. 

We found a close correspondence between the independent state estimates from the drone 

and our instrumentation giving confidence in the calibration procedure and sensor fusion 

methods detailed above. Figure 3.2 shows a 45 s sample of drone flight with time-matched 

yaw, roll and pitch data plotted for the Phantom drone (blue) and our instrumentation 

(orange). Data from our sensor was resampled at 10 Hz (down from 60 Hz) to correspond 

to the Phantom drone data and synchronised to the nearest 0.1 s by aligning accelerometer 

readings from the drone’s initial take-off. In order to compare both signals, the correlation 

coefficient was calculated for all Euler angles over the section of flight shown in Figure 

3.2 for corresponding points in time (yaw: r = 0.998, roll: r = 0.947, pitch: r = 0.989). The 
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yaw estimate from the IMU is particularly informative for determining head orientation in 

relation to visual features of interest.  

The large discrepancy between estimates of roll between the IMU device and the Phantom 

could be due to the difference in placement of the in-built IMU of the Phantom (located 

near the drone’s centre of mass) and the placement of the sensor mounted on top of the 

drone. Alternatively, this difference could have arisen if the Phantom sensor fusion 

algorithm is using a different Euler angle set (the axis rotation sequence used to fuse IMU 

data) to the ZYX (Yaw, Pitch, Roll) set used in the extended Kalman filter described above 

(Pio, 1966). Figure 3.3 shows a comparison of the GPS data for the same section of flight 

described above, again showing a high degree of correlation between data derived from the 

Phantom drone and that derived from our instrumentation (latitude: r = 0.997, longitude: r 

= 0.997). The documentation of both GPS devices states a 50% circular error probability 

of 3.0 m meaning that 50% of GPS readings fall within 3.0 m of the true position. 

Therefore, the <3 m discrepancy observed for all time points between the two GPS devices 

suggests that the GPS device on our instrumentation is performing well within the expected 

range of error. At 9.6 s, the Phantom and mounted sensor experience a large (~50 deg) 

change in roll (see second panel of Figure 3.2). However, this doesn’t appear to have a 

noticeable effect on the discrepancy between position estimates of the Phantom and IMU 

device (see ‘x’ in Figure 3.3).
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Figure 3.2 – Time-matched Euler angles from the Phantom drone plotted with the Euler angles derived from the IMU mounted on the 

Phantom for a 45 s sample of flight. The dashed red line corresponds to the time point ‘x’ in the Figure 3.3. Correlation coefficients (r) 

between the Phantom and device are shown for Euler angle. 
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Figure 3.3 – GPS data from Phantom drone and IMU device mounted on the Phantom for a 

45 s sample of flight. Flights are plotted in decimal degrees starting at the position marked 

‘S’ onto satellite imagery (Google Maps, 2017). The point ‘x’ corresponds to the rapid 

change in roll from Figure 3.2 which results in no detectable change in the correspondence 

between GPS devices on the Phantom and our instrumentation. 
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3.5 Technique validation 

3.5.1 Adverse effects of head-mounted instrumentation 

A number of challenges exist when implementing onboard instrumentation to quantify 

animal behavioural dynamics. These challenges are particularly pertinent when the species 

in question place an evolutionary premium on being lightweight; birds have lightweight 

pneumatised skeletons and balance their energy intake with their body mass in order to 

maintain an optimum flying mass. The peregrines used in this study weighed between 750 

– 952 g while the pigeons were 548 – 632 g. The total load of sensor, mask/hood, logging 

unit and backpack was therefore 4.4% of body mass for the smallest peregrine at its lowest 

flying mass and 5.1% of the body mass of the smallest pigeon. Given that this sensor is 

head-mounted, it is also important to consider the mass of the head-mounted unit relative 

to the bird’s head mass. A study in herons found that head mass is 8-13% of body mass 

(Katzir et al., 2001) which, if true for peregrines and pigeons, would equate to 

approximately 7.5 g and 5.5 g respectively for the smallest birds. The sensor and 

mask/hood therefore add approximately 70% of mass to the bird’s head that needs to be 

supported by its neck muscles. This is equivalent to an average man wearing a metal helmet 

weighing 3 kg and is therefore highly likely to have an effect on the bird’s behaviour. This 

will result in changes in the centre of mass and centre of inertia of the bird’s head and likely 

lead to differences in the rotational rate and amplitude of angular head saccades. 

Aside from the effects of the instrumentation mass on the bird, the device is also likely to 

have further adverse aerodynamic and sensory effects on the bird. Aerodynamically, birds 

have specialised feather arrangements and the attachment of any instrumentation dorsally 

will disrupt air flow. This is particularly important for birds travelling at high speeds, such 
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as the peregrines used in this study. Head-mounting the sensor potentially leads to further 

aerodynamic challenges as it requires attachment via wires down the bird’s neck. In 

addition, onboard instrumentation can also have an adverse effect on the bird’s sensory 

perception when mounted on its head by impairing its vision, magnetoception, olfaction or 

auditory senses. All of these sensory modalities are thought to play some role in pigeon 

homing navigation (Wallraff, 2005) and therefore, if impacted by the sensor, could 

critically affect the bird’s ability to orientate. 

3.5.2 Quantifying the effect of a head-mounted sensor on flight performance 

Despite the potential concerns detailed above, a number of relatively recent studies have 

used head-mounted devices on free-flying birds. These head-mounted devices include an 

eye tracker in pigeons (Ivo Ros pers. comm.), a video camera in falcons (Kane and Zamani, 

2014) and an accelerometer in frigatebirds (Rattenborg et al., 2016). To assess the effect of 

head-mounted devices on flight performance, all of these studies relied largely on 

behavioural observations. However, Vyssotski et al. (2006), who attached a 7 g 

neurologging head unit to pigeons flying up to 22 km, described a more detailed assessment 

of the effect of the sensor. The authors reported no bird losses across their 26 subjects, and 

no abnormalities in either the structure of flight paths or in flight speeds. Vyssotski et al.’s 

experiment bears greatest resemblance to the experiments conducted in Chapters 4 and 5 

and therefore offers some reassurance that head-mounted devices do not necessarily alter 

flight performance. However, we attempt a further validation experiment below.  

We designed an experiment to test the effects on flight performance of mounting a sensor 

on a pigeon’s head. Six birds were selected that had undergone the mask habituation 

protocol described above. All birds had experience flying in the local area and had been 
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released from the chosen release site (Wytham Hill: 51.774212 N, -1.322886 W) multiple 

times within previous days. Each bird was released twice from the release site on the same 

day. One release was conducted with the sensor mounted on the pigeon’s head (H), using 

the custom fitted mask with the logging unit in an elasticated backpack, and the other with 

the sensor placed alongside the logging unit in the backpack on the body (B) with no mask 

attached to the head. The order of H and B treatments was randomised for each bird to 

reduce the effect of other factors that could vary systematically between releases such as 

wind conditions or presence of predators. Flight performance was quantified using three 

metrics: (i) route efficiency (using methods described in Chapter 2), (ii) GPS-derived 

groundspeed, and (iii) wingbeat frequency. Adverse effects on flight performance may 

manifest themselves in a reduction in groundspeed or route efficiency (Taylor et al., 2017): 

if the sensor has a negative effect on the bird’s aerodynamics, we might expect a decrease 

in groundspeed, while a negative effect on sensory capabilities required for navigation may 

result in reduced track efficiency. The calculation of wingbeat frequency and its link to 

flight performance is discussed below. 

Wingbeat frequency and amplitude are strongly related to the power required for flight 

(Pennycuick et al., 1996) and can be used as a proxy for energy expenditure (Usherwood 

et al., 2011). While it is not possible to compare wingbeat amplitude between H and B 

conditions, because the amplitude of head and body oscillations will vary due to sensor 

position, it is possible to compare the wingbeat frequency. Wingbeat frequency in pigeons 

is known to change in response to route familiarity (Taylor et al., 2017) and presence of 

conspecifics (Usherwood et al., 2011). Therefore, a significant change in wingbeat 

frequency may indicate an increased aerodynamic cost of transport. Accelerometer 

readings from the IMU allow wingbeat frequency to be calculated using established 
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methods (Taylor et al., 2017; Usherwood et al., 2011), see Chapter 4 for further details. 

Dorsal (Z-axis) accelerometer measurements were filtered and used to detect wingbeats 

from peak accelerations allowing wingbeat frequency (Hz) to be calculated for each 

wingbeat. Flight data were trimmed to include only the region between 800 m and 50 m of 

the loft, as in Chapter 2, to avoid abnormal wingbeats associated with take-off and landing. 

3.5.3 No evidence for adverse effects on flight performance 

We did not find evidence for a decrease in flight performance due to the head-mounted 

sensor using any of the metrics described above. Due to the low sample size (n = 6), the 

use of statistical tests was evaluated for this comparison of flight performance metrics using 

a power calculation for a paired sample t-test where α = 0.05. For all flight metrics, the 

statistical power was too low to justify the use of statistics (wingbeat frequency: 0.101, 

velocity: 0.145, efficiency: 0.126) and instead the head and body conditions were compared 

graphically. Figure 3.4 shows that for the six birds tested at this release site, there was no 

obvious tendency for wingbeat frequency, velocity or route efficiency to increase or 

decrease when the sensor was mounted on the bird’s head. These results suggest that the 

flight performance metrics may not be affected by the attachment of a sensor and mask to 

the bird’s head. However, due to the small sample size these results must be treated with 

caution. While these results show that some flight performance metrics are not detectably 

altered by head sensor attachment, it is highly likely that other flight performance will be 

adversely affected in some way as discussed below.  
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Figure 3.4 — Boxplots of wingbeat frequency, velocity and route efficiency for 6 birds each 

taking 2 flights from Wytham Hill, one with a sensor mounted on a mask on their head (red) 

and the other with the sensor attached to their body (blue). 
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3.6 Discussion 

The device described in this chapter was used to record position and head orientation in 

over 200 flights of peregrine falcons and pigeons. The data extracted from the device is 

used in the following three chapters to characterise their gaze direction and visual 

stabilisation during target-directed tasks. Onboard sensors such as the technology described 

here have considerable potential in the study of bird flight dynamics. However, they present 

challenges in terms of the welfare and flight performance of the birds being tested.  

While we found no significant difference in the flight performance metrics tested here, the 

attachment of any sensor will inevitably lead to changes in behaviour, many of which are 

hard to detect and quantify. The short flights used in the validation experiments described 

above (< 60 s), and throughout this thesis, may not be long enough to result in detectable 

differences in performance. We recommend that future experiments using head-mounted 

devices in birds should devise additional behavioural validation experiments that can better 

quantify the effect of the sensor on flight performance. As an example, the use of a motion 

capture system capable of tracking points at high frequency could be used to track points 

on the birds’ heads with and without the head-mounted sensor. This would enable saccade 

characteristics to be compared between the conditions. However, motion capture 

technology is typically restricted to a laboratory context which limits the range of flight 

behaviours that can be tested. 

The experiments conducted using the instrumentation described in this chapter were all 

approved by the Oxford University, Department of Zoology, Local Ethical Review 

Committee, and were considered not to pose any significant risk of causing pain, suffering, 

damage or lasting harm to the animals involved. Habituation protocols were devised for 
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the pigeons and peregrines used in this study (described in Chapters 4 and 6 respectively) 

allowing the behaviour of the birds to be closely monitored when initially wearing the head-

mounted device. Once habituated, no significant differences in flight behaviour were 

observed for birds used in testing when fitted with the device and no new ethical issues 

were encountered. 

3.6.1 Future directions 

Future iterations of this technology should have animal welfare as their primary concern 

and aim to minimise the size and weight of any head-mounted units. Further miniaturisation 

of the electronics could be achieved by designing custom printed circuit boards to house 

the sensors and microprocessor. In addition, further improvements could be made to the 

head-mounting masks to make them more customised to each bird and to cause less sensory 

and aerodynamic disturbance during flight. The sensor sampling frequency could be 

increased by incorporating higher quality sensors and a microprocessor with more 

processing power. This would enable more precise measurements of wingbeat and head 

saccade characteristics. Given that GPS altitude was found to be unreliable, the device 

could be improved with the addition of a barometric altimeter. This would give a greater 

insight into vertical gaze location when combined with head pitch data from the IMU. 

Gaze tracking has large potential in the study of a range of behaviours in birds besides 

flight control and visual guidance. As examples, previous studies have used visual attention 

to study sexual selection (Yorzinski et al., 2013), predator detection (Yorzinski and Platt, 

2014) and foraging (Land 1999) . The head tracking technology developed in this chapter 

provides a relatively cheap and non-invasive method of obtaining data on visual attention 

for birds either in a laboratory setting or in their natural habitat. Refined iterations of this 
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technology could therefore lead to a deeper understanding of a range of visually guided 

behaviours in birds such as mating preferences, social cognition and the interrogation of 

new environments. 
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Chapter 4. Homing pigeons stabilise their 

gaze in relation to wingbeat timing and the 

presence of conspecifics 

4.1 Abstract 

Birds rely on stabilised visual cues to guide their flight, and therefore require the ability to 

eliminate the sensory clutter arising from flap-induced body oscillations. Unlike humans, 

birds have a limited range of eye movement and therefore visual stabilisation is facilitated 

by compensatory motion of the sophisticated avian head–neck system. While gaze 

stabilisation has been studied in laboratory settings in a range of bird species, little is known 

about how birds accomplish gaze stabilisation when flying in their natural environment. 

To address this, we fitted homing pigeons (Columba livia) with head-mounted inertial 

measurement units (IMU) and GPS loggers and released them from sites within their 

familiar area. This setup allowed us to characterise both angular and translational head 

movement during flight. By comparing the phase of rapid angular head movements 

(saccades) and wingbeats, we found that large saccades show a phase bias, i.e. they are 

initiated at a certain wingbeat phase. This is possibly to coordinate with wing occlusion of 

the visual field or to help guide flight manoeuvres. We found that vertical head stabilisation 

is enhanced when flying with conspecifics and that this is largely modulated by an increase 

in wingbeat frequency. This stabilisation may only be possible with the close visual stimuli 

provided by flock mates, but may also only be necessary when other conspecifics are near 

to avoid collisions and increase control. The avian head stabilisation mechanism described 

in this chapter could provide valuable inspiration for the design and tuning of image 

stabilisation systems in autonomous flapping drones.  
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4.2 Introduction 

Flapping flight provides birds with an effective means of locomotion, but the rapidly 

alternating forces cause their bodies to experience extreme angular and translational 

displacement (Warrick, 2002). Birds primarily rely on visual information to guide their 

flight and therefore require their visual system to be stabilised relative to their 

surroundings. This stabilisation is required to simplify visual processing by minimising 

motion blur and separating the rotational from translational components of optic flow 

(Eckmeier et al., 2008). This is vital for a manoeuvring bird as translational optic flow 

produced by self-motion can be used to estimate important spatial parameters, while optic 

flow experienced during rotational self-motion cannot. Therefore, without image 

stabilisation mechanisms, birds would have difficulty differentiating the motion of a target 

or obstacle from head or body motion and would not be able to hold their gaze on close-

range objects such as flock companions.  

The gaze strategy of most birds is saccadic, with periods of fixation punctuated by rapid 

rotational shifts in head orientation (Land 2014). This strategy separates rotational from 

translational movement during locomotion which facilitates the extraction of spatial 

information from the visual input (Kress and Egelhaaf, 2014). Laboratory experiments on 

restrained pigeons have revealed that gaze stabilisation is achieved by combining cues from 

the visual system (via optic flow cues), vestibular system (via semi-circular canals) and 

proprioceptive system (via cervical mechanoreceptors; Gioanni 1988a; Gioanni 1988b) . A 

number of experiments have demonstrated that visual signals are by far the most important, 

generally overruling conflicting signals from other sources (Frost, 2009; Friedman, 1975). 

This visual information is used to control reflexes that lead to compensatory movements of 
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the eyes or head that limit retinal slip and therefore minimise visual blur (Gioanni and 

Vidal, 2012; Wallman and Letelier, 1993). While visual stabilisation can be accomplished 

through both head and eye movement, birds have limited eye mobility (Gioanni 1988a; 

Land 1999) and instead exhibit an impressive ability to stabilise their head with respect to 

the horizon using cervical reflexes. Optical nystagmus (involuntary eye movements) have 

been found to contribute very little to gaze stabilisation in body restrained pigeons (Gioanni 

1988a)  and show less that 5 degrees of eye movement during flight (Ivo Ros, pers. comm.). 

This finding has led researchers to focus on head movement when studying gaze 

stabilisation in birds and neglect eye movements for methodological convenience.  

Laboratory-based experiments, using high-speed video to track head movements, have 

observed rotational head stabilisation in free-flying zebra finches (Taeniopygia guttata) 

(Eckmeier et al., 2008), lovebirds (Agapornis roseicollis) (Kress et al. 2015), and pigeons 

(Ros and Biewener, 2017; Warrick, 2002; Davis and Green, 1988; Bilo et al., 1985). This 

indicates the importance of rotational stabilisation for flight control. A recent study using 

head-mounted inertial measurement units (IMUs) to track pigeon head movements also 

found that pigeons stabilised their head with respect to the environment in all three axes of 

head rotation when flying in their natural environment (Kano et al., 2018). This chapter 

aims to extend the work by Kano et al. using the instrumentation described in Chapter 3 to 

investigate: (i) the coordination between pigeon wingbeat and angular head saccade timing, 

and (ii) the modulation of translational head stabilisation in response to close visual stimuli 

(i.e. their flock companions). Specifically: 

(i) Given the disruptive motion caused by flapping, it is reasonable to expect birds to time 

periods of gaze fixation, when visual information is extracted, with periods of the wingbeat 
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phase associated with the least visual clutter. The timing of angular head saccades relative 

to wingbeat phase has previously been studied in a laboratory setting in pigeons (Ros and 

Biewener, 2017) and lovebirds (Kress et al. 2015) during rapid turning manoeuvres. Both 

studies identified wingbeat kinematics and head saccades by tracking points on the birds’ 

heads and wing tips. They found that head saccades are consistently initiated at the end of 

the wingbeat downstroke, or at the downstroke-upstroke transition. This study aims to 

explore the phase relationship between wingbeats and head saccades, for the first time, in 

birds flying at high speed in their natural environment. We achieve this using a head-

mounted accelerometer and gyroscope. 

(ii) Vertical head stabilisation has been well studied in humans (Paddan and Griffin, 1988; 

Pozzo et al., 1990) and has received some research attention in stationary, walking and 

landing pigeons (Theunissen and Troje, 2017; Necker, 2007; Troje and Frost, 2000; Davies 

and Green, 1988), but has been under studied for birds during flight. However, one recent 

study (Pete et al., 2015) used high-speed videos of swans flying over a lake to track head 

and body displacement to find that a swan’s neck passively attenuates flap-induced body 

oscillations. The authors concluded that birds tune the stiffness of their neck muscles to 

stabilise their head throughout flight. In another recent study (Taylor et al., in review), 

which found that pigeons increase their wingbeat frequency when flying in pairs, the 

authors suggested that increasing wingbeat frequency may be a mechanism to enhance 

visual stability. This is because increased wingbeat frequency leads to a reduced amplitude 

of translational body (and head) motion. Unlike rotational stabilisation, which is important 

when attending to objects at any distance, translational stabilisation becomes more 

important the closer the visual cues are to the bird. Therefore, when flying alongside 

conspecifics, translational stabilisation is essential to reduce motion blur and minimise 
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motion parallax. The stabilised visual information received on flock companions is then 

required for coordinating group dynamics and hierarchies. In this study, we used head-

mounted accelerometers to explore the precise relationship between wingbeat frequency 

and vertical head displacement. This allowed us to directly test Taylor et al.’s hypothesis 

that flying in pairs requires increased head stabilisation by comparing head displacement 

when pigeons were flying solo or with flock mates. This method allowed us to explore 

translational head stabilisation when different levels of close-range visual information are 

available.  

This chapter presents the findings from these two research goals and discusses the 

implications for both the mechanism and function of visual stabilisation in birds. 

4.3 Methods 

4.3.1 Subjects 

We selected 20 homing pigeons, aged between three and ten years old, for experimentation 

from a flock of approximately 140 birds bred at the Oxford University Field Station, 

Wytham (51.782872 N, -1.317358 W). Birds were selected based on their weight, with the 

largest birds chosen in an attempt to minimise the effect of sensor load on their flight 

performance; the birds weighed 589 ± 32 g (mean ± sd). All birds had experience flying 

within 5 km of the home loft and took part in group training releases from the North, South, 

East, and West of the loft at the start of the season. 

4.3.2 Instrumentation 

We designed, programmed and built a device to simultaneously record pigeon position and 

head movement during flight (see Chapter 3 for a detailed description of the device). The 
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device recorded synchronised GPS data at 10 Hz and IMU data at 60 Hz. The IMU was 

mounted using double-sided 3M tape on a custom-made wire mask (built by Fumihiro 

Kano of Kyoto University) that had been designed to fit each bird’s head (Figure 4.1) while 

the GPS logger, SD card, battery, and microcomputer were placed in an elasticated 

backpack. The instrumentation weighed 21.7 g, and therefore when added to the mask and 

backpack totalled 27.1 g, constituting 4.9 % of the smallest bird’s body mass. We built six 

devices, allowing up to six birds to be used in each release. 

 

 

Figure 4.1 — Head-mounted Inertial Measurement Unit (IMU) glued to a custom-made wire 

mask connected via a blue cable to the back-mounted unit containing a GPS, battery and 

microprocessor. The three axes of rotation of the board (yaw, roll and pitch) are shown above 

the bird’s head. 
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4.3.3 Habituation protocol 

All 20 birds were fitted with an elasticated backpack for the GPS and logging unit that they 

wore for the season. Dummy loggers made from Plasticine were placed in the elasticated 

backpacks when the birds were not being used for experiments and masks were fitted at 

the start of each day of experimentation. The birds were habituated to wearing the custom-

made mask for at least seven days prior to flight testing according to a protocol approved 

by the University of Oxford's Zoology Animal Welfare Ethical Review Board (No. 

APA/1/5/ZOO/NASPA/Biro/ PigeonsHeadmountedsensors). For each day of habituation, 

the bird was fitted with a mask matching its head size (small, medium or large) and 

carefully monitored for two hours within its home loft for signs of discomfort and abnormal 

patterns of locomotion. These signs included frequent head shaking, scratching the mask, 

removing the mask, abnormal flying, or abnormal walking. Two birds were dropped from 

the study because they still showed rapid head shaking with the mask on after two days of 

habituation. If, after seven days of habituation in the loft, the birds no longer attempted to 

remove the mask and did not show signs of vigorous head shaking, they were released 

outside the loft and allowed to fly freely under close observation. Four further birds were 

excluded from the study at this stage after showing abnormal flight with occasional head 

shaking or taking longer than thirty min to enter the loft after being released. The remaining 

12 birds showed no signs of abnormal flight behaviour and were used for subsequent 

experiments. An analysis of the effect of the sensor on flight performance can be found in 

Chapter 3. 
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4.3.4 Release sites and testing 

All flights in this study were conducted between June and September 2017 from three 

release sites within 3 km of the home loft (51.782872 N, -1.317358 W), see Table 4.1. The 

selected release sites were all familiar to the birds, in different directions from the loft, and 

surrounded by different landscape features in an attempt to remove any bias associated with 

a particular release site. Releases were only conducted during low wind (<5 m/s) and when 

the sun’s disc was visible to minimise the chances of losses; no bird took more than an hour 

to return home to the loft across all releases in this study. Each day of testing, the 

participating birds were fitted with a mask and allowed to habituate to wearing it in the 

home loft before being transported by car to the release site. At the release site, the sensor 

was turned on at least 5 min prior to release to allow the GPS to acquire a satellite fix and 

to conduct the IMU calibration procedure described in Chapter 3. We released all six focal 

birds three times on the same day: once solo, once in a pair with a non-focal individual and 

once in a group of non-focal individuals. The order of release type (solo, pair, group) was 

randomised for each bird. Group releases were conducted with 8-11 other individuals. 

 

Site Latitude Longitude Bearing 

to loft 

Distance to 

loft (m) 

Number and 

type of flights 

Wytham Hill 51.774825 N -1.321878 W 19.4° 950 43 solo 

6 pair 

6 group 

Swinford 51.771819 N -1.353634 W 53.4° 2983 33 solo 

Port Meadow 51.780972 N -1.291521 W 273° 1785 12 solo 

Table 4.1 — Release sites used in this study with a total of 100 flights of focal birds recorded 

across 12 birds.  
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4.3.5 Data processing and analysis 

All raw IMU data were plotted in MATLAB (R2017b, Mathworks) for visual inspection 

each day after importing from the SD card. On three occasions, the IMU data were found 

to be scrambled and was discarded due to damaged cables connecting the logging unit to 

the board. Once these cables connecting the IMU to the logging unit had been replaced, the 

issue was instantly resolved. GPS data were overlaid onto satellite images using Google 

Maps API (Bar-Yehuda, 2015) in MATLAB for preliminary inspection. The data were then 

screened using an internal validation method for loss of precision by comparing the highly 

accurate Doppler shift groundspeed estimate against the noisier differenced groundspeed 

estimate using methods described in Brighton et al. (2017). This resulted in the exclusion 

of two flights from subsequent analyses where parts of the flight showed large 

discrepancies between Doppler and differenced groundspeeds. The GPS data were cropped 

to only include sections where the bird’s Doppler groundspeed was greater than 5 m/s to 

exclude take-off and stationary flight, and sections where the bird was more than 50 m 

from the loft, to exclude circling flight at the loft.  

4.3.5.1 Wingbeat timing analysis 

Accelerometer data from the head-mounted IMU was used to calculate the wingbeat phase 

using established methods (Taylor et al., 2017; Portugal et al., 2014; Usherwood et al., 

2011). Vertical (Z-axis) accelerometer measurements (Figure 4.2A) were smoothed by 

taking a running mean over five datapoints (0.083 s) and then filtered using a fourth order 

high-pass Butterworth filter with a cut-off frequency of 1 Hz (less than 25% of the wingbeat 

frequency) (Taylor et al., 2017). Head vertical velocity (Figure 4.2B) was calculated by 

integrating the vertical accelerometer measurements (Usherwood et al., 2011). Each 
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wingbeat was automatically detected using peaks in head vertical translational velocity 

with a minimum velocity of 0.3 m/s and a minimum distance of 0.08 s to the previous peak. 

Note that the peaks in translational velocity of the head (orange dots, Figure 4.2B) do not 

need to relate to any particular wingbeat kinematic to give information on wingbeat 

frequency and phasing (Portugal et al., 2014). However, we made use of findings from Ros 

& Biewener (2017) that pigeon translational head velocity had a consistent minimum 

occurring in the early downstroke, and a maximum occurring at the downstroke-upstroke 

transition, to estimate the wingbeat kinematics (timing of upstroke and downstroke) for our 

birds (see red shaded regions of Figure 4.2). This assumed relationship between wingbeat 

phase and head speed is in alignment with supplementary analysis from Taylor et al. (in 

review) that showed mathematically that the body's upwards acceleration peaks in the first 

half of the downstroke. It is also supported by Pete et al.’s (2015) finding in whooper swans 

(Cygnus cygnus) that the head lags the body phase by 𝜋/2 (see orange circles in Figure 

4.2A). The wingbeat frequency (wingbeats per second; Hz) was calculated for every 

wingbeat using the wingbeat period identified as the time between vertical velocity peaks 

(mean wingbeat frequency = 6.5 Hz for the example flight section in Figure 4.2). Vertical 

head displacement (the oscillatory vertical translation of the head due to flapping) was 

calculated by integrating the vertical velocity described above to find the peak-to-peak 

vertical displacement of the head for each wingbeat (i.e. double the vertical head 

amplitude). 
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Figure 4.2 – Example of saccade and wingbeat analysis using gyroscope and accelerometer 

readings from the head-mounted IMU for 1 second of flight. (A) Vertical (Z-axis) head 

accelerometer data with peaks shown in orange. (B) Vertical translational velocity (integration 

of accelerometer data), again with peaks in orange used to identify wingbeats. (C) Combined 

(yaw, roll & pitch) head angular velocity from gyroscopes used to detect saccades (4.3.5.2). 

Start and end points of the saccades are labelled with green and red dots respectively. The 100 

deg/s cut-off threshold is shown as a horizontal black line. (A-C) Estimated wingbeat 

downstroke timing (red shading) is displayed with reference to head vertical translational 

velocity based on observations from Ros & Biewener (2017). Upstrokes are unshaded. 

4.3.5.2 Saccade identification 

Gyroscope readings from the head-mounted IMU were used to detect head saccades. 

Saccades were defined as head rotations exceeding 100 deg/s for a duration of over 30 ms 

(Figure 4.2C). This definition is in line with previous studies addressing rotational head 

movements in free-flying birds (Kano et al., 2018; Kress and Egelhaaf, 2014; Eckmeier et 

al., 2008). Note that the head-mounted IMU recorded the pigeons’ head movements with 
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respect to an inertial reference frame rather than the bird’s body reference frame and 

therefore the gyroscope could also record body turns. However, given the threshold angular 

speed of 100 deg/s, a body turn would only be erroneously classified as a saccade if the 

pigeon (flying at 16 m/s – their average flight speed) had a turn radius of less than 8.5 m. 

While it is unlikely that many body turns would have a such a small turn radius, particularly 

for the direct homing flights recorded here, it remains a possibility that small bounding 

turns were detected as saccades. Saccades were first detected and analysed by considering 

each component of the angular velocity separately (yaw ( ), pitch ( ) and roll (𝑟) rate — 

Figure 4.1), and then using the norm of the angular velocity: √p2 + q2 + r2. The start and 

end points of each saccade were defined as the first point before and after the saccade peak 

angular velocity where the derivative of the angular rate was zero (Figure 4.3C), i.e. where 

the angular acceleration changes direction. The amplitude of each saccade was estimated 

by integrating the angular rate between saccade start and end points. 

4.3.5.3 Saccade timing analysis 

We analysed the saccade and wingbeat phase by comparing the timing of identified peaks 

in vertical velocity data (from the accelerometer) with the saccade start and end points 

(from the gyroscope). For each saccade start and end point we calculated the wingbeat 

phase (φ) which varied between 0 and 2π rad, where 0/2π corresponds to a peak in vertical 

velocity (orange dots, Figure 4.2B). Each peak in vertical head velocity corresponds 

approximately to the wingbeat downstroke-upstroke transition (Ros and Biewener, 2017). 

Circular statistics were applied using MATLAB to analyse phase data using the CircStat 

toolbox (Berens et al., 2009). Finding no satisfactory and easily interpretable measure of 

effect size (the extent of departure from circular uniformity), we developed our own 
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measure C. This is calculated as the area of each histogram that lies outside a normalised 

uniform circular distribution (blue area, Figure 4.4) as a proportion of the area of the 

normalised uniform circular distribution (red area, Figure 4.4). If the distribution has a 

perfect circular uniform distribution, C will be 0. The greater the departure from circular 

uniformity, the larger the value of C. 

 

Figure 4.4 – Example of circular uniformity effect size calculation (C). The blue circular 

histogram is the distribution to be analysed and the red circular histogram is the normalised 

circular uniform distribution. This results in C = 0.12. 

4.4 Results 

4.4.1 Saccade-wingbeat timing 

In accordance with previous findings (Kano et al., 2018; Ros and Biewener, 2017), pigeons 

were found to move their heads in a saccadic manner, with periods of fixation punctuated 

by rapid rotational movement. We pooled all saccades detected from 12 birds over 88 solo 

flights from three release sites to describe the timing of saccades and wingbeats. We found 

that pigeons initiate head saccades shortly before peaks (0 rad) and troughs (π rad) in head 

vertical velocity during wingbeats (probably coinciding with the downstroke-upstroke and 

upstroke-downstroke transitions respectively). However, larger saccades (> 20 deg) were 
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preferentially initiated only before peak head vertical velocity (the downstroke-upstroke 

transition). Figure 4.5A shows these data pooled for all saccades across all flights binned 

by saccade amplitude (θ). Four bin widths were arbitrarily chosen at 10 deg intervals; note 

the large difference in number of saccades within each bin. The Omnibus test (also known 

as the Hodges-Ajne test; Pycke 2010) was applied to test for circular uniformity rather than 

the Rayleigh test as it makes no assumptions about the underlying distribution; the 

Rayleigh test assumes that if there is a departure from the null hypothesis, that departure 

has a single peak. The Omnibus test found a significant departure from randomness in the 

saccade-start wingbeat phase (m = 21353, p < 0.0001) as well as for each of the four 

amplitude bins (p < 0.0001 for each group). The effect size (C), is shown for each circular 

histogram in Figure 4.5, where 0 is a circular uniform distribution and larger values 

represent a greater departure from circular uniformity. Figure 4.5 clearly shows that 

saccades of different sizes show different phase distributions with wingbeat timing; larger 

amplitude saccades show a stronger tendency to start and end at a particular wingbeat 

phase.  

A parametric Watson-Williams multi-sample test for equal means (the circular analogue of 

a one-factor ANOVA) found that at least one amplitude bin group comes from a population 

with a different mean phase (F(4,33262) = 208, η2 = 0.011, p < 0.0001). The eta squared 

(η2) value of 0.011 shows that 1.1% of the total variance in phase is associated with bin 

grouping. This was true for pairwise comparisons of each adjacent amplitude grouping 

except 20 deg < θ ≤ 30 deg and θ > 30 o which were found to share a statistically 

indistinguishable mean phase (F(2,1247) = 3.50, η2 = 0.0015, p = 0.062). This suggests 

that saccades with amplitudes over 20 deg do not differ significantly in their saccade-start 

wingbeat phase. Saccades were also categorised by the axis of head rotation (yaw, pitch or 
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roll – Figure 4.1) but were not found to differ significantly in the saccade-start wingbeat 

phase (F(2,33262) = 1.31, η2 = 1.2 x 10-4, p = 0.12) or saccade-end wingbeat phase 

(F(2,33262) = 2.13, η2 = 2.9 x 10-4, p = 0.093). Despite the low p values, given the large 

sample sizes, this test makes it clear that yaw, pitch and roll saccades do not vary 

significantly in their phase. 

The mean saccade duration was 0.09 ± 0.019 s (mean ± sd) which was 68 ± 13 % of each 

wingbeat. Figure 4.5B reveals the pattern of saccade endpoints within the wingbeat which 

show similar departures from circular uniformity (m = 16543, p < 0.0001) but with larger 

spread and a shift in phase relative to the saccade start. For saccades over 20 deg, where 

the saccade start and end phases are unimodal, this results in a phase of the wingbeat with 

a lower probability of head saccades (i.e. a period of fixation). This is seen clearly in Figure 

4.6 which displays the probability of a saccade occurring across 10 bins in the wingbeat 

phase for wingbeats which coincide with large (> 20 deg) saccades. This was derived from 

the number of saccades that occurred at each bin (fell between start and end points of a 

saccade) and the total number of saccades identified that occurred within wingbeats. The 

figure shows that pigeons are twice as likely to make large angular head movements at the 

start of the upstroke than they are at the mid-downstroke.  
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Figure 4.5 — Saccade start (A) and end (B) wingbeat phase binned by saccade amplitude for 

30,602 saccades pooled across 100 flights by 12 birds. Section in top right taken from Figure 

4.2 shows one saccade occurring in a wingbeat with saccade start (green), end (red) and peak 

vertical velocity from wingbeats (orange). Polar plots show the distribution of saccade phase 

within a wingbeat between 0 and 2π, where 0 is the vertical velocity peak per wingbeat (and 

assumed downstroke-upstroke transition Figure 4.2). Plot radius indicates the saccade 

amplitude and colours represent the four amplitude bins. The eight circular histograms 

represent saccade-wingbeat phase binned by saccade amplitude using the same colour scheme 

and the same axes as the polar plots from 0 to 2π. C values are given for each plot to show the 

extent of circular uniformity (Figure 4.4). 
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Figure 4.6 – The probability of a saccade occurring across a wingbeat phase for large saccades 

(over 20 deg), N = 3587 saccades. Solid blue line shows the average probability that a saccade 

is occurring in each of 10 wingbeat phase bins across the 12 birds, the grey shaded area is the 

standard deviation. Wingbeat phase measured relative to vertical velocity peaks. Estimated 

wingbeat downstroke (red shading) and upstroke timing is displayed with reference to head 

vertical translational velocity based on observations from Ros & Biewener (2017). 

4.4.2 Head displacement analysis 

We found that during flight, pigeon’s heads experience flap-induced vertical oscillations 

with a peak-to-peak vertical displacement of 0.018 ± 0.005 m (mean ± sd). We found that 

this vertical head displacement is reduced when flying in pairs or groups. Figure 4.7 

demonstrates the effect of release type (solo, pair and group) on vertical head displacement 

for six birds, each of which flew one flight solo, one with a pair and one in a group on the 

same day. This relationship was analysed using a linear mixed effects model testing the 

Upstroke Downstroke



Chapter 4. Gaze stabilisation in pigeons  

83 

 

effect of release type on median peak-to-peak vertical head displacement across six birds 

including bird ID as a random factor. We found that release type significantly predicts 

peak-to-peak head displacement (χ2 (1) = 45.24, p < 0.0001) with paired flight and group 

flight decreasing displacement by 5.3 ×10-3 m ± 6.6 × 10-4 and 7.7 ×10-3 m ± 6.6 ×10-4 

respectively compared with solo flight. The p-value was obtained using a likelihood ratio 

test for a model with and without release type.  

 

 

Figure 4.7 – Boxplot of median vertical peak-to-peak head displacement across 6 birds, each 

flying one flight solo, one in a pair, and one in a group. Bottom and top edges of the box 

indicate the 25th and 75th percentiles and the whiskers extend to the most extreme data points. 

Note that there is no overlap whatsoever between the median head displacements calculated 

for any of the three flight conditions. 

The decrease in head displacement described above with more companions is accompanied 

by an increase in wingbeat frequency. Median wingbeat frequency was 5.5 ± 0.46 Hz (mean 
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± sd) for birds flying solo, 6.6 ± 0.42 Hz for pairs, and 6.7 ± 0.52 Hz for groups. Despite 

the low sample size and different sensor placement, this increase in wingbeat frequency 

across release type is a very similar result to those recorded from back-mounted 

accelerometers for pigeons flying in pairs (Taylor et al., in review) and groups (Usherwood 

et al., 2011). As a comparison, Taylor et al. found that when flying solo, birds had a 

wingbeat frequency of 5.48 Hz which increased to 6.48 Hz when flying as a pair. This 

result suggests that the change in wingbeat frequency between release type may be partially 

responsible for the change in vertical head displacement, as suggested by Taylor et al. This 

relationship is examined analytically in the equations below. 

If the aim of a pigeon is to reduce vertical head displacement in order to minimise motion 

blur or parallax, this could be achieved by decreasing the peak-to-peak forces of the 

wingbeat or by increasing their wingbeat frequency, or a combination of both. This 

relationship can be shown analytically under the assumption that the forces produced due 

to the wingbeat (F) form a perfectly sinusoidal curve, where the bird is a rigid body with 

certain mass (m). The acceleration (a) experienced by the head, and measured by the 

accelerometers, will vary according to the following equation: 

𝑎(𝑡) =
𝐹

𝑚
 sin (2𝜋𝑓𝑡) 

where f is the wingbeat frequency, t is time and 
𝐹

𝑚
 is the amplitude of the acceleration. The 

oscillatory displacement (s) of the head can be found from the double integration of 

acceleration with respect to time yielding the following equation:  

𝑠(𝑡) =    
𝐹sin(2𝜋𝑓𝑡)

4 π2 𝑓2𝑚
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The peak-to-peak displacement measured at the head (referred to here as vertical head 

displacement) is double the displacement (s) amplitude. From the above equations, it 

becomes clear that displacement will scale with 1/ f 2. Figure 4.8 shows this relationship 

between vertical head displacement and wingbeat frequency within 3 flights of all 6 birds 

flying solo (red), in a pair (green) and in a group (blue). Each circle represents a single 

wingbeat within each flight. Theoretical lines, based on a rigid body assumption, are fitted 

to each flight using the mass (m) of each bird and finding a constant force (F) that 

minimises the root-mean-squared error (RMSE) to measured data. Force (F) values that 

minimise RMSE are shown in the figure for each flight. Each theoretical curve shows the 

expected relationship if wingbeat frequency was allowed to vary but the peak-to-peak force 

is kept constant throughout each flight. The figure shows that vertical head displacement 

decreases as wingbeat frequency increases both within flights and between flights when 

flying solo, with one additional partner or in a group. Within flights, some birds appear to 

fit the theoretical lines well but others do not (e.g. D12) suggesting that they may be 

adjusting something other than just wingbeat frequency. The fitted curves suggest that the 

birds may be adjusting the peak-to-peak wingbeat forces between release types with a 

lower force in groups relative to paired or solo flight.  

Given that a pigeon is not a rigid body, some of the variation in displacement will also 

result from the placement of the sensor at an anatomically fixed point on the bird’s body 

away from its centre of mass. This point will therefore vary periodically in displacement 

from the bird’s centre of mass due to the wingbeat forcing leading to additional variation 

in acceleration. Given that the point of attachment is the bird’s head, it is also expected that 

the neck will attenuate the oscillatory displacement of the body. This attenuation could be 
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tuned actively throughout the flight in response to wingbeat forces and the presence of 

other individuals, as discussed below.  

 

 

Figure 4.8 – Vertical peak-to-peak head displacement decreases with increased wingbeat 

frequency. Data shown within three flights (each circle is a wingbeat) by 6 birds (bird ID 

shown in top right of each panel) - one solo (red), one pair (green) and one group (blue). 

Theoretical curves according to the equations above are drawn for each flight, fitted using the 

bird’s mass and assuming a constant force amplitude (F) throughout the flight (shown in each 

panel). 
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While inertial data were only collected in this study from the bird’s head, it is possible to 

compare the head measurements made here against data from other studies. The 

comparison of median peak-to-peak head displacement data with median dorsal body peak-

to-peak displacement data from two studies using back-mounted accelerometers (Taylor et 

al., in review; Usherwood et al. 2011) shows that pigeon necks attenuate vertical 

displacement by a factor of around half for paired and group flight (Table 4.2). The neck 

attenuation factor (head displacement/body displacement) for solo flights is marginally 

larger suggesting that the neck is dampening body oscillations to a larger degree in paired 

and group flights when proximate visual information is available. As an additional 

comparison, whooper swans flying solo were found to have a neck attenuation factor of 

0.23 (Pete et al., 2015) demonstrating a greater degree of vertical head stabilisation, 

possibly afforded by their long relative neck length. These comparisons are made across 

different studies with different methodologies and must be treated with some caution. 

 

Release Type Body vertical 

displacement (mm) 

Head vertical 

displacement (mm) 

Neck attenuation 

factor 

Solo 41.41 23.8 0.57 

Paired 32.11 16.0 0.50 

Group 27.32 13.6 0.50 

Table 4.2 – Comparison of measured solo, paired, and group peak-to-peak vertical 

displacement for body and from literature (1: Taylor et al., in review; 2: Usherwood et al. 

2011) against head displacement measured in this study. Neck attenuation factor is head 

displacement/body displacement and gives a measure of the fraction of the body displacement 

that is transferred to the head. 
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4.5 Discussion 

In this chapter, we have demonstrated the effective use of a head-mounted IMU to reliably 

record the head movements of pigeons in order to demonstrate translational and rotational 

stabilisation during free flight.  

4.5.1 Pigeons coordinate saccades with their wingbeats 

We found that pigeons coordinate their angular head saccades with wingbeat phase, and 

that this coordination depends on the saccade amplitude (Figure 4.5). Smaller saccades, 

with an amplitude less than 20 deg, were found to show less of a phase bias than larger 

saccades but were still more likely to be initiated preceding peaks and troughs in vertical 

head velocity. This weak preference could be explained by birds attempting to coordinate 

periods of angular head movement, required to change gaze, with translational head speed, 

in order to minimise motion blur (Frost, 2009; Necker, 2007). It is likely that, similarly to 

humans (Krekelberg, 2010), birds suppress the intake of visual information during saccades 

(saccadic suppression) in order to simplify visual processing.  

Larger saccades, with an amplitude over 20 deg, were initiated preferentially preceding 

peaks in vertical head speed. Although it is not possible to precisely relate accelerometer 

measurements to any specific wingbeat kinematic (Portugal et al., 2014), the observation 

that pigeon translational head velocity had a consistent maximum occurring at the 

downstroke-upstroke transition (Ros and Biewener, 2017) allowed us to infer that large 

saccades were initiated at the end of the downstroke. This leads to a period of relatively 

little head movement earlier in the downstroke (Figure 4.6), a period of fixation. This result 

is similar to findings from laboratory studies in pigeons (Ros and Biewener, 2017) and 
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lovebirds (Kress et al. 2015)  which both found a tendency for birds to initiate saccades at 

the end of the downstroke or early upstroke. However, both studies found this tendency to 

be more rigid than the phase bias found in this study, likely because the data here captures 

a broader range of flight conditions. We discuss the possible reasons for the observed phase 

bias below. 

Kress et al. (2015) suggest that the coordination between wingbeats and saccades in 

lovebirds maximises visual perception by overlaying two behaviours that impair vision — 

lovebird’s wings occlude lateral vision at the end of the downstroke. We inspected high-

speed video footage of pigeons flying in a laboratory (Ros & Biewener 2017 — 

Supplementary video 1) which showed that during slow flight, pigeons have a period where 

their wings occlude lateral vision at the start of the upstroke (φ: 0 - π/2). Therefore, it makes 

sense for pigeons to time the period of relative fixation (shown in Figure 4.6) to avoid this 

period of visual obstruction. However, it is not clear whether this is true for high-speed 

flight experienced by the pigeons in this study and further validation is required. 

Ros & Biewener (2017) provide an alternative explanation showing that head saccades 

precede body turns and that cues inferred from head saccades (e.g. magnitude of neck 

bending relative to the body) correlate with subsequent changes in body position. If 

saccades are a prerequisite for all changes in body orientation, coordinating saccades with 

wing movements that actuate body movement would allow for increased control and 

collision avoidance. This effect is demonstrated by Kano et al. (2018) and is further 

corroborated in Chapter 5 using GPS devices to show that head movements precede large 

turns in trajectory for free-flying pigeons. However, head saccades may also be a 

prerequisite for all smaller bounding turns in fast flight that are undetectable using GPS 
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(on the scale of ~3 m, the GPS 50% circular positioning accuracy). As discussed in the 

methods, these sharp body turns may have been misidentified as saccades due to the high 

angular rate. However, this is unlikely given that saccade duration was normally distributed 

with a mean of 0.09 s, far shorter than expected from a body turn.  

In order to differentiate between these alternative hypotheses, and conclusively determine 

the relationship between wingbeat phase and head mounted accelerometer readings, the 

use of high-speed video footage synchronised with the IMU would be necessary. Whatever 

the explanation for the observed coordination of angular saccades with respect to the 

wingbeat cycle, this result suggests that gaze changes are likely coupled to the central 

pattern generator network that drives the flapping wings (Grillner, 2006). 

4.5.2 Flying with conspecifics enhances vertical head stabilisation 

The results from the head displacement analysis show that pigeons can reduce flap-induced 

vertical head displacement by adjusting their wingbeat frequency (Figure 4.8), and possibly 

by adjusting their wingbeat forces and tuning their neck dampening system (Table 4.2). 

The reduced head displacement (and reduced variation in head displacement) seen for birds 

flying alongside other individuals may be partially explained by the observed increase in 

wingbeat frequency as suggested by Taylor et al. (in review). However, as these authors 

note, it is unclear whether the birds are increasing their wingbeat frequency (which comes 

at an energetic cost) in order to reduce head displacement and enhance visual stability (Pete 

et al. 2015; Land 1999) , or for other reasons such as a greater degree of control. If this is 

indeed a mechanism to enhance visual stability, this would likely be modulated by both 

visual and vestibular reflexes (Gioanni and Vidal, 2012; Wallman and Letelier, 1993).  
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Our finding that stabilisation is enhanced when flying with conspecifics is most likely made 

possible for two complementary reasons: firstly, the birds are required to keep their heads 

translationally stabilised when flying near conspecifics in order to avoid collisions and 

coordinate flocking behaviour, and secondly, it may only be possible for the birds to 

stabilise their heads translationally when close visual stimuli is provided by their 

conspecifics. Therefore, it is both only necessary, and only becomes possible, for birds to 

translationally stabilise their heads when flying alongside other birds. The latter implies a 

central role for vision in translational stabilisation. Although the relative importance of 

visual and vestibular cues used for stabilisation is well understood for grounded pigeons 

(Theunissen and Troje, 2017), it is poorly understood during flight. Therefore, future 

experiments using free-flying birds should attempt to isolate visual and vestibular cues 

more conclusively by manipulating visual stimuli. While this has been attempted in a 

laboratory setting (Bhagavatula et al., 2011), it is harder to manipulate the visual 

environment on a large scale to investigate the navigation studied here. 

Our results also show that there is systematic variation in head displacement between 

release type (solo, pair, group) that is not fully explained by the theoretical model which 

only allowed wingbeat frequency to vary across the flight (Figure 4.8). This suggests that 

the birds may be reducing the amplitude of wingbeat forcing (Figure 4.8) or changing the 

extent to which their necks attenuate oscillations (Table 4.2) experienced by the body. It is 

unlikely that the birds will have the luxury of decreasing peak-to-peak forces because a 

certain minimum force is required to provide thrust to overcome drag and the lift to 

overcome their body mass. The analysis in Figure 4.6 assumes that these peak-to-peak 

forces stay constant throughout each flight. However, the aerodynamic power requirement 

of a flapping wing scales positively with the wingbeat frequency (Floryan et al., 2018) and 
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therefore the peak-to-peak wingbeat forces will also be a function of wingbeat frequency. 

This likely explains why, for each flight in Figure 4.8, we see that the empirical data is 

above the theoretical line at high frequencies but below the line at lower frequencies, i.e. 

the slope of the data is always flatter than predicted. Qualitatively, this is what we would 

expect as an increased wingbeat frequency requires more power input, and therefore higher 

forces, and results in an increased displacement. The neck attenuation comparison across 

release type shows a marginal increase in the extent of neck attenuation between solo 

flights and flights with conspecifics (neck attenuation factor 0.5 for solo compared with 

0.57 for pairs and group). However, the neck attenuation result should be treated with 

caution as it compares data across different studies using different methods. For future 

work, the development of a device simultaneously measuring synchronised accelerations 

on the bird’s head and body would allow for a better comparison of head and body 

displacements. 

Image stabilisation is an essential task for a range of human engineered applications, 

particularly aerial robotics where vision often underlies autonomous control in GPS-denied 

environments. Multirotor drones often have gimbal-stabilised cameras which use visual 

and inertial information to provide rotational stabilisation in much the same way as a bird’s 

head. Bird-inspired flapping drones also face the additional challenge of translational 

stabilisation. The avian neck-head system described in this chapter could, therefore, 

provide valuable inspiration for the design and tuning of a mechanism capable of 

attenuating flap-induced oscillations (Pete et al., 2015). 
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Chapter 5. Objectively identifying targets 

of visual fixation during navigation by 

free-flying homing pigeons 

5.1 Abstract 

Homing pigeons (Columba livia) rely heavily on visual information for both large-scale 

navigation and short-term flight control. They have a wide panoramic visual field 

extending over 340 deg but, like mammals, have foveae which they use to direct their visual 

attention to salient cues. Understanding the function of shifts in gaze, as well as the 

resulting focus of visual attention, is attracting growing scientific interest. However, 

experiments to date have been primarily laboratory-based, and gaze shifts have been under 

studied for birds flying in their natural environments where they have important adaptive 

significance for navigation and vigilance. Evidence from GPS-derived trajectories has 

shown that homing pigeons use visual landmarks when navigating in their familiar area, 

but the exact nature of these cues remains elusive. To investigate gaze strategy during free 

flight, pigeons were fitted with a head-mounted inertial measurement unit (IMU) and a 

GPS logger prior to release from sites within their familiar area. We were thus able to 

characterise the birds’ pattern of saccadic head movement and gaze direction in relation to 

their track over the ground during flight and when grounded at the home loft. We found 

that shifts in gaze are largely governed by turning rate, with an increased saccade likelihood 

when turning steeply. We also observed a decreased saccade likelihood when birds are on 

the ground as opposed to flying. In addition, an analysis of gaze direction throughout each 

flight enabled us to identify points in the landscape that aligned with lines projected from 

the fovea during each fixation period. We found that such “points of interest” often aligned 
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with edge features of the landscape. Improved iterations of this novel and exploratory 

approach to studying visual attention could help identify the salient cues of bird navigation 

in natural environments and have important implications for spatial cognition. 

5.2 Introduction 

Shifts in visual attention can offer valuable insights into spatial cognition in animals that 

rely on visual guidance for orientation. Birds are heavily dependent on vision to guide their 

flight and are therefore equipped with highly specialised visual systems (Jones et al., 2007). 

Like most animals whose behaviour is guided by vision, birds shift their gaze in an 

alternating pattern of stable gaze fixations and fast saccades between fixations. However, 

unlike many animals, including mammals, birds predominantly change their gaze using 

head movements rather than eye movements (Land 2014; Gioanni 1988a; Maurice 2006). 

This has been confirmed by eye tracking experiments in body-restrained (Sridharan et al., 

2014; Schwarz et al., 2013) and flying (Ivo Ros pers. comm.) birds which found that eye 

movement was confined within a five degree diameter area in the head reference frame. As 

a result, past studies of visual attention in birds have relied on the measurement of head 

orientation as a proxy for gaze direction. The majority of these studies have been in a 

laboratory setting (Stamp Dawkins 2002; Eckmeier et al. 2008; Warrick 2002; Ros & 

Biewener 2017; Kress et al. 2015; Green et al. 1994; Erichsen et al. 1989) meaning that 

remarkably little is known about how birds direct visual attention when flying in their 

natural environment. 

Visual attention has been extensively studied in human and non-human primates through 

eye tracking technology (Kano and Call, 2017; Holmqvist et al., 2011). However, 

determining the focus of visual attention using gaze direction in birds is more problematic 
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than for mammals as many birds possess two acute regions of their visual field — one 

facing laterally (the central fovea) and one facing frontally (the temporal fovea). 

Behavioural and anatomical evidence from pigeons has suggested that bifoveate birds 

preferentially use the central fovea, which has a higher photoreceptor density, to view 

distant objects, and the temporal fovea, which is dedicated primarily to binocular vision, to 

view stationary or slow-moving objects at close range (Frost, 2009; Stamp Dawkins, 2002; 

Erichsen et al., 1989). The location of foveae on the visual field depends largely on the 

visual ecology of the bird: predatory species generally have a smaller visual field with 

forward facing eyes, while prey species tend to have flattened, more laterally positioned 

eyes (Martin, 2007, 2014). The few studies examining bird visual attention in natural 

environments (Kane et al., 2015; Kane and Zamani, 2014; Loretto et al., 2010) have relied 

on onboard video cameras to monitor prey pursuit in raptors and assume that the prey item 

is the focus of visual attention (but see Chapter 6 for a different approach to studying 

visually-guided pursuit). 

5.2.1 Visual navigation in the homing pigeon 

Owing to their impressive ability to navigate from unfamiliar locations, homing pigeons 

(Columba livia) have been used as the principal model to study avian navigation over the 

past century. Researchers have attempted to uncover the hierarchy of cues and mechanisms 

used by pigeons over various spatial scales and under different environmental conditions 

(Wallraff, 2005). Experiments in recent decades using GPS trackers have revealed the 

fundamental role of visual landmarks for pigeons homing within their familiar area 

(Guilford & Biro 2014). When pigeons are released from the same location multiple times, 

their trajectories often converge on high-fidelity “pinch points” that overlie distinctive 
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landscape features (Freeman et al., 2011) and often align with linear features such as roads 

or railways (Meade et al. 2005; Biro et al. 2004; Lau et al. 2006). Attempts to objectively 

identify the most informative regions of flight paths, using a Gaussian process model, 

found that salient visual features occur preferentially at the boundaries of forests and 

villages (Mann et al. 2011) . All these inferences have been drawn from GPS data and are 

therefore limited to conclusions relating to landmarks directly on the birds’ flight path. 

Some additional experimental evidence from vanishing bearings suggests that pigeons are 

attracted to distant major landmarks such as power stations (Biro, 2002) or wind turbines 

(Mora et al., 2012). However, given the inherent difficulty in experimentally manipulating 

the landscape, the precise nature of the features used by pigeons for navigation remains 

relatively obscure. 

 

Inferring visual attention during navigation in visually complex natural environments is a 

significant technical challenge. However, a recent study adopting a novel head-mounted 

inertial measurement unit (IMU) was able to infer visual attention from gaze shift 

characteristics in pigeons during homing flights (Kano et al., 2018). The key finding was 

that head movements were reduced when approaching prominent visual landmarks such as 

roads and railways, and during paired flight, indicating a change in visual attention. The 

authors also found that head movements precede turns, which confirmed laboratory 

findings in pigeons (Ros and Biewener, 2017) and findings from onboard video data in 

steppe eagles (Ozawa, 2007). These findings suggest a role for head movements in flight 

control. 

This study aims to further our understanding of the role of gaze shifts and gaze direction in 

flying birds. We achieve this by tracking homing pigeons flying within visually complex 
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natural environments using GPS loggers and the same head-mounted sensors described by 

Kano et al. (2018) and in Chapter 3. In this chapter, we extend previous work using head 

orientation to: (i) further explore the relationship between head and body movements by 

identifying the delay between these signals, (ii) develop a model to help understand the 

factors underlying shifts in gaze, and (iii) attempt to identify the visual features attended to 

by homing pigeons during short-range navigation. The saccade model (ii) includes 

comparisons of flying against grounded birds, grounded birds inside against outside the 

loft building, body turn rate and whether the birds flew solo or with a group. Both (i) and 

(iii) require an estimation of the absolute orientation of the bird’s head during flight in an 

inertial reference frame (relative to gravity and magnetic north) which is achieved here by 

building on the method used by Kano et al. (2018). To achieve (iii), we develop a novel 

and exploratory approach to landmark identification by inferring the focus of visual 

attention in pigeons using their gaze orientation. This allows us, for the first time, to 

identify regions of interest that do not lie on the bird’s flight path. 

5.3 Methods 

This chapter uses the same data as that collected in Chapter 4 and therefore the subjects, 

instrumentation, release sites and experimental protocol are identical and are not repeated 

here.  

5.3.1 Additional testing procedures 

Wind data were recorded using a WS2083 Professional Wireless Weather Station (Aercus 

Instruments, UK) installed at the loft. The anemometer was located 5 m above ground level 

and logged average wind direction and wind speed every minute. Wind data were only used 
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to estimate the bird’s air velocity vector as a reference for interpreting body angle relative 

to head angle.  

5.3.2 Data processing and analysis 

5.3.2.1 Track analysis 

GPS data were overlaid onto satellite images using Google Maps API (Bar-Yehuda, 2015) 

in MATLAB for initial inspection. These data were subsequently screened using an internal 

validation method for loss of precision by comparing the highly accurate Doppler shift 

groundspeed estimate against the noisier differenced groundspeed estimate using methods 

described by Brighton et al. (2017). Latitude and longitude were converted to meters using 

a Universal Transverse Mercator projection. The GPS data were cropped using different 

procedures for the saccade model and fovea heatmap, detailed in sections 5.3.2.4 and 

5.3.2.5 respectively. The track angle was defined using the vector pointing from each GPS 

point to the next. A moving average with a span of 10 points (1 s) was taken to smooth the 

data. When comparing head and body angles during flight, it is important to note that the 

track angle (derived from the GPS) does not equal the bird’s heading as this will be offset 

due to the effect of wind. Wind data recorded at the loft was used to illustrate this point by 

estimating the air velocity vector against which to compare the head and ground track 

orientation. See Chapter 2 for a full discussion of the effect of wind on track orientation. 

5.3.2.2 Head orientation using inertial measurements 

Raw IMU data were post-processed using custom-written MATLAB code and then fused 

to give estimates of the head-mounted board’s orientation (in the form of Euler angles – 

Figure 5.1). This was achieved using open-source code adapted from Barton (2012) and 

Reynolds (2016); see Chapter 3 for details. This post-processing approach to board state 
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estimation has distinct advantages over previous attempts to study head orientation in 

pigeons using the same equipment; Kano et al. (2018) relied on the board’s internal real-

time sensor fusion algorithm which resulted in half the orientation data being discarded 

due to low accuracy. For a validation of the method used here, see Chapter 3. The sensor 

board yaw angle (measured relative to magnetic north) was used as an estimate of the 

pigeon’s primary gaze angle, defined as the direction of the head-fixed vector in the mid-

sagittal head plane (Figure 5.1). This indicates where the bird is directing the binocular 

region of its visual field.  

 

Figure 5.1 – Head-mounted sensor with Euler angles representing the board state, estimated 

using the Inertial Measurement Unit (IMU). The large blue arrow indicates the board’s yaw 

angle relative to magnetic north and is assumed to align with the pigeon’s mid-sagittal head 

plane in this and subsequent figures. 

We determined the delay between bird track angle and head yaw angle for each flight by 

correlating the rate of change in GPS track angle, as a proxy for body turn rate, against 

change in head orientation allowing the delay to vary between -5 and 5 s. For each flight, 
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we identified the delay that maximised the squared correlation coefficient between the rate 

of head and body movement. 

5.3.2.3 Saccade analysis 

Head saccades were identified using data from the head-mounted gyroscope, described in 

detail in Chapter 4, enabling us to determine the start and end times of each saccade for 

subsequent analysis. Saccades were defined as head rotations exceeding 100 deg/s for a 

duration of over 30 ms. Start and end points of each saccade were defined as the first point 

before and after the saccade peak angular velocity where the derivative of the angular rate 

was zero, i.e. where the angular acceleration changes direction. 

5.3.2.4 Saccade logistic model 

To test how the head movements of pigeons are related to their visual environment, we 

used model selection techniques to investigate the statistical relationship between saccade 

occurrence and several environmental predictors. We used a logistic mixed effects model 

with a binary response variable indicating whether the bird was saccading at any given 

timepoint. The response variable was generated by designating every timepoint between 

each saccade start and end time as 1, and the remaining points as 0. GPS and IMU data 

from all 100 flights were resampled using quintic spline interpolation to 100 Hz and used 

to generate predictor variables where each time point is considered as a data point in the 

model. The predictor variables used are shown in Table 5.1 and explained in detail in the 

main text below. Random effects were added with a random intercept and fixed mean. 

Statistical tests were conducted in R (v3.5.1) using ‘lme4’ and ‘cAIC4’ packages to 

conduct Akaike's information criterion (AIC) model selection (Säfken et al., 2018). We 

used the conditional AIC (cAIC) to rank models as opposed to AIC, as recommended for 
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mixed effect models (Blanchard and Blanchard, 2005). For all top models, we checked the 

assumptions of linearity, normality and homoscedasticity by visual inspection of plotted 

residuals. 

Fixed effects 

Edge (Over edge vs not edge) E 

Flight status (Flying vs grounded) G 

Loft (Inside loft vs outside) O 

Body turn rate (deg/sec) T 

Release type (solo, pair or group)  R 

Release number N 

Random effects 

Bird ID B 

Flight ID F 

Release site S 

Table 5.1 – Predictor variables used in the saccade logistic model selection to predict saccade 

likelihood 

Landscape edge density is an indicator of the visual information content of a geographical 

region (Mann et al., 2014) where hedgerows, forest edges, roads, rivers and villages, for 

example, would lead to surrounding regions having high edge density values. Given that 

one of the primary functions of gaze shifts is thought to be extracting salient navigational 

cues (Kano et al., 2018), we hypothesised that information content of the landscape below 

the track during flight would correlate with saccade characteristics. Instead of using edge 

density, we generated a binary edge parameter (E). The methods used to calculate binary 

edge values are summarised here but described in detail in Chapter 2 with associated 

figures. A binary edge image was produced by running a Canny edge detection on an aerial 

image covering the region of interest, using similar methods to Lau et al. (2006). The 

resulting binary image was scaled so that each pixel represented 1 m2 with a value of 1 
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over edges or 0 between edges. Each GPS point was overlaid on top of the binary image 

and each categorised as either over an edge (if an edge occurred within the 3 m2 area around 

the point, to account for GPS error), or as not over an edge. This resulted in a binary 

predictor variable for every data point for the duration of each flight. 

The role of visual information for birds in flight is likely to be different from that for birds 

on the ground, and therefore we expect to see different saccade characteristics between 

flying and grounded birds. In support of this, Kano et al. (2018) found that pigeons showed 

less frequent, but larger, saccades when grounded compared to when flying. Therefore, we 

include ground (G) as a factor in our model, defined as sections of the data log with 

velocities below 1 m/s for more than 1 min with lateral accelerations less than 3 m/s2. This 

excluded landing and walking when grounded. Track sections were classified as flight 

when the differenced GPS velocity was above 3 m/s. Additionally, we found that it was 

possible to determine when the bird entered the loft building which produced a 

characteristic spike in differenced GPS velocity above 50 m/s. This likely relates to the loss 

of satellites when the loft walls occlude the GPS antenna from direct line-of-sight with 

global positioning satellites. A loft variable (inside/outside the loft) was, therefore, 

included as a binary variable in the model (O). Body turn rate (T, deg/sec) is likely linked 

to flight control which may require feedback from shifts in head orientation as a control 

input (Ros and Biewener, 2017). It was added as a continuous variable to the full model, 

calculated as the change in track angle. Kano et al. (2018) found that when birds were 

released in pairs, their saccade frequency decreased, and therefore we added release type 

(R) into the model with three factors: solo, pair and group. Despite the familiarity of the 

birds used in this study with the surrounding landscape, we included release number (N) as 
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a variable as Kano et al., (2018) found that saccade frequency and amplitude increased in 

the learning phases of flights. This is the flight number for each bird at each site. 

5.3.2.5 Fovea heatmap generation 

To better understand what pigeons are attending to during periods of fixation, head yaw 

orientation (Figure 5.1) was used to generate heatmaps of geographical regions aligning 

with assumed fovea angles as a proxy for visual attention. Given that pigeons have multiple 

foveae, alignment with a fovea does not necessarily imply that a point along a geographical 

line extending from the bird’s eye is the focus of visual attention. However, if a landmark 

or geographical region is consistently attended to using the fovea by the same or multiple 

birds across the same or multiple flights, it is likely that this region will align with the fovea 

more than expected by chance. All solo flight trajectories from Wytham Hill and Swinford 

release sites (n = 76) were cropped to only include sections where the bird’s groundspeed 

(the Doppler speed derived from the GPS) was greater than 5 m/s, therefore excluding take-

off. The tracks were also cropped at the end when the birds were within 50 m from the loft. 

We then identified the geographical location associated with the endpoint of each saccade 

(the start of each fixation) along the bird’s GPS track. At each gaze fixation location, two 

lines of points were generated at ± 72 deg relative to the board yaw angle (Figure 5.2A). 

This is the angle of the central fovea relative to the mid-sagittal head plane based on 

anatomical measurements (Clarke and Whitteridge, 1976; Westheimer, 1965). These lines 

extended 3 km with points at 1 m intervals to generate a matrix of density values associated 

with each location within the vicinity of the track (Figure 5.3A). Fovea lines were chosen 

up to this distance as pigeons are known to be attracted to landmarks on a previously 

learned route up to 1.5 - 3 km away, but likely not beyond (Biro et al., 2004, 2006). An 

additional heatmap was generated for each site using a fovea angle of 0 deg (the board yaw 
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angle), the convergence point of the temporal fovea and the area of binocular overlap. In 

the resulting heatmaps, pixels with large fovea alignment values are associated with greater 

visual attention. 

 

Figure 5.2 – Visual field of a pigeon demonstrating the generation of the fovea heatmap by 

(A) extending lines from the board yaw vector (blue arrow) at either ± 72 deg (red) for the 

central fovea or 0 deg for the temporal fovea (orange), and (B) selecting random fovea angles 

for each saccade between 0 and 180 deg (and the symmetrical equivalent) to generate the null 

model (3 random angles shown). 

 
Figure 5.3 – Example of fovea heatmap generation from Wytham Hill based on 39 solo flights 

from 12 birds. (A) Heatmap generated using fovea angles of ± 72 deg. (B) Heatmap of null 

model generated using random symmetrical fovea angles for each saccade. (C) Heatmap of 72 

deg model matrix after subtracting the null model matrix [A-B]. Bright yellow regions show 

areas of high fovea alignment after null subtraction. 



Chapter 5. Gaze strategy in homing pigeons    

105 

 

Fovea lines are likely to converge on certain locations for reasons other than visual 

attention. For example, the temporal fovea lines are likely to align with the track given that 

the average head orientation will align with the body. The central fovea points on the inside 

of a turn will tend to converge on an area close to the centre of the turn. To reduce the noise 

generated by these incidental alignment points, we subtracted a null heatmap of the points 

that we expected to identify by chance given the track structure. This null model heatmap 

was then generated (Figure 5.3B) for the central fovea by drawing two fovea lines from the 

bird’s position at each saccade point – one at a random angle between 0 and 180 deg, and 

one at the symmetrical angle on the other side of the bird’s visual field (Figure 5.2B). The 

null model for the temporal fovea consisted of only one random fovea line for each saccade. 

The null model heatmap matrix was subtracted from the 72 deg fovea angle model matrix 

to generate a fovea alignment matrix (Figure 5.3C). To identify the geographical areas that 

converged with fovea lines more than expected by chance, pixels were identified 

containing values greater than the 99.9th percentile and overlaid onto satellite images.  

Once these regions had been identified, we wanted to know whether the points align with 

specific landscape features, or specific types of landscape features. We used satellite 

images to objectively classify the information content of the area of interest using Canny 

edge detection on satellite images using previously established methods (Lau et al. 2006; 

Mann et al. 2011) . To objectively assess whether these points had a greater tendency to 

fall over edge features than expected by chance, we compared the proportion of points that 

lay over edges against a null distribution. The null point distribution was produced by 

randomly generating the same number of points identified as fovea alignment points within 

a polygon whose vertices are defined by the previously identified points. These null 

distributions, of the proportion of points overlaying edges, were found to be approximately 
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normal. Note that these null point distributions are not related to the null fovea heatmap. 

The distributions were used to find the percentile of the actual proportion over edges 

relative to the null distribution for each site and fovea. 

5.4 Results 

5.4.1 Head and body coordination 

The analysis of ground track angle against head orientation found that pigeons pre-

emptively turn their heads in the direction of a turn before the manoeuvre. This confirms 

the previous findings of Ros & Biewener (2017) in a laboratory setting and Kano et al. 

(2018) in free-flying pigeons but using a different method to derive sensor board yaw angle. 

Figure 5.4A demonstrates this for a 6 s sample of circling flight with the head yaw angle 

plotted as blue arrows onto the GPS-derived track. A direct comparison of track angle, head 

yaw angle and air heading for this section of flight is shown in Figure 5.4B. The addition 

of the estimated air heading to this figure (red line) illustrates the effect of wind on body 

orientation, demonstrating the difficulty in directly comparing head and body orientation 

in an inertial reference frame using this setup. In order to compare the timing of these 

signals, therefore, we compared the head and body turn rates, rather than the estimated 

absolute head and body orientation in an inertial reference frame. This enabled us to 

estimate the delay between changes in head yaw angle and GPS track orientation for all 68 

solo flights for which we have reliable head yaw data. We found, when averaged across all 

flights, that changes in body orientation lagged 0.51 ± 0.21 s (mean ± sd) behind changes 

in head orientation. The delay that maximised the correlation between head and body turn 

for each flight never had an R2 value greater than 0.1 which strongly suggests that, although 
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head saccades proceed body turns, changes in gaze serve other functions, as explored in 

the model below. 

 

Figure 5.4 – Example of 6 s of circling flight around the loft. (A) 10 Hz GPS-derived ground 

track starting at green dot with blue arrow indicating head sensor yaw orientation (Figure 5.1) 

as a proxy for primary gaze direction. Mean wind direction, measured at the loft, is shown 

using the red arrow (mean wind speed 5.3 m/s). (B) Bird ground track angle plotted for the 

same flight against head orientation, both sampled at 10 Hz so that each point corresponds to 

an arrow in (A). Note the offset between track and head angle and the saccadic nature of head 

movements. The estimated air heading, calculated by subtracting the wind vector from the 

ground vector, is shown in red as a comparison.  

5.4.2 Saccade logistic model 

Model selection techniques with linear mixed effects models were used to investigate the 

statistical relationship between saccade likelihood, as a binary response variable, and the 

predictor variables summarised in Table 5.1, to better understand the factors affecting gaze 

shifts. The predictor variables used were edge (E — over/not over edge), flight status (G 

— flying/grounded), loft (O — inside/outside loft), body turn rate (T), release type (R – 

solo/ pair/ group), and release number (N) with bird ID (B), flight ID (F) and release site 

(S) as random effects. A candidate set of mixed effects linear models were created from all 
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possible linear combinations of random and fixed effects. The conditional Akaike 

information criterion (cAIC) was used to assess the performance of the competing 

candidate models (Burnham and Anderson, 2002). cAIC selects the most parsimonious 

models with high predictive power while minimising the number of parameters included 

in the model.  

We found flight status (G) and body turn rate (T) to be the most important factors affecting 

saccade likelihood. We found that grounded birds are 40.1% less likely to saccade (e -0.520 

= 0.599) than flying birds (χ2 (1) = 32.5,p < 0.001). In flight, birds are 6.89% more likely 

to saccade (e - 0.0664 = 1.07) for every additional deg/s increase in body turning rate (χ2(1) 

= 52.3, p < 0.001). Table 5.2 shows the best performing models ranked by the difference 

(Δi) between each model’s cAIC value and that of the best model. The six models shown 

represent the 95% confidence set based on Akaike weights (wi), i.e. we are 95% confident 

that one of the models within this credibility set is the best approximating model. The top 

model for these data is shown on the first row of Table 5.2 and includes flight status (G), 

and body turn rate (T) with flight ID (F) as a random factor. The estimated regression 

coefficients for the fixed effects in this model, and their associated standard errors, are 

shown in Table 5.3. The coefficients of a logistic regression (loge odds) were converted to 

the odds using the exponential function and are referenced above. P-values for each 

parameter were obtained using likelihood ratio tests of the full top model with the effect in 

question against the model with the effect in question removed.  

  



Chapter 5. Gaze strategy in homing pigeons    

109 

 

Model parameters i cAIC wi 

G, T, (F)  0.000 0.467 

T, O,R,(F) 3.124 0.211 

T, R, O, (F) 4.123 0.102 

E,R, (F) 4.435 0.076 

G,T,R, (B) 5.123 0.065 

O,E, (F) 7.234 0.025 

Table 5.2 – Best performing logistic mixed effect models predicting saccade likelihood with 

model parameters ordered by i cAIC values. Random effect parameters are shown in brackets. 

Shown is the 95% confidence set, defined as the smallest set of models whose Akaike weights 

(wi) sum to 0.95. Parameters detailed in Table 5.1. 

Parameter Intercept Flight status (G) 

(1 or 0) 

Body turn rate (T) 

(deg/s) 

Regression coefficient 1.19 -0.520 0.0664 

Standard error 0.0245 0.231 0.00235 

Table 5.3 – Fixed effect parameter estimates for the best candidate model predicting 

likelihood. Regression coefficients and standard errors are shown for each term in the model. 

5.4.3 Fovea alignment heatmap 

Using the sensor board yaw angle (Figure 5.1) from the IMU at the start of every period of 

fixation (inter-saccadic interval), we were able to generate a heatmap to identify 

geographical regions that aligned with fovea angles from 68 solo flights. The distribution 

of identified points varies depending on the fovea angle used (temporal vs central fovea). 

Figure 5.5 and Figure 5.6 show the fovea alignment points for Wytham Hill and Swinford 

release sites, along with the flight trajectories used to identify them, plotted on a satellite 

image of the underlying landscape. These are plotted separately for the central (Figure 5.5A 

& Figure 5.6A) and temporal (Figure 5.5B & Figure 5.6B) foveae. For the temporal fovea, 

many of the fovea alignment points are located off the bird’s tracks. They show a strong 

bias towards the right for the Wytham Hill release site and a strong bias towards the left 
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for the Swinford release site. From both sites, the buildings surrounding the loft are 

identified as points of alignment with the central fovea. At the Swinford release site, many 

of the birds initially circled around the village of Swinford before making their way around 

the edge of Wytham Woods (bottom centre of satellite image in Figure 5.6) to the loft. A 

large number of points are identified both around Swinford and around the village of 

Cassington to the north of the tracks. However, few points were identified directly over 

Wytham woods.  

 

 

Figure 5.5 – Fovea alignment points from 39 solo flights by 12 birds from Wytham Hill. 

Satellite image with GPS tracks overlaid in blue shown between release site [R] and loft [L] 

with points from the subtraction heatmap (Figure 5.3C) containing fovea alignment values 

above the 99.9th percentile shown as red dots. (A) Fovea angles: ± 72 deg (central fovea). (B) 

Fovea angles: 0 deg (temporal fovea, i.e. binocular region). 
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Figure 5.6 — Fovea alignment points from 29 solo flights by 12 birds from Swinford. Satellite 

image with GPS tracks overlaid in blue shown between release site [R] and loft [L] with points 

from the subtraction heatmap (Figure 5.3C) containing fovea alignment values above the 99.9th 

percentile shown as red dots. (A) Fovea angles: ± 72 deg (central fovea). (B) Fovea angles: 0 

deg (temporal fovea, i.e. binocular region). 

To determine whether these points had a greater tendency to fall on certain types of 

landscape features than expected by chance, we overlaid them onto a binary edge image 

generated from satellite imagery to find the proportion that lay over edges (Table 5.4). We 
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found that for the central fovea at both sites, the proportion of points that lay over edges 

was greater than 88% and 93% of the null distributions for Wytham Hill and Swinford 

respectively. These values refer to where the proportion of points lying on edges sits as a 

percentile of the randomly generated null edge proportion distribution. While the identified 

points are more likely to fall on edges than expected by chance using this method, we 

highlight the same caution for the similar analysis in Chapter 2 that the null distributions 

do not necessarily represent a reasonable sampling distribution of visual attention. We 

found the temporal fovea alignment points to be less likely to fall over edges compared 

with the null expectation (28% and 46% — see Table 5.4), however, this could relate to 

the highly restricted sampling distribution against which the edge proportions were 

compared. 

 

Fovea  Wytham 

Hill 

Swinford 

Central (72 deg) % over edges 46 51 

 percentile 88 93 

Temporal (0 

deg) 

% over edges 37 42 

 percentile 28 46 

Table 5.4 — Edge comparison of fovea alignment points against a null distribution. Proportion 

of identified points over edges and percentile relative to a null distribution of randomly 

selected points (see 5.3.2.5) generated for each release site and for both foveae. 

5.5 Discussion 

Our results demonstrate that it is possible to infer the visual attention of free-flying pigeons 

both through their pattern of gaze shifts and the resulting orientation of their gaze during 

periods of fixation.  
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5.5.1 Head and body orientation 

In accordance with previous findings (Kano et al., 2018), we found that pigeons pre-

emptively orient their head in the direction of turns with a delay of just over half a second 

(0.51 s). This phase delay is longer than that found by Ros & Biewener (2017) for pigeons 

during sharp turning manoeuvres in a laboratory, where they observed that the delay 

between body yaw rotations and head offset occurred in the second wingbeat following the 

corresponding saccade (~0.3 s). The authors defined head offset as the angle between the 

body vector and head orientation (defined in Chapter 6 as head skew). The difference in 

observed time between changes in head and body orientation in the laboratory and in the 

field could be explained by the difference in magnitude of body turns being studied or the 

distance to points of visual attention. The flight trajectories studied here were 

predominantly straight flights with shallow turns whereas Ros & Biewener (2017) studied 

pigeons during sharp 90 deg turns. In addition, the GPS devices used here, with a relative 

positioning accuracy to within a few meters (50% CEP: 3.0 m), can only detect gross 

changes in body orientation and may not be able to detect smaller bounding turns. For 

future experiments, the addition of an IMU on the bird’s body would allow a direct 

assessment of the phasing of body and head orientation in an inertial frame without relying 

on GPS measurements. This could then be compared against laboratory findings and used 

to develop a model of flight control using head motion to provide visual feedback to control 

the bird’s flight trajectory. Additionally, future analyses should separate out sections of 

circling flight from straight flight to determine whether this affects the head and body yaw 

lag. 
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5.5.2 Predictors of saccade likelihood 

Using model selection techniques to identify factors influencing saccadic behaviour, we 

found that body turn rate (T) and flight status (G) both consistently occur in the best 

performing models. This suggests that they are both important factors determining the 

frequency of gaze shifts. As discussed in Chapter 4, saccadic head movement may be 

closely linked to the control of flight with feedback from cervical sensors used to change 

flight trajectory (Ros and Biewener, 2017). Therefore, it follows that birds may spend more 

time shifting gaze when they are turning more steeply. In support of this, Kano et al., (2018) 

showed that birds made larger saccades preceding sharper turns. The sections of flight 

included in our model with the greatest body turn rate are circling flight around the release 

site for birds released at Swinford (Figure 5.6). Our finding that birds have a lower saccade 

likelihood when grounded corroborates the findings of Kano et al., (2018) that pigeons 

make less frequent but larger saccades when not flying. This could be linked to the saccadic 

control of flight discussed above which may restrict the range of head yaw but requires 

frequent movement to guide each turn. In addition, when grounded, the birds may use head 

movements for behaviours such as preening that are not visually controlled but may be 

detected by the sensor as head saccades. 

We found that loft position (i.e. whether a grounded bird is inside vs outside of the loft -   

O) appeared in the in the 95% confidence set, although it did not appear in the top 

performing model. The model including this factor suggests that the birds have a lower 

saccade likelihood inside the loft. Release type (solo, pair or group) appears in multiple 

models in the 95% confidence set, but not in the top model. This may reflect a lack of 

statistical power as only six birds were released in pairs and six in groups. The effect of 

edges (E) directly below the track only appeared in one of the top selected models 
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suggesting that this factor may be only weakly associated with saccade (and hence fixation) 

likelihood. This could be explained by the method used here to quantify edges not fully 

accounting for the navigational features used by the birds. Additionally, instead of 

attending to features directly below to aid navigation, the birds may pay greater visual 

attention to navigational features that lie ahead or to the side of the track as indicated by 

the fovea alignment heatmap. We aim to develop the saccade logistic analysis using edge 

density as a continuous variable across the track using methods developed by Mann et al., 

(2014) which may prove more informative than the binary edge variable used here. These 

authors found that pigeon route fidelity varies quadratically with edge density, where the 

optimal edge density for route learning is intermediate. The same may also be true for 

saccade likelihood if birds attend to more things in environments that contain enough, but 

not too much, visual information. 

In sum, the model selection technique used here to analyse saccade likelihood had 

advantages over previous methods used to assess gaze shift characteristics during flight 

(Kano et al., 2018) in that it allowed us to test the effect of multiple variables 

simultaneously and objectively identify models using the likelihood of each model given 

the data. However, the use of saccade likelihood as a response variable discards 

information on the size of saccades (saccade amplitude) which may provide further 

information regarding visual attention.  

5.5.3 Fovea alignment heatmap 

The fovea heatmap generated using head orientation shows that there are regions of the 

landscape with high fovea alignment across birds. Although many of the identified shifts 

in gaze may be driven by the requirements of flight control, or anti-predator vigilance, the 
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convergence may suggest that birds are attending to these regions as common, salient 

“points of interest”, potentially for navigation purposes. Without understanding all the 

factors important to homing pigeons, the interpretation of the visual features identified here 

must be treated with caution for reasons discussed below. However, it is tempting to 

attribute possible explanations to some of the identified geographical locations.  

5.5.3.1 Putative points of interest 

Despite the fact that flights were cropped to exclude the track within 50 m of the loft, the 

loft was identified from both release sites using the central fovea model. This provides 

reassurance that the technique is indeed identifying regions of visual attention as opposed 

to regions of incidental fovea alignment. The finding that a large number of central fovea 

alignment points appear over Cassington village accords with previous findings that 

pigeons show a directional bias towards villages (Wallraff, 1994; Guilford, 1993) and often 

use the edges of villages as waypoints on their habitual route (Mann et al. 2011) . However, 

the village does not lie on the track of any bird between the release site and loft, suggesting 

that distant landmarks could be used for navigation, or at least attract some visual attention, 

without the waypoint being incorporated into the route.  

The bias in distribution of central fovea alignment points (to the right for Wytham Hill — 

Figure 5.5A, and to the left for Swinford Figure 5.6A) could in principle have related to 

the lateralisation of pigeon’s visual system (Prior et al., 2004), in which the left hemisphere 

(which receives input from the right eye) is thought to be superior at processing large-scale 

spatial tasks (Prior et al., 2004) while the right hemisphere (receiving input from the left 

eye) processes social input (Nagy et al., 2010). However, given that we find a bias in 

different directions for the two different release sites, this suggests instead that the bias 
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may be related to the saliency of the landscape. There are very few points over Wytham 

Wood, suggesting that this area of the landscape has few specific landmarks that attract 

visual attention. This offers an alternative possible explanation for the observation that 

pigeons tend to avoid forested areas as a means to reduce the risk of predation (Wallraff, 

1994). When the distribution of points was evaluated, we found that identified central fovea 

points have a greater tendency than expected by chance to fall on features of the landscape 

identified as edges at both release sites (albeit not to a statistically significant degree). This 

is in accordance with the psychology literature where it is consistently found that areas of 

high visual contrast attract most visual attention (Li and Yu, 2015). Specifically, Canny 

edge detection algorithms, similar to the technique adopted here, are used in studies of 

human visual attention to characterize models of perception and visual information 

retrieval (Feng et al., 2010). This attraction to edges may be a cognitive bias or ‘behavioural 

rule of thumb’ rather than relating directly to some visual function (Mathews et al., 2015). 

5.5.3.2 Limitations and future developments  

The technique described here to study visual attention for birds navigating in complex 

natural environments offers a distinct advantage over existing techniques used to infer 

visual attention in pigeons (Mann et al. 2011; Kano et al. 2018; Mann et al. 2014) as it 

allows regions to be identified that do not lie on the flight trajectory. As has been done for 

studies of visual attention in humans and primates (Kano and Call, 2014), regions of fovea 

alignment throughout a flight could act as a behavioural index of ongoing visual and 

cognitive processing, opening up avenues for future research using this system beyond 

navigation. However, the technique is still in its early stages of development and there are 

a number of future developments for deeper analysis, improved study design and improved 
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instrumentation that could advance the utility and accuracy of this technique. Each of these 

categories of developments are discussed in detail below. 

For future analysis, the method used to assess the association between visual attention and 

landscape features could be refined in a number of ways. For example, overlaying edge 

density data directly onto the null subtraction heatmap would allow for a simpler visual 

comparison. This would make full use of the fovea alignment data, as opposed to selecting 

locations exceeding an arbitrary value, and would allow a better assessment of landscape 

complexity rather than using a binary edge variable. This could be examined statistically 

by analysing the spatial correlation between a continuous edge density variable (Mann et 

al., 2014) against the matrix of fovea alignment values after null subtraction (Figure 5.3C). 

In addition, if a particular visual landmark, such as the loft, is consistently identified, it 

would be possible to determine where along the track that landmark tends to be fixated 

from. It would then also be possible to test the angle of the assumed fovea locations by 

finding the fovea angles that maximised the fovea alignment density values surrounding 

the landmark location, as was done for the peregrine falcons in Chapter 6.  

In this study, we have pooled the data from 12 birds to make inferences generalised across 

individuals. However, individuals are known to develop their own idiosyncratic routes 

(Meade et al. 2005)  and therefore presumably rely on their own unique set of landmark 

features to guide their trajectories. Therefore, future studies should conduct a larger number 

of releases per bird to identify salient landmarks for each bird individually. In addition, the 

analysis of data from flocks of birds using this technique may provide further evidence for 

visual lateralisation, and offer additional insight to the large body of work on flock 

hierarchies and dynamics (Sasaki et al., 2018; Flack et al., 2013; Nagy et al., 2010). For 
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example, comparing the difference in fovea alignment points identified by leaders and 

followers in a flock. Evidence for lateralisation may only emerge from a much larger 

dataset, with a larger range of landscapes that the birds fly over, that isn’t masked by 

landscape biases such as woods on one side. In addition, undertaking releases from a wider 

range of release sites further from the loft, including unfamiliar locations, could prove 

highly informative allowing the generality of this result to be tested. 

A number of methodological factors will contribute to uncertainty in identified fovea 

alignment regions. These include GPS error, sensor board misalignment with the head axis 

and sensor fusion error. Although the angular error will be the same at any distance from 

the track, the effect of these errors on the heatmap generation is larger the further the points 

of visual attention are from the track. Therefore, identifying specific pinpoint features more 

than a few hundred meters from the track, rather than general regions of interest such as a 

village is unlikely to be possible. The precision of this technique could be considerably 

improved with the incorporation of altitude and head pitch data allowing one specific point 

to be identified for each saccade rather than assuming a line of possible points. However, 

GPS-derived altitude data are extremely error-prone (Reynolds 2016)  and therefore this 

would require the addition of a barometric altimeter or differential GPS module (also 

requiring a ground station) to the instrumentation. Another possible future development is 

the use of head-mounted video cameras to verify the focus of visual attention. Existing 

miniature commercially available lenses lack the resolution and wide field of view required 

to capture the broad but detailed visual scene available to navigating pigeons. However, 

future iterations are likely to play an important role in elucidating the focus of visual 

attention in birds flying in their natural environments, possibly used in combination with 
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head mounted IMUs. Such techniques could revolutionise our understanding of large-scale 

spatial cognition in a paradigmatic avian model. 
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Chapter 6. Gaze strategy during pursuit in 

a visually guided predator 

 

6.1 Abstract 

Peregrine falcons (Falco peregrinus) rely on aerial attack behaviours for predation using 

visual information to guide their trajectory to target interception. To understand how 

peregrines implement the underlying feedback law governing pursuit, it is important to 

determine their gaze strategy both in relation to the visual environment and to the target. 

There are at least three possible gaze strategies: (i) fixing the head relative to the body, (ii) 

continuous tracking of the target with smooth head movements, and (iii) fixing the head 

relative to the visual environment using nystagmic head movements to keep the target in 

field of view. To differentiate between these mechanisms, we released peregrines trained 

to pursue and intercept a falconer’s lure towed by a small remotely controlled aircraft. The 

birds were fitted with a head-mounted inertial measurement unit (IMU) to track gaze 

direction and a GPS logger to track the peregrine’s position during flight. We found that in 

the final phase of pursuit, rather than stabilising their gaze against the background, 

peregrines continuously track the target position using either their frontally or laterally 

facing fovea, depending on the angle of their approach. While the birds show a preference 

for approach angles that allow them to align their head with their body, making them more 

streamlined, the head also makes some saccadic movement independent of the body. Our 

findings led us to hypothesise that peregrines’ heads behave much like the seeker of a 
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guided missile, where information gathered from the tracking movements of the head when 

locked onto the target is fed back into the guidance law used to intercept the target. 

6.2 Introduction 

Many birds rely on aerial attack behaviours for predation using visual information on their 

target to guide their trajectory to interception. Previous research has characterised these 

behaviours by describing the geometry of pursuit trajectories between the pursuer and its 

target (Tucker et al., 2000; Kane & Zamani, 2014). Recent research using GPS loggers to 

study peregrine falcons (Falco peregrinus) attacking manoeuvring targets revealed that the 

terminal attack trajectories of these predators can be described using the same guidance 

law (proportional navigation) used by visually guided missiles (Brighton et al., 2017). 

Physics-based simulations of aerial attacks by peregrines have corroborated these findings, 

demonstrating that the tuning of this feedback loop requires highly precise visual feedback 

(Mills et al., 2018). This chapter aims to build on previous work by measuring the head 

movements of peregrines when in pursuit of prey to further understand the mechanism used 

to implement proportional navigation. 

Stabilising and directing their visual system using head movements is critical to enable 

birds of prey to extract the visual information required to guide their trajectory to target 

interception. While both head and eye movements can be used by animals to direct their 

visual systems and extract salient visual cues, compared with many mammals, birds exhibit 

only limited eye mobility. Therefore, birds tend to rely on head movement when shifting 

gaze, which is aided by their light heads and highly flexible necks (Land 2014; O’Rourke 

et al. 2010). During pursuit of a target, birds’ eyes are thought to show an even greater 

tendency to be fixed in the primary gaze direction in order to reduce the processing required 
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to translate between head and eye coordinate systems (Ohayon et al., 2006; Wallman and 

Letelier, 1993).  

Like pigeons, discussed in Chapters 4 and 5, the visual field of peregrines contains two 

regions of high visual acuity: the temporal (shallow) and central (deep) foveae. Anatomical 

measurements in a closely related species, the American kestrel (O’Rourke, Hall, et al., 

2010), show that the temporal fovea meets the mid-sagittal head plane at 10 deg creating a 

30 deg region of binocular overlap, while the central fovea is directed laterally at 45 deg in 

each eye. Bifoveate birds typically use their forward-facing temporal fovea when 

inspecting nearby targets, and the laterally directed central fovea to focus on more distant 

visual cues (Frost et al., 1990). The way in which peregrines direct these acute regions of 

their visual field in relation to the target during pursuit is essential to understanding the 

mechanisation of the guidance law used to intercept their target, proportional navigation. 

Proportional navigation commands the body turning at a rate ( 𝛾̇ ) proportional to the 

rotation rate of the line-of-sight (i.e., LOS rate, 𝜆̇), such that 

𝛾̇ = 𝑁𝜆̇(𝑡) 

where N is the navigation constant that can be tuned to produce different pursuit 

geometries. Therefore, to command its body turn rate using proportional navigation, a 

peregrine must have some measure of the LOS rate – the change in angular rate between 

pursuer and target, determined relative to an inertial reference frame (Shneydor 1998). At 

least three possible visual strategies exist for extracting the information required for 

pursuit: (i) fixing the head relative to the body to reduce aerodynamic drag (like the strap 

down seeker of some guided missiles; Tucker et al. 2000); (ii) continuous tracking of the 
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target with smooth head movements (like the seeker of a guided missile), and (iii) fixing 

the head relative to the visual environment using nystagmic head movements (like an 

image-stabilised camera) and measuring the drift of the target across their retina. These 

strategies are discussed below. 

(i) Given the high speed at which peregrines pursue their prey, often exceeding 50 m/s, 

aerodynamic efficiency is a key performance objective for natural selection acting on this 

predator. This observation led Tucker et al. (2000) to suggest that peregrines keep their 

body in line with their head during pursuit to reduce drag while keeping their central fovea 

(angled at 45 deg relative to the head axis) pointed sideways at the prey. The authors 

suggest that when the prey is close enough to be seen directly ahead using binocular vision, 

the falcon flies straight towards the prey. This strategy does not require the measurement 

of the LOS rate but instead gives rise to a pursuit geometry known as deviated pursuit. In 

this geometric rule, the pursuer directs its velocity at a non-zero lead angle ahead of the 

LOS angle (in this case 45 deg), producing a deviated pursuit course. However, Brighton 

et al. (2017) found that GPS-derived falcon pursuit trajectories cannot be described by a 

single geometric rule, such as deviated pursuit, suggesting that the trajectories are not 

simply an emergent property of the falcon’s visual anatomy. 

 (ii) Guided missiles use a gimballed seeker to continuously track their target using onboard 

gyroscopes, which minimise the tracking error (𝜀) between the seeker centreline and LOS 

to the target (Figure 6.1). The dish rate (𝜗̇), the rate at which the seeker is turning to track 

the target, can then be used as an estimate of the LOS rate (𝜆̇) and fed back into the guidance 

law (Palumbo et al., 2010). The head of a peregrine falcon is analogous to the seeker on a 

guided missile, as it is free to move independently of the body, and the fovea is equivalent 
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to the seeker boresight. If a bird is using its head like a missile seeker in tracking mode — 

attempting to minimise the tracking error with the target held on a fovea — it could 

theoretically be using its head turn rate (equivalent to the dish rate) as an estimate of the 

LOS rate. Kane & Zamani (2014) provided evidence to support this gaze strategy using 

head-mounted video data which suggested that during pursuit, gyrfalcons maintain their 

prey's image at constant visual angles on their retina coinciding with the location of their 

temporal fovea. 

 

 

Figure 6.1 — Angles used to analyse the mechanisation of proportional navigation. 

Proportional navigation requires knowledge of the LOS rate 𝜆̇ to command the bird’s body 

turn rate. The prey target is shown in orange.  

(iii) Predatory birds often use rapid saccades to shift gaze between periods of fixation, as 

evidenced by head-mounted video cameras (Brighton et al., 2017; Kane et al., 2015). By 
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fixating on the background, birds can use the drift of the target across their retina to estimate 

the LOS rate, performing head saccades to keep the target at the centre of their field of 

view. This head stabilisation strategy has been observed in both dragonflies (Olberg et al., 

2007) and bats (Ghose, 2006) during pursuit. 

Here, we aim to differentiate between these gaze strategies using novel onboard 

instrumentation to track peregrines during pursuit. Although the use of GPS loggers and 

head-mounted cameras has gone some way to differentiate between these alternative gaze 

strategies, a detailed understanding of precisely how peregrines direct their gaze in relation 

to the target position is currently lacking. We address this knowledge gap using a custom-

built head-mounted inertial measurement unit (IMU), capable of tracking head orientation 

at high frequency, synchronised with a GPS logger to track peregrine and target position 

during pursuit. This device allowed us, for the first time, to directly measure the angular 

quantities used to analyse the mechanisation of proportional navigation, enabling us to 

explicitly test the hypotheses detailed above. This chapter reports the results of these flight 

tests and discusses the findings in the context of both the engineering guidance literature 

and the visual ecology of peregrines. 

 

6.3 Methods 

6.3.1 Subjects 

Three captive-bred peregrine falcons (“Robyn”: ♀; “Robina”: ♀; “Mo” ♂) aged <1 y were 

trained to fly at a falconer’s lure towed by a small remote-controlled aircraft. The birds had 

flying maeeses in the range 745 – 950 g.  
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6.3.2 Experimental protocol 

The main experimental procedure involved methods first developed by Brighton (2015), 

who released falcons to pursue a food lure resembling a winged prey item, which was 

towed on a 5 m kite line by a small remote-controlled aircraft (Figure 6.2). The falcon was 

allowed to gain height before the aircraft was launched and the pilot was instructed to 

perform manoeuvres that caused the lure to move unpredictably. Upon interception, the 

lure was released from the aircraft on a parachute, which allowed the bird to ground the 

target for it to be retrieved by the falconer. This protocol was reviewed and approved by 

the Animal Welfare and Ethical Review Board of the University of Oxford’s Department 

of Zoology. Flight tests were carried out in August and September 2016 at Gelligaer 

Common (51.723520 N, -3.303710 W) in Monmouthshire (Wales, UK), at locations 

chosen daily according to local wind conditions (Figure 6.3). 

 

Figure 6.2 — Remote controlled airplane used in experiments, showing positions of the GPS 

units and camera, and attachment point of the lure line. Reproduced from Brighton (2015). 
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Figure 6.3 — Satellite image of Gelligaer Common with all 10 flights overlaid coloured by 

bird, see also Table 1.1. The two peaks are marked in white. 

6.3.3 Instrumentation 

Each bird carried a custom-made inertial measurement unit (IMU, Adafruit BNO055) with 

logger and GPS receiver (Adafruit MTK3339) to simultaneously record peregrine head 

movement and position during aerial attacks. The development of this device is detailed in 

Chapter 3. The device recorded synchronised GPS data at 10 Hz and IMU data (three-axis 

gyroscope, accelerometer, and magnetometer) at 60 Hz. See Chapter 3 for an experimental 
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validation of its measurement accuracy during flight. The IMU was mounted on a custom-

made eye-less leather hood (designed and built with Martin Cray) using double-sided tape 

and strapped to the bird’s head (Figure 6.4). The GPS logger, SD card, battery and 

microcomputer were worn dorsally on a falconry harness (TrackPack; Marshall Radio 

Telemetry) attached using a 3D printed fitting (designed and printed by Malcolm Beard). 

The birds were initially habituated to wearing the eye-less hood and instrumentation when 

sitting on a perch for 20 mins on two consecutive days prior to flight-testing. Prior to each 

flight, the IMU was calibrated using a 3D printed cuboid (see Chapter 3 for the detailed 

procedure). The instrumentation, mask and harness had a mass of 32.8 g and constituted 

4.4% of the body mass of the smallest bird at its lowest flight mass (745 g). For two flights 

using one bird (Mo), a high definition video camera (HD720P Mini DV, 30 fps, resolution: 

1280 x 720 pixels) was mounted on the bird, instead of the GPS and IMU. The battery and 

logging unit was mounted dorsally and the lens was mounted on the hood attached via an 

extension ribbon cable. The total camera mass was 18.6 g, giving a combined mass of 

camera, mask and harness of 29.5 g. At least seven test flights were carried out with each 

bird without any instrumentation to familiarise it with the pursuit setup, followed by three 

to six flights with only a back-mounted GPS, before introducing the birds to the hood.  

The target (the falconer’s lure) was fitted with two GPS devices (Qstarz BT-Q1300; Qstarz 

International Co. Ltd, Taipei, Taiwan) logging at 5 Hz and attached to the kite line with 

their patch antenna facing outwards (Figure 6.2). The plane was also fitted with two GPS 

Qstarz GPS devices and an HD720P Mini DV camera that was fixed beneath the aircraft 

facing backwards towards the towed lure. All GPS devices were allowed to settle for at 

least five min prior to the flight to ensure an accurate fix. Wind data were recorded for each 
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flight using a 10 Hz 3D sonic anemometer (Windmaster, Gill Instruments, Hampshire, UK) 

located 1.8 m above the ground within 50 m of the bird’s take-off position. 

 

Figure 6.4 — Peregrine falcon wearing custom-made eye-less leather hood with head-mounted 

sensor attached via wires to back-mounted unit containing GPS and logger. 

6.3.4 Data processing and analysis 

All raw IMU data were plotted in MATLAB (R2017b, Mathworks) for visual inspection 

each day after importing from the SD card. GPS data were overlaid onto satellite images 

using Google Maps API (Bar-Yehuda, 2015) in MATLAB for inspection before being 

converted to meters using a Universal Transverse Mercator projection. These data were 

screened using an internal validation method for loss of precision by comparing the highly 

accurate Doppler shift groundspeed estimate against the noisier differenced groundspeed 

GPS (10 Hz)

Inertial Measurement Unit (60 Hz)
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estimate, see methods described in Brighton et al. (2017). From a total of 16 flights from 

three birds, nine flights met all of the quality criteria described above with accurate data 

from the head-mounted IMU, bird GPS and lure GPS, and were therefore used in 

subsequent analysis. An additional two flights were recorded using a head-mounted 

camera, which was not quantitatively analysed, but instead used to validate and help 

interpret the results from the IMU. 

6.3.4.1 Track analysis and synchronisation 

We identified the start time of each flight, along with the time the bird intercepted the lure, 

using the onboard plane camera to the nearest frame. The start point of the flight was then 

identified using the groundspeed from the bird GPS, and the bird GPS interception point 

was calculated using the time interval between the flight start and interception point 

identified from the video. The position estimates from the two GPS devices on the target 

were averaged to improve positioning accuracy (Schrader et al., 2016). We then used 

quintic spline interpolation of the bird and target GPS data to reduce the effect of sudden 

jumps in position. Bird GPS data were down-sampled to 5 Hz to match the target GPS for 

subsequent analysis. The timestamp from the bird GPS intercept was matched with the 

target GPS to identify the lure intercept, and both tracks were translated so that the 

coordinates of the target and bird both lay at the origin. This translation allowed us to 

remove discrepancies arising from the inaccuracy associated with absolute GPS 

measurements. The LOS vector from the bird to the target was calculated between each 

bird GPS point and the corresponding time-matched target GPS point. Flights with two 

passes at the target (flights 6, 8, 9 and 10 — judged by plane camera footage and GPS data) 

were partitioned into two sections and both used to contribute to subsequent figures, as has 

been done previously for the treatment of similar data (Brighton et al., 2017). This inclusion 
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of multiple passes within multiple flights of multiple birds leads to inherent problems of 

pseudoreplication if the datapoints are treated as being statistically independent, and they 

are therefore not treated in this way here. 

6.3.4.2 Retinal coordinate estimation 

Raw IMU data were post-processed using custom-written MATLAB code. The data were 

fused to give estimates of the sensor board’s orientation in inertial space relative to 

magnetic north and gravity (in the form of Euler angles, Figure 6.5B). This was achieved 

using open-source code adapted from Barton (2012) and Reynolds (2016), see Chapter 3 

for details. The sensor board yaw angle was used as an estimate of the peregrine’s gaze 

angle, which indicates where the bird is directing the binocular region of its visual field. 

The retinal coordinate was calculated for each GPS point as the angle between the board 

yaw vector (blue arrow Figure 6.5) and the line of sight vector between the bird and the 

target. This value gives an estimate of the location of the target on the peregrine’s visual 

field, where zero is directly ahead and 180 is directly behind the bird’s head (Figure 6.5A). 

For the retinal coordinate analysis, we excluded GPS points of the bird and lure that lay 

within the device 50% Circular Error Probability (50% CEP) range as these points were 

found to result in spurious retinal coordinate angles. Given that 50% CEP is 3 m for each 

device — meaning that 50% of readings will be within 3 m of the true position – this led 

to points within 4.2 m of each other being excluded.  
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Figure 6.5 — Visual field and sensor board axes on peregrine’s head. (A) Visual field of a 

peregrine falcon with the two fovea angles of each eye drawn relative to the head axis (blue 

arrow) assumed here to be aligned with the sensor board yaw axis. Angles taken from 

O’Rourke et al. (2010) and Tucker (2000) and subsequently referred to as retinal coordinates. 

5 deg either side of central fovea shown in orange accounting for uncertainty in fovea position 

and sensor fusion error. Region of binocular overlap shown in red and blind area in grey. (B) 

Axes of sensor board mounted on the peregrine’s head with rotational axes of the bird’s head 

labelled. Yaw angle (blue arrow), measured by the sensor relative to magnetic north and 

assumed to be aligned with the mid-sagittal head plane. 

6.3.4.3 Target tracking analysis 

To test predictions on the mechanisation of proportional navigation, the relationship 

between tracking error (𝜀 — Figure 6.1) and both head turn rate and body turn rates was 

determined for each flight. The tracking error is referred to in the missile guidance literature 

as the angular difference between the line-of-sight to the target and the seeker (the bird’s 

head) centreline. However, given that peregrines have three acute regions across their 

visual field (Figure 6.5A: 0 deg, +45 deg,-45 deg), we chose the seeker centreline angle 

Temporal (shallow) fovea

Central (deep) fovea

Roll
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that minimised the tracking error (the angle between the fovea and target) for each 

timepoint throughout the flight. Head turn rate was determined in the body reference frame 

as the rate of change of the angle between the air velocity vector and the IMU-derived 

inertial head-yaw angle. The air velocity vector is used as an estimate of the body 

orientation and calculated by subtracting the wind vector (wind direction and speed, 

averaged across the flight) from the GPS-derived ground vector (track angle and 

groundspeed). This vector is plotted as black lines extending from each GPS point in 

Section 6.6 (Appendix A). The head turn rate was regressed against tracking error 

incorporating a range of delays between 0.0 and 0.2 s to account for the difference in 

frequency of gyroscope (60 Hz) and boresight error (5 Hz) measurements. Body turn rate 

was calculated as the change in angle of trajectory between successive GPS points. The 

deviation angle, the angle between the peregrine’s velocity vector and the instantaneous 

line-of-sight to target, was calculated using successive peregrine and target GPS points. 

6.4 Results 

The head-mounted sensor was successfully used to record 10 flights of the three birds 

(summarised in Table 6.1, Figure 6.7 and Section 6.6 — Appendix A). As with pigeons 

discussed in previous chapters, we found that peregrines change the direction of their gaze 

via saccades (rapid motions of the head) between periods of visual fixation, see blue line 

in Figure 6.6. However, peregrines had longer periods of fixation than pigeons. During 

short sections of non-pursuit flight (when the bird was airborne but the target was still on 

the ground – flights 6 & 7) we observed that, like pigeons, peregrines pre-emptively turn 

their head in the direction of a change in flight direction. We found no obvious differences 

between individual birds in terms of their maximum flight speed, approach direction, or 
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catch success. Given that the birds were naive hunters, the flight distance and maximum 

speed tended to increase over the testing period as they became more experienced. 

Flight 

number 

Bird Date Flight 

distance (m) 
Max speed 

(m/s) 

Discrepancy at 

intercept (m) 

1 Mo 23 Aug 2016 190 9.4 14.3 

2 Robyn 24 Aug 2016 493 12.2 16.2 

3 Mo 24 Aug 2016 449 14.7 5.4 

4 Mo 31 Aug 2016 651 16.7 25.4 

5 Robina 1 Sept 2016 571 17.8 14.2 

6 Robyn 1 Sept 2016 2177 23.6 6.7 

7 Robyn 6 Sept 2016 1283 34.4 21.3 

8 Robina 6 Sept 2016 940 18.3 34.3 

9 Robina 7 Sept 2016 1109 25.8 25.0 

10 Robina 7 Sept 2016 526 14.4 45.6 

Table 6.1 — Summary of flights recorded with bird ID, distance flow, maximum flight speed 

and the discrepancy between bird and lure GPS’s at interception (i.e. the distance that the 

trajectories were shifted in order to align interception points). 

6.4.1 Peregrine saccade characteristics differ from pigeons 

The use of the same instrumentation to study peregrines in this Chapter and to study 

pigeons in Chapter 4 and 5 allows a unique opportunity to directly compare the saccade 

characteristics between a predator and its prey. The pattern of head movement in peregrine 

falcons was found to be less saccadic than that of pigeons, showing smoother, less frequent 

head movement. Figure 6.6 shows a time series of the LOS angle, the bird track angle from 

the GPS and the head yaw angle (blue arrow, Figure 6.5) for an example flight (flight 4, 

see Appendix B for track plot). This flight was selected because it illustrates the saccadic 

behaviour of the bird during a 180 deg turn followed by a period of fixation from ~3.5 s 

before intercept where the head (blue arrow) is fixed in inertial space. During the turn, the 

bird shows punctuated changes in primary gaze angle that precede the turn (compare bird 
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track angle and head yaw), as was found in pigeons, see Chapter 5. However, as discussed 

in Chapter 5, although the GPS track angle is an estimate of the body orientation throughout 

the flight, the air velocity vector will be offset from the GPS velocity vector due to the 

wind (see Chapter 2 for full discussion of this effect), and body axis may not be aligned 

with the air velocity vector. Nevertheless, the difference between the bird track and the 

head yaw angle provides an estimate of the bird’s head skew throughout the flight.  

The retinal coordinate (Figure 6.5B) is the difference between the LOS (Figure 6.6 – green 

line) and head yaw (Figure 6.6 – blue line). If the bird is using the temporal fovea to fixate 

the target, then this is also equivalent to the tracking error (𝜀). However, if it the bird is 

using either the left or right central fovea, then this tracking error will be offset from the 

head yaw angle by approximately ± 45 deg. Figure 6.6 appears to show that the target is 

fixated on the left central fovea in the final 3.5 s of pursuit for this flight while the head 

orientation remains fixed in inertial space. During this period of fixation, the pursuit 

geometry can be described as parallel navigation (Brighton et al., 2017), where the LOS 

angle remains relatively constant. It is clear from both Figure 6.7 and Section 6.6 

(Appendix A) that sections of pursuit across many of the flights can be described as parallel 

navigation where the plotted LOS lines between pursuer and target are parallel.  
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Figure 6.6 – Example flight (flight 4, see Appendix A for GPS track plot) showing the times 

series of LOS, bird track and head yaw. The retinal coordinate is the difference between the 

LOS angle and head yaw angle.  

Unlike pigeons, we found no significant phase bias of peregrine saccades in relation to the 

wingbeat timing. The methods described in Chapter 4 were used to identify 880 saccades 

across 10 peregrine flights from head-mounted gyroscope data and to identify their phase 

within wingbeats using head-mounted accelerometer data. These data were pooled, treating 

each saccade as an independent event, as has been done in previous analyses (Kress et al. 

2015) . In contrast to pigeons, the Omnibus test for circular uniformity found no significant 

departure from randomness in the saccade-start wingbeat phase (m = 94, df = 879, p = 0.12) 

or saccade-end wingbeat phase (m = 50, df = 879, p = 0.19) relative to vertical velocity 

peaks caused by the wingbeat. C values were calculated using methods described in 

Chapter 4 and found to be 0.17 and 0.11 for start and end timings respectively (where 

higher values represent a greater departure from circular uniformity). However, note that 
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this effect size is not adjusted for sample size. The lack of significant departure from 

circular uniformity could be explained by the small sample size; however circular 

histograms did not indicate a bias in any particular wingbeat phase. 

We compared peregrine saccade timing characteristics against pigeons and previous studies 

in raptors, which indicate a different gaze strategy to pigeons but show similarities to other 

raptors during pursuit. Median within flight saccade latency (the time between successive 

head saccades) was 0.93 ± 0.42 s (mean ± sd) compared with 0.59 ± 0.21 s for pigeons. 

The distribution of saccade latencies pooled across all birds and flights was found to follow 

a log-normal distribution (Lilliefors goodness of fit test: k = 1.32, df = 879, p = 0.0012) 

consistent with the findings of previous studies of gaze shifts in raptors during pursuit using 

head-mounted video (Ochs et al., 2017). The authors attribute this result to the stochastic 

change in gaze direction on the basis of accumulated environmental information rather than 

a constant probability of gaze redirection over time. The median saccade latency for 

peregrines in this study was found to be remarkably similar to that of a Northern goshawk 

(Accipiter gentilis) during aerial prey pursuit (0.87 s) which may suggest similar underlying 

neural processes (Ochs et al., 2017). 

6.4.2 Peregrines use both foveae to fixate their target during pursuit 

We found that in the final phase of pursuit, peregrines continuously track the target position 

using either their frontally or laterally facing fovea, depending on the angle of their 

approach. The sensor board yaw angle and GPS data were used to estimate the retinal 

coordinate of the target on the peregrine’s retina throughout the flight (Figure 6.5A). Figure 

6.7 shows the pursuit trajectories of the bird and target with the bird trajectory coloured by 

the visual field region occupied by the target (the retinal coordinate). This plot shows that 
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when the bird approaches the target head-on or from directly behind (intercept of flights 2, 

3, & 7 and first pass of flights 8-10), there is a tendency to focus the target on its region of 

binocular overlap (red). However, when the bird approaches the target from the side 

(intercepts of flights 1, 5, 8, 9, & 10), in the majority of cases it focuses the target on the 

central fovea at 45 deg (orange). Figure 6.8 shows a time series of retinal coordinates for 

all intercepts and near misses across the 10 flights. The time at which the target begins to 

be foveated is variable but in the final 3-4 s before intercept, peregrines appear to foveate 

the target using either the temporal (~0 deg) or central (~45 deg) fovea. Head-mounted 

video footage for two additional flights corroborated these findings, showing that the target 

is held at a fixed position on the camera’s field of view to within a couple of degrees in the 

3 s before intercept.  
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Figure 6.7 — GPS-derived trajectories of 10 pursuit flights (see Table 6.1) from three 

peregrines (coloured by the visual field region retinal coordinate on which the target is located 

– Figure 6.5A) and moving target in white. Intercepts or close flight passes indicated with a 

black circle, note the additional pass for flights 8-10. Bird GPS points that lie within 4.2 m of 

the target are within range of GPS error and are coloured white and removed from retinal 

coordinate analysis. The instantaneous lines-of-sight between bird and lure are shown in grey. 

Grid lines are at 10 m spacing.  

 

 

Figure 6.8 — Retinal coordinate (Figure 6.5) of target on peregrine visual field across 10 

flights cropped to the time when both target and bird are airborne. Flights 8-10 containing one 

close pass at the target and one intercept (Figure 6.7) were split and plotted as separate lines 

aligning the pass and intercept with zero. Points where the bird and GPS lay within the range 

of GPS error (4.2 m) at the end of the flight were removed. The vertical red line indicates the 

point at which flights were cropped for subsequent analysis to include only the final stage of 

the pursuit. 
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The finding detailed above, that peregrines fixate the target using either their central or 

temporal fovea in the final few seconds before intercept, is demonstrated even more clearly 

in the histogram in Figure 6.9A. This shows distinct peaks aligning with assumed fovea 

angles from anatomical studies at 0 deg and 45 deg. Figure 6.9B illustrates the importance 

of applying GPS endpoint correction to each flight at intercept (detailed in Table 6.1) by 

displaying the distribution of retinal coordinates when the correction is not applied, which 

shows no clear bias towards certain retinal regions. The distribution of deviation angles 

between the peregrine’s GPS velocity vector and the instantaneous LOS to the target 

(Figure 6.9C) highlights a weak tendency for peregrines to choose pursuit trajectories that 

allow them to keep their head aligned with their body while fixing the target on either 

central or temporal fovea. However, a scatter plot of retinal coordinate against deviation 

angle did not reveal clear point clusters at (0,0) and (45,45) suggesting that the peregrines 

are showing some degree of head movement relative to their body.  
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Figure 6.9 — Histograms of 5 Hz timepoints with 5 deg bin widths of retinal coordinate (A & 

B, coloured as Figure 6.5A) and deviation angle (C) for all flights cropped to the final 7 s 

before intercept including three additional close passes at the target (13 passes total, Figure 

6.7). (A) Retinal coordinates from shifted trajectory to align the coordinates of the target and 

the bird at the known point of intercept, so as to remove any discrepancies arising from 

inaccuracy in the GPS position estimates. (B) Retinal coordinate from uncorrected trajectories. 

(C) Deviation angle between the peregrine’s GPS velocity vector and the instantaneous line-

of-sight to target. 

With GPS endpoint correction

No  GPS endpoint correction

(A)

(B)

(C)
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6.4.3 Fovea selection with distance to the target 

We found that peregrines use both temporal and central foveae to fixate the target when it 

is less than 50 m away. This does not support Tucker et al.'s (2000) hypothesis that the the 

central fovea is only used to foveate the target at long range while the temporal fovea is 

used when in close range. This was determined by plotting the distribution of distances to 

the target for each point that lay within the temporal fovea region of retinal coordinate 

space (0-15 deg) and comparing it with the distribution of distances for all points with a 

retinal coordinate near the central fovea (40-50 deg), Figure 6.10. This shows that although 

the birds in this study use both foveae within 50 m of the target, the temporal fovea only 

appears to be used within 50 m of the target whereas the target is foveated on the central 

fovea at a larger range of distances. Figure 6.7 and Figure 6.8 show that the peregrines 

rarely switch between fovea and instead that the birds tend to fixate the target until 

interception.  
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Figure 6.10 – Distance to the target for all points pooled from all 13 intercepts across 10 flights 

that had retinal coordinates corresponding to the temporal (A: 0 – 15 deg) fovea and central 

(B: 40 deg – 50 deg) fovea. Bin widths selected at 10 m. 

In contrast to the predictions from the missile guidance literature, no relationship was found 

between tracking error and either inertial body rate or head turn rate (with respect to the 

body) across any of the flights. Linear regression models were fitted to both these variables 

for all flights for delays between 0.0 and 0.2 s between data streams. This returned R2 

values lower than 0.2 for all flights and delays.  

6.5 Discussion 

This chapter has detailed the successful use of a custom-built head-mounted sensor to 

measure the gaze direction of falcons during pursuit. We found that peregrines 

Temporal fovea

Central fovea
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preferentially fixate the target on either their temporal or central fovea in the final 2-3 

seconds of pursuit like the seeker of a guided missile (Figure 6.8) but make small saccadic 

head movements to shift their gaze in the early phases of pursuit. The parallel LOS lines 

of the pursuit trajectories (Figure 6.7 and Section 6.6 — Appendix A) clearly show that the 

birds are not using deviated pursuit as suggested by Tucker et al. (2000) and that the 

trajectory shapes cannot be explained away as an emergent property of the bird’s visual 

anatomy. This supports earlier findings that peregrines use a guidance law, proportional 

navigation, that can give rise to multiple pursuit geometries (Brighton et al., 2017). In 

addition, our results do not support Tucker et al.’s (2000) hypothesis that peregrines switch 

from the central to temporal fovea as they approach their target as both foveae were used 

at close range (Figure 6.7), but note that we find no evidence for use of the temporal fovea 

at >50 m range to the target. Instead, our results suggest that peregrines select their fovea 

based on the angle with which they approach the target. The birds show a weak preference 

to approach the target at deviation angles around 0 deg and 50 deg (Figure 6.9C), 

presumably to minimise head skew (the angle between body and head centrelines) to 

reduce aerodynamic drag. The use of the central fovea (at 45 deg to the head axis) to fixate 

the target will generally lead to a less optimal deviated pursuit trajectory than fixating the 

target using the binocular region as it will result in a longer curved trajectory. However, if 

the peregrine is attempting to limit head skew, it affords the bird the flexibility to approach 

at different angles. These conclusions demonstrate the importance of an understanding of 

the guidance law used to govern pursuit in order to understand the functional significance 

of the peregrine’s visual anatomy. 

Although peregrines are clearly foveating their target like the seeker of a guided missile, 

the finding that neither inertial body turn rate or their head turn rate are correlated with 
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tracking error suggests that they are extracting information on the LOS rate of the target 

using a different mechanism to that adopted by homing missiles. One possibility is that 

peregrines measure the rate of background drift with the target fixed by measuring the net 

rate of optic flow over the image. This strategy would work well over richly featured visual 

backdrops, but would not work at high altitude. In contrast to the seeker of a guided missile, 

birds’ heads are roll stabilised for flight control and have inertial sensors that detect angular 

acceleration rather than angular velocity (Warrick, 2002; Money et al., 1971). However, it 

is likely that peregrines are able to estimate the rate of change in the head skew angle  

between the body axis and fovea using angular acceleration sensors, as this is how the 

oculomotor reflex works. 

6.5.1 Limitations and future directions 

The conclusions within this study must be treated with some caution when generalising to 

the pursuit behaviour of experienced falcons — the data presented here represent only 10 

short flights from inexperienced birds that reached less than half the maximum flight 

speeds typically observed in an experienced peregrine. In addition to the small sample size, 

there will be additional uncertainty due to the precise orientation of the sensor board on the 

bird’s head, the performance of the sensor fusion algorithm in estimating the sensor board 

orientation and error in the GPS measurements. However, the high degree of precision with 

which this technique was able to identify the retinal regions of the peregrine visual field 

used to fixate the target, that correspond to anatomical measurements, suggests that the 

cumulative effect of these errors is relatively small. This result also gives confidence in the 

relative GPS positioning accuracy over the short time scales used in this and previous 

studies (Brighton et al., 2017), but demonstrates the importance of applying an endpoint 
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correction to reduce errors associated with absolute positioning accuracy. Additionally, it 

confirms previous assumptions that the range of eye movement in raptors is limited to 

within a few degrees during flight (Jones et al., 2007). While the addition of eye tracking 

capabilities may be technologically problematic to implement using onboard sensors 

during pursuit, it could offer further insights into the precise gaze strategy adopted.  

A further significant limitation is that we approximate body angle (used to estimate head 

turn rate) as the air velocity vector using the track angle from the GPS after removing the 

mean wind vector. This introduces error due to fluctuating wind throughout the flight and 

due to differences in wind conditions at flight altitude and at the ground where 

measurements were taken. In addition, the air velocity vector is unlikely to align with the 

body during turns due to aerodynamic sideslip. This could contribute to the lack of 

relationship that was found between head turn rate and tracking error. These limitations 

could be easily resolved with the addition of an IMU on the bird’s body, synchronised with 

the current head-mounted IMU. This would allow a direct comparison of head and body 

orientation in order to give a better estimate of the head turn rate and more conclusively 

tackle Tucker et al.’s (2000) aerodynamic head skew hypothesis. However, given that the 

instrumentation and hood already weigh 4.4% of the smallest bird’s body mass, any future 

iterations of this technology should first aim to reduce the weight of the current device 

before adding additional components.  

Given the success of this study in using onboard instrumentation to extract retinal 

information for a predatory bird during pursuit, future studies should aim to explore the 

generality of these findings by applying the same methodology to a wider range of species. 

A broader understanding of the precise gaze strategies adopted by a range of predatory bird 
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species could have important implications for the design of visually-guided autonomous 

aerial systems that implement similar guidance laws for applications such as swarming, 

obstacle avoidance and target interception. 

6.6 Appendix A — GPS trajectories with head 

orientation 

GPS trajectories of 10 flights plotted individually with lure (orange dots), bird (blue dots) 

and the line-of-sight between the target and the lure plotted in grey. Blue arrows extending 

from bird GPS points indicate the head-yaw estimate from the head mounted sensor (Figure 

6.4B) while the black lines are an estimate of the air vector based on wind measurements. 

The Red arrow indicates the mean wind direction. 
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Chapter 7. General discussion 

7.1 Summary 

This thesis set out to investigate the mechanisms underlying the visual guidance of target-

directed flight in birds, and the way in which birds stabilise and direct their visual system 

to extract the information required to implement these mechanisms. Previous studies of 

visually guided flight behaviours of birds in their natural environments have been limited 

to inferences based on GPS-derived flight trajectories (Brighton et al. 2017; T. Guilford & 

Biro 2014; Mann et al. 2011)  or head mounted cameras (Kane et al., 2015), while 

laboratory studies have been limited to short-range flight behaviours (Ros and Biewener, 

2017; Kress and Lentink, 2015). This thesis has successfully demonstrated the use of 

custom-built onboard instrumentation to precisely measure gaze stabilisation and visual 

attention during goal-directed tasks in homing pigeons (Columba livia) and peregrine 

falcons (Falco peregrinus) in their natural environments. It therefore represents an 

important step in linking the study of guidance and short-range navigation in birds, and in 

developing a better understanding of how birds perceive and respond to their environment. 

Each of the chapters contained within this thesis includes its own discussion. Therefore, 

here, I briefly summarise the general conclusions and consider the limitations of each 

chapter and comment on the broader significance of this work. I conclude by highlighting 

avenues for future research.  

7.2 Conclusions and limitations 

In Chapter 2, I analysed GPS-derived tracks from homing pigeons released within sight of 

their home loft to investigate the visual mechanisms used by birds to compensate for wind 
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drift. A key finding was that pigeons are able to compensate for wind drift, but do so 

imperfectly, leading their tracks to be displaced in the direction of the crosswind 

experienced. Guidance model simulations indicated that the pigeons performed better than 

a naive drift compensation strategy requiring no knowledge of the wind vector, but 

performed worse than a model that assumed full knowledge of the wind field. These models 

assume that the bird adjusts its heading vector using visual information on the target 

position: their home loft. However, the fovea alignment heatmap from the same release site 

(Wytham Hill) in Chapter 5 demonstrates that although the loft is a focus of visual 

attention, pigeons direct their visual attention widely around the track vicinity, focussing 

on a range of landscape features throughout the flight. This, when combined with the 

findings from Chapter 2, highlights the complex nature of homing navigation and drift 

compensation and suggests that pigeons may flexibly be using a range of visual cues to 

navigation in the face of wind. The analysis in Chapter 2 also highlights the limitations of 

inferring visual mechanisms using only data on the bird’s ground track.  

Chapter 3 addresses this limitation by describing the development and implementation of 

a novel head-mounted sensor capable of recording the head movement and position of birds 

during flight. By measuring head movement, I showed that it was possible to record both 

the saccade characteristics and the primary gaze direction of birds during homing 

navigation and pursuit. This technology has built on previous iterations of onboard inertial 

sensors in avian research (Reynolds 2016; Gillies et al. 2011; Portugal et al. 2014) but is 

among the first to adopt a head-mounted inertial measurement unit (IMU) and GPS receiver 

for birds flying in their natural environments. The key insights gained from the use of this 

sensor are outlined below.  
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In Chapter 4, I used the head-mounted sensor to find that pigeons coordinate their angular 

head saccades with the timing of their wingbeats. However, the onboard accelerometers 

were only able to provide information on the wingbeat phase and not precise timing of 

wingbeat kinematics. Therefore, while it is likely that the coordination of wingbeat and 

saccade timing provides some functional benefit, the interpretation of this result is not 

possible without additional technology, as discussed in the future directions below. I also 

found that translational head stabilisation is enhanced when flying with conspecifics and 

that this is largely achieved through an increase in wingbeat frequency. Our finding that 

stabilisation is enhanced when flying with conspecifics is likely because the birds are 

required to keep their heads translationally stabilised when flying near conspecifics to 

coordinate flocking behaviour, but may also only be possible when close visual stimuli is 

provided by their flock companions. 

In Chapter 5, I used the head-mounted sensor to investigate how pigeons direct their visual 

attention during homing flights. This enabled me to identify points of interest in the 

landscape that aligned with lines projected from the birds’ foveae throughout their flight. 

This technique represents a significant methodological advancement, allowing, for the first 

time, features such as villages that attract visual attention to be identified that do not lie on 

the bird’s ground track. Prior to this thesis, to my knowledge, no study had directly 

recorded the focus of visual attention of pigeons during free flight in their natural 

environment, with previous attempts relying instead on inferences from GPS trajectories 

(Mann et al. 2011)  or the analysis of video footage (Ozawa, 2010). This technique is in its 

early stages of development and therefore is limited in its current scope. However, refined 

iterations have the potential to revolutionise our understanding of large-scale spatial 

cognition in a paradigmatic avian model. 
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In Chapter 6, I used the head-mounted sensor to investigate peregrine falcon gaze strategy 

during pursuit. I took the reverse approach to that adopted in Chapter 5 by assuming that 

the target was the focus of visual attention and using head orientation, as well as bird and 

target positions, to determine the regions of the visual field used to fixate the target. This 

revealed that in the final phase of pursuit, rather than stabilising their gaze against the 

background, peregrines continuously track the target position using either their frontally or 

laterally facing fovea, depending on the angle of their approach to the target. This work 

provides significant insight beyond that of previous studies of pursuit using only GPS 

trajectories (Brighton et al., 2017) or head-mounted video (Kane et al., 2015).  

A corollary finding from both Chapters 5 and 6 was that head-saccades precede body turns 

during flight in pigeons and peregrines. This confirms findings from onboard video footage 

(Ozawa, 2010) and high-speed video in a laboratory (Ros and Biewener, 2017). However, 

this was not investigated within this thesis in detail and, therefore, precise coupling 

between head and body movements during flight in natural environments has important 

implications for flight control and warrants further attention.  

While the head-mounted instrumentation offers the potential to provide a range of insights 

into visual guidance and spatial cognition, there are three primary limitations with the 

technology. Firstly, the extent to which the bird’s behaviour is altered through the 

attachment of a head-mounted sensor is uncertain. As discussed in Chapter 3, the sensor 

could have an effect on the bird’s senses, aerodynamics and motivation to perform certain 

tasks which could lead to differences in flight path selection and head movement 

characteristics. Although I found no detectable difference in a range of flight performance 

metrics, it is unclear whether the attachment of the sensor affects some of the key variables 
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of interest in this thesis such as saccade characteristics or the coordination of wingbeats 

and saccades. Secondly, the extent of eye movement during flight in birds is unclear. While 

there is some (unpublished) evidence from an experiment tracking both head and eye 

movements that pigeons keep their eyes fixed to within a 5 deg diameter during flight (Ivo 

Ros, pers. comm.), the extent of eye movement is thought to vary considerably between 

species (O’Rourke, Hall, et al., 2010) and no such data exists for peregrines during flight.  

Thirdly, the performance of the sensor fusion algorithm in calculating absolute yaw 

orientation from raw magnetometer, accelerometer and gyroscope data throughout long 

flights is hard to quantify. The sensor validation experiments using the phantom drone in 

Chapter 3 demonstrate a close correspondence in the yaw axis between fused data from the 

sensor and the built-in drone IMU giving confidence in the accuracy of the fusion 

algorithm. The findings from Chapter 6 go some way to addressing the second and third 

limitations, given the high degree of precision with which information from the head- yaw 

angle is used to assess the retinal coordinate used to fixate the target to within a few degrees 

of anatomical predictions. This provides internal validation, not only that the sensor fusion 

algorithm is accurately calculating the board yaw angle, but also that eye movement is 

limited to within a few degrees in the head reference frame. Further recommendations for 

validation are discussed below. 

7.3 Future directions 

The instrumentation developed here represents a significant advancement in the data 

available to researchers studying visually guided flight in birds. However, it is clear from 

the limitations highlighted above that there are improvements that could further enhance 

this technology. Here, I discuss ways in which the existing technology could be used to 
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answer further research questions and developments for future iterations of the 

instrumentation.  

The wind experiments in Chapter 2 were conducted before the head-mounted 

instrumentation was developed and therefore did not include any data on head movement. 

The experiments were not repeated using the head-mounted units due to concerns over 

releasing birds in high wind conditions fitted with unfamiliar instrumentation. However, 

the experiments detailed in Chapters 3 – 5 resulted in no bird losses indicating that it is 

relatively safe. Therefore, future studies should consider repeating the wind experiments 

using the head-mounted sensor. This could provide additional insight into the drift 

compensation mechanism adopted by enabling the focus of visual attention to be 

determined throughout flight. It would also enable the primary assumption of the guidance 

models to be tested — that the birds are paying attention to the target throughout their 

flight. However, given the saccadic nature of gaze shifts in pigeons, it may be hard to 

clearly relate head gaze direction to possible visual mechanisms adopted by pigeons to 

compensate for wind. It would, at the very least, allow a comparison of saccade 

characteristics between different wind conditions.  

Given the success with which the instrumentation was able to reliably capture the visual 

gaze strategies in two different species undertaking very different flight tasks, I expect this 

technology to provide valuable insight into the visual gaze strategies of other bird species. 

Indeed, the technology developed here is currently being adapted to study Harris’ hawks 

pursuing moving ground targets by researchers from the Oxford Flight Group. However, 

prior to these experiments, I recommend that further validation of the technology is 

undertaken using a motion capture system. This system is capable of tracking the 3D 
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position of retroreflective markers at high frequency. With markers on the sensor board 

and on the bird’s head it would be possible to compare absolute orientation from board 

markers with orientation from the board sensor fusion algorithm. A comparison of saccade 

characteristics of the birds with and without the head sensor would also be possible. In 

addition, validation experiments that fly pigeons in a motion capture system while wearing 

the head-mounted sensor would also allow the precise phasing of wingbeat timing with 

head movements to be determined. This would enable a clearer interpretation of the 

wingbeat-head movement phasing results from Chapter 4 during long range flight. To 

develop a more complete understanding of the role of gaze during flight, it will be 

necessary to measure eye movements in addition to head movements. Eye tracking during 

flight remains a significant technical challenge but recent developments in miniature 

cameras with a 1mm2 lens offer a minimally invasive solution if mounted on a stalk or on 

the bird’s beak. 

Future developments of onboard sensors, particularly head-mounted devices, should have 

animal welfare as their primary concern. The often cited 5% of body mass instrumentation 

weight limit should not be seen as a target for sensor development but instead as an absolute 

upper bound that should be reduced as technology allows (Portugal & White 2018). Recent 

rapid developments in mobile phone and aerial robotics technologies are likely to result in 

continued miniaturisation of sensor boards, microprocessors and batteries enabling further 

miniaturisation of this technology. This should make it possible to mount units with similar 

capacities on birds during longer flights while reducing the effect it may have on the bird’s 

flight performance. As discussed in Chapters 4, 5, and 6, the addition of a second IMU on 

the back-mounted unit, synchronised with the head mounted IMU, would allow a direct 

comparison of head and body dynamics. The accelerometers would allow the coupling of 



Chapter 7. General discussion                

166 

 

flap-induced head and body displacement to be directly measured and compared against 

previous studies. Orientation data, fused using data from both IMUs, would also allow the 

precise timing of head and body movements to be assessed without the reliance on GPS to 

estimate the air velocity vector from the bird’s ground track. This would allow direct 

measurements of the head-body angles which will likely act as an important input for flight 

control (Ros and Biewener, 2017) and pursuit guidance strategy (Palumbo et al., 2010). 

To conclude, the findings presented in this thesis represent an important step in the use of 

state of the art technology to better understand one of nature’s most impressive feats: flight. 

I hope that, in turn, inspiration from this work will feed back into the development of more 

advanced aerial robotic systems.  
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